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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 atattime to reconsider thd®ietary
ReferenceValues (DRVSs) 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 skinitnbexxposed to sunlight, COMA considered

that dietary intakes of vitamin D were not necessary for most of the UK population (a6 4 1t was

assumed that skin synthesis of vitamin D in the summer would be enough to cover requireuegngsthe

winter. Referencélutrient 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 syeout 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 vitaminp@/aof #@0I1U/d),

throughout the year, for everyone in the general UK population aged 4y and above. The RNigséi10
(4001U/d) for the general UK population includes pregnhant and lactating women and population groups at
increased risk of vitamin D deficiency. Since there were inmuffidata to set RNIs for children aged under
4y, Safe Intakésare being recommended for this age group (8(ug/340-4001U per day for all infants

aged under 1y and 109/4001U 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 satisfgctitamin D status (as measured in the blood)
throughout the year, in order to protect musculoskeletal healttwas not possible to quantify and take
account of sunlight exposure in setting the DRVs because of the number of factors that affect endogeno
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.

| woul 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 SACHfimirg 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 vitamirs@btained from sunlight exposure as well as from food

and supplemerg. | 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 (Mester University) and Professor Antony
2dzy3 6YAYy3IQa [/ 2ffS3ST [2YyR2y0 F2NJ LINPGARAY3I KSE LI

B

oo

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

Background

s.1  Vitamin D igequired 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 sourcerfost 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).

s.2 Dietary RferenceValues (DRVSs) 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 ReferenceNutrient Intake (RNffor vitamin D was nioset for individuals (aged-@4y) with regular
exposure to sunlighbecause it was considered that enough vitamin D would be synthesised in the
summer to cover their needs in the winteRNIs for vitamin 7-10 ug/280-4001U perday) were set
only for UK population groups considered to be at risk of vitamin D deficiency: infadig;(0
pregnant and breasteeding womenadultsage65y and above those with limited sunlight exposure;
and women and children of Asian eibrorigin. The DRVs were reviewed and endorsed by COMA in
1998.

s.3  Although the DRVs were based on bone heatherging evidence has also suggested a range of
other health benefits of vitamin D. In 2007, the ScienfifilvisoryCommittee on Nutrition (SAGN
concluded thathere was insufficient evidence at that time to warrant reviewing the DRVs for vitamin
D set by COMA and that evidence on vitamin D andmasculoskeletal health was inconclusiva.
2010, SACN agreed to review the DRVs for vitantiedause a substantial amount of published data
had accumulated since its previous considerations

Terms of reference

s.4  The terms of reference were¢o review the Dietary Reference Values for vitamin D and make
recommendations This required a risk assessrhehthe 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 outes 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; o§k&in 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 supplementshd cutaneous vitamin D synthesis, to the vitamin D
status of the UK population.

2The RNI 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, d@iBydroxyvitamin D (1,25(0fD), in two

hydroxylation steps. The first hydroxylation is in the liver, whamamin 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(OHD.

Photobiology

Vitamin D is synthesised endogenously by the action of sunlight containing UVB radvéicin

converts 7dehydrocholesterol (DHC) in the epidermis to previtamin D followed by thermal
isomerisation to vitamin D. Exposure of skin to UVB radiagiinfluenced by many factorthese

include time of day, season, latitude, altitude, cloud cover, air pollution, clothing and sunscreen use.

g 1 GAGdzZRSE 0S8ft26 oT1'bs !'+. NIRAIFGAZ2Y A& &dFTA
latitude, vitamin D is not synthesised during the winter months. In the UK, suirliginted vitamin D

synthesis is only effective betwedaite Marchearly Apriland September and not from October

onwards throughout the winter months.

Lower plasma/serum 25(OH)D concentrations havenbaeserved in people with dadkin
pigmentation compared to those with lighter skin colour. It is not clear, howeversifgtdue to skin
pigmentation or to physiological ofdsstyle differences since daskin is only one of many cultural

and biological factors that could influence the plasma/serum 25(OH)D concentration of individuals
from ethnic groups with darker skingmentation.

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 vitanatu® s cause it

reflects vitamin D supply from cutaneous synthesis and diet but also because it has a lifg imalf

the circulation (about 2B weeks) and is not under tight homeostatic control. A limitation of its use is
that it has been observed toedrease 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(OH)D concentratiay also be influencday Body Mass
Indexand genetic variation.

There are also limitations associated with the methods used for measurement of serum 25(OH)D
concentration, since measurements can vary considerabh2(®s) depending on the type of assay
used. In addition, theris 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(OH)D concentration and health outcomes.

Vitamin D andhealth 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 ID.assessing the evidence, data from randomised
controlled trials (RCTs), then prospeetstudies, 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 relationshijthwitamin 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(OH)D concentrations or a threshold serum 25(OH)D concentration
associted with beneficial effects could be identified. An important limitation to this task was that
thereis no clear consensus on the threshold serum 25(OH)D concentration used to define vitamin D
deficiency or low status and cuffs varied across studies @were predefined according to different
criteria for deficiency. As a consequence, the selecteaffatwere insecure and made it difficult to
assess if there was a desesponse relationship.

Musculoskeletal health outcomes

Rickets

Evidence was mainly from cressctional 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 deficiemzy/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 concentragomol/L;

this concentraibn is, however, noa clinical thresholdiiagnostic of the disease.

Osteomalacia

Evidence was limited mainly to case reports. There was no clear serum 25(OH)D threshold
concentration below which risk of osteomalacia increased but indivichuatentrations were
<20nmol/Lincasereports Y R Y SIy 02y OShBimelL in krassectiogabaNal/ses

Bone health indiceone mineral content, bone mineral density, biochemical markers of bone

turnover)

Findings varied by life stage. d&mce suggested a positive association between maternal serum

25(0OH)D concentration during pregnancy and bone health indices in the fetus/newborn and beneficial
STFSOGa 2F GAGFYAY 5 adzllLX SYSy i I50yA BEffgctsdfiamida By S K S
supplementation on bone health indices in infants, children, adolescents and adifliswere

inconsistent. The evidence base for childres3y) and adults $0y was insufficient to draw

conclusions.

Fracture prevention

51 41 A y50yaremied But, og 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 fuction

Limited evidence suggested a beneficial effect of vitamin D supplementation on muscle strength and
function in adolescents and adultb8y with a preintervention mean serum 25(0OH)D concentration
<20nmol/L and B0 nmol/L respectively. For adélt 56y, 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 vitaingupplementation reduces fall risk in community
Rg St f Ay B0y Wil defai Basehine serum 25(0OH)D concentrations across a range of values.

Xii



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

Nonmusculoskeletal health outcomes

s.20 Non-musculoskeletal health outcomes considemgére: reproductive health (on maternal & newborn
outcomes), cancer, cardiovascular disease, hypertensieoaafie mortality, immune modulation,
infectious diseases, neuropsychological functioning, oral health andedated macular
degeneration.

s.21 Evidence on vitamin D and namusculoskeletal healtbutcomes 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 inconsisgnt.

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

s.22 Data on vitamin D and nemusculoskeletal health outcomes were considered insufficient to inform
the setting of DRVs for vitamin D. Musculoskeletal health (based ons;idsteomalacia, falls and
muscle strength and function) was selected as the basis for setting the DRVs for vitamin D.

S.23  Sudies on musculoskeletal health outcomes suggesting beneficial effects of vitamin D (rickets,
osteomalacia, falls, muscle strength &€tion) were considered further tassess whether a range or
threshold serum 25(OH)D concentration associated with beneficial effects could be identified. With
the exception of case reports, mastiudies 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.

S.24 There were many uncertainties in the data and wide variability in the mean and indiddrum
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 BB[Dconcentrations below about 20
30nmol/L. It was not possible to identifyspecificserum 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 thelwdies considered and measurement is influenced by the analytical
methodology. The current threshold of 28inol/L, used to define the concentration below which risk
of vitamin D deficiency increases, was therefore retained. This is not a clinical tlre&gmostic of
disease but indicative of increased risk of poor musculoskeletal health.

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

Vitamin D intakes
s.25 Mean dietary intakes of vitamin D from all sources (including supphesh) were: 810 ug/d (320
4001U/d) and 3.5ug/d (1401U/d) for nonbreastfed infants aged-41m and 1218m respectively; 2
3 ug/d (80-1201U/d)for breastfed infants aged 48m; 24 ug/d (80-1601U/d) for ages 1.54y; 5ug/d
(2001U/d) ¥ 2 NJ | R dzB5§ and 34 HoRIRL204601U/d)F 2 NJ Ay a G A G dzi A 266y.f A &SR

% 12,5009/500,0001U.
*1500p0/60,0001U or 600ug/24,0001U vitamin B + 300pg 25(0H)p
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Plasma/serum 25(OH)D concentration
Annualisedmean plasma 25(OH)D concentrations across the different age groups in the UK ranged
between 40 and 7@mol/L but were lower for institutionalised adults (around 13@ol/L).

The proportion of the populatiofby agewith a plasma 25(OH)D concentratio2snmol/L was: 2
8%, 5m3y; 1216%, 410y; 2024%, 1118y; 2224%, 1964y; 17H n:’z &by amd above. Nearly 40% of
institutionalised adults had a plasma 25(OH)D concentratias rmol/L.

For all age groups in the UK, mean plasma 25(OH)D concentrationwesss io winter and highest in
summer. Around 3@0% of thepopulation had a plasma 25(OH)D concentrati@b+xmol/L in

winter compared to 213% in the summer. A large proportion of some population groups did not

achieve a plasmserumu p 6 h1 05 O 2 yengglii iINBuinhe? §17%0f adults in Scotland;

16% of aduk in London; 5% of women of &th Asian ethnic origin iSouthern England; and 29% of
pregnant women in NW London).

Analysis by ethnicity showed that the annualised msarum 25(OH)D concentration was higher in
gKAGS | Rdfly@agrhollL$d@mpared to Asian (20rBnol/L) and black (27.@mol/L) adults.

Review of DRVs

Evidence suggests that the risk of poor musculoskeletal health is increased at serum 25(OH)D

cone@ntrations below 2:imol/L. This concentration therefore represent®d.J2 LJdzf | G A 2y LINE

f S @i8.ftha concentration that individuals in the UK should be above, throughout the year, in terms
of protecting musculoskeletal health.

It was not possild to quantify the sunlight exposure that would be required in the summer to achieve
' gAYy (dSNIJ &S NHzY H p25hnollBHecaugeyoiQte yiumber of facoys thag affect
cutaneous vitamin D synthesis.

The RNI for vitamin D was therefore deriveddstimating the average vitamin D intake that would be

NEIjdzA NBR F2NJ AVRAGARIZ & Ay G(KS 25¥molil2 The OKA S@S

average vitamin D intake refers to average intake over the long term and takes account of day to day
variations in vitamin D intake.

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 adufis/{28 64y) ard
adolescent girls (1§). The gerage daily vitamin D intake required to maintain serum 25(OH)D
concentrationk25 nmol/L in winter by the majority (97.5%) of the population was estimated to be
around 10ug (4001U). Data from these RCTs were extrapolated to younger age groups.

Data wee not available to relate serum 25(OH)D concentration in the infant clearly to current or long
term health. &fe Intake§rather than RNIs were therefore recommended for infants and children
aged under 4yn the range 08.5-10 ug/d (340-4001U/d).

® Average of reports from different months of the year.

®COMA (DH, 1991) setda{ | T § fok sprieniitrefds if there were insufficient reliable data to set DRy areQ & dz
intake atg KA OK GKSNBE Aa y2 NR&] 2F RSTAOASyOe: | ypHA%L)2 s
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S.39

S.40

S.41

S.42

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(OH)D
concentration of all individuals in the WKould not fall below 2Bmol/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
<25nmol/L are those with minimal sunshine exposure as a result of not spending time outdaprs (e
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 ergbst

g2dzf R 0S NBIldzANBR RdzZNAY 3 (KS &dzYY S28hniolL inF.5%y ( | Ay
of the UK population during the following winter because of the number and complexity of factors

that affect endogenous vitamin D production.

An RNI fovitamin D, of 1Qug/d (400IU/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(OH)D
O 2 y OSy (i2shmblA 2vlyen tKVB sunshine exposure is minimal. It sefieraverage 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 1g/d (4001U/d) proposed for the general UK population (aged 4y and above) includes
pregnant and lactating women and pdption groups at increased risk of having a serum 25(OH)D
concentration 25nmol/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. MBapt dzi A2y > | Qf
Lydr18Q 2F @GAGFYAY 5 Aa NBO2-YONFI(BU84R0IFAY fidagekS & S |
up to 1y (including exclusively breast fed and partially breast fed infants, from birth); apg/@d0

(4001U/d) for ages Lp to4y. 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 bes&taf having a serum 25(OH)D
concentraton <25nmol/L (see paragrap836above) as well as unidentified individuals in the
population at risk of having a serum 25(OH)D concentratias rmol/L in summer.

The RNI/Safe Intake for vitamin D refers to imiskromall 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 gltegies for the UK population to achieve the RNI ofig@ (4001U/d) for those
aged 4y and above and for infants and younger children to achieve a Safeiinthkegange 8.5
10pug/d (3404001U/d) at ages 0 to 4y and 1Qug/d (4001U/d) at ages 1 te<4y.

XV



Introduction

11

1.2

1.3

14

15

1.6

1.7

Background

Vitamin D is synthesised in the skin by the action of suntightainingultraviolet B (UVB) radiation
Skin synthesis is the main source of vitamin D for most pedpttary sources are essential @
exposure to sunlightontaining the appropriate wavelength limited.

The Committee on Medical Aspects of Food and Nutrition Policy (COMA) set Dietary Reference Values

(DRVSs) for vitamin D in 199DH, 1991 COMAdid not set a Reference Nutrient Intake (BNbr
groups in the population considered to receive adequate sunlight expd®oausedt was assumed
that, for most people, the amount of vitamin D produced by exposutd\¥® radiation in thgummer
would provideenough for their needs during winter.

Current UK @vernment advice is tha dietary intake of vitamin D isot necessary for indiduals
livingaWy 2 NJY I f . Cinlj Gerdai gréupsSLihe populatipwho are at risk of vitamin D
deficiency are advised to take a daily supplement:; pregnant and breastfeeding womargf4@o [U),
infants and children aged undey47-8.5ug/17.5-21 1U); adultsaged65y or above(10 ug/400 1U);
those with limited exposure to the sun (e.g., if they cover their skin for cultural reasons or are
housebound) (1Qug/400 IU) andwomen and childremf Asian origin (1Qug/400 IU). The DRVs for
vitamin Dwere reviewed and endorsed by COMA in 1€98/, 1998

Although thecurrentrecommendations for vitamin D are based on bone hedtithas beersuggestd
that vitamin D may have a role in other health outcomehichinclude reducing the risk of cancer
cardiovascular disease (CVD), infectious diseases and autoimmune diseases.

The evidence on vitamin D and healtlas previously considered by the Scientific Advisory Committee
on Nutrition (SACNh 2007(SACN, 20071y A0 a LR aAGARY 030 Ry SACRYi G YWY
concluded that there was insufficient evidened 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 200, SACN agreed teview the data on vitamin D because a significant amount of new
evidence had accumulated since its previous consideratinokiding: results from research
commissioned by the Food Standards Agency (FSA); a detailed report publighedristitute of
Medicine (IOM) in the United States (US)ietary Reference Intakes for Calcium and Vitamin D
(10M, 20118; andnumerous studies on vitamin D and various health outcomes.

Terms of Reference

TheSACN Working Group on VitamifMbG)was established in 2011 to consider whether the current
DRVs for vitamin D intakset by COMA in 199vere still appropriate to ensureitamin D adequacy

of the UK population in the context of current lifestyles and public health adeigeto 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.
8 Draft report published in 2010.
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1.8  The terms of reference wer¢o review the Dietary Reference Values for vitamin D and make
recommendationsThis required a risk assessment of the vitamin D status of the UK population and
consideration of thdollowing;

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

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

¢) 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 intglk@m natural food sources, fortified
foods and supplements) and cutaneous vitamin D synth&sitke vitamin D status of the UK

population.
Methodology
{1/ bQ& NBYAI
19 {1/ bQa NBYAG Aa (2 lFaasSaa G§KS N eéaluatingpiblishedSy ST A
AOASYOGATAO SOARSYOS YR o6FaSR 2y AGa FaasSaavSy

dietary recommendations are applicable to the UK general healthy population, including any
vulnerable &t risK) groups which have beedéntified. The are not intendedas guidancéor clinical
practiceand are not applicable tmdividual patient care Consideration of the evidendmseis
therefore restrictedargelyto studiesin healthy populationshat examine the role of garticular
nutrient/food in disease prevention rather than cure.

110 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 oheglier
outcomes. In addition, areas of uncertainty are identified and ftrenbasis ofecommendations for
further research. SACN's remit does not include providing advice on strategies for implementation of
AGad NBO2YYSYRI (A 2y adis riskdaSsdsEmeiit Knfl noOrdkiméadageinén Qa NP

Scope of report

111 Key issues considered ingheport 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 statusealth outcomes associated with vitamin D deficiency and
excess; and dietary vitamin D intakes and vitamin D status of the UK popul@hepotential
contribution of sunlight exposure and diet the vitamin D statuf the UK population was also
explored.
112 ¢KS 2DQa NBOPASg 2F (KS SOARSY OS riks/assgeiat@dwith y 5 Ay
sunlight exposure Althoughthe WG considered theontribution made by suight exposure to
cutaneous vitamin D synéisis, its remit did not include a review of other benefits of sunlight
exposure.
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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 settingRY¥dor vitaminD. The health
outcomes examined were those considered to be of public healdvance

1 Musculeskeletal health outcomesrickets osteomalaciabone health indices (e.gone mineral
content, bone mineral densitybiochemical markers of bone turnoveifacture preventiam, risk
of falls and muscliealth.

1 Nonmusculoskeletal health outcomegffect of vitamin D during pregnancy and lactation on
non-skdetal outcomes in mother & babgancers, CVD & hypertension;alluse mortality,
immune modulation infectious diseasg neuropsychological functioning, oral health and-age
related macular degeneration.

Process for consideration of the evidence

The I0OM report (2011) provided an important and comprehensive database and a useful reference
resource for consleration of the evidence on vitamin D and health outcomksorder to informits
considerations, the IOM commissioned two evidefesed systematic reviews which were conducted
by the Agency for Healthcare Research and Quality (AHRQ):-AH&G (Cranney et al., 20QAnd
AHRQTufts(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 sirits 2009 reviewNewberry et al., 2014 In general,

the main findingf the updatedid not differ from those of thearlier review(Chung et al., 20Q%r

the IOM update of the evidence.

The WG considered the data included in the IOM repagiether withevidence published since then
includingfindings from studies iddified in the AHRQ updatéNewberry et al., 2014

In this review, aystematic methodology was not used in the literature searches to update the
evidence. Instead, po&iin 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 papand the original studies cited in the ptishn
papers,provided the basis for discussions and judgements on the quality of the evidence. Evidence
published upgo March2016 was considered

9@l fdz2 GA2Y 2F GKS S JRarméno® BrtheEvauativn aE\BdBnc&vlich{ ! / b Qa
recognises the contribution of different study types in making an overall assessment. The framework
is based oran evidencehierarchywhich is used to judge th&trength of the evidencaccording to

study designbecause each studype hasits ownstrengths and weaknessen general, most weight

is placed on ranaimised controlled trials (RCTsince this ishe only study type that can demonstrate

a causal relationship between a particular intervention and a health outcdmss weighis placed

on observational (nofntervention) studiedecause such studies can only show an association

between an exposureand a health outcomeln addition,observational studies are potentially subject

to bias, confounding and reverse causality. Howgeités 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 nonrandomised intervention studies and prospective studies is given greater weighting than
other study designs (cassontrol, crosssectional and case reports).

®Last updated, May 2012. Availakde
https://lwww.gov.uk/government/uploads/system/uploads/attachment_data/file/480493/SACN_Framework_for_the_Evaluation_of_Eviténc



1.18

1.19

1.20

1.21

In assessing the evidence on vitamin D and health outcomes, data fromf&©GW&d byprospective
studies, were preferred in terms of informing the settingdi®Vs.However, the portfolioof evidence
that was consideredomprisedsomedata from other study types including casentrol and cross
sectional studies and case reports. Within in each study tygéemsmtic reviews/metaanalysesvere
considered first Individual studies thatontributed to or were published subsequent to the
systematic reviews/metanalysesvere then consideredWhere more than one systematic
review/metaanalysis addressed the same health outcome, there seasetimesoverlap in the
primary data selected fontlusion.

Consideration of the evidence base was restriateinlyto studies in healthy populations that
examined whether vitamin Beduced the risk of specific health outcomeasd not its effect as a
therapeutic agent in reducing severity or pregsionof pre-existing diseaseHowever, this was not
possible in considering the relationship between vitamin D and rickets and osteomalacia since the
evidence was drawn mainly from case reportsnalividualswho presented with symptoms of disease.

Data from the NationdDiet and Nutrition Surveythe Health Survey for England, the Low Income Diet
and Nutrition Survey, the UK Diet and Nutrition Survey of Infants and Young Chitdf¢ime Scottish
Health Survewere used to assess the vitaninstatus of the UK populatiorAdvice on adverse

effects of high vitamin D intakes wa@rovided by th&€€ommittee ondxicityof chemicals in food,
consumer products and the environmé@OT). Information on the photobiology of vitamin D was
providedbyt N2 FSaa2NJ ! yiz2ye ,2dzy3 6YAy3dQa /2ffS3Ss3
Manchester).

The draft report was made available for public consultation and the comments received from
interested parties were taken into coigeration before the report was finalisedhe working
procedures for the preparation and finalisation of the report are described in Annex 1.

[ 2



Biology and metabolism

21

2.2

2.3

2.4

25

2.6

Vitamin D plays an important role in the regulation of calcium and phosphorus metalaiigm
therefore, in bone healttfJones et al., 1998

Vitamin D is synthesised in the skin by the action of sunlight contadifRradiation. It can also be
obtained from the diet. When skin is regularly exposed to sunlight, cutaneous production is,
quartitatively, a more important source of vitamin D than dfefolick et al., 1980 Dietary vitamin D
supply becomesssentialf there is insufficient cutaneous synthesis (generally causedrigd solar
exposureduring the summer and lack of UVB containing sunlight during the winter

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

Chemistry

Vitamin D is classified as a secosteroid. VitamifClgH;4.O) differsstructurallyfrom vitamin

(G7H440) 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 agib2®an, 2003 (see
Figure 1) This difference means that the molecular mass of vitami{3®6.65g/mol) is 3.1% higher
than that of vitamin B(384.64g/mol).

FIGURE:Molecular structure of vitamins band D;

Vitamin D Vitamin

Units of measuremenand terminology

Vitamin D intake is expressed in International Units (IU) arianograms (pg). IUs are based on
antirachitic activity® measured in bioassays using rats. One IU of vitamin D is defined by the World
Health Organization (WH@} the activity produced by 0.026 of crystalline vitamin JWHO, 1950

1 pgof vitamin D3 is equivalent 0 IU. Although this definition is based on vitamigtivity, the
conversion continues to be generalised to both forms of the vitamin regardless of the difference in
their molecular mass.

Serundplasmaconcentration of25-hydroxyvitamin 025(OH)D]which is thanajor circulating
metabolite ofvitamin Q isexpressed as nanomoles per litre (nmol/L) or nanograms per millilitre
(ng/ml); 2.5nmol/L is equivalent to hg/ml. Howeverdue to the differencesn molecular mass,

“The amount required to prevent rickets.



there is not absolute correspondence in the conversion of ng to nm@%@@H)Dand 25(0OH)P The
inconsistencies relating to the measurement of the two forms of vitamin D need to be considered in
the interpretation of studies comparg vitamin D and Q.

2.7 Inthis report:
1 the wunit of measuremenusedto expresdntakeis ug; the correspondingamountin 1Us isalso
provided
9 the unitusedto expressserumplasma25(OH)Dconcentrationis nmoll;
1 the termplasmais used when describing physiological events; the tesemamor plasmaare
used as reported in specific studies; otherwise, for simplicity, the ssrmamis used.
Sources

2.8 Vitamin D is obtained by cutaneosgnthesisand from foods or dietary supplementsntaining either
vitamin Qor D;. Vitamin Ris the only form produced cutaneolys Vitamin 13 has also been
identified in some plantsseeparagraph2.15below). Vitamin B} is formed infungi and yeasby UVB
exposure of the steroid, ergoster(d cell membrane component of fungiiid small amounts are
present in plants contaminated with fungi

2.9 A metabolite of vitamin D, ZBH)D(see paragraph 2.302.31), ispresent in animal products.

Cutaneous synthesis

2.10 Vitamin B is produced endogenously fromdéhydrocholesterol (-DHC)n the skin of humans and
animals by the action of sunlight containing UVB radiation (wavelengtf828@m) or by artificial
UVB light. The-DHC in the epidermis is converted to previtamihich reaches a maximum
concentration in the skin within a few houfidolicket al, 1980 . Even with prolonged irradiation in
sunlight the amount of previtamin D formed is limited to-12% of the original-DHQMacLaughlin
et al., 1982Webb et al., 1988

2.1 Previtamin Ris thermodynamically unstable. It is converted to the more stable vitamin &n
uncatalysed temperaturglependent isomerisation reaction which takes place in the plasma
membrane of epidermal cells over a period2e8 days(Holick et al., 198MacLaughlin et al., 1982
Prolonged UVB exposure results in conversion of previtamia Mmisterol and tachysterol which
are biologically inactivéHolick et al., 1981 Cutaneous vitaming@an also undergo photoconversion
and isomerise into a variety of photoproducts including suprasterol I, suprasterol 1l and 5,6
transvitamin @ (Webb et al., 198P These photoconversions, which are reversible if concentratio
of previtamin R fall, prevent accumulation of toxic amounts of vitamigffdm cutaneous exposure
alone(Holick et al., 1980

2.12  The amount of vitamin fimade in the skin depends on exposuifethe skin to UVB radiation and
efficiency of cutaneous synthegidolick, 2005Webb, 2006. Exposure of skin to UVB radiation is
affected by anumber of factors such as time of day, season, latitude, altitude, cloud cover, air
pollution, as well as clothing and sunscreen us#iciency of cutaneas vitamin D synthesis may be
lowerin people wth darker skin pigmentatiofClemens et al., 1982ndin older peoplgMacLaughlin
& Holick, 198%but the evidence is limitedCutaneous synthesis of vitamin D, factors affecting its
productionas well asdverse efects of sunlight exposurare consideredfurther in chapter3.



Dietary sources

213 In the UK, the main dietary sources of vitamin D are foods of animal origin, fortified foods and
supplements.Commercial synthesis of vitamin 8nd B3 is by UVB irradiation ofFDHQfrom sheep
wool) and ergosterol (from fungi) respectivéBikle, 2009.

2.14 There are few naturdyl richfood sources of vitamin D. Foods that contain significant amounts are
mostly of animal origin and contain vitamin.DRich sources include egg ydR.6ug/5041U per
100g) and oilyfish (516 > 2R0-6401U perl00g) such as salmon, mackerkerringand sardines
(Finglas etl., 2015. Animal products such aseat, fat, liver and kidney also contain vitamig (D.1-
15> FH601U perl00g), as well as the vitamin D metabol2(OHP; (Ovesen et a) 2003.

2.5 Vitamin B and 7DHC have also beédentified in the leaves of some plaspeciesmostly belonging
to the Solanaceadamily (which includes vegetables such as potato, tomato and pefpapelt &
Jakobsen, 2003 Wide variations have been reported imow muchvitamin Dy and ZDHCthey
contairt™. It isnot yetknownif the edible portions also contain vitamin.D

2.16  Food sources of vitamin,@re limited. Wild mushrooms are a rich natural source, containing
approximately 130 g (520-12001U) perl00g fresh weigh{Mattila et al., 1994 Cultivated
mushrooms do not contain high amounts of vitamigdince they are grown in the dabkt UVB
treated vitamin B enhanced mushrooms are now commercially available

217 Foods are fortified with either vitaming@r D,. In the UK, all margarine sold for domestie uss
previously subject to mandatory fortification with vitamin D (and vitamin A) from 1940 until the
mandatory requirement was removed in 2013However, most margarines and &preads 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.

2.18 European Union (EU) law (Directive 2006/141/EC) stipulates vitamin Octditih of infant formula
(1-2.51g/40-1001U perl00kcal) and followon formula (23 pg/40-1201U perl00kcal).

219 Inthe US, almost all mifkis fortified with vitamin D on a voluntary basis (/L ; 385IU/L)(FDA,
2009. Other foods fortified on a voluntary basis include breakfast cereals (about 75%), milk
substitutes (slightly more than 50%), yogtsuabout 25%) and cheeses, juices, and spread4d¥8)
with amounts ranging from-2.5ug (401001U) per servingYetley, 2008 Addition of vitamin D to
infant formula is mandatory (1-2.5ug or 40100 IU per 10®&cal).

2.20 In Canada, fortification of milk (3Bug or 3345 IU per 100nl) and margarine @ug or 530U per
100g) with vitamin D is mandatolyand fortified plantbased beverages (such as soy milk) must
contain an amount equivalent to that in milkafant formula must also be fortified on a mandatory
basis (12 ug or 4080 1U per 10kcal).

221 Dietary vitamin D supplements contain either vitamgobD;. Vitamin D supplements can alse
administered by intramuscular injection. The contribution that supplements make to vitamin D
intakes in the UK is considereddnhapter8.

vitamin Q3 (<0.1-0.28ug/g dry weight; 0.42 pg/g fresh weight); DHC (0.2..3 ug/g dry weight; 558 ug/g fresh weight).

PwSY2@SR a4 LI NI Red TafiefCBalleDge SRy YBF i IQAY2 FENNERAZOAMRSYKSTWNBIdzA | (A2YQ
(http://www.redtapechallenge.chinetoffice.gov.uk/home/inéx/).

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

“DA Code of Federal Register Title 21, Sec.107.100 infant formula: nutrient specifi¢atiaitable at
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfrICFRSerach.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

Absorpion of dietary vitamin D

Dietary vitamin D is lipid soluble and is absorbed with {olmgin triglycerides in the small intestine
(Haddad et al., 1993 Ingested vitamin D is incorporated into chylomicrons within the enterocytes
andtransportedthrough the lymph into the systemic circulatigDueland et al., 1983

Absorption d ingested vitamin D has been reported to range from 62 to @l86mpson 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 differehicles (powders, lipids,
ethanol) on the absorption of vitamin D supplements reported that absorption was greatest inthe oil
based vehicléGrossmann & Tangpricha, 2Q1Bowever, the authors noted the limited number of
studies that have invegtated this issue.

An RCTBiancuzzo et al., 20)€hat compared vitamin 25 ug/10001U perday) 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 sndyll thtat 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 pduced vitamin Benters the extracellular fluid before diffusing into dermal capillaries
(Holick, 201). After entering the circulation it is transported to the liver boundritamin D binding
protein (DBP), which is synthesised in the Ii¢taddad, 19956 Dietary vitamin Band 3 are

transported in chylomicrons via the lymph and blood plasma to the liver.

The appearance of vitamin D in plasma is shieed since it is either taken up by adipose and other
tissues or metabolised in the liv@vlawer et al., 1972 The plasma haffife of vitamin D is about-6
hours(Mawer et al., 1971

Conversion to active metabolite

The active metabolite of vitamin D is 1;8Bydroxyvitamin D (1,25(0HD)). Conversion of vitamin D
to 1,25(OH)D occurs in two sequential hydroxylation st€peLuca, 1974 see kgure 2) The firstis
in the liver where vitamin D is hydroxylated to 25(OHybich is the major circulating metabolite of
vitamin D. The second hydroxylation step is in the kidney and other tissues where 25(OH)D is
converted to 1,25(OHIp.

The diference in the side chain between vitamin dhd 03 is maintained during metabolism, i.e.,
vitamin Qyis converted to 25(OHY2and then to 1,25(0HIps; vitamin B is converted to 25(OH}and
then to 1,25(0OHP, (Jones et al., 1998

Although vitamin Dundergoes similar metabolic transformations to vitamig Dis unclear if all
details of regulation and biological activity are identical to those of vitargi{iHBnry, 201} Vitamin
D, and its metabolites have a lower binding affinity to DBP than vitargan®its metabolites
(Houghton & Vieth, 2006
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Hydroxylation to 25(OH)D

In the liver, hydroxylation of vitamin D to 25(OH)D is mediated by a cytochrome P450 (CYP) enzyme,
identified as CYP2RHlenry, 201). CYP2R1 appears to hydroxylate vitamiarid Qywith equal
efficiency(Strushkevich et al., 2008 Other 25hydroxylases have been found to have different

activities for vitamin Band vitamin R (Bikle, 2009.

Following hydroxylation in the liver, 25(OH)Ddsrgted into the circulation where it binds to DBP and
is transported to the kidney and some tissues for activation or breakdown. The 25@BMPDomplex
enters the kidney by receptemediated endocytosis, which is required to prevent loss of 25(OH)D in
the urine. Two multiigand endocytic receptors, megalin and cubilin, which are strongly expressed in
renal proximal tubules, are thought to be involved in the uptake of the-BEPH)D complex by the
kidney. The 25(OHJDBP complex can bind directly teegalin. The endocytic process is facilitated

by cubilin which sequesters the complex on the cell surface before internalisation via n{blykiizer

et al., 200). Megalin and cubilin are recycled back to the plasma membrane after intracellular
release of the 25(OH)YDBP complex.

Hydroxyldion to 1,25(OHP

In the kidney, 25(OH)D is further hydroxylated to 1,25¢DHi}s biologically active form, or to 24,25
dihydroxyvitamin D [24,25(OHD]. Production of 24,25(0) is usually the first step in the metabolic
pathway to inactivate 25(OH)vhich prevents vitamin D intoxicatigiNorman, 2008 Plasma
concentration of 24,25(0k0 is directly related to 25(OH)D concentration.

