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Preface

The Scientific Advisory Committee on Nutrition (SACN) previously considered the evidence on vitamin D and
health in 2007. It concluded that there were insufficient data at that time to reconsider the Dietary
Reference Values (DRVs) for vitamin D set by the Committee on Medical Aspects of Food and Nutrition Policy
(COMA) in 1991. Since vitamin D is synthesised in the skin when it is exposed to sunlight, COMA considered
that dietary intakes of vitamin D were not necessary for most of the UK population (aged 4-64y). It was
assumed that skin synthesis of vitamin D in the summer would be enough to cover requirements during the
winter. Reference Nutrient Intakes (RNI) were therefore set only for groups considered at risk of vitamin D
deficiency.

In 2010, SACN agreed to consider whether the DRVs for vitamin D intake were still appropriate in the context
of public health advice to stay out of the sun and to wear sunscreen and because a substantial amount of
new evidence had accumulated since its previous considerations.

In a change to previous advice, SACN is now recommending an RNI for vitamin D of 10 pg/d (400 IU/d),
throughout the year, for everyone in the general UK population aged 4y and above. The RNI of 10 pg/d
(400 1U/d) for the general UK population includes pregnant and lactating women and population groups at
increased risk of vitamin D deficiency. Since there were insufficient data to set RNIs for children aged under
4y, Safe Intakes® are being recommended for this age group (8.5-10 pg/340-400 IU per day for all infants
aged under 1y and 10 pg/400 IU per day for ages 1 up to 4y). The RNI/Safe Intakes have been developed to
ensure that the majority of the UK population has a satisfactory vitamin D status (as measured in the blood)
throughout the year, in order to protect musculoskeletal health. It was not possible to quantify and take
account of sunlight exposure in setting the DRVs because of the number of factors that affect endogenous
vitamin D synthesis.

Since it is difficult to achieve the RNI/Safe Intakes from natural food sources alone, SACN is also
recommending that the Government considers strategies to help the UK population consume the
recommended intakes of vitamin D.

| would like to thank all those individuals and organisations who provided comments on the draft version of
this report during the public consultation. All the comments were carefully considered before the report
was finalised and the process assisted SACN in refining and clarifying the text.

Completion of this report has been a long and challenging task for SACN because consideration of the
evidence was complicated by the fact that vitamin D is obtained from sunlight exposure as well as from food
and supplements. | want to thank the members of the SACN Working Group on Vitamin D for their
continuing commitment and their contributions to the report, especially the Chair, Professor Hilary Powers,
and the secretariat. | also want to thank Professor Ann Webb (Manchester University) and Professor Antony
Young (King’s College, London) for providing helpful advice and information on the photobiology of vitamin

o

Dr Ann Prentice
Chair, Scientific Advisory Committee on Nutrition
2016

! safe Intakes were set by COMA if there were insufficient reliable data to set DRVs.
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Summary

S.1

S.2

S.3

S.4

Background

Vitamin D is required for regulation of calcium and phosphorus metabolism and is therefore important
for musculoskeletal health. It is synthesised in the skin upon exposure to sunlight containing sufficient
ultraviolet B (UVB) radiation and this is the main source for most people. It can also be obtained from
foods or dietary supplements. Dietary sources are essential when sunlight containing UVB radiation is
limited (e.g., during the winter months) or exposure to it is restricted (e.g., due to lack of time spent
outdoors or little skin exposure).

Dietary Reference Values (DRVs) for vitamin D were set by the Committee on Medical Aspects of Food
Policy (COMA) in 1991 and were based on prevention of rickets in children and osteomalacia in adults.
A Reference Nutrient Intake (RNI)? for vitamin D was not set for individuals (aged 4-64 y) with regular
exposure to sunlight because it was considered that enough vitamin D would be synthesised in the
summer to cover their needs in the winter. RNIs for vitamin D (7-10 ug/280-400 IU per day) were set
only for UK population groups considered to be at risk of vitamin D deficiency: infants (0-3 y);
pregnant and breast-feeding women; adults age 65y and above; those with limited sunlight exposure;
and women and children of Asian ethnic origin. The DRVs were reviewed and endorsed by COMA in
1998.

Although the DRVs were based on bone health, emerging evidence has also suggested a range of
other health benefits of vitamin D. In 2007, the Scientific Advisory Committee on Nutrition (SACN)
concluded that there was insufficient evidence at that time to warrant reviewing the DRVs for vitamin
D set by COMA and that evidence on vitamin D and non-musculoskeletal health was inconclusive. In
2010, SACN agreed to review the DRVs for vitamin D because a substantial amount of published data
had accumulated since its previous considerations.

Terms of reference

The terms of reference were: to review the Dietary Reference Values for vitamin D and make
recommendations. This required a risk assessment of the vitamin D status of the UK population and
consideration of the following:

a) biochemical indicators of vitamin D status and the validity of the values used to assess
risk of deficiency and excess;

b) association between vitamin D status and health outcomes at different life stages and
different population groups and the effects of biological modifiers;

c) contribution of cutaneous vitamin D synthesis to vitamin D status in the UK taking
account of the effects of modifiers of skin exposure to sunlight; risks of skin damage
and other adverse health outcomes associated with sunlight exposure;

d) potential adverse effects of high vitamin D intakes;

e) relative contributions made by dietary vitamin D intake (from natural food sources,
fortified foods and supplements) and cutaneous vitamin D synthesis, to the vitamin D
status of the UK population.

*The RNl represents the amount of a nutrient that is likely to meet the needs of 97.5% of the population.
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Metabolism

Vitamin D is converted to its active metabolite, 1,25-dihydroxyvitamin D (1,25(0OH),D), in two
hydroxylation steps. The first hydroxylation is in the liver, where vitamin D is converted to 25-
hydroxyvitamin D (25(OH)D), which is the major circulating metabolite of vitamin D and is widely used
as a biomarker of vitamin D status; the second hydroxylation is in the kidney where 25(OH)D is
converted to 1,25(0H),D.

Photobiology

Vitamin D is synthesised endogenously by the action of sunlight containing UVB radiation, which
converts 7-dehydrocholesterol (7-DHC) in the epidermis to previtamin D followed by thermal
isomerisation to vitamin D. Exposure of skin to UVB radiation is influenced by many factors; these
include time of day, season, latitude, altitude, cloud cover, air pollution, clothing and sunscreen use.

At latitudes below 37°N, UVB radiation is sufficient for year round vitamin D synthesis. At higher
latitude, vitamin D is not synthesised during the winter months. In the UK, sunlight-induced vitamin D
synthesis is only effective between late March/early April and September and not from October
onwards throughout the winter months.

Lower plasma/serum 25(0OH)D concentrations have been observed in people with dark skin
pigmentation compared to those with lighter skin colour. It is not clear, however, if this is due to skin
pigmentation or to physiological or lifestyle differences since dark skin is only one of many cultural
and biological factors that could influence the plasma/serum 25(0OH)D concentration of individuals
from ethnic groups with darker skin pigmentation.

Efficiency of cutaneous vitamin D synthesis may be lower in people with dark skin and in older people
but the evidence is limited.

Biomarkers of vitamin D exposure

Plasma/serum 25(OH)D concentration is widely used as a biomarker of vitamin D status because it
reflects vitamin D supply from cutaneous synthesis and diet but also because it has a long half-life in
the circulation (about 2-3 weeks) and is not under tight homeostatic control. A limitation of its use is
that it has been observed to decrease in response to acute inflammation, so low concentrations (e.g.,
observed in conditions such as cancer) may reflect an underlying inflammatory state. The relationship
between vitamin D exposure and serum 25(0OH)D concentration may also be influenced by Body Mass
Index and genetic variation.

There are also limitations associated with the methods used for measurement of serum 25(0OH)D
concentration, since measurements can vary considerably (15-20%) depending on the type of assay
used. In addition, there is considerable variation between different laboratories using the same
methods. These limitations have implications for interpretation of studies that have examined the
relationship between serum 25(0OH)D concentration and health outcomes.

Vitamin D and health outcomes

The purpose of reviewing data on vitamin D and a range of health outcomes was to assess whether
they might inform the setting of DRVs for vitamin D. In assessing the evidence, data from randomised
controlled trials (RCTs), then prospective studies, were preferred in terms of informing the setting of
DRVs; however, evidence from other study types was also considered.

Xi
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For each of the potential health outcomes considered, a judgement was made on whether the
evidence suggested a relationship with vitamin D supplementation or serum 25(OH)D concentration.
If the evidence was suggestive of a relationship then the data were examined further to assess
whether a range of serum 25(0OH)D concentrations or a threshold serum 25(0OH)D concentration
associated with beneficial effects could be identified. An important limitation to this task was that
there is no clear consensus on the threshold serum 25(0OH)D concentration used to define vitamin D
deficiency or low status and cut-offs varied across studies and were predefined according to different
criteria for deficiency. As a consequence, the selected cut-offs were insecure and made it difficult to
assess if there was a dose-response relationship.

Musculoskeletal health outcomes
Rickets
Evidence was mainly from cross-sectional observational studies and case reports and may therefore

have been influenced by confounding. Since most studies did not measure calcium intake it was not
clear whether the cause of rickets was vitamin D deficiency and/or calcium deficiency. A distinct
threshold serum 25(OH)D concentration above which there is no risk of rickets could not be identified
but the data suggested overall that the risk increased at serum 25(OH)D concentration < 25 nmol/L;
this concentration is, however, not a clinical threshold diagnostic of the disease.

Osteomalacia

Evidence was limited mainly to case reports. There was no clear serum 25(0OH)D threshold
concentration below which risk of osteomalacia increased but individual concentrations were

< 20 nmol/L in case reports and mean concentrations were < 15 nmol/L in cross-sectional analyses.

Bone health indices (bone mineral content, bone mineral density, biochemical markers of bone
turnover)

Findings varied by life stage. Evidence suggested a positive association between maternal serum
25(0OH)D concentration during pregnancy and bone health indices in the fetus/newborn and beneficial
effects of vitamin D supplementation on bone health indices in adults aged > 50y. Effects of vitamin D
supplementation on bone health indices in infants, children, adolescents and adults < 50y were
inconsistent. The evidence base for children (1-3y) and adults < 50y was insufficient to draw
conclusions.

Fracture prevention

Data in adults > 50y are mixed but, on balance, suggest that vitamin D supplementation does not
reduce fracture risk. The evidence base on the effect of vitamin D supplementation on stress fracture
risk on adults < 50y was insufficient to draw conclusions.

Muscle strength and function

Limited evidence suggested a beneficial effect of vitamin D supplementation on muscle strength and
function in adolescents and adults < 50y with a pre-intervention mean serum 25(0OH)D concentration
< 20 nmol/L and < 30 nmol/L respectively. For adults > 50y, with mean baseline serum 25(0OH)D
concentrations across a range of values, the evidence was mixed but overall suggested that vitamin D
supplementation improves muscle strength and function.

Falls
Evidence was mixed but, overall, suggested vitamin D supplementation reduces fall risk in community
dwelling adults 2 50y with mean baseline serum 25(0OH)D concentrations across a range of values.

Xii
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Two studies reported an increase in fall risk with vitamin D supplementation; however, doses were
very high and administered annually® or monthly* which may produce different effects from daily
supplementation at lower doses.

Non-musculoskeletal health outcomes

Non-musculoskeletal health outcomes considered were: reproductive health (on maternal & newborn
outcomes), cancer, cardiovascular disease, hypertension, all-cause mortality, immune modulation,
infectious diseases, neuropsychological functioning, oral health and age-related macular
degeneration.

Evidence on vitamin D and non-musculoskeletal health outcomes is drawn mainly from observational
studies so findings of beneficial effects could be due to reverse causality or confounding by other
factors associated with a specific health outcome. Results from RCTs of vitamin D supplementation
are inconsistent.

Selection of health outcomes to be used as basis for setting DRVs for vitamin D

Data on vitamin D and non-musculoskeletal health outcomes were considered insufficient to inform
the setting of DRVs for vitamin D. Musculoskeletal health (based on rickets, osteomalacia, falls and
muscle strength and function) was selected as the basis for setting the DRVs for vitamin D.

Studies on musculoskeletal health outcomes suggesting beneficial effects of vitamin D (rickets,
osteomalacia, falls, muscle strength & function) were considered further to assess whether a range or
threshold serum 25(OH)D concentration associated with beneficial effects could be identified. With
the exception of case reports, most studies considered provided only mean/median serum 25(0OH)D
concentrations of participants so it was not possible to establish a range of serum 25(0OH)D
concentrations associated with the selected musculoskeletal health outcomes.

There were many uncertainties in the data and wide variability in the mean and individual serum
25(0OH)D concentrations associated with increased risk of rickets, osteomalacia and falls or
improvement in muscle strength and function. However, the evidence overall suggested that risk of
poor musculoskeletal health was increased at serum 25(OH)D concentrations below about 20-

30 nmol/L. It was not possible to identify a specific serum 25(OH)D threshold concentration between
20-30 nmol/L associated with increased risk of poor musculoskeletal health since various assay
methods were used in the studies considered and measurement is influenced by the analytical
methodology. The current threshold of 25 nmol/L, used to define the concentration below which risk
of vitamin D deficiency increases, was therefore retained. This is not a clinical threshold diagnostic of
disease but indicative of increased risk of poor musculoskeletal health.

Vitamin D intakes and plasma/serum 25(OH)D concentrations in the UK population

Vitamin D intakes

Mean dietary intakes of vitamin D from all sources (including supplements) were: 8-10 pg/d (320-

400 IU/d) and 3.5 ug/d (140 1U/d) for non-breastfed infants aged 4-11m and 12-18m respectively; 2-

3 pg/d (80-120 IU/d)for breast fed infants aged 4-18m; 2-4 ug/d (80-160 1U/d) for ages 1.5-64y; 5 ug/d
(200 1U/d) for adults aged > 65y and 3-4 pg/d (120-160 1U/d) for institutionalised adults aged > 65y.

% 12,500 ug/500,000 IU.
41500 ug/60,000 1U or 600 pg/24,000 IU vitamin Ds + 300 pg 25(0OH)D;.
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Plasma/serum 25(OH)D concentration

s.26  Annualised® mean plasma 25(OH)D concentrations across the different age groups in the UK ranged
between 40 and 70 nmol/L but were lower for institutionalised adults (around 30 nmol/L).

s.27  The proportion of the population (by age) with a plasma 25(OH)D concentration < 25 nmol/L was: 2-
8%, 5m-3y; 12-16%, 4-10y; 20-24%, 11-18y; 22-24%, 19-64y; 17-24%, 2 65y and above. Nearly 40% of
institutionalised adults had a plasma 25(OH)D concentration < 25 nmol/L.

5.28 For all age groups in the UK, mean plasma 25(OH)D concentration was lowest in winter and highest in
summer. Around 30-40% of the population had a plasma 25(OH)D concentration < 25 nmol/L in
winter compared to 2-13% in the summer. A large proportion of some population groups did not
achieve a plasma/serum 25(0OH)D concentration > 25 nmol/L in summer (17% of adults in Scotland;
16% of adults in London; 53% of women of South Asian ethnic origin in Southern England; and 29% of
pregnant women in NW London).

5.29  Analysis by ethnicity showed that the annualised mean serum 25(0OH)D concentration was higher in
white adults aged > 16y (45.8 nmol/L) compared to Asian (20.5 nmol/L) and black (27.7 nmol/L) adults.

Review of DRVs

5.30 Evidence suggests that the risk of poor musculoskeletal health is increased at serum 25(0OH)D
concentrations below 25 nmol/L. This concentration therefore represents a ‘population protective
level’; i.e., the concentration that individuals in the UK should be above, throughout the year, in terms
of protecting musculoskeletal health.

$.31 It was not possible to quantify the sunlight exposure that would be required in the summer to achieve
a winter serum 25(0OH)D concentration = 25 nmol/L because of the number of factors that affect
cutaneous vitamin D synthesis.

s.32  The RNI for vitamin D was therefore derived by estimating the average vitamin D intake that would be
required for individuals in the UK to achieve a serum 25(OH)D concentration = 25 nmol/L. The
average vitamin D intake refers to average intake over the long term and takes account of day to day
variations in vitamin D intake.

s.33  The RNI was estimated by modelling data from individual RCTs conducted in winter (so that cutaneous
vitamin D synthesis arising from current UVB exposure was minimal) with adults (20-40y & > 64y) and
adolescent girls (11 y). The average daily vitamin D intake required to maintain serum 25(OH)D
concentration = 25 nmol/L in winter by the majority (97.5%) of the population was estimated to be
around 10 pg (400 IU). Data from these RCTs were extrapolated to younger age groups.

s.34 Data were not available to relate serum 25(0OH)D concentration in the infant clearly to current or long
term health. Safe Intakes® rather than RNIs were therefore recommended for infants and children
aged under 4y in the range of 8.5-10 pg/d (340-400 1U/d).

® Average of reports from different months of the year.
® COMA (DH, 1991) set a ‘Safe Intake’ for some nutrients if there were insufficient reliable data to set DRVs. They are ’judged to be a level or range of
intake at which there is no risk of deficiency, and below a level of where there is a risk of undesirable effects’ (DH, 1991).
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Recommendations

Serum 25(OH)D concentration is an indicator of exposure to vitamin D (from skin synthesis and dietary
intake). In order to protect musculoskeletal health, it is recommended that the serum 25(0OH)D
concentration of all individuals in the UK should not fall below 25 nmol/L at any time of the year.

In the UK, individuals in population groups at increased risk of having a serum 25(OH)D concentration
< 25 nmol/L are those with minimal sunshine exposure as a result of not spending time outdoors (e.g.,
frail and institutionalised people) or habitually wearing clothing that covers most of the skin while
outdoors and those from minority ethnic groups with dark skin.

It is not possible to make any recommendations regarding the amount of sunlight exposure that
would be required during the summer to maintain serum 25(OH)D concentration = 25 nmol/L in 97.5%
of the UK population during the following winter because of the number and complexity of factors
that affect endogenous vitamin D production.

An RNI for vitamin D, of 10 pg/d (400 1U/d), is recommended for the UK population aged 4y and
above. This is the average amount needed by 97.5% of the population to maintain a serum 25(0OH)D
concentration > 25 nmol/L when UVB sunshine exposure is minimal. It refers to average intake over a
period of time (e.g., a week) and takes account of day to day variations in vitamin D intake.

The RNI of 10 pg/d (400 1U/d) proposed for the general UK population (aged 4y and above) includes
pregnant and lactating women and population groups at increased risk of having a serum 25(0OH)D
concentration < 25 nmol/L. A separate RNI is not required for these groups. This is a change from
previous advice.

Data are insufficient to set RNIs for infants and children aged under 4y. As a precaution, a ‘Safe
Intake’ of vitamin D is recommended for these ages: in the range 8.5-10 pg/d (340-400 1U/d) for ages 0
up to 1y (including exclusively breast fed and partially breast fed infants, from birth); and 10 pg/d

(400 1U/d) for ages 1 up to 4y. The recommendation for exclusively breast fed infants is a change from
previous advice.

It is recommended that the RNI/Safe Intakes are applicable throughout the year, as a precautionary
measure, to cover population groups in the UK identified to be at risk of having a serum 25(0OH)D
concentration < 25 nmol/L (see paragraph S.36 above) as well as unidentified individuals in the
population at risk of having a serum 25(0OH)D concentration < 25 nmol/L in summer.

The RNI/Safe Intake for vitamin D refers to intakes from all dietary sources: natural food sources;
fortified foods (including infant formula milk); and supplements. Since it is difficult to achieve the
RNI/Safe Intake from natural food sources alone, it is recommended that the Government gives
consideration to strategies for the UK population to achieve the RNI of 10 pg/d (400 IU/d) for those
aged 4y and above and for infants and younger children to achieve a Safe Intake in the range 8.5-
10 pg/d (340-400 IU/d) at ages 0 to < 1y and 10 pg/d (400 1U/d) at ages 1 to < 4y.
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Background

Vitamin D is synthesised in the skin by the action of sunlight containing ultraviolet B (UVB) radiation.
Skin synthesis is the main source of vitamin D for most people. Dietary sources are essential when
exposure to sunlight containing the appropriate wavelength is limited.

The Committee on Medical Aspects of Food and Nutrition Policy (COMA) set Dietary Reference Values
(DRVs) for vitamin D in 1991 (DH, 1991). COMA did not set a Reference Nutrient Intake (RNI’) for
groups in the population considered to receive adequate sunlight exposure because it was assumed
that, for most people, the amount of vitamin D produced by exposure to UVB radiation in the summer
would provide enough for their needs during winter.

Current UK Government advice is that a dietary intake of vitamin D is not necessary for individuals
living a ‘normal lifestyle’. Only certain groups of the population, who are at risk of vitamin D
deficiency, are advised to take a daily supplement: pregnant and breastfeeding women (10 ug/400 IU),
infants and children aged under 4y (7-8.5 ug/17.5-21 IU); adults aged 65y or above (10 pg/400 1U);
those with limited exposure to the sun (e.g., if they cover their skin for cultural reasons or are
housebound) (10 pg/400 IU) and women and children of Asian origin (10 ug/400 IU). The DRVs for
vitamin D were reviewed and endorsed by COMA in 1998 (DH, 1998).

Although the current recommendations for vitamin D are based on bone health, it has been suggested
that vitamin D may have a role in other health outcomes, which include reducing the risk of cancers,
cardiovascular disease (CVD), infectious diseases and autoimmune diseases.

The evidence on vitamin D and health was previously considered by the Scientific Advisory Committee
on Nutrition (SACN) in 2007 (SACN, 2007). In its position statement ‘Update on Vitamin D’ SACN
concluded that there was insufficient evidence, at that time, to reconsider the existing COMA DRVs for
vitamin D and that the evidence on the relationship between vitamin D status and chronic disease,
other than the metabolic bone diseases rickets and osteomalacia, was insufficient to draw
conclusions.

In October 2010, SACN agreed to review the data on vitamin D because a significant amount of new
evidence had accumulated since its previous considerations, including: results from research
commissioned by the Food Standards Agency (FSA); a detailed report published by the Institute of
Medicine (IOM) in the United States (US) on Dietary Reference Intakes for Calcium and Vitamin D
(oM, 2011)8; and numerous studies on vitamin D and various health outcomes.

Terms of Reference

The SACN Working Group on Vitamin D (WG) was established in 2011 to consider whether the current
DRVs for vitamin D intake, set by COMA in 1991, were still appropriate to ensure vitamin D adequacy
of the UK population in the context of current lifestyles and public health advice (e.g., to stay out of
the sun and to wear sunscreen).

’ The amount of a nutrient that is sufficient to meet the needs of 97.5% of the population.
® Draft report published in 2010.
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The terms of reference were: to review the Dietary Reference Values for vitamin D and make
recommendations. This required a risk assessment of the vitamin D status of the UK population and
consideration of the following:

a) biochemical indicators of vitamin D status and validity of the values used to assess risk of
deficiency and excess;

b) association between vitamin D status and various health outcomes at different life stages and in
different population groups and the effects of biological modifiers;

c) contribution of cutaneous vitamin D synthesis to vitamin D status in the UK taking account of the
effects of modifiers of skin exposure to sunlight; the risks of skin damage and other adverse
health outcomes associated with sunlight exposure;

d) potential adverse effects of high vitamin D intakes;

e) relative contributions made by dietary vitamin D intake (from natural food sources, fortified
foods and supplements) and cutaneous vitamin D synthesis, to the vitamin D status of the UK
population.

Methodology
SACN’s remit

SACN’s remit is to assess the risks and benefits of nutrients/foods to health by evaluating published
scientific evidence and, based on its assessment, make dietary recommendations for the UK. SACN’s
dietary recommendations are applicable to the UK general healthy population, including any
vulnerable (at risk) groups which have been identified. They are not intended as guidance for clinical
practice and are not applicable to individual patient care. Consideration of the evidence base is
therefore restricted largely to studies in healthy populations that examine the role of a particular
nutrient/food in disease prevention rather than cure.

Before providing advice, SACN assesses possible risks that may be associated with implementing
particular recommendations; e.g., potential risks of excess intakes or adverse impacts on other health
outcomes. In addition, areas of uncertainty are identified and form the basis of recommendations for
further research. SACN's remit does not include providing advice on strategies for implementation of
its recommendations; i.e., the committee’s role is risk assessment and not risk management.

Scope of report

Key issues considered in this report are: biology, metabolism and photobiology of vitamin D;
measurement of vitamin D exposure (from diet and sunlight), the relationship between vitamin D
exposure and markers of vitamin D status; health outcomes associated with vitamin D deficiency and
excess; and dietary vitamin D intakes and vitamin D status of the UK population. The potential
contribution of sunlight exposure and diet to the vitamin D status of the UK population was also
explored.

The WG’s review of the evidence on vitamin D included consideration of the risks associated with
sunlight exposure. Although the WG considered the contribution made by sunlight exposure to
cutaneous vitamin D synthesis, its remit did not include a review of other benefits of sunlight
exposure.



The purpose of reviewing the evidence for a relationship between vitamin D and various health
outcomes was to assess whether they might inform the setting of DRVs for vitamin D. The health
outcomes examined were those considered to be of public health relevance:

e Musculoskeletal health outcomes - rickets, osteomalacia, bone health indices (e.g. bone mineral
content, bone mineral density, biochemical markers of bone turnover), fracture prevention, risk
of falls and muscle health.

e Non-musculoskeletal health outcomes - effect of vitamin D during pregnancy and lactation on
non-skeletal outcomes in mother & baby, cancers, CVD & hypertension, all-cause mortality,
immune modulation, infectious diseases, neuropsychological functioning, oral health and age-
related macular degeneration.

Process for consideration of the evidence

The IOM report (2011) provided an important and comprehensive database and a useful reference
resource for consideration of the evidence on vitamin D and health outcomes. In order to inform its
considerations, the IOM commissioned two evidence-based systematic reviews which were conducted
by the Agency for Healthcare Research and Quality (AHRQ): AHRQ-Ottawa (Cranney et al., 2007) and
AHRQ-Tufts (Chung et al., 2009). The IOM synthesised the evidence from the Ottawa and Tufts
reviews and conducted its own literature search to update the AHRQ reviews. In 2014, the AHRQ
published an update of studies conducted since its 2009 review (Newberry et al., 2014). In general,
the main findings of the update did not differ from those of the earlier review (Chung et al., 2009) or
the IOM update of the evidence.

The WG considered the data included in the IOM report together with evidence published since then
including findings from studies identified in the AHRQ update (Newberry et al., 2014) .

In this review, a systematic methodology was not used in the literature searches to update the
evidence. Instead, position papers on vitamin D and specific health outcomes were prepared by
members of the WG, according to their expertise, which identified and summarised evidence
published since the IOM report. The position papers, and the original studies cited in the position
papers, provided the basis for discussions and judgements on the quality of the evidence. Evidence
published up to March 2016 was considered.

Evaluation of the evidence was based on SACN’s Framework for the Evaluation of Evidence® which
recognises the contribution of different study types in making an overall assessment. The framework
is based on an evidence hierarchy which is used to judge the strength of the evidence according to
study design, because each study type has its own strengths and weaknesses. In general, most weight
is placed on randomised controlled trials (RCTs) since this is the only study type that can demonstrate
a causal relationship between a particular intervention and a health outcome. Less weight is placed
on observational (non-intervention) studies because such studies can only show an association
between an exposure and a health outcome. In addition, observational studies are potentially subject
to bias, confounding and reverse causality. However, it is not always feasible or ethically appropriate
to conduct RCTs and/or this type of evidence may not be available. In the absence of RCTs, evidence
from non-randomised intervention studies and prospective studies is given greater weighting than
other study designs (case-control, cross-sectional and case reports).

9, .
Last updated, May 2012. Available at
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/480493/SACN_Framework_for_the_Evaluation_of_Evidence.pdf



In assessing the evidence on vitamin D and health outcomes, data from RCTs, followed by prospective
studies, were preferred in terms of informing the setting of DRVs. However, the portfolio of evidence
that was considered comprised some data from other study types including case-control and cross-
sectional studies and case reports. Within in each study type, systematic reviews/meta-analyses were
considered first. Individual studies that contributed to or were published subsequent to the
systematic reviews/meta-analyses were then considered. Where more than one systematic
review/meta-analysis addressed the same health outcome, there was sometimes overlap in the
primary data selected for inclusion.

Consideration of the evidence base was restricted mainly to studies in healthy populations that
examined whether vitamin D reduced the risk of specific health outcomes and not its effect as a
therapeutic agent in reducing severity or progression of pre-existing disease. However, this was not
possible in considering the relationship between vitamin D and rickets and osteomalacia since the
evidence was drawn mainly from case reports of individuals who presented with symptoms of disease.