The conversion of 25(0OH)D to 1,25(¢lHis catalysed by CYP27B1, a mitochondrial P450 enzyme with
M Bhydroxylase activity which is produtén the proximal renal tubuléPrentice et al., 2008Bikle,
2009. Cowersion to 24,25(0OHD is by the 24ydroxylase enzyme, CYRRbrman, 2008

CYP27BL1 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
100nmol (Henry, 200% There is little correlation betwegriasmaconcentrations of 25(OH)D and
1,25(OH)D (Need et al., 200QLips, 2001Vieth et al., 2008

The metabolic fate of 25(OH)D depends on calcium requirements. When calcium is required by the
02R@Z I 3INBI SN LINE L2 NiydraxyatioR; B plentifud supply &f catbiyiniR S NH 2 S 3
results in greater proportion of 2Bydroxylation(Jones et al., 1998

Renal production, which is the principal source of 1,25¢DHf) theplasma mediates the functions of

the vitamin D endocrine system. However, a number of other tissues also have the ability to produce
1,25(OH)D. CYP27B1 mRNA, CYP27B1 protein and enzyme activity have all been detected in at least
nine extra renal tissues, including bofvan Driel et al., 20Q8ogawa et al., 2021@hou et al., 2010

skin (keratinocytes), placenta (decidua), breast, colon, prostate, endothelial cells, pancreatic islets and
parathyroid gland¢Norman, 2008and macrophage¢Crowle et al., 1987 Extrarenal 1,25(OHP
productiondoes not generally increase 1,25(GBIxoncentrations in the circulatigiNorman, 2003

and its effects appear to bestricted to paracrine and autocrine functions within these tissues.
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FIGURE 2: Vitamin D metabolism pathway
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Physiological regulation

Requlation of 25(0OH)D production

Plasma25(OH)D concentration is not subject to feedback regulation but appears to reflect vitamin D
supply from cutaneous synthesis and the dBhattacharyya & DelLuca, 1973The haHife of plasma
25(0OH)D is about-2 weekgLund et al., 1980while the halflife of 1,25(OHD isless than 4ours
(Holick, 2004a

Plasmaor serum 25(OH)D concentration is widely used as a biomarker of vitamin D statagdsef
itslong halflife in the circulation antbecause iis not subject to tight homeostatic contr@delLuca,
2008 Norman, 2008Bikle, 2009 Biomarkers of vitamin D status are consideredhapter4.

Plasma&25(OH)D concentration depends on the amount of vitamin veedd to the liver, the amount
produced by the liver and its hdlfe in plasma(Prentie 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(OH)D uptake atie rate of conversion to other metabolites (such as 1,25¢DH)
24,25(0H)D). Other factors affectinglasma25(OH)D concentration include the volume of
extracellular fluid and DBP concentratifueland et al., 198rwoll & Meier, 1986Lips, 2001
GascorBarre, 2005Liang & Cooke2005 Bolland et al., 2007 Serumconcentration of 25(OH)D has
alsobeen reported to decreaseuringthe acutephaseresponseto inflammation(Silva & Furlanetto,
2015 (seeparagraph4.10).

In addition, different polymorphism$of DBP have different affinities and transport efficiencies for
25(0OH)OSpeeckaert et al., 2006 Evidence from children with calciumsponsive ricket(Pettifor,

'8 polymorphisms are genetic variants that occur at a frequency of at least tH population

10
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1991) and from calciunddeficient rats(Clements et al., 19§ Buggests that low calcium intakes may
adversely affect vitamin D utilisation by increasimgakdownof 25(OH)D to inactive products that

are excreted irthe bile

Reqgulation of 1,2%)H}D production

Synthesis of 1,25(0H) in the kidney is tightly regulated. Upregulation is through the aatio
parathyroid hormone (PTH) and dowegulation is through fibroblast growth factor 23 (FGF23) and
direct negative feedback by 1,25(@QB)itself(Henry, 201).

Calciumsensing proteins in the parathyroid gland stimulate PTH secretion inmespo a fall in

serum ionised calcium concentration. PTH stimulates production of the CYP27B1 enzyme in the
proximal cells of the kidnefBajwa et al., 2008vhich increases renal synthesis of 1,25(DHHenry,

2011). 1,25(0OHPD exerts a direct negative feedback by downregulating the expression of the gene for
CYP27B1, the enzyme required for its synth@ssiry, 201) It also exerts an indirect negative
feedback by reducing secretion of PNdrman, 2008Holick, 201} Additionally, 1,25(OHIp

induces its own degradation by stimulating production of the CYP24A1 enzymdwya@kylasdhat
converts 1,25(OHIp and 25(OH)D to watesoluble compounds which are excretdgaough bile(Jones

et al., 1998.

FGF23 mediates the regulatory effect of serum phosphate concentrations on lowering 1 5(OH)
concentrationgShimada et al., 2004 It is secreted by bone osteoblasts and osteocytes in response
to increasing serum phosphate concentratiqhlenry, 201)and downmegulates 1,25(OH) synthesis
by inhibiting renal transcription of CYP27[Erwad et al., 2007 It also increases phosphate
excretion in the urine by reducing the number of sadiphosphate transporters in the renal brush
border membranegShimada et al., 200&egawa et al., 200.7

Extrarenal CYP27B1 enzyme activity is not ratad by calcium and phosphate regulating hormones

A 2 4 A x
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Catabolism andexcretion
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24-hydroxylation is the first step in the inactivation of 25(0OH)D and 1,2500B¥Luca, 2008
Degradation of both is cataled by the 2ydroxylase enzyme CYP24 (produced in the kidney) in a
series of four successive reactions to produce inactive wsarble compounds which are excreted in

bile (Henry, 201}

Through its inactivation of 1,25(0OfB) the CYP24 catalysed pathway plays an important role in
fAYAGAY3 GKS K2NX¥2YySQa
two to three orders of magnitude above background amouftsnry, 201}

Hran ihddage tieyels Gf CXESMRNA by & & dz8

Studiesin bird and mouse models suggest that 24,25(DHhay also have a biological role in bone
healing(Seo & Norman, 19956tArnaud, 201D

Storage/sequestration

Adipose tissués consideredo be the major storage/sequestration site for vitamir(Rosenstreich et
al., 1971 Mawer et al., 197palthough there is some evidence that muscle may also be a storage

tissue for 25(OH)Girgis et al., 2014
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A number of studies have reported adiposity and body mass ifBlei)to be inversely related to
serum 25(OH)D concentratiofisiel et al., 1988Arunabh et al., 2003 arikh etal., 2004 Snijder et al.,
2005 suggesting vitamin D is not readily available from adipose tissue and that, becatsse of
lipophilic nature, it is sequestered rather than stored. This is supported by some studies which
reported increases in serum 25(OH)D concentrations with weight reduction in obese individuals
(Zittermann et al., 2009T zotzas et al., 2010

Details about accumulation and mobilisation of vitamin D stores from adipose tissue and othes tissu
such as muscle are not clear at this tigi@M, 201).

Mechanism of action

1,25(OH)D elicits a biological response through tlegulation of gene transcription (genomic
response) and by activating signal transduction pathways at or near plasma membrangg (roonic

or rapid responseNorman et al., 2004 The mechanism of action is mediated through binding with a
single vitamin D receptor (VDf®elLuca, 2004 After formation in the kidney, 1,25(0fB)enters the
circulation bound to DBP.

TheVDR has a high affinity for 1,25(GB{)(Norman, 2008 1,25(0OHD, and 1,25(0OHP; appear to

be similar in their binding affinity to VOYReLuca, 2008 The VDR is expressactells 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, lymphocytesina keratinocytes, pancreaticiBlet cells, ovarian tissue, mammary
epithelium, neuronal tissue, lung, gonads, prostate, placenta, and adipose (lEmes 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 oth@@ame et al., 198@rown & Slatopolsky, 2007

Many VDR expressing cells also possess the enzyme CYP27B1 and therefore have the capacity to
produce 1,25(OHD (Bikle, 200%.

Genomic response

The VDR functions in the nuclenfscells as a heterodimer with a retinoid X receptor (RXR) to regulate
vitamin D target genes. The heterodimeric complex interacts with vitartgsponsive elements
(VDRES), which are repeat sequences of 6 nucleotides separated bysBewiied bases ithin the
promoter region of target genes, resulting in activation or repression of transcriffdaohez &
Freedman, 2000Christakos et al., 200®eLuca, 2004

Nongenomic response

Non-genomic responses of 1,25(QB)are mediated by the interaction of the VDR with caveolae
(membrane invaginations) which are present in the plasnegnbrane of a variety of cells
(Huhtakangas edl., 2004. Upon activation by 1,25(0O4), VDRs may elicit a cellular response on
calcium channels through second messengers such as mitngmated protein kinase or cyclic
adenosinemonophosphatgFeldman et al., 2005 Rapid response mechanisms, through membrane

+5wd YR dS02yR YSaaSy3aSNR 2LISNI GS Ay -delk&ndAy i S3

monocytes(Lips, 2008
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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 intefindividual variability inplasma25(OH)D concentrations. Rates of heritability
have been estimated to range from 29 to 8(tunter et al., 200,1Stea et al., 2009

Rare mutations in genes involved in vitamin D metabolism lead to functional vitamin D deficiency. For
exanple, mutations in the genes coding for CYP27B1 and VDR cause vitamin D dependent rickets type
| (VDDR [Fu et al., 199yand vitamin D dependent rickets type Il (VDDM8lloy et al., 1999

respectively.

A number of more common polymorphisms in genes encoding proteins involved in vitamin D
metabolism have been identifiedTwo metaanalyses of genomeide association studiéS(Ahn et

al., 2010 Wang et al., 2010texaminedassociation®f single nucleotide polymorphismSKP¥)in

such genesvith serum 25(OH)D concentrationghn et al. (2010ncluded 9 cohorts from the USA

and Finlandr{i=4501). Genomwvide 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/DHCRIbcus (rs3829251Wang et al. (2010ajcluded 15 cohorts from the USA,

Canada and Europe (n=16,125). SNPs at three loci reached gandensignificance for an

association with serm 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 serunfplasma25(OH)D concentrationsThe functional relevance of the§iedingsis not
clear.

Biological activity of vitamin Pversusvitamin D;

Vitamin B and vitamin Qboth elevateplasma25(OH)D concentratio(Geamans & Cashman, 2009
and both have been shown tmrrectvitaminD deficiency rickets. However, there continues to be
disagreement on whether they are equally effective in raising and maintaatésgna25(OH)D
concentrationgLanhamNew et al., 2010Cashman, 2012 ogan et al., 203Bwanson et al., 20}4
Several biologically plausible mechanisms have been suggested that could certiwiltine greater
capacityof vitamin B3 over ) to maintain higher 25(OH)D concentrations otmere (reviewed in
Houghton & Vieth, 2006).

Results from studies that have compared the effectivertéd3 and 03 in raising serum 25(OH)D
concentration have been inconsistent. A mataalysis of 7 studies (n=29@Yipkovic et al.2012)

reported a significantly greater absolute increase from baseline in serum 25(OH)D concentration with
vitamin I (p=0.006) buheterogeneity between the studies was hidfr81%). Separatmeta-
analysesaccording to method of vitamin D administratidound a significantly larger increase in

serum 25(OH)D concentration with vitamig d@mpared with vitamin Bsupplementation in 3 studies
using single bolus doses (p=0.04) wihlere wasno significant difference between vitamin,Bnd B

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.

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

Y NADSYN1 encodes nicotinamide adenine dinucleotide synthédtagech 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 rs382925assesaadzbwith serum
250HD concentrations; because of thielogical relevance of DHCR7 to vitamin D metabolism the authors refer to this as the NADSYN1/DHCR7

locus.
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using a bolus dosd™77% compared to thosedministeringdaily supplementationi{=44%).
Conclusionsagarding any differences in biological activity between vitamiarid 3 couldnot be

drawn from this metaanalysis because of a number of limitations, including: small number and size of
studies (n=1989); variability in 25(OH)D assay methodology (epter 4); differences in dose size

and frequency and in treatment and follewp time. Additionally, the doses used in the studies were
very high and effects may be different at lower doses.

SubsequenRCTs support the suggestittrat vitamin By is more effective than vitaminin raising
serum 25(OH)D concentration. An RCT in New Zedlaggn et al., 20)3conductedn winter,
compared effect of 25ug/d (10001U) of vitamin B, D; and placebo over 25 weeks serum 25(0OH)D
concentratian of adults (n=95; 1&0y). After 25 weeks, serum 25(0OH)D concentrations of
participants in the placebo group were significantly lower than those in the vitagamdD groups
(both p<0.001) andwvas significantly lower in in the vitamin 8upplement& group compared with
the vitamin B supplemented group (p€.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 hypercalcuigVM, 2008°.

Prolonged sunlight exposure does not leackikcess production of cutaneous vitamin xéease
endogenously produced pvéamin I3 and vitamin R are photolysed to mert compounds (see
paragraph2.10). High doses of oral vitamin D supplements have, however, been shown to have toxic
effects(Vieth, 200§. Cases of vitamin D toxicity resulting from ingestion of desified milk have

also been reportedJacobus et al., 199Blank et al., 1995

Animal studies suggest thptasma25(OH)D concentrations associated with toxicity are above
375nmol/L (Jones, 2008 Evidence on vitamin D toxicity in humans is based on anecdotal case
reports of acute accidental vitamin, Dr D; intoxication resulting in 25(OH)D concentrations of 710
1587nmol/L and a threshold for toxic symptoms at concentrations of aboutrirbOl/L (Vieth, 1990.
Hypercalcaemia has been reportedpdédsmaconcentratiors above 375500nmol/L (Vieth, 1990
Jones, 2008

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

Effects of high intakes of vitamin D, includingegholds for risk, singldose acute toxicity vs
sustained exposure, are considertrither in chapter?.

% Expert Group on Vitamins and Minerals.
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Physiological role

Calcium & phosphate requlation

2.68  The major function of 1,25(O4b) is regulation of calcium and phosphorus metabolism which is
essential for bone mineralisatigideLuca, 2008 Calcium homeostasis is also important for
neuromuscular functiorfHolick, 2011

2.69 Plasmeacalcium concentration is tightly regulated and maintained at approximatetynbl/L ionised
calcium or 2.5nmol/L of total calciunfRasmussen & Deluca, 1963 slight decrease is detected by
calciumsensing transmembrane proteins in the parathyroid gland inducing secretion of PTH into the
circulation within secondéSilver et al., 1996 PTH induces osteoblasts and proximal convoluted
tubule cells in the kidney to produce 1,25(@which increaseglasmacalcium oncentration by
stimulating intestinal calcium absorption, renal calcium reabsorption and bone resorption. The
subsequent increase plasmacalcium concentration is sensed by the parathyroid glands and PTH
secretion is decreasg@eluca, 2004

2.70 In the intestine, 1,25(0OH) 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 circulatiofChristakos et al., 2003 In the skeleton, 1,25(O) interacts
GAGK 5w Ay (GKS 2adG82o0ftlad G2 AyONBlF&aS SELINB&AA
increases thgroduction of osteoclasts which release calcium into the circulgi@hristakos et al.,
2003.

2,71 If plasmacalcium 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

2,72 1,25(OH)D also increases phosphate absorption in the smtdbtine and induces secretion of FGF23
by osteocytes, increasing phosphate excretion in the kidney and thus preventing phosphate
accumulation in the bod{Kolek et al., 2004.iu et al., 2008

Calcium & vitamin D interactions

2.73  Animal data have suggested thiatdequate calcium intakes could cause changes in the physialogic
response to vitamin [Berlin & Bjorkhem, 198 Tlements et al., 1997 Interactions between vitamin
D and calcium may have implications for the regulatioplasma25(OH)D concentrations and its
catabolism and, as a consequence, tletary vitamin D requirement.

2.74  Observationalidiesin humanshave been inconsistentSome havereported calcium intakes as a
significant determinanbf serum 25(OH)D concentratignan der Wielen et al., 1993ndersen et al.,
2005 Hill et al., 200Bwhile otheis have found no effecfHill et al., 2008 RCTshat have investigated
the influence of calcium intaken 25(OH)D concentratiohavealsobeen inconsistentOne RCT
(Berlin & Bjorkhem, 1988n healthy men (n=28; mean age, 28yeancalciumintake=800mg/d)
reported that calciunsupplemenation (2g/d) for 67 weeks significantly increased mean serum
25(0OH)D concentratiom the intervention grougfrom 73to 94 nmol/L; p<0.05) and was significantly
different (p<0.005)rom that of the control groupg7 to 71nmol/L) at the end of the studyIn
contrast, tvo other RCT&Soussous et al., 2006 cCullough et al., 20Q9eported no effect of
additional calcium intakes on serdpfasma25(OH)D in healthy adults.
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Another RC¥ (Cashman et al., 201%mvestigated the effect of habifl calcium intake on serum
Hpohl 05 O2y OSYGNI A2y d ;ImBandaldivintakesRtahgldiwer@ y I' MH p T
stratified according to habitual calcium intakeB0 compared with 2000mg/d; mean intakes496

& 1437mg/d for low and highcalciumintake groupsespectively and received either vitamingD
(20ug/8001U perday) or placebo for 15 weeks throughoutmtér. Mean £rum 25(0OH)D

O2y OSyidNY GAZ2Y Ay ONBY) iatheRitatnih ByyouipTanid Qécrgasdsignificanlydig

the placebo group L0XR02) and wer®f the same magnituderespective of calcium intakelThese
findings suggest thatalcium intake does not modify the requirement for vitamimvEhin the range

of calcium intakes studiedHowever, since this studyas conducted in adults without metabolic bone
diseasethe findings nay not be applicable to children (who have highecicah requirements

because of increased metabolism)torthose with metabolic bone disease.

Physiological requirements by lifstage
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 leada failure or delay of endochondral
calcification at the growth plates of the long bones which hessin rickets anén accumulation of

excess unmineralised osteoid (bone matnixall bonesthe low mineral to bone matrix ratim bone

results inosteomalacigPettifor, 2013. 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 Adlescents

Adolescence is a critical developmental period for bone health when there is rapid grotéimin D

is important for bone accretion during this time of skeletal development. Although rickets is most
commonly observed during infaneynd in yourg childrenjt can also occur during the pubertal growth
spurt and adolescenceChildren presenting with rickets have histologiegturesof both rickets and
osteomalacia Once the growth plates of the long bones have fused during adolescence, only features
of osteomalacia are foun@Pettifor, 2012. Insufficient vitamin D during this time couldsoaffect

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 hédgltbone. Deficiency can lead to osteomalacia,
presenting as muscle weakness and bone tenderness or pain in the spine, shoulder, ribs @0Belvis
1991, DH, 199&

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 nemusculoskeletahealth outcomes.Relationslipsbetween vitamin D status
and health outcomesre considered irchapter®6.
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Pregnancy and lactation

2.80 The role of vitamin D during pregnancy and in the formation of the fetal skeleton is not clear. Vitamin
D supplements (12g/4001U per day) are curretly recommended during pregnanty ensure that
the mother and, thereforethe fetusare not deficient in vitamin D and to avoid neonatal
hypovitaminosigDH, 1991DH, 1998 Breast milk is:ot considered to be a significant source of
vitamin Dor its metabolites Thereportedvitamin Dcontent of breast mik differsacross studies
because ivaries withthe type of milk measureddremilk or hindmilk?) and the time of day it is
collected. For some breast fed babies, vitamiand 25(OH)@ontained in breast milk could make a
significant contribution taheir vitamin D intakesincedietary 25(OH)D has beemported to be 5
timesmore effective tharvitamin B in raising serum 25(OH)D concentrati@ashman et al., 20}2
(see paragraph 5)4 It is alsdikely that vitaminD is well absorbed from breast milk as fat absorption
is particularlyefficient

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

2y GKS adFNI 2F GKS TSSRE (KS YAt 6F2NBYAE 10 Aa,theBuilkhindngi§t &8 26 Ay
becomes richer in fat, which provides calories for growth.
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3. Photobiology of vitamin D

Ultraviolet radiation

31 The sun is the main source of ultraviotatiation (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.

32  Solar UVR forsithe part of the electromagnetic spectrum from wavelengths of about4@@nm.
The International Commission on llluminati@®E, 201)* has defined sulsegions of the UVR
spectrum which take account of the transmission of the UVR in human tissue and potential health
effects, into the 6llowing categories: UVA (34400 nm); UVB (28315 nm);andUVC (106280 nm).

33  The broad spectrum and iamsity 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 radiatithrough the Earth's atmospherand 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
GNP LR ALIKSNE 0ST2NB NBhedsskpatanidftBeseOprodelisés@i@ & dzNJF | O S
absorption by moleculanxygen and absorption by ozone.

3.4  The stratospheric ozorlayer, formed between 10 and 40n above the Earth's surface, prevents
almost all WR of wavelengths less than 29® (UVC) and a substantiabportion (70;90%) of UVB
radiation from reaching th Earth. Therefore, the grouddvel component of the solar UVR spectrum
consists of wavelengths in the range of about 290 to @®0 This means that only UVA and UVB are
relevant to human healthUVB &counts for about 5% of terrestrial UVR, the remainder being UVA.

35  Groundlevel UVR consists of two major componemggliation received directly from the sun and
radiation that has been scattered by the atmosphefiée 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
solarzenith angle increases: UVB is scattered more than UVA and the amount of scattering increases
as the sun moves from above towards the horizon.

36  Human exposure to solar UVR depends on the amount of sunlight available (climertethe time
spent outdoorsand 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 middigh latitudes whereliere are distinct seasons, the
winter months are characterised by low solar elevation, short day length and cloudyvekiels all
reduce the available solar UVR.

37  The solar zenith angle depends on season, time of day and latitude (Webb, 2006). Whalarthe s
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 afternoonduring winter and ahighlatitudes), UVR has to pass through more ozone
gKAOK YSIya GKIG fSaa !'+. NBFOKSa (G(KS 9FNIKQa 3
(wavelength 300wm) is theoretically at a maximum at solar noon (GMT), when the solar zenith angle
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is at its lowsst. This is at least about ten times higher than that over the period before 09:00 GMT o
after 15:00 GMT. Seventy ment of the global UVR exposttes delivered during the four hours
centred around noon.

Biological effects of solar UVR exposure

SolarUVR 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 ofudg, season and time of day (sEgures

3a and B).

Adverse biological effects of UVR exposure include damage to the skin (erythema or sunburn,
photoageing and skin cancer) and eyes (photokeratitis, cataract antetged macular
degeneration).The faus of pblic health advicés on sun avoidance and protection to reduce the risk
of sunburn and skin cancer.

FIGURE 3Variation of UVBand UVA irradiance at Chilton, 3K

(a) Monthly at noonon 21st day of each month
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*The integrated total exposure dose of biologically weighted UVR falling on a horizontal surface.
% Thesedata have been modelled taking total ozone into account.
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Erythema and skin cancer

310 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 tBrdf00The MED varidsr each
individual because the amount of UVR required to produce amestisurable degree of erythema
(sunburn or redness) depends on skin type, time of year, behaviour and possibi@ag®ED is the
minimum dose of UVR that produces erythema inthathgBE 2 Yy Q& &1 Ay ® ¢KS CAGT L
commonly used numerical skin classification scheme for human skin ¢bltapatrick, 1975
Fitzpatrick, 1988 Skin type is classified into 6 categories according to its responséRoftdm most
sensitive (type [fair skn) to least sensitivétype VI, dark brown or black skin).

311 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 b determine ambient levels of UVR, the actual skin exposure of any one person is
difficult to assess.

3.12 The biological effects of UVR vary with wavelendihe variation of a given effectiveness function
with wavelength is referred to as the action spectréonthat 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 sub as erythema or vitamin D synthesis.

313 The action spectrum for erythema, in which UVB is orders of magnitude more effective than UVA per
unit physical dose (J/cf) is very well establishedrigures 4a andshow the effects of weighting
Figures 3a and3b with the CIE erythema action spectrum. Thus, the minority UVB physical
component becomes the major biological component.

3.14 Skin cancer is initiated by UMRIuced damage to epidermal DNA. The most important photolesion is
the cyclobutane pyrimidine diméCPD). 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 bstimbamt
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 thatilihe cumulative skin exposure to UVR is a risk
factor for nonmelanoma skin cancers such as squamous cell carcinomas.

315 There is considerable overlap in the UVB region between the action spectra for the formation of pre
vitamin D and erythema (and therefoBBNA damage) as shown in FigureThis means that avoiding
the sun, especially around noon, to reduce the risk of sunburn (and CPD formation and skiffcancer
is likely to also reduce vitamin D synthesis.

% Non melanoma skin canchas an action spectrum that is similar to erythema.
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FIGURE 4Variation of UVB and UVA erythemalsffective energy at Chilton, UK

(a) Monthly at noon on 21st day of each month
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CIE spectrum for photoconversion ofHC to previtamin D

316 The validity of the official CIE action spectrum for phetoconversion of -DHC to previtamin D (see
Fgure 9 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 stadgcludedthat the besttime to obtain vitamin D is around noon
because the relative efficacy for vitamin D production is greater than that for erytti€mae &

Dowdy, 200Y. The riskoenefit calculations were based on the prigamin D action spectrum and
assumed that the action spectrum is accurate and that there is notiggenteraction. There is
uncertainty about both these assumptions.

FIGURE 5CIE action spectra for erythema and the formation of prigamin D (note
considerable overlap in the solar UVB regyion
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317 One study usingx vivoneonatal foreskin has suggested that UVA degrades vitanikidbb et al.,
1989 but this has not been investigated vivo.

Effect of latitude onskinsynthesis of vitamin D

318 UVB radiation is sufficient for year round vitamin D synthesis at latitudes b&@Wwb dhighér (i
latitudes, vitamin D is not synthesised during the winter morfth'ebb et al., 1988 However, he
extent of the effect of latitude on vitamin D synthesis in the UK is not clear. While it probably has
someinfluence it could be relatively small compared to other factors. A study which compared
serum 25(OH)D concentrations in postmenopEwsomen(< 65y)in the North (Aberdee  p)&and b
South (Guildfordr  p) mf thb UKreported a difference of approximately 1onol/L (Macdonald et al.,
2017). However, the differencein serum 25(0OH)D concentratiomight not be die to solar radiation.
Although UVB (as a proportion of UVR) lessens with increasingly northern latitudes, the weather also
gets progressively colder which means that peggend less timeutdoorsand expose lesskin.
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Seasonal variationn serum 25(OH)D concentration

The main factor affecting skin synthesis is availability of UVB radi@iehbb & Engelsen, 2006
There is a welbbserved seasonal cycle in serptasma25(OH)D concentrations in the UK asttier
countriesat mid-high latitudes(Poskitt et al., 1979Beadle et al., 198Qivesey et al., 20Qwhich
relates to the greatelJVB 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(®/ebb et al., 1988Webb et al., 198P In the UK,
sunlightinduced vitamin D synthesis in the whi&inned populations becomes effective fra¥pril.
Maximum seum 25(OH)D concentratiorsge 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., 201 Dmeasured serum 25(0OH)D concentrations of white adults (n=125; a¢) Y
every month over 1 yeaandreported that mean concentratiowashighest in September (7mol/L)
and lowest in February (4@mol/L).

A seasonal difference in serdplasma25(OH)D concentration of the UK population has also been
observed in national surveys (selapter8). Figure Gshows the estimated monthly average UV doses
(In¥?) effective for previtamin D synthesis in theKfrom 20082012

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

FIGURBEB: The modelled monthly averaged UV doses @reffective for previtamin D
synthesis in the UK from 2008012.(Courtesyfh Q b &azéniziglis, Weblashman, EU ODIN
Projecfg)
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% This work was based on original model development funded by UK Department of Health
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Effect of skin pigmentation orskin synthesisof vitamin D

323 Epidemiological studies consistently show that, under given climatic conditions, people with dark skin
colour have lower serum 25(OHDncentrations tlan those with lighter skin colo@Harris &
DawsonHughes, 1998Hannan et al., 2008 It is not clear ithis isdue todifferences in physiologyr
differencesin lifestyles (e.g., sun avoidae behaviour). Hower, darkskin is only one of many
factors, including cultural (e.g., wearing concealing clothing) and biological (e.g., genetic background),
that might affectserum 25(OH)D concentratienf different ethnic groups.

324 The pigment melanin, which gives skin its brown or black colour, absorbs UV ra(idéorens et al.,
1982). People with natually 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 proportionof the incidentUVBradiation that would otlerwise be absorbed
by 7-DHC(Holick et al., 1981 If the absolutelose of UVB radiation is the same as that given to a
person with wiite skin then people with dargkin willsynthesise less vitamin D.owever, darker skin
has the same capacity to synthesise vitamin D if the dose of radiation is adjusted for theipeotect
effect of melaninLo et al., 1986Farrar et al., 2013

325 Results from laboratory studies that have examined the role of melanin have been contradistory.
study which included participants with various skin tones (n=72), who had 90% of their skin exposed
to UVB light (280 mJ/cm?2) 3 times a week for 4 weeks, reported that 80% of the variation in
treatment response was explained by UVB dose and skin(#meas et al., 20QLibon et al., 2013
compared serum 25(@)D concentrations after a single total body UVB exposure in white (n=20; skin
type IHII) and black (n=11; skin type VI) skinned individuals. Serum 25(OH)D concentrations increased
significantly in the whiteskinned (p < 0.0001, days 2 & 6), but nahia blackskinned (p=0.843, day
2; p=0.375, day 6) individuals.

326 Farrar et al. (20119xamined the effect of a controlled dose of UVR exposuten@/week for 6
weeks) in individuals of South Asian ethnicity (n=15; &§2600y; skin type V) exposing about 35%
skin surface area. The study was conducted in Jariegtsyuary when ambient UVB is negligible in
the UK to avoid confounding by lifestyle factors. Effects were compared with those of skiit@ed
individuals (r109; age, 2®60y) who had been treated with the identical R¥xposure in a previous
study(Rhodes et al., 2030 The mean increase in serum 25(OH)D concentration wambl/L in
South Asian individuals compared with2@ol/L in whiteskinned individuals (p&.0001).

327 In contrast,(Bogh et al., 201Found no significant correlationsetweenconstitutive orfacultative
skin pigmentatiof’ and serum 25(OH)D concentratiom addition,the increase in serum 25(0OH)D
concentrationafter identical UVB exposudid not differbetween 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 remlar UVB radiatiowith shorter wavelengthg<295nm).
These wavelengths penete the skin less well and prdgtamin D synthesis may occur above the
melanin layelBjorn, 2010. Other studiegStamp, 1975Brazerol et al., 198Matsuoka et al., 1990
have reportedno differences by skin colour in serum 25(OH)D concentration response after UVB
exposure Brazerol et al. (1988)seda UVB source which emitted as much short wavelength radiation
thanthat usedby Bogh et al. (2010)The study bystamp(1975)did notprovide details of the UVB
source.

2 Constitutiveskinpigmentationis the natural, genetically determinexblour of the skin.Facultativeskinpigmentation ariseérom exposure to UV
light and other environmental factors.
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Effect of aging onskinsynthesisof vitamin D

3.28 In crosssectional studies, lower serum 25(OH)D concentrations have been observed in older
compared to younger peopl@aker et al., 1980 The amount of DHC in skin decreases with
increasingage(MacLaughlin & Holick, 19851t has been inferred from this that the ability to
synthesise vitamin D also decreases with age and that this could explain lower s€@H)25
concentrations observed in older peopld.is uncertain howeverwhether the lower 7DHC
concentrationis a limiting factor if there is ample exposure to sunlight

329 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 earliercrosssectional studies in the UK of oldeegple (70-88y)who were not very activ@_ester
et al., 1977. These assumptions may no longer be valid since people are living longer and many older
people remain active. A study in Bostors@) that compared nursing home residents (with/without
10ug/4001U perdayvitamin D supplements) and frdizing older peopl€no supplements)reported
that the supplements kept year round serum 25(OH)D concentrati@%s>nmol/L (Webb et al.,

1990. This was similar to serum 25(OH)D concentrations of thelifriag older people in spring and
summer.

3.30 Itis possible thathe lower serum 25(OH)D concentratioreportedin older people could also ke
to the development of conditions that become more commwith increasingage (such as reduced
liver and/or kidney function) Although bwer concentratios are more generallgue to reduced
exposure to sunlight rather than impaired metabolism of vitamjisé&vere liver disease may impair
hydroxylation of vitamin D to 25(OH)D.

331 In the UK National Diet and Nutrition Supv008/92011/12) mean plasma 25(OH)@ncentratiors
were not found to belower in adults agedver 6% compared tdhoseaged 1964y; there was also no
difference in the proportion with plasma 25(OH)D concentrati@b«mol/L.

Effect of sunscreen oskin synthesisof vitamin D

332 Sunscreen usis recommended for the prevention of sunburn and skin cancer, which has raised
concerns thatfts applicationmay inhibit or prevent vitamin D synthesis. It is not possible to draw
definitive conclusions from published studi&pringbett et al., 2010 A review of studies which
examined whethechronic sunscreen use reduced vitamin D produc{orval & Wulf, 200p
reported that the majority of peopléid not use sunscreen at theecommendedconcentration and
did not apply it to all exposed areas of skin. It concluded #hifough sunscreens can significantly
reduce the production of vitamin D under very strictly controlled conditions, their normal kaege
not generally prevent vitamin D synthesiSverall, the data suggest that vitamin D synthesis is still
possibleevenwhen sunscreens are used at the application density used for SPF testing.