Data from the National Diet and Nutrition Survey, the Health Survey for England, the Low Income Diet
and Nutrition Survey, the UK Diet and Nutrition Survey of Infants and Young Children and the Scottish
Health Survey were used to assess the vitamin D status of the UK population. Advice on adverse
effects of high vitamin D intakes was provided by the Committee on toxicity of chemicals in food,
consumer products and the environment (COT). Information on the photobiology of vitamin D was
provided by Professor Antony Young (King’s College, London) and Professor Ann Webb (University of
Manchester).

The draft report was made available for public consultation and the comments received from
interested parties were taken into consideration before the report was finalised. The working
procedures for the preparation and finalisation of the report are described in Annex 1.
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Biology and metabolism
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Vitamin D plays an important role in the regulation of calcium and phosphorus metabolism and,
therefore, in bone health (Jones et al., 1998).

Vitamin D is synthesised in the skin by the action of sunlight containing UVB radiation. It can also be
obtained from the diet. When skin is regularly exposed to sunlight, cutaneous production is,
guantitatively, a more important source of vitamin D than diet (Holick et al., 1980). Dietary vitamin D
supply becomes essential if there is insufficient cutaneous synthesis (generally caused by limited solar
exposure during the summer and lack of UVB containing sunlight during the winter).

The two major forms of vitamin D are vitamin D; (also referred to as cholecalciferol) and vitamin D,
(also referred to as ergocalciferol). In this report, the term vitamin D refers to both vitamin D; and D,
unless the specific form is indicated.

Chemistry

Vitamin D is classified as a secosteroid. Vitamin D, (C,sH440) differs structurally from vitamin D;
(C37H140) in the side chain attached to the secosteroid skeleton, which contains an additional methyl
group on carbon atom 24 and a double bond between carbon atoms 22 and 23 (Norman, 2008) (see
Figure 1). This difference means that the molecular mass of vitamin D, (396.65 g/mol) is 3.1% higher
than that of vitamin D; (384.64 g/mol).

FIGURE 1: Molecular structure of vitamins D, and D;

Vitamin D, Vitamin D3

Units of measurement and terminology

Vitamin D intake is expressed in International Units (IU) or in micrograms (ug). IUs are based on
antirachitic activity'® measured in bioassays using rats. One IU of vitamin D is defined by the World
Health Organization (WHO) as the activity produced by 0.025 pg of crystalline vitamin D3 (WHO, 1950);
1 pg of vitamin D3 is equivalent to 40 IU. Although this definition is based on vitamin D; activity, the
conversion continues to be generalised to both forms of the vitamin regardless of the difference in
their molecular mass.

Serum/plasma concentration of 25-hydroxyvitamin D [25(OH)D], which is the major circulating
metabolite of vitamin D, is expressed as nanomoles per litre (nmol/L) or nanograms per millilitre
(ng/ml); 2.5 nmol/L is equivalent to 1 ng/ml. However, due to the differences in molecular mass,

'° The amount required to prevent rickets.
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there is not absolute correspondence in the conversion of ng to nmol for 25(0OH)D, and 25(0OH)Ds. The
inconsistencies relating to the measurement of the two forms of vitamin D need to be considered in
the interpretation of studies comparing vitamin D, and Ds.

In this report:
e the unit of measurement used to express intake is pg; the corresponding amount in IUs is also
provided;
e the unit used to express serum/plasma 25(OH)D concentration is nmol/L;
e the term plasma is used when describing physiological events; the terms serum or plasma are
used as reported in specific studies; otherwise, for simplicity, the term serum is used.
Sources

Vitamin D is obtained by cutaneous synthesis and from foods or dietary supplements containing either
vitamin D, or D;. Vitamin D3 is the only form produced cutaneously. Vitamin D; has also been
identified in some plants (see paragraph 2.15 below). Vitamin D, is formed in fungi and yeast by UVB
exposure of the steroid, ergosterol (a cell membrane component of fungi) and small amounts are
present in plants contaminated with fungi.

A metabolite of vitamin D, 25(0OH)D (see paragraphs 2.30-2.31), is present in animal products.

Cutaneous synthesis

Vitamin D3 is produced endogenously from 7-dehydrocholesterol (7-DHC) in the skin of humans and
animals by the action of sunlight containing UVB radiation (wavelength 280-315 nm) or by artificial
UVB light. The 7-DHC in the epidermis is converted to previtamin Ds, which reaches a maximum
concentration in the skin within a few hours (Holick et al., 1980) . Even with prolonged irradiation in
sunlight the amount of previtamin D formed is limited to 12-15% of the original 7-DHC (MacLaughlin
et al., 1982; Webb et al., 1988).

Previtamin Ds is thermodynamically unstable. It is converted to the more stable vitamin D3 in an
uncatalysed temperature-dependent isomerisation reaction which takes place in the plasma
membrane of epidermal cells over a period of 2-3 days (Holick et al., 1980; MacLaughlin et al., 1982).
Prolonged UVB exposure results in conversion of previtamin D; to lumisterol and tachysterol which
are biologically inactive (Holick et al., 1981). Cutaneous vitamin D5 can also undergo photoconversion
and isomerise into a variety of photoproducts including suprasterol |, suprasterol Il and 5,6
transvitamin D3 (Webb et al., 1989). These photoconversions, which are reversible if concentrations
of previtamin Dj; fall, prevent accumulation of toxic amounts of vitamin D; from cutaneous exposure
alone (Holick et al., 1980).

The amount of vitamin D; made in the skin depends on exposure of the skin to UVB radiation and
efficiency of cutaneous synthesis (Holick, 2005; Webb, 2006). Exposure of skin to UVB radiation is
affected by a number of factors such as time of day, season, latitude, altitude, cloud cover, air
pollution, as well as clothing and sunscreen use. Efficiency of cutaneous vitamin D synthesis may be
lower in people with darker skin pigmentation (Clemens et al., 1982) and in older people (MacLaughlin
& Holick, 1985) but the evidence is limited. Cutaneous synthesis of vitamin D, factors affecting its
production as well as adverse effects of sunlight exposure are considered further in chapter 3.
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Dietary sources

In the UK, the main dietary sources of vitamin D are foods of animal origin, fortified foods and
supplements. Commercial synthesis of vitamin D; and D, is by UVB irradiation of 7-DHC (from sheep
wool) and ergosterol (from fungi) respectively (Bikle, 2009).

There are few naturally rich food sources of vitamin D. Foods that contain significant amounts are
mostly of animal origin and contain vitamin D;. Rich sources include egg yolk (12.6 ug/504 IU per
100 g) and oily fish (5-16 pg/200-640 U per100 g) such as salmon, mackerel, herring and sardines
(Finglas et al., 2015). Animal products such as meat, fat, liver and kidney also contain vitamin D3 (0.1-
1.5 pug/4-60 IU per 100 g), as well as the vitamin D metabolite 25(0H)D; (Ovesen et al., 2003).

Vitamin D3 and 7-DHC have also been identified in the leaves of some plant species, mostly belonging
to the Solanaceae family (which includes vegetables such as potato, tomato and pepper) (Japelt &
Jakobsen, 2013). Wide variations have been reported in how much vitamin D; and 7-DHC they
contain™. It is not yet known if the edible portions also contain vitamin Ds.

Food sources of vitamin D, are limited. Wild mushrooms are a rich natural source, containing
approximately 13-30 pg (520-1200 IU) per 100g fresh weight (Mattila et al., 1994). Cultivated
mushrooms do not contain high amounts of vitamin D, since they are grown in the dark but UVB
treated vitamin D, enhanced mushrooms are now commercially available.

Foods are fortified with either vitamin D; or D,. In the UK, all margarine sold for domestic use was
previously subject to mandatory fortification with vitamin D (and vitamin A) from 1940 until the
mandatory requirement was removed in 2013". However, most margarines and fat spreads are still
fortified with vitamin D on a voluntary basis. Other foods, such as breakfast cereals and dried or
evaporated milks, may also be fortified on a voluntary basis.

European Union (EU) law (Directive 2006/141/EC) stipulates vitamin D fortification of infant formula
(1-2.5 pg/40-100 IU per 100 kcal) and follow-on formula (1-3 pg/40-120 IU per 100 kcal).

In the US, almost all milk* is fortified with vitamin D on a voluntary basis (9.6 pg/L; 385 1U/L) (FDA,
2009). Other foods fortified on a voluntary basis include breakfast cereals (about 75%), milk
substitutes (slightly more than 50%), yoghurts (about 25%) and cheeses, juices, and spreads (8-14%)
with amounts ranging from 1-2.5 pg (40-100 IU) per serving (Yetley, 2008). Addition of vitamin D to
infant formula is mandatory™ (1-2.5 pg or 40-100 IU per 100 kcal).

In Canada, fortification of milk (0.8-1 pg or 33-45 IU per 100 ml) and margarine (13 pg or 530 IU per
100 g) with vitamin D is mandatory® and fortified plant-based beverages (such as soy milk) must
contain an amount equivalent to that in milk. Infant formula must also be fortified on a mandatory
basis (1-2 pg or 40-80 IU per 100 kcal).

Dietary vitamin D supplements contain either vitamin D, or D;. Vitamin D supplements can also be
administered by intramuscular injection. The contribution that supplements make to vitamin D
intakes in the UK is considered in chapter 8.

! VVitamin D; (< 0.1-0.28 ug/g dry weight; 0.1-42 pg/g fresh weight); 7-DHC (0.2-1.3 pg/g dry weight; 5-58 ug/g fresh weight).
2 Removed as part of the Government’s Red Tape Challenge with the aim of reducing the ‘overall burden of regulation’
(http://www.redtapechallenge.cabinetoffice.gov.uk/home/index/).

3 Assumed that this refers to dairy fluid milk and not plant based beverages.

" FDA. Code of Federal Register Title 21, Sec.107.100 infant formula: nutrient specifications (Available at
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSerach.cfm

' Food and Drug Regulation. Available online at http://laws.justice.gc.ca/PDF/Regulation/C/C.R.C,_c._870.pdf
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Metabolism

Absorption of dietary vitamin D

Dietary vitamin D is lipid soluble and is absorbed with long-chain triglycerides in the small intestine
(Haddad et al., 1993). Ingested vitamin D is incorporated into chylomicrons within the enterocytes
and transported through the lymph into the systemic circulation (Dueland et al., 1983).

Absorption of ingested vitamin D has been reported to range from 62 to 91% (Thompson et al., 1966).
Intestinal malabsorption disorders may reduce vitamin D absorption due to a decreased ability to
absorb lipids. A systematic review that evaluated the impact of different vehicles (powders, lipids,
ethanol) on the absorption of vitamin D supplements reported that absorption was greatest in the oil-
based vehicle (Grossmann & Tangpricha, 2010); however, the authors noted the limited number of
studies that have investigated this issue.

An RCT (Biancuzzo et al., 2010) that compared vitamin D (25 pg/1000 IU per day) absorption from
fortified orange juice with that from vitamin D supplements over 11 weeks (n=86) reported no
significant difference in serum 25(OH)D concentration between those consuming the fortified orange
juice and those consuming supplements. However, this was a small study that did not specify whether
the fortified orange juice was consumed with/without a meal. It is also possible that the vitamin D in
the orange juice was enclosed in micelles, which would facilitate absorption.

Transport in the circulation

Cutaneously produced vitamin D; enters the extracellular fluid before diffusing into dermal capillaries
(Holick, 2011). After entering the circulation it is transported to the liver bound to vitamin D binding
protein (DBP), which is synthesised in the liver (Haddad, 1995). Dietary vitamin D, and D; are
transported in chylomicrons via the lymph and blood plasma to the liver.

The appearance of vitamin D in plasma is short-lived since it is either taken up by adipose and other
tissues or metabolised in the liver (Mawer et al., 1972). The plasma half-life of vitamin D is about 4-6
hours (Mawer et al., 1971).

Conversion to active metabolite

The active metabolite of vitamin D is 1,25-dihydroxyvitamin D (1,25(OH),D). Conversion of vitamin D
to 1,25(0H),D occurs in two sequential hydroxylation steps (DelLuca, 1974) (see Figure 2). The firstis
in the liver where vitamin D is hydroxylated to 25(0OH)D, which is the major circulating metabolite of
vitamin D. The second hydroxylation step is in the kidney and other tissues where 25(0OH)D is
converted to 1,25(0H),D.

The difference in the side chain between vitamin D, and D; is maintained during metabolism, i.e.,
vitamin D3 is converted to 25(0OH)D; and then to 1,25(0OH),Ds; vitamin D, is converted to 25(0OH)D, and
then to 1,25(0OH),D, (Jones et al., 1998).

Although vitamin D, undergoes similar metabolic transformations to vitamin D, it is unclear if all
details of regulation and biological activity are identical to those of vitamin D3 (Henry, 2011). Vitamin
D, and its metabolites have a lower binding affinity to DBP than vitamin D;and its metabolites
(Houghton & Vieth, 2006).
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Hydroxylation to 25(0OH)D

In the liver, hydroxylation of vitamin D to 25(0OH)D is mediated by a cytochrome P450 (CYP) enzyme,
identified as CYP2R1 (Henry, 2011). CYP2R1 appears to hydroxylate vitamin D, and D; with equal
efficiency (Strushkevich et al., 2008). Other 25-hydroxylases have been found to have different
activities for vitamin D, and vitamin D5 (Bikle, 2009).

Following hydroxylation in the liver, 25(0OH)D is secreted into the circulation where it binds to DBP and
is transported to the kidney and some tissues for activation or breakdown. The 25(OH)D-DBP complex
enters the kidney by receptor-mediated endocytosis, which is required to prevent loss of 25(0OH)D in
the urine. Two multi-ligand endocytic receptors, megalin and cubilin, which are strongly expressed in
renal proximal tubules, are thought to be involved in the uptake of the DBP-25(OH)D complex by the
kidney. The 25(0OH)D-DBP complex can bind directly to megalin. The endocytic process is facilitated
by cubilin which sequesters the complex on the cell surface before internalisation via megalin (Nykjaer
et al., 2001). Megalin and cubilin are recycled back to the plasma membrane after intracellular
release of the 25(0OH)D-DBP complex.

Hydroxylation to 1,25(0H),D

In the kidney, 25(0OH)D is further hydroxylated to 1,25(OH),D, its biologically active form, or to 24,25
dihydroxyvitamin D [24,25(0H),D]. Production of 24,25(0OH),D is usually the first step in the metabolic
pathway to inactivate 25(OH)D, which prevents vitamin D intoxication (Norman, 2008). Plasma
concentration of 24,25(0OH),D is directly related to 25(0OH)D concentration.

The conversion of 25(0H)D to 1,25(0H),D is catalysed by CYP27B1, a mitochondrial P450 enzyme with
la-hydroxylase activity which is produced in the proximal renal tubule (Prentice et al., 2008; Bikle,
2009). Conversion to 24,25(0OH),D is by the 24-hydroxylase enzyme, CYP24 (Norman, 2008).

CYP27B1 activity depends on the absolute intracellular concentration of 25(OH)D. The substrate
concentration of 25(OH)D required for 50% maximal activity of the CYP27B1 enzyme is approximately
100 nmol (Henry, 2005). There is little correlation between plasma concentrations of 25(0OH)D and
1,25(0H),D (Need et al., 2000; Lips, 2001; Vieth et al., 2003).

The metabolic fate of 25(0OH)D depends on calcium requirements. When calcium is required by the
body, a greater proportion of 25(0OH)D undergoes 1a-hydroxylation; a plentiful supply of calcium
results in greater proportion of 24-hydroxylation (Jones et al., 1998).

Renal production, which is the principal source of 1,25(0OH),D in the plasma, mediates the functions of
the vitamin D endocrine system. However, a number of other tissues also have the ability to produce
1,25(0H),D. CYP27B1 mRNA, CYP27B1 protein and enzyme activity have all been detected in at least
nine extra renal tissues, including bone (van Driel et al., 2006; Kogawa et al., 2010; Zhou et al., 2010)
skin (keratinocytes), placenta (decidua), breast, colon, prostate, endothelial cells, pancreatic islets and
parathyroid glands (Norman, 2008) and macrophages (Crowle et al., 1987). Extra-renal 1,25(0OH),D
production does not generally increase 1,25(0OH),D concentrations in the circulation (Norman, 2008)
and its effects appear to be restricted to paracrine and autocrine functions within these tissues.
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FIGURE 2: Vitamin D metabolism pathway
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Physiological regulation

Regulation of 25(0OH)D production

Plasma 25(0OH)D concentration is not subject to feedback regulation but appears to reflect vitamin D
supply from cutaneous synthesis and the diet (Bhattacharyya & Deluca, 1973). The half-life of plasma
25(OH)D is about 2-3 weeks (Lund et al., 1980) while the half-life of 1,25(0OH),D is less than 4 hours
(Holick, 2004a).

Plasma or serum 25(0OH)D concentration is widely used as a biomarker of vitamin D status because of
its long half-life in the circulation and because it is not subject to tight homeostatic control (DeLuca,
2008; Norman, 2008; Bikle, 2009). Biomarkers of vitamin D status are considered in chapter 4.

Plasma 25(0OH)D concentration depends on the amount of vitamin D delivered to the liver, the amount
produced by the liver and its half-life in plasma (Prentice et al., 2008). These are affected by a number
of factors including the amount of vitamin D entering the body, the amount of body fat and muscle
mass, rate of 25(0OH)D uptake and the rate of conversion to other metabolites (such as 1,25(0OH),D,
24,25(0H),D). Other factors affecting plasma 25(OH)D concentration include the volume of
extracellular fluid and DBP concentration (Dueland et al., 1983; Orwoll & Meier, 1986; Lips, 2001;
Gascon-Barre, 2005; Liang & Cooke, 2005; Bolland et al., 2007). Serum concentration of 25(0OH)D has
also been reported to decrease during the acute-phase response to inflammation (Silva & Furlanetto,
2015) (see paragraph 4.10).

In addition, different polymorphisms'® of DBP have different affinities and transport efficiencies for
25(OH)D (Speeckaert et al., 2006). Evidence from children with calcium-responsive rickets (Pettifor,

'8 polymorphisms are genetic variants that occur at a frequency of at least 1% in the population.
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1991) and from calcium-deficient rats (Clements et al., 1987) suggests that low calcium intakes may
adversely affect vitamin D utilisation by increasing breakdown of 25(OH)D to inactive products that
are excreted in the bile.

Regulation of 1,25(0OH),D production

Synthesis of 1,25(0H),D in the kidney is tightly regulated. Upregulation is through the action of
parathyroid hormone (PTH) and down-regulation is through fibroblast growth factor 23 (FGF23) and
direct negative feedback by 1,25(0OH),D itself (Henry, 2011).

Calcium-sensing proteins in the parathyroid gland stimulate PTH secretion in response to a fall in
serum ionised calcium concentration. PTH stimulates production of the CYP27B1 enzyme in the
proximal cells of the kidney (Bajwa et al., 2008) which increases renal synthesis of 1,25(0OH),D (Henry,
2011). 1,25(0H),D exerts a direct negative feedback by downregulating the expression of the gene for
CYP27B1, the enzyme required for its synthesis (Henry, 2011). It also exerts an indirect negative
feedback by reducing secretion of PTH (Norman, 2008; Holick, 2011). Additionally, 1,25(0OH),D
induces its own degradation by stimulating production of the CYP24A1 enzyme, a 24-hydroxylase that
converts 1,25(0OH),D and 25(0H)D to water-soluble compounds which are excreted through bile (Jones
et al., 1998).

FGF23 mediates the regulatory effect of serum phosphate concentrations on lowering 1,25(0H),D
concentrations (Shimada et al., 2004). It is secreted by bone osteoblasts and osteocytes in response
to increasing serum phosphate concentrations (Henry, 2011) and downregulates 1,25(0OH),D synthesis
by inhibiting renal transcription of CYP27B1 (Perwad et al., 2007). It also increases phosphate
excretion in the urine by reducing the number of sodium-phosphate transporters in the renal brush
border membranes (Shimada et al., 2004; Segawa et al., 2007).

Extra-renal CYP27B1 enzyme activity is not regulated by calcium and phosphate regulating hormones
but may be affected by changes specific to the cell’s environment or function (Henry, 2011).

Catabolism and excretion

24-hydroxylation is the first step in the inactivation of 25(0OH)D and 1,25(0OH),D (DeLuca, 2008).
Degradation of both is catalysed by the 24-hydroxylase enzyme CYP24 (produced in the kidney) in a
series of four successive reactions to produce inactive water-soluble compounds which are excreted in
bile (Henry, 2011).

Through its inactivation of 1,25(0OH),D, the CYP24 catalysed pathway plays an important role in
limiting the hormone’s effects in target tissues; 1,25(0OH),D can increase the levels of CYP24 mRNA by
two to three orders of magnitude above background amounts (Henry, 2011).

Studies in bird and mouse models suggest that 24,25(0H),D may also have a biological role in bone
healing (Seo & Norman, 1997; St-Arnaud, 2010).
Storage/sequestration

Adipose tissue is considered to be the major storage/sequestration site for vitamin D (Rosenstreich et
al., 1971; Mawer et al., 1972) although there is some evidence that muscle may also be a storage
tissue for 25(0OH)D (Girgis et al., 2014).

11



2.49

2.50

2.52

2.53

2.54

2.55

A number of studies have reported adiposity and body mass index (BMI) to be inversely related to
serum 25(0OH)D concentrations (Liel et al., 1988; Arunabh et al., 2003; Parikh et al., 2004; Snijder et al.,
2005) suggesting vitamin D is not readily available from adipose tissue and that, because of its
lipophilic nature, it is sequestered rather than stored. This is supported by some studies which
reported increases in serum 25(0OH)D concentrations with weight reduction in obese individuals
(zittermann et al., 2009; Tzotzas et al., 2010).

Details about accumulation and mobilisation of vitamin D stores from adipose tissue and other tissues
such as muscle are not clear at this time (IOM, 2011).

Mechanism of action

1,25(0H),D elicits a biological response through the regulation of gene transcription (genomic
response) and by activating signal transduction pathways at or near plasma membranes (non-genomic
or rapid response) (Norman et al., 2004). The mechanism of action is mediated through binding with a
single vitamin D receptor (VDR) (DeLuca, 2004). After formation in the kidney, 1,25(0H),D enters the
circulation bound to DBP.

The VDR has a high affinity for 1,25(0H),D; (Norman, 2008). 1,25(0H),D, and 1,25(0OH),D; appear to
be similar in their binding affinity to VDR (DeLuca, 2008). The VDR is expressed in cells involved in
calcium and phosphate homeostasis, e.g., enterocytes, osteoblasts, parathyroid and distal renal tubule
cells (Jones et al., 1998). VDRs are also present in a wide range of other cells and tissues including
macrophages, lymphocytes, skin keratinocytes, pancreatic 3-islet cells, ovarian tissue, mammary
epithelium, neuronal tissue, lung, gonads, prostate, placenta, and adipose tissue (Jones et al., 1998;
Norman, 2008). Its function in these tissues is not fully understood.

The amount of VDR expressed in different tissues varies widely and appears to be regulated in some
tissues (e.g., kidney, parathyroid) but not in others (Dame et al., 1986; Brown & Slatopolsky, 2007).
Many VDR expressing cells also possess the enzyme CYP27B1 and therefore have the capacity to
produce 1,25(0H),D (Bikle, 2009).

Genomic response

The VDR functions in the nucleus of cells as a heterodimer with a retinoid X receptor (RXR) to regulate
vitamin D target genes. The heterodimeric complex interacts with vitamin D-responsive elements
(VDREs), which are repeat sequences of 6 nucleotides separated by 3 non-specified bases within the
promoter region of target genes, resulting in activation or repression of transcription (Rachez &
Freedman, 2000; Christakos et al., 2003; DeLuca, 2004).

Non-genomic response

Non-genomic responses of 1,25(0OH),D are mediated by the interaction of the VDR with caveolae
(membrane invaginations) which are present in the plasma membrane of a variety of cells
(Huhtakangas et al., 2004). Upon activation by 1,25(0H),D, VDRs may elicit a cellular response on
calcium channels through second messengers such as mitogen-activated protein kinase or cyclic
adenosine monophosphate (Feldman et al., 2005). Rapid response mechanisms, through membrane
VDRs and second messengers operate in the intestine, vascular smooth muscle, pancreatic B-cells and
monocytes (Lips, 2006).
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Genetic influences on vitamin D metabolism

In addition to behavioural and environmental factors, twin and family studies suggest a genetic
component to the inter-individual variability in plasma 25(0OH)D concentrations. Rates of heritability
have been estimated to range from 29 to 80% (Hunter et al., 2001; Shea et al., 2009).

Rare mutations in genes involved in vitamin D metabolism lead to functional vitamin D deficiency. For
example, mutations in the genes coding for CYP27B1 and VDR cause vitamin D dependent rickets type
| (VDDR 1) (Fu et al., 1997) and vitamin D dependent rickets type Il (VDDR Il) (Malloy et al., 1999)
respectively.

A number of more common polymorphisms in genes encoding proteins involved in vitamin D
metabolism have been identified. Two meta-analyses of genome-wide association studies'” (Ahn et
al., 2010; Wang et al., 2010b) examined associations of single nucleotide polymorphisms (SNPs'®) in
such genes with serum 25(0OH)D concentrations. Ahn et al. (2010) included 9 cohorts from the USA
and Finland (n=4501). Genome-wide significant associations with serum 25(OH)D concentration were
found for SNPs within genes encoding DBP (rs228769, rs7041, rs1155563), CYP2R1 (rs206079) and at
the NADSYN1/DHCR7" locus (rs3829251). Wang et al. (2010a) included 15 cohorts from the USA,
Canada and Europe (n=16,125). SNPs at three loci reached genome-wide significance for an
association with serum 25(OH)D concentration: rs2282679 in the DBP gene, rs12785878 near DHCR77
and rs10741657 near the CYP2R1 gene.

These findings suggest that common polymorphisms in genes involved in vitamin D metabolism might
influence serum/plasma 25(0OH)D concentrations. The functional relevance of these findings is not
clear.

Biological activity of vitamin D, versus vitamin D;

Vitamin D, and vitamin D3 both elevate plasma 25(OH)D concentration (Seamans & Cashman, 2009)
and both have been shown to correct vitamin D deficiency rickets. However, there continues to be
disagreement on whether they are equally effective in raising and maintaining plasma 25(0OH)D
concentrations (Lanham-New et al., 2010; Cashman, 2012; Logan et al., 2013; Swanson et al., 2014).
Several biologically plausible mechanisms have been suggested that could contribute to the greater
capacity of vitamin D3 over D, to maintain higher 25(0OH)D concentrations over time (reviewed in
Houghton & Vieth, 2006).

Results from studies that have compared the effectiveness of D, and D; in raising serum 25(0OH)D
concentration have been inconsistent. A meta-analysis of 7 studies (n=294) (Tripkovic et al., 2012)
reported a significantly greater absolute increase from baseline in serum 25(OH)D concentration with
vitamin Ds (p=0.006) but heterogeneity between the studies was high (/’=81%). Separate meta-
analyses, according to method of vitamin D administration, found a significantly larger increase in
serum 25(0OH)D concentration with vitamin D; compared with vitamin D, supplementation in 3 studies
using single bolus doses (p=0.04) while there was no significant difference between vitamin D, and D;
in 5 studies that used daily supplementation (p=0.06). Heterogeneity was much higher in the studies

" The entire human genome is searched to identify associations with the phenotype of interest.

'8 SNPs occur when a single nucleotide in the genome sequence is altered.

¥ NADSYN1 encodes nicotinamide adenine dinucleotide synthetase-1 which catalyses the final step in the biosynthesis of nicotinaminde adenine
dinucleotide. An SNP located in the DHCR7 gene, rs1790349, which is in high linkage disequilibrium with rs3829251, was also associated with serum
250HD concentrations; because of the biological relevance of DHCR7 to vitamin D metabolism the authors refer to this as the NADSYN1/DHCR7

locus.
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using a bolus dose (’=77%) compared to those administering daily supplementation (/’=44%).
Conclusions regarding any differences in biological activity between vitamin D, and D; could not be
drawn from this meta-analysis because of a number of limitations, including: small number and size of
studies (n=19-89); variability in 25(0OH)D assay methodology (see chapter 4); differences in dose size
and frequency and in treatment and follow-up time. Additionally, the doses used in the studies were
very high and effects may be different at lower doses.

Subsequent RCTs support the suggestion that vitamin D is more effective than vitamin D, in raising
serum 25(0OH)D concentration. An RCT in New Zealand (Logan et al., 2013), conducted in winter,
compared effects of 25 pg/d (1000 IU) of vitamin D,, D; and placebo over 25 weeks on serum 25(0OH)D
concentration of adults (n=95; 18-50 y). After 25 weeks, serum 25(0OH)D concentrations of
participants in the placebo group were significantly lower than those in the vitamin D, and D; groups
(both p< 0.001) and was significantly lower in in the vitamin D, supplemented group compared with
the vitamin D3 supplemented group (p< 0.001).

Toxicity

Vitamin D toxicity can lead to hypercalcaemia which results in deposition of calcium in soft tissues,
diffuse demineralisation of bones and irreversible renal and cardiovascular toxicity. Hypercalcaemia
can also lead to hypercalcuria (EVM, 2003)%.

Prolonged sunlight exposure does not lead to excess production of cutaneous vitamin D because
endogenously produced previtamin D; and vitamin D; are photolysed to inert compounds (see
paragraph 2.10). High doses of oral vitamin D supplements have, however, been shown to have toxic
effects (Vieth, 2006). Cases of vitamin D toxicity resulting from ingestion of over-fortified milk have
also been reported (Jacobus et al., 1992; Blank et al., 1995).

Animal studies suggest that plasma 25(0OH)D concentrations associated with toxicity are above

375 nmol/L (Jones, 2008). Evidence on vitamin D toxicity in humans is based on anecdotal case
reports of acute accidental vitamin D, or D; intoxication resulting in 25(0OH)D concentrations of 710-
1587 nmol/L and a threshold for toxic symptoms at concentrations of about 750 nmol/L (Vieth, 1990).
Hypercalcaemia has been reported at plasma concentrations above 375-500 nmol/L (Vieth, 1990;
Jones, 2008).

The mechanism of how vitamin D toxicity might arise is presently unclear. Proposed mechanisms are
based on increased concentrations of the active metabolite of vitamin D reaching the VDR in the
nucleus of target cells and causing gene over-expression. Three main hypotheses have been proposed
(Jones, 2008): plasma concentrations of 1,25(0OH),D are increased leading to increased cellular
concentrations of 1,25(0OH),D; plasma 25(OH)D concentrations exceed DBP binding capacity and free
25(OH)D enters the cell and has direct effects on gene expression; or, concentrations of a number of
vitamin D metabolites, especially vitamin D itself and 25(0OH)D, exceed the DBP binding capacity,
causing release of free 1,25(0OH),D which enters target cells.

Effects of high intakes of vitamin D, including thresholds for risk, single-dose acute toxicity vs
sustained exposure, are considered further in chapter 7.

» Expert Group on Vitamins and Minerals.
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Physiological role

Calcium & phosphate regulation

The major function of 1,25(0OH),D is regulation of calcium and phosphorus metabolism which is
essential for bone mineralisation (DelLuca, 2008). Calcium homeostasis is also important for
neuromuscular function (Holick, 2011).

Plasma calcium concentration is tightly regulated and maintained at approximately 1 mmol/L ionised
calcium or 2.5 mmol/L of total calcium (Rasmussen & Deluca, 1963). Aslight decrease is detected by
calcium-sensing transmembrane proteins in the parathyroid gland inducing secretion of PTH into the
circulation within seconds (Silver et al., 1996). PTH induces osteoblasts and proximal convoluted
tubule cells in the kidney to produce 1,25(0H),D which increases plasma calcium concentration by
stimulating intestinal calcium absorption, renal calcium reabsorption and bone resorption. The
subsequent increase in plasma calcium concentration is sensed by the parathyroid glands and PTH
secretion is decreased (DelLuca, 2004).

In the intestine, 1,25(0H),D interacts with the VDR to enhance expression of an epithelial calcium
channel and a calcium binding protein (calbindin 9k) which increases calcium transport from the
intestinal lumen into the circulation (Christakos et al., 2003). In the skeleton, 1,25(0OH),D interacts
with VDR in the osteoblast to increase expression of receptor activator of NFkB ligand (RANKL); this
increases the production of osteoclasts which release calcium into the circulation (Christakos et al.,
2003).

If plasma calcium concentration exceeds the normal physiological range then the thyroid gland
secretes the peptide calcitonin, which blocks calcium mobilisation from bone to restore homeostasis
(Chambers & Magnus, 1982).

1,25(0H),D also increases phosphate absorption in the small intestine and induces secretion of FGF23
by osteocytes, increasing phosphate excretion in the kidney and thus preventing phosphate
accumulation in the body (Kolek et al., 2005; Liu et al., 2008).

Calcium & vitamin D interactions

Animal data have suggested that inadequate calcium intakes could cause changes in the physiological
response to vitamin D (Berlin & Bjorkhem, 1987; Clements et al., 1987). Interactions between vitamin
D and calcium may have implications for the regulation of plasma 25(OH)D concentrations and its
catabolism and, as a consequence, the dietary vitamin D requirement.

Observational studies in humans have been inconsistent. Some have reported calcium intakes as a
significant determinant of serum 25(0OH)D concentration (van der Wielen et al., 1995; Andersen et al.,
2005; Hill et al., 2006) while others have found no effect (Hill et al., 2008). RCTs that have investigated
the influence of calcium intake on 25(OH)D concentration have also been inconsistent. One RCT
(Berlin & Bjorkhem, 1988) in healthy men (n=28; mean age, 29y; mean calcium intake=800 mg/d)
reported that calcium supplementation (2g/d) for 6-7 weeks significantly increased mean serum
25(0H)D concentration in the intervention group (from 73 to 94 nmol/L; p< 0.05) and was significantly
different (p<0.005) from that of the control group (67 to 71 nmol/L) at the end of the study. In
contrast, two other RCTs (Goussous et al., 2005; McCullough et al., 2009) reported no effect of
additional calcium intakes on serum/plasma 25(0OH)D in healthy adults.
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Another RCT** (Cashman et al., 2014a) investigated the effect of habitual calcium intake on serum
25(0OH)D concentration. Healthy adults (n=125; age, = 50y; mean calcium intake=814 mg/d) were
stratified according to habitual calcium intake (< 700 compared with > 1000 mg/d; mean intakes, 496
& 1437 mg/d for low and high calcium intake groups respectively) and received either vitamin D;

(20 ug/800 IU per day) or placebo for 15 weeks throughout winter. Mean serum 25(0OH)D
concentration increased significantly (p< 0.005) in the vitamin D3 group and decreased significantly in
the placebo group (p< 0.002) and were of the same magnitude irrespective of calcium intake. These
findings suggest that calcium intake does not modify the requirement for vitamin D within the range
of calcium intakes studied. However, since this study was conducted in adults without metabolic bone
disease, the findings may not be applicable to children (who have higher calcium requirements
because of increased metabolism) or to those with metabolic bone disease.

Physiological requirements by life-stage
Infants

Vitamin D, together with calcium and phosphorus, is required during infancy and early childhood

(< 3y) to meet the demands of rapid growth for healthy skeletal development. Prolonged deficiency
of vitamin D during periods of bone growth in children leads to a failure or delay of endochondral
calcification at the growth plates of the long bones which results in rickets and an accumulation of
excess unmineralised osteoid (bone matrix) in all bones; the low mineral to bone matrix ratio in bone
results in osteomalacia (Pettifor, 2012). The main signs of rickets are skeletal deformity with bone pain
or tenderness; and muscle weakness. Deficiencies of calcium and phosphorus can also cause rickets.

Children and Adolescents

Adolescence is a critical developmental period for bone health when there is rapid growth. Vitamin D
is important for bone accretion during this time of skeletal development. Although rickets is most
commonly observed during infancy and in young children, it can also occur during the pubertal growth
spurt and adolescence. Children presenting with rickets have histological features of both rickets and
osteomalacia. Once the growth plates of the long bones have fused during adolescence, only features
of osteomalacia are found (Pettifor, 2012). Insufficient vitamin D during this time could also affect
bone mineral density and lead to children and adolescents not achieving their full potential at peak
bone mass.

Adults

In adults, vitamin D is required to maintain healthy bone. Deficiency can lead to osteomalacia,
presenting as muscle weakness and bone tenderness or pain in the spine, shoulder, ribs or pelvis (DH,
1991; DH, 1998).

In addition to evidence suggesting a link between vitamin D status and rickets/osteomalacia,
numerous epidemiological studies have reported associations between vitamin D status and other
musculoskeletal and non-musculoskeletal health outcomes. Relationships between vitamin D status
and health outcomes are considered in chapter 6.

! This study was specifically commissioned by the Department of Health to inform SACN’s review of the DRVs for vitamin D.
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Pregnancy and lactation

2.80
D supplements (10 pg/400 IU per day) are currently recommended during pregnancy to ensure that
the mother and, therefore, the fetus are not deficient in vitamin D and to avoid neonatal
hypovitaminosis (DH, 1991; DH, 1998). Breast milk is not considered to be a significant source of
vitamin D or its metabolites. The reported vitamin D content of breast milk differs across studies
because it varies with the type of milk measured (foremilk or hindmilk*?) and the time of day it is

The role of vitamin D during pregnancy and in the formation of the fetal skeleton is not clear. Vitamin

collected. For some breast fed babies, vitamin D and 25(OH)D contained in breast milk could make a

significant contribution to their vitamin D intake since dietary 25(OH)D has been reported to be 5-

times more effective than vitamin Ds in raising serum 25(OH)D concentration (Cashman et al., 2012)
(see paragraph 5.4). Itis also likely that vitamin D is well absorbed from breast milk as fat absorption

is particularly efficient.

2.81  Associations between vitamin D status during pregnancy and lactation on health outcomes in the
mother and baby are considered in chapter 6.

*2 At the start of the feed, the milk (foremilk) is relatively low in fat and quenches the baby’s thirst. Later during the feed, the milk (hindmilk)
becomes richer in fat, which provides calories for growth.
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Ultraviolet radiation

The sun is the main source of ultraviolet radiation (UVR) for most of the population. Artificial sources
of UVR may provide a significant proportion of the exposure for specific groups including those who
use artificial tanning facilities and those receiving UVR medical treatments.

Solar UVR forms the part of the electromagnetic spectrum from wavelengths of about 100-400 nm.
The International Commission on Illumination (CIE, 2011)* has defined sub-regions of the UVR
spectrum which take account of the transmission of the UVR in human tissue and potential health
effects, into the following categories: UVA (315-400 nm); UVB (280-315 nm); and UVC (100-280 nm).

The broad spectrum and intensity of the UVR emitted from the sun are due to its high surface
temperature. The quantity and spectral distribution of solar radiation at the Earth's surface depend
on the power output of the sun, the path of the radiation through the Earth's atmosphere and the
transmission properties of the atmosphere. Solar UVR undergoes absorption and scattering as it
passes first through the outer layers of the atmosphere and then the stratosphere and the
troposphere before reaching the Earth’s surface. The most important of these processes are
absorption by molecular oxygen and absorption by ozone.

The stratospheric ozone layer, formed between 10 and 40 km above the Earth's surface, prevents
almost all UVR of wavelengths less than 290 nm (UVC) and a substantial proportion (70-90%) of UVB
radiation from reaching the Earth. Therefore, the ground-level component of the solar UVR spectrum
consists of wavelengths in the range of about 290 to 400 nm. This means that only UVA and UVB are
relevant to human health. UVB accounts for about 5% of terrestrial UVR, the remainder being UVA.

Ground-level UVR consists of two major components: radiation received directly from the sun and
radiation that has been scattered by the atmosphere. The ratio of the scattered to direct radiation
varies with wavelength and with solar zenith angle (at 0° the sun is directly overhead and at 90° is on
the horizon from a horizontal viewpoint). The ratio increases as the wavelength decreases and the
solar zenith angle increases: UVB is scattered more than UVA and the amount of scattering increases
as the sun moves from above towards the horizon.

Human exposure to solar UVR depends on the amount of sunlight available (climate), then the time
spent outdoors and the level of exposure. The amount of sunlight available is determined primarily by
solar elevation (which depends on time of year and time of day) and weather (which will influence
outdoor activity and skin exposure). At middle-high latitudes where there are distinct seasons, the
winter months are characterised by low solar elevation, short day length and cloudy skies, which all
reduce the available solar UVR.

The solar zenith angle depends on season, time of day and latitude (Webb, 2006). When the solar
zenith angle is small (in summer, noon, at low latitudes) the sun is high in the sky and UVR has a
relatively short path through the atmosphere. When the solar zenith angle is increased (in the early
morning, late afternoon, during winter and at high latitudes), UVR has to pass through more ozone
which means that less UVB reaches the Earth’s surface. In the UK, the spectral UVR irradiance
(wavelength 300 nm) is theoretically at a maximum at solar noon (GMT), when the solar zenith angle

2 From its French title: Commission Internationale de I'Eclairage.
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is at its lowest. This is at least about ten times higher than that over the period before 09:00 GMT or
after 15:00 GMT. Seventy percent of the global UVR exposure®* is delivered during the four hours
centred around noon.

Biological effects of solar UVR exposure

Solar UVR has been associated with beneficial and harmful biological effects. Synthesis of vitamin D is
the only established benefit of solar UV exposure. The amount of UVB in a given solar spectrum
depends on the height of the sun, which is a function of latitude, season and time of day (see Figures
3a and 3b).

Adverse biological effects of UVR exposure include damage to the skin (erythema or sunburn,
photoageing and skin cancer) and eyes (photokeratitis, cataract and age-related macular
degeneration). The focus of public health advice is on sun avoidance and protection to reduce the risk
of sunburn and skin cancer.

FIGURE 3 - Variation of UVB and UVA irradiance at Chilton, UK*
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* The integrated total exposure dose of biologically weighted UVR falling on a horizontal surface.
» These data have been modelled taking total ozone into account.
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Erythema and skin cancer

Two measures are used to quantify erythema risk: the standard erythemal dose (SED) and the minimal
erythemal dose (MED). SED is a fixed physical quantity, equal to 100 J/m>. The MED varies for each
individual because the amount of UVR required to produce a just-measurable degree of erythema
(sunburn or redness) depends on skin type, time of year, behaviour and possibly age. One MED is the
minimum dose of UVR that produces erythema in that person’s skin. The Fitzpatrick scale is the most
commonly used numerical skin classification scheme for human skin colour (Fitzpatrick, 1975;
Fitzpatrick, 1988). Skin type is classified into 6 categories according to its response to UVR, from most
sensitive (type I, fair skin) to least sensitive (type VI, dark brown or black skin).

One of the main challenges in establishing the link between UVR exposure and adverse health effects
is determining personal dosimetry, whether from solar or artificial sources. Whilst it is relatively
straightforward to determine ambient levels of UVR, the actual skin exposure of any one person is
difficult to assess.

The biological effects of UVR vary with wavelength. The variation of a given effectiveness function
with wavelength is referred to as the action spectrum for that effect. Biological efficacy, which is
more important than the relative amounts of UVB and UVA in sunlight, is determined by weighting
solar UVR spectra with the action spectrum (i.e., wavelength dependence) of a given photobiological
outcome such as erythema or vitamin D synthesis.

The action spectrum for erythema, in which UVB is orders of magnitude more effective than UVA per
unit physical dose (J/cm?), is very well established. Figures 4a and 4b show the effects of weighting
Figures 3a and 3b with the CIE erythema action spectrum. Thus, the minority UVB physical
component becomes the major biological component.

Skin cancer is initiated by UVR-induced damage to epidermal DNA. The most important photolesion is
the cyclobutane pyrimidine dimer (CPD). The action spectrum for CPD formation is very similar to that
for erythema and CPD is thought to be a trigger for erythema. The presence of erythema indicates
that the skin has been over exposed to the sun and an association has been found between sunburnt
skin and markers of DNA damage. Erythema may, therefore, be seen as a clinical surrogate for DNA
photodamage that has carcinogenic potential. For an individual who does not burn but has regular
sunlight exposure, there is some evidence that lifetime cumulative skin exposure to UVR is a risk
factor for non-melanoma skin cancers such as squamous cell carcinomas.

There is considerable overlap in the UVB region between the action spectra for the formation of pre-
vitamin D and erythema (and therefore DNA damage) as shown in Figure 5. This means that avoiding
the sun, especially around noon, to reduce the risk of sunburn (and CPD formation and skin cancer®®)
is likely to also reduce vitamin D synthesis.

26 . . . .
Non melanoma skin cancer has an action spectrum that is similar to erythema.
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FIGURE 4 - Variation of UVB and UVA erythemally effective energy at Chilton, UK*’
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CIE spectrum for photoconversion of 7-DHC to pre-vitamin D

The validity of the official CIE action spectrum for the photoconversion of 7-DHC to pre-vitamin D (see
Figure 5) has been disputed. However, it continues to be used to calculate the vitamin D efficacy of
solar UVB under different climatic conditions and these calculations have been used for risk/benefit
assessments. For example, one study concluded that the best time to obtain vitamin D is around noon
because the relative efficacy for vitamin D production is greater than that for erythema (Sayre &
Dowdy, 2007). The risk-benefit calculations were based on the pre-vitamin D action spectrum and
assumed that the action spectrum is accurate and that there is no spectral interaction. There is
uncertainty about both these assumptions.

FIGURE 5 - CIE action spectra for erythema and the formation of pre-vitamin D (note
considerable overlap in the solar UVB region).
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One study using ex vivo neonatal foreskin has suggested that UVA degrades vitamin D (Webb et al.,
1989) but this has not been investigated in vivo.

Effect of latitude on skin synthesis of vitamin D

UVB radiation is sufficient for year round vitamin D synthesis at latitudes below ~37°N. At higher
latitudes, vitamin D is not synthesised during the winter months (Webb et al., 1988). However, the
extent of the effect of latitude on vitamin D synthesis in the UK is not clear. While it probably has
some influence, it could be relatively small compared to other factors. A study which compared
serum 25(0OH)D concentrations in postmenopausal women (< 65y) in the North (Aberdeen; 57°N) and
South (Guildford; 51°N) of the UK reported a difference of approximately 10 nmol/L (Macdonald et al.,
2011). However, the difference in serum 25(OH)D concentration might not be due to solar radiation.
Although UVB (as a proportion of UVR) lessens with increasingly northern latitudes, the weather also
gets progressively colder which means that people spend less time outdoors and expose less skin.
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Seasonal variation in serum 25(OH)D concentration

The main factor affecting skin synthesis is availability of UVB radiation (Webb & Engelsen, 2006).
There is a well-observed seasonal cycle in serum/plasma 25(0OH)D concentrations in the UK and other
countries at mid-high latitudes (Poskitt et al., 1979; Beadle et al., 1980; Livesey et al., 2007) which
relates to the greater UVB content of solar UVR in summer.

During winter, the small amount of UVB in sunlight is insufficient to initiate synthesis of any
biologically relevant quantities of vitamin D (Webb et al., 1988; Webb et al., 1989). In the UK,
sunlight-induced vitamin D synthesis in the white-skinned populations becomes effective from April.
Maximum serum 25(OH)D concentrations are observed in September after a summer of exposure,
followed by a decline from October onwards through the winter months until the following spring.
(Webb et al., 2010) measured serum 25(OH)D concentrations of white adults (n=125; age, 20-60 y)
every month over 1 year and reported that mean concentration was highest in September (71 nmol/L)
and lowest in February (46 nmol/L).

A seasonal difference in serum/plasma 25(OH)D concentration of the UK population has also been
observed in national surveys (see chapter 8). Figure 6 shows the estimated monthly average UV doses
(Jm™) effective for pre-vitamin D synthesis in the UK from 2008-2012.

The metabolic implications of seasonal variation in serum 25(OH)D concentration are currently

unknown.

FIGURE 6: The modelled monthly averaged UV doses (Jm?) effective for pre-vitamin D
synthesis in the UK from 2008-2012. (Courtesy of O’Neill, Kazantzidis, Webb, Cashman, EU ODIN
Projectzs)
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8 This work was based on original model development funded by UK Department of Health.
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Effect of skin pigmentation on skin synthesis of vitamin D

Epidemiological studies consistently show that, under given climatic conditions, people with dark skin
colour have lower serum 25(0OH)D concentrations than those with lighter skin colour (Harris &
Dawson-Hughes, 1998; Hannan et al., 2008). It is not clear if this is due to differences in physiology or
differences in lifestyles (e.g., sun avoidance behaviour). However, dark skin is only one of many
factors, including cultural (e.g., wearing concealing clothing) and biological (e.g., genetic background),
that might affect serum 25(OH)D concentrations of different ethnic groups.

The pigment melanin, which gives skin its brown or black colour, absorbs UV radiation (Clemens et al.,
1982). People with naturally brown or black skin are therefore less susceptible to sunburn and skin
cancer than those with white skin. Skin pigmentation also reduces vitamin D synthesis from sunlight
exposure by absorbing a proportion of the incident UVB radiation that would otherwise be absorbed
by 7-DHC (Holick et al., 1981). If the absolute dose of UVB radiation is the same as that given to a
person with white skin then people with dark skin will synthesise less vitamin D. However, darker skin
has the same capacity to synthesise vitamin D if the dose of radiation is adjusted for the protective
effect of melanin (Lo et al., 1986; Farrar et al., 2013).

Results from laboratory studies that have examined the role of melanin have been contradictory. A
study which included participants with various skin tones (n=72), who had 90% of their skin exposed
to UVB light (20-80 mJ/cm2) 3 times a week for 4 weeks, reported that 80% of the variation in
treatment response was explained by UVB dose and skin tone (Armas et al., 2007; Libon et al., 2013)
compared serum 25(OH)D concentrations after a single total body UVB exposure in white (n=20; skin
type lI-1ll) and black (n=11; skin type VI) skinned individuals. Serum 25(OH)D concentrations increased
significantly in the white-skinned (p < 0.0001, days 2 & 6), but not in the black-skinned (p=0.843, day
2; p=0.375, day 6) individuals.

Farrar et al. (2011) examined the effect of a controlled dose of UVR exposure (3 times/week for 6
weeks) in individuals of South Asian ethnicity (n=15; aged 20-60 y; skin type V) exposing about 35%
skin surface area. The study was conducted in January-February, when ambient UVB is negligible in
the UK, to avoid confounding by lifestyle factors. Effects were compared with those of white-skinned
individuals (n=109; age, 20-60y) who had been treated with the identical UVR exposure in a previous
study (Rhodes et al., 2010). The mean increase in serum 25(OH)D concentration was 11 nmol/L in
South Asian individuals compared with 26 nmol/L in white-skinned individuals (p< 0.0001).

In contrast, (Bogh et al., 2010) found no significant correlations between constitutive or facultative
skin pigmentation®® and serum 25(OH)D concentration. In addition, the increase in serum 25(0OH)D
concentration after identical UVB exposure did not differ between light and dark skinned groups.
However, this was a small study (9 pairs with a range of skin types in each group) which used
phototherapy UVB sources containing non-solar UVB radiation with shorter wavelengths (< 295 nm).
These wavelengths penetrate the skin less well and pre-vitamin D synthesis may occur above the
melanin layer (Bjorn, 2010). Other studies (Stamp, 1975; Brazerol et al., 1988; Matsuoka et al., 1990)
have reported no differences by skin colour in serum 25(0OH)D concentration response after UVB
exposure. Brazerol et al. (1988) used a UVB source which emitted as much short wavelength radiation
than that used by Bogh et al. (2010). The study by Stamp (1975) did not provide details of the UVB
source.

* Constitutive skin pigmentation is the natural, genetically determined colour of the skin. Facultative skin pigmentation arises from exposure to UV
light and other environmental factors.
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Effect of ageing on skin synthesis of vitamin D

In cross-sectional studies, lower serum 25(0OH)D concentrations have been observed in older
compared to younger people (Baker et al., 1980). The amount of 7-DHC in skin decreases with
increasing age (MacLaughlin & Holick, 1985). It has been inferred from this that the ability to
synthesise vitamin D also decreases with age and that this could explain lower serum 25(0OH)D
concentrations observed in older people. It is uncertain, however, whether the lower 7-DHC
concentration is a limiting factor if there is ample exposure to sunlight.

It has also been suggested that the lower concentration of serum 25(OH)D reported in older people is
a consequence of wearing more clothes and spending less time outdoors but this observation is based
on earlier cross-sectional studies in the UK of older people (70-88y) who were not very active (Lester
et al., 1977). These assumptions may no longer be valid since people are living longer and many older
people remain active. A study in Boston (USA) that compared nursing home residents (with/without
10 pg/400 IU per day vitamin D supplements) and free-living older people (no supplements), reported
that the supplements kept year round serum 25(OH)D concentrations > 37.5 nmol/L (Webb et al.,
1990). This was similar to serum 25(0OH)D concentrations of the free-living older people in spring and
summer.

It is possible that the lower serum 25(0OH)D concentrations reported in older people could also be due
to the development of conditions that become more common with increasing age (such as reduced
liver and/or kidney function). Although lower concentrations are more generally due to reduced
exposure to sunlight rather than impaired metabolism of vitamin D, severe liver disease may impair
hydroxylation of vitamin D to 25(OH)D.

In the UK National Diet and Nutrition Survey (2008/9-2011/12), mean plasma 25(OH)D concentrations
were not found to be lower in adults aged over 65y compared to those aged 19-64y; there was also no
difference in the proportion with plasma 25(OH)D concentration < 25 nmol/L.

Effect of sunscreen on skin synthesis of vitamin D

Sunscreen use is recommended for the prevention of sunburn and skin cancer, which has raised
concerns that its application may inhibit or prevent vitamin D synthesis. It is not possible to draw
definitive conclusions from published studies (Springbett et al., 2010). A review of studies which
examined whether chronic sunscreen use reduced vitamin D production (Norval & Wulf, 2009)
reported that the majority of people did not use sunscreen at the recommended concentration and
did not apply it to all exposed areas of skin. It concluded that although sunscreens can significantly
reduce the production of vitamin D under very strictly controlled conditions, their normal usage does
not generally prevent vitamin D synthesis. Overall, the data suggest that vitamin D synthesis is still
possible even when sunscreens are used at the application density used for SPF testing.

Comparison of sunlight exposure and vitamin D supplementation as determinants of serum
25(OH)D concentration

Few studies have compared the effect of UVR with that of vitamin D supplementation on serum
25(OH)D concentration. One randomised trial compared the effect of full body narrow band solar
range UVB (311 nm) (3 times/week) for 6 weeks with a daily dose of vitamin D5 (40 pg/1600 IU) in
participants (n=73) with serum 25(OH)D concentration < 25 nmol/L (Bogh et al., 2012). A greater
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increase in mean serum 25(0OH)D concentration was found in the UVB treated group (from 19:2 to
75.0 nmol/L) compared with the vitamin D3 supplemented group (from 23-3 to 60-6 nmol/L) (p=0.02).

Similar findings were reported in a 4-week study (Ala-Houhala et al., 2012) in which participants
(n=63) with serum 25(OH)D concentration < 75 nmol/L were randomised to receive either narrow
band solar radiation exposures (3 times/week) or vitamin D; supplements (20 pug/800 IU per day).
Mean baseline serum 25(0OH)D concentration of participants was 53 nmol/L. Narrow band UVB was
more effective than supplements, with increases of 41.0 and 20.2 nmol/L respectively. The difference
between the two treatments was significant at 2 weeks (p = 0-033) and 4 weeks (p < 0-001).

Current recommendations regarding sun exposure

NHS Choices advice on safe sun exposure®® follows that from Cancer Research UK’s Sunsmart®*
campaign:

e Spend time in the shade between 11.00 am and 3.00 pm.
e Make sure you never burn.

e Aim to cover up with a T-shirt, hat and sunglasses.

e Remember to take extra care with children.

e Then use factor 15+ sunscreen.

The British Photodermatological Group (British Association of Dermatology) provides similar advice to
the above (i.e., avoid sunlight exposure between about 11.00 am and 3.00 pm or seek shade and wear
appropriately protective clothing if sunlight exposure between these times is unavoidable). However,
it advises liberal use of SPF sunscreen of SPF 30 or more shortly before exposure and then again every
couple of hours or so (and after swimming or exercise). It warns that failure to apply sunscreen
correctly will result in much reduced protection (often less than a third of the protection stated) and
that sunscreens should not be used as a reason to stay outside longer or to avoid more reliable
protective measures such as clothing and shade.

The WHOQ’s INTERSUN programme on safe sun exposure advises that shade, clothing and hats provide
the best protection against the sun and that application of sunscreen is necessary to those parts of the
body that remain exposed (e.g., face and hands). It makes the following recommendations: limit the
time spent in the sun between 10.00 am and 4.00 pm; use the UV index to plan outdoor activities in
ways that prevent overexposure to the sun’s rays and take special care to adopt sun safety practices
when the UV Index predicts exposure levels of moderate or above; seek shade when UV rays are the
most intense; wear protective clothing (hat with wide brim, sunglasses, tightly woven loose-fitting
clothes); apply a broad-spectrum sunscreen of SPF 15+ liberally and reapply every two hours, or after
working, swimming, playing or exercising outdoors.