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

333 Few studies haveompaedthe effect of UVRuvith that of vitamin D supplementation on serum
25(0OH)D concentration. Omandomised triacomparedthe effect of full bodynarrow band solar
range UVB (31dm) (3 timesiveek) for 6 weeks with a daily dose of vitami(#0ug/16001U) in
participants (n=73p A 0 K & SNXzY Hp 0 h | OnBol/lQRogheGay, 2002 Aigkedtgt XK H p
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increase in rean serum 25(OH)D concentratisvas found in the UVB treated group (from 19-2 to
75.0 nmol/L) compaed with the vitamin Rsupplemented group (from 23-3 to 6néol/L) (p=0.02).

dmilar findingswere reported in a 4veek study(AlaHouhala et al., 200)2n which participants
(n=63) with serum 25(OH)D conceatton <75 nmol/Lwere randomised to receiveither narrow
band solar radiatiomxposureq3times/week)or vitamin B supplements (2qQug/8001U per day).
Mean baseline serum 25(OH)D concentratiopaifticipants was 58mol/L. Narrow band UVB was
more effective than supplements, with increases of 41.0 and @al/L respectively The difference
between the two treatments was significant at 2 weeks (p = 0-033) and 4 week&(01).

Current recommendations regardingun exposure

NHS Choices advice on safe sun expdStotowsthat F N2 Y / I yOSNI wSa &I NOK ! YQ
campaign

Send time in the shade between D am and 300 pm.
Make sure you never burn.
Aim to cover up with a -Bhirt, hat and sunglasses.

Rememberto take extra care with children.

=A =4 =4 =4 =4

Then use factor 15+ sunscreen

The British Photodermatological Group (British Association of Dermatglogyidessimilaradviceto

the above (i.e., avoid sunlight exposure between abouf@am and 300 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 (al 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 usas a reasomo stay outside longer or to aid more reliable

protective measures such as clothing and shade.

¢KS 21 hQ&8 Lbe¢oOw{!b LINRIN}IYYS 2y al¥S adzy SELRA&d
the best protection against the sun atttat application ofsunscreeris necessario thoseparts of the

body that remain exposed (e.g., face and hands). It makes the following recommendatidtrisiel

time spent in the suetween 10.0(am and 4.0(pm; usethe UV index to plan outdoor activiti@s

grea GKFG LINBOSY( 2 0 andkelsicsaznd to Adopt sk Afetiplagtices NI &
when the UV Index predicts exposure levels of moderate or above; seek shade when UV rays are the
most intense; ear protective clothingh@at with wide sim, sunglasses, tightly wovéoosefitting

clothes); apply a broadpectrum suns@en of SPF 15+ liberally andipply every two hours, or after

working, swimming, playing or exercising outdoors.

The National Institute for Health ar@areExcellence (NICE) has publisigedianceon the risks and
benefits of sunlight exposur@ICE, 201%9). It advises that rast people can make sufficient vitamin D
by going out for short periods and leaving only areas of skin that are often exposedcuaggsuch

as forearms, hands or lower leg$eople with darkskin (skin types ¥ VI) are advisethat they may

% http://www.nhs.uk/Livewell/skin/Pages/Sunsafe.aspx
3 http://www.cancerresearchuk.org/aboutancer/cause®f-cancer/suruv-and-cancer/waysto-enjoy-the-sun-safely
% hitps://www.nice.org.uk/guidance/ng34
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need moresunlight exposuréo produce the same amount of vitamin D as people with lighter skin
generally buttouldbe exposed foalongertime before risking sunburn and iskcancer.The advice
for people with natually very light skin or fairéd hair orfreckles (skin types& Il) isthat theydo not
need much time in the sun (less than the time it takes them to burn) to produce vit2imin that
they are at greater rislof sunburn and skin cancéran people with darker skindiRecommendations
to protect skin from strong sunligltcludecovering up with suitable clothing, seeking shade and
applying sunscreen (SPF)L5Itadviseghat sunscreen is not an alternative to covering up with
suitable clothingshade, but offers additional protection only if used liberally, carefullyrapeatedly
on all exposed skin (includistraight after being in waterafter towel drying or aftesweating. It
advises thatrifantsaged under 6 monthshould bekept out of direct strong sunlight anchildren and
young peopleeed theirskinprotectingbetween March and October in the U coveiing up with
suitable clothingspendngtime in the shade (particularly between &in-3.00pm) andwearing
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 andaimeunt 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 thaitamin 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 pfi€xeint

2011). It may be a similar situation for skeletal muscle, but even less is known about this. This is
important because vitain D taken up by peripheral tissues that express lipoprotein lipase, especially
adipose tissue and skeletal muschdichmay reduce the amount in the circulation that can be
presented to the liver for 2hydroxylation. A greater understanding of the ughce of body weight

and body composition on the response of serum 25(OH)D concentration to vitamin D intake/exposure
has been highlighted as an information gap and rese@@ashman & Kiel011;, IOM, 201). 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(OH)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 Btatusrefers only to the concentration of 25(OH)D in the serum. It does
not include vitamin @r its metabolitedn 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 relationspdre exposure and

serum 25(OH)D concentration.

The appearance iplasmaof the parent compound, vitamin D, is shdisted since it is either taken up

by adipose tissues (and possibly muscle) or metabolised in theNheaver et al., 1972 Heaney et

al. (2008Yyeported rapid and neaquantitative conversion of vitaminz@o 25(OH)D concentration at
typical inputs of vitamin P(whether cutaneous or oral). They also suggdshat serum 25(OH)D
concentration serves not only as a status indicator of the nutrient but as the principal storage form in
the body. The 25(OH)D in circulation might be viewed as a storage form inrttexcthat it is
FOO0S&aaAroftsS (2 OStfa F2N) dziAfAaldAzysr SAOKSNI RAN
hydroxylase enzyme, or indirectly following renal conversion of 25(OH)D to 1,2B6(OMhile
circulatingparentvitamin D can be meased using extensiveigh performance liquid

chromatography KIPLEanalysis, this is not routinely performed and not used clini¢ghlbrman,

2008.

Although 1,25(OHD is the key driver of physiological responses to vitamin D, there are a number of
important reasons why it doesot reflect exposure to vitamin [Holick, 2004bSACN, 20Q70M,

2011): plasma concentration of 1,25(0OB)is homeostatically regulated; concentrations are not
directly reguated by vitamin D intake but by other factors (suctpsmaPTH); even in the presence
of severe vitamin D deficiency, 1,25(@Broncentration may be normal or even elevatedbaresult

of upregulation of theCYP27B1 enzymglasma25(OH)D concentration is about a thousdintd
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higher than 1,25(OH concentration and its halife is about 23 weeks compared to that gflasma
1,25(OH)D, which is less than 4 hours.

There is consensus that seruimplasma25(OH)D concentration shoul used to assess vitamin D
status because it reflects the contributions from both diet authineoussynthesis.Serum 25(0OH)D
concentrationhasbeen shown to reach an equilibrium aftei88wveeks of vitamin D supplemeation

in adults(18-85y)(Harris & DawsotiHughes, 2002Viljakainen et al., 2006 A systematic review of
existing and potentially novel functional markers of vitamin D status reportedseéraim 25(OH)D
concentration was increased in response to supplemental vitamin D intake in all the included RCTs
irrespective of whether vitaminJor D;was used, differing analytical techniquesdy duration (6
weeks to > ), or age group of participan{Seamans & Cashman, 2009

Serum 25(OH)D concentration was used as an indicator of vitamin D statusI@MIiEOM, 201)

andthe UK and EU authoriti€€ommission of the European Communities, 1993, 1991DH, 1998
German Nutrition Society, 201Realth Council of the Netherlands, 2QNbrdic Council of Ministers,

2014 to establish dietary reference intakealues 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 seru
25(0OH)D concentrations relate to health outcomes via a causal pathway and can serve as predictors of
such health outcome@OM, 201).

A clearer understanding of the limitations of serum 25(OH)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 eigetknee arthroplasty has raised concerns about the
reliability of serum 25(OH)D concentrationastatus marker in the face @fsignificant systemic
inflammatory insuli(Reid et al., 2011 By day 2 posbperatively there was a large increase in C
reactive protein (CR®)concentration and a significant decrease in plasma 25(0OH)D etatien of
~40%. CRP, 25(0OHjid calculated free 25(OH)D (i.e., 25(OH)D not associated with DBP or albumin
had not returned to preoperative concentration by 5 days pegperatively 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(0OH)D concentration were nidieet, althoughother studies suggest

that this might be a consequence of changeBBP(Waldron et al., 2018

Serum concentrations of ther lipid-soluble vitamins (A, E, K and some carotenoids) decrease during
the systemic inflammatory response. Whileanges in CRP are likely to be of a lesser magnitude than
those seen after knee arthroplasty, low serum 25(OH)D concentration has been associated with many
chronic inflammatory conditionsThe study bfReid et al. (201ltherefore raises an important

guestion in relation to reverse causality: low serum 25(OH)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 assutiattiacute phase response

with serum 25(OH)D concentratialuring an inflammatory statéSilva & Furlanetto, 2035 Serum
25(OH)D concentratiowas measuredbefore & after elective surgery in 4 studies, durthg acute

phase response following intravenous treatment wiilrogen-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 irstrgbudies. Serum 25(OH)D concentration
decreased after the inflammatory insult in 6 studies with no change observed in 2 studies. However,

% CRRs an acute phase protein produced by the liver; plasma/serum concentrations rise in responsntoniation.
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the authors cautioned care in the interpretation of these findings because of some heterogeneity in
the included tudies (e.qg., the acute inflammatory response was due to several causes and serum
25(0OH)D concentration was measured at different time points).

411 It has also been suggested that th@ue ofserum 25(OH)D concentration as an indicator of vitamin D
exposure ad status is limited by a number ofther factors including its role as a ptmrmone rather
than as a nutrienper seand its variability due to a number of nawtritional factors which include:
season, geographic latitude, clothing, institutiosation, use of sunscreen as well as physiological
state of the individual such &M, extracellular volume, DBP concentration and affinigrjation
between individuals in the halife of 25(0OH)D, and the effect of genetic variat{@nannon et al.,

2008 Cashman & Kiely, 20,tOM, 201).

412 Choice of measurement methodology can also influence the absolute quantification of serum
concentrations of 25(OH)D (sebapter 5. In addition there is ongoing debate regarding thresholds
for serum 25(OH)D concentrati that indicate wamin D deficiency, inadequacy aadfficiency.

413 Asplasma25(OH)D concentration increas@lasmaPTH 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 debatdgfolick et al., 20L10M, 201). While circulating PTH concentration
can be indicative of clinical vitamin D deficiency, its use as a mafrk@éamin D status is hindered by
a number of uncertainties, sh as the nature of the 25(OHBI'H relationship, and concentrations of
PTH which may have adverse effects on bone hd¢bltkl, 201). In additionplasmaPTH
concentration varies widely within and among individuals and appears to be dependent upon age,
race, ethnicity, body composition, renal function, as well as didétaake of calcium and phosphorus.

414 The ratio of serum 24,25(0O48) to 25(OH)D concentration has also been suggested as an indicator of
vitamin D deficiencyWagner et al., 20%Kaufmann et al., 201£ashman et al., 20}5rowever,
more research is needed about the utility of this ratio over that of serum 25(OH)D concentration
alone

Assessment of vitamin D exposure

415 Assessmentfosunshine exposurand habitual dietary intake of vitamin D can be useful additions to
the biochemical assessment of serum 25(OH)D concentration but both have their limitations.

416 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 selfeported questionnaires and di@s. Both approaches have their strengths and
weaknesses (reviewed McCarty (2008)

417 Accurate assessment of habitual vitamin D intéikeluding both vitamin D and 25(OH)D in foocks)
be hindered by lack of u-date and accurate food composition databases for vitamitrCaddition
to optimising analysis of raw foods or commodities, consistent monitoring of the levels of vitamin D
(and correct identification of the vitamers, Bnd @) added to manufactured foods including
supplements is also required to maintain currenéyhe database¢Cashman & Kiely, 201L1Another
difficulty is thatthere are few naturally rich sourcesitamin Dand theseare consumed relatively
infrequently; this meansheir consumptioncould be missed by some dietary assessment methods
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(e.g., food diaries recording all food consunmer a few days or week)tliey were not consumed in
the recording period.

Measurement of serum 25(OH)D concentration

Serum concentration dbtal 25(OH)D (i.egomprising the sum of 25(OH)Bnd 25(0OH)E) is used
diagnostically and clinically as wedl ia the derivation obDietary Reference \alues 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, siseeof bothvitamin By

and vitamin DRis widespread; however, some immunoassays do not detect 100% of 25((8ED

below).

A G3 epimer* of 25(OH)D, which has been identified in infarsegiatric and adult populationéSingh

et al., 2006 Strathmann et al., 20J2including in 96% of a nationally representative sample of adults
(Cashman et al., 2013 thas no knowrbiologicalfunction. If the G3 epimer of 25(0OH)i3 found to

have biological activity, imayneed to be quantifiedde la Hunty et al., 2030 Even if it is not shown

to have biological activity it may be important to account for its contributmiotal 25(OH)D
concentration in samples from certain liftage groups (e.g., neonates) wherhais been reported to
contribute 361% (median, 24%; mean, 28%) to the total 25(OH)D concenti&iongh et al., 2006

The G3 epimer is included ithe estimate oftotal 25(OH)0On many of the assay methods inrcent
usebecause of the inability teeparate it from 25(OH)D

Serum 24,25(0Kp; concentration can range from 2% to 20% of settotal 25(OH)D concentration
(Bosworth et al., 201and has been shown to increase in direct proportion to that of serum 25(9QH)D
concentration(Kaufmann et al., 2014£ashman et al., 2015The impact of preanalytical factors

(e.g., serum versus plasma, fasting versusfasting stateor time of day) on 25(OH)D concentration

is not well defined.

While a variety of methods are available to determine searmlasma25(OH)D concentration, each
has presented technical problems and each has its advantages and disadgahtgeeed
consideation whenevaluating the dataThese considerations impact on the choice of methodology
for measuring vitamin D exposure as not all are able to discrimimetigeen25(0OH)DB, 25(0OH)R)
24,25(0OH)D; or the G3 epimer of 25(0OH)D.

The two most common typesf 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 (L&)ased methods with either UV or mass spectrometric ¢(itS¢ction. While

both types of assay provide a measure of total serum 25(OH)D concentration, 4esk@ methods
(depending on system configurations, conditions of use and performance, duration of run times etc.)
allow for separate estimation of 25(OH)and 25(OH)bconcentrations (and in some cases, the8C
epimer and24,25(0OH)D;) from serum samples.

With antibodybased methods, various commercial assays differ because of the nature of the antibody
used Some claimasan advantagethe factthat they do not discriminate betweae25(OH)band

25(0OH)BR (Hollis & Napoli, 1985vhile others underestimate the 25(OH)Bomponent and therefore
provide correction factors to compensate for high 25(Ottihtent (IOM, 201). Some

manufacturers of the antibodpased assays reportt00% crosseactivity of the antibody with

% Epimers have identical molecular structure but differ in stereochemical configuration.
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24,25(0OHD; which can contribute to a positive bias in serum 25(0OH)D conaons relative td_G
tandem MS method§Cashman et al., 20)fdescribed below)An important consideration is that
most samplegollected over tle past 2630 yearswhich have provided the majority of current
evidence relating serum 25(OH)D concentration to health outcoimege been analysed using
antibody-based assays.

LCbased assays which use a tandem mass spectrometéM8/MS) allow discrimition between
25(0OH)Rand 25(OH)Pand other compounds by their unigue molecular masses and mass fragments
(Makin et al., 201p 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
operatorfree and provide high throughpufTheir potential advantages also include high specificity,

high sensitivity, and better reproducibility {©%). The consensus among analysts is thid&M1S
Fdalea o¢Afdoldsad@ay SF20Ng S aw I & LIS NFde InNunty éd&., 281y § K S
IOM, 201).

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 intaboratory collaboration and quality

assurance schemes is an important aspect of overcoming the challenges that the assay methodologies
present.

TheVitamin D External Quality Assurance SchéDEQAS) 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, whiclindicatesome method biases in terms of accuracy and precision as well as variability as
high as 180%. Hwever, 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)
NEFSNBYyOS aidl yRI NRazZ OMS/MDmethaoBHneyz200)sHggdsts thadl £ A R I
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(OH)D measurement is alsadeiagsedy

the Vitamin D Standardization ProgrdDSR)a collaborative initiative between the Office of Dietary
Supplements of th National Institutes of Health, the Centers for Disease Control and Prevention, the
NIST and a number of the national health surveys around the WidH®$, 201;1Binkley & 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(OH)D, will further help limit inter
laboratory assagpecift differences in this status marker.

Interpretation of measures of serun25(OHD concentration

The normal range of serum 25(OH)D concentration is broad and the lower limit can vary among
populations(Weaver & Fleet, 2004 There is considerable and continuindédte on the suggested
threshold (cutoff) for serum 25(OH)D concentration used to define low vitamin D statuish has
ranged between 12.5 ant0nmol/L (Zittermann, 200 This is principally because different
functional endpoints/outcome indicatongssedhave different serum 25(OHD) concentration

% Based aCharing Cross Hospital, London, UK
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thresholds, although there has also been disagreement oveafipeopriate threshold concentration
for a specifidunctional endpoint(s).

429 In the UKfor example, a serum 25(OH)D concentration2&nhmol/L iscurrently used as a threshold
(cut-off) for defining the lower limit of adequadgipH, 1998 based orevidence suggestingsk of
rickets and osteomalacia increased atoncentrations belovthis level.

430 ThelOM, using bone health as theasisfor developingDietary Referencelntakes DRI for vitamin D,
proposed a serum 25(OH)D concentratio®hmol/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) and50 nmol/L as the concentration that would meet thequirement of nearly all (i.e.
9759 Wy 2 N I £ K S| ThélGMDRILIGMNEtEeyal&odncludedthat: individualsare at risk
of deficiency at serum 25(OH)D concentratiorB)s«mol/L; some, but not alindividualsare
potentially at risk for inadequacy at serum 25(OH)D concentrations from 30 up to 50 nmol/L; and
practically alindividualsare sufficient at concentrations of $0nol/L and above.

431 In contrast, theEndocrine Society Task Force on Vitam{ri@lick et al., 201)iconcludedthat
Yndividuals bould be identified as vitamib-deficient at a cubff level of 50/ Y2 f K [ & SNHzY Hp ¢
' YR2WYFEAYAEAS GKS STFTFSOG 2F GAGIl YA gerum25@AD O £ OA d
02y OSy Hedldiekceed BW 2 f K [ QO

432  While both the IOMDRIcommittee and the Endocrine Society Task Force appeared to agree that
there was insufficient evidenaaf a causative link between 25(OH)D concentration amg non
skeletaldiseaseoutcomes others haveroposedserum 25(0OH)D thresholds between-520 nmol/L
to reduce the risk of adversen-skeletal outcomegZittermann, 2003Holick, 2004k

433 The wide variation imeasurements o$erum 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 man 25(OH)D concentration and health outcomes.
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Relationship between vitamin D exposure (from diet & skin
synthesis)and serum 25(OH)D concentration

51

5.2

5.3

5.4

55

5.6

Humans have two routes of exposure to vitamin D:
i. Vitamin @ derived from synthesis in human skin on exposure to UVB containing sunlight.

ii. Dietary exposure through consumption of vitamipddd B in the form of naturally occurring
foods, fortified foods and dietary supplements. Some animal derivedsfioay contan small
amounts of 25(OH)n addition to vitamin B

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

The relationship between dietary exposure to vitamin D and serum 25(OH)D concentration could be
considered as the responséserumW¥ (i 226(0KH)D concentration (i.e., summation of 25(OHm
25(0OH)D) to alteredintake ofvitamin B and/or D;(plus 25(OH)Pin some cases). There are a

number of considerations which may impact on this relationship

Vitamin B and 3 differ only in their side chain structu@ndboth elevate serum total 25(OH)D
concentration(Seamans & Cashman, 2008lowever, there islisagreement onvhether both
vitamers are equally effective in raising and maintaining serum total 25(OH)D coatg@m{see
paragraphs 2.6@.62).

Dataindicatethat perng of vitamin D compound consumed, 25(OH@minor dietary form) is
approximately &imes as effective as vitaminsi elevating serum 25(OHj)Boncentration(Cashman
et al., 2012. This needs to be accounted for when deriving total vitamin D activity estgrfatesome
foods of animal origin (particularly in meats and egdsinay 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 lumenWeber, 198). Some physiological factors may also impact on the response of
serum 25(OH)D concentration to vitamin D intake. For example, in a study of healitny gdult

men (n=116; age28y), BargerLux et al. (1998¢ported thatthe largerthe BMI, the smaller the rise in
serum25(OH)D concentration for any given dose of vitamirFbrsythe et al. (2012lsing data from
RCT¢Cashman et al., 200€ashman et al., 2009%eported that BMI was negatively associated with
change in serum 25(OH)D concentration following supplementation in oftdErig 1 p T64PH BIS = X
not younger (=118; age20-40y) adults BargerLux etal. (1998)rlso 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 metagression analysis reported that baseline serum 25(OH)D
concentration @d not influence the response of serum 25(OH)D concentration to vitanfi®m,

2011).

Despite these considerations, thelationship between vitamin D (not distinguishing between vitamin
D,andD;) intake and serum 25(OH)D has been described. While a number of RCTs have reported the
response of serum 25(OH)D concentration to increased vitamin D intake (by supplementhgom),

was great variability and many were not dessponse trials. Exploratory metagression analyses of

RCT data, 16 trials in adu(Sranney et al., 20Qand 36 trials in children and adulfSeamans &

Cashman, 20Q9reported that for each additional dg (401U) of vitamin D consumed, serum
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25(0OH)D concentrations increased by 0.64 and ArB8I/L, respectively. The RCTs were from many
different countries and conducted in different seasons. The estimates are inagwedment with the
often quoted slope estimate (0.Amol/L per 1ug/40 IU vitamin D) from theegression equation
developed in a doseesponse study among healthy young men in Omaha, Nebraska, USA (latitude,
41.2N), which assessed changes in serum 2500iéhcentrations in response to extended oral
dosing with vitamin BPover an extended winter periofHeaney et al., 2003

These estimates assume a linear relationship between vitamin D intake and serum 25(OH)D
concentration, which may be inappropriate in certain circumstances. At an increased concentration of
circulating vitamin D (~18mol/L; equivalent to a daily inpditom all sources [diet and sunf about

50 ny/2000 IU), the hepaticCYP2R1 enzynfeesponsible for activating vitamin D to 25(0OH)D)

becomes saturated and the reaction switches from first to zero ofleaney et al., 2008 Therefore,

the rapid increase in serum 25(OH)@ncentration with increasing serum vitamin €bncentration,

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 intaike is n
linear over an extended vitamin D intake rangen analysis of 64 vitamin D RCAia et al., 2008
showedthat the slope response of serum 25(OH)D concentration to increasing doses of oral vitamin D
flattened off at a dose of 3By/d (14001U/d).

The IOM also reported steeper rise in serum 25(0OH)D concentration at vitamin D dogésg.g/d
(1000lU/d0 YR | Af28SN) Y2NB T26gll MDY IR redaiblassidFy a S | G
baseline intake or serum 25(0OH)D concentra(i@iM, 201). Therefore, ints metaregression

analysis of data from selected RCTs, the IOM used a curvilinear relationship (achieved by a natural
logarithm [Ln] transformation of serum 25(OH)D concentration versus total vitamin D intake) to allow
for a more blunted response of sen 25(0OH)D at intakes above @§/d (10001U/d). The9s"

percentile of total vitamin D intake in national nutrition surveys in Europe is generally less than
15ug/d (6001U/d) (Flynn et al., 200890 the intake range for many populations is likely to lie where

the intakestatus relationship is more linear.

The shape of the intakeerum 25(OH)elationship (linear versus curvilinear) has an important
bearing on estimang the vitamin Dintake required to achieva specified serum 25(OH)D
concentration(particularly those below 58mol/L) (Cashman et al., 2011aA number of European
(51-60°N) winterbased, doseelated RCTs which used supplemental doses of vitamin D between 0
20ug/d (8001U/d) (in the linear part ofhe response curve) have reported vitamirsBrum 25(OH)D
concentration slope estimates of 1.82543nmol/L increment per Jug (401U)vitamin D(Cashman et
al., 2008 Cashman et al., 20Q¥iljakainen et al., 200 ashman et al., 201);this is much higher
than that ofHeaney et al. (2003)nd the two metaanalyses estimateCranney et al., 200 Beamans

& Cashman, 20Q%see paragrap!b.6).

The metaregression analyses I§ranney et al. (2008nd Seamans & Cashman (2008} the

respon® of serum 25(OH)D concentration to vitamin D intake, used data from RCTs conducted in the
winter-time when the influence of UVB sunligti¢rivedskinsynthesis of vitamin D is minimised. At
times of the year when UVB sunlight is sufficientdkinproduction of vitamin D, the absolute

percentage of serum 25(OH)D concentration arising from cutaneous synthesis versus oral intake of
vitamin D cannot be clearly specified. For example, the IOM reptintdasimilar metaregression
analysis on data from wiar-based RCTs conducted in the latitude bdfdo 49.5N (where

assumption of minimal sun exposure may not be as fully) c@nhpared to RGTconducted at
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latitudes>49.5°N or Swhich were used for derivation of the current B8commended Btary
Allowance RDA? values) yielded quite different regression equations (resulting in lower RDA
estimates) Thishighlightsthe impact of UVB exposure (in this case only that arising during the
extended winter in these lower latitude regions) on the estintatketary 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(OH)D concentrdtiring pregnancy and
lactation

511 Serum 25(OH)D concentratioemairs stable during pregnandKovacs, 200&uggesting that the
increase in serum 25(OH)D concentration in response to vitamin D supplemerdbfioggnar and
lactating womenis similar tothat of non-pregnant or on-lactating women.

512 ACochranesystematic reviewDe-Regil et al., 200)Geported that data from 7 intervention trials
(n=868) showed that womereceivingvitamin D supplements during pregnancy had higher 25(OH)D
concentrations at term compared to those who received no intervention/pladsliche response
was highlyheterogeneous? = 99%) ranging from 16.3 (95% Cl, 1:4.8.0) nmol/L(Mallet et al., 1986
to 152 (95% CI, 12¥77) nmol/L(Brooke et al., 1980 The large effect size in tidrooke et al. (1980)
study, whichmade asignificantcontribution to the observed heterogeneitys hard to explain
Differences irvitamin D doses and regimse(b-50 ug/200-20001U per day, 87pg/35,000I1U per
week and single doses from 5006/200,000IU to 15,00Qug/600,000IU) and differences methods
used to assess serum 25(OH)D concentrati@y 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 tosaeview
did not repat mean baseline serum 25(OH)D concentrations of the women in the included studies.

513 A systematic revieWThiele et al., 201ddentified 3 RCT@ollis & Wagner, 2004Vagner et al., 2006
Saadi et al., 2009hat had evaluatedhe effects of maternal vitamin D supplematibn (10-
160g/400-64001U per day during lactation on serum 25(OH)D concentration of exclusively breast
fed infants. Maternal serum 25(OH)D concentration ara tvitamin Dcontent of breast milk
increased significantly with vitamin D doses of1®D g/d (200664001U/d) but not with doses of
10pug/d (4001U/d).

5.14 A cohort study in Denmaixid Streym et al., 20)@ollected blood and breast milk samples from
mothers(median age, 30.%) at 2 weeks (n=107), 4 months (n=80)d 9 months (n=48) postpartum
and Hood samplegrom infants at 4 and 9 months of agblean maternal postpartum plasma
25(OHDP concentration was 73.2, 64add 50.7nmol/L at 2 wks, 4 months and 9 months respectively.
Concentrations of vitamin D and @H)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% (1.041.84%) and 2.10% (1.€365%) respectively of maternal plasma 25(OH)D concéortra
(p<0.01).Daily median (IQR) infant intakes of vitamin D and 25(O#B breastmilk were
0.10pg/4 1U (0.020.409/0.8-161U) and 0.3449/13.61U (0.240.47g/9.6-18.81U) respectively.
Concentrations of vitamin D and 25(OH)D in breastmilk iswed a significant seasonal izion
(p<0.01) Findings from thistudy suggest that daily supply of vitamin D from breast milk of healthy
women, with plasma 25(OH)D concentrations®nmol/L, is lowandinadequateto meet infant

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

5.15 Most observational studies which have examined serum 25(OH)D concentration of breast fed infants
are not relevant to the UK. However, a cresstional study in New Zealafi/all et al., 2013found
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(OH)D concentration was significantly lower
(p=0.0001) in infants enrolled in winter (2inol/L; IQR’, 1431 nmol/L) compared to those enrolled
in summer (75 mol/L; IQR, 5800nmol/L), autumn (49 mol/L; IQR, 3®4 nmol/L) or spring
(60nmol/L; IQR, 409 nmol/L). Overall, 60% of infants whose serum 25(OH)D concentration was
measured in winter hda 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 crosssectional, the effects over time of exclusive breast feeding on infants@&(OH)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 serunf@3)D cacentrationby ethnicity

5.16 Data on doseesponse effects of vitamin D intake on serum 25(OH)D concentration of individuals
from ethnic groups in the U&re lacking

5.17 Findings from RCTs in the USA, which have examined the effect of vitamin D supplementation on
African Americans are conflictiiGallagher et al., 201&allagher et al., 2014g et al., 201} Based
on their findings from a-4érm RCT (placebo, 25g/10001U, 50ug/20001U, or 100ug/40001U vitamin
Ds;dailyfor 3months) Ng et al. (2014gstimated that 41ug/d (16401U/d) of vitamin D was required to
maintain winterplasma25(OH)D concerations >50 nmol/L in 97.5% of African Americaremand
women (n=292; age, 380y). This is almost twice the amouastablished by the IONL5-20 ug/600-
8001U perday) based on data from RCTs with white people. However, since the study did not include
a group with white skint is not certain that there are differences in requirements by skin type.

5.18 In contrast,Gallagher et al. (2013gported that the increase in serum 25(OH)D concentration after
dailyvitamin 3 supplementation (placebo, 1j0g/400 IU, 20ug/800 1U, 40 ug/1600 IU, 60ug/2400 IV,
80 ug/32001U, 100ug/4000 1U, or 120ug/48001U for 12 months) in older African American women
(n=110; mean age, 67y) was similar to that observed in wihit@en (n=163; mean age, ¥)7in a
similarly designed RGGallagher et al., 20)2nd that 20ug (8001U) perday of vitamin D was
required to maintain 25(OH)D concentratio@&nmol/L in 97.5% of African American and white
women.

519 Another RCTybthe same grougGallagher et al., 20)4which was conducted in younger white and
LINROLFY 1YSNAOLY 62YSy 6 A (iFnnoll Naig8meanagh 36195 O2 y O &
and who were assigned teceiveplacebo or vitamin BX10ug/4001U, 201g/8001U, 401g/16001U
or 60ug/24001U)daily for 12 monthsreported that mean baseline serum 25(OH)D concentration was
lower in Afrcan American women (28mol/L) than the white women (36.4mol/L). However, as the
absolute increase in serum 25(OH)D concentratifiar 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
10pg/d (4001U/d) of vitamin D was required to increase 25(OH)D concentratids@®rwnol/L in 97.5
% of the white women and between 20 and 4@¥d (800 and 1600U/d) of vitamin D was required to

% Inter-quartile range.
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increase 25(0OH)D concentration&nmol/L in 97.5 % of the African Ameticwomen.

Relationship between UVB sunlight exposure and serum 25(O¢giizentration

520 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 numbetaréfgeg., season,
time of day, amount of skin exposed, skin pigmentation, use of SPF sungsezealso chapter 3)

5.21 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 concentratipiaddad et al., 1993 This could be because
vitamin D synthesised in the skin is primarily associated wifh &nd slowly diffusestm the blood
stream, gradually arriving at the livéfraser, 1988 In contrast, dietary vitamin D is associated with
chylomicrons and low density lipoproteins which asadilyand rapidlytaken up by the liver.

522 A systematic review which examined the effect of UVB exposure on serum 25(0OH)D concentration
identified 8 randomised trial&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/&mA quantiaitive synthesis of the trials of UVB exposure and
serum 25(OH)D concentration was not possible due to the heterogeneous study populations, the
differences in thenterventions (length and area of exposudose) and lack of complete data
(Cranney et al., 2007

523 Laboratory studies that have investigated the relationship between UVR exposure and vitamin D
synthesis have typically used UVB phototherapy sources which also contasolaotJVB radiation
(<295nm) that isalsovery effective at vitamin D production. It is, therefore, difficult to make
comparisons with solar UVR. A study that compared doses of natural solar U\ASépfaihber)
with doses of artificial UVB radiation of hands and face reported a significant increasarm ser
25(0OH)D concentration with UVB from artificial sources but not with sun(iRgita et al., 2012 It
was estimated that UVB fromphototherapy source was at least 8 times more effective (in terms of
erythemally equivalent exposure) than solar UVB.

5.24 Laboratory studiegBogh et al., 201)report an inverse relationship between baseline serum 25(OH)D
concentration and response to UVB: jibe lower the baseline serum 25(OH)D concentration, the
greaterthe response.

525 In aRCTwhichexamined interactions between exposure ddsend body surface are@ogh et al.,
2011, participants (n=92; age, 185Yy) 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 todi¢slrface area).ntreasing the
exposed body surface area from 6% to 24% decreased the effect of increasing UdRddose
increasing the exposure dose from 0.75 to 3.0 SED decreased the effect of increasing body surface
area. These datadicatehigherdoses are needed if smareas of the body are exposed and that
lower doses are adequate if larger body surface areas are exposed.

526 Chel et al. (1998gported that exposure of the lower back of older females (mean agg) &siding
in a nursing home ithe Netherlands (5N) to halfthe MED (from artificial UVB; individual doses

% Exposure doses were given in SED ubiBED is equivalent to an erythemal effective radiant exposure of 18aypically the MED of a fair
skinned individual is about2SED.
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adjusted according to skin sensitivity) 3 titheeek for 12 weeks incrsad serum 25(0OH)D
concentrationby 42nmol/L (median of 6@imol/L at end of trial); a second group who received
10ng/d (4001U/d) of vitamin 3 over the same period increased serum 25(OH)D concentration by
37 nmol/L (median, 6G¢imol/L at end of trial).