The National Institute for Health and Care Excellence (NICE) has published guidance on the risks and
benefits of sunlight exposure (NICE, 2016%).
by going out for short periods and leaving only areas of skin that are often exposed uncovered (such

It advises that most people can make sufficient vitamin D

as forearms, hands or lower legs). People with dark skin (skin types V & VI) are advised that they may

* http://www.nhs.uk/Livewell/skin/Pages/Sunsafe.aspx
*! http://www.cancerresearchuk.org/about-cancer/causes-of-cancer/sun-uv-and-cancer/ways-to-enjoy-the-sun-safely
*2 https://www.nice.org.uk/guidance/ng34
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need more sunlight exposure to produce the same amount of vitamin D as people with lighter skin
generally but could be exposed for a longer time before risking sunburn and skin cancer. The advice
for people with naturally very light skin or fair/red hair or freckles (skin types | & Il) is that they do not
need much time in the sun (less than the time it takes them to burn) to produce vitamin D but that
they are at greater risk of sunburn and skin cancer than people with darker skins. Recommendations
to protect skin from strong sunlight include covering up with suitable clothing, seeking shade and
applying sunscreen (SPF 15+). It advises that sunscreen is not an alternative to covering up with
suitable clothing/shade, but offers additional protection only if used liberally, carefully and repeatedly
on all exposed skin (including straight after being in water, after towel drying or after sweating). It
advises that infants aged under 6 months should be kept out of direct strong sunlight and children and
young people need their skin protecting between March and October in the UK by covering up with
suitable clothing, spending time in the shade (particularly between 11 am-3.00 pm) and wearing
sunscreen.
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Measuring vitamin D exposure (from diet and skin synthesis)

4.1

4.2

4.3

4.4

4.5

Biochemical markers of vitamin D exposure

Vitamin D status should reflect the body content of the vitamin and the amount available for cellular
use. Indices of vitamin D status should allow determination of whether an individual has replete or
depleted vitamin D body content.

It has been suggested that vitamin D can be stored in body fat (adipose tissue) due to the hydrophobic
nature of adipose tissue. However, the extent to which the processes of accumulation and
mobilisation are regulated by normal physiological mechanisms remains unknown at present (IOM,
2011). It may be a similar situation for skeletal muscle, but even less is known about this. This is
important because vitamin D taken up by peripheral tissues that express lipoprotein lipase, especially
adipose tissue and skeletal muscle, which may reduce the amount in the circulation that can be
presented to the liver for 25-hydroxylation. A greater understanding of the influence of body weight
and body composition on the response of serum 25(0OH)D concentration to vitamin D intake/exposure
has been highlighted as an information gap and research (Cashman & Kiely, 2011; IOM, 2011). In
addition, once vitamin D enters the circulation from the skin or from the lymph, it is cleared by the
liver within a few hours. Since it is not feasible to easily measure vitamin D and 25(0OH)D
concentrations in adipose or muscle tissue, or in the liver, the reliance is on biochemical assessment of
25(OH)D in a blood sample.

In the literature, vitamin D status refers only to the concentration of 25(0OH)D in the serum. It does
not include vitamin D or its metabolites in fat or elsewhere, which might be quickly mobilised. This
means that rather than examining the relationship between vitamin D exposure (from diet and skin
synthesis) and status, what is actually being considered is the relationship between exposure and
serum 25(0OH)D concentration.

The appearance in plasma of the parent compound, vitamin D, is short-lived since it is either taken up
by adipose tissues (and possibly muscle) or metabolised in the liver (Mawer et al., 1972). Heaney et
al. (2008) reported rapid and near-quantitative conversion of vitamin D3 to 25(0OH)D concentration at
typical inputs of vitamin D3 (whether cutaneous or oral). They also suggested that serum 25(0OH)D
concentration serves not only as a status indicator of the nutrient but as the principal storage form in
the body. The 25(0OH)D in circulation might be viewed as a storage form in the context that it is
accessible to cells for utilisation, either directly in those cell types which possess a functional 1a-
hydroxylase enzyme, or indirectly following renal conversion of 25(0H)D to 1,25(0OH),D. While
circulating parent vitamin D can be measured using extensive high performance liquid
chromatography (HPLC) analysis, this is not routinely performed and not used clinically (Norman,
2008).

Although 1,25(0H),D is the key driver of physiological responses to vitamin D, there are a number of
important reasons why it does not reflect exposure to vitamin D (Holick, 2004b; SACN, 2007; IOM,
2011): plasma concentration of 1,25(0OH),D is homeostatically regulated; concentrations are not
directly regulated by vitamin D intake but by other factors (such as plasma PTH); even in the presence
of severe vitamin D deficiency, 1,25(0OH),D concentration may be normal or even elevated as a result
of upregulation of the CYP27B1 enzyme; plasma 25(OH)D concentration is about a thousand-fold
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higher than 1,25(0OH),D concentration and its half-life is about 2-3 weeks compared to that of plasma
1,25(0OH),D, which is less than 4 hours.

There is consensus that serum or plasma 25(OH)D concentration should be used to assess vitamin D
status because it reflects the contributions from both diet and cutaneous synthesis. Serum 25(0OH)D
concentration has been shown to reach an equilibrium after 6-8 weeks of vitamin D supplementation
in adults (18-85y) (Harris & Dawson-Hughes, 2002; Viljakainen et al., 2006). A systematic review of
existing and potentially novel functional markers of vitamin D status reported that serum 25(0OH)D
concentration was increased in response to supplemental vitamin D intake in all the included RCTs
irrespective of whether vitamin D, or D; was used, differing analytical techniques, study duration (6
weeks to > 2y), or age group of participants (Seamans & Cashman, 2009).

Serum 25(OH)D concentration was used as an indicator of vitamin D status by the IOM (I0OM, 2011)
and the UK and EU authorities (Commission of the European Communities, 1993; DH, 1991; DH, 1998;
German Nutrition Society, 2012; Health Council of the Netherlands, 2012; Nordic Council of Ministers,
2014) to establish dietary reference intake/values for vitamin D. However, the extent to which serum
25(0OH)D concentration serves as a biomarker of effect is not clearly established; i.e., whether serum
25(OH)D concentrations relate to health outcomes via a causal pathway and can serve as predictors of
such health outcomes (I0M, 2011).

A clearer understanding of the limitations of serum 25(0OH)D concentration as a marker of exposure
and status will provide for a better understanding of its relationship to specific health outcomes. For
example, a study of patients who underwent elective knee arthroplasty has raised concerns about the
reliability of serum 25(0OH)D concentration as a status marker in the face of a significant systemic
inflammatory insult (Reid et al., 2011). By day 2 post-operatively there was a large increase in C-
reactive protein (CRP)** concentration and a significant decrease in plasma 25(0OH)D concentration of
~40%. CRP, 25(OH)D and calculated free 25(0OH)D (i.e., 25(0OH)D not associated with DBP or albumin)
had not returned to pre-operative concentration by 5 days post-operatively and, even at 3 months,
25(0OH)D and free 25(0OH)D concentrations remained significantly lower (20% and 30%). Mechanisms
for the decrease in plasma 25(OH)D concentration were not evident, although other studies suggest
that this might be a consequence of changes in DBP (Waldron et al., 2013).

Serum concentrations of other lipid-soluble vitamins (A, E, K and some carotenoids) decrease during
the systemic inflammatory response. While changes in CRP are likely to be of a lesser magnitude than
those seen after knee arthroplasty, low serum 25(0OH)D concentration has been associated with many
chronic inflammatory conditions. The study by Reid et al. (2011) therefore raises an important
question in relation to reverse causality: low serum 25(0OH)D concentration may be a consequence of
disease with an inflammatory component and not the cause.

A systematic review of longitudinal studies (n=8) evaluated the association of acute phase response
with serum 25(0OH)D concentration during an inflammatory state (Silva & Furlanetto, 2015). Serum
25(OH)D concentration was measured before & after elective surgery in 4 studies, during the acute
phase response following intravenous treatment with nitrogen-containing bisphosphonates in 1 study
and soon after diagnosis and during the course of an acute illness in 3 studies. Serum CRP
concentration was used as an inflammatory marker in most studies. Serum 25(OH)D concentration
decreased after the inflammatory insult in 6 studies with no change observed in 2 studies. However,

3 CRP is an acute phase protein produced by the liver; plasma/serum concentrations rise in response to inflammation.
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the authors cautioned care in the interpretation of these findings because of some heterogeneity in
the included studies (e.g., the acute inflammatory response was due to several causes and serum
25(OH)D concentration was measured at different time points).

It has also been suggested that the value of serum 25(0OH)D concentration as an indicator of vitamin D
exposure and status is limited by a number of other factors including its role as a pro-hormone rather
than as a nutrient per se and its variability due to a number of non-nutritional factors which include:
season, geographic latitude, clothing, institutionalisation, use of sunscreen as well as physiological
state of the individual such as BMI, extracellular volume, DBP concentration and affinity, variation
between individuals in the half-life of 25(0OH)D, and the effect of genetic variation (Brannon et al.,
2008; Cashman & Kiely, 2011; IOM, 2011).

Choice of measurement methodology can also influence the absolute quantification of serum
concentrations of 25(0OH)D (see chapter 5). In addition there is ongoing debate regarding thresholds
for serum 25(0OH)D concentration that indicate vitamin D deficiency, inadequacy and sufficiency.

As plasma 25(OH)D concentration increases, plasma PTH falls. For this reason, the threshold
concentration above which there is no further suppression of PTH has been suggested as a
biochemical marker for distinguishing adequate vitamin D status from inadequacy/insufficiency;
however, this is much debated (Holick et al., 2011; IOM, 2011). While circulating PTH concentration
can be indicative of clinical vitamin D deficiency, its use as a marker of vitamin D status is hindered by
a number of uncertainties, such as the nature of the 25(0OH)D-PTH relationship, and concentrations of
PTH which may have adverse effects on bone health (I0OM, 2011). In addition, plasma PTH
concentration varies widely within and among individuals and appears to be dependent upon age,
race, ethnicity, body composition, renal function, as well as dietary intake of calcium and phosphorus.

The ratio of serum 24,25(0H),D to 25(OH)D concentration has also been suggested as an indicator of
vitamin D deficiency (Wagner et al., 2011; Kaufmann et al., 2014; Cashman et al., 2015) however,
more research is needed about the utility of this ratio over that of serum 25(OH)D concentration
alone.

Assessment of vitamin D exposure

Assessment of sunshine exposure and habitual dietary intake of vitamin D can be useful additions to
the biochemical assessment of serum 25(0OH)D concentration but both have their limitations.

Exposure to solar UV light has been assessed both directly and indirectly. Direct assessment methods
include use of UV dosimeters which can be incorporated into badges, bracelets, or watches. Indirect

methods include self-reported questionnaires and diaries. Both approaches have their strengths and

weaknesses (reviewed in McCarty (2008).

Accurate assessment of habitual vitamin D intake (including both vitamin D and 25(OH)D in foods) can
be hindered by lack of up-to-date and accurate food composition databases for vitamin D. In addition
to optimising analysis of raw foods or commaodities, consistent monitoring of the levels of vitamin D
(and correct identification of the vitamers D, and D;) added to manufactured foods including
supplements is also required to maintain currency of the databases (Cashman & Kiely, 2011). Another
difficulty is that there are few naturally rich sources of vitamin D and these are consumed relatively
infrequently; this means their consumption could be missed by some dietary assessment methods
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(e.g., food diaries recording all food consumed over a few days or week) if they were not consumed in
the recording period.

Measurement of serum 25(OH)D concentration

Serum concentration of total 25(0OH)D (i.e., comprising the sum of 25(0OH)D, and 25(0OH)D3) is used
diagnostically and clinically as well as in the derivation of Dietary Reference Values for vitamin D.
However, it may also be useful to know the serum concentrations of these two metabolites separately
in population studies, particularly national nutrition and health surveys, since use of both vitamin D,
and vitamin D;is widespread; however, some immunoassays do not detect 100% of 25(0OH)D, (see
below).

A C-3 epimer®® of 25(0H)D, which has been identified in infant, paediatric and adult populations (Singh
et al., 2006; Strathmann et al., 2012), including in 96% of a nationally representative sample of adults
(Cashman et al., 2014b), has no known biological function. If the C-3 epimer of 25(0OH)D is found to
have biological activity, it may need to be quantified (de la Hunty et al., 2010). Even if it is not shown
to have biological activity it may be important to account for its contribution to total 25(0OH)D
concentration in samples from certain life-stage groups (e.g., neonates) where it has been reported to
contribute 9-61% (median, 24%; mean, 28%) to the total 25(0OH)D concentration (Singh et al., 2006).
The C-3 epimer is included in the estimate of total 25(0H)D in many of the assay methods in current
use because of the inability to separate it from 25(OH)D.

Serum 24,25(0H),D; concentration can range from 2% to 20% of serum total 25(0OH)D concentration
(Bosworth et al., 2012) and has been shown to increase in direct proportion to that of serum 25(0OH)D;
concentration (Kaufmann et al., 2014; Cashman et al., 2015). The impact of pre-analytical factors
(e.g., serum versus plasma, fasting versus non-fasting state, or time of day) on 25(0OH)D concentration
is not well defined.

While a variety of methods are available to determine serum or plasma 25(0OH)D concentration, each
has presented technical problems and each has its advantages and disadvantages that need
consideration when evaluating the data. These considerations impact on the choice of methodology
for measuring vitamin D exposure as not all are able to discriminate between 25(0H)D,, 25(0OH)Ds,
24,25(0H),D; or the C-3 epimer of 25(0OH)D.

The two most common types of assays for measuring serum 25(OH)D concentration are: antibody-
based methods, which use a kit or an automated clinical chemistry platform; and liquid
chromatography (LC)-based methods with either UV or mass spectrometric (MS)-detection. While
both types of assay provide a measure of total serum 25(0OH)D concentration, the LC-based methods
(depending on system configurations, conditions of use and performance, duration of run times etc.)
allow for separate estimation of 25(0OH)D, and 25(0OH)D; concentrations (and in some cases, the C-3
epimer and 24,25(0H),D;) from serum samples.

With antibody-based methods, various commercial assays differ because of the nature of the antibody
used. Some claim as an advantage, the fact that they do not discriminate between 25(0OH)D, and
25(OH)D; (Hollis & Napoli, 1985) while others underestimate the 25(0H)D, component and therefore
provide correction factors to compensate for high 25(0H)D, content (IOM, 2011). Some
manufacturers of the antibody-based assays report > 100% cross-reactivity of the antibody with

** Epimers have identical molecular structure but differ in stereochemical configuration.
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24,25(0H),D; which can contribute to a positive bias in serum 25(0OH)D concentrations relative to LC-
tandem MS methods (Cashman et al., 2015) (described below). An important consideration is that
most samples collected over the past 20-30 years, which have provided the majority of current
evidence relating serum 25(OH)D concentration to health outcomes, have been analysed using
antibody-based assays.

LC-based assays which use a tandem mass spectrometer (LC-MS/MS) allow discrimination between
25(OH)D, and 25(0OH)D; and other compounds by their unique molecular masses and mass fragments
(Makin et al., 2010). Since these methods use short LC retention times, and in some cases automated
robotic extraction and LC separation steps and computerised MS systems, they can be made relatively
operator-free and provide high throughput. Their potential advantages also include high specificity,
high sensitivity, and better reproducibility (< 10%). The consensus among analysts is that LC-MS/MS
assays will become the ‘gold standard’ for assay performance in the future (de la Hunty et al., 2010;
I0OM, 2011).

Standardisation of the measurement of serum 25(OH)D concentration

While assay performance has been a concern of analysts and clinicians in the vitamin D field for some
time, the role of standard reference materials and inter-laboratory collaboration and quality
assurance schemes is an important aspect of overcoming the challenges that the assay methodologies
present.

The Vitamin D External Quality Assurance Scheme (DEQAS™) serves as a quarterly monitor of
performance of analysts and 25(OH)D analytical methods for approximately 700 laboratories
worldwide (Carter et al., 2010). DEQAS has published performance reports regularly over the past
decade, which indicate some method biases in terms of accuracy and precision as well as variability as
high as 15-20%. However, some skilled analysts can perform better than this with a coefficient of
variation less than 10%. The introduction of the National Institute of Standards and Technology (NIST)
reference standards, calibrated using a “validated” LC-MS/MS method (Phinney, 2009), suggests that
the variability of all methods will be improved in the future and that an improvement is already
occurring (Carter & Jones, 2009).

The issue of international standardisation of serum 25(0OH)D measurement is also being addressed by
the Vitamin D Standardization Program (VDSP), a collaborative initiative between the Office of Dietary
Supplements of the National Institutes of Health, the Centers for Disease Control and Prevention, the
NIST and a number of the national health surveys around the world (HHS, 2011; Binkley & Sempos,
2014). The International quality assurance/collaboration schemes, such as DEQAS and VDSP as well as
existing and next generation standard reference materials for 25(0OH)D, will further help limit inter-
laboratory assay-specific differences in this status marker.

Interpretation of measures of serum 25(OHD concentration

The normal range of serum 25(0OH)D concentration is broad and the lower limit can vary among
populations (Weaver & Fleet, 2004). There is considerable and continuing debate on the suggested
threshold (cut-off) for serum 25(OH)D concentration used to define low vitamin D status, which has
ranged between 12.5 and 120 nmol/L (Zittermann, 2003). This is principally because different
functional endpoints/outcome indicators used have different serum 25(0OHD) concentration

% Based at Charing Cross Hospital, London, UK.
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thresholds, although there has also been disagreement over the appropriate threshold concentration
for a specific functional endpoint(s).

In the UK, for example, a serum 25(0OH)D concentration of 25 nmol/L is currently used as a threshold
(cut-off) for defining the lower limit of adequacy (DH, 1998), based on evidence suggesting risk of
rickets and osteomalacia is increased at concentrations below this level.

The IOM, using bone health as the basis for developing Dietary Reference Intakes (DRIs) for vitamin D,
proposed a serum 25(OH)D concentration of 40 nmol/L as the value above which approximately half
the population might meet its vitamin D requirement (in terms of bone health and below which half
might not) and 50 nmol/L as the concentration that would meet the requirement of nearly all (i.e.,
97.5%) ‘normal healthy persons’. The IOM DRI committee also concluded that: individuals are at risk
of deficiency at serum 25(0OH)D concentrations < 30 nmol/L; some, but not all, individuals are
potentially at risk for inadequacy at serum 25(OH)D concentrations from 30 up to 50 nmol/L; and
practically all individuals are sufficient at concentrations of 50 nmol/L and above.

In contrast, the Endocrine Society Task Force on Vitamin D (Holick et al., 2011) concluded that
‘individuals should be identified as vitamin-D-deficient at a cut-off level of 50 nmol/L serum 25(0H)D’
and ‘to maximise the effect of vitamin D on calcium, bone, and muscle metabolism’, serum 25(0OH)D
concentration ‘should exceed 75 nmol/L’.

While both the IOM DRI committee and the Endocrine Society Task Force appeared to agree that
there was insufficient evidence of a causative link between 25(0OH)D concentration and any non-
skeletal disease outcomes, others have proposed serum 25(0OH)D thresholds between 50-120 nmol/L
to reduce the risk of adverse non-skeletal outcomes (Zittermann, 2003; Holick, 2004b).

The wide variation in measurements of serum 25(OH)D concentration, made using different methods
and in different laboratories, should be taken into account in the interpretation of studies that have
examined the relationship between serum 25(OH)D concentration and health outcomes.

33
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synthesis) and serum 25(OH)D concentration
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Humans have two routes of exposure to vitamin D:
i.  Vitamin D; derived from synthesis in human skin on exposure to UVB containing sunlight.

ii. Dietary exposure through consumption of vitamin D, and D; in the form of naturally occurring
foods, fortified foods and dietary supplements. Some animal derived foods may contain small
amounts of 25(0OH)D; in addition to vitamin Ds.

Relationship between vitamin D intake and serum/plasma 25(OH)D concentration

The relationship between dietary exposure to vitamin D and serum 25(0OH)D concentration could be
considered as the response of serum ‘total’ 25(0H)D concentration (i.e., summation of 25(0OH)D, and
25(0OH)D3) to altered intake of vitamin D, and/or D5 (plus 25(OH)D; in some cases). There are a
number of considerations which may impact on this relationship.

Vitamin D, and D; differ only in their side chain structure and both elevate serum total 25(0OH)D
concentration (Seamans & Cashman, 2009). However, there is disagreement on whether both
vitamers are equally effective in raising and maintaining serum total 25(0OH)D concentration (see
paragraphs 2.60-2.62).

Data indicate that per pug of vitamin D compound consumed, 25(0OH)D; (a minor dietary form) is
approximately 5-times as effective as vitamin D3 in elevating serum 25(OH)D; concentration (Cashman
et al., 2012). This needs to be accounted for when deriving total vitamin D activity estimates for some
foods of animal origin (particularly in meats and eggs). It may also be of relevance to the vitamin D
content of breast milk.

It has been suggested that efficient absorption of vitamin D is dependent upon the presence of fat in
the intestinal lumen (Weber, 1981). Some physiological factors may also impact on the response of
serum 25(0OH)D concentration to vitamin D intake. For example, in a study of healthy young adult
men (n=116; age, 28y), Barger-Lux et al. (1998) reported that the larger the BMI, the smaller the rise in
serum 25(0OH)D concentration for any given dose of vitamin D. Forsythe et al. (2012), using data from
RCTs (Cashman et al., 2008; Cashman et al., 2009), reported that BMI was negatively associated with
change in serum 25(0OH)D concentration following supplementation in older (n=109; age, = 64y) but
not younger (n=118; age, 20-40y) adults. Barger-Lux et al. (1998) also observed that the higher the
baseline serum 25(OH)D concentration, the smaller the achieved concentration in response to a given
dose of vitamin D. However, a meta-regression analysis reported that baseline serum 25(0OH)D
concentration did not influence the response of serum 25(OH)D concentration to vitamin D (I0M,
2011).

Despite these considerations, the relationship between vitamin D (not distinguishing between vitamin
D, and D;) intake and serum 25(0OH)D has been described. While a number of RCTs have reported the
response of serum 25(0OH)D concentration to increased vitamin D intake (by supplementation), there
was great variability and many were not dose-response trials. Exploratory meta-regression analyses of
RCT data, 16 trials in adults (Cranney et al., 2007) and 36 trials in children and adults (Seamans &
Cashman, 2009), reported that for each additional 1 ug (40 IU) of vitamin D consumed, serum
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25(0OH)D concentrations increased by 0.64 and 0.53 nmol/L, respectively. The RCTs were from many
different countries and conducted in different seasons. The estimates are in good agreement with the
often quoted slope estimate (0.7 nmol/L per 1 pug/40 U vitamin D) from the regression equation
developed in a dose-response study among healthy young men in Omaha, Nebraska, USA (latitude,
41.2°N), which assessed changes in serum 25(0OH)D concentrations in response to extended oral
dosing with vitamin D; over an extended winter period (Heaney et al., 2003).

These estimates assume a linear relationship between vitamin D intake and serum 25(0OH)D
concentration, which may be inappropriate in certain circumstances. At an increased concentration of
circulating vitamin D (~15 nmol/L; equivalent to a daily input from all sources [diet and sun] of about
50 ug/2000 IU), the hepatic CYP2R1 enzyme (responsible for activating vitamin D to 25(OH)D)
becomes saturated and the reaction switches from first to zero order (Heaney et al., 2008). Therefore,
the rapid increase in serum 25(OH)D concentration with increasing serum vitamin D3 concentration,
which occurs at the lower end of the range, becomes slower at higher circulating concentrations of
vitamin D. This means that the response of serum 25(OH)D concentration to vitamin D intake is not
linear over an extended vitamin D intake range. An analysis of 64 vitamin D RCTs (Aloia et al., 2008)
showed that the slope response of serum 25(0OH)D concentration to increasing doses of oral vitamin D
flattened off at a dose of 35 ug/d (1400 1U/d).

The IOM also reported a steeper rise in serum 25(OH)D concentration at vitamin D doses < 25 pug/d
(1000 1U/d) and a slower more flattened response at doses > 25 pg/d (1000 1U/d) regardless of
baseline intake or serum 25(0OH)D concentration (IOM, 2011). Therefore, in its meta-regression
analysis of data from selected RCTs, the IOM used a curvilinear relationship (achieved by a natural
logarithm [Ln] transformation of serum 25(0OH)D concentration versus total vitamin D intake) to allow
for a more blunted response of serum 25(0H)D at intakes above 25 pg/d (1000 IU/d). The 95"
percentile of total vitamin D intake in national nutrition surveys in Europe is generally less than

15 pg/d (600 IU/d) (Flynn et al., 2009) so the intake range for many populations is likely to lie where
the intake-status relationship is more linear.

The shape of the intake-serum 25(0OH)D relationship (linear versus curvilinear) has an important
bearing on estimating the vitamin D intake required to achieve a specified serum 25(0OH)D
concentration (particularly those below 50 nmol/L) (Cashman et al., 2011a). A number of European
(51-60°N) winter-based, dose-related RCTs which used supplemental doses of vitamin D between 0-
20 pg/d (800 1U/d) (in the linear part of the response curve) have reported vitamin D-serum 25(0OH)D
concentration slope estimates of 1.55-2.43 nmol/L increment per 1 pg (40 1U) vitamin D (Cashman et
al., 2008; Cashman et al., 2009; Viljakainen et al., 2009; Cashman et al., 2011b); this is much higher
than that of Heaney et al. (2003) and the two meta-analyses estimates (Cranney et al., 2007; Seamans
& Cashman, 2009) (see paragraph 5.6).

The meta-regression analyses by Cranney et al. (2007) and Seamans & Cashman (2009), of the
response of serum 25(0OH)D concentration to vitamin D intake, used data from RCTs conducted in the
winter-time when the influence of UVB sunlight-derived skin synthesis of vitamin D is minimised. At
times of the year when UVB sunlight is sufficient for skin production of vitamin D, the absolute
percentage of serum 25(0OH)D concentration arising from cutaneous synthesis versus oral intake of
vitamin D cannot be clearly specified. For example, the IOM reported that a similar meta-regression
analysis on data from winter-based RCTs conducted in the latitude band 40 to 49.5°N (where
assumption of minimal sun exposure may not be as fully met) compared to RCTs conducted at
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latitudes > 49.5°N or S (which were used for derivation of the current US Recommended Dietary
Allowance [RDA*] values) yielded quite different regression equations (resulting in lower RDA
estimates). This highlights the impact of UVB exposure (in this case only that arising during the
extended winter in these lower latitude regions) on the estimated dietary vitamin D requirement
values. The IOM, therefore, used data from RCTs at higher latitudes to ensure as little contribution
from endogenous production as the evidence would allow.

Relationship between vitamin D intake and serum 25(0OH)D concentration during pregnancy and

lactation

511 Serum 25(0OH)D concentration remains stable during pregnancy (Kovacs, 2008) suggesting that the
increase in serum 25(OH)D concentration in response to vitamin D supplementation of pregnant and
lactating women is similar to that of non-pregnant or non-lactating women.

512 A Cochrane systematic review (De-Regil et al., 2016) reported that data from 7 intervention trials
(n=868) showed that women receiving vitamin D supplements during pregnancy had higher 25(0H)D
concentrations at term compared to those who received no intervention/placebo but the response
was highly heterogeneous (I = 99%), ranging from 16.3 (95% Cl, 13.6-19.0) nmol/L (Mallet et al., 1986)
to 152 (95% Cl, 127-177) nmol/L (Brooke et al., 1980). The large effect size in the Brooke et al. (1980)
study, which made a significant contribution to the observed heterogeneity, is hard to explain.
Differences in vitamin D doses and regimens (5-50 pg/200-2000 IU per day, 875 ug/35,000 IU per
week and single doses from 5000 pg/200,000 IU to 15,000 pg/600,000 1U) and differences in methods
used to assess serum 25(OH)D concentration may also have contributed to the heterogeneity.
Subgroup analysis suggested that women who received vitamin D supplements on a daily basis had a
higher 25(0OH)D concentration at term compared with women who received a single dose. The review
did not report mean baseline serum 25(OH)D concentrations of the women in the included studies.