The amount of sun exposure neededgenerate 1 MED (or some fraction of) will depend on external
factors as well as individual factors such as skin type and time spent outdgolisk & Jenkins (2003)
have suggested that exposure of approximately 25% of body surfaBdijries per week, to 1/4 MED

in spring to autumn is equivalent to an oral dose oh251000IU) vitamin D.For the UK, in people

with skin types | to 1V, this corresponds to exposure tiofeground 515 minutes in miesummer and
1560 minutes in mieMarch and midSeptember(Webb & Engelsen, 20p6Many solar
recommendations to achieve and maintain serum 25(OH)D at specific concentrations are based on
this guideline; howver, it is difficult to extrapolate it to solar UVB exposure since it was derived from
full body exposure to doses of artificial UVR radiation containingsoder UVB.

Diffey (2010developed a mathematical modtd estimate changes in seim 25(OH)D concentration

from sun exposure throughout the year using data and calculations for synthesis and decay of serum
25(0OH)D concentration following a specific sun exposure and accounting for various factors (including
time outside, month, availablgVRin the UK, % skin exposure). The results froisrttodelindicate

that 10-20 minutes of daily sun exposure during summer months in thene}Kachieve a maximum
increase of 5L0 nmol/L inserum 25(®)D concentration

A UK group (University of Manchegt has examined and reported the efficacy of a simulated summer
sunlight exposures in raising serum 25(OH)D concentration in UK-siiibeed adultgRhodes et al.,
2010 and in adults of South A ethnicity(Farrar et al., 20LFarrar et al., 2013 Studieswere
performed in winter(latitude 53.5°N) to avoid confounding by UVR. Participants wore clatténg
reveded about 1/3 body surface area at commonly sexposed skin sitedn white skinned adults
(n=109) low dose, subrythemal UVR (1.3 SED, 3 tirhvesek for 6 weeks; total 23.4 SED/week)
produced a mean finaerum25(OH)D concentration of 7mol/L (Rhodes et al., 2030 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 lifepidal and ventral body surfaces are not exposed
simultaneously to sunlight, and people adopt postures ranging from horizontal to the vertical
randomly orientated to the su@Webb et al., 2011

Longitudinal studies at midK latitude (Greater Manchester) have examined the relationship
betweendose ofsunlight UVR exposureceivedthroughout the year and serum 25(OH)D
concentrationin adults. In a longitudinal study of white skinned adults (n&18ge 20-60y), personal
UV dosimeter badges showdiat participantswere exposed to ~2% of ambient URebb etal.,
2010, with median exposures of 3.7 SED/week in spring/summer and 0.1 SED in winter. Monthly
serum25(OH)D measurements revealed a seasonal pateginhinga peak (mean 7f@mol/L) in
Septemberndatrough (45.8nmol/L) in February Sun exposure diaries indicated that relatively
short, frequent solar exposures incrsad serum 25(OH)D concentratiauith participants spending a
mean daily time outdoors in spring/summer of 913 minutes/day orweekdays and 18 (23)
minutes/day at weekends during peak ambient UVB timesO@ 1o 1300). Another longitudinal

study (Kift et al., 201B3examined yearound serum 25(OH)D concentration and sunlight exposure in
adults of South Aan ethnicity (n=125; age, Z0y). Median serun25(OH)D concentration was
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22.5nmol/L (IQR, 16:84.3) in summer and 14mol/L (IQR, 1€20.3) in winter. Thiswas about 1/3
that of white skinned adults at the same latitud5.4nmol/L (IQR49.7¢78.6) in summer and
47.2nmol/L (IQR 29.0¢59.2) in winter. The South Asian adults also had low#&f ékposure recorded
by theirpersonaldosimeter badges (~1% ambient UV) &adlexposed a smaller skin surface area.
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Vitamin D and healtloutcomes

6.1

6.2

6.3

6.4

6.5

6.6

The purposef reviewing the evidenctor arelationship between vitamin D and various health
outcomes was to assess whether they might inform the settingRY¥dor vitamin D. The health
outcomes examined were those considered to be of public healtitern.

Serum25(OH)D concentration repsents 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 ofhe observationakvidence was largely confined to studies that comparedtheal
outcomes againsserum25(OH)D concentration since this refletital exposure to vitamin D from
both sunlight and die¢from natural sources, fortified foods and supplement®pservational sidies
which only examined the relationship between vitarBirintake and health outcomes were not
considered.

Sudiesconsidered were thosthat examined whether vitamin D reduced the risk or incidence of
specific health outcomeis the general healthy population rather thés effect as a therapeutic
agent in pe-existing disease; i.e., disease prevention rather than cure.

The I0OM report oietary Reference Intakes for Calcium and Vitami20R1)provideda

comprehensive reference resource for consideration of the evidence. The IOM report was informed

by two systematic reviews of the eviden&ramey et al., 2007Chung et al., 20Q%vhich were

conducted by the Agency for Healthcare Research and Quality (AHRQ). Prior to its considerations, the
SACN vitamin D working group @Mupdated 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 réswing the evidence is describedritore detalil

in chapter 1 ¢eeparagraphsl.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 relationsWih vitamin D supplementation agerum25(OH)D
concentration. If data were lacking or inconsistent for a specific health outcomeijtthes not
considered any further. If the evidence was suggestive of a relationship between a specific health
outcome and vitamin D supplementatid@rum25(H)D concentration then the data were examined
further to assessvhether arangeof serum25(OH)D concentrations or threshadrum25(OH)D
concentration associated with beneficial effects could be identifiéd.important limitation to this

task was thathere is no clear consensus on the threshe&tum25(OH)D concentrationsed to

define vitamin D deficiency or low stataad cutoffs variedacross studieandwere predefined
according to different criteria for deficiency. As a consequencesé¢hertedcut-offs were very
insecure and made it difficult to assess if there was a dose respets®nship

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

Anumber of factors need to be considered in assessingtlgence 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 le taken into considerationThese includeseason of year, latitude, skin pigmentation,
clothing,time of exposure, sun screen use, urban environment (can reédloak sunlight), air

pollution andcloud cover.
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Althoughserum25(OH)D concentration is a marker of exposure to vitamin D (from sunlight and the
diet), variousfactors complicate its use in studiektbe relationship between vitamin D and health
outcomes. Sinceerum25(OH)D concentratioreflects exposure to vitain D, its concentration will

be affected by factors thanfluenceskin synthesis of vitamin D (see previous paragraph). Another
important consideration in observational studies is that people with a higagrm25(OH)D
concentration tend to be healthighan those with lower concentrationsThis could belue togreater
exposure to sunlight as a resultmbre outdoor physical activitgnd/or a healthier diet and/or
prophylactic use of supplements.

In addition to thevariability which affectserum25(OH)D concentration (e.g., time of day/time of

year blood sample takenit,can vary considerably (32%) depending on the type of assay used.

There is also a lack of agreement between different laboratories using the same médieddsHunty

et al., 2010. Serum25(OH)D concentratiomayalso decrease in response to acute inflammation

which raises further concerns about its reliability as a marker of exposure since a low serum 25(OH)D
concentration may simply reflect an underlying inflammatory statemore detailed consideration of
problems relating to measurement of serum 25(OH)D concentrasiprovidedin chapter 4.

Serum25(OH)D concentration &soinfluenced by genetic variation drby ptysiological state; for
example concentratiors 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.
Serum25(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) Afurtherimportant limitation in many studies assessing th&atenship betweerserum

25(0OH)D concentration and health outcomes is the use of only one blood sample, because of
individual variability oerum25(OH)D concentration. A single measurement at baseline also does
not allow evaluation of any impact of chges over time. There is also no standardised season for
collecting blood samples.

All theseissueshave implications for the interpretation of studigsarticularly observational studies,
that have examined the relationship betwesarum25(OH)D concenttin and health outcomes.

Review of the evidence

Assessment of the evidence is divided intasculoskeletalrickets osteomalaciabone health indices
fracture preventia, risk of falls and muscle healti)d nonmusculoskeleta{pregnancy and lactation,
cancers, CVD & hypertension;e@duse mortality, immunenodulation infectious disease
neuropsychological functioning, oral health and agkated macular degeneratioriealth outcomes.
Consideration of each health outcome includes a short summattyedfOM findings for that outcome.

Musculoskeletal health outcomeéTables 130, 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%), whicligvides it with hardness and rigidity, deposited around an

organic matrix consisting of collagen (90%) and-colfagen structural proteinslt is a highly
specialisedmetabolically 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 skelsit@s 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 remod€lémke, 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 o mechanical forces in a process knowmasdelling Boneremodellingis a continuous

lifelong process of replacement and repairwhich old bonds broken dowr(resorption)and new
boneformed (formation or ossification)and whichadapts the skeletoto 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 osteoclastshigh 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 calcificaticosteoclasts are phagocyticlisashich remove bone

tissue; and osteocytes, which are derived from osteoblastsconstitute over 90% of adult bone

cells play a role in activation of bone formation and resorpt{Datta et al., 2008 The activation
process is regulatedy mechanical forces, bone cell turnover, hormones (e.g., PTH), cytokines and
local factors.

Bone massccrualis rapid in the fetus and infant. It continues to increase during childhood at a
slower rate until the adolescent growth spurt when it againlergoes rapid growth. During these
periods of growth, bone turnover is very high and formation exceeds resorfg#ating to a net gain

in bone mass Peak bone mass is reached, typically, in the early 20s. In the gduligkeleton,

bone formation andesorption 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 sudseaite of bone loss.

The rate of bone loss is initially slow but, in women, accelerates rapidly in the-8rgedrs following
menopause and then at a slower continuous rate throughout the rest ofRifggs et al., 2002 The
accelerated rate of bone loss is caused byghdden 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 abet@%0of bone strengt
(Pocock et al., 1997 Bone strength is also affected by bone geometry,icattthickness and porosity
and trabecular bone morphologylhe main determinant of bone massgisnotype however,
hormones (calcium regulating hormones and sex hormoaed)ifestyle factorgsuch as diet and
physical activitycan 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 reverseskiedetal changebut if the skeletal
deformities are widespread and significaabd gravth plates have begun to mature, as in puberty,

then it cannot. In the UK, a serum 25(OH)D concentratidc2bsamol/L has beerthe threshold

adoptedto define increased risk of ricket®H, 1998 Other causes of rickets include inadequate
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calcium intake, although this is more common in developing countriesiracigildren with
inadequatephosphorus intake.

Osteomalacia, like rickets, develops as a result of vitamin D deficiency. It commonly piresetitiss
assevere aching in bone and muscles and proximal muscle weakness making standing up and walking
difficult and painful and resulti® 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 adolescesdemnting

with symptoms of osteomalacigadhani et al., 20Q&Vard et al., 2005Das et al., 2006 When

vitamin D deficiency is imiphted in the aetiology of osteomalacia there is usually evidence of

secondary hyperparathyroidism. Osteomalacia can also be caused by kidney or liver dehctge
caninterfere with vitamin D metabolism.

Osteoporosis is a progressive skeletal disorderegally associated with ageing. It is characterised by
reduced bone strength due toss ofbone mass and deterioration in the micaschitecture of
trabecular bone which increases bone fragility and, as a consequence, risk of fi@etdes 1991
Fractures are most common at sites where trabecular bone predominatestitee spine, wrist and
hips. It can affect both sexes, but women are at greatermmially dueto the decrease in oestrogen
production after the menopausavhichaccelerates bone loss to a variable degréeactors which

affect bone mass will influence the risk of developisteoporosigsee paragraph6.15-6.16).

Assessment of bone health

In studies which have examined factors influencing bone health, the most clearly defined and clinically
relevant endpoint is bone fracturdn most studies, however, intermediate outcome measures are

used to assess bone strength. Measurement of areal banena density (BMD), the quantity of

mineral present per given area of bo¢g/cnt), is the most common proxy measure of bone strength
and fracture risk The most widely use@thnique to measure BMD is dwatergy xray

absorptiometry (DXA) which haghireproducibility and low radiation dogBH, 1998 Other

techniques include quantitativeomputed tomography (QCT) which allows thrdanensional

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 radiateorddose
allows threedimensional assessment of the lower arms and legs and volumetric measures of BMD
(g/cn?). Ultrasound methods are also used; howetee clinical relevance of ultrasound bone
measures is less well understood.

Although there is a relatiomgp between BMD and fracture risk, the extent of the relationship is not
clear. BMD measurements do not provide a complete assessment of bone stretigghfactors that
contribute include bone size, shape, architecture, and turngermann & Rizzoli, 2003

Additionally, BMD obtained by single or degiergy techniques, is an areal density measurement
(g/cn?) derived by dividing bone mineral content (BMC) by the scanned area of bone. It does not
measure volumetric density of theobe or the mineralised tissusithin 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 siz&/arious methods havieeen used to adjust areal BMD to more
closely represent volumetric BMD especially at the spine, including calculation of bone mineral
apparentdensity(BMAD)Faulkner et al., 1995 Bone mineral measurements are more useful in
prospective studies where changes are assessed over time.
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6.22 Interpretation of bone health indices such as BMD and BMC in children is lessBi#aris a less
informative measure of bone health than BMC because BMD patrtially corrects for attained size and
therefore dilutes any possible relationships with skeletal growkhe International Society for Clinical
Densitometry (ISCD) has published guidelines for clinical assessment of bone in ¢Bikhep et al.,
2014 Crabtree et al., 2014

6.23 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 bonespecific alkalinphosphatase are validated indices of bone formaiiDr, 1998
Markers of bone resorptionra based on breakdown products of type | collagen in serum or urine and
include pyridinium crosslinks of collagen (PYR andRPétd Gterminal crosslinks of type | collagen
(CTX). Limitations of current biochemical markers of bone metabolism includef Eskue specificity
for bone and an inability to distinguish the metabolic activity of different skeletal compartments
(Garnero, 2014

Consideration of the evidence on vitamin D angusculoskeletal health outcomes

6.24 Evidence on vitamin D and the following musculoskeletal health outcomes was considered: rickets,
osteomalacia, bone health indices (¢ BMC, BMD, biochemical markersbaie turnover), fracture
prevention, risk of falls and muscle heafffables 130, Annex 2

6.25 Evidence omickets and osteomalaci@as not considered by life stage but separatelyor to
consideration of other musculoskeletal health outcom@&ataon musculoskeletal health outcomes
other than rickets andsteomalaciavere considered by life stagdpregnanyg & lactation, infants up
to 12m, children 13y, children 48y & adolescent8-18y, adults 50y arR | R d&fly)§idce different
musculoskeletahealth outcomes are relevant to specific age groups. Evidence on vitamin D and bone
healthindiceswas considered across all life stages; muscle streagthfunctionand stress fracture
riskwere considered in adults 50y*°; fracture prevention, risk of falls and mussteength and
functionwere considered idults)50y.

Rickets

6.26 1OM Report The IOM concluded that, overall, there was fair evidence for an association between low
serum 25(OH)D concentration and confirmed rickets but the evidence for a threshold serum 25(OH)D
concentration above which ricketid not occur was inconsistent. Ttgen studieswvere identified
whichassesad the association between serum 25(OH)D concentration and rickets in infadts an
young childrer(1 RCT; 4 beforafter studies; 8 caseontrol studie3 but it wasnoted that manywere
from developing countrieshere calcium intake is low and could, therefore, be confounded by dietary
calcium

6.27 Six studies (1 RCT; 3 before & after; 2 eamgrol) reported mean or median serum 25(OH)D
concentrations below 3@mol/L in children with rickets; the remaining studieported mean serum
25(OH)D concentration abov® Bmol/L (range 3&0 nmol/L).

6.28 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 considere@ables 1-5, Annex 2)

6.29 In order toidentify a threshold serum 25(OH)D concentration associated with rickets, a range of
studieswasconsidered inclushgthose cited in, and published since, the IOM report. Studies
referenced in the following COMA/SACN reports were also coresidBietary reference values for
food energy and nutrients in the WBH, 199); Nutrition and bone healtiDH, 1998 andUpdate on
vitamin D(SACN, 2007

6.30 A total of 4 studies were identified which included measurements of seB&{OH)D concentration in
children with rickets.

6.31 Individual baseline serum 25(OH)D concatibn in the case reports (n=)¥anged from 2.5 to
<50nmol/L and mean/median serum 25(OH)D concentrations ranged betwemmol/L in
observational studies (19, 950 nmol/L in the before and after studies (n=8)48nmol/L in case
control studies (n=7) and 338 nmol/L in intervention studies (n=3)n most studies, information was
not provided on the season in which the blood sample used to measure ser@@iH@5 concentration
had been taken. It is therefore possible that the variability in serum 25(OH)D concentrations might be
due to the time of year the samples were drawn.

6.32 Rickets with unknown aetiology, often with serum 25(OH)D concentrat@Ennol/L,is usually
defined as vitamin D deficiency ricketdowever asmany of the studies on ricketgere from
developing countrieghe findings could be confounded by low calcium intak®sice oly 5 studies
reported calcium intakg it was not possible tascertain whether the rickets was caused solely by
vitamin D deficiency or by low calcium intake. Another limitation of studies on ritkibis
assumption of aorrelation between serum 25(OH)D concentratiorchildrenwith ricketsandtheir
skeletalabnormalities since the time coursom the onset of the disease not known. Serum
25(0OH)D concentratioim all studies was measured in children who presented with features of rickets
none obtained measurements before development of rickdtscasereports,serum 25(0OH)D
concentrationsof children with ricketsnaytherefore be lower than normalbecause presentation at a
hospital usually oags at a more advanced stage of tHisease.

6.33 Awiderrange ofserum 25(OH)Boncentrations is found in populatiostudies. For example, a study
in AustraliagMunns et al., 201pof children (n=398; age, 0I5y) with vitamin D deficiency rickets
(defined as serum 25(OH)D concentratioBOimol/L and alkaline phosphatase concentration
>2221U/Land/or radiological ricketseported that 71% of children withvrist xrays (h=95had signs
of radiological ricketshowever the difference inrmedan serum 25(OH)D concentratibetween
cases with radiological rickets (median,riol/L; range 545 nmal/L) and those without (2@mol/L;
range 845 nmol/L)was not statistically significant

6.34 Based on theoverallevidencei|t is not possible to discerndear threshold serum 25(0OH)D
concentrdion below which rickets occurddowever,individual serum 25(OH)D concentrations were
below 25 nmol/L (the current threshold for defining the lower limit of adequ&®yn the majority of
case reports andhean serum concentrations were2§ nmol/L in the mgority of other study types
considered

6.35 Although the risk of ricketssincreasa at serum 25(OH)D concentration5nmol/L, it is important
to recognisehat a serumconcentrationof 25 nmol/Lis not a clinicathresholddiagnostic of the

“DH, 1998.
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diseaseand thatmost children in the generalopulation who have a serum 25(OH)D concentration
<25 nmol/L will not develop rickets

Sudiesdescribing casesf ricketsin countries with predominantly whitskinned populations (e.g.,
UK, USA, Australig)ainly comprsedinfantsfrom ethnic groups wit darkskincolour. Theseinfants
represent a minority of birthin thosepopulations suggesing a larger relative risk of rickets
associated withinfants and children from ethnic groups widlark skin colour However, it is not clear
if this difference in risks due to skin colouper seor lifestyle differencesince darlskin is one of a
number of factorgincludingbehavioual, cultural and biological) that could affeatkets risk and
serum 25(OH)D concentrationstbiese population grops (see paragraph 3.23

Summary- Rickets

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

Serum 25(O}D concentration in case reports ranged fror2.5 to <50 nmol/L and mean/median
concentrations ranged between 5 and Bhol/L in other study types. Individual and mean serum 25(OH)D
concentrationsof children with ricketsvere <25nmol/L in the majoriy of studies examined.

Most studies did not provide information on time of year the blood sample was drawn for measurement wl
might explain some of the variability in serum 25(OH)D concentration associated with aokket®ne provided
measures of theserum 25(OH)D concentration prior to the onset of disease

Osteomalacia

IOM Report Based on findings frorm postmortem analysis of bone biopsi@riemel et al., 2010

the IOM concludethat all individuals were free aisteomalaciavhenserum 25(OH)D concentratis
were >50nmol/Land that a significant increase in the number of people displaying the mineralisation
defect was not observed untslerum 25(OH)D concentratiomgere <30 nmol/L. Thestudyby Priemel

et al. (2010was giverconsiderable prominence in the IOM report and usedupport a serum

25(0OH)D concentrain of 50nmol/L as providing coverage against osteomalacia for 97.5% of the
population. This study is considered below (paeagraph$.45-6.46).

Evidence considere@ables 67, Annex 2)

The majority of evidence on vitamin D and osteomalacia (fanty 1940s to 2013) comprises case
reports and many studies do not repagrum 25(OH)D concentrations

Observational studies

Gifre et al. (2011¢xamined the clinical manifestations and most frequent causes of osteomalazia
group of patients in Spain (n=28; meage, 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 & Fitzpateiiferia®. Mean senm 25(OH)D concentration

was 15nmol/L in patients with vitamin D osteomalacia.

“I Defined as two of the following: losalcium low P, elevated total alkaline phosphatase, radiographic findings.
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Preece et al. (1975heasured serum 25(OH)D concentratiarpatients of $uth Asian ethnic origin
living in Glasgow (n=35) with overt rickets or osteomalacia (clinical & biochemical evidence &
radiological confirmation). Serum 25(OH)D concentratias <7.5nmol/L in all @tients and was
undetectable (<.25nmol/L) in 57%.

Case reports

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

Bone biopsy studfPriemel et al., 2010

Priemel et al. (201M@arried out a postmortem analysis of transiliac crest bone specimens obtained
during autopsies of victims of accidents, assaults, suicides and other unnatural or unexgmcied

in Germanyn=401 males, mean age 58.7y; n=274 females, mean age 68&&89dss the minimum

serum 25(OH)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 minimumesum 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 concentratiod5nmol/L.

A critique ofthis study (Aspray & Francis, 201Bas drawrattention 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 tdsedalidity
of postmortem serum 25(OH)D measurement atheé generalisability of the study (since no
demographic datather than age and sex were presented). Other limitations of the study include:
data were reported as scatter plots without further statistical analysis @usdchent for age (range,
20-100y) and sex; variability is increased at serum 25(OH)D concentrations beluwdd but it is
unclear how this should be interpreted because of the wide age range of the population; mean serum
25(0OH)D concentrations appearle very low for Germany (2fmol/L in summer and 16mol/L in
spring);andinformation on calcium intakes, which might also affect bone mineralisation, was not
available.

Summery- Osteomalacia

Evidence on osteomalacia is limited mainly to case reponghich serum 25(OH)D concentrations ranged
between 4 and 2Gimol/L.

Out of 2 crosssectional studies of patients with osteomaladiadividual serum 25(OH)D concentrations were
<7.5nmol/L in one study anthean serum 25(OH)D concentration was(25)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 lactatiotihe mother provides large amount of calcium to the developing
fetus and neonatéKovacs, 2008 An important physiological change in pregnancy is the doulsling
the rate or efficiencyf intestinalcalcium absorption; however, evidence from animal studies in
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vitamin D deficient rats andDRnull mice indicate that vitamin D is not required foigh 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 contributesibstantial amounts of calcium to the fet(lsovacs,

2008.

The relationship between bone health indices andternalserum 25(OH)D concentration during
pregnancy is unclearhich complicategssociations between serum 25(OH)@hcentrationand bone
health indices duringhis time(Brannon & Picciano, 2011

Physiological changes that occur during pregnanagase serum concentrations of 1,25(@PIand
DBP; serum 25(OH)D concentration, howevemairs unaffected The underlying mechanisms for
these changes are not clearly undemsti{Brannon & Picciano, 2011

IOM report The IOMdentified onl 1 cohort studywhichincluded maternal BMD as an outcome and
reported no relationshp betweenserum 25(OH)D concentrati@nd postpartumchanges in BMDIt
concluded that there was insufficient evidence for an association between a specific serum 25(OH)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 TurkegHaliloglu et al., 20Dlinvestigated the relationship between serum 25(OH)D
concentration and CTX in women (n=8Btkanage 28y)receiving supplemental vitaminsD

(10ug/4001U perday) during pregnancy and lactatioddean serum 25(OH) concentration was 19,1
15.7, 11.1 and 7.8mol/L during the T, 2™ and 3" trimester andpostpartumperiod respectively No
correlationwas 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 postparturogpér=-0.47,

p=0.048; r=0.89, p <0.0001; r 6.88, p<0.001 respectively)

Fetal/newborn outcomegqTables &, Annex 2)

Intervention studies

OneUKRCTNIAVIDOS$) has investigated effects of vitamin D supplementation during pregnancy on
markers of bone health inewborninfants (Cooper et al., 2006 Pregnant women (n=1134) wigh

serum 25(OH)D concentration of-2B0nmol/L at 1017 weeks gestation were randomised to receive
either 25pg/d (10001U/d) of vitamin Qor a placebo from 14 weeks gestatfdaontil delivery. Whole

body BMQf neonates (n=737) was assessed within 2 weeks of birth. Mean BMC of neonates born to
mothers supplemented with vitaminzdid not differsignificantlyfrom that of neonates borto

mothers who received placel61.6g 95% CI, 60-:82.8 vs 60.5005% CI159.361.7;p=0.21). Bone

area or BMD also did not differ between groups. Howewea, prespecified secondary analysis, there
was an interaction with season of delivery such that neonatal BMC was significantly greater for winter

“2 Maternal Vitamin D Osteoporosis Study.
“30r as soon as possible before 17 weeks gestation if recruited later.
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births (Decembefebruary) in the vitamin D supplemented grogpean difference5.5g; 95% ClI, 1-8
9.1; p=0.04)whenmaternalserum 25(OhlD concentrationsn the placebo group werat their lowest.
A similar winterbirth effect was observed for whole body bone area (p=0a0f) BMD (p=0.04). The
authors hypothesise that vitamin D supplementation preeshthe adverse effect of a decline in
matemal serum 25(OH)D concentration on neon&MC with the overall effecbeing the prevention
of deficitin BMCrather thanan increase However, a significant treatment effect was not found for
spring births(MarchMay)whenmaternalserum 25(OH)D concentratiomgere also at their lowest.

Cohort studies

Mahon et al. (2010nvestigated the association betweematernal serum 25(OH)D concentration and
fetal femur growth in pegnant women (n=424; age, -33dy) within a prospective longitudinal study in
the UK. High resolution 3dtrasound was used to measure femur lenglistal metaphyseal cross
sectional aread the ratio of the two (known as femoral splaying index). Womeh sgrum

Hpohl 05 O2 ysOS yankblil had iicred$ed splaying of the distal metaphysis of the fetal
femur. No differences were seen in femur length. The same group previepsisted that children

born to mothers with serum 25(OH)D concentratioBGnmol/L during pregnancy exhibited deficits

in BMC at 9y of ag@avaid et al., 2006

In a secondary analysis of biochemical/anthropometric/bone data of women (n=125) and infants in a
calcium supplementation study inraral area of the GambiéPrentice 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, tadfith, bone area).None of the women,
however, had a serum 25(OH)B&nmol/L.

Viljakainen et al. (2010)vestigatedassociations betweeserum 250H)D concentrations of Firsh
mothers (n=125; ag20-40y) and bone health of newborns. Two equal sized groups wdneede
using a serum 25(OH)D enff concentration of 42.6imol/L (median value of individual means during
1% trimester and 2 days posgstum). Babies born to mothers above the median had 13.9% higher
tibia BMCQ(p=0.01)and 16.3% higher crosectional aredp = 0.02) but there were no differences in
BMD or bone turnover markers.

Young et al. (2012xamined the relationship between maternal serum 25(OH)D concentration (and
calciumintake) on fetal bone growth in pregnant adolescent girls (h=bYdanage 17y) in the US.
Measurements were taken at 26 weesspregnancy and at delivery. Fetal sonograms were taken up

to three times across gestatioMaternald S NHzY Hp 6 h 1l 05 5023pnBolived G A 2y X
significantly (p<0.01) associated with greategthl femurlengthand humerudength z scores

Dror et al. (2012nvestigated the relationship between maternal and cord serum 25(OH)D
concentrations and bone specific alkaline phosphatase (BSAP) and whole body BMC in newborns in a
multi-ethnic US population (n=80 motherfant pairs). Cord serulBSAP concentration was inversely
correlated with infant whole body BMC and with cord serum 25(OH)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

One small cohort studseported a negative correlation between maternal serum 25(OH)D concentration ant
marker of bone resorption (CTX concentration) in tAtand 3° trimesters of pregnancy and the postpartum
period.

Fetal/newborn aitcomes

OnelargeRCTin the UKreported nooveralleffect of vitamin D supplementation during pregnancy on BMC
BMD or bone arain the newborn infantbut a significantly lower BMC, BMD and bone aremfants born to
non-supplemented mothers in the winter (Decembéebruary)

Out of 5 cohort studies, 4 show a positive association between maternal serum 25(OH)D concentration ar
various indices of bone health in the fetus/newborn. Three studieseposdetermined cutoffs to define
vitamin D deficiency<50nmol/L in 2 studies and 42r@mol/L in 1 study).

Infants (up to 12 months)

Bone health indices

IOM report The IOM reported inconsistent evidence for an association eetwserum 25(OH)D
concentrationand BMC in infants. Out of 2 RCTs examining the effects of vitamin D supplementation
on BM(Greer et al., 1981Zeghoud et al., 19971 reported no effect of an increase in serum

25(0OH)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.
Evidencerom case control studies suggested an association between greater whole body BMC and
higher serum 25(OH)D concentration.

Evidence considered since IOM rep@rable 10, Annex 2)

Intervention studies

A study in South Korg&im et al., 2010examined the effect of dailytamin D supplementation
(10ug/4001U for 12 months) on BMD in bredstd infants (n=74) at 6 and 12 months of age. Vitam
D supplementation significantly increased serum 25(OH)D concentration but not BMD. However,
there are a number of uncertainties in this papenich includeuse of BMD rather thaBMC oiBMAD
in growing children andot providingdata on power calculadins for the sample size required to
detect a bone density difference with treatment.

A study in IndigKumar et al., 20D)linvestigated the effect of vitamindS3uppkementation
(35ug/14001U perwk for 6 monthg on growth (secondary outcontd in low birthweight term
infants (n=2070; ageK howrs) After 6 monthsmean serum 25(OH)D concentration wasrsbol/L
in the supplemented group and 36nol/L in the placebo group. Vitamin D supplementation
significantly mcreased z scores at 6 months for weight (p=0.026), length@i4) and arm
circumference (p0.033)andsignificantly redued the proportion of children with stunted growth
(p=0.018).However, indings from this study should be interpreted with cautiomce there was a

“4 Primary outcomes were mortality and morbidity.
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large loss to followp™ and, sincdt was conducted in undernourished low birth weight infarite
findingsmay not be applicable toarmal weight infants in the UK.

6.67 Abrams (2012¢valuated the effects of digi vitamin Q3 supplementation (1Qug/4001U for 3 months)
on BMC/BMD in Hispanic and néfispanic white infants (n=49; ageweek) in Texas, USA. Serum
25(0OH)D concentration was significantly lower in Hispanic compared ttliggpanic 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 fifirgh&veek of life or after 3
months supplementation. Key uncertainties in this study were thallssample size (and likely lack of
statistical power) and the short time span for observing a difference in bone health indices.

6.68 HolmlundSuila et al. (2013valuated the effects of different daily supplemental doses of vitamin D
(10ug/4001U; 30ug/12001U; or 40ug/16001U) on bone strength (evaluated by pQCT) inritdfdrom
age 2 weeks to 3 months (h=113)here were no significant correlations between serum 25(0OH)D
concentration and pQCT parameters.

Summary- Infants (up to 12 months)

Bone health indices

6.69 Evidence for an effect of vitamin D supplementation on inslicEbone health in infants is inconsistent. Out o
RCTs, 3 reported no significant effect of vitamin D supplementation on BMCoBMECT. One RCT reported
positive effects of vitamin D supplementation on growth in urdeurished low birth weighinfants in India;
however, findings from this study may not be applicable to the UK population.

Children (13y)

Bone health indices
6.70 1OM report ThelOM did not consider this age group separately.

Eviderre considered

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

6.72 A crosssectional analysis of children in Canada (n=488; age&sy).B2ported that a plasma 25(OH)D
concentration >75nmol/L was significantly related to higher BMC and areal BMD at the forearm and
whole body but not at the lumbar spir(elazell et al., 2015

Summary- Children (23y)

Bone health indices

6.73 One crosssectional study reported aassociation between serum 25(OH)D concentratiatbamol/L and
higher BMC/BMD at the forearm and whole body but not at the lumbar spine.

5 Anthropometricdata were available for only 62% of original sample
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6.75

6.76

6.77

6.78

6.79

6.80

Children (48y) and adolescent&4-17y)

Bone health indices

IOM report In the IOM report edy childhood waslefined as 48y and pubertyadolescence was

defined as 913y and 1418y. The IOM concluded that there was fair evidence of an association
between serum 25(OH)D concentrations, baseline BMD and change over time in BMD or BMD indices;
however, RCTs did natonfirm a consistent benefit of vitamin D supplementation on BMD.

Evidence considered since I0M rep@rables 1413, Annex 2)

Systematic review and metmnalysis

A systematic review and metnalysis of 6 intervention studi€g/inzenberg et al., 203 Examined

the effect of vitamin Bsupplementation on bone density in children and adolescents (n=884; age, 8
17y). Mean baseline serum 25(OH)D concentration ranged from4Br5fAmol/L. Overall, vitamin D
swpplementation had no significant effects on BMC or BMD of the hip, forearlambar spine.

When the metaanalysis was confined to studies in which mean baseline serum 25(OH)D

concentration was 85nmol/L, the effect on total body BMC was significantqQj94; 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 medaalysis whiclimit interpretation ofthe results: the

studies wereheterogeneousn terms of sample sizand ethnicitypne study administered vitamin D
fortified milk rather than vitamin D supplemen{Bu et al., 200% subgroup analysis for effectsf

vitamin D supplementation by mean baseline serum 25(OH)D concentration arbitrarily selected a cut
off (of 35nmol/L) based on the distribution of data; therefore, effects in those with mean baseline
serum 25(OH)D concentrations in any range below thecsed cutoff 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 gravth velocity) might leadd greater 25(OH)D utilisation.

Intervention studies

Pak et al. (2010)eported no effect of daily vitamind3upplementation (25g/10001U) on calcium
absorption or skeletal retention in girls (n=11; agel¥®). Calcium excretion in the supplemented
group increased by 33% but it is not clear if thiswea adverse effect of supplementation or a
homeostatic response to an increase in calcium absorption.

Molgaard et al. (201Qeported that daily vitamin Psupplementation (5 or 1Qg/200 or 400U) for
12 months had no effect on indices of bone health in girls (n=22114¢Ey). However, following
stratification by theFok VDRgene polymorphismywhole body BMDE=0.007) and BM@+£0.048)
increasedn a subgroup with the FF VDBu¢ not theFfor ff VDR)genotype indicating an ifluence of
VDR genotype.

Ghaazi et al. (201Gpund no effect of vitamin supplementation (125@g/50,000I1U) administered
monthly (equivalent to 4Qug/16001U per day) vs bimonthly (equivalent to @§/800 IU per day) vs
placebo for 6 months oa marker of bone resorption (C)Iid boys and girls (1240; age14-20y).

Ward et al. (2010)eported no effect ofritamin B supgplementation (4 doses of 375{/150,0001U
over 1 year) on BMD and BMC in adolescerts §n=69; agel2-14y; 88% of &@ith Asian origin).
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6.81 A pilot RCT in Indighadilkar et al., 20)0nvestigated the effect of vitamin D supplementation on
size adjusted bone area and BMC in underprivileged adolescent girls (n=50;-4&g) tdandomised
to receive either vitamin P(7500pg/300,000IU) or placebo 4 timesAarfor 1 year; all participats
also received calcium (250g/d). Median(IQR)post supplementation serum 25(OH)D concentration
was 75.2 (64.-85.5)nmol/L in the intervention group and 28.1 (1634.0)nmol/L in the placebo
group. There was a significant differencéetween the twogroupsin bone outcane measures

Muscle strength and function
6.82 10OM Report Muscle strength and functiom children and adolescentgas not considered.

Evidence considered since IOM

Intervention studies

6.83 Ward et al. (2010¢xamined the effect of vitamin Bupplementation (4 doses of 37%@/150,0001U
over 1 year) on musckenctionin addescent girls (n=69; age, 12y; 88% ofSouth Asian origin).
Mean baseline serum 25(OH)D concentration increased significartig intervention group (18.10
56 nmol/L) but not in the control group (17.9 to 15ol/L). Hficiency of movemenincreased
significantly (by 5%; p=0.0R)the intervention group An interaction was also found between
baseline serum 25(OH)D concentaatiand jump velocity in the intervention group (p=0.02) with
greater change in those with lowéaselineconcentrations. There were no improvements in muscle
force or power.

Summary- Children@-8y) and adolescent$4-17y)

Bone health indices

6.84 A systematiceview and metaanalysis reported a significant positive effect of vitamin D supplementation or
total body BMC when baseline serum 25(OH)D concentration \8&nmol/L. However these findings should
be interpreted with caution because of a number ofitetions in the data and because the BBol/L cutoff
was arbitrarily selected based on the distribution of data.

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

Muscle strength and function

6.86 OneRCT reported a beneficial effect of vitamin D supplementation on muscle function in adolescent girls
mean baseline serum 25(OH)D concentration ohd®l/L.

Adultsunder 50y

Bone health indices

6.87 10M Report Women of reproductive age were only considered during pregnandyactation. No
trial data were available and only 1 cohort study was consideghemtefore no conclusions could be
drawn.
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6.94

Evidence considered since |@Wable 14, Annex 2)

Intervention studies

A lyear RCTlslam et al., 201)reported a beneficial effect (§0.001) of vitamin D supplementation
onfemur BMD and BMC in premenopausal women in Bangladesh (n=20Q68f8y) Participants
received daily vitamin Bither alone (1Qug/4001U), with calcium (60éng), with calcium plus a
multiple micronutrient(MMN) supplement or placebo. Mean basiele serum 25(OH)D concentration
was 3 nmol/L. After 1 year, significantly gp0.001) highemean serum 25(OH)D concentrations
were observed in the vitamin D, vitamin D + calcium, vitamircBIcium+ MMN supplemented
groups (increase of 32-2, 32-4, 2Bm0l/L respectively) but not in the placebo group (increase of
0-6nmol/L). However, the results of this study should be interpreted with caution since it was
conducted in lowincome 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 functiom adults under 5§ was not considered.
Evidence considered since IOM rep@rable 15, Annex 2)

Systematic review and metmnalysis

Tomlinson et al. (2015hvestigated the effect of vitamin D supplementation on muscle strength in
adults (<40 y) in a systematic review and medaalysis of 6 RCTs and 1 controlled trial (n=310; mean
age 24y). Three stdies also administered caloin 2 studies both control and vitamin D groups
were required to take calcium; in thé°3tudy, participants were randomised to receive placebo,
calcium, vitamin B) or vitamin Qand calcium. Mean baseline serum 25(OH)D concentration of
participants feported in 5 studies) was 30t8nol/L. Overall, vitamin D supplementation significantly
improved upper(p=0.005)xand lower (p=0.04) limb muscle strength.

Cohort studies
No cohort studies could be identified.

Stress fracture prevention

Stress fractures are caused by repetitive sudximal loading of bone which ultimately results in a
decrease irthe intrinsic abilityof the boneto repair itself, leading to an accumulation of

microdamage. Stress fractures are therefore considered tefiective of poor bone health and are a
common problem in the younger, physically active population including many athletic groups (e.qg.,

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 fractured @®8and tibia

stress fractures is-8%

IOM Report Data on vitamin D and stress fracture prevention in the younger adult population were
not reviewed. A study that reported aduction in the incidence of stress fractures in Navy recruits
supplemented with a vitamin D and calcium was cifieappe et al., 200&ut its generalisability to

the general population was questioned. This study is considered further below.
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6.96

6.97

6.98

6.99

Evidence considere@ables 1618, Annex 2)

Intervention studies

Lappe et al. (2008hvestigated the effect of vitamin D (2@/8001U) and calcium (200®g)
supplementation vs placebo for 8 weeks on stress fracture inciderfeenale Navy recruits (n=5201;
age, 1735y). Based on antention to treatanalysis, the calcium and vitamin D supplemented group
had a 20% lower incidence of stress fracture than the control group (5.3% vs. 6820026). Per
protocol analysis ofacruits who completed the study (n=370@porteda 21% lower incidence of
fractures in the supplemented vs the control groups (6.8% vs. 8.6% respectiwdh02). Although

the resultsindicatea protective effect of vitamin D, no information was a&hlé on baseline or final
serum 25(OH)D concentrations and the data are confounded because the supplement also included
calcium. History of exercise was ailseersely correlated witlfiracturerisk; participants who

SE SNDA & S Reexhada 309 ldW&riskkoistress 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 activitfRauh et al., 20Q&haffer et al., 2006

Cohort studies

A systematic review and metmnalysis of 8 observational studies (5 prospective cohort; 2 nested case
control; 1 casecontrol) examired the association between serum 25(OH)D concentration and stress
fractures in military personnel (12634; age18-30y)(Dao et al., 201p In the individual studies,
mean/median serum 25(OH)Dmentration ranged between 4&nd82 nmol/L in stress fracture

cases and 5and 109nmol/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 fractusases compared with control(6 nmol/L; 95% CI9.7 to-1.6;
p=0.007). Inthe 5 prospective cohort studies which measured serum 25(OH)D concentration at
baseline, the pooled mean difference was not significantly ldwstress fracture casalan controls
(-6.6nmol/L; 95% CH14.5to 1.3; p=0.)L

A subsequent cohort studfpavey et al., 200@vhich prospectively followed Royal Marine (RM)
recruits (n=1082 males; age,-B&y) through a 32 week training programme reported tha Odds
Ratio of stress fracture faecruits with baseline serum 25(OH)D concentratidsO«mol/L compared
g A (30nmgl/Lwas1.6(95% Cl, 1:2.6).

Associations between serum 25(OH)D concentration reaidicedstress fracture risk in observational
studies could be confounded ltlge association observed betweexerciseand reducedstress
fracture risk(Lappe et al., 2008 People who regularly exercise are likely to spend more time
outdoors andhave higher serum 25(OH)D concentration as a consequergreater 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

6.100 One RCT reported a beneficial effect of vitamin D supplementation on femoral BMD and BMC in premenc
women in Bangladesh. These findings mai/be applicable to premenopausal women in the UK.
Muscle strengh & function

6.101 Evidence from a small metmalysis of 7 intervention studies reported that vitamin D supplementation
improves limb muscle strength in adults with mean baseline serum 25(€d#iE2ntration of around 3@mol/L.
Sress fractures

6.102 One intervention study reported a beneficial effect of vitamin D supplementation on stress fracture incider
female Navy recruits, however the data could be confounded because the supplement alsiedhchlcium.

6.103 Evidence from a systematic review and matealysis of 8 observational studies in military personnel found a
positive association between higher serum 25(OH)D concentration and a lower risk of stress fradoweser,
a higher serun25(OH)D concentration might be a proxy for previous exercise which is also protective of fri
risk.

6.104 The evidence in nemilitary population groups is sparse and inconsistent.

Adults 50/ andabove

Bone health indices

6.105 10OM Report The IOM reportedliscordance 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 caseontrol studies reported an association between serum 25(OH)D concentratibn a
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 siteSerum 25(OH)D conetation below which bone loss
at the hip was increased ranged from 30 tor8@ol/L.

Evidence considered since I0M rep@rables 121, Annex 2)

Systematic review

6.106 A systematic review and metmnalysigReid et al., 201¥examined the effects of vitamin D
supplements oBMD. A total of 23 trials (mean duration 23.5 months; n=4082; mearb8¢®) in
mainly white populations were included. lble serum 25(OH)D concentration at baseline was
<30nmol/L in 5 studies (n=1181), 3 nmol/L in 3 studies (n=610), 56 nmol/Lin 11 studies
(n=1860) and> 75nmol/Lin 1 study (n=187) Calcium supplements were administered to all groups in
12 studies.No significant effect of vitamin D supplementatiaas found orBMD in either the spine
or the total hip. There wassignificant increasen femoral neck BMD (weighted mean difference
0.8%; 95% Cl, 624; p=0.009 but there was evidence of heterogeneity in the dadt§7%;
p<0.0003).The authors suggestl this effect coulchavebeen artifactual or a chance finding.
Subgroupanalysis showed thage, study duration or administration of calcium did not affect
outcomes.

6 Average age was50 y in 6 studies (n=871).
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Intervention studies

6.107 A 3year randomised population based open trial in Finl@karkkainen et al., 20)@xamined
whetherdaily vitamin D (2Qug/8001U) andcalcium(1000mg) supplementatiortould reduce bone
loss in postmenopausalomen (n=593; age&5-71y). The control group received no intervention.
Meanserum 25(OH)D concentratiat baseline waS0.1 and 49.2mol/L in the intervention and
control growps respectively and 74r@mol/L and 55.99mol/L {p <0.001) respectively at the end of the
trial. Total body BMD was significanttyreaterin the interventiongroupthan in the control group
(0.84% vs 0.19%; p=0.011y R . a5 RSONBI &S {4 21 NRQa GNRARIy3IfS
2.69% vs2.83%; p=0.003). There were no differences between group#D changes at the spine,
femoral neck, trochanter and total proximal femuAnalyses in compliant wom&rshowed
significantly lower bone loga femoral necki1.26% v$1.73% p=0.002), Warg triangle £1.63% vs
£2.83%p <0.0001), trochanter (0.25% #8.88% p=0.001), and total proximal femuk@.84%
vs1.47% p <0.0001)compared tathe control group.Total body BMD alsmcreased moren the
intervention group (+1.31% vs +0.198460.002). Bone lossat the lumber spinehowever,was greater
in the nterventiongroup (+0.67% vs +0.76p&0.03.

6.108 A lyear RCT in Scotlafldlacdonald et al., 200)3ompared the effect of 2 different doses of vitamin
Dssupplementation (1Gqug/4001U or 25ug/10001U daily) and placebo on BMD in postmenopalis
women (n=305; mean age, 64)6 Mean BMD loss at the hip was significantly less in the group
assigned to 2pig (1000IU) of vitamin R (p <0.05) compared with the groups assigned toutd
(4001U) vitamin Qor placebo. There were no differences in markers of bone metabolism (P1NP,
CTX).

Cohort studies

6.109 A prospective study isixUS centres witld years followup (Ensrud et al., 20Q09eported an inverse
association (prend = 0.01) between baseline serum 25(0OH)D concentration and BMD loss rates (hip
and trochanter) in community dwelling men (n=12#%anage 73y). Theeffect wasobserved
mainlyamongmen in the lowest quintil@f baseline serum 25(OH)D concentrationd(&7nmol/L)
where rate of hip bone loss was #d&d higher than those in quintiles2 (p=0.003).Hip one loss
rates were similaamongmenin the higher quintiles and not significantly different from each other.
Subgroup analysis showed that lower serum 25(OH)D concentration was associated with higher rates
ofhipbonef 234 Ay 7MBBcgmparéd3oRZ5yx No association was found between serum
25(OH)D concentration andteaof hip bone loss among men78y.

Fracture prevention

6.110 1OM Report The IOM reported that associations between serum 25(OH)D concentration and risk of
fractures were inconsistent in the age group®1n & ® C2 NJ xSt condufled Mt dzLJ X
supplementation with vitamin por D; did not reduce the risk of fractures but vitamin D (mainly
vitamin ) plus calcium had a beneficial effect in reducing fractures in institutionalised older
populations while the benefit in community dwelling individuals was inconsistent.

Evidence publistd since IOM reporfTables 224, Annex 2)

Meta-analysis
6.111 A metaanalysis on the efficacy of oral vitamin D supplements in preventingzadebral and hip
fractures amongdults> 65y included data from 12 RCTs (n=279) on nonrvertebral fractures and 8

“"Those who took at least 80% of their supplementation
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RCTs (n=4886) on hip fracturegBischoffFerrari et al., 2009b The pooled relative risk was 0.86
(95% ClI, 0.70.96) for prevention of notvertebral fractures and 0.91 (95% CI, 01785) for
prevention of hip fractures but there was significant heterogeneity for both@widts. The pooled
relative risk of trials which administered doses aboveud@ (400l1U/d) was 0.80 (95% CI, 0-0289;
9 trials; n=33,265) for newertebral fractures and 0.82 (96 Cl, 0.69.97; 5 trials; n=38,72) for hip
fractures. The higher doseduced nonvertebral fractures in community dwelling (29%) and
institutionalised individuals (15%).

6.112 Bolland et al. (2014)onducted a trial sequential meg@nalysi&® on the effect of vitamin D
supplementation (alone and with calcium) on skeletal outcomes (total fracture & hip fracture; 22
trials; n=76,497; mean agg3-89y), using a risk reduction threshold of 15%. There was statistically
significant heterogeneity leveen 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 retigé&dcture in
institutionalised individuals (2 trials; n=3,853) but did not reduce the risk of hip fracture by 15% or
more in communitydwelling individuals (7 trials; n=46,237).

6.113 A Cochrane review of 53 trials (n=91,791; mean/median a§8&y) examinedhe effect of vitamin D
and its analogues (1,25(QB) on fracture preventiofAvenell et al., 2014 Vitamin D alone (in the
forms and doses tested) vs placebo or no treatment had no edechip fracture (RRL.12; 95% ClI,
0.981.29 11 trials; n=27,693 nonvertebral fractures (RR, 1.05; 95% CI, 4.9&;12 trials;
n=22,930); vertebral fractures (RE..03; 95% ClI, 0.76.39; 6 trials, n=11,39% or any new frature
(RR%.03; 95% C0.96-1.11; 15 trials; n=28,27); Vitamin D plus calcium was no more effective than
calcium alone for: hifracture (RR8.84; 95% ClI, 0.6B13 7 trials, n=741}t any nonvertebral
fracture (RR6.96; 95% ClI, 0.7B.16; 6 trials, n=3338 andvertebral facture (RR8.14; 95% CI, 0.01
2.77, 2 trials, n=268)L Vitamin D plus calcium vs placebo or no treatment resulted in a statistically
significant reduction in: risk of hip fracturBR9.84; 95% CI, 0.73.96 9 trials; n=49,858 incidence
of new nonvertebral fractures RR9.86; 95% CI, 0.78.96 8 trials; n=10,380) incidence of any
fracture RR#9.95; 95% CI, 0:0.99 10 trials, n=49,976 There was evidence of a statistically
significant preventive effect of vitamin D plus calcium vs placebo oreatntrent on clinical vertebral
fractures RR9.89; 95% CI, 0.74.09 4 trials, n=42,186

Intervention studies

6.114 Sanders et al. (201@xamined the effect of a single high annual dose of vitargin D
(12,500u9/500,001U) for 35 years on fracture reduction in community dwelling women in Australia
(n=2256;medianage 76y). Theyreported anincreasedisk of fractures in the vitamin D
supplemented grop compared to the placebo groyRR%.26; 95% CI, 1.e0.59; p=0.047). Risk of
falls was also increased in the vitanrsupplemered group (see paragraph 6.144

Cohort studies

6.115 A nested caseontrol study within a prospective cohort study in the (Cauley et al., 20)@xamined
associations between serum 25(OH)D concentration and fracture risk in mén &gg followed over
an average of 5 years. Men with incident r&pine fractures (n=436) including hip fractures (n=81)
were compared with a subcohort (n808). One SD decrease in total serum 25(OH)D concentration
was associated with an increased risk offngeture (multivariate HR=1.60; 95% ClI, 12187).

“8 Trial sequential analysis performs a cumulative rretalysis but reduces the risk of false pesitiesults from repetitive statistical testing by
maintaining the overall risk of type 1 error at 5%.
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lowest quartile (50 nmol/L) were at inagased risk of hip fracture (HR36; 95% ClI, 1.6815;

p trend=0009). However, the association watsenuated by more than 50% (pend=0.065) after

adjustment for BMD. Serum 25(OH)D concentration was unrelated tespioe fractures.

Cauley et al. (2011¢ported divergent associations between serum 25(OH)D concentration and risk of
fracture in a cohort of multethnic 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(0OH)D concentration 50 nmol/L was associated with a l@wrisk of fracture in white women but a
higher fracture risk in black women. Serum 25(OH)D concentraff@mmol/L was associated with

higher fracture risk in Asian women; no significant associations were identified in the Hispanic or
Native American wmen.

A cohort study in Japan of commundwelling women (n=773; mean age, 7).6ollowed up for 6
years(Nakamura et al., 20)1reported that the adjusted hazard ratios of limb and vertebral fractures
for the first (<48 nmol/L) and third quartile (591 nmol/L) of serum 25(OH)D concentration

O2YLJ NBR (2 (K 31.0n8c)dieie 2.820@5%I1) 1E084) ang 2.8295% Cl, 1.09
7.27) respectively. However, tieazard ratidfor the second quartile of serum 25(OH)D concentration
0 A7.7 to <69.2nmol/L) compared to the fourth cartile was not significant (HR:=84; 95% CI, 0.68
4.98). The pooled adjustdthzard ratiovas 0.42 (95% CI, 0-0899) when the incidence in the fourth

j dzI NJi74.@nSol/l6) was compared to other three quartiles combined {sOnmol/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 norvertebral fracturegBarbour et al., 2012

A cohort study which followed healthy postmenopausal women imdSArabia (n=912; mean age,

61y) for 5 yeargRouzi et al., 20)2reported that compared theing in the highest quartile of serum
25(0OH)D concentration (45\1Y 2 f k [ 0 06 SA Yy 3 A y179dnSl/L)iwAsms iadépetideat NI A f
risk factor for osteporosis related fractures (RR€3; 95%CI, 1.062.51).

Muscle strength and function

IOM Report Although the IOM considered LIK @ & A O f ahd¥NJFad iNd&gayténs Q

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 laaKfafiently 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 sigoéince 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 20ug/d (800IU), either alone or in combination with calcium, may have benegtiatts on

measures of physical performance; however, the evidence was considered insufficient to define the
shape of the doseesponse curve for higher intakes.

Evidence considered since IOM rep@rables 2827, Annnex 2)

Systematic reviews &eta-analyses
A systematic review and me&nalyss 0f13 RCTs (n=2,268; mean agey)/d@ssessed the efficacy of
vitamin D supplementation on muscle strength, gait and balghtér & Montero-Odasso, 2011 A
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significant improvement was reported in postural sway (p=0.04), timed up and gptex03) and

lower extremity muscle strength (p=0.04) but not on gait. Mean serum concentration (provided in 12
studies) ranged between 24.5 and 6bmol/L at baseline (and was59 nmol/L in 10 out of 12

studies).

6.122 Stockton et al. (20119onducted a mia-analysis of 17 RCTs (872). Participants were agee6Qy in
most studies but 2 studidacludedyounger adults (509 & 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 wesmmol/L; pooled data fron2 studies in which the
mean baseline serum 25(OH)D concentration was rmol/L reported a significant improvement in
hip muscle strengtlistandardsedmean difference3.52; 95% IC2.184.85) However, both studies
were conducted in chronically hospitalised patients in Japan: 1 in stroke patients with hemiplegia
(Satoetal, 20090 YR (G KS 20GKSNJ Ay LI { ASai@tal., 20092 Khe Vithrink S A Y S
Dinterventey Ay G(GKS addzRé sAGK ! fT KSAYSNDRa LI GASyGa
Out of the 2 other RCTs with mean baseline serum 25(OH)D concentratomsol/L, 1(Gupta et
al., 2010 was of younger participants (mean a@d.6y) and reported a statistically significant
difference between treatment and control groups in grip<(P.001) and calf (p=0.04) strength but not
in pinch grip strength (p=0.07); the other RCorless et al., 1985ecruitedhospitalised patients and
found no sigificant effect of vitamin D supplements on strength score (derived from functional
activities).

6.123 Another systematic review and metmalysigBeaudart et al., 20D4ncluded 30 RCTs (n=5,615; mean
age 61y). Supplementatiosonsisted ofvitamin D alone in 14 studies and combingith calcium in
16 studies; 4 studies used vitamin D analogues (alfacalcidol and 1,2B§JOK)small bustatistically
significant positive effect of vitamin D supplementation on global muscle strength wadedpo
(standardsedmean difference8.17; 95% CI, 0.63.31; p=0.02put there was significant
heterogeneity (p<0.001;1%, 77.7%). The improvement in muscle strength was significantly greater
when mean baseline serum 25(OH)D concentration wagrmol/L (p=0.02), in people ageg65y
(standardsedmean difference.25; 95% CI, 0.6.48) 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.

Interventionstudies

6.124 Lips et al. (2010ompared the effect of a weekly vitamin Bupplement (21qug/8,400IU) or placebo
for 16 weeks on postural stability and muscle strengthRndat %05t in tRe US and Europe (n=226).
Mean serum 25(OH)D concentration increased from 34.7 to @5&l/L with supplementation but
there was no significant difference in postural sway or short physical performance battery (SPPB)
scores between the ti@ment and placebo groups. post hocanalysis of participants subgrouped by
postural sway at baselirghowed a treatment difference in participants with baseline swa@w6 cm.
In this cohort (=31), postural sway was improved in the vitamin D supplemented group compared
with the placebo group (p=0.047)n participantswith baseline sway 8.46 cm (=179), there was no
difference betweertreatment groups.

6.125 Knutsen et al. (2014ompared the effect of daily vitamingBupplementation (either 1(.g/4001U or
25pug/10001U) or placebo for 16 weeks on muscle strength and power in adults from minority ethnic
groups (n=251; agd 8-50y) living in Norway. The main outcome measure was the difference in jump
height pre and pst intervention; secondary outcomes were differences in handgrip strength and
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chairrising test. Mean baseline serum 25(OH)D concentration wasrl/L (range, 87 nmol/L)
which increased to 4Bmol/L in the group supplemented with 1@/d (4001U/d) vitamin D and to
52 nmol/L in the group suppmented with 25.g/d (10001U/d). Vitamin D supplementation had no
significant effect on jump height, handgrip strength or chiaing test in any group.

6.126 A small RCT in Australia (n=Btanage,69y) with theprimary aim of assessing the effect of |z@/'d
(20001U/d) of vitamin 3 for 10 weeks on neuroplasticity, also measured muscle strength and function
(Pirotta et al., 201p Mean serum 25(OH)D concentration increased from 46 ton8dl/L in the
vitamin D treated group, with no change in the placebo greignmol/L at baseline) Comparedo
baseline, here was a significant81 % 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. Heeie this study was limited by the small
sample size and relatively short duration.

Cohort studies

6.127 Scott et al. (2010dxamined the association between baseline serum 25(OH)D concentration and
muscle function in community dwelling adults in Tasmania (n=686nrage 62y; 49% women)
F2tft26SR F2NJ Hdc &SINAROD G ol aSt Ay SEnmol had A OA LI
significantly lower appendicular lean mass, leg strength, leg muscle quality and physical activity (all
p<0.05). After adjustmenfior potential confounders, baseline serum 25(OH)D concentration was an
independent predictor of change in leg strength over time (p=0.027).

6.128 Another prospective studfMenant et al., 201Pof community dwellingadultsin Australia (n=463;
age 70908 0 NBLER2 NI SR GKIF G LI NI A OA LI y Boamoglinadiveakes NHzY H |
upper and lower limb strength, poorer balee and slower gait speed. Men (but not women) with
A SNHzY HpoOohl 05 5Mngl/D&8sy habla sighifEaghtly #gher risk of falls during the 12
months follow up(IRRT' m ®on T dpg®;15;pE0L0E8) M d M ¢

6.129 A longitudinal analysis in the US (No@hrolina) of commuity dwelling people (n=98&ge, 77100y)
with 3 years followup reported that SPPB scores and grip strength were lower in participants with
serum 25(OH)D concentraticr50 nmol/L compared to ¥5nmol/L after adjustment for confounding
factors(Houston et al., 2011 Participants with serum 25(OH)D concentratioBGnmol/L were at
greater risk of impaired mobilittHR=1.56; 95% ClI, 1-2630)

6.130 A longitudinal study in Austral{@olland et al., 20Idexamined the association between serum
25(0OH)D concentration and multiple health outcomesommunity dwelling women (n4¥1; mean
age, 74y) followed up in a 5 year trial of calcium supplementation. Seasonally adjusted serum
25(0OH)D conadration at baseline was S0 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.

6.131 Another prospective study in Hong Kong followed commudivelling men (n=714neanage 73y)
over 4 yeargChan et al., 200)2nd 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 baselorechange in appendicular skeletal muscle mass or
physical performance measures including grip strength, chair standing time or walking speed.

“Incident rate ratio.
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6.135

6.136

6.137

Michael et al. (20113ssessedneasures of muscle stretigin postmenopausal women (n38) taking

LI NI Ay GKS 22YSyQa | St fApHgsical gekfaimahc8uin@@8y stofewgsA O f
derived from three tests: timed walk, chatand, and grip strengthMeanbaseline serum 2(OH)D
concentration was 48.8mol/L. Across 6 yeads follow-up, participants with baseline serum

Hpohl 05 O2 yrengylii hatl lighet physigal performance scores compared to those with
serum 25(0OH)D concentratiorB8 nmol/L (p trend 0.01). Baseline 25(OH)D concentration had no

effect on rate & decline in physical performance.

Houston et al. (2012xamined longitudinal associations between serum 25(OH)D concentration and
physical performance and strength in a cohort of men and women in tAg(tS641; age, 7480y).

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(OH)D concentigtionmol/L, a
concentration 50 nmol/L was associated with poorer phyaiperformance atges 2 and y

(p<0.01). Although physical performance and strength declined over 4 year8.0901), 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 aréV NR & | @ndW N & It A3/ H Q®B&ry o fllertis ayds/hotrSpahse & does not
take into consideration the fact that somallers 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-fadler. It is easier to daonstrate 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 outowes are considered in the studies below.

IOM Report The IOM report considered® F landPEAIR & & A O f  tdgiShedrF 2 cNdElidgdQRQ
there was a lack of sufficiently strong evidence (from RCTs and observational associations) on vitamin
D with orwithout 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 evidens@lg@ not constantly
supportive for a role of vitamin D combined with calcium in reduction of risk for falls.

The IOM considered 2 metmalyses byischoffFerrari (2004, 2009a)he 2004 metanalysis (5

RCTs; n=1,237¢ported that vitamin D supplementation reduced thisk d falling by 22% (corrected
OR#9.78; 95% ClI, 0.64.92) compared with calcium or placebo. However, 2 of the included RCTs
administered activated metabolited @itamin D (either 1,25(OH)2® NJ-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 fallsMean £rum 25(OH)D concentration ranged from 28&nmol/L at
baseline to 40.85°° nmol/L ater supplementation. A secondary analysis whickuihed 5 additional
studies (n=001) in a sensitivity analysis reported a smaller but still significant effect size (corrected
RR=0.87, 95% ClI, 0-8®6).

The 2009 met-analysis included 8 RCTs (42@)in the primary analysis but analysed separately the 2
trials which usd an activated metabolite of vitamin.DOverall, there was a borderline reduction in
fall risk with vitamin D supplementation (pooled RR=0.87, 95% CHp®9Y but there was

% Concentrations declined because intervention was active D.
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heterogereity among trials for dose of vitamin D and achieved serum 25(OH)D concentration. Vitamin

D doses of 1725 ug/d (70610001U/d) reduced fall risk (pooled R®81, 95% ClI, 0.40.92) but

doses of 510 ug/d (200-4001U/d) did not (pooled RR=10;95% CI0.89-1.35). Fall risk was also
NERdzZOSR 6A0GK | OKAS@SR &S MipVL (popled RED.GEI5WERIYOGS y G NI G A
0.90) but not with concentrations 60 nmol/L (pooled RRL.35;95% CI, 0.98.84). Active forms of

vitamin D reduced fall risk [82% (pooled R®.78;95% CIl0.64-0.94).

6.138 The IOM report highlighted number of limitations in these me&@nalyses which may have influenced
the overall results, including omission of some studies that met the inclusion/excleridienaand
inclusion ofone study thatdid not meet the inclusion criteria. Another criticism related to the
inappropriate presentation and interpretation of the metagression analysis of the relative risk
against vitamin D dose or achieved serum 25(OH)D concentration. Alysiarby the IOM reported a
null effect of vitamin D supplementation on falls.

Evidence considered since I0M rep@rables 280, Annex 2)

Systematic reviews and metmalyses

6.139 A Cochraneeview(Cameron et al., 20)2vhich assessed the effect of vitamin D supplementation on
fall prevention inadults aged > 65yin nursing care facilities and hospitals reported a significant
reduction in rate of falls (rate ratio=0.63, 95% CI, @4b; 5 trials; n=4603) but not risk of falling
(RR:0.98, 95% CI 0.89 to 1.09; 6 trf4l$=5186). Mean baseline serum 25(OldRcentration in the
included studies ranged from 23 to &énol/L.

6.140 A second Cochrameview investigated the effect of vitamin D supplementation on fall prevention in
community dwelling Rdzf (i a °@RlRpiexet at, 8092 Overall, vitamin D did not reduce rate
of falls (RaR=1.00; 95% Cl, 0.9D.11; 7 trialsn=9324) or risk of falling (RR96; 95% CI, 0.8D.03;
13 trials; n=26,747). post hocsubgroup analysis of 4 trials that specifically recruited participants
with W 2 Bageline serum 25(0OH)D concentrafidmeported a greater reduction in rate of falls
(RaR0.57; 95% Cl, 0.37.89; 2 trialg®; n=260; baseline serum 25(OH)D concentratior2@4mol/L)
and risk of falling (RR=0; 95% CI, 0.58.87; 4 triald”; n=804; baseline serum 25(OH)D
concentration, 2455 nmol/L). For trials that did not select on baseline serum 25(OH)D concentration,
vitamin D supplementation hadoreffect on rate of falls (RaR92; 95% CI, 0.8B19; 3 trials;
n=3669) orisk of falling(RR%.00; 95% ClI, 0.9B07; 9 trials; n=25,943).

6.141 A metaanalysigKalyani et al., 20)®f 10 RCTsm community dwelling and institutionalisetiults
%60y (n=2,932reported a significant reduction falls with supplementation (RR86; 95% CI, 0.79
0.93), with fewer falls in the folleing subgroups: those agedB0y; when calcium was €o
administeredwhen vitamin Qwas used at doses20 ug/d (800IU/d), supplementation % months
and there was no previous history of falls or fractures. Mean baseline serum 25(OH)D concentrations
in the included studies ranged from 23 to 82i0l/L. Metaregressiomanalysis showed no significant
linear association between vitamin D dose or duration and risk of falls.

* Trials were also tluded if the mean age was6sy.

*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: range283mol/L (Dheset al, 2004), mean (SD) 25.2+1h@ol/L (Pfeiferet
al, 2000), mean (SD) 54.5+mhfhol/L (Pfeiferet al,2009); mean (SD) 44.8+1hihol/L (Princeet al, 2008).

% Dhesiet al (2004); Pfeifeet al (2000).

*" Dhesiet al (2004) Pfeiferet al (2000) Pfeiferet al (2009) Princeet al (2008).