513 A systematic review (Thiele et al., 2013) identified 3 RCTs (Hollis & Wagner, 2004; Wagner et al., 2006;
Saadi et al., 2009) that had evaluated the effects of maternal vitamin D supplementation (10-
160 ug/400-6400 IU per day) during lactation on serum 25(0OH)D concentration of exclusively breast
fed infants. Maternal serum 25(OH)D concentration and the vitamin D content of breast milk
increased significantly with vitamin D doses of 50-160 pg/d (2000-6400 1U/d) but not with doses of
10 ug/d (400 1U/d).

514 A cohort study in Denmark (vid Streym et al., 2016) collected blood and breast milk samples from
mothers (median age, 30.4 y) at 2 weeks (n=107), 4 months (n=90) and 9 months (n=48) postpartum
and blood samples from infants at 4 and 9 months of age. Mean maternal postpartum plasma
25(0OH)D concentration was 73.2, 64.9 and 50.7 nmol/L at 2 wks, 4 months and 9 months respectively.
Concentrations of vitamin D and 25(OH)D were higher in hindmilk than in foremilk and correlated with
maternal plasma 25(OH)D concentrations: median (IQR) concentrations in foremilk and hindmilk were
1.35% (1.04-1.84%) and 2.10% (1.63-2.65%) respectively of maternal plasma 25(OH)D concentration
(p<0.01). Daily median (IQR) infant intakes of vitamin D and 25(0OH)D from breastmilk were
0.10 pg/4 1U (0.02-0.40 pg/0.8-16 IU) and 0.34 ug/13.6 1U (0.24-0.47 ug/9.6-18.8 IU) respectively.
Concentrations of vitamin D and 25(0OH)D in breastmilk also showed a significant seasonal variation
(p<0.01). Findings from this study suggest that daily supply of vitamin D from breast milk of healthy
women, with plasma 25(OH)D concentrations > 50 nmol/L, is low and inadequate to meet infant

* The RDA is equivalent to the reference nutrient intake in the UK; i.e., the amount likely to meet the needs of nearly all (97.5%) of the general
healthy population, therefore exceeding the requirements of most of the population.
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dietary vitamin D requirements.

Most observational studies which have examined serum 25(OH)D concentration of breast fed infants
are not relevant to the UK. However, a cross-sectional study in New Zealand (Wall et al., 2013) found
significant seasonal variations in serum 25(OH)D concentration of healthy term exclusively breast fed
infants (n=94; mean age, 10 weeks). Median serum 25(0OH)D concentration was significantly lower
(p=0.0001) in infants enrolled in winter (21 nmol/L; IQR*, 14-31 nmol/L) compared to those enrolled
in summer (75 nmol/L; IQR, 55-100 nmol/L), autumn (49 nmol/L; IQR, 30-64 nmol/L) or spring

(60 nmol/L; IQR, 40-79 nmol/L). Overall, 60% of infants whose serum 25(0OH)D concentration was
measured in winter had a concentration < 25 nmol/L compared with 4% in summer. However, serum
25(0OH)D concentrations were higher in spring than in autumn, which was unusual. Since the study
was cross-sectional, the effects over time of exclusive breast feeding on infant serum 25(0OH)D
concentration could not be assessed. Information was not available on sun exposure of the infant and
maternal serum 25(OH)D concentration during the last trimester of pregnancy was not measured.

Relationship between vitamin D intake and serum 25(OH)D concentration by ethnicity

Data on dose-response effects of vitamin D intake on serum 25(0OH)D concentration of individuals
from ethnic groups in the UK are lacking.

Findings from RCTs in the USA, which have examined the effect of vitamin D supplementation on
African Americans are conflicting (Gallagher et al., 2013; Gallagher et al., 2014; Ng et al., 2014). Based
on their findings from a 4-arm RCT (placebo, 25 pg/1000 U, 50 ug/2000 IU, or 100 pg/4000 IU vitamin
Dsdaily for 3 months), Ng et al. (2014) estimated that 41 pg/d (1640 1U/d) of vitamin D was required to
maintain winter plasma 25(OH)D concentrations > 50 nmol/L in 97.5% of African American men and
women (n=292; age, 30-80y). This is almost twice the amount established by the IOM (15-20 pg/600-
800 IU per day) based on data from RCTs with white people. However, since the study did not include
a group with white skin, it is not certain that there are differences in requirements by skin type.

In contrast, Gallagher et al. (2013) reported that the increase in serum 25(0OH)D concentration after
daily vitamin D; supplementation (placebo, 10 ug/400 IU, 20 pg/800 IU, 40 ug/1600 IU, 60 pg/2400 IU,
80 pg/3200 1U, 100 pg/4000 IU, or 120 ug/4800 IU for 12 months) in older African American women
(n=110; mean age, 67y) was similar to that observed in white women (n=163; mean age, 67y) in a
similarly designed RCT (Gallagher et al., 2012) and that 20 pg (800 IU) per day of vitamin D was
required to maintain 25(OH)D concentration > 50 nmol/L in 97.5% of African American and white
women.

Another RCT by the same group (Gallagher et al., 2014), which was conducted in younger white and
African American women with serum 25(OH)D concentration < 50 nmol/L (n=198; mean age 36.7y)
and who were assigned to receive placebo or vitamin D3 (10 pug/400 IU, 20 pg/800 IU, 40 pg/1600 IU
or 60 pg/2400 IU) daily for 12 months, reported that mean baseline serum 25(0OH)D concentration was
lower in African American women (29 nmol/L) than the white women (36.4 nmol/L). However, as the
absolute increase in serum 25(0OH)D concentration after vitamin D supplementation was greater in
African American women than in white women, the mean serum 25(OH)D concentration after 12
months was similar in both races at higher doses. It was estimated using mathematical modelling that
10 pg/d (400 1U/d) of vitamin D was required to increase 25(0OH)D concentrations > 50 nmol/L in 97.5
% of the white women and between 20 and 40 pg/d (800 and 1600 1U/d) of vitamin D was required to
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increase 25(0OH)D concentrations > 50 nmol/L in 97.5 % of the African American women.

Relationship between UVB sunlight exposure and serum 25(OH)D concentration

The relationship between skin exposure to UVB sunlight and the resulting serum 25(0OH)D
concentration is much less well defined because it is complicated by a number of factors (e.g., season,
time of day, amount of skin exposed, skin pigmentation, use of SPF sunscreen) (see also chapter 3).

It has been suggested that, compared to vitamin D formed in the skin, dietary vitamin D is less
efficient at maintaining serum 25(OH)D concentration (Haddad et al., 1993). This could be because
vitamin D synthesised in the skin is primarily associated with DBP and slowly diffuses into the blood
stream, gradually arriving at the liver (Fraser, 1983). In contrast, dietary vitamin D is associated with
chylomicrons and low density lipoproteins which are readily and rapidly taken up by the liver.

A systematic review which examined the effect of UVB exposure on serum 25(0OH)D concentration
identified 8 randomised trials (Cranney et al., 2007). Four trials evaluated the effect of natural sun
exposure and 4 evaluated the effect of artificial UV exposure on serum 25(OH)D concentration. Study
populations ranged from infants to older adults and interventions were variable, ranging from 1 MED
to specified minutes of exposure to mJ/cm?® A quantitative synthesis of the trials of UVB exposure and
serum 25(0OH)D concentration was not possible due to the heterogeneous study populations, the
differences in the interventions (length and area of exposure; dose) and lack of complete data
(Cranney et al., 2007).

Laboratory studies that have investigated the relationship between UVR exposure and vitamin D
synthesis have typically used UVB phototherapy sources which also contain non-solar UVB radiation
(< 295 nm) that is also very effective at vitamin D production. It is, therefore, difficult to make
comparisons with solar UVR. A study that compared doses of natural solar UVR (April-September)
with doses of artificial UVB radiation of hands and face reported a significant increase in serum
25(OH)D concentration with UVB from artificial sources but not with sunlight (Datta et al., 2012). It
was estimated that UVB from a phototherapy source was at least 8 times more effective (in terms of
erythemally equivalent exposure) than solar UVB.

Laboratory studies (Bogh et al., 2010) report an inverse relationship between baseline serum 25(0H)D
concentration and response to UVB: i.e., the lower the baseline serum 25(0OH)D concentration, the
greater the response.

In a RCT which examined interactions between exposure dose® and body surface area (Bogh et al.,
2011), participants (n=92; age, 18-65 y) received 4 UVB exposures (0.75, 1.5 or 3.5 SED) at intervals of
2-3 days. All exposures were for 10 minutes, except in 10 participants who received 5 minutes
exposure (n=5 in each group who received 0.75 & 1.5 SED to 24% body surface area). Increasing the
exposed body surface area from 6% to 24% decreased the effect of increasing UVR dose and
increasing the exposure dose from 0.75 to 3.0 SED decreased the effect of increasing body surface
area. These data indicate higher doses are needed if small areas of the body are exposed and that
lower doses are adequate if larger body surface areas are exposed.

Chel et al. (1998) reported that exposure of the lower back of older females (mean age, 85 y) residing
in a nursing home in the Netherlands (52°N) to half the MED (from artificial UVB; individual doses

* Exposure doses were given in SED units: 1 SED is equivalent to an erythemal effective radiant exposure of 100 Jm™; typically the MED of a fair-
skinned individual is about 2-3 SED.
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adjusted according to skin sensitivity) 3 times/week for 12 weeks increased serum 25(0OH)D
concentration by 42 nmol/L (median of 60 nmol/L at end of trial); a second group who received
10 ug/d (400 1U/d) of vitamin D3 over the same period increased serum 25(0OH)D concentration by
37 nmol/L (median, 60 nmol/L at end of trial).

The amount of sun exposure needed to generate 1 MED (or some fraction of) will depend on external
factors as well as individual factors such as skin type and time spent outdoors. Holick & Jenkins (2003)
have suggested that exposure of approximately 25% of body surface, 2-3 times per week, to 1/4 MED
in spring to autumn is equivalent to an oral dose of 25 ug (1000 IU) vitamin D. For the UK, in people
with skin types | to IV, this corresponds to exposure times of around 5-15 minutes in mid-summer and
15-60 minutes in mid-March and mid-September (Webb & Engelsen, 2006). Many solar
recommendations to achieve and maintain serum 25(0OH)D at specific concentrations are based on
this guideline; however, it is difficult to extrapolate it to solar UVB exposure since it was derived from
full body exposure to doses of artificial UVR radiation containing non-solar UVB.

Diffey (2010) developed a mathematical model to estimate changes in serum 25(OH)D concentration
from sun exposure throughout the year using data and calculations for synthesis and decay of serum
25(OH)D concentration following a specific sun exposure and accounting for various factors (including
time outside, month, available UVR in the UK, % skin exposure). The results from this model indicate
that 10-20 minutes of daily sun exposure during summer months in the UK may achieve a maximum
increase of 5-10 nmol/L in serum 25(OH)D concentration.

A UK group (University of Manchester) has examined and reported the efficacy of a simulated summer
sunlight exposures in raising serum 25(0OH)D concentration in UK white-skinned adults (Rhodes et al.,
2010) and in adults of South Asian ethnicity (Farrar et al., 2011; Farrar et al., 2013). Studies were
performed in winter (latitude 53.5°N) to avoid confounding by UVR. Participants wore clothing that
revealed about 1/3 body surface area at commonly sun-exposed skin sites. In white skinned adults
(n=109) low dose, sub-erythemal UVR (1.3 SED, 3 times/week for 6 weeks; total 23.4 SED/week)
produced a mean final serum 25(0OH)D concentration of 70 nmol/L (Rhodes et al., 2010). The UVR
dose equates to about 15 minutes (ranging from 13 minutes if lying down to 17 minutes if standing) x6
weekly, exposing about 1/3 skin surface area, in unshaded midday summer sunlight. This estimate
takes account of the fact that in real life, dorsal and ventral body surfaces are not exposed
simultaneously to sunlight, and people adopt postures ranging from horizontal to the vertical
randomly orientated to the sun (Webb et al., 2011).

Longitudinal studies at mid-UK latitude (Greater Manchester) have examined the relationship
between dose of sunlight UVR exposure received throughout the year and serum 25(0OH)D
concentration in adults. In a longitudinal study of white skinned adults (n=109; age, 20-60y), personal
UV dosimeter badges showed that participants were exposed to ~2% of ambient UVR (Webb et al.,
2010), with median exposures of 3.7 SED/week in spring/summer and 0.1 SED in winter. Monthly
serum 25(0OH)D measurements revealed a seasonal pattern reaching a peak (mean 71 nmol/L) in
September and a trough (45.8 nmol/L) in February. Sun exposure diaries indicated that relatively
short, frequent solar exposures increased serum 25(OH)D concentration with participants spending a
mean daily time outdoors in spring/summer of 9 (+ 13) minutes/day on weekdays and 18 (+ 23)
minutes/day at weekends during peak ambient UVB times (11-00 to 13-00). Another longitudinal
study (Kift et al., 2013) examined year-round serum 25(OH)D concentration and sunlight exposure in
adults of South Asian ethnicity (n=125; age, 20-60y). Median serum 25(OH)D concentration was
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22.5 nmol/L (IQR, 16.8-34.3) in summer and 14.5 nmol/L (IQR, 10-20.3) in winter. This was about 1/3
that of white skinned adults at the same latitude: 65.4 nmol/L (IQR, 49.7-78.6) in summer and

47.2 nmol/L (IQR, 29.0-59.2) in winter. The South Asian adults also had lower UV exposure recorded
by their personal dosimeter badges (~1% ambient UV) and had exposed a smaller skin surface area.
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The purpose of reviewing the evidence for a relationship between vitamin D and various health
outcomes was to assess whether they might inform the setting of DRVs for vitamin D. The health
outcomes examined were those considered to be of public health concern.

Serum 25(OH)D concentration represents exposure to vitamin D from UVB containing sunlight and
from the diet. Skin synthesis, rather than diet, is the main source of vitamin D for most people.
Consideration of the observational evidence was largely confined to studies that compared health
outcomes against serum 25(OH)D concentration since this reflects total exposure to vitamin D from
both sunlight and diet (from natural sources, fortified foods and supplements). Observational studies
which only examined the relationship between vitamin D intake and health outcomes were not
considered.

Studies considered were those that examined whether vitamin D reduced the risk or incidence of
specific health outcomes in the general healthy population rather than its effect as a therapeutic
agent in pre-existing disease; i.e., disease prevention rather than cure.

The IOM report on Dietary Reference Intakes for Calcium and Vitamin D (2011) provided a
comprehensive reference resource for consideration of the evidence. The IOM report was informed
by two systematic reviews of the evidence (Cranney et al., 2007; Chung et al., 2009) which were
conducted by the Agency for Healthcare Research and Quality (AHRQ). Prior to its considerations, the
SACN vitamin D working group (WG) updated the evidence base to include studies published since the
IOM report. It subsequently considered findings from studies identified in an AHRQ update of the
evidence (Newberry et al., 2014). The process for reviewing the evidence is described in more detail
in chapter 1 (see paragraphs 1.14-1.21).

For each of the potential health outcomes considered, the first step was to make a judgement on
whether the evidence suggested a relationship with vitamin D supplementation or serum 25(0OH)D
concentration. If data were lacking or inconsistent for a specific health outcome, then it was not
considered any further. If the evidence was suggestive of a relationship between a specific health
outcome and vitamin D supplementation/serum 25(OH)D concentration then the data were examined
further to assess whether a range of serum 25(OH)D concentrations or threshold serum 25(0OH)D
concentration associated with beneficial effects could be identified. An important limitation to this
task was that there is no clear consensus on the threshold serum 25(OH)D concentration used to
define vitamin D deficiency or low status and cut-offs varied across studies and were predefined
according to different criteria for deficiency. As a consequence, the selected cut-offs were very
insecure and made it difficult to assess if there was a dose response relationship.

Potential sources of bias and confounding in studies of vitamin D and health outcomes

A number of factors need to be considered in assessing the evidence on vitamin D and health
outcomes. As well as the general confounders in studies of diet and disease (such as smoking, alcohol,
physical activity, medical treatment and social class), factors that affect cutaneous synthesis of vitamin
D need to be taken into consideration. These include season of year, latitude, skin pigmentation,
clothing, time of exposure, sun screen use, urban environment (can reduce/block sunlight), air
pollution and cloud cover.

41



6.7

6.8

6.9

6.10

6.11

6.12

Although serum 25(OH)D concentration is a marker of exposure to vitamin D (from sunlight and the
diet), various factors complicate its use in studies of the relationship between vitamin D and health
outcomes. Since serum 25(0OH)D concentration reflects exposure to vitamin D, its concentration will
be affected by factors that influence skin synthesis of vitamin D (see previous paragraph). Another
important consideration in observational studies is that people with a higher serum 25(0OH)D
concentration tend to be healthier than those with lower concentrations. This could be due to greater
exposure to sunlight as a result of more outdoor physical activity and/or a healthier diet and/or
prophylactic use of supplements.

In addition to the variability which affects serum 25(0OH)D concentration (e.g., time of day/time of
year blood sample taken), it can vary considerably (15-20%) depending on the type of assay used.
There is also a lack of agreement between different laboratories using the same methods (de la Hunty
et al., 2010). Serum 25(0OH)D concentration may also decrease in response to acute inflammation
which raises further concerns about its reliability as a marker of exposure since a low serum 25(0OH)D
concentration may simply reflect an underlying inflammatory state. A more detailed consideration of
problems relating to measurement of serum 25(0OH)D concentration is provided in chapter 4.

Serum 25(OH)D concentration is also influenced by genetic variation and by physiological state; for
example, concentrations are lower during periods of rapid bone growth. It is unclear whether this is
because of physiological changes or because vitamin D supply is inadequate to meet requirements.
Serum 25(OH)D concentration is also inversely related to BMI. A lower concentration is more
prevalent in overweight and obese individuals compared with normal weight individuals (Wortsman,
2000). A further important limitation in many studies assessing the relationship between serum
25(0OH)D concentration and health outcomes is the use of only one blood sample, because of
individual variability of serum 25(OH)D concentration. A single measurement at baseline also does
not allow evaluation of any impact of changes over time. There is also no standardised season for
collecting blood samples.

All these issues have implications for the interpretation of studies, particularly observational studies,
that have examined the relationship between serum 25(0OH)D concentration and health outcomes.

Review of the evidence

Assessment of the evidence is divided into musculoskeletal (rickets, osteomalacia, bone health indices,
fracture prevention, risk of falls and muscle health) and non-musculoskeletal (pregnancy and lactation,
cancers, CVD & hypertension, all-cause mortality, immune modulation, infectious diseases,
neuropsychological functioning, oral health and age-related macular degeneration) health outcomes.
Consideration of each health outcome includes a short summary of the IOM findings for that outcome.

Musculoskeletal health outcomes (Tables 1-30, Annex 2)

Bone structure and metabolism

Bone is a composite material with an inorganic mineral component (69%) of calcium phosphate in the
form of hydroxyapatite (99%), which provides it with hardness and rigidity, deposited around an
organic matrix consisting of collagen (90%) and non-collagen structural proteins. It is a highly
specialised, metabolically active tissue which provides both a structural function and a mineral
reservoir for calcium and phosphorus. It is composed of an outer layer of dense and solid cortical
(compact) bone which surrounds the marrow space and a lighter inner layer of trabecular (cancellous)
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bone with a mesh structure. Different bones and skeletal sites have different ratios of cortical to
trabecular bone but, overall, the human skeleton comprises 80% cortical bone and 20% trabecular
bone (Eriksen et al., 1994).

During the lifespan, bone undergoes processes of growth, modelling and remodelling (Clarke, 2008).
Longitudinal and radial growth of bone occurs during childhood and adolescence. At maturity, bone
stops growing in length but continues to grow in width and change shape in response to physiological
influences or mechanical forces in a process known as modelling. Bone remodelling is a continuous
lifelong process of replacement and repair, in which old bone is broken down (resorption) and new
bone formed (formation or ossification), and which adapts the skeleton to physical stress (related to
physical activity and load bearing) and to release ionised calcium and phosphate as required.

Bone cells involved in bone modelling and remodelling are osteocytes, osteoclasts and osteoblasts.
Osteoblasts and osteoclasts, which originate in the bone marrow, are responsible for the processes of
new bone formation and bone resorption, respectively. Osteoblasts synthesise osteoid (uncalcified
pre-bone tissue) and facilitate its calcification; osteoclasts are phagocytic cells which remove bone
tissue; and osteocytes, which are derived from osteoblasts and constitute over 90% of adult bone
cells, play a role in activation of bone formation and resorption (Datta et al., 2008). The activation
process is regulated by mechanical forces, bone cell turnover, hormones (e.g., PTH), cytokines and
local factors.

Bone mass accrual is rapid in the fetus and infant. It continues to increase during childhood at a
slower rate until the adolescent growth spurt when it again undergoes rapid growth. During these
periods of growth, bone turnover is very high and formation exceeds resorption leading to a net gain
in bone mass. Peak bone mass is reached, typically, in the early 20s. In the young adult skeleton,
bone formation and resorption is in approximate balance. With increasing age, the process of bone
resorption predominates over bone formation leading to a net loss of bone mass. Bone mass later in
life depends on peak bone mass reached at skeletal maturity and the subsequent rate of bone loss.
The rate of bone loss is initially slow but, in women, accelerates rapidly in the first 4-8 years following
menopause and then at a slower continuous rate throughout the rest of life (Riggs et al., 2002). The
accelerated rate of bone loss is caused by the sudden decline in oestrogen production by the ovaries
at menopause. For men, bone loss is slow and continual; therefore, women generally lose more bone
than men.

Bone strength depends primarily on bone mass which accounts for about 50-70% of bone strength
(Pocock et al., 1987). Bone strength is also affected by bone geometry, cortical thickness and porosity
and trabecular bone morphology. The main determinant of bone mass is genotype; however,
hormones (calcium regulating hormones and sex hormones) and lifestyle factors (such as diet and
physical activity) can also influence bone mass. Nutritional deficiencies, particularly of calcium,
vitamin D and phosphorus can lead to formation of weak, poorly mineralised bone.

Skeletal disorders

Insufficient vitamin D during growth leads to the development of rickets (vitamin D deficiency rickets).
If diagnosed early, vitamin D supplementation can reverse the skeletal changes but if the skeletal
deformities are widespread and significant, and growth plates have begun to mature, as in puberty,
then it cannot. In the UK, a serum 25(OH)D concentration < 25 nmol/L has been the threshold
adopted to define increased risk of rickets (DH, 1998). Other causes of rickets include inadequate
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calcium intake, although this is more common in developing countries, and in children with
inadequate phosphorus intake.

Osteomalacia, like rickets, develops as a result of vitamin D deficiency. It commonly presents in adults
as severe aching in bone and muscles and proximal muscle weakness making standing up and walking
difficult and painful and results in a marked waddling gait. Osteomalacia arises from a disorder in the
physiological process of bone turnover where the mineralisation phase of bone remodelling is
impaired. It can occur in children with rickets and there are also reports of adolescents presenting
with symptoms of osteomalacia (Ladhani et al., 2004; Ward et al., 2005; Das et al., 2006). When
vitamin D deficiency is implicated in the aetiology of osteomalacia there is usually evidence of
secondary hyperparathyroidism. Osteomalacia can also be caused by kidney or liver damage, which
can interfere with vitamin D metabolism.

Osteoporosis is a progressive skeletal disorder generally associated with ageing. It is characterised by
reduced bone strength due to loss of bone mass and deterioration in the micro-architecture of
trabecular bone which increases bone fragility and, as a consequence, risk of fracture (WHO, 1994).
Fractures are most common at sites where trabecular bone predominates; i.e., at the spine, wrist and
hips. It can affect both sexes, but women are at greater risk mainly due to the decrease in oestrogen
production after the menopause, which accelerates bone loss to a variable degree. Factors which
affect bone mass will influence the risk of developing osteoporosis (see paragraphs 6.15-6.16).

Assessment of bone health

In studies which have examined factors influencing bone health, the most clearly defined and clinically
relevant endpoint is bone fracture. In most studies, however, intermediate outcome measures are
used to assess bone strength. Measurement of areal bone mineral density (BMD), the quantity of
mineral present per given area of bone (g/cm?), is the most common proxy measure of bone strength
and fracture risk. The most widely used technique to measure BMD is dual-energy x-ray
absorptiometry (DXA) which has high reproducibility and low radiation dose (DH, 1998). Other
techniques include quantitative computed tomography (QCT) which allows three-dimensional
assessment of the structural and geometric properties of the skeleton but the equipment is expensive
and the radiation dose is relatively high. Peripheral QCT (pQCT) has a much lower radiation dose and
allows three-dimensional assessment of the lower arms and legs and volumetric measures of BMD
(g/cma). Ultrasound methods are also used; however, the clinical relevance of ultrasound bone
measures is less well understood.

Although there is a relationship between BMD and fracture risk, the extent of the relationship is not
clear. BMD measurements do not provide a complete assessment of bone strength; other factors that
contribute include bone size, shape, architecture, and turnover (Ammann & Rizzoli, 2003).
Additionally, BMD obtained by single or dual-energy techniques, is an areal density measurement
(g/cm?) derived by dividing bone mineral content (BMC) by the scanned area of bone. It does not
measure volumetric density of the bone or the mineralised tissue within the bone (Prentice et al.,
1994). Since both BMC and BMD are influenced by the size, shape and orientation of the bone, this
limits its use in cross sectional studies of factors influencing bone health unless adjustment is made for
the confounding influence of size. Various methods have been used to adjust areal BMD to more
closely represent volumetric BMD especially at the spine, including calculation of bone mineral
apparent density (BMAD) (Faulkner et al., 1995). Bone mineral measurements are more useful in
prospective studies where changes are assessed over time.
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Interpretation of bone health indices such as BMD and BMC in children is less clear. BMD is a less
informative measure of bone health than BMC because BMD partially corrects for attained size and
therefore dilutes any possible relationships with skeletal growth. The International Society for Clinical
Densitometry (ISCD) has published guidelines for clinical assessment of bone in children (Bishop et al.,
2014; Crabtree et al., 2014).

Biochemical markers associated with bone formation and resorption have also been used to assess
bone health. Serum concentrations of osteocalcin, procollagen carboxy peptide, procollagen amino
peptide and bone-specific alkaline phosphatase are validated indices of bone formation (DH, 1998).
Markers of bone resorption are based on breakdown products of type | collagen in serum or urine and
include pyridinium crosslinks of collagen (PYR and DPYR) and C-terminal crosslinks of type | collagen
(CTX). Limitations of current biochemical markers of bone metabolism include lack of tissue specificity
for bone and an inability to distinguish the metabolic activity of different skeletal compartments
(Garnero, 2014).

Consideration of the evidence on vitamin D and musculoskeletal health outcomes

Evidence on vitamin D and the following musculoskeletal health outcomes was considered: rickets,
osteomalacia, bone health indices (e.g., BMC, BMD, biochemical markers of bone turnover), fracture
prevention, risk of falls and muscle health (Tables 1-30, Annex 2).

Evidence on rickets and osteomalacia was not considered by life stage but separately, prior to
consideration of other musculoskeletal health outcomes. Data on musculoskeletal health outcomes
other than rickets and osteomalacia were considered by life stage (pregnancy & lactation, infants up
to 12m, children 1-3y, children 4-8y & adolescents 9-18y, adults < 50y and adults > 50y) since different
musculoskeletal health outcomes are relevant to specific age groups. Evidence on vitamin D and bone
health indices was considered across all life stages; muscle strength and function and stress fracture
risk were considered in adults < 50y*’; fracture prevention, risk of falls and muscle strength and
function were considered in adults > 50y.

Rickets

IOM Report: The IOM concluded that, overall, there was fair evidence for an association between low
serum 25(0OH)D concentration and confirmed rickets but the evidence for a threshold serum 25(0OH)D
concentration above which rickets did not occur was inconsistent. Thirteen studies were identified
which assessed the association between serum 25(OH)D concentration and rickets in infants and
young children (1 RCT; 4 before-after studies; 8 case-control studies) but it was noted that many were
from developing countries where calcium intake is low and could, therefore, be confounded by dietary
calcium.

Six studies (1 RCT; 3 before & after; 2 case-control) reported mean or median serum 25(0OH)D
concentrations below 30 nmol/L in children with rickets; the remaining studies reported mean serum
25(0OH)D concentration above 30 nmol/L (range 36-50 nmol/L).

The IOM concluded that if calcium intake was adequate, the risk of rickets was increased at serum
25(0OH)D concentration < 30 nmol/L.