64



6.142 Another metaanalysigMurad et al., 201}of 26 trials (n=45,782nean age76y) reported vitamin D
supplementation significantly reduced fallki€OR of at least 1 fal=86; 95% CI, 0.77.96) but noted
substantial heterogeneity across studi¢s66%). Subgroup analysis showed risk reduction was
greater in participants who were considereiamin D deficient at baselinebut the mean serum
25(0OH)D concentration in this subgroup was not specifiRidk reduction was also greater when
calcium was cadministered (vitamin D + calcium vs placebo, 10 trials, OR=0.83; 95% @I83.72
vitamin D + calcium vs calcium, 10 trials, OR=0.63; 95% CG0.850 Vitamin D alone vs placebo did
not reduce ri& of fall reduction (OR=0.97; 95% CI, a1841). The authors concluded that vitamin D
with calcium reduces the risk of falls however publication bias had exaggerated the estimates of risk
reduction.

6.143 A metaanalysis of 20 trialg1=29,535; mean age rangél-89y) (Bolland et al., 2014 eported no
effect of vitamin D supplementation, with or withoaalcium, on risk of falls (R®86; 95% CI, 0.91
1.01). Subgroup analyses did not find significateractions between baseline or achieved serum
25(0OH)D concentration and fall risk. Sixteen trials reported serum 25(@HyPntration (mean
range, 2275 nmol) with baseline serum concentratiorb® nmol/L in 12 trials. All trials reported
increases irserum 25(0OH)D concentration and 14 trials reported that serum 25(OH)D concentration
increased to 550 nmol/L in the vitamin D intervention group. The need for further randomised trials
on effects of vitamin D supplements on falls was assessed usinsgiiaéntial analysidwith a risk
reduction threshold of 15%lIn the 20 RCTiacluded in the analysis, the effect estimate for vitamin D
supplementation {/- calcium) on falls lay within the futility boundaipdicatingthat it does not alter
the relativerisk of falls by 15% or more.

Intervention studies

6.144 An RCTfacommunitydwelling women (n=256; medianage76y) randomised to receive a vitamin D
supplement (12,50Q1g/500,000IU) or placebo on an annual basis fdb $eargSanders et al., 20)0
reported a significanincreasein rate of falls (RaR=15; 95% £ 1.021.30) and fractures (RR=26,
95% CI 1.0Q.59) in the vitamin D supplemented group compared to placebposfhocanalysis
indicated that the excess falls and fractures occurred in the 3 months after dosing, whemmedia
serum 25(OH)D concentration was approximately A2®I/L after 1 month and 9@Gmol/L after 3
months. This RCT used very high supplementation doses (provided as annual bolus) which may
explainwhy effectsdiffered from those observed witldaily supplementation.

6.145 In another RC{BischoffFerrari et al., 2016 communitydwelling men and women (n=2001eanage
78y with a prior fall) were randomised to receive a monthly dose of eithen@0(®4,000 1U) vitamin
Ds, 15009 (60,000 1U) vitamingDor 600ug (24,000 IUyitamin B, + 300ug 25(OH)Bfor 12 months.
The primary outcome was improvement in lower extremity function aodieving serum 25(OH)D
02 y O0Sy i REnmoVI2asdconsary outcomevas monthly reported fallsThegroups receiving
1500ug (60,000 1U) vitaming@and 600 g (24,000 IUYitamin 3 + 300ug 25(0OH)BPwere morelikely
G2 | OKAS@S aSNMzY Hpohl (han ti@eog @4, dND)itamh Yalong T p
group. There was no difference between groupsower extremity function buthe incidence of falls
wassignificantly highein the 1500ug (60,000 1U) vitamini@roup (66.9%; 95% CI, 547% .5%)and

%8 Studies categorised as having a vitamideficientvsnot deficient population based on: author description; baseieeum 25(0OH)D
concentration or inclusion of participants with at least 2 vitamin D deficiency risk factors (old age, dark skin, limmgiimgghome, living far from
the equator, winter season, sunscreen use, wearing a veil, smoking, obesity, matairsdigease, 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 enoughuttineakesls futile
because of the low probability that they wilifect results of existing metanalyses (Wetterslest al, 2008).
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6.153

6.154

the 600pg (24,000IU)vitamin B + 300ug 25(0OH)Bgroup(66.1%; 95% CI, 537%.8%)ompared
with the 600ug (24,000IU)vitamin B group (47.9%; 95% CI, 3%8.3%) (p=0.048

Cohort studies

Menant et al. (2012assessed the relationship between seruB(QH)D concentration and fallsa
cohort of community dwellingdults(n=463 age, 7690y) followed for 1 year. Rate of falls was
signifcantly increased in men with serum 25(OH)D concentratibf mmol/L (RR=1.94; 95% ClI, 1-19
3.15; p=0.008put not in women.

Genetic studies

A study in Italian adults (n=259; mean a8gy; 66% women) reported that the bb genotype of the
Bsm1VDR gene was associated with a reduced risk of falls compared with the BB g€btype et
al., 2008. A subsequent study examined VDR polymorphism andi&MIs two separate cohorts
(Barr et al., 201)) the Aberdeen Prospective Osteoporosis Screening Study (APOSS; nm@g209
age, 54.3yand the Osteoporosind Ultrasound Study (OPUS; 8¥@ mean age, 66.9y Anincrease
in falls risk with the BBsmlgenotypewas foundin both cohorts. An association was also found
betweenBsmlpolymorphism and balance and muscle power measurements. There was no
association between risk of falls and serum 25(OH)D concentration.

Summary-! R dzf Gya X
Bone health indices

A systematic review and metnalysis of 23 intervention trials reported a small benefit of vitamin D
supplementation on femoral neck BMD (weighted mean difference 0.8%; 95%-CI4ptut 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 tota
BMD and total hip BMD but not at other sites, while the other reported significantly less mean BMD loss a
hip with vitamin D supplementation.

One cohort study showed an association between serum 25(OH)D concentr&fbmaol/L and greater rate of
loss in hip BMD.

Fracture prevention

Evidence from 3 metanalyses on vitamin D supplementation and fracture prei@nis mixed. One meta
analysis is supportive of a beneficial effect of vitamin D supplementation in reducing the risk-eénmeloral
and hip fractures. In the 2 other metmalyses, vitamin D alone had no effect on fracture risk but both meta
analyseseported 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
(12,500u9/500,0001U).

Evidence from 5 cohort studies is mixed: 3 studies reported $erum 25(OH)D concentrationg, <50 and
<71 nmol/L are associated with increased fracture risk at some skeletal sites; 1 study found that a mean ¢
25(OH)D concentration 50 nmol/L is associated with lower fracture risk in white women butghébr fracture
risk in black women; 1 study found no association between serum 25(OH)D concentration and fracture ris

Muscle strength and function

Three metaanalyses of RCTs reported a beneficial effect of vitamin D supplementation on muscle strengit
function inl R dzt 50yavithanean baseline serum 25(0OH)D concentration e6@4mol/L, <30 nmol/L and
<25nmol/L; however the latter was basemh 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 s

Out of 7 cohort studies, 5 found association between serum 25(OH)D concentration and muscle strength
function in people with baseline serum 25(OH)D concentrati®0 smol/L; however, cubffs were predefined
in most studies.

Falls

Evidence from metanalyses of RCTs on vitamin D &ailts is mixed. Out of 5 mefnalyses, 3 reported some
beneficial effect of vitamin D supplementation on reducing the rate of falls and/or risk of fallingrinzt 50ya
with mean baseline 25(OH)D concentrations ranging between 23 anthb9L, 24 and28 nmol/L, 24 and
55nmol/L and 23 and 88mol/L; 1 metaanalysis reported a beneficial effect of vitamin D supplementation o
when it is administered with calcium; | megaalysis found no beneficial effect of vitamin D supplementation
with or without alcium on risk of falls.

One RCT reported that a single high annual dose of vitamin D (12¢8800,000IU) increases the risk of falls.
Another reported an increased risk of falls with a monthly vitamin D dose of 1¢@60,000U) or 600ug
(24,000I1U) vitamin B + 300ug 25(OH)Pcompared with 60Qug (24,000 1U) vitamingalone.

One cohort study found an association between a mean serum 25(OH)D concentr&fiomol/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
compared with the BBenotype A subsequent study found that the BB genotype was associated with incre
fall riskin 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 bet@déeanrd
<50nmal/L. In observational and intervention studies, mean/median concentrations ranged between
5 and 50nmol/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; howgwethe majority of studies,
individualor mean serum 25(OH)D caamtration was< 25 nmol/L (the current threshold associated

with increased risk of vitamin D deficienay)children with rickets

It is not known whether thesole cause ofickets wasvitamin D deficiency in all of the studies
consideredsince most did not provide information on calcium intakéds possible, therefore, that
the presence ofickets at serum 25(OH)D concentraticator above25 nmol/L might beexplainedoy
calcium déciency.

Although the risk of rickets increasat serum 25(OH)D concentratiodr25 nmol/L, this
concentrationis not a clinical thresholdliagnostic of the diseasend most children in the general
population who have a serum 25(OH)D concentrati@b«mol/L will not develop rickets.

Osteomalacia

Evidenceon vitamin D and osteomalacin adults is limited and drawnainlyfrom case reports.lt is

not possible to discern a serum 25(OH)D concentration below vihérie is a clear increase iisk of
osteomalacia Serum 25(0OH)D concentriains rangedetween 4 and 2@mol/Lin case reportsout of

2 crosssectional analyseshe mean serum 25(OH)D concentration vi&amol/L in one study and
<7.5nmol/Lfor all participants in the otherandaminimumserum 25(OH)D concentration associated
with mineralisation defectsould not be identified in postmortem analysis dbone biopsies.
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Bone health indices beyond rickets and osteomalacia

Bone health indices (BMC/BMD/biochemical markers of bone formatidr@sorption) were
consideredn all life stage groupsFindings from studies that considered thiéeet of vitamin D
supplementation on bone health indices or associaibetween serum 25(0OH)D concentratiand
bone health indicesaried by life stageEvidence was suggestive gbasitive 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 kno&midence was alsaiggestive of bneficial
effects of vitamin D supplementation on bone health indiaesome skeletal sites adults aged
%50y. Effects of vitamin D supplementation on bone health indices of infants, children and
adolescents is inconsistent but the majgrof RCTdid not find any effect The evidence bader
children aged By and adultsaged< 50y was too smalto drawanyconclusions.

Fracture prevention

Data on vitamin D supplementation and fracture preventiomdtultsagedx50y are mixed but
suggesthat vitamin D plus calcium is more effective in reducing fracture risk than vitamin D alone.
On balance, vitamin D supplementadno beneficial effect on fraare risk in adultagedx50y.

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

Muscle strength and function

Limited evidence suggestsbeneficial effect of vitamin D supplementation on muscle function in
adolescent gls with a mean serum 25(OH)D concentratiob8amol/L and in adulteged<50y with
a mean serum 25(OH)D concentratioBGhmol/L.

In adultsagedx 50y, evidence is mixed but, overallassuggestive of a beneficial effect of vitamin D
supplementation @ muscle strength and functicat mean baseline serum 25(OH)D concentrations
ranging between €5 and 66nmol/L. Evidence from cohort studiessalso supportive of an
association between mean serum 25(OH)D concentration and muscle strength and funiodion w
baseline serum 25(0OH)D concentration BEOximol/L.

Falls

Evidence on vémin D and falls is mixed hudverall, wassuggestive of a beneficial effect of vitamin D
supplementation in reducing fall risk linR dzt 5Gyanithean baseline serum 25(OH)D
concentrations ranging betaen <25 and around 8@mol/L.

Two RCTeeported thathigh-dosevitamin D supplementation increased fall riskhe
supplementation dosevas administered annually il RCT12,500ug/500,0001U)andmonthly in the
other (15001g/60,000 IU or 60Qug/24,000 IUvitamin &y + 300ug 25(0OH)E). Serum 25(OH)D
concentrations achieved in these studies ranged from 75 tor@6l/L. Hgh dosef vitamin D,
administered annuallpr monthly, may have different effects from daily splpmentationat lower
doses
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Non-musculoskeletal health outcomeélables 3154, Annex 2)

Pregnancy and lactation: neakeletal outcomes in mother and baby

IOM Report In relation to maternal notskeletal outcomes, the IOM report considered pre
eclampsia/pregnancy induced hypertensid(PIH) No RCTs were identified. Two observational
studies reported associations between vitamin D andgelampsia/PIH incidence but the data were
not conclusive. In relation to the effect of maternal serum 23)® concentration on newborn nen
skeletal health outcomeghe I0OM considered birth weight babted conflicting evidence from RCTs
and observational studies.

Evidence considered since IOM rep@rables31-36, Annex 2)

Maternal non-skeletal reproductiveoutcomes

Serum 25(OH)D concentration is stable or falls slightly during pregnancy and 1 Z5(0Rh)entration
approximately doubles from the first trimester until deliveagsociated with a rise in DBRovacs,
2008.

Postulated adverse effects of low serum 25(OH)D concentration oarmeltreproductive health
include: gestational diabetes mellitysie-eclampsia/PlHincreased risk of operative delivery, intra
hepatic cholestasis of pregnhancy and periodontal disease in pregBramynon &Picciano, 2011
Dror, 2011 Finer et al., 201

Systematic reviews

A Cochrane systematic revidide-Regil et al., 20)@xaminedvitamin Dsupplementation alone (9
trials; n=1251) or combed with calcium (6 trialspn maternal outcomesVitamin D alone (2 trials;
n=219)had no effecon preeclampsia risk (RR52; 95% ClI, 0.25.05) butvitamin D plus calciung(
trials; n=1114)significarnly loweredrisk ofpre-eclampsia (RRE51; 95% CI, 0.32.80). Vitamin D
(aloneor with calciumhad no effect orrisk of gestational diabetedHowever mostrials were of low
methodologicabhuality, sample sizesvere small (48400) andthere was considerable variation in
vitamin D doses and regimens§0 1g/200-20001U daily; 8751g/35,0001U weekly; or
5000g/200,000IU to 15,00Qug/600,0001U single doses The review did ndhclude any
information or consideration about mearaseine 25(OH)D concentratioms the included studies.

A systematic reviewf observational studiefHarvey et al., 20D4dentified 11studies(6 casecontrol,

4 cohort, 1 crossectionallthat had examinedhe effectof maternal serum 25(OH)D concentration
during pregnancy on PIH. Five studies (3-casdrol, 1 crosssectional, 1 cohort) reported significant
associations between maternal serum 25(Oldddcentration and risk of PIHppledresults from 4
studies(Bodnar et al., 200/Powe et al., 201,(Robinson et al., 201@\zar et al., 201)ifound no
association between PIH risk and serum 25(OH)D concentrdfigtstudies (4 caseontrol, 1 cross
sectional, 3 prospectivadxamined associations betweamaternal serum 25(OH)D concentration and
risk of gestational diabetes. The findingsre inconsistent but the majority of studiésund no
associatio.

% preeclampsia, a serious complication that occurs during pregnancy, is characterised by high blood pressure and proteinén EHel is
characterised by high blood pressure withouetpbresence of protein in the urine.
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Intervention studies
6.177 An RCTn the USHollis et al., 201)Inot included in the above revie{eRegil et al., 200Geported
no effect ofdaily vitamin I supplementation (1qug/4001U; 50ug/20001U; or 100ug/40001U) on risk
of instrumental delivery; however, there was no unsupplemented control group. A combined analysis
of the studies byHollis et al. (2011andWagner et al. (2013alIsofound no difference in
comorbidities ofpregnancy by treatment groufyagner et al., 2013tbut reportedsignificantly
fewer comorbidities when serum 25(OH)D concentration at delivery v@&snmol/L. The latter
analysis was adjusted for study and ethnic group but not for other pakodnfounders.

Non-skeletal outcomes in the newborn
Effect of naternal serum 25(OH)D coentrations in pregnancy ofiS2 VI 6 SKAYFF yiG aad2 N

6.178 A key functional outcome of maternal serum 25(OH)D in pregnancy is provision of a fetal/infant
vitamin DW & (i &/a&il&eto 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 althougttord bloodconcentration is lower than maternal caogrtration. UKstudies
that measuredoth maternal and infant serurB5(OH)D concentration at birtheported cord plasma
25(0OH)D concentratiararound 6070% ofmaternal value slightly lower than the ratio cited in some
reviews (68108%)Greer, 2008

6.179 The correlation between maternal and fetal serum 25(OH)D concentrataggests that infants born
to mothers with low serum 25(OH)D concentration have sm&fér (i &thiBHatian those born to
mothers with a higher 25(0OH)D concentration. The relatively few longitudinal data (none of UK origin)
show that serum 25(OH)D concentration of breastfed infants falls with age and the correlation
between maternal andord con@ntration weakengBrannon & Picciano, 2011 Studies are
heterogeneous in outcome and the variance within studies is wide, making it difficult to attribute
confidently a time course over whidord serum 25(OH)D concentration influences circulating serum
25(0OH)D concentration during infancy. @ufie of 8 weeks has been cité@pecker, 1994 assuming
0KF G 0K Serof25(@HDN:Bnhaentration in pregnancy was sufficient, but can only be
considered an approximation.

Neonatal hyocalcaemia

Intervention studies

6.180 Two UK controlled trial@&ockburn et al., 198Brooke et al., 1981and a French studpelvin et al.,
1986) reported a reduction in neonatal hypocalcaemia incidence with maternal vitamin D
supplementation in pregnancy.

6.181 The study byCockburn et al. (198@)as not randomisedallocation by hospital wardjut study
groups were treated concurrently. Participants (n=1139) received a vitasrsngplement
(10pg/4001U) or placebo daily from the 12th weekpregnancy until deliveryMean maternal
plasma25(OH)D concentration at delivery wasm®ol/L in supplemented women and 38nol/L in
controls. Corresponding 25(OH)D concentrativese 28 and 2@mol/Lin umbilical venous blood
and 35 and 2@mol/Lin 6" day capillary samplesNeonatal hypocalcaenitzoccurred in 6% of the
intervention group infants and 13% of controlsg(p.005). Out of 61 infants who had their teeth
examined in their 8 year, a significantly higher incidence of dental enamel hypoplasia was observed

®! Defined as plasmealcium<1.85mmol/L.
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in thoseborn to control mothers and who had been hypocalcaemic comparedaseborn to
supplemented mothers.

Brooke et al. (1981randomly allocated women of South Asian ethnic origin (n=126) to receive vitamin
D, (25ug/1000 IU daily or placebo in @ouble-blind design. Five control infants but no treatment

group infants developed symptomatic hypocalcaethiat delivery, between group differences in

mean maternal plasma 25(OH)D concentration (A6®I/L, intervention group 16 nmol/L, control

group) and mean umbilical venous plasma 25(OH)D concentratiom(i8BL, intervention group

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

Delvin et al. (1986}ndomly assigned pregnant women (n=40) in tflex®nth of pregnancy to
receive either vitarim D; (2519/10001U 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 éedeat in infants born
to the supplemented mothers (g 0.05)

Birth weight and length, smdibr gestational age

Systematic reviews

A Cochrane systematic review of randomised tr{@ls-Regil et al., 200Geported no difference in

birth weight of infants born to vitamin D supplemented womsampared to those of mothers who
were not supplemented (&ials; n=715) Four trials (n=638) suggestadrend for higher birth length
(p=0.06)among infants whose mothehad taken vitamin D supplements during pregnancy compared
to no treatment/placebo but there was considerable heterogeneity: (77%) ana significantly

higher mearhead circumference at birth (mean differen&e43; 95% CI, 0.6383). Three trials

(n=477) suggested that vitamin D supplemented women had &taigk of a preterm birth (RR=36;

95% CI, 0.18.93); however vitamin D plus calcium supplements (3 trials; n=798) during pregnancy
appeared to incease risk of preterm birth (RR57; 95% ClI, 122.43). 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 reviewHarvey et al., 2004dentified 9intervention studies (n=4350} only 1of
thesewasdouble-blinded and placebo controlle@rooke et al., 1980 Three studiegall from India)
reported birthweightwas significantly greaten infants ofvitamin Dsupplemented mothersut the 3
studiesfrom the UK(Brooke et al., 1980Congdon et al., 198%u et al., 200pdid not Metaanalysis
of the studies did not find aignificant difference in birtiweight between supplemented and
unsupplemented groups. Out of 2 RCTs which examined birth len{Bhodke et al., 1980ound no
effect of daily vitamirD, supplementation (259/10001U)duringthe last trimester while the other
(Marya et al., 198Breported significantly higher birth length 0.001) ininfants ofwomen
supplemented with vitamin §{15,000pg/600,000IU in 7' and8™ month of gestation). Twirials
(Brooke etal., 1980 Yu et al., 2009found no effect of vitamifD supplementatioron risk of offspring
being born small for gestational &j¢SGA)

TheHarvey et al. (2014eviewalsoincluded 19 observational studies the association between
maternal serum 25(OH)D condesttion andinfant birth weight (14 cohort, 5 crossectional); 3 out of

14 studies that had measured maternal serum 25(OH)D concentration reported a significant positive
association with infant birth weightOut of 8cohort studies none found an assod¢ian between

%2 Defined aplasma calciunk 1.8 mmol/L)
% Both trials defined SGA as infants born below th8 fi€rcentile for birth weight.
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maternal serum 25(OH)D concentration and offspring birth lengtbwever one Dutch prospective
cohort study(n=3730), reported that length of infants born to mothers with serum 25(OH)D
concentration B0y Y2 f k[ O2 BadmoS was sigHicantly lower at 1 month and the
infants were at higher risk of being SG&ffelaar et al., 2000 Three out of &tudies (4 cohort, 2
casecontrol & 1 crossectional stugl) that assessed the relationship betwe&GA andnaternal

serum 25(OH)D concentration reported a significant associafiogported an inverse association
while 1(Bodnar et al., 2010 anested case control study ineélJSAof black and white women (from
<16 wks gestationpbserved a kshaped association among white mothe&righ a significantly
increased rislat serum 25(OH)D concentration3Z.5nmol/L and >/5nmol/L. There was no
association between serum 25(OH)@ncentration 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., 2006Morley et al., 2009in an Australian cohort, might explain
differences between populations.

Intervention studies

6.187 An RCTin the USAof pregnant women (n=257; 126 weeks gestatiorgupplemented dayl with
vitamin (50 1g/20001U or 100ug/40001U) reported ro differences imeonatalbirth weight,
gestation or healtiWWagner et al., 2013a A combined analysis tife RCTs (n=759) Wyagner et al.
(2013a)andHollis et al. (2011also found no dierences in birth weight, gestation or neonatal health
(Wagner et al., 2013b Data on birth length were not provided.

6.188 Another very large RGM=1134)n the UK(the MAVIDOS studythat examinedthe effect of daily
vitamin D supplementation (2g/1000IU) during pregnancfbaseine serum concentration between
25-100nmol/L) on neonate bone health (sgearagraph 6.55 reported no difference betweethe
intervention and placebgroups inneonatebirth weight, birth length and head circumference
(Cooper et al., 2016

Observational studies

6.189 Burris et al. (2012xamined the association between 2nd trimester cord plasma 25(0OH)D
concentration and SGA (n=1067 white & n=236 blaokher infant pairs). Measecond trimester
plasma 25(OH)D concentian was lower in black (46mol/L) compared to white (6@mol/L)
mothers. Mearcord plasma 25(OH)D concentratimas also lower in black (3imol/L) compared to
white (51nmol/L) infants. Maternal plasma 25(OH)D concentrationw285nmol/L was associated
with higher odds of delivering 8GA infant (OR=17; 95% CL.16-8.63) and infants with cord plasma
25(0OH)D concentration 25vs>25nmol/L hal higher odds of being SGA (@4; 95%Cl, 1.61
13.36).

Later growth and development of the offspring

Gognitive and psychological development
6.190 Aprospective cohort studin Southamptondid not find an associatidmetween maternal serum

25(OH)D concentration in pregnancy and any test of cognitive performance ombsyicial health to

the age of 9 (Gale et al., 2008 In another prospective cohort study in Western Australia, no
associations were found between maternal serum 25(OH)D concentration and offspring psychological
health at ages 2, 5, 8, 104, and 17y although there was a significant association between low serum
25(0OH)D concentration in pregnancy and offspring language delay abagek1¢ (Whitehouse et

al., 2012. Risk was approximately doubled in mothers with serum 25(OH)D concentration

<46 nmol/Lcompared to>70nmol/Lin pregnancy
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There are several case reports in the literature of delayed motor milestones (principally delay in
walking) among infants with clinical rick€sgarwal et al., 200%ut no adequately controlled studies
identifying effects of maternal or infant serugb(OH)D concentration on infant development.

Later growth
AsingleRCTBrooke et al. 1981 observedassociations between ponderal and linear growth after

birth (for 1 year) with maternal serum 25(OH)D concentration in pregnaimfgints of mothers who
receiveddailyvitamin B suppkementation (251g/10001U during last trimestertompared to those of
mothers who receiveglacebo, weresignificantly heavier throughout the first year of life and longer
at 9 and 12 months of age but there was effect on head circumferena any stage of infancy

In contrast, a prospective cohort studty Southamptor(seeparagraph6.190 observed a significantly
greater head circumference at age 9y in the offspring of mothers with serum 25(OH)D concentration
>75 vs 80 nmol/L in the third trimeste(Gale et al., 2008 It is possible this was a chance effect

since no associations with any other childhood anthropometric measures were found.

Respiratory disease

Data from theprospective studyy Gale et al. (2008pund no association between maternal serum
25(0OH)D concentration in pregnancy and increased casdipiratory riskat 9y of age However, the
offspring of mothers whose serum 25(OH)D concentration in pregnancy exceedmaol/k wereat
greater risk of eczema at agen@nd asthma adge 9.

Summary- Pregnancy and lactation: neekeletal outcomes in mother and baby
Non-skeletal heath outcomes in the mother

A systematic revievsuggests that women who reive vitamin Dsupplementscombinedwith calcium(3 trials),
but not vitamin D alone (2 trialsipayhavea lower risk of preeclampsiecompared to those receiving no
treatment. Data from 2 trials indicate no effect of vitamin D supplementation on gestational diabetes.

Evidence from a systematic review on the association between maternal serum 25(OH)D concentration d
pregnancy andPIH and gestational diabetes is inconsistent.

Non-skeletal health outcomes in thdaby

Data from longitudinal studies suggest that serum 25(OH)D concentration of breastfed infants falls with a¢
The time course over which fetal serum 25(OH)D concentratiiuences serum 25(OH)D concentration durir
infancy is not clear.

Evidence from 3 intervention trials indicata reduction in neonatal hypocalcaemia incidence with maternal
vitamin D supplementation in pregnancy.

Evidence fronsystematic reviews dhtervention trials oreffects of wtamin D supplementation during
pregnancy on neonate birth weight and length is inconsistent and wittste includedtrials had a small sample
size and methodological limitations. Osygstematic review indicates thattamin D supplementation does not
have bemrficial effects on infant birthveight, birth length, head circumferencer risk of offspring being SGA
Anothersuggests that vitamin D supplementation during pregnamey reducethe risk of preterm birth and
increasehead circumferenceA subsequentargeRCT in the UK reportetat vitamin D supplementatiohad

no effecton birth weight, birth length or head circumferenc&vidence from observational studies is
inconsistent

Findings from observational studies associations between maternal serum 25(OH)D concentration and
cognitive and psychological development of the offspring are inconsistent.
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Cancers

6.201 Ecological studies have reported an increase inafisleveral cancensith increasing latitude
(WHO/IARC, 2008) Since the intensity of sun exposure decreases with increasing latitude, and on
the basis that sun exposure is a proxy for vitamin D status, it has been suggested that vitamin D
protects against cancer. Thssupported bysomecell culture studie¢Cross et al., 199Halline et
al., 1994 which found that 1,25(OHD inhibited growth of malignant cell culture lines and reduced
tumour development and growth in animal studi@dokady et al., 2000Tangpricha et al., 2005

6.202 10M Report The IOM reviewed the evidence on vitamin D and risk of all cancers, breast cancer,
colorectal cancer and prostate cancer.

6.203 For all cancers, the IOM concluded that interpretation of the evidence was limited by the small
number of studies, inconsistent associations and absence of-targle RCTs. For colorectal cancer, it
was noted that epidemiological studies, overeported an inverse association with serum 25(0OH)D
concentration but that there was a paucity of randomised intervention studies and those that were
available had not shown a significidbenefit For breast and prostate cancers, the IOM concluded
that prospectve studies showed inconsistent associations but RCTs were sparse. It concluded that the
evidence on cancer was considered insufficient to support development of DRIs.

Evidence considered since I0M refidebles 3739, Annex 2)

RCTs

6.204 Four RCTs have examiheancer risk in relation to supplemental vitamirfTDivedi et al., 2003
WactawskiWende et al., 2006_appe et al., 20QAvenell et al., 2012 A metaanalysigKeum &
Giovannucci, 2013 of these 4 trials (n45,151;4333 casesreported that vitamin D supplemésition
(10-27.5u9/400-11001U per day over 27 years haaho effect on cancer risk (RR=1.00; 95% CI,-0.94
1.06; p=0998) with no evidence of heterogeneity’£0%)

6.205 A metaanalysigSperati et al., 200)3f two of these RCTkappe et al., 20QAvenell et al., 2012
reported no effect of vitamin D supplementation ¢20.51g9/800-11001U daily) on riskof breast
cancer (n=5372; RR=1.11; 95% ClI,-0.%8).

6.206 The AHRQ updai®ewberry et al., 2014did not identify anynew RCTs on the effect of vitamin D
supplementation on risk for total cancer.

Cohort studies

6.207 Numerous prospective cohort studies have considered the relationship between serum 25(0OH)D
concentraton and cancer riskMost information is available for coletal, breast and prostate
cancers. These studies are, however, subject to confounding by behavioural and lifestyle factors that
influence serum 25(OH)D concentratiodcCullough et al. (201@)easured correlates of serum
250H)O 2y OSY G NI GAZ2Y Ay | QeidScoidartin WiRniin Digdoliddzt | G A 2 v
LINE 2SO0 2 F cotlingB Wwarld@ide/gEo§ridhical area, including men and women from US,
Chinese and Finnish cohorts. Statistically significant positivelates of serum 25(OH)D
concentration included male sex, vigorous physical activity and alcohol intake. Significant inverse
correlates were BMI, diabetes, sedentary behaviour and smoking.

6.208 The AHRQ updai@ewberry et al., 2014dentified 2 cohort studiesf the association between
serum 25(OH)D concentration and-edluse cancer. One of thegie Boer et al., 200)Zollowed white

% The International Agency for Research on Cancer is the specialised cancer agency of the World Health Organization.
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adults(n=1621mean age, 7¥) in the US for a median of 11 years and reported no association
between seasonally adjusted serum 25(OH)D concentraimhcancer The other studyOrdonez
Mena et al., 201Bfollowed adults in @rmany (n=9580age,50-74y) for more than 8garsand
reported an association betwedaw serum 25(OH)D concentratigeeason specific ranges,-30
36 nmol/L)and increased risk for any cancer in men bot in women.

Colorectal cancerA metaanalysis of 8 studigg&andini et al., 20)Ireported a significant inverse
relationship between serum 25(OH)D concentration and colorectal cancer risk (RR = 0.85; 95% ClI,
0.790.92 per 25mol/L increase in 25(0OH)D3nother metaanalysis of 9 studig€hung et al., 20)1
reported that each 10 nmol/L increase in patagnosis 25(OH)D concentration was associated with a
6% reduction in risk of colorectal cancer (OR=0.94; 95% Cli0 @B;1p<0.05).Out of3 subsequent
studies,1 (Lee et al., 200)Ireported that risk was nosignificantly higher for participants in the

highest category of serum 25(OH)D concentration afidelihouser et al., 201 2Veinstein et al.,

2015 reported a significantly lower risk for participants in the highest category of ser @b
concentration (see Table 38 Annex2 for serum 25(OH) concentrations in these studiesjVoolcott

et al. (2010pbserved an inverse trend per doubling of plasma 25(OH)D concemtr@igf.68; 95%

Cl, 0.5£0.92;p=0.01) although the results for analysis by quintiles of plasma 25(OH)D concentration
showed that relative to the lowest quintile &2 nmol/L) colorectatancer risk was significantly
reduced only among participants with plasma 25(OH)D concentration in the thindlgy55 to

<66 nmol/L) (OR8.54; 95% CI, 0.3293)

Breast cancer A metaanalysis of 14 studid&im & Je, 2014 eported that the risk of breast cancer
incidence wason-significantlylower for participants in the highest & nmol/L) vs lowest quantile
(<45nmol/L) of serum/plasma 25(OH)@ncentration (RR6.92; 95% ClI, 0.8B02) A subsequent

study (Kim et al., 201)of five ethnic groups in the US (white, AfrieAmerican, native Hawaiian,
Japanese, Latino) reported &verse association between breast cancer risk and 25 nmol/L increases
in plasma 25(OH)D concentratioBR9.66; 95% CI, 0.48.90) in whites but not in other ethnic

groups.

Prostate cancer A metaanalysis of 14 studig§ilbert et al., 201)ifound a nonsignificant increasen
prostate canceriskper 25nmol/L increase in serum 25(OH)D concentra(iofiR<.04; 95% CI, 0.99
1.10). Out of 5 subsequent studieg/A2banes et al., 20t Meyer et al., 201Breported that higher
serum 25(OH)D concentration was associated with significantly increased risk of prostate cancer.
Meyer et al. (2013)eported a rate ratio of 1.15 (95% ClI, 1-D27) per 3mol/Lincrease in serum
25(OH)D concentration whilklbanes et al. (201X¥ported an OR of 1.56 (95% CI, 12152) for men

in the highest quintile of serum 25(0OH)D concentratiod%6nmol/L in winter; >59.9nmol/L in
summer) compared withthose inKS f 2 6 Sanc PazA YA SR5OMGOILANA Yy ( S NI
summer). The other 3 studiéBrandstedt et al., 201 XKristal et al., 2014Schenk et la, 2014 found

no significant associationshui et al. (2012)bserved a 57% reduction in risk of lethal prostate
cancer in he highest versus lowest quartile of plasma 25(0OH)D concentPafioR9.43; 95% Cl,
0.240.76), however there was no association with overall prostate cancer.

Other cancersless evidence is available for other cancers. No significant associatice it
25(OH)D concentration wasported for cancers of the oesophagus and stomach combjAbedet et
al., 2010, larynx and oropharynx combin€Arem et al., 201}l lung(Kilkkinen et al., 2008Veinstein
et al., 201}, endometrium(ZeleniuckJacquotte et al., 20)0ovary(Yin et al., 201)1 kidney

% plasma 25(OH)D concentrations not specified.
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(Gallicchio et al., 201Mondul et al., 201%or nonHodgkin lymphom#Purdue et al., 2010 Out of 2
studies on liver cancWang et al., 2013d-edirko et al., 2014 1 (Fedirko et al., 204eported that

serum 25(OH)D conctmtion <50y Y 2 f k 75 nrabéL was associated with a 49% reduced risk of
liver cancer (IRR=0.51; 95% CI, @Z®). Out of 2 studies on bladder can{dondul et al., 2010

Mondul et al., 2012, 1 (Mondul et al., 201Preported that serum 25(0OH)D concentratior2snmol/L

@ a 50mmol/L was associated with a significantly increased risk of bladder cancer (OR=1.73; 95% ClI,
1.032.91) Three studies on melanoma reported a rsignificantly higher risk in people with serum
Hpohl 05 O2 5Oyl deingare@ty 258mol/L (Major et al., 2012Afzal et al., 2018

I v R75 sompared to< 75 nmol/L (van der Pols et al., 2013A metaanalysigCaini et al., 2014

reported that higher serum 25(OH)D concentration was associated with a significant increase in risk in
basal cell skin cancer (thdies%; RR=1.82; 95% ClI, 1-380) and normelanoma skin cancer (2

studie$”; RR=1.64; 95% ClI, 1-DB5). StolzenbergSolomon et al. (2010kported a significant

increase in pancreatic cancer risk associaiedl (i K K 208nkn8l/N)camgared to lower

(<25nmol/L) serum 25(0OH)D concentration.

Summary- Cances
The small number dRCTs have not shown an effect of vitamin D supplements on overall cancer risk.

Observational studies indicate an inverse association between serum 25(OH)D concentration and colorec
cancer risk. This might be due to a protective effect, reverse caysaliresidual confounding by other factors
such as obesity, physical activity and smoking.

There is no strong evidence of associations between serum 25(OH)D concentration and risk of cancer at
sites. Although studies of skin cancer suggest rigk be increased in individuals with a relatively high serum
25(0OH)D concentration this might be because a high serum 25(OH)D concentration is a marker of high st
exposure

Cardiovascular disease & hypertension

Cardiovascular disease (CVD) encompasses a range of diseases of the heart and circulation including
coronary heart disease, angina, heart attack, congenital heart disease and siifodie are several

risk factors for CVD, including: smoking, high blo@s$gure, high blood cholesterol, physical

inactivity, overweightdiabetes, family history, sex ande®.

CVD ipredominantly caused by atherosclerotic deposits in large and medium size arteries. These
deposits are characterised by lipid deposition amthmmation. In addition, calcification is a

significant component of advance atherosclerotic lesions. It is important, therefore, to also consider
the impact of calcium intake in relation to atherosclerotic CVD. The decline in CVD mortality over the
last 20 years has been mainly due to better medical treatment for CVD and its associated risk factors.

Several lines of evidence have been suggested in support of a biologically plausible relationship
between serum 25(OH)D concentration and cardiovasciants. Animal studies have shown that
VDR knockout mice develop heart failure despite normalised calcium concentr@iondon et al.,
2008. Animal studies have also suggested a link between ingested vitamin &tfardsclerosis
(Toda et al., 1983Toda et al., 1985 It has been propose®REraserpersonal communicatiqr2011)

% Serum 25(0OH)D concentratioremol/L)in top vs bottom quantile in the 4 studies wer@5vs 51; >78 vs <49; >37.4 vs <37; >75 vs <75.
7 Serum 25(OH)D concentrations (nmoifiLyop vs bottom quantile in the 2 studies were: >50 vs <25; >75 vs <40.
%8 British Heart Foundation (https://www.bhf.org.uk/heaktealth/conditions/cardiovasculadisease).
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that this is because vitamin D is metabolised to 25(OH)D in the liver at the same time as the dietary
triglycerides are being repackaged as ey density lipoprotein YLDL) particles which are secreted
back into the circulation with some 25(OH)D incorporated into the VLDL; since endothelial cells have
specific receptors for lipoproteins, the uptake of LDL could deliver 25(OH)D to these cells.

Ecological studies have reped increased CVD mortality and hypertension at more Northern
latitudes and during the winteiGrimes et al., 1996Rostand, 1997Zittermann et al., 2006 There is
evidence suggesting that inflammatory processes are involved in the development ¢¥/avDente,
2000 and the potential role of vitamin i modulating inflammatiomas been proposed as a possible
mechanism providingrkage to CVD. PTH concentration is inversely correlated with serum 25(0OH)D
concentration and epidemiological studies have demonstrated an association between elevated and
high-normal PTH concentration and increased risk of cardiovascular events anditp@iidz et al.,

201Q vanBallegooijen et al., 20)3PTH suppressioby vitamin D supplementatigmight therefore
reduce CVD risk.

Since vitamin D has the potential to increase calcium absorption in the presdmigh calcium
intakes, it is also biologically plausible that vitamin D might increase vascular calcification and as a
consequence, increase CVD risk.

IOM Report The IOM report was unable to identify any RCTs that examined CVD aspepified

primary outcome. Several trials analysed CVD as a secondary outcome but did not find a reduction in
CVD risk with vitamin D supplementation. Observational studies supported a relationship between
serum 25(OH)D concentration and presence of CVD but ndorisleveloping CVD. The IOM

concluded that it could not draw an inference about the efficacy of this indicator to support DRI
development.

Evidence considered since the IOM rep@rables 4811, Annex 2)

CvD

Systematic reviews and metaalyses

RCT datan vitamin D supplementation and CVD are derived mainly from studies designed to evaluate
effects of vitamin D supplementation on musculoskeletal outcomes and need, therefore, to be
interpreted with caution.

A systematic review of 8 randomised trials W'D as a secondary outcoifvéang et al., 2010a
reported no significant associations for CVD with vitamin D supplementation (supplemental daily
doses of approximtely 25ug9/10001U; pooled RRE90, 95% CI, 0.%2..05), calcium supplementation
or a combination of vitamin D plus calcium supplementation.

In contrast, a metanalysis of 3andomisedplacebo controlled trialgBolland et al., 20)Ireported
that calcium and vitamin D increased the risk of myocardial infar¢Min(RR2.21; 95% CL,.01-
1.44; p=0.04), stroke (RR20; 95% ClI, 1.6D.43; p=0.8) and the composite d¥ll or stroke (RRE16;
95% ClI, 1.02.32; p=0.02).

Another systematic revieFord et al., 2014of 21 RCT6 Y ' Mo Zno o T Y SBO KIWRR A | Y
follow-up) reported that estimated HR85% ClIs) for vitamin D compared with placebo or control for
cardiac failureMl and stroke were not significant: 0.82 (0-%8L5), 0.96 (0.83.10) and 1.07 (0.91

1.29) respectively.
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6.226 A systematic review and me&nalysif 9 prospective studie@ on nonfatal CVD events arfsion
CVD matality) reported thatin 2 out of the 4 studies on C\¥ents,riskwas significantly increased
participants with serum 2®H)D concentration 37 nmol/L (Grandi et al., 2010 Meta-analysis of
these studies supported an overall association of serum 25(OH)D concentration in the lowest
(<37 nmol/L) compared to the highest # nmol/L) categories witlC\D events (pooled HR=1.54;
95% Cl, 1.22.95). Metaanalysis of the 5 studies with CVD mortality outcomes indicated a
significantly increased riskiR=1.83; 95% ClI, 1.£92.80) in individuals with serum 25(OH)D
concentration below cubffs ranging from apmximately 20 to 4:imol/L; significant heterogeneity
was detected among studies£21.01; p=0.0003).

6.227 (Pilz et al., 201jIsummarised populatioibased prospective cohort studies examining the association
between serum 25(OH)D concentration ab®fDevents andmortality. The studiesvere not
consistent but serum 25(OH)D concentrations were belowodist ranging from 26 to <38 nmol/L in
those studies that reported a significant associatidrserum 25(OH)D concentratiavith increased
CVD risk.

6.228 Another metaanalysis of 19 prospective cohort stud{®gang et al., 201eported an inverse
association between baseline serum 25(OH)D concentratimhCVD riskvith considerable
heterogeneity between studiesThe pooled relative risk ddwest to highest 25(0OH)D concentration
was 1.5295% CI: 1.3Q.77). CVD risk increased with decreasing serum 25(OH)D concentrations
below approximately 6dmol/L (RR%.03; 95% CI,1.6D.06 per 25nmol/L decrement in 25(OH)D
concentration).

Cohort studes

6.229 Out of 6 subsequent prospective studies, 2 reported no association between serum 25(0OH)D
concentration and CVD incidenfidessenger et al., 2012Velsh et al., 2012while 4reportedan
association(Karakas et al., 201&uhn et al., 20L3erna et al., 20L3RobinsorCohen et al., 2013
Karakas et al. (2018)unda decreased risk of coronary heart disease (CHD) associdth serum
25(0OH)D concentrations4¥.7nmol/L, whid was significant in women (H®42;95% CI, 0.19.93;
p=0.028).RobinsorCohen et al. (2013Eported that lower 25(OH)D concentrations were associated
with increasng CHD risk in white (HR26; 95% CI, 1.66.49 per 259mal/L decrement) and Chinese
(HR4.67; 95% ClI, 1.66.49 per 251mol/L decrement) participants but not in black and Hispanic
participants. Kuhn et al. (2013)ported that serum 25(OH)D concentratior2snmol/L compared to
% p mmol/L was significantly associated with increased risk of M, stroke and CVD as a composite
endpoint(HR4.53;95% ClI, 1.12.09). Perna et al. (2013eported an increased risk of CVD with
serum 25(OH)D concentration below i@&ol/L.

Hypertension(Tables42-43, Annex 2)

Systematic reviews and metaalyses

6.230 Studies assessing the effect of vitamin D supplementation on blood pressure are generally small and
results have been inconsistent. Metaalyses of vitamin D supplementation studies have included
different studies and reached different conclusiongitham et al. (2009)ncluded 11 RCTs which
were small and of variable methodological quality. Matelysis of 8 studies which included
participants with mean baseline blood pressure > 140/90 mm Hg sti@small, statistically
significant reduction in diastic blood pressure-8.1 mm Hg95% CI;5.5 t0-0.6). Blood pressure was
not reduced in studies with participants who were normotensive at baseline.
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Another metaanalysigWu et al., 201pof 4 double blind RCTs mormotensive and hyertensive
individuals (n=429eported that \tamin D supplementation significantly reduced systolic blood
pressue by 2.44 mm Hg (95% €1,86 t0-0.02) but not diastolic blood pressure. Change of blood
pressure did not vary markedly across the dose of vitamin D supplementation, study length, or
intervention.

Pittas et al. (2010und no effect of vitamin D supplementation on blood pressure in a raatdysis
of 10 trials. Another metanalysigKunutsor et al., 2014bf 16 RCTs showed a nsignificant
reduction insystolic {0.94; 95% Ci2.98 t01.10 mmHg) andiastolic {0.52; 95% C#1.18 t00.14 mm
Hg) blood pressure, with evidence of heterogeneity:(67.9%, p < 0.001) and publication bias
(p=0.02) among trials of systolic blood pressuféae was a significant reduction in diastolic blood
presaire (1.31; 95% CR.28 t0-0.34 mm Hg; p0.01) in participants with prexisting cardiometabolic
disease.

A much larger systematic review and metaalysiof placebacontrolled RCTs with a minimum
duration of 4 week¢Beveridge et al., 203%ncluded46 trials (n=4541and obtained individual
patient data for 27 trials (n=3092)/itamin D supplementation had no effect on systolic or diastolic
blood pressurén thetrial levelmeta-analysior in the individuapatient data analysisSubgroup
analysis foundho evidenceof blood pressure reduction in individuals with elevated blood pressure.

The lack of consistent findings in these matalysesindicatethe relative weakness of the data.

Observational studieBave showran inverseassociation between seru2b(OH)D concentration and
hypertension. Ameta-analysigBurgaz et al., 20)Dbf 18 studies (4 prospective and 14 cross
sectional) reported a pooled odds ratio faypertenson of 0.73 (95% C0.63:0.84) for the highesty
lowest category of serur@5(OH)Dconcentration. In a doseesponsemeta-analysisthe odds ratio

for a 40nmol/L (approximately2 SDs) increment in serudb(OH)D concentration was 0.84 (95% Cl,
0.780.90).

Cohort studies

A subsequent prospective cohort study of men in the US (n=1211) followed up for 13\Weas et

al., 2013b, reported that compard with men in the lowest quartile gblasma 25(OH)D concentration,
those in thethird quartile had a significantly lower ki®f incident hypertension (HR#%9; 95% ClI,
0.500.96). Men in the highest quartile, however, did not have furtheluaed risk ohypertension
(HR#9.82; 95% ClI, 0.6D.13).
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Summary- CVDand hypertension

Intervention studies have generally considered CVD risk as a secondary outcome; these studies, therefor
to be interpreted with caution.

Out of 3 systematic reviews assesding effect of vitamin D supplementation on CVD outcomes, 2 reported
significant effect and 1 reported an increased CVD risk with vitamin D plus calcium.

Prospective cohort studies, overall, report inverse associati@iween serum 25(OH)D concentratiand CVD
risk. Increased risk in these studies was reported at serum 25(OH)D concentrations ranging between
<25nmol/L and 6(mol/L.

Meta-analyses of intervention studies on vitamin D supplementation and hypertension are inconsistiamge
systematt revew and metaanalysis (46 tria)sof placebecontrolled RCTs reported no effect of vitamin D
supplementation on systolic or diastolic blood pressure.

Observational studies (cohort and cresesctional) report an inverse association between se@5(0OH)D
concentration and hypertension.

All-cause mortality

An effect of vitamin D on mortality risk has beslsservedin numerous observational studiéisat
have reportedassociations between low serum 25(OH)D concentration and increased siskesél
chronic diseases (including CVD and cancer)

IOM Report The IOM only considered ahuse mortality in the context of adverse effects of excess
vitamin D. It concluded that the data were suggestive of @hhaped relationship between serum
25(0OH)D concentration and &lause mortality with an increase in risk at concentratioi®®<and
>75nmol/L.

Evidence since |IOM repdiTables 445, Annex 2)

Systematiceviews and metanalyses

A Cochrane systematic review and maisalysigBjelakovic et al., 2034ncluded 56 randomised trials

of any form of vitamin D (n=95,286; mean theant duration, 4.4year9; 34 trials used vitamin D in
combination with calcium in the intervention group. Participants in most of tadstivere women

aged over 70y (a population at greater risk of mortality) and many of the trials were small, with less
than 10 deaths. Overall, treatment with any type of vitamin D decreased mortality (RR=0.97; 95% ClI,
0.940.99; p=0.02). In analyseswtamin D given without calcium, vitamin iZs placebo or no

intervention (13 trials; n=12,609) had no statistically significant effect on mortality (RR=0.92; 95% ClI,
0.851.00; p=0.06); vitamin administered alone (8 trials; n=17,079) also had no dieaty

significant effect on mortality (RR=1.03; 95% CI,-0.98).

A metaanalysis of observational prospective studi8shottker et al., 200)4vhich combined

individual participant data from 8 cohorts in the USA and Europ2,018; age, 509) estimated a
pooled hazard ratio of 0.64 (95% CI, 0b34) for the highest versus the lowest fifth of serum
25(0OH)D concentration. Guoffs for serum 25(OH)D quintile concentrations varied by cohort ranging
from <16 to <42nmol/L in the lowest quint® | Yy R 4F(N28&mmm)/L in the highest.

Another metaanalysis of observational cohort studi@howdhury et al., 20)4ummarised results
from 27 cohorts (n=780,990). The pooled hazard ratio was 0.74 (95% &,&2p7or the highest
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versus tte lowest third of serum 25(OH)D concentrations (median concentratiomid/L;
interquartile range, 4461 nmol/L).

Cohort studies
6.247 A subsequent prospective cohort study of commuulityelling adults in Spain (h=32&ge,85y)
followed for 3 years, found no association between serum 25(OH)D concentration and overall
mortality (Formiga et al., 2004 Another study in Australia (n=4203 men, 1144 deaths, a¢8ypD
reported an association between plasma 25(OH)D concentratbth3nhmol/L and alcause mortality
(HR4..20; 95% Cl, 1.62.42) which was indepemuaht of baseline frailtfWWong et al., 2018 In an
analysis of NHANE®$I1(19881994)data ¢/ ' mp = n T o I T230y) witR Flyearl follbwg 3 S = >
(Sempos et al., 2018 serum 25(OH)Boncentration< 20 nmol/Lwas associated with significaptl
increased mortality risk (RR5; 95% CI, 1-2.8) compared to the reference category #-99 nmol/L.
A significantly increased risk was alsandl & & SNXzY H p 6 h | 0120nQd/ly(Saged NI ( A 2
association) in a minimally adjusted mod¢RR%.5;95% CI1.022.3) but the association was
attenuated after further adjustmerit (RR%.4; 95% Cl, 0.98.2).

Summary- All-causemortality

6.248 Evidence from a systematic review of 56 randomis&ds shows that vitamin D supplementation in
combination with calcium reduces mortality risk but vitamin D supplementation alone does not affect total
mortality.

6.249 Evidence from 2 metanalyses of observational studigslicatesan inverse association beegn serum
25(0OH)D concentration and mortality. This might be due to a protective effect of vitamin D on mortality ris
reverse causality, or residual confounding by other factors such as obesity, physical activity and smoking.

Immunemodulation

6.250 The huma immune systeninvolvesa complex network of cells, tissues and organs that protect the
body against pathogersy recognising and destroying substances that contain antigerts
comprises the innate (neapecific) immune system and the adaptive (or dcepl) immune system.
The innatemmunesystem represents the first line of host defenoespondngto foreign antigens in
a nonspecific and generic wayithout conferring longlasting immunity. Components of the innate
immune responséncludephysical barrierge.g.,skin andmucug, cytokines (proteins important in cell
signalling) andavhite blood cells Theadaptive immune systeristriggered againspathogens that are
able to overcome innate immune defenceme adaptive immune system (ilnces lymphocytes and
dendritic cells)s activated by Tolike receptors (TLR)which recognise components derived from
pathogens There are two types of adaptive immune responses: humoral immunity, mediated by
antibodies produced by B lymphocytes, aradkmediated immunity, mediated by T lymphocytes. The
adaptive immune system is slower to respond but confers-asting immunity to specific antigens

The National Health and Nutrition Examination Survey (NHANES) is a survey programme designed to assess the healthrectatmstiof
adults and children in the United States.

® Age, sex, racethnicity, season

" Age, sex, racethnicity, ®ason, selfeported diabetes, congestive heart failure, stroke, heart attack, cancer, glomerular filtration rate, BMI,
physical activity, smoking, education, medication use.

2 Any foreign substance that triggers an immune response. Antigens carry maslesutes (usually proteins) that identify them as foreign.

" Recognition of microbial components by TLRs initiates signal transduction pathways, which triggers expression of gengsneTeslucts
control innate immune responses and further instruevélopment of antigerspecific acquired immunity.
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VDRs are expressed in cells of the immune system (e.g., lymphocytes, macrophages, natural killer
cels) suggesting that vitamin D may have immunomodulatory effectav serum 25(0OH)D
concentrationhas been assodied with allergicconditions (e.g., asthma and atopic conditioasjl
autoimmune disease It has been proposed that vitamin D may play a role in the development of
allergicand autoimmunedisease based orcelogical dataeportinggreater prevalence ahese

diseases in Northern latitudes where sun exposure is Id®Rensonby et al., 2003taples et al.,

2003.

Autoimmune disease ® dzZ4 SR 6& | ReaFdzyOlAzy 2F (KS 062Re&Qa
B cellactivationleading to tissue damageThe aetiology and pathogenesis of most autoimmune
disorders remains unknown arsgveralfactors have been injgzated in their developmentA number

of epidemiological studies have reported an association between low serum 25(OH)D concentration
andasthma and atopic disorders as well ssveral autoimmune disorders including inflammatory
bowel disease, multiple sclerosis, rheumatoid arthritis and systemic lupus erythemgkosege! et

al., 2011 Antico et al., 201

IOM Report The IOMconsideed evidence orasthma and autoimmune disease (typdidbetes,
AYFELYYLIG2NE 026St YR / NRPKYyQa RAASFASI Ydzt GALX
erythematosus) Itconcluded that, overall, the evidence was not consistently supportive of a causal

role for vitamin D in reducing risk aéthma orautoimmune disease.

Evidence considered since I0M rep@rables 4619, Annex 2)

Systematic reviews and metmalyses

A systematic review of 219 studies (crsggtional, intervention and prospective) examined whether
serum 25(OH)D concentration was related to the risk of developing autoimmune disease and whether
vitamin D supplementation could modify its progré8sitico et al., 2012 Most of the studies were of
patients with preexisting autoimmune disease; only 2 prospective cohort studies examined
correlations between serum 25(OH)D concentration and risk of developing autoimmune diSa#se.
of these, 1(Nielen et al., 2006found no correlation between serum 25(OH)D concentration and risk
of developing rheumatoid arthritis while the oth@vlunger et al., 200Bfound an inverse association
between risk of developing multiple sclerosis asium 25(OH)D concentration in white participants
only (OR per 56mol/L increase8.59; 95%CI, 0.360.97). The authors concludgthat although

genetic and epidemiological studies suggepbtential role of vitamin D in the prevention of
autoimmune diseases thewaslittle evidence of benefit from vitamin D supplementation.

Asthma and atopidisorders

Intervention studies

A randomised trial examined the effect of prenatal vitamin D supplementation on childhood wheezing
(Goldring et al., 2013 Pregnant women (n=180; at 27 weeks gestation) were randomised to receive
either vitamin B (20 1g/8001U daily), a single dose of vitamig (8000g/200,0001U), or no vitamin

D. There was no significant difference between groups in risk of wheeyotage(HR9.86; 95%

Cl, 0.491.50; p=0.69).

Cohort studies

A systematic review on the effects of vitamin D supplementation in pregnanoyudiiple maternal

and childhood health outcomes, which identified 8 observational studies assessing relationships
between maternal vitamin D intake during pregnancy (n=4), maternal serum 25(OH)D concentration in
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pregnancy (n=2) or cord blood 25(OH)D coticgion (n=2) and asthma, reported conflicting results
(Harvey et al., 2004 The authors highlighted that substantial heterogeneity in study design,
outcome and exposure definition artkdle conflicting results made it difficult to conclude any definitive
relationship between maternal serum 25(OH)@ncentration and development of asthma in the
offspring.

Tolppane et al. (2013gxamined prospective associations between serum 25(4i25(0OH)D
concentration measured in children aged 9.8ndincidence of wheezinfn=3323;141 cases), asthma
(n=3323, 464 cases) and flexural dermatitis #f#&8 300 cases). Serum 25(Oki)Dncentration was
inversely associated with wheegiffOR per doubling of exposufe83, 95% CI, 0.68.00)and

flexural dermatitis (ORG=83; 95% CI, 0.€R.94)and serum 25(OH)}2oncentration was positivgl
associated with wheezing (OR%4; 95% CI, 1.@32.28)and flexural dermatiti§OR=.09; 95% ClI,
1.00¢1.18)

A nested case control stu@iai et al., 2012found no association between baseline serum 25(OH)D
concentration <60 nmol/L and asthma in men (GR47; $% ClI, 0.92.32) or women (OR)94; 95%
Cl, 0.671.32).

A prospective study in Austral{lollams et al., 20)¥eported that serum 25(OH)D concentration in
children at age § (n=989) was inversely associated with tisk of developing atopy (OR%4; 95%
Cl, 0.040.47) and asthma (ORA1; 95% CI, 0.0284) at age 14 (n=689).

Chawes et al. (2014)vestigated the relationship between cord serum 25(OH)D concentration and
development of asthma and allergiglated conditions in early childhood (n=257). Childremev
followed until the age of y and were monitored for troublesome lung symptoms (TROLS), asthma
respiratory infections, allergic rhinitis and eczema. After adjustment for season of birth, cord serum
25(0OH)D concentration 50 nmol/L was associated with a significant increase in risk of recurrent
TROLS(HR ®c p T ¢ p%6:86)/ Mozassocmatibwasi found with respiratory infections or asthma,
lung function, rhinitis or eczema.

Atopic Disorders

Intervention studies
No intervention studies could be identified.

Cohort studies

A systematic review bidarvey et al. (2014xamined the elationship between serum 25(0OH)D
concentration in pregnancy and atopy risk in offspring. Out of 2 studies which conducted skin prick
tests as a measure of atopic sensitisation, one showed no effect of maternal serum 25(OH)D
concentration on atopic sengttion to potential allergens dy of age(Deverew et al., 200ywhile

the other showed a greater risk of a positive response to a number of allergens when cord plasma
Hpohl 05 02y O300anmdlLtdmpayed b toaicenkations between-3@.9nmol/L

(Rothers et al., 2001 This study also demonstrated a ntinear relationship between cord plasma
25(OH)D concentration and total and allerggpecific IgE for 6 allergens, with the highest IgE
concentrations in children with cord plasma 25(0OH)D concentrat®®& Y 2 f k [ 100nyidRL.

Jones et al. (2012rospectively eamined the association between vitamin D exposarateroand
allergic outcomes in the first year of life in motkefant pairs (n=231). Cord blood 25(OH)D
concentration was significantly lower in infants who developed eczema by 12 months of age Jp=0.18
Risk of eczema was significantly reduced with increasing cord blood 25(OH)D concentration: a
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10nmol/L increase in cord blood 25(OH)D concentration significantlycedirisk by risk by 13.3%
(OR$.87; 95% Cl, 0.77.98; p=0.02).

6.264 Weisse et al. (2013heasured serum 25(OH)D concentration in mothbkild pairs (n=378) during
pregnancy and at birth. In a multivariate regression model, maternal serum 25(OH)D concentration
glra LRaAGAGSE e aaz2O0Al SR @mihé secotdidr 6f ReNORBBG NI & |
95% Cl, 1.368.87) or withinthe 2 year lifetime period (OR:91; 95% CI, 1.e®.37). Higher maternal
serum 25(OH)D concentration (was also associated with a greater risk of seiositesgainst food
allergens (ORE59; 95% CI, 1.62.45). Cord serum 25(OH)D concentration was also positively
associated with the children's risk of food allergy witthe second year of life (OR#5; 95% ClI, 1-5
14.48). No association was found between cord serum 25(OH)D concentration and fogy \aitaim
the first year of life or for atopic eczema, total IgE or specific IgE at all time points.

Autoimmune disease

Type | Diabetes Mellitus

Intervention studies
6.265 No intervention studies could be identified.

Cohort studies

6.266 Simpson et al. (201Investigated the association between serum 25(OH)D concentration and
dewvelopment of islet autoimmunity (IA) and type | diabetes in children §d42age, 9r0y) at
increased risk of type 1 diabetes. Over 8 years of fellppw198 children developed IA but there was
no association between serum 25(OH)D concentration andfidieveloping IA or type | diabetes.

6.267 A prospective nested case control study among US adtite military personnel identified type |
diabetes cases (h=310) with at least 2 serum 25(0OH)D samples collected before disease onset and
controls (n=613fMunger et al., 2018 NonHispanic whites with serum 25(OH)D concentration
%100nmol/L had a 44% lower risk of developing type | diabetes compared to those with
concentrations <5 nmol/L (RR%:56; 95% CI, 0.35.90; p=0.03). No significant association was found
in nonHispanic tdcks or Hispanics.

6.268 A prospective nested casmntrol study in Norway examined whether lower maternal serum 25(OH)D
concentration during pregnancy was associated withincreased risk of childhoazhset type 1
diabetes(Sorensen eél., 2013. Mean serum 25(OH)D concentration iegnant women (n=109)
who delivered a child that subsequently démeed type | diabetes beforgsy of agewas compared
with controls (n=219). Mean serum 25(OH)D concentration was significantly losesen than in
controls (65.8 vs 73.4mol/L; p=0.021). Offspring of cases in the lowest quartile of 25(OH)D
02 y OS vy i BdnmiokL} were&bH higher risk of developing type | diabetes compared to those in
the upper quartile (389 nmol/L) (OR2.38; 95%Cl, 1.125.07; p=0.03).

Inflammatory Bowel Disease (IBD)

6.269 IBD is a group of chronic inflammatory conditions affegthe gastrointestinal tract and mainly
includes ulcerative colitis ardrohn's diseaseThe IOM report did not identify any systemataviews
or RCTs for this indicatolt noted 2 crossectional analysethat had evaluated serum 25(OH)D
concentratons inpatients with IBQO@Jahnsen et al., 200Pappa et al., 2006

™ 4" quartile (28'-75" percentile: 89152nmol/L) vs T quartile (28" ¢ 75" percentile: 1536 nmol/L).
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No studies on vitamin D and risk of IBlblished after the IOM repoxtould be identified. An RCT in
Denmark assessed the effect of oral vitampyt®atment onclinical relapse in patients (n=94) with
Crohn's disease in remissi@iorgensen et al, 201L0Patients were randomised to receive either
vitamin 3 (30 1g/12001U per day) or placebo for 12 months. Theanserum 25(0OH)D
concentration of patients in # vitamin D treatment group increased from 69 torg@6ol after 3
months (p<0.001). The relapse rate was lower in the vitamitr&ted group compared with the
placebo group (13% compared to 29%; p=0.06).

Multiple Sclerosis

IOM Report The IOM report noted that low solar exposure, latitude and polymorphisms i i

gene have been implicated in susceptibility to multiple sclerosis (MS) but observational studies for an
association between MS and vitamin D were inconsistent and no RGldse identified. It

concluded that the lack of causal evidence diminished the likelihood for a relationship between
vitamin D and MS.

Evidence considered since IOM report

Cohort studies

A prospective study in SwedéBalzer et al., 20)2xamined the association between serum 25(0OH)D
concentration and risk of MS in blood samples collected prospectively and during gestatithre

identified cases (R182) median time from sampling to MS onset was 9 years. Serum 25(0OH)D

02 y OSy GmehmblA g5 asgociated with a deased risk of MS (OR:39; 95% ClI, 0.18.98).

No association was found between gestational serum 25(OH)D concentration and MS risk in offspring.

Genetic studies

Huarg & Xie (2012andTizaoui et al. (2015onducted metaanalyses of caseontrol studies

investigating the association betwe&bDRpolymorphisms and risk of M$uang & Xie (2012)

reported that the ApalBsml, Fokl and Taqgl polymorphisms were not associated with MS iiskaui

et al. (2015Yeported a significant association between the Apal polymorphism and MS pathogenesis
but this was only observed in two of the genetic models (homozygous atairinant); the Fokl
polymorphism was significantly associated with MS but only after exclusion of one of the studies
following sensitivity analysis. It was also noted that the Fokl polymorphism influgidgsrotein
structure but that Apal does not.

Ramagopalan et al. (201a¢rformed whole exome sequencing of individuals (h=43) with MS from
families with 4 or more M&ffected individuals and identified a rare variant of CYP2HBAmM

subsequent genotyping in other populations, they concluded that the rare variant was associated with
risk of MS. This variant is rare in the population and by itself cannot account for most cases of MS but
the authors note that CYP27B1 encodes thamin Dactivating talpha hydroxylase enzyme and that

the identified variant has functional effects on 1,25(¢iHand risk of rickets; because of this, they
interpret their findings as supporting a causative role for vitamin D in MS.

Rheumatoid Arthritis

IOM Report The IOM concluded that there were no large prospective studies and no clinical trials to
support a relationship between vitamin D and incidence of rheumatoid arthritis
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Evidenceconsidered since IOM report

Intervention studies
6276 t 2a0GYSYy2LI dzalf 62YSYy o6ylocIuyHO AYy GKS 22YSyQa
were randomised to receive vitamirg 10 pg/4001U) plus calcium (@00mg) or placebalaily
(Racovan et al., 20)2 Over an average of 5 years, 163 new cases of rheumatoid arthritis were
identified y selfreport and validated rheumatic medication udm)t there was no difference
between thevitamin D andglacebogroups (HR¥.04, 95% ClI, 0.7641).

Systemic lupus erythematosus (SLE)

6.277 10M Report The IOMdid not identify anyRCTs or metanalyses for this indicator. Observational
studies which suggested an association between vitamin D and SLE showeédityainthe serum
25(0OH)D concentrations associated with SLE. The IOM concluded that the evidence was not sufficient
to permit conclusions being drawn about an association between SLE and serum 25(OH)D
concentration.

6.278 No further studiegublished aftethe IOM report,on serum 25(OH)D concentratiamd risk of SLE,
could be identified.

Summary- Immune modulation

6.279 Evidence from cohort studies on maternal serum 25(OH)D concentration and development of asthma in tl
offspring is inconsistent. A systematic review of observational studies reported that conflicting results mal
difficult to establish any clear relatiship. Findings from 4 subsequent cohort studies are inconsistent.

6.280 Findings from cohort studies of atopic disorders are inconsistent.

6.281 A large systematic review (219 intervention, prospective and esestonal studies) reported that vitamin D
supplementation has little effect on risk of developing autoimmune disease.