% Ages ranged from 16 to 35 years in the studies considered.
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Evidence considered (Tables 1-5, Annex 2)

In order to identify a threshold serum 25(OH)D concentration associated with rickets, a range of
studies was considered including those cited in, and published since, the IOM report. Studies
referenced in the following COMA/SACN reports were also considered: Dietary reference values for
food energy and nutrients in the UK (DH, 1991); Nutrition and bone health (DH, 1998); and Update on
vitamin D (SACN, 2007).

A total of 44 studies were identified which included measurements of serum 25(0OH)D concentration in
children with rickets.

Individual baseline serum 25(OH)D concentration in the case reports (n=17) ranged from < 2.5 to

< 50 nmol/L and mean/median serum 25(OH)D concentrations ranged between 5-44 nmol/L in
observational studies (n=9), 9-50 nmol/L in the before and after studies (n=8), 6-42 nmol/L in case-
control studies (n=7) and 14-38 nmol/L in intervention studies (n=3). In most studies, information was
not provided on the season in which the blood sample used to measure serum 25(OH)D concentration
had been taken. Itis therefore possible that the variability in serum 25(OH)D concentrations might be
due to the time of year the samples were drawn.

Rickets with unknown aetiology, often with serum 25(OH)D concentration < 25 nmol/L, is usually
defined as vitamin D deficiency rickets. However, as many of the studies on rickets were from
developing countries, the findings could be confounded by low calcium intakes. Since only 5 studies
reported calcium intakes, it was not possible to ascertain whether the rickets was caused solely by
vitamin D deficiency or by low calcium intake. Another limitation of studies on rickets is the
assumption of a correlation between serum 25(0OH)D concentration in children with rickets and their
skeletal abnormalities, since the time course from the onset of the disease is not known. Serum
25(OH)D concentration in all studies was measured in children who presented with features of rickets;
none obtained measurements before development of rickets. In case reports, serum 25(0OH)D
concentrations of children with rickets may therefore be lower than normal because presentation at a
hospital usually occurs at a more advanced stage of the disease.

A wider range of serum 25(OH)D concentrations is found in population studies. For example, a study
in Australia (Munns et al., 2012) of children (n=398; age, 0.2-15y) with vitamin D deficiency rickets
(defined as serum 25(0OH)D concentration < 50 nmol/L and alkaline phosphatase concentration

> 222 IU/L and/or radiological rickets) reported that 71% of children with wrist x-rays (n=95) had signs
of radiological rickets; however, the difference in median serum 25(0OH)D concentration between
cases with radiological rickets (median, 18 nmol/L; range 5-45 nmol/L) and those without (20 nmol/L;
range 8-45 nmol/L) was not statistically significant.

Based on the overall evidence, it is not possible to discern a clear threshold serum 25(0OH)D
concentration below which rickets occurs. However, individual serum 25(0OH)D concentrations were
below 25 nmol/L (the current threshold for defining the lower limit of adequacy®) in the majority of
case reports and mean serum concentrations were < 25 nmol/L in the majority of other study types
considered.

Although the risk of rickets is increased at serum 25(OH)D concentrations < 25 nmol/L, it is important
to recognise that a serum concentration of 25 nmol/L is not a clinical threshold diagnostic of the

“°DH, 1998.
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disease and that most children in the general population who have a serum 25(OH)D concentration
< 25 nmol/L will not develop rickets.

Studies describing cases of rickets in countries with predominantly white-skinned populations (e.g.,
UK, USA, Australia) mainly comprised infants from ethnic groups with dark skin colour. These infants
represent a minority of births in those populations, suggesting a larger relative risk of rickets
associated with infants and children from ethnic groups with dark skin colour. However, it is not clear
if this difference in risk is due to skin colour per se or lifestyle differences since dark skin is one of a
number of factors (including behavioural, cultural and biological) that could affect rickets risk and
serum 25(0OH)D concentrations of these population groups (see paragraph 3.23).

Summary - Rickets

Evidence on vitamin D and rickets is mainly observational and therefore subject to confounding. Since most
studies did not report on calcium intake, it is not clear if rickets was caused solely by vitamin D deficiency or by
low calcium intake.

Serum 25(OH)D concentration in case reports ranged from < 2.5 to < 50 nmol/L and mean/median
concentrations ranged between 5 and 50 nmol/L in other study types. Individual and mean serum 25(0OH)D
concentrations of children with rickets were < 25 nmol/L in the majority of studies examined.

Most studies did not provide information on time of year the blood sample was drawn for measurement which
might explain some of the variability in serum 25(OH)D concentration associated with rickets and none provided
measures of the serum 25(OH)D concentration prior to the onset of disease.

Osteomalacia

IOM Report: Based on findings from a post-mortem analysis of bone biopsies (Priemel et al., 2010)
the IOM concluded that all individuals were free of osteomalacia when serum 25(OH)D concentrations
were > 50 nmol/L and that a significant increase in the number of people displaying the mineralisation
defect was not observed until serum 25(OH)D concentrations were < 30 nmol/L. The study by Priemel
et al. (2010) was given considerable prominence in the IOM report and used to support a serum
25(0OH)D concentration of 50 nmol/L as providing coverage against osteomalacia for 97.5% of the
population. This study is considered below (see paragraphs 6.45-6.46).

Evidence considered (Tables 6-7, Annex 2)

The majority of evidence on vitamin D and osteomalacia (from early 1940s to 2013) comprises case
reports and many studies do not report serum 25(0OH)D concentrations.

Observational studies

Gifre et al. (2011) examined the clinical manifestations and most frequent causes of osteomalacia in a
group of patients in Spain (n=28; mean age, 55y) diagnosed with osteomalacia over a period of 20
years. Clinical data were obtained from a detailed review of medical records. Osteomalacia diagnosis
was by bone biopsy and/or by Bingham & Fitzpatrick criteria*’. Mean serum 25(0OH)D concentration
was 15 nmol/L in patients with vitamin D osteomalacia.

“! Defined as two of the following: low calcium, low P, elevated total alkaline phosphatase, radiographic findings.
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Preece et al. (1975) measured serum 25(OH)D concentration in patients of South Asian ethnic origin
living in Glasgow (n=35) with overt rickets or osteomalacia (clinical & biochemical evidence &
radiological confirmation). Serum 25(OH)D concentration was < 7.5 nmol/L in all patients and was
undetectable (< 1.25 nmol/L) in 57%.

Case reports

Most of the evidence on osteomalacia is based on case reports in which serum 25(0OH)D
concentrations ranged from 4-20 nmol/L. The majority of the case reports relate to patients of South
Asian ethnic origin living in the UK.

Bone biopsy study (Priemel et al., 2010)

Priemel et al. (2010) carried out a post-mortem analysis of transiliac crest bone specimens obtained
during autopsies of victims of accidents, assaults, suicides and other unnatural or unexpected causes
in Germany (n=401 males, mean age 58.7y; n=274 females, mean age 68.3y) to assess the minimum
serum 25(0OH)D concentration required to maintain bone health (blood samples were also taken at
autopsy). Osteomalacia was defined as pathological osteoid accumulation (increase in osteoid volume
per bone volume > 2%). While a minimum serum 25(OH)D concentration associated with
mineralisation defects could not be identified, excess accumulation of osteoid was not found in any
individual with a serum 25(OH)D concentration > 75 nmol/L.

A critique of this study (Aspray & Francis, 2013) has drawn attention to a number of concerns,
including: the criteria used to define bone mineralisation, which are not universally accepted;
tetracycline labelling, the preferred method for measuring bone formation, was not used; the validity
of post-mortem serum 25(0OH)D measurement and the generalisability of the study (since no
demographic data other than age and sex were presented). Other limitations of the study include:
data were reported as scatter plots without further statistical analysis or adjustment for age (range,
20-100y) and sex; variability is increased at serum 25(0OH)D concentrations below 50 nmol/L but it is
unclear how this should be interpreted because of the wide age range of the population; mean serum
25(0OH)D concentrations appear to be very low for Germany (25 nmol/L in summer and 15 nmol/L in
spring); and information on calcium intakes, which might also affect bone mineralisation, was not
available.

Summery - Osteomalacia

Evidence on osteomalacia is limited mainly to case reports in which serum 25(0OH)D concentrations ranged
between 4 and 20 nmol/L.

Out of 2 cross-sectional studies of patients with osteomalacia, individual serum 25(OH)D concentrations were
< 7.5 nmol/L in one study and mean serum 25(OH)D concentration was 15 (¥5) nmol/L in in the other.

Other musculoskeletal health outcomes (beyond rickets and osteomalacia) by life stage

Pregnancy and lactation

Bone health indices

During pregnancy and lactation, the mother provides a large amount of calcium to the developing
fetus and neonate (Kovacs, 2008). An important physiological change in pregnancy is the doubling in
the rate or efficiency of intestinal calcium absorption; however, evidence from animal studies in
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vitamin D deficient rats and VDR-null mice indicate that vitamin D is not required for this. Pregnancy
induced adaptations to maternal calcium homeostasis seem to meet fetal requirements for calcium.
Although skeletal resorption can also release calcium into the circulation, the evidence is mixed on
whether the maternal skeleton contributes substantial amounts of calcium to the fetus (Kovacs,
2008).

The relationship between bone health indices and maternal serum 25(0OH)D concentration during
pregnancy is unclear which complicates associations between serum 25(OH)D concentration and bone
health indices during this time (Brannon & Picciano, 2011).

Physiological changes that occur during pregnancy increase serum concentrations of 1,25(0OH),D and
DBP; serum 25(0OH)D concentration, however, remains unaffected. The underlying mechanisms for
these changes are not clearly understood (Brannon & Picciano, 2011).

IOM report: The IOM identified only 1 cohort study which included maternal BMD as an outcome and
reported no relationship between serum 25(0OH)D concentration and postpartum changes in BMD. It
concluded that there was insufficient evidence for an association between a specific serum 25(0OH)D
concentration and BMC or BMD.

Evidence considered since IOM report

Maternal outcomes

Intervention studies
No RCTs investigating effects of vitamin D supplementation during pregnancy/lactation on markers of
maternal bone health have been published since the IOM report.

Cohort studies

A study in Turkey (Haliloglu et al., 2011) investigated the relationship between serum 25(0OH)D
concentration and CTX in women (n=30; mean age, 28y) receiving supplemental vitamin D;

(10 ug/400 IU per day) during pregnancy and lactation. Mean serum 25(OH)D concentration was 19.1,
15.7, 11.1 and 7.0 nmol/L during the 1%, 2" and 3™ trimester and postpartum period respectively. No
correlation was found between serum 25(OH)D and CTX concentration in the 1st trimester but there
was a negative correlation in the 2nd and 3rd trimesters and the postpartum period (r =-0.47,
p=0.048; r=-0.89, p <0.0001; r = -0.88, p < 0.001 respectively).

Fetal/newborn outcomes (Tables 8-9, Annex 2)

Intervention studies

One UK RCT (MAVIDOS") has investigated effects of vitamin D supplementation during pregnancy on
markers of bone health in newborn infants (Cooper et al., 2016). Pregnant women (n=1134) with a
serum 25(0OH)D concentration of 25-100 nmol/L at 10-17 weeks gestation were randomised to receive
either 25 pg/d (1000 1U/d) of vitamin D; or a placebo from 14 weeks gestation®® until delivery. Whole
body BMC of neonates (n=737) was assessed within 2 weeks of birth. Mean BMC of neonates born to
mothers supplemented with vitamin D; did not differ significantly from that of neonates born to
mothers who received placebo (61.6g; 95% Cl, 60.3-62.8 vs 60.5g; 95% Cl, 59.3-61.7; p=0.21). Bone
area or BMD also did not differ between groups. However, in a pre-specified secondary analysis, there
was an interaction with season of delivery such that neonatal BMC was significantly greater for winter

*> Maternal Vitamin D Osteoporosis Study.
3 Or as soon as possible before 17 weeks gestation if recruited later.
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births (December-February) in the vitamin D supplemented group (mean difference, 5.5g; 95% Cl, 1.8-
9.1; p=0.04), when maternal serum 25(0OH)D concentrations in the placebo group were at their lowest.
A similar winter-birth effect was observed for whole body bone area (p=0.05) and BMD (p=0.04). The
authors hypothesise that vitamin D supplementation prevented the adverse effect of a decline in
maternal serum 25(OH)D concentration on neonatal BMC, with the overall effect being the prevention
of deficit in BMC rather than an increase. However, a significant treatment effect was not found for
spring births (March-May) when maternal serum 25(OH)D concentrations were also at their lowest.

Cohort studies

Mahon et al. (2010) investigated the association between maternal serum 25(0OH)D concentration and
fetal femur growth in pregnant women (n=424; age, 20-34y) within a prospective longitudinal study in
the UK. High resolution 3D ultrasound was used to measure femur length, distal metaphyseal cross-
sectional area and the ratio of the two (known as femoral splaying index). Women with serum
25(0OH)D concentration < 50 vs > 50 nmol/L had increased splaying of the distal metaphysis of the fetal
femur. No differences were seen in femur length. The same group previously reported that children
born to mothers with serum 25(0OH)D concentration < 50 nmol/L during pregnancy exhibited deficits
in BMC at 9y of age (Javaid et al., 2006).

In a secondary analysis of biochemical/anthropometric/bone data of women (n=125) and infants in a
calcium supplementation study in a rural area of the Gambia (Prentice et al., 2009), no significant
trends/relationships were found between maternal serum 25(OH)D concentration and infant birth
weight/bone health measures (BMC, size adjusted BMC, bone width, bone area). None of the women,
however, had a serum 25(0OH)D < 50 nmol/L.

Viljakainen et al. (2010) investigated associations between serum 25(0OH)D concentrations of Finnish
mothers (n=125; age, 20-40y) and bone health of newborns. Two equal sized groups were defined
using a serum 25(OH)D cut-off concentration of 42.6 nmol/L (median value of individual means during
1% trimester and 2 days postpartum). Babies born to mothers above the median had 13.9% higher
tibia BMC (p=0.01) and 16.3% higher cross-sectional area (p = 0.02) but there were no differences in
BMD or bone turnover markers.

Young et al. (2012) examined the relationship between maternal serum 25(OH)D concentration (and
calcium intake) on fetal bone growth in pregnant adolescent girls (n=171; mean age, 17y) in the US.
Measurements were taken at 26 weeks of pregnancy and at delivery. Fetal sonograms were taken up
to three times across gestation. Maternal serum 25(OH)D concentration < 50 vs > 50 nmol/L was
significantly (p < 0.01) associated with greater fetal femur length and humerus length z scores.

Dror et al. (2012) investigated the relationship between maternal and cord serum 25(0OH)D
concentrations and bone specific alkaline phosphatase (BSAP) and whole body BMC in newborns in a
multi-ethnic US population (n=80 mother-infant pairs). Cord serum BSAP concentration was inversely
correlated with infant whole body BMC and with cord serum 25(0OH)D concentration but there was no
association between cord serum 25(OH)D concentration and whole body BMC.
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Summary - Pregnancy & lactation

Bone health indices

Maternal outcomes

6.61  One small cohort study reported a negative correlation between maternal serum 25(0OH)D concentration and a
marker of bone resorption (CTX concentration) in the 2" and 3" trimesters of pregnancy and the postpartum
period.

Fetal/newborn outcomes

6.62 One large RCT in the UK reported no overall effect of vitamin D supplementation during pregnancy on BMC,
BMD or bone area in the newborn infant but a significantly lower BMC, BMD and bone area in infants born to
non-supplemented mothers in the winter (December-February).

6.63 Out of 5 cohort studies, 4 show a positive association between maternal serum 25(0OH)D concentration and
various indices of bone health in the fetus/newborn. Three studies chose pre-determined cut-offs to define
vitamin D deficiency (< 50 nmol/L in 2 studies and 42.6 nmol/L in 1 study).

Infants (up to 12 months)

Bone health indices

6.64 10M report: The IOM reported inconsistent evidence for an association between serum 25(0OH)D
concentration and BMC in infants. Out of 2 RCTs examining the effects of vitamin D supplementation
on BMC (Greer et al., 1981; Zeghoud et al., 1997), 1 reported no effect of an increase in serum
25(OH)D concentration on radial bone mass while the other reported a transient increase of BMC in
the supplemented group compared with the unsupplemented group at 12 weeks but not at 26 weeks.
Evidence from case control studies suggested an association between greater whole body BMC and
higher serum 25(OH)D concentration.

Evidence considered since IOM report (Table 10, Annex 2)

Intervention studies

6.65 A study in South Korea (Kim et al., 2010) examined the effect of daily vitamin D supplementation
(10 ug/400 IU for 12 months) on BMD in breast-fed infants (n=74) at 6 and 12 months of age. Vitamin
D supplementation significantly increased serum 25(0OH)D concentration but not BMD. However,
there are a number of uncertainties in this paper which include use of BMD rather than BMC or BMAD
in growing children and not providing data on power calculations for the sample size required to
detect a bone density difference with treatment.

6.66 A study in India (Kumar et al., 2011) investigated the effect of vitamin D; supplementation
(35 ug/1400 IU per wk for 6 months) on growth (secondary outcome®) in low birth weight term
infants (n=2070; age, < 48 hours). After 6 months, mean serum 25(OH)D concentration was 55 nmol/L
in the supplemented group and 36 nmol/L in the placebo group. Vitamin D supplementation
significantly increased z scores at 6 months for weight (p=0.026), length (p=0.014) and arm
circumference (p=0.033) and significantly reduced the proportion of children with stunted growth
(p=0.018). However, findings from this study should be interpreted with caution since there was a

“** Primary outcomes were mortality and morbidity.
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large loss to follow-up® and, since it was conducted in undernourished low birth weight infants, the
findings may not be applicable to normal weight infants in the UK.

Abrams (2012) evaluated the effects of daily vitamin D3 supplementation (10 pug/400 IU for 3 months)
on BMC/BMD in Hispanic and non-Hispanic white infants (n=49; age, 1 week) in Texas, USA. Serum
25(OH)D concentration was significantly lower in Hispanic compared to non-Hispanic infants at birth
(p=0.013) and after 3 months supplementation (p=0.014). There were no significant relationships
between cord serum 25(OH)D concentration and BMC or BMD in the first week of life or after 3
months supplementation. Key uncertainties in this study were the small sample size (and likely lack of
statistical power) and the short time span for observing a difference in bone health indices.

Holmlund-Suila et al. (2012) evaluated the effects of different daily supplemental doses of vitamin Ds
(10 pg/400 1U; 30 pug/1200 1U; or 40 pg/1600 IU) on bone strength (evaluated by pQCT) in infants from
age 2 weeks to 3 months (n=113). There were no significant correlations between serum 25(0OH)D
concentration and pQCT parameters.

Summary - Infants (up to 12 months)

Bone health indices

Evidence for an effect of vitamin D supplementation on indices of bone health in infants is inconsistent. Out of 4
RCTs, 3 reported no significant effect of vitamin D supplementation on BMC, BMD or pQCT. One RCT reported
positive effects of vitamin D supplementation on growth in under-nourished low birth weight infants in India;
however, findings from this study may not be applicable to the UK population.

Children (1-3y)

Bone health indices
IOM report: The IOM did not consider this age group separately.

Evidence considered

No intervention or cohort studies examining the relationship between serum 25(OH)D concentration
and BMD/BMC in this age group could be identified.

A cross-sectional analysis of children in Canada (n=488; age, 1.8-6y) reported that a plasma 25(0OH)D
concentration > 75 nmol/L was significantly related to higher BMC and areal BMD at the forearm and
whole body but not at the lumbar spine (Hazell et al., 2015).

Summary - Children (1-3y)

Bone health indices

One cross-sectional study reported an association between serum 25(0OH)D concentration > 75 nmol/L and
higher BMC/BMD at the forearm and whole body but not at the lumbar spine.

* Anthropometric data were available for only 62% of original sample.
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Children (4-8y) and adolescents (4-17y)

Bone health indices

IOM report: Inthe IOM report early childhood was defined as 4-8y and puberty/adolescence was
defined as 9-13y and 14-18y. The IOM concluded that there was fair evidence of an association
between serum 25(0OH)D concentrations, baseline BMD and change over time in BMD or BMD indices;
however, RCTs did not confirm a consistent benefit of vitamin D supplementation on BMD.

Evidence considered since IOM report (Tables 11-13, Annex 2)

Systematic review and meta-analysis

A systematic review and meta-analysis of 6 intervention studies (Winzenberg et al., 2011) examined
the effect of vitamin D; supplementation on bone density in children and adolescents (n=884; age, 8-
17y). Mean baseline serum 25(OH)D concentration ranged from 17.7-49.5 nmol/L. Overall, vitamin D
supplementation had no significant effects on BMC or BMD of the hip, forearm, or lumbar spine.
When the meta-analysis was confined to studies in which mean baseline serum 25(0OH)D
concentration was < 35 nmol/L, the effect on total body BMC was significant (p=0.04; 3 studies;
n=413) and bordering on significance for lumbar spine BMD (p=0.05; 2 studies; n=189), equivalent to a
2.6% and 1.7% greater change from baseline with supplementation.

There are a number of limitations in this meta-analysis which limit interpretation of the results: the
studies were heterogeneous in terms of sample size and ethnicity; one study administered vitamin D
fortified milk rather than vitamin D supplements (Du et al., 2004); sub-group analysis for effects of
vitamin D supplementation by mean baseline serum 25(OH)D concentration arbitrarily selected a cut-
off (of 35 nmol/L) based on the distribution of data; therefore, effects in those with mean baseline
serum 25(0OH)D concentrations in any range below the selected cut-off were not considered. The
effects of puberty on serum 25(OH)D concentrations were also not considered. Since the rate of bone
accretion varies throughout puberty and by sex, higher calcium requirements during this time (due to
increased growth velocity) might lead to greater 25(0OH)D utilisation.

Intervention studies

Park et al. (2010) reported no effect of daily vitamin D; supplementation (25 ug/1000 IU) on calcium
absorption or skeletal retention in girls (n=11; age 12-14y). Calcium excretion in the supplemented
group increased by 33% but it is not clear if this was an adverse effect of supplementation or a
homeostatic response to an increase in calcium absorption.

Molgaard et al. (2010) reported that daily vitamin D; supplementation (5 or 10 pg/200 or 400 1U) for
12 months had no effect on indices of bone health in girls (n=221; age, 11-12y). However, following
stratification by the Fokl VDR gene polymorphism, whole body BMD (p=0.007) and BMC (p=0.048)
increased in a subgroup with the FF VDR (but not the Ff or ff VDR) genotype, indicating an influence of
VDR genotype.

Ghatzi et al. (2010) found no effect of vitamin D; supplementation (1250 ug/50,000 IU) administered
monthly (equivalent to 40 pug/1600 IU per day) vs bimonthly (equivalent to 20 pg/800 IU per day) vs
placebo for 6 months on a marker of bone resorption (CTX) in boys and girls (n=210; age, 14-20y).

Ward et al. (2010) reported no effect of vitamin D, supplementation (4 doses of 3750 ug/150,000 IU
over 1 year) on BMD and BMC in adolescent girls (n=69; age. 12-14y; 88% of South Asian origin).
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A pilot RCT in India (Khadilkar et al., 2010) investigated the effect of vitamin D supplementation on
size adjusted bone area and BMC in underprivileged adolescent girls (n=50; age, 14-15y) randomised
to receive either vitamin D, (7500 pg/300,000 IU) or placebo 4 times/year for 1 year; all participants
also received calcium (250 mg/d). Median (IQR) post supplementation serum 25(0OH)D concentration
was 75.2 (64.2-85.5) nmol/L in the intervention group and 28.1 (16.7-34.0) nmol/L in the placebo
group. There was no significant difference between the two groups in bone outcome measures.

Muscle strength and function
IOM Report: Muscle strength and function in children and adolescents was not considered.

Evidence considered since IOM

Intervention studies

Ward et al. (2010) examined the effect of vitamin D, supplementation (4 doses of 3750 pg/150,000 IU
over 1 year) on muscle function in adolescent girls (n=69; age, 12-14y; 88% of South Asian origin).
Mean baseline serum 25(0OH)D concentration increased significantly in the intervention group (18.1 to
56 nmol/L) but not in the control group (17.9 to 15.7 nmol/L). Efficiency of movement increased
significantly (by 5%; p=0.02) in the intervention group. An interaction was also found between
baseline serum 25(0OH)D concentration and jump velocity in the intervention group (p=0.02) with
greater change in those with lower baseline concentrations. There were no improvements in muscle
force or power.

Summary - Children(4-8y) and adolescents (4-17y)

Bone health indices

A systematic review and meta-analysis reported a significant positive effect of vitamin D supplementation on
total body BMC when baseline serum 25(0OH)D concentration was < 35 nmol/L. However these findings should
be interpreted with caution because of a number of limitations in the data and because the 35 nmol/L cut-off
was arbitrarily selected based on the distribution of data.

The majority of subsequent intervention studies did not find a beneficial effect of vitamin D supplementation on
bone health indices in children and adolescents. Out of 5 studies, none reported an effect of vitamin D
supplementation on bone health indices.

Muscle strength and function

One RCT reported a beneficial effect of vitamin D supplementation on muscle function in adolescent girls with
mean baseline serum 25(OH)D concentration of 18 nmol/L.

Adults under 50y

Bone health indices

IOM Report: Women of reproductive age were only considered during pregnancy and lactation. No
trial data were available and only 1 cohort study was considered; therefore no conclusions could be
drawn.
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Evidence considered since IOM (Table 14, Annex 2)

Intervention studies

A 1-year RCT (Islam et al., 2010) reported a beneficial effect (p < 0.001) of vitamin D supplementation
on femur BMD and BMC in premenopausal women in Bangladesh (n=200; age, 16-36y). Participants
received daily vitamin D either alone (10 pug/400 IU), with calcium (600 mg), with calcium plus a
multiple micronutrient (MMN) supplement, or placebo. Mean baseline serum 25(0OH)D concentration
was 36 nmol/L. After 1 year, significantly (p < 0.001) higher mean serum 25(OH)D concentrations
were observed in the vitamin D, vitamin D + calcium, vitamin D + calcium + MMN supplemented
groups (increase of 32-2, 32-4, 28-8 nmol/L respectively) but not in the placebo group (increase of
0-6 nmol/L). However, the results of this study should be interpreted with caution since it was
conducted in low-income Bangladeshi women with multiple micronutrient deficiencies and the
findings may not be applicable to healthy young women in the UK.

No data were identified on vitamin D and indices of bone health in young adult men.

Muscle strength and function

IOM Report: Muscle strength and function in adults under 50y was not considered.

Evidence considered since IOM report (Table 15, Annex 2)

Systematic review and meta-analysis

Tomlinson et al. (2015) investigated the effect of vitamin D supplementation on muscle strength in
adults (< 40y) in a systematic review and meta-analysis of 6 RCTs and 1 controlled trial (n=310; mean
age, 24y). Three studies also administered calcium: in 2 studies both control and vitamin D groups
were required to take calcium; in the 3" study, participants were randomised to receive placebo,
calcium, vitamin Ds, or vitamin D3 and calcium. Mean baseline serum 25(0OH)D concentration of
participants (reported in 5 studies) was 30.8 nmol/L. Overall, vitamin D supplementation significantly
improved upper (p=0.005) and lower (p=0.04) limb muscle strength.

Cohort studies
No cohort studies could be identified.

Stress fracture prevention

Stress fractures are caused by repetitive sub-maximal loading of bone which ultimately results in a
decrease in the intrinsic ability of the bone to repair itself, leading to an accumulation of
microdamage. Stress fractures are therefore considered to be reflective of poor bone health and are a
common problem in the younger, physically active population including many athletic groups (e.g.,
long distance runners). They are also a significant problem in military forces in the UK, US and Europe;
for example, in the UK military, the current prevalence of pelvic stress fractures is 8-10% and tibia
stress fractures is 6-7%.

IOM Report: Data on vitamin D and stress fracture prevention in the younger adult population were
not reviewed. A study that reported a reduction in the incidence of stress fractures in Navy recruits
supplemented with a vitamin D and calcium was cited (Lappe et al., 2008) but its generalisability to
the general population was questioned. This study is considered further below.
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Evidence considered (Tables 16-18, Annex 2)

Intervention studies

Lappe et al. (2008) investigated the effect of vitamin D (20 pg/800 IU) and calcium (2000 mg)
supplementation vs placebo for 8 weeks on stress fracture incidence in female Navy recruits (n=5201;
age, 17-35y). Based on an intention to treat analysis, the calcium and vitamin D supplemented group
had a 20% lower incidence of stress fracture than the control group (5.3% vs. 6.6%; p < 0.0026). Per
protocol analysis of recruits who completed the study (n=3700) reported a 21% lower incidence of
fractures in the supplemented vs the control groups (6.8% vs. 8.6% respectively; p < 0.02). Although
the results indicate a protective effect of vitamin D, no information was available on baseline or final
serum 25(0OH)D concentrations and the data are confounded because the supplement also included
calcium. History of exercise was also inversely correlated with fracture risk; participants who
exercised > 3 times/week had a 30% lower risk of stress fracture than those who exercised less
(p=0.004). Other studies of military recruits have also reported decreased risk of fracture associated
with regular physical activity (Rauh et al., 2006; Shaffer et al., 2006).

Cohort studies

A systematic review and meta-analysis of 8 observational studies (5 prospective cohort; 2 nested case
control; 1 case-control) examined the association between serum 25(0OH)D concentration and stress
fractures in military personnel (n=2634; age, 18-30y) (Dao et al., 2015). In the individual studies,
mean/median serum 25(OH)D concentration ranged between 45 and 82 nmol/L in stress fracture
cases and 52 and 109 nmol/L in controls. In the 3 case control studies which measured serum
25(0OH)D concentration at time of stress fracture diagnosis, the pooled mean difference was
significantly lower in stress fracture cases compared with controls (-5.6 nmol/L; 95% Cl, -9.7 to -1.6;
p=0.007). In the 5 prospective cohort studies which measured serum 25(0OH)D concentration at
baseline, the pooled mean difference was not significantly lower in stress fracture cases than controls
(-6.6 nmol/L; 95% Cl, -14.5 to 1.3; p=0.1).

A subsequent cohort study (Davey et al., 2016) which prospectively followed Royal Marine (RM)
recruits (n=1082 males; age, 16-32y) through a 32 week training programme reported that the Odds
Ratio of stress fracture for recruits with baseline serum 25(OH)D concentration < 50 nmol/L compared
with =50 nmol/L was 1.6 (95% Cl, 1.0-2.6).

Associations between serum 25(0OH)D concentration and reduced stress fracture risk in observational
studies could be confounded by the association observed between exercise and reduced stress
fracture risk (Lappe et al., 2008). People who regularly exercise are likely to spend more time
outdoors and have higher serum 25(OH)D concentration as a consequence of greater UVB exposure.

Data for an association between serum 25(OH)D concentration and stress fractures in younger non-
military populations are mainly observational, sparse and inconsistent.
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Summary - Adults < 50y

Bone health indices

One RCT reported a beneficial effect of vitamin D supplementation on femoral BMD and BMC in premenopausal
women in Bangladesh. These findings may not be applicable to premenopausal women in the UK.

Muscle strength & function

Evidence from a small meta-analysis of 7 intervention studies reported that vitamin D supplementation
improves limb muscle strength in adults with mean baseline serum 25(OH)D concentration of around 30 nmol/L.
Stress fractures

One intervention study reported a beneficial effect of vitamin D supplementation on stress fracture incidence in

female Navy recruits, however the data could be confounded because the supplement also included calcium.

Evidence from a systematic review and meta-analysis of 8 observational studies in military personnel found a
positive association between higher serum 25(OH)D concentration and a lower risk of stress fractures. However,
a higher serum 25(0OH)D concentration might be a proxy for previous exercise which is also protective of fracture
risk.

The evidence in non-military population groups is sparse and inconsistent.

Adults 50y and above

Bone health indices

IOM Report: The IOM reported discordance between results from RCTs and the majority of
observational studies. A total of 19 studies were considered: 1 out of 6 RCTs, 4 out of 7 cohort studies
and all 6 case-control studies reported an association between serum 25(0OH)D concentration and
BMD/bone loss. The IOM concluded that there was fair evidence from observational studies to
support an association between serum 25(OH)D concentrations and BMD or changes over time in
BMD at the femoral neck but not at other sites. Serum 25(0OH)D concentration below which bone loss
at the hip was increased ranged from 30 to 80 nmol/L.

Evidence considered since IOM report (Tables 19-21, Annex 2)

Systematic review

A systematic review and meta-analysis (Reid et al., 2014) examined the effects of vitamin D
supplements on BMD. A total of 23 trials (mean duration 23.5 months; n=4082; mean age, 59y*) in
mainly white populations were included. Mean serum 25(OH)D concentration at baseline was

< 30 nmol/Lin 5 studies (n=1181), 30-50 nmol/L in 3 studies (n=610), 50-75 nmol/L in 11 studies
(n=1860) and > 75 nmol/L in 1 study (n=187). Calcium supplements were administered to all groups in
12 studies. No significant effect of vitamin D supplementation was found on BMD in either the spine
or the total hip. There was a significant increase in femoral neck BMD (weighted mean difference
0.8%; 95% Cl, 0.2-1.4; p=0.005) but there was evidence of heterogeneity in the data (P=67%;
p<0.0003). The authors suggested this effect could have been artifactual or a chance finding.
Subgroup analysis showed that age, study duration or administration of calcium did not affect
outcomes.

“® Average age was < 50y in 6 studies (n=871).
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Intervention studies

6.107 A 3-year randomised population based open trial in Finland (Karkkainen et al., 2010) examined
whether daily vitamin D (20 pg/800 IU) and calcium (1000 mg) supplementation could reduce bone
loss in postmenopausal women (n=593; age, 65-71y). The control group received no intervention.
Mean serum 25(0OH)D concentration at baseline was 50.1 and 49.2 nmol/L in the intervention and
control groups respectively and 74.6 nmol/L and 55.9 nmol/L (p < 0.001) respectively at the end of the
trial. Total body BMD was significantly greater in the intervention group than in the control group
(0.84% vs 0.19%; p=0.011) and BMD decrease at Ward’s triangle was lower in the intervention group (-
2.69% vs -2.83%; p=0.003). There were no differences between groups in BMD changes at the spine,
femoral neck, trochanter and total proximal femur. Analyses in compliant women®’ showed
significantly lower bone loss in femoral neck (-1.26% vs -1.73%, p=0.002), Ward'’s triangle (-1.63% vs
-2.83%, p < 0.0001), trochanter (0.25% vs —0.88%, p=0.001), and total proximal femur (-0.84%
vs-1.47%, p < 0.0001) compared to the control group. Total body BMD also increased more in the
intervention group (+1.31% vs +0.19%, p=0.002). Bone loss at the lumber spine, however, was greater
in the intervention group (+0.67% vs +0.76%, p=0.03).

6.108 A 1-year RCT in Scotland (Macdonald et al., 2013) compared the effect of 2 different doses of vitamin
D; supplementation (10 pg/400 IU or 25 ug/1000 IU daily) and placebo on BMD in postmenopausal
women (n=305; mean age, 64.6y). Mean BMD loss at the hip was significantly less in the group
assigned to 25 pg (1000 IU) of vitamin D3 (p < 0.05) compared with the groups assigned to 10 ug
(400 IU) vitamin D3 or placebo. There were no differences in markers of bone metabolism (P1NP,
CTX).

Cohort studies

6.109 A prospective study in six US centres with 4 years follow-up (Ensrud et al., 2009) reported an inverse
association (p trend = 0.01) between baseline serum 25(0OH)D concentration and BMD loss rates (hip
and trochanter) in community dwelling men (n=1279; mean age, 73y). The effect was observed
mainly among men in the lowest quintile of baseline serum 25(0OH)D concentration (< 47.7 nmol/L)
where rate of hip bone loss was 1.5-fold higher than those in quintiles 2-5 (p=0.003). Hip bone loss
rates were similar among men in the higher quintiles and not significantly different from each other.
Subgroup analysis showed that lower serum 25(0OH)D concentration was associated with higher rates
of hip bone loss in men aged 2 75y compared to < 75y. No association was found between serum
25(0OH)D concentration and rate of hip bone loss among men < 75y.

Fracture prevention

6.110 10OM Report: The IOM reported that associations between serum 25(0OH)D concentration and risk of
fractures were inconsistent in the age group 51-70y. For the age group = 71y, it concluded that
supplementation with vitamin D, or D; did not reduce the risk of fractures but vitamin D (mainly
vitamin Ds) plus calcium had a beneficial effect in reducing fractures in institutionalised older
populations while the benefit in community dwelling individuals was inconsistent.

Evidence published since IOM report (Tables 22-24, Annex 2)

Meta-analysis
6.111 A meta-analysis on the efficacy of oral vitamin D supplements in preventing non-vertebral and hip
fractures among adults > 65y included data from 12 RCTs (n=42,279) on non-vertebral fractures and 8

* Those who took at least 80% of their supplementation.
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RCTs (n=40,886) on hip fractures (Bischoff-Ferrari et al., 2009b). The pooled relative risk was 0.86
(95% Cl, 0.77-0.96) for prevention of non-vertebral fractures and 0.91 (95% Cl, 0.78-1.05) for
prevention of hip fractures but there was significant heterogeneity for both end points. The pooled
relative risk of trials which administered doses above 10 pg/d (400 IU/d) was 0.80 (95% Cl, 0.72-0.89;
9 trials; n=33,265) for non-vertebral fractures and 0.82 (95% Cl, 0.69-0.97; 5 trials; n=31,872) for hip
fractures. The higher dose reduced non-vertebral fractures in community dwelling (29%) and
institutionalised individuals (15%).

6.112 Bolland et al. (2014) conducted a trial sequential meta-analysis*® on the effect of vitamin D
supplementation (alone and with calcium) on skeletal outcomes (total fracture & hip fracture; 22
trials; n=76,497; mean age, 53-89y), using a risk reduction threshold of 15%. There was statistically
significant heterogeneity between the results of trials of vitamin D and trials of vitamin D plus calcium
for hip fracture (p=0.004) but not for total fracture (p=0.4). Vitamin D alone did not reduce hip
fracture by 15% or more (12 trials; n=27,834). Vitamin D plus calcium reduced hip fracture in
institutionalised individuals (2 trials; n=3,853) but did not reduce the risk of hip fracture by 15% or
more in community-dwelling individuals (7 trials; n=46,237).

6.113 A Cochrane review of 53 trials (n=91,791; mean/median age, > 65 y) examined the effect of vitamin D
and its analogues (1,25(0OH),D) on fracture prevention (Avenell et al., 2014). Vitamin D alone (in the
forms and doses tested) vs placebo or no treatment had no effect on: hip fracture (RR=1.12; 95% Cl,
0.98-1.29; 11 trials; n=27,693); non-vertebral fractures (RR, 1.05; 95% Cl, 0.96-1.14; 12 trials;
n=22,930;); vertebral fractures (RR=1.03; 95% Cl, 0.76-1.39; 6 trials, n=11,396); or any new fracture
(RR=1.03; 95% Cl, 0.96-1.11; 15 trials; n=28,271;). Vitamin D plus calcium was no more effective than
calcium alone for: hip fracture (RR=0.84; 95% Cl, 0.63-1.13; 7 trials, n=7411); any non-vertebral
fracture (RR=0.96; 95% Cl, 0.76-1.16; 6 trials, n=3336); and vertebral fracture (RR=0.14; 95% Cl, 0.01-
2.77; 2 trials, n=2681). Vitamin D plus calcium vs placebo or no treatment resulted in a statistically
significant reduction in: risk of hip fracture (RR=0.84; 95% Cl, 0.74-0.96; 9 trials; n=49,853); incidence
of new non-vertebral fractures (RR=0.86; 95% Cl, 0.78-0.96; 8 trials; n=10,380); incidence of any
fracture (RR=0.95; 95% Cl, 0.9-0.99; 10 trials, n=49,976). There was evidence of a statistically
significant preventive effect of vitamin D plus calcium vs placebo or no treatment on clinical vertebral
fractures (RR=0.89; 95% Cl, 0.74-1.09; 4 trials, n=42,185).

Intervention studies

6.114 Sanders et al. (2010) examined the effect of a single high annual dose of vitamin D;
(12,500 pg/500,000 IU) for 3-5 years on fracture reduction in community dwelling women in Australia
(n=2256; median age, 76y). They reported an increased risk of fractures in the vitamin D
supplemented group compared to the placebo group (RR=1.26; 95% Cl, 1.00-1.59; p=0.047). Risk of
falls was also increased in the vitamin D supplemented group (see paragraph 6.144).

Cohort studies

6.115 A nested case-control study within a prospective cohort study in the US (Cauley et al., 2010) examined
associations between serum 25(OH)D concentration and fracture risk in men aged > 65y followed over
an average of 5 years. Men with incident non-spine fractures (n=436) including hip fractures (n=81)
were compared with a subcohort (n=1608). One SD decrease in total serum 25(OH)D concentration
was associated with an increased risk of hip fracture (multivariate HR=1.60; 95% Cl, 1.18-2.17).

“® Trial sequential analysis performs a cumulative meta-analysis but reduces the risk of false positive results from repetitive statistical testing by
maintaining the overall risk of type 1 error at 5%.
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Compared with men in the top quartile of serum 25(0OH)D concentration (= 70 nmol/L), men in the
lowest quartile (< 50 nmol/L) were at increased risk of hip fracture (HR=2.36; 95% Cl, 1.08-5.15;

p trend=0.009). However, the association was attenuated by more than 50% (p trend=0.065) after
adjustment for BMD. Serum 25(OH)D concentration was unrelated to non-spine fractures.

Cauley et al. (2011) reported divergent associations between serum 25(0OH)D concentration and risk of
fracture in a cohort of multi-ethnic women (white, n=400; black, n=381; Hispanic, n=193; Asian,
n=113; American Indian, n=46) followed over an average of 8.6 years. In multivariable models, serum
25(OH)D concentration > 50 nmol/L was associated with a lower risk of fracture in white women but a
higher fracture risk in black women. Serum 25(OH)D concentration > 75 nmol/L was associated with
higher fracture risk in Asian women; no significant associations were identified in the Hispanic or
Native American women.

A cohort study in Japan of community dwelling women (n=773; mean age, 74.6y) followed up for 6
years (Nakamura et al., 2011), reported that the adjusted hazard ratios of limb and vertebral fractures
for the first (< 48 nmol/L) and third quartile (59-71 nmol/L) of serum 25(0OH)D concentration
compared to the fourth quartile (> 71.0 nmol/L) were 2.82 (95% Cl, 1.09-7.34) and 2.82 (95% Cl, 1.09-
7.27) respectively. However, the hazard ratio for the second quartile of serum 25(OH)D concentration
(= 47.7 to < 59.2 nmol/L) compared to the fourth quartile was not significant (HR=1.84; 95% Cl, 0.68-
4.98). The pooled adjusted hazard ratio was 0.42 (95% Cl, 0.18-0.99) when the incidence in the fourth
quartile (> 71.0 nmol/L) was compared to other three quartiles combined (< 71.0 nmol/L).

A cohort study in the USA, which followed community dwelling white and black participants (n=2614;
age, > 70y) for 6 years, found no evidence of an association between serum 25(OH)D concentration
and hip and non-vertebral fractures (Barbour et al., 2012).

A cohort study which followed healthy postmenopausal women in Saudi Arabia (n=912; mean age,
61y) for 5 years (Rouzi et al., 2012), reported that compared to being in the highest quartile of serum
25(0OH)D concentration (45.1 nmol/L) being in the lowest quartile (< 17.9 nmol/L) was an independent
risk factor for osteoporosis related fractures (RR=1.63; 95% Cl, 1.06-2.51).

Muscle strength and function

IOM Report: Although the IOM considered ‘physical performance’ and ‘falls’ as independent
indicators the evidence for both was considered together because of the integration of these
indicators in the literature reviewed. The IOM concluded that there was a lack of sufficiently strong
evidence (from RCTs and observational associations) on vitamin D with or without calcium and risk of
falls and poor physical performance to support DRI development. Evidence from RCTs in particular
showed outcomes that varied in significance and did not support observational findings or a causal
relationship. The IOM concluded that, overall, data from RCTs suggested that vitamin D doses of at
least 20 pg/d (800 IU), either alone or in combination with calcium, may have beneficial effects on
measures of physical performance; however, the evidence was considered insufficient to define the
shape of the dose-response curve for higher intakes.

Evidence considered since IOM report (Tables 25-27, Annnex 2)

Systematic reviews & meta-analyses
A systematic review and meta-analysis of 13 RCTs (n=2,268; mean age, 78y) assessed the efficacy of
vitamin D supplementation on muscle strength, gait and balance (Muir & Montero-Odasso, 2011). A
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significant improvement was reported in postural sway (p=0.04), timed up and go test (p=0.03) and
lower extremity muscle strength (p=0.04) but not on gait. Mean serum concentration (provided in 12
studies) ranged between 24.5 and 65.7 nmol/L at baseline (and was < 50 nmol/L in 10 out of 12
studies).

Stockton et al. (2011) conducted a meta-analysis of 17 RCTs (n=5072). Participants were aged > 60y in
most studies but 2 studies included younger adults (50-79y & 31.6 + 4.8y). No significant effect of
vitamin D supplementation was found on grip strength or proximal lower limb strength when mean
baseline serum 25(0OH)D concentrations were > 25 nmol/L; pooled data from 2 studies in which the
mean baseline serum 25(0OH)D concentration was < 25 nmol/L reported a significant improvement in
hip muscle strength (standardised mean difference, 3.52; 95% Cl, 2.18-4.85). However, both studies
were conducted in chronically hospitalised patients in Japan: 1 in stroke patients with hemiplegia
(Sato et al., 2005b) and the other in patients with Alzheimer’s disease (Sato et al., 2005a). The vitamin
D intervention in the study with Alzheimer’s patients was 15 minutes of sunshine exposure every day.
Out of the 2 other RCTs with mean baseline serum 25(0OH)D concentration < 25 nmol/L, 1 (Gupta et
al., 2010) was of younger participants (mean age, 31.6y) and reported a statistically significant
difference between treatment and control groups in grip (p < 0.001) and calf (p=0.04) strength but not
in pinch grip strength (p=0.07); the other RCT (Corless et al., 1985) recruited hospitalised patients and
found no significant effect of vitamin D supplements on strength score (derived from functional
activities).

Another systematic review and meta-analysis (Beaudart et al., 2014) included 30 RCTs (n=5,615; mean
age, 61y). Supplementation consisted of vitamin D alone in 14 studies and combined with calcium in
16 studies; 4 studies used vitamin D analogues (alfacalcidol and 1,25(0H),D). A small but statistically
significant positive effect of vitamin D supplementation on global muscle strength was reported
(standardised mean difference=0.17; 95% Cl, 0.03-0.31; p=0.02) but there was significant
heterogeneity (p< 0.001; I, 77.7%). The improvement in muscle strength was significantly greater
when mean baseline serum 25(0OH)D concentration was < 30 nmol/L (p=0.02), in people aged > 65y
(standardised mean difference, 0.25; 95% Cl, 0.01-0.48) and in hospitalised people compared to
community dwellers (p < 0.01). There was no significant effect of vitamin D supplementation on
muscle mass or power.

Intervention studies

Lips et al. (2010) compared the effect of a weekly vitamin D3 supplement (210 ug/8,400 1U) or placebo
for 16 weeks on postural stability and muscle strength in adults > 70y in the US and Europe (n=226).
Mean serum 25(0OH)D concentration increased from 34.7 to 65.5 nmol/L with supplementation but
there was no significant difference in postural sway or short physical performance battery (SPPB)
scores between the treatment and placebo groups. A post hoc analysis of participants subgrouped by
postural sway at baseline showed a treatment difference in participants with baseline sway 2 0.46 cm.
In this cohort (n=31), postural sway was improved in the vitamin D supplemented group compared
with the placebo group (p=0.047). In participants with baseline sway < 0.46 cm (n=179), there was no
difference between treatment groups.

Knutsen et al. (2014) compared the effect of daily vitamin D; supplementation (either 10 ug/400 IU or
25 ug/1000 IU) or placebo for 16 weeks on muscle strength and power in adults from minority ethnic

groups (n=251; age, 18-50y) living in Norway. The main outcome measure was the difference in jump
height pre and post intervention; secondary outcomes were differences in handgrip strength and

61



6.126

6.127

6.128

6.129

6.130

6.131

chair-rising test. Mean baseline serum 25(0OH)D concentration was 27 nmol/L (range, 5-87 nmol/L)
which increased to 43 nmol/L in the group supplemented with 10 pg/d (400 IU/d) vitamin D and to
52 nmol/L in the group supplemented with 25 pg/d (1000 IU/d). Vitamin D supplementation had no
significant effect on jump height, handgrip strength or chair-rising test in any group.

A small RCT in Australia (n=26; mean age, 69y) with the primary aim of assessing the effect of 50 ug/d
(2000 1U/d) of vitamin D; for 10 weeks on neuroplasticity, also measured muscle strength and function
(Pirotta et al., 2015). Mean serum 25(OH)D concentration increased from 46 to 81 nmol/L in the
vitamin D treated group, with no change in the placebo group (49 nmol/L at baseline). Compared to
baseline, there was a significant 8-11 % increase in muscle strength in the vitamin D supplemented
group (p < 0.05) but the changes were not significantly different from the placebo group. Vitamin D
supplementation had no effect on muscle power. However, this study was limited by the small
sample size and relatively short duration.

Cohort studies

Scott et al. (2010) examined the association between baseline serum 25(0OH)D concentration and
muscle function in community dwelling adults in Tasmania (n=686; mean age, 62y; 49% women)
followed for 2.6 years. At baseline, participants with a serum 25(OH)D concentration < 50 nmol/L had
significantly lower appendicular lean mass, leg strength, leg muscle quality and physical activity (all
p< 0.05). After adjustment for potential confounders, baseline serum 25(OH)D concentration was an
independent predictor of change in leg strength over time (p=0.027).

Another prospective study (Menant et al., 2012) of community dwelling adults in Australia (n=463;
age, 70-90y) reported that participants with serum 25(0OH)D concentration < 50 nmol/L had weaker
upper and lower limb strength, poorer balance and slower gait speed. Men (but not women) with
serum 25(0OH)D concentration < 50 nmol/L also had a significantly higher risk of falls during the 12
months follow up (IRR*=1.94; 95% Cl, 1.19-3.15; p=0.008).

A longitudinal analysis in the US (North Carolina) of community dwelling people (n=988; age, 77-100y)
with 3 years follow-up reported that SPPB scores and grip strength were lower in participants with
serum 25(0OH)D concentration < 50 nmol/L compared to > 75 nmol/L after adjustment for confounding
factors (Houston et al., 2011). Participants with serum 25(OH)D concentration < 50 nmol/L were at
greater risk of impaired mobility (HR=1.56; 95% ClI, 1.06-2.30).

A longitudinal study in Australia (Bolland et al., 2010) examined the association between serum
25(OH)D concentration and multiple health outcomes in community dwelling women (n=1471; mean
age, 74 y) followed up in a 5 year trial of calcium supplementation. Seasonally adjusted serum
25(OH)D concentration at baseline was < 50 nmol/L in 50% of the women. There was no increase in
risk of adverse consequences for any musculoskeletal outcome including loss of grip strength or falls
after adjustment for comorbidities and other confounding factors.

Another prospective study in Hong Kong followed community dwelling men (n=714; mean age, 73y)
over 4 years (Chan et al., 2012) and reported that > 90% had a serum 25(OH)D concentration

> 50 nmol/L at baseline. After adjustment for potential confounding factors, serum 25(0OH)D
concentration was not associated with baseline or change in appendicular skeletal muscle mass or
physical performance measures including grip strength, chair standing time or walking speed.

49 . .
Incident rate ratio.
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Michael et al. (2011) assessed measures of muscle strength in postmenopausal women (n=532) taking
part in the Women’s Health initiative Clinical Trial (USA). A physical performance summary score was
derived from three tests: timed walk, chair-stand, and grip strength. Mean baseline serum 25(0OH)D
concentration was 48.2 nmol/L. Across 6 years of follow-up, participants with baseline serum
25(0OH)D concentration = 75 nmol/L had higher physical performance scores compared to those with
serum 25(0OH)D concentration < 35 nmol/L (p trend 0.01). Baseline 25(0OH)D concentration had no
effect on rate of decline in physical performance.

Houston et al. (2012) examined longitudinal associations between serum 25(0OH)D concentration and
physical performance and strength in a cohort of men and women in the USA (n=2641; age, 71-80y).
Serum 25(OH)D concentration and physical performance and strength were measured at baseline and
after 2 and 4 years. Compared to participants with serum 25(0OH)D concentration = 75 nmol/L, a
concentration < 50 nmol/L was associated with poorer physical performance at ages 2 and 4y

(p <0.01). Although physical performance and strength declined over 4 years (p < 0.0001), rate of
decline was not associated with baseline serum 25(OH)D concentration.

Falls

In studies that have examined the relationship between vitamin D and fall risk, the outcomes usually
considered are ‘risk of falling” and ‘risk of being a faller'. Being a faller is a yes/no response & does not
take into consideration the fact that some fallers might fall once while others might fall on multiple
occasions. Since any fall might lead to a fracture, stopping people from falling at all would be the best
outcome; i.e., converting someone from being a faller to a non-faller. It is easier to demonstrate a
reduction in falls but, from a public health perspective, a decrease in the risk of being a faller is
probably more important. Among falls experts, the latter is generally regarded as a better marker of
efficacy of an intervention. Both outcomes are considered in the studies below.

IOM Report: The IOM report considered ‘falls’ and ‘physical performance’ together. It concluded that
there was a lack of sufficiently strong evidence (from RCTs and observational associations) on vitamin
D with or without calcium and risk of falls and poor physical performance to support DRI
development. Evidence from RCTs in particular showed outcomes that varied in significance and did
not support observational findings or a causal relationship. The evidence was also not constantly
supportive for a role of vitamin D combined with calcium in reduction of risk for falls.

The IOM considered 2 meta-analyses by Bischoff-Ferrari (2004, 2009a). The 2004 meta-analysis (5
RCTs; n=1,237) reported that vitamin D supplementation reduced the risk of falling by 22% (corrected
OR=0.78; 95% Cl, 0.64-0.92) compared with calcium or placebo. However, 2 of the included RCTs
administered activated metabolites of vitamin D (either 1,25(0OH)2D or 1la-hydroxycholecalciferol)
rather than vitamin D itself and the study which used 1,25(0OH)2D was the only trial that reported a
significant reduction in falls. Mean serum 25(0OH)D concentration ranged from 25.7-78 nmol/L at
baseline to 40.5-65>° nmol/L after supplementation. A secondary analysis which included 5 additional
studies (n=1001) in a sensitivity analysis reported a smaller but still significant effect size (corrected
RR=0.87, 95% Cl, 0.80-0.96).

The 2009 meta-analysis included 8 RCTs (n=2426) in the primary analysis but analysed separately the 2
trials which used an activated metabolite of vitamin D. Overall, there was a borderline reduction in
fall risk with vitamin D supplementation (pooled RR=0.87, 95% Cl, 0.77-0.99) but there was

50 . . . . .
Concentrations declined because intervention was active D.
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heterogeneity among trials for dose of vitamin D and achieved serum 25(0OH)D concentration. Vitamin
D doses of 17.5-25 ug/d (700-1000 IU/d) reduced fall risk (pooled RR=0.81, 95% Cl, 0.71-0.92) but
doses of 5-10 pg/d (200-400 IU/d) did not (pooled RR=1.10; 95% Cl, 0.89-1.35). Fall risk was also
reduced with achieved serum 25(0OH)D concentrations = 60 nmol/L (pooled RR=0.77; 95% Cl, 0.65-
0.90) but not with concentrations < 60 nmol/L (pooled RR=1.35; 95% Cl, 0.98-1.84). Active forms of
vitamin D reduced fall risk by 22% (pooled RR=0.78; 95% Cl, 0.64-0.94).

The IOM report highlighted a number of limitations in these meta-analyses which may have influenced
the overall results, including omission of some studies that met the inclusion/exclusion criteria and
inclusion of one study that did not meet the inclusion criteria. Another criticism related to the
inappropriate presentation and interpretation of the meta-regression analysis of the relative risk
against vitamin D dose or achieved serum 25(OH)D concentration. A reanalysis by the IOM reported a
null effect of vitamin D supplementation on falls.

Evidence considered since IOM report (Tables 28-30, Annex 2)

Systematic reviews and meta-analyses

A Cochrane review (Cameron et al., 2012) which assessed the effect of vitamin D supplementation on
fall prevention in adults aged > 65y°" in nursing care facilities and hospitals reported a significant
reduction in rate of falls (rate ratio=0.63, 95% Cl, 0.46-0.86; 5 trials; n=4603) but not risk of falling
(RR=0.98, 95% CI 0.89 to 1.09; 6 trials>*; n=5186). Mean baseline serum 25(OH)D concentration in the
included studies ranged from 23 to 59 nmol/L.

A second Cochrane review investigated the effect of vitamin D supplementation on fall prevention in
community dwelling adults aged > 60y>* (Gillespie et al., 2012). Overall, vitamin D did not reduce rate
of falls (RaR>*=1.00; 95% Cl, 0.90-1.11; 7 trials; n=9324) or risk of falling (RR=0.96; 95% Cl, 0.89-1.03;
13 trials; n=26,747). A post hoc subgroup analysis of 4 trials that specifically recruited participants
with ‘Jow’ baseline serum 25(0OH)D concentration® reported a greater reduction in rate of falls
(RaR=0.57; 95% Cl, 0.37-0.89; 2 trials>®; n=260; baseline serum 25(0OH)D concentration, 24-28 nmol/L)
and risk of falling (RR=0.70; 95% Cl, 0.56-0.87; 4 trials®’; n=804; baseline serum 25(0OH)D
concentration, 24-55 nmol/L). For trials that did not select on baseline serum 25(OH)D concentration,
vitamin D supplementation had no effect on rate of falls (RaR=1.02; 95% Cl, 0.88-1.19; 3 trials;
n=3669) or risk of falling (RR=1.00; 95% Cl, 0.93-1.07; 9 trials; n=25,943).

A meta-analysis (Kalyani et al., 2010) of 10 RCTs in community dwelling and institutionalised adults

> 60y (n=2,932) reported a significant reduction in falls with supplementation (RR=0.86; 95% Cl, 0.79-
0.93), with fewer falls in the following subgroups: those aged < 80y; when calcium was co-
administered, when vitamin D; was used at doses > 20 ug/d (800 1U/d), supplementation > 6 months
and there was no previous history of falls or fractures. Mean baseline serum 25(0OH)D concentrations
in the included studies ranged from 23 to 82 nmol/L. Meta-regression analysis showed no significant
linear association between vitamin D dose or duration and risk of falls.

*! Trials were also included if the mean age was > 65y.

%21 trial tested a vitamin D supplement that included vitamin D plus calcium (Grieger, 2009).

** Trials also included if mean age minus 1 standard deviation was more than 60 years.

> Rate ratio.

> Baseline serum 25(OH)D in the 4 trials with lower concentrations: range 23.7-28 nmol/L (Dhesi et al, 2004), mean (SD) 25.2+12.9 nmol/L (Pfeifer et
al, 2000), mean (SD) 54.5+18 nmol/L (Pfeifer et al, 2009); mean (SD) 44.8+12.7 nmol/L (Prince et al, 2008).

*® Dhesi et al (2004); Pfeifer et al (2000).

*” Dhesi et al (2004); Pfeifer et al (2000); Pfeifer et al (2009); Prince et al (2008).
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Another meta-analysis (Murad et al., 2011) of 26 trials (n=45,782; mean age, 76y) reported vitamin D
supplementation significantly reduced fall risk (OR of at least 1 fall=0.86; 95% Cl, 0.77-0.96) but noted
substantial heterogeneity across studies (’=66%). Subgroup analysis showed risk reduction was
greater in participants who were considered vitamin D deficient®® at baseline but the mean serum
25(OH)D concentration in this subgroup was not specified. Risk reduction was also greater when
calcium was co-administered (vitamin D + calcium vs placebo, 10 trials, OR=0.83; 95% CI=0.72-0.93;
vitamin D + calcium vs calcium, 10 trials, OR=0.63; 95% Cl, 0.50-0.81). Vitamin D alone vs placebo did
not reduce risk of fall reduction (OR=0.97; 95% Cl, 0.84-1.11). The authors concluded that vitamin D
with calcium reduces the risk of falls however publication bias had exaggerated the estimates of risk
reduction.

A meta-analysis of 20 trials (n=29,535; mean age range, 71-89 y) (Bolland et al., 2014) reported no
effect of vitamin D supplementation, with or without calcium, on risk of falls (RR=0.96; 95% Cl, 0.91-
1.01). Subgroup analyses did not find significant interactions between baseline or achieved serum
25(OH)D concentration and fall risk. Sixteen trials reported serum 25(0OH)D concentration (mean
range, 22-75 nmol) with baseline serum concentration < 50 nmol/L in 12 trials. All trials reported
increases in serum 25(0OH)D concentration and 14 trials reported that serum 25(OH)D concentration
increased to > 50 nmol/L in the vitamin D intervention group. The need for further randomised trials
on effects of vitamin D supplements on falls was assessed using trial sequential analysis> with a risk
reduction threshold of 15%. In the 20 RCTs included in the analysis, the effect estimate for vitamin D
supplementation (+/- calcium) on falls lay within the futility boundary, indicating that it does not alter
the relative risk of falls by 15% or more.

Intervention studies

An RCT of community-dwelling women (n=2256; median age 76y) randomised to receive a vitamin D
supplement (12,500 pg/500,000 IU) or placebo on an annual basis for 3-5 years (Sanders et al., 2010)
reported a significant increase in rate of falls (RaR=1.15; 95% Cl, 1.02-1.30) and fractures (RR=1.26,
95% Cl 1.00-1.59) in the vitamin D supplemented group compared to placebo. A post hoc analysis
indicated that the excess falls and fractures occurred in the 3 months after dosing, when median
serum 25(0OH)D concentration was approximately 120 nmol/L after 1 month and 90 nmol/L after 3
months. This RCT used very high supplementation doses (provided as annual bolus) which may
explain why effects differed from those observed with daily supplementation.

In another RCT (Bischoff-Ferrari et al., 2016), community-dwelling men and women (n=200; mean age,
78y with a prior fall) were randomised to receive a monthly dose of either 600 pg (24,000 1U) vitamin
Ds, 1500 pg (60,000 IU) vitamin D; or 600 pg (24,000 IU) vitamin D3 + 300 pg 25(0OH)D; for 12 months.
The primary outcome was improvement in lower extremity function and achieving serum 25(0OH)D
concentrations = 75 nmol/L; a secondary outcome was monthly reported falls. The groups receiving
1500 pg (60,000 1U) vitamin D; and 600 pg (24,000 IU) vitamin D; + 300 ug 25(0OH)D; were more likely
to achieve serum 25(0OH)D concentrations = 75 nmol/L than the 600 pg (24,000 IU) vitamin D5 alone
group. There was no difference between groups in lower extremity function but the incidence of falls
was significantly higher in the 1500 pg (60,000 IU) vitamin D3 group (66.9%; 95% Cl, 54.4-77.5%) and

%% Studies categorised as having a vitamin D-deficient vs not deficient population based on: author description; baseline serum 25(0OH)D
concentration or inclusion of participants with at least 2 vitamin D deficiency risk factors (old age, dark skin, living in a nursing home, living far from
the equator, winter season, sunscreen use, wearing a veil, smoking, obesity, malabsorption disease, renal or liver disease, and use of medication.
*° Trial sequential analysis permits estimation of the point at which the evidence base is large and consistent enough to make further trials futile
because of the low probability that they will affect results of existing meta-analyses (Wetterslev et al, 2008).
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the 600 pg (24,000 IU) vitamin D; + 300 pg 25(0OH)D; group (66.1%; 95% Cl, 53.5-76.8%) compared
with the 600 pg (24,000 IU) vitamin D; group (47.9%; 95% Cl, 35.8-60.3%) (p=0.048).

Cohort studies

Menant et al. (2012) assessed the relationship between serum 25(0OH)D concentration and fallsin a
cohort of community dwelling adults (n=463; age, 70-90y) followed for 1 year. Rate of falls was
significantly increased in men with serum 25(0OH)D concentration < 50 nmol/L (IRR=1.94; 95% Cl, 1.19-
3.15; p=0.008) but not in women.

Genetic studies

A study in Italian adults (n=259; mean age, 85y; 66% women) reported that the bb genotype of the
Bsm1 VDR gene was associated with a reduced risk of falls compared with the BB genotype (Onder et
al., 2008). A subsequent study examined VDR polymorphism and falls risk in two separate cohorts
(Barr et al., 2010), the Aberdeen Prospective Osteoporosis Screening Study (APOSS; n=3,209; mean
age, 54.3y) and the Osteoporosis and Ultrasound Study (OPUS; n=1970; mean age, 66.9y). An increase
in falls risk with the BB Bsm1 genotype was found in both cohorts. An association was also found
between Bsm1 polymorphism and balance and muscle power measurements. There was no
association between risk of falls and serum 25(OH)D concentration.

Summary - Adults > 50y

Bone health indices

A systematic review and meta-analysis of 23 intervention trials reported a small benefit of vitamin D
supplementation on femoral neck BMD (weighted mean difference 0.8%; 95% Cl, 0.2-1.4) but no effect on BMD
in either the spine or total hip.

Out of 2 RCTs not included in the systematic review, 1 found beneficial effects of supplementation on total body
BMD and total hip BMD but not at other sites, while the other reported significantly less mean BMD loss at the
hip with vitamin D supplementation.

One cohort study showed an association between serum 25(OH)D concentration < 50 nmol/L and greater rate of
loss in hip BMD.

Fracture prevention

Evidence from 3 meta-analyses on vitamin D supplementation and fracture prevention is mixed. One meta-
analysis is supportive of a beneficial effect of vitamin D supplementation in reducing the risk of non-vertebral
and hip fractures. In the 2 other meta-analyses, vitamin D alone had no effect on fracture risk but both meta-
analyses reported a beneficial effect of vitamin D plus calcium on fracture prevention.

One RCT reported an increased risk of fracture with a single high annual dose of vitamin D
(12,500 pg/500,000 IU).

Evidence from 5 cohort studies is mixed: 3 studies reported that serum 25(0OH)D concentrations < 45, < 50 and
< 71 nmol/L are associated with increased fracture risk at some skeletal sites; 1 study found that a mean serum
25(0H)D concentration > 50 nmol/L is associated with lower fracture risk in white women but a higher fracture
risk in black women; 1 study found no association between serum 25(0OH)D concentration and fracture risk.

Muscle strength and function

Three meta-analyses of RCTs reported a beneficial effect of vitamin D supplementation on muscle strength and
function in adults > 50y with mean baseline serum 25(OH)D concentration of 24-66 nmol/L, < 30 nmol/L and

< 25 nmol/L; however the latter was based on 2 studies in hospitalised patients in Japan and may not be
applicable to the general population in the UK.
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Three subsequent RCTs were largely unsupportive of an effect of vitamin D supplementation on muscle strength.

Out of 7 cohort studies, 5 found an association between serum 25(OH)D concentration and muscle strength and
function in people with baseline serum 25(0OH)D concentration < 50 nmol/L; however, cut-offs were predefined
in most studies.

Falls

Evidence from meta-analyses of RCTs on vitamin D and falls is mixed. Out of 5 meta-analyses, 3 reported some
beneficial effect of vitamin D supplementation on reducing the rate of falls and/or risk of falling in adults > 50y
with mean baseline 25(0OH)D concentrations ranging between 23 and 59 nmol/L, 24 and 28 nmol/L, 24 and

55 nmol/L and 23 and 82 nmol/L; 1 meta-analysis reported a beneficial effect of vitamin D supplementation only
when it is administered with calcium; | meta-analysis found no beneficial effect of vitamin D supplementation
with or without calcium on risk of falls.

One RCT reported that a single high annual dose of vitamin D (12,500 ug/500,000 IU) increases the risk of falls.
Another reported an increased risk of falls with a monthly vitamin D dose of 1500 pg (60,000 IU) or 600 pg
(24,000 IU) vitamin D5 + 300 pg 25(0OH)D3; compared with 600 pg (24,000 1U) vitamin D3 alone.

One cohort study found an association between a mean serum 25(0OH)D concentration < 50 nmol/L and
increased rate of falls in men but not in women.

One genetic study reported that the bb genotype of the Bsm1 VDR gene was associated with reduced fall risk
compared with the BB genotype. A subsequent study found that the BB genotype was associated with increased
fall risk in 2 cohorts.

Conclusions - vitamin D and musculoskeletal outcomes

Rickets

Evidence on rickets in infants and children is mainly observational and therefore has the potential for
confounding. In case reports, individual serum 25(OH)D concentrations ranged between < 2.5 and

< 50 nmol/L. In observational and intervention studies, mean/median concentrations ranged between
5 and 50 nmol/L. A clear threshold serum 25(OH)D concentration above which there is no risk of
rickets could not be identified from the evidence considered; however, in the majority of studies,
individual or mean serum 25(OH)D concentration was < 25 nmol/L (the current threshold associated
with increased risk of vitamin D deficiency) in children with rickets.

It is not known whether the sole cause of rickets was vitamin D deficiency in all of the studies
considered since most did not provide information on calcium intakes. It is possible, therefore, that
the presence of rickets at serum 25(OH)D concentrations at or above 25 nmol/L might be explained by
calcium deficiency.

Although the risk of rickets increases at serum 25(OH)D concentrations < 25 nmol/L, this
concentration is not a clinical threshold diagnostic of the disease and most children in the general
population who have a serum 25(OH)D concentration < 25 nmol/L will not develop rickets.

Osteomalacia

Evidence on vitamin D and osteomalacia in adults is limited and drawn mainly from case reports. It is
not possible to discern a serum 25(0OH)D concentration below which there is a clear increase in risk of
osteomalacia. Serum 25(0OH)D concentrations ranged between 4 and 20 nmol/L in case reports; out of
2 cross-sectional analyses, the mean serum 25(OH)D concentration was 15 nmol/L in one study and

< 7.5 nmol/L for all participants in the other; and a minimum serum 25(OH)D concentration associated
with mineralisation defects could not be identified in a post-mortem analysis of bone biopsies.
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Bone health indices beyond rickets and osteomalacia

Bone health indices (BMC/BMD/biochemical markers of bone formation and resorption) were
considered in all life stage groups. Findings from studies that considered the effect of vitamin D
supplementation on bone health indices or associations between serum 25(0OH)D concentration and
bone health indices varied by life stage. Evidence was suggestive of a positive association between
maternal 25(OH)D concentration during pregnancy and bone health indices in the fetus/newborn,
however the physiological significance of this is not known. Evidence was also suggestive of beneficial
effects of vitamin D supplementation on bone health indices at some skeletal sites in adults aged

> 50y. Effects of vitamin D supplementation on bone health indices of infants, children and
adolescents is inconsistent but the majority of RCTs did not find any effect. The evidence base for
children aged 1-3y and adults aged < 50y was too small to draw any conclusions.

Fracture prevention

Data on vitamin D supplementation and fracture prevention in adults aged > 50y are mixed but
suggest that vitamin D plus calcium is more effective in reducing fracture risk than vitamin D alone.
On balance, vitamin D supplements had no beneficial effect on fracture risk in adults aged > 50y.

Evidence on the effect of vitamin D supplementation or serum 25(OH)D concentration and stress
fracture risk in younger age groups is insufficient to draw firm conclusions.

Muscle strength and function

Limited evidence suggests a beneficial effect of vitamin D supplementation on muscle function in
adolescent girls with a mean serum 25(OH)D concentration < 18 nmol/L and in adults aged < 50y with
a mean serum 25(OH)D concentration < 30 nmol/L.

In adults aged = 50y, evidence is mixed but, overall, was suggestive of a beneficial effect of vitamin D
supplementation on muscle strength and function at mean baseline serum 25(0OH)D concentrations
ranging between < 25 and 66 nmol/L. Evidence from cohort studies was also supportive of an
association between mean serum 25(0OH)D concentration and muscle strength and function when
baseline serum 25(0H)D concentration is < 50 nmol/L.

Falls

Evidence on vitamin D and falls is mixed but, overall, was suggestive of a beneficial effect of vitamin D
supplementation in reducing fall risk in adults = 50y with mean baseline serum 25(0OH)D
concentrations ranging between < 25 and around 80 nmol/L.

Two RCTs reported that high-dose vitamin D supplementation increased fall risk. The
supplementation dose was administered annually in 1 RCT (12,500 ug/500,000 IU) and monthly in the
other (1500 pg/60,000 IU or 600 pg/24,000 IU vitamin D3 + 300 pg 25(0H)D;). Serum 25(OH)D
concentrations achieved in these studies ranged from 75 to 90 nmol/L. High doses of vitamin D,
administered annually or monthly, may have different effects from daily supplementation at lower
doses.
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Non-musculoskeletal health outcomes (Tables 31-54, Annex 2)

Pregnancy and lactation: non-skeletal outcomes in mother and baby

IOM Report: In relation to maternal non-skeletal outcomes, the IOM report considered pre-
eclampsia/pregnancy induced hypertension® (PIH). No RCTs were identified. Two observational
studies reported associations between vitamin D and pre-eclampsia/PIH incidence but the data were
not conclusive. In relation to the effect of maternal serum 25(OH)D concentration on newborn non-
skeletal health outcomes, the IOM considered birth weight but noted conflicting evidence from RCTs
and observational studies.

Evidence considered since IOM report (Tables 31-36, Annex 2)

Maternal non-skeletal reproductive outcomes

Serum 25(OH)D concentration is stable or falls slightly during pregnancy and 1,25(0H),D concentration
approximately doubles from the first trimester until delivery, associated with a rise in DBP (Kovacs,
2008).

Postulated adverse effects of low serum 25(0OH)D concentration on maternal reproductive health
include: gestational diabetes mellitus, pre-eclampsia/PIH, increased risk of operative delivery, intra-
hepatic cholestasis of pregnancy and periodontal disease in pregnancy (Brannon & Picciano, 2011;
Dror, 2011; Finer et al., 2012).

Systematic reviews

A Cochrane systematic review (De-Regil et al., 2016) examined vitamin D supplementation alone (9
trials; n=1251) or combined with calcium (6 trials) on maternal outcomes. Vitamin D alone (2 trials;
n=219) had no effect on pre-eclampsia risk (RR=0.52; 95% Cl, 0.25-1.05) but vitamin D plus calcium (3
trials; n=1114) significantly lowered risk of pre-eclampsia (RR=0.51; 95% Cl, 0.32-0.80). Vitamin D
(alone or with calcium) had no effect on risk of gestational diabetes. However most trials were of low
methodological quality, sample sizes were small (40-400) and there was considerable variation in
vitamin D doses and regimens (5-50 ug/200-2000 IU daily; 875 pg/35,000 IU weekly; or

5000 ug/200,000 IU to 15,000 pg/600,000 IU single doses). The review did not include any
information or consideration about mean baseline 25(0OH)D concentrations in the included studies.

A systematic review of observational studies (Harvey et al., 2014) identified 11 studies (6 case-control,
4 cohort, 1 cross-sectional) that had examined the effect of maternal serum 25(0OH)D concentration
during pregnancy on PIH. Five studies (3 case-control, 1 cross-sectional, 1 cohort) reported significant
associations between maternal serum 25(OH)D concentration and risk of PIH; pooled results from 4
studies (Bodnar et al., 2007; Powe et al., 2010; Robinson et al., 2010; Azar et al., 2011) found no
association between PIH risk and serum 25(OH)D concentration. Eight studies (4 case-control, 1 cross-
sectional, 3 prospective) examined associations between maternal serum 25(0OH)D concentration and
risk of gestational diabetes. The findings were inconsistent but the majority of studies found no
association.

% pre-eclampsia, a serious complication that occurs during pregnancy, is characterised by high blood pressure and protein in the urine; PIH is
characterised by high blood pressure without the presence of protein in the urine.
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Intervention studies

An RCT in the US (Hollis et al., 2011) not included in the above review (De-Regil et al., 2016) reported
no effect of daily vitamin D; supplementation (10 pg/400 IU; 50 ug/2000 IU; or 100 pg/4000 IU) on risk
of instrumental delivery; however, there was no unsupplemented control group. A combined analysis
of the studies by Hollis et al. (2011) and Wagner et al. (2013a) also found no difference in
comorbidities of pregnancy by treatment group (Wagner et al., 2013b) but reported significantly
fewer comorbidities when serum 25(OH)D concentration at delivery was > 80 nmol/L. The latter
analysis was adjusted for study and ethnic group but not for other potential confounders.

Non-skeletal outcomes in the newborn

Effect of maternal serum 25(0H)D concentrations in pregnancy on neonate/infant “stores”

A key functional outcome of maternal serum 25(OH)D in pregnancy is provision of a fetal/infant
vitamin D ‘store’ available to meet later demands of the unsupplemented breastfed infant alongside
endogenous synthesis and intake from milk. Maternal and neonatal serum 25(OH)D concentrations
correlate at birth although cord blood concentration is lower than maternal concentration. UK studies
that measured both maternal and infant serum 25(OH)D concentration at birth, reported cord plasma
25(0OH)D concentrations around 60-70% of maternal value, slightly lower than the ratio cited in some
reviews (68-108%) (Greer, 2008).

The correlation between maternal and fetal serum 25(OH)D concentrations suggests that infants born
to mothers with low serum 25(0OH)D concentration have smaller ‘stores’ at birth than those born to
mothers with a higher 25(0OH)D concentration. The relatively few longitudinal data (none of UK origin)
show that serum 25(0OH)D concentration of breastfed infants falls with age and the correlation
between maternal and cord concentration weakens (Brannon & Picciano, 2011). Studies are
heterogeneous in outcome and the variance within studies is wide, making it difficult to attribute
confidently a time course over which cord serum 25(0OH)D concentration influences circulating serum
25(OH)D concentration during infancy. A figure of 8 weeks has been cited (Specker, 1994), assuming
that the mother’s serum 25(0OH)D concentration in pregnancy was sufficient, but can only be
considered an approximation.

Neonatal hypocalcaemia

Intervention studies

Two UK controlled trials (Cockburn et al., 1980; Brooke et al., 1981) and a French study (Delvin et al.,
1986) reported a reduction in neonatal hypocalcaemia incidence with maternal vitamin D
supplementation in pregnancy.

The study by Cockburn et al. (1980) was not randomised (allocation by hospital ward) but study
groups were treated concurrently. Participants (n=1139) received a vitamin D, supplement

(10 ug/400 IU) or placebo daily from the 12th week of pregnancy until delivery. Mean maternal
plasma 25(OH)D concentration at delivery was 43 nmol/L in supplemented women and 33 nmol/L in
controls. Corresponding 25(0OH)D concentrations were 28 and 20 nmol/L in umbilical venous blood
and 35 and 20 nmol/L in 6™ day capillary samples. Neonatal hypocalcaemia® occurred in 6% of the
intervention group infants and 13% of controls (p < 0.005). Out of 61 infants who had their teeth
examined in their 3" year, a significantly higher incidence of dental enamel hypoplasia was observed

®! Defined as plasma calcium < 1.85 mmol/L.
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in those born to control mothers and who had been hypocalcaemic compared to those born to
supplemented mothers.

Brooke et al. (1981) randomly allocated women of South Asian ethnic origin (n=126) to receive vitamin
D, (25 ug/1000 IU daily) or placebo in a double-blind design. Five control infants but no treatment
group infants developed symptomatic hypocalcaemia®. At delivery, between group differences in
mean maternal plasma 25(0OH)D concentration (168 nmol/L, intervention group; 16 nmol/L, control
group) and mean umbilical venous plasma 25(0OH)D concentration (138 nmol/L, intervention group;

10 nmol/L, control group) were very striking and have not been replicated in any subsequent studies.

Delvin et al. (1986) randomly assigned pregnant women (n=40) in the 6™ month of pregnancy to
receive either vitamin D; (25 pg/1000 IU daily) or no treatment. There was a significant decrease

(p <0.002) in serum calcium at 4 days of age in both groups although to a lesser extent in infants born
to the supplemented mothers (p < 0.05).

Birth weight and length, small for gestational age

Systematic reviews

A Cochrane systematic review of randomised trials (De-Regil et al., 2016) reported no difference in
birth weight of infants born to vitamin D supplemented women compared to those of mothers who
were not supplemented (5 trials; n=715). Four trials (n=638) suggested a trend for higher birth length
(p=0.06) among infants whose mothers had taken vitamin D supplements during pregnancy compared
to no treatment/placebo but there was considerable heterogeneity (/° = 77%) and a significantly
higher mean head circumference at birth (mean difference=0.43; 95% Cl, 0.03-0.83). Three trials
(n=477) suggested that vitamin D supplemented women had a lower risk of a preterm birth (RR=0.36;
95% Cl, 0.14-0.93); however vitamin D plus calcium supplements (3 trials; n=798) during pregnancy
appeared to increase risk of preterm birth (RR=1.57; 95% Cl, 1.02-2.43). The authors noted that most
of the trials were of low methodological quality with many studies at high risk of bias for blinding and
attrition rates and advised caution in the interpretation of the findings.

Another systematic review (Harvey et al., 2014) identified 9 intervention studies (n=40-350); only 1 of
these was double-blinded and placebo controlled (Brooke et al., 1980). Three studies (all from India)
reported birth weight was significantly greater in infants of vitamin D supplemented mothers but the 3
studies from the UK (Brooke et al., 1980; Congdon et al., 1983; Yu et al., 2009) did not. Meta-analysis
of the studies did not find a significant difference in birth weight between supplemented and
unsupplemented groups. Out of 2 RCTs which examined birth length, 1 (Brooke et al., 1980) found no
effect of daily vitamin D, supplementation (25 pg/1000 IU) during the last trimester while the other
(Marya et al., 1988) reported significantly higher birth length (p < 0.001) in infants of women
supplemented with vitamin D5 (15,000 pg/600,000 IU in 7" and 8" month of gestation). Two trials
(Brooke et al., 1980; Yu et al., 2009) found no effect of vitamin D supplementation on risk of offspring
being born small for gestational age® (SGA).

The Harvey et al. (2014) review also included 19 observational studies on the association between
maternal serum 25(0OH)D concentration and infant birth weight (14 cohort, 5 cross-sectional); 3 out of
14 studies that had measured maternal serum 25(OH)D concentration reported a significant positive
association with infant birth weight. Out of 8 cohort studies, none found an association between

®? Defined as plasma calcium < 1.8 mmol/L)
% Both trials defined SGA as infants born below the 10" percentile for birth weight.
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maternal serum 25(OH)D concentration and offspring birth length. However one Dutch prospective
cohort study (n=3730), reported that length of infants born to mothers with serum 25(0OH)D
concentration < 30 nmol/L compared to = 50 nmol/L was significantly lower at 1 month and the
infants were at higher risk of being SGA (Leffelaar et al., 2010). Three out of 7 studies (4 cohort, 2
case-control & 1 cross-sectional study) that assessed the relationship between SGA and maternal
serum 25(0OH)D concentration reported a significant association: 2 reported an inverse association
while 1 (Bodnar et al., 2010), a nested case control study in the USA of black and white women (from
< 16 wks gestation), observed a U-shaped association among white mothers with a significantly
increased risk at serum 25(0OH)D concentration < 37.5 nmol/L and > 75 nmol/L. There was no
association between serum 25(0OH)D concentration and SGA risk among black mothers. It has been
suggested that an interaction between VDR genotype and serum 25(OH)D concentration, as also
observed by (Morley et al., 2006; Morley et al., 2009) in an Australian cohort, might explain
differences between populations.

Intervention studies

An RCT in the USA, of pregnant women (n=257; 12-16 weeks gestation) supplemented daily with
vitamin D3 (50 pg/2000 IU or 100 pg/4000 IU) reported no differences in neonatal birth weight,
gestation or health (Wagner et al., 2013a). A combined analysis of the RCTs (n=759) by Wagner et al.
(2013a) and Hollis et al. (2011) also found no differences in birth weight, gestation or neonatal health
(Wagner et al., 2013b). Data on birth length were not provided.

Another very large RCT (n=1134) in the UK (the MAVIDOS study), that examined the effect of daily
vitamin D supplementation (25 pg/1000 IU) during pregnancy (baseline serum concentration between
25-100 nmol/L) on neonate bone health (see paragraph 6.55), reported no difference between the
intervention and placebo groups in neonate birth weight, birth length and head circumference
(Cooper et al., 2016).

Observational studies

Burris et al. (2012) examined the association between 2nd trimester cord plasma 25(0OH)D
concentration and SGA (n=1067 white & n=236 black mother infant pairs). Mean second trimester
plasma 25(0OH)D concentration was lower in black (46 nmol/L) compared to white (62 nmol/L)
mothers. Mean cord plasma 25(0OH)D concentration was also lower in black (31 nmol/L) compared to
white (51 nmol/L) infants. Maternal plasma 25(OH)D concentration <25 vs >25 nmol/L was associated
with higher odds of delivering an SGA infant (OR=3.17; 95% Cl, 1.16-8.63) and infants with cord plasma
25(0OH)D concentration < 25 vs > 25 nmol/L had higher odds of being SGA (OR=4.64; 95%Cl, 1.61-
13.36).

Later growth and development of the offspring

Cognitive and psychological development
A prospective cohort study in Southampton, did not find an association between maternal serum

25(OH)D concentration in pregnancy and a