6.282 There is a paucity of RCTs on the effect of vitamin D supplementation on development of specific autoimr
diseases. One RCT reported no effect of vitamin D supplementation during pregnancy on childhood whe:

6.283 Evidence to link vitamin D and MS igjelly observational and inconsistent. Genetic studies suggest associal
between the Apal and Fokl VDR polymorphisms and MS risk but the role of CYP27B1 in the developmeni
unclear.

6.284 Data are lacking on the relationship between vitamin D and tygifietes, inflammatory bowel disease,
rheumatoid arthritis and SLE.

Infectious diseass

6.285 A possible role of vitamin D in modulating the immune response has been suggested by the presence
2 ¥+ 5 w ahydroyyRse OYP27B1) in various cells of the immaysiem including B and T
lymphocytes, macrophages and dendritic cells. Cell studies have shown that vitamin D enhanced
bactericidal activity of human macrophages agaMgtobacterium tuberculosi€rowle et al., 1987
Liu et al. (2006)eportedthat TLR activation of human macrophages upregulated expression of the
VDR andh Bhydroxylasegenes, leading to induction of the antimicrobial peptide cathelicidin and
restricting growthof intracellularM tuberculosis It has been proposed that in vitamin D deficiency,
the infected macrophage is unable to produce sufficient 1,25{Dtd)upregulate production of
cathelicidin.
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Support for an immunomodulatory role has also been suggested by ecological studies showing
associations between seasonal variatiamserum 25(OH)D concentrati@md incidence of various
infectious diseases including respiratory infect{@rant, 2008 and influenzgCannell et al., 2006

Possible mechanisms ftre role ofvitamin D in host resistance to pathogens is considered further in
a review byLang et al. (2013)The review concludes that current epidemiological data suggest that
vitamin D deficiency increasssgseptibility to various pathogengiowever the underlying

mechanisms still require clarification and further investigation, including the role of inherited
polymorphisms in DBP, CYP27B1 and VDR genes.

IOM Report The IOM considered the effect of vitamD on tuberculosiéIB) influenza and upper
respiratory infections.It noted that results from RCTs and observational studies were inconsistent and
that prospective studies were limited by potential confounding. It concluded that overall the evidence
was not consistently supportive of a causal role for vitamin D in reducing the risk of developing
infectious disease.

Evidence considered since I0M rep@rables 5662, Annex 2)

There is somewadenceto suggest thavitamin D supplementation can influentee risk of
developing infectious diseashowever, nost of the evidence on vitamin D and infection relates to
use of vitamin D as a therapeutic agent in patients with.gxisting disease and considers whether
vitamin D supplementation reduces severityprogression of the disease.

Another difficulty thatpotentially complicates interpretation of the data on vitamin D and infection is
the reporteddecrease in serur@5(OH)D concentration durirthe acue phase response to
inflammationthat occurs with infectior{Silva & Furlanetto, 20)%see paragraph.10.

Tuberculosis

TB is an infection caused by the bacteriitycobacterium tuberculosishich typically affects the
lungsandis transmittedby inhalation of airborne particles. A person exposed to TB will not
necessarily develop the diseasimstead,the infectioncanremain inactivdfor many yearsthisis
known as latent Tfection (LTBI) If the host immune systefmecomes weakenethe infection can
develop into active TBndspread to the lungs or other parts of the bqdyith symptoms develoing
within a few weeks or monthsThetuberculin skin test (TST) conversisrthe standard method used
to determine whether a person is infected wih tuberculosis

RCTs

Most RCTs have tested whether vitamin D therapy improves TB outcomes and might be used as an
adjunctive treatment.Only 1 feasibilitgrial on vitamin D supplementation for the prevention of

active TB in those with a latent infection could be identifi@hnmaa et al. (2012)ssessed effects of
daily vitamn D supplementation (2Qg/8001U) on resistance to TST conversion among healthy school
children in Mongolia (h=120; age,-18y). At baselinemean serum 25(OH)D concentratiaras

18 nmol/L; 16 children in the vitamin D group and 18 in the placebo group were TST positive (p=0.7).
After 6 months of intervention, mean serum 25(OH)D concentration increased in the vitamin D
supplementation groug50nmol/L) and decreased in the placebo group ¢iol/L). TSTs converted

to positive in 5 (11%) children receiving vitamin D compared with 11 (27%) receiving placebo but this
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difference was not significant (RR41; 95% CI, 0.16.09; p=0.06) A fulkscale trial by these
investigators is ongoing and due to complete in 2619

Observational studies

6.293 Several studies hawhowna seasonal pattern associated with TB incidence, peaking in spring and
being lowest in autumn. For example, a study assessing patterns of TB seasonality in New York City
(Parrinello et al., 200)2eported that incidence was highest in Marbhay (27%) and lowest in
SeptembesNovember (22%). Although lower serum 25(OH)D concentration during winter was
proposedas a possible cause thiis seasonal pattern, anothguossiblecause was increased crowding
in winter.

6.294 A number of observational studies in different populations heaported an association between low
serum 25(OH)D concentration and increased risk of TB. A systematic esdawnetaanalysis of 7
observational studies (3 prospectivecasecontrol; n=531)omparing serum 25(0OH)D concentration
in tuberculosis patients (not yet commenced any treatment) and healthy cor{tdoisaham & Clarke,
2008 reported a 70% probability that a healthy individual without TB would have a higher serum
25(0OH)D concentration than an individual with TB. The authors concluded that low serum 25(OH)D
concentration increased the risk of active TB, however serum 25(€d2ntrations in individuals
with TB ranged from a medidiQR)of 16(2.2574.25) to 65.8 (43-830.5)nmol/L. Aproblem with
casecontrol studies is that thessociation between low serum 25(OH)D concentration and TB could
be due toreverse causalityi.€., low serum25(OH)D concentrations are caused by the TB).

6.295 A prospective cohort study in Spain examined the relationship between serum 25(OH)D concentration
and incidence of TBmong contacts of TB patients (n=572) who were followed up ®years
(ArnedoPena et al., 2015a Mean serum 25(OH)D concentratimas 34nmol/L for cases and
64 nmol/L for noncases. An inverse association was found between serum 25(OH)D concentration
and TB incidence (adjusted HR88; 95% CI, 0.8D.97).

6.296 Fewer studies have investigated LTRIprospective cohort studifalat et al., 2010examined serum
25(0OH)D concentrations in household taxis (n=109) of patientwith recently diagnosed TB. Blood
samples were collected at baseline, and at 6, 12 and 24 months fajovEight perent progressed
to active disease during 4 years of folloyy. TB progression was significantly associated with serum
25(0OH)D concentrations < 1hiol/L compared to concentrations >1hol/L (p=0.02 Arnedo
Pena etal. (2011)examined the association between serum 25(OH)D concentration and LTBI
prevalence and TST ogrsion in cotacts of TB patients (n=202After 2 months, 11 out of 93
negative LTBI participants, presented with TST conversions. Serum 25(OH)D concentration
>75nmol/L was associated with a protective effect against TST conversion (&R vf <
>75nmol/L=0.10; 95% CI, 0.4076); however, the size of the study in relation to TST conversion is
small and TST has low specificity with the possibility of false rébdiscuso et al., 2008 Another
prospective cohort studyArnedoPena et al., 2015kexamined the association between serum
25(OH)D concentration and TB infection conversion (TBIC) in contacts of pulmonary TB patients
(n=198) in Spain. AfterB) weeks, 18 presented with TBIC. The mean serum 25(OH)D concentration
in the TIBC cases (51nmol/L) was significantly lower (p=0.03) than that of rases (67.amol/L)
and an increase of 2/mol/L deceased TBIC incidence by 6% (R84 95% ClI, 0.90.99; p=0.015)
However,serum25(OH)D concentrations were only measuredoe occasion so seasonal variation

® NCT02276755The goal of this clinical trial is to investigate the preventive role of vitamin D supplementation in school age chéddrighi
transmission setting.
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was not taken into consideration and potential effects of other factors such as poverty and crowding
were notconsidered.

Geneticstudies

6.297 A systematic review and me&nalysis of 8 studies which examined associations between
polymorphisms in the VDR gene (Fokl, Tagl) and susceptibility(teWi et al., 2005ArnedoPena
et al., 201} reported that results were inconclusive. The authors noted that the studies were
underpowered to detect even large differences in risk by genotype and that there was evidence of
heterogeneity between studies (p=0.0262%).

6.298 A subsequent metanalysis on VDR polymorphisms (Fokl, Taqgl, Apal and Bsml) and TB susceptibility
(Gao et al., 201dncluded 23 studies. Findings were heterogeneous, which the authors suggested
could partly be explained by diffences between populations. Among Asian populations, there was a
positive associatiowith the Fokl ff genotype (OR:H; 95% Cl, 1-3.2), a significant inverse
association fothe Bsml bb genotype (OB5;95%C]| 0.4-0.8) and marginal significant associations
with the Tagl and Apal polymorphisms. However there were no significant associations between any
of the polymorphisms and TB among African or South American populations.

Acute espiratory tract infections

6.299 Respiratory tract infectiongRTIs) refer to any infection tife sinuses, throat, airways or lungs. They
are further classified as: upper respiratory tract infectigad®RTls) which affect the nose, sinuses and
throat; andlower respiratory tract infectionfLRTIs) which affect the airways and lungke vocal
cords are classically regarded as the-affitbetween URTIs and LRTIs.

6.300 URTIs include tonkils, laryngitis and the common cold. LRTIs include bronchitis and pneumonia.
Influenza affects both thapper and lower respiratory tracts.

Intervention studies

6.301 A systematic review and metmalysisncluded11 RCTs (n=%€%0; mean age, 3§, however 4 of these
were inpatient groupgBergman et al., 2093 Vitamin D supplementation significdgtreduced the
risk of RTI (OR64; 95% CI, 0.49.84; p=0.001put there was evidence of significant heterogeneity
between studies (g 0.0001;1°=72%) and evidence of publication bias. The protective effect was
significant intrials with dailyvitamin D supplementation (OR51; 95%ClI, 0.39.67) but not irnthose
which administered vitamin D in bolus doses once per month or 1d3)(86; 95% CI, 0.6D.20).
There was a effect of baselinserum25(OH)D concentration on supplementation outcome.

6.302 Another metaanalysis of 7 RCi5=487)in healthy populationgMao & Huang2013), which
includedthe same RCTs as the metaalysis byBergman et al. (2013jut excluded the 4 RCTs in
patient groups, reported no difference in RTI risk between the supplemented and control groups
(RR0.98; 95% ClI, 0.9B.03; p=0.45) Vitamin D dosing regimen, ageddength of followup did not
affect risk and there was nevidence ofublication bias.

6.303 Another systematic revieolliffe et al., 201Bof 39 studies (14 RCTs, 13 cohort, 8 eamdrol and 4
crosssectional studies) reported that although associations between low serum 25(0OH)D
concentration and increased risk of both upper and lower RTIs were broadly consistent in
observational studieghis was not supported by results from RCTs which were conflicting. Seven
trials reported a protective effect of vitamin D supplementation against acute RTIs, 6 reported null
effects and 1 reported adverse effects of vitamin D supplementation on risheafrponia recurrence.
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6.304 Out of 7 RCTs puishedsubsequento these metaanalyses5 reportedthat vitamin D
supplementation did not reducBTI riskRees et al., 201&oodall et al., 203 4Jrashima et al., 2014
DubnovRaz et al., 20L%impson et al., 20)50ne RCTMartineau et al.2015 reported thatvitamin
D supplementation did not influence time to first RTI but when URTIs and LRTIs were analysed
separately, vitamin D supgihentation was associated with ir@ased risk of URTI (HR48, 95% CI
1.02 to 2.16, p=0.03Ynd increased duration of URTI symptoms (p=0.005) but not with altered risk or
duration of LRTIIn the remainindRCTGrant et al., 201f healthy pregnant women (n=260; from 27
weeks gestation to birth) and their infants (from birth to 6 months) were assignédifd3
mother/infant groups:daily placebo/placebd5/10 pg/d (1000/4001U) or 50/20ug/d (2000/800IU)
of vitamin 3. Compared to the placebo grouhe proportion of children making any RTI visits was
smaller in the highedose(p=0.004)but not the lowerdosevitamin D groupg=0.17).

Observational studies

6.305 The systematic review hiolliffe et al. (2013seeparagraph 6.308 of 13 cohort studies, reported
positive associationgetween serum 25(OH)D concentration and risk of RTIs in 7 studies, no
association in 3 studies, a hegative association between serum 25(0OH)D concentration in late
pregnancy and increased risk of LRTI in 1 study; a protective effect of serum 1,2Z60DH)
administration of alfacalcidol or calcitriol in 2 studies.

6.306 In a Korean birth cohoShin et al., 2013 cord 25(OH)D concentratistH p O 2 Y LI78@nRlI/L G 2 X
in newborns (n=525) was associated with risd@felping acute nasopharyngitis (OR21; 95% ClI,
1.91-14.27, ptrend=0.0004 during the first 6 months of life.

6.307 Another prospective study in Norwgylagnus et al., 20)3xamined associations between plasma
25(0OH)D concentration at 18 weeks gestation and frequency of LRTIs by 36 moag#8jn=Higher
maternal plasma 25(OH)D concentration at 18 weeks gestation was associated with a reduced risk of
%3 vs 0 LRTIs by 36 months (RR4; 95% CI, 0.5893) per 20hmol/L increase.

6.308 A cohort study of children ahadolescents (n=743; age13y) in CanadgScience et al., 20)3
reported an inceased risk of viral RTI with 25(OHY@hcentration 50 nmol/L (HR%.67; 95% Cl, 1.16
2.40 p=0.006) and ¥5nmol/L (HR%.51; 95% CI, 1.12.07; p=0.011)

6.309 A prospective population based cohort study of adultsiimaiRd (n=1421; age3-73y) investigated
the association between serum 25(0OH)D concentration and risk of incident hospitalised pneumonia
(Areglesola et al., 2013 Compared to adults in the highest tertile of serum 25(OH)D concentration
(50.8112.8nmol/L) those in the lowest tertile (8:93.8nmol/L) had a higher sk of developing
pneumonia (R&2.6; 95% CI, 1-3.0; p=0.005).

6.310 A retrospective cohort study in Denv@ovanovich et al., 20)l4ompaed patients (n=132; age, 8D
hospitalised with community acquired pneumonia (CAP) and controls (admitted to hospital within the
same period and matched for age, sex, race & season) inaelatiserum 25(0OH)D concentration
(measured 315 months prior to hospital admission). Serum 25(OH)D concentra®dnvs
%37 nmol/L was associatedith increased odds of CAP (QR57; 1.086.08; p=0.03).
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Summary- Infectious disease

The majority ofvidence in this area relates to use of vitamin D as a therapeutic agent in patients with pre
existing disease and whether vitamin D can reduce severity or progression of the disease. Findings from
studies are not applicable to the general population

Evidence on vitamin D and infection is inconsistent and mainly observational. RCTs do not generally sho
beneficial effect of vitamin D supplementation orfectiousdisease risk.

No RCTs on the effect of vitamin D supplementation for prevention eblilel be identified. Observational
studies report a positive association between serum 25(0OH)D concentration and TB risk. Studies examin
associations between VDR gene polymorphisms and susceptibility to TB are inconclusive.

Out of 3 systematic review/meta-analyses of RCTs on the effect of vitamin D supplementation on RTIs, 1
reported beneficial effects of vitamin D supplementation in reducing RTITigdported no effecand 1

reported conflicting resultsThe majority of RCTs pulblesd since theneta-analyses also did not find that
vitamin D supplementation reduced RTI rigkndings from cohort studies are generally supportive of an inve
association between serum 25(OH)D concentration and, Riflsserum 25(OH)D concentrations ranging
between <25 and <50 nmol/L associated with increased risk for developing RTIs.

Neuropsychological functioningcognitive functiondepressiondementia, autism, schizophrenia)

The effect of vitamin D on brain function is an area of growing interest butn&ory conditions, the
evidence base is currently limited. From a biological perspective, vitamin D receptors and 1

h hydroxylase have been identified in the cerebral cortex and cerebellum suggesting that the brain
may synthesise 1,25(0O4B)to regulate lockfunctions. Animals deprived of vitamin D early in
development show evidence of abnormal brain development. This raises the possibility that vitamin D
might impact on various aspects of brain function (such as mood or cognition) or diseases caused by
abnormal brain function (such as autism and schizophrenia).

IOM Report The IOM considered the effect of vitamin Daognition & dementia, autism,
depression, schizophrenia. The report noted that the evidence base comphisedvational data
mostly fromcrosssectional studies with shortcomings in study design and quality.

Evicence consideredTables 5%4, Annex 2)

Cognition and dementia

Intervention studies

Two small studies examined the effects of vitamin D supplements on cognition in adults over a few
weeks(Przybelski et al., 2008tein et al., 201)1 Both had significant design weaknesses. In an
unblinded studyPrzybelski et al., 2008f nursing home residents (n=63; mean age, 87y), participants
were supplemented with vitamin31250ug/50,0001U) 3 times/week for 4 weeks if theserum

25(0OH)D concentration wasé2 nmol/L; participants in the comparison group (with 25(OH)D
concentration >62 nmol/L) were not given a placebo. Vitamipddpplementation had no effect on
cognition.

Stein et al. (20118xamined the effect of high dose vitamin D on memory and disability on community
dwelling individuals with mild/moderate f T K SA Y S ND a4 médkral7a5). Aly'co T
participants were supplemented daily with vitamia(R5ug/10001U) throughout the trial. After 8

weeks runin, participants were randomised to receive placebo or a high dose vitagsimpplement
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(300pug/12,0001U per capsule) for 8 weeks, initially receiving 2 capsules, 3 times/day which was
subsequently reduced to-B capsules/day to maintain serum 25(OH)D concentrations at 130
175nmol/L at 2, 4 and 6 weeks. Higbse vitamin D did not provide afnenefit for cognition over
low-dose vitamin D.

6.319 Rossom et al. (2012pnducted goost hocanalysis of cognition related outcometwomen (n=443;
meanage 71y) participating in the Women'sddlth Initiative (WHI) Calcium and vitamin D trial and
the WHI Memory Study. Participants in the trial were randomised to receive vitan(ir® pg/4001U
daily) and calcium carbonate (1008g/d) or placebo.During a mean followp of 7.8years vitamin D
and calcium supplementatiowas found to havao effect on cognitive decline or incident dementia.

Observational studies

6.320 A systematic review of observational stud{gan der Schaft et al., 2018ssessed the association
between serum 25(OH)D concentration and cognitive function in 25-sedonal (n=48,680) and 6
prospective studies (n=10,896rour ofthe prospective studies reported a significant decline in 1 or
more cognitive function testor a higher frequency of dementia in participants with lower compared
to higher serum 25(OH)D concentration. The cismgional studies found a significantly worse
outcome on one or more cognitive function tests or higher frequency of dementia assbeidth
lower serum 25(OH)D concentration. Nine of the cremstional studies included the mean serum
25(0OH)D concentration of participants (46 nmol/L).

Depression

6.321 Depression is recognised to be more common during the winter at Norfaétades whenserum
25(0OH)D concentrations are lowest.

RCTs

6.322 A systematic review and metnalysigSpedding, 204dentified 15 RCTs on the effect of vitamin D
in depression. The authors reported wide variation in study methodology and diversity in study
populations. Many of the studies were in patients and 6 RCTs did not report baseline serum 25(OH)D
concentration Vitamin D supplemental doses varied from4BD ug/d (40018,400IU) across the 15
trials. Eight out of the 15 studies were classified as having flawed study designs that limited their
ability to demonstrate a change in the serum 25(OH)D concentrafidine intervention grouf’. Of
the 7 studies considered to be without flawed study design, 6 showed an improvement in depression
with vitamin D supplementation; 6 of the 9 flawed studies had a null result. Only 2 studies were
included in a metanalysiof studies without flaws as they used the same depression me&dsure
which showed a significant improvement in depressieh{8; 95% CI, 0.24.27). Two studies were
also included in the metanalysis of flawed studies (due to the diverse outcome variakded in the
other studies) which showed a significant negative effect of vitamin D supplementatidn $5% C},
0.7 to-1.5).

6.323 Another systematic revie\Li et al., 201¥identified 6RCT¢n=1203) that had investigatdtie effects
of vitamin B supplementation(at doses ranging fror@8 ug/1500 1U to 178ug/71001U daily)
comparedwith placebo on depression in aduls RCTs included adults at risk of depression and 1 RCT
included depressed patient8aseline serum 25(0OH)D ranged between 47 tori6l/L and study

" Interventions that reduced 25(OH)D concentration in the intervention group, interventionsiitiatot significantly improve 25(OH)D
concentration, studies that did not measure baseline 25(OH)D concentrations and studied which included participants vetinee2b§SH)D
02y OSYyiNI GA2ya AYRAOFGSR wWadFTAOASYyOeQo

"Beck Depression Inventory
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duration varied between 8 weeks aneb3years.No significant effect of vitamin D supplementation
was found orpost interventiondepression scoresThere was substantial heterogeneity between
studies (=77%). Subgroup analyses stratified by vitamin D dose, study location or sex also did not
show anyeffect of vitamin D supplementation.

6.324 Seasonal affective disorder (SAD) is a condition characterised by symptoms of depression, anxiety,
irritability, appetite changes, hypersomnia and fatigue that occur during winter months and abate in
the spring and sumer (Rosenthal et al., 1984 Women are affected more than men and the average
age at onset is comparable to that of major depressiBome evidence suggests that incidence
increases with latitude and therefore reduced sun exposure, and phototherapy with broad spectrum
bright artificial light (>2500 lux) may improve symptoms within days in some patients. Several small
trials have faild to show any consistent beneficial effect of vitamin D supplementation in this context
(reviewed inBertone-Johnson (2009)

Observational studies

6.325 Crosgsectional data on serum 25(OH)D concentration and depression anasistent but tend to
show that patients with major or minor degrees of depression have lower serum 25(OH)D
concentration than individuals without depressi@iioogendijk et al., 200&aniji et al., 201tHoang
et al., 201). However, depression could alter diet or behaviour in ways which would reduce serum
25(OH)D concentration.

6.326 A systematic review and metmnalysis of observational studiésnglin et al., 201310 cres
sectional, 1 caseontrol, 3 cohort) reported that: in the case control study, lower serum 25(0OH)D
concentration was found in people with depression compared with controls; in-sexg®onal studies,
there was an increased OR for lowest vs highestrs@b(OH)D serum concentration (QR31; 95%
Cl, 1.61.71); the cohort studies showed a significantly increased hazard ratio of depression for the
lowest vs highest categories of serum 25(OH)D concentration (HR=2.21; 95%3CI91.4

Autism

6.327 It has been proposed that low serum 25(0OH)D concentrdtiarteroor in early postnatal life may be
an environmental risk factor for autis(@®rant & Soles, 2009 The evidence in support of this is very
limited and is mainly ecological.

Schizophrenia

Intervention studies
6.328 No evidence is available from intervention trials in relation tamin D supplementation and
subsequent development of schizophrenia.

Observational studies

6.329 Epidemiological studies have reported a tendency for people with schizophrenia to be born in winter
(Kellett et al., 1978 It has been suggested that this might be related to a decrease in maternal serum
25(0OH)D concentration during the winter months leading to low prenatal serum 25(OH)D
concentration which may predispose to schizophregiMaGrath, 1999 It has been proposed that
this might explain epidemiological findings relating to schizophrenia including the impact of season of
birth, latitude gradients in incidencend prevalence, the increased risk in d@kinned migrants to
certain countries, and the urbarural gradient(McGrath et al., 2010a

6.330 A large case control study in Denmark (n=848), which investigated the association between neonatal
serum 25(OH)D concentration and subsequent risk of schizophrenia, reported that both high and low
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serum 25(OH)D concentration in neonates were associatddingreased risk of developing
schizophrenia in later liftMcGrath et al., 2010b Serum 25(OH)D concentrations were s@ad

from dried neonatal blood samples and divided into quintile$9<, 19.730.9, 3140.4, 40.550.9

and >51nmol/L. Compared with the™quintile, neonates in the lowest quintile (€.7nmol/L) were
at increased riskfadeveloping schizophreni®R2.1; 95% Cl, 1-3.5). Neonates in the"2(19.7
30.9nmol/L) and &' quintiles (3140.4nmol/L) were also at increased riskdeveloping schizophrenia
(RR2.0; 95% Cl, 1-3.2 and RR2.1; 95% ClI, 1-3.4 respectively) as were neonates in thehagt
quintile (>51nmol/L) (RR£.7; 95% CI, 1.62.8).

6.331 A systematic review and metmnalysis of 19 observational studies (8 crssstional, 10 caseontrol;
1 nested caseontrol) with measures of serum 25(OH)D concentrations in schizophrenic patients
(Valipour et al., 201¢reported that the overalinean difference in serum 25(OH)D concentration
between schizophrenic and control participants wasnmol/L (95% CH27,-3 nmol/L) but between
study heterogeneity was significant£97.6) The overall prevalence of 25(flHconcentration
<50nmol/Lin schizophrenic patients was 65% (95% CB48&); however between study
heterogeneitywas significan{l’=84.8). Metaanalysis of the odds ratios reported in studiedicated
that individuals with serum 25(OH)D concentratiof0vs>50 nmol/L weremore lkely to have
schizophrenia (OR=L6; 95% ClI, 1.32.56).

Summary- Neuropsychological functioning

6.332 RCTs demonstrate no significant effect of vitamin D supplementation on cognition or depreSgidance
linking vitamin D to cognition and depressis supported mainly by crosgctional data whiclksuggestan
association between lower 25(OH)D concentration and poor cognitive function. This finding might be due
reverse causation since changes in cognition and depression may alter diet and/etcagha a way which
would redu@ serum 25(OH)D concentration.

6.333 Evidence relating vitamiB to autism is very limited and mainly ecological.

6.334 No intervention trials have examined the relationship between vitamin D and schizophrenia. Evidence linl
vitamin D to schizophrenia is mainly ecological. Gesgional and caseontrol studies report that serum
25(0OH)D concentration 50 nmol/L is associated with increased schizophrenia risk; however, iccatel
study found that serum 2Z®H)D concentration 20 and >50 nmol/L is associated with increased schizophren
risk.

Oral health

6.335 Vitamin D can impact on oral health by interference in mineralisation of tdetimg their
developmentand by modifying the rate of progression of bone loss dupieigodontal diseasewhich
may result in more rapid tooth loss in people with low serum 25(OH)D concentration

6.336 The impact of vitamin D deficiency on tooth development has been recognised for manyie&rs
1916) and has been described in otitamin D dependent ricke{&ikuchi et al., 198&ambrano et
al., 2003 and in hypophosphataemic vitamin D resistant rickgtshino et al., 19905eow et al.,
1995 Goodman et al., 19981urayama et al., 2000 Teeth are relatively protected during the
mineralisation phase so effects on teeth are fewer than those seen skeletally. However there are
disturbances of both enamel and dentine formation, that are very similar in the various conditions.
The enamel that develops is hypoplastic, pitted and relatively thin with reduced mineralisation making
the teeth more susceptible to caries. The dentine is abnormal in macroscopic structure and also has
lower than normal levels of mineralisation. Indwads with rickets develop high levels of dental caries
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and tooth wear that spread rapidly through the enamel and underlying thinned dentine to expose the
dental pulp, which results in early pulp deatfhese changes in the structure of enamel and dentine
occur during tooth development from intraterine development up t@round18y of age Any

change in serum 25(OH)D concentration after the age piiB not affect the structure of the teeth.

In children with rickets,here is also increased suscepiijito periodontal disease or periodontitis, an
inflammatory disease of the attachment apparatus of the tooth tojies The supporting structures
make up the periodontium and comprise the gingiva (or gum), the ligament that attaches the tooth to
the bone andthe alveolar bonghat supports the tooth(Margvelashvili et al., 20)4

A bacterial biofilm (dental plaque) forms on the surface of teeth throughout their life. The bacteria in
mature plaque produce metabolites that irritate the gingival tissues around the margin of the tooth
causing a localised inflammatory response or gingivitis. This initial lesion can remain confined to the
gingiva or it can progress to the periodontium resulting in periodontitis. This is characterised by
progressive loss of attachment of the tooth to sispporting bone. The bone destruction is thought to
be a consequence of the host inflammatory response removing bone in an inflamed environment.
The bone does not regrow and loss of support is perman&he end stage of this pattern of disease
progresion is that the tooth becomes detached from the bone and is lost to function. This process is
often accelerated by a dentist extracting the tooth when it becomes loose and senditiege is

some evidence suggesting beneficial effects of-arilammaibry agents in preventing periodontal

bone loss in active teet{Chapple et al., 20321t is possible, therefore, thatitamin D could affect
periodontal disease by modifying the rate of progression of bone loss or throughmfiathmatory

effects.

IOM Report The IOM did not consider vitamin Drilation to oral health.

Evidence considered

RCTs
No RCTs on vitamin D and oral health could be identified.

Observational studies

Cros sectional studies have reperd an association between higher serum 25(OH)D concentration
and reduced risk of gingival inflammati¢@ietrich et al., 2005 periodontitis(Millen et al., 2013and
tooth loss(Jimenez et al., 2034 A large crossectional analysis HANES data (n=11,2G®)e

%20y) reported a significant and inverse association between serum 25(OH)D concentration and
LISNA2R2yGFf G220K f 2 &Gy Dleyich¥aly 2004yidvevargo¥asgtiatiord S R
was found between BMD of the total femoral region and tooth (@istrich et al., 2004

A prospective cohort study in Germg with 5 years followup (n=004;age, 2079), reported that
higher serum 25(OH)D concentration at baseline was associated with a lower risk of tod#hlass

et al., 2014. Compared with participants in the 1st quintile of serum 25(OH)D concentration (mean,
12.5nmol/L), those in the B quintile (mean, 67.&imol/L) had a 2% lower risk of tooth loss (RRZ7;
95% CI: 0.60.99). Since serum 25(OH)D concentration was only measured once at baseline
information was not available on whether concentrations changed during the faljoyeriod

Genetic studies

It has been suggestdtat associations between vitamin D and periodontal disease progression may
be independent of it role in terms of bone metabolism and relate more to the role of VDR receptors in
regulating inflammatory diseag®ietrich et al., 2004Amano et al., 2000 A number of studiesdve
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linked specific VDR gene polymorphisms with aggressive forms of periodontal dideasg et al.,
1999 Yoshihara et al., 20Q08un et al., 200Brett et al., 2005Park et al., 2008Meng et al., 2007
Deng et al., 2011 as well as with chronic adult diseg3eachi et al., 20Q3Jle Brito Junior et al., 2004
Martelli et al., 201} These studies suggest that the relationship between periodontal attachment
loss and serum 25(OH)D concentration is moderated by alterations inrhoatnity rather than a
direct impact on calcium metabolism and bone turnover in some members of the population.

Summary- Oral health

6.344 Low serum 25(OH)D concentration during tooth development results in alterations in the structure of toott
enamel anddentine.

6.345 Evidence from RCTs on effects of vitamin D supplementatiggedndontal diseasés lacking.

6.346 Crosssectional data show a positive association between serum 25(OH)D concentration and measures of
periodontal disease outcome®ne cohort study foud an inverse association between serum 25(OH)D
concentration and tooth loss.

6.347 Evidence from genetic studies suggests that associations between vitamin D and periodontal disease are
influenced by changes in host immunity rather than through effects onuralmetabolism.

Agerelated macular degeneration

6.348 Agerelated macular degeneration (AMD) is a progressive chronic disease resulting in damage to the
central retina and is a major cause of visual impairment in older people. In the dry or atrophic form of
the condition, the retinal pigment epithelium degenerates leading to the development of dflsen
The wet or exudative form of AMD is characterised by new blood vessel formation under the macular
region of the central retina, which results in plasma leakage, retinal haemorrhage, inflammation and
scarring. Risk factors for the development of AMDuitke advancing age, family history, race, genetic
mutations, sunlight exposure, hypertension, high dietary fat, obesity and sm(ikinget al., 201p

6.349 The pathogenesis of AMD is not clearly understood but angiogenesis is thought to play a role
(Rosenfeld et al., 2006inflammation and immunological changes are also implicéfadbin, 2004
Anderson et al., 200 The potential role of vitamin D in the pathogenesis of AMDbeas
investigated because of its inhibitory actions on angioger{d&stell et al., 200pand studies
suggesting an assiation between vitamin D and inflammation aimdmune function

6.350 10M Report The IOM report did not consider agelated macular degeneration.

Observational studies

6.351 A protective association was found between serum 25(OH)D concentration and prevalezcty of
(but not advanced) AMD in a nationally representative sample of adlulthe US (n=52; agex40y)
(Parekh et al., 2007 The odds ratio for early AMD in adults in the highe&5prmol/L) vs lowest
(<42 nmol/L) quintile of serum 25(0OH)D comteation was 0.64 (95% ClI, €053; p trend<.001).
Another crosssectional analysis in Isra@olan et al., 20)Ffound no significant difference in in
serum 25(OH)D conog&ration between those with (n¥045; mean age, &) ard without (n=8124;
mean age, 7¥) AMD.

" Focal deposits of extracellular debrisder the retina. The largest single component of drusieripid.
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Millen etal. (2011)nvestigated the relationship between serum 25(OH)D concentration and
prevalence of early AMD in postmeraysal women (n=113; age, 5679y) participating in the
Carotenoids in AgRelated Eye Disease Study in the USA. Serum 25(OH)D concentration was
measured at baseline and AMD status was assessed from fundus photographs after 6 years. In
multivariate models, no significan¢lationship was observed between serum 25(0OH)D concentration
and early or advanced AMD but there was a significant age interaction(p=0.0025). Serum 25(0OH)D
concentration (highest vs lowgéguintile) was significantly associated with a lowiek of eary AMD

in women <75y but an increased risk in older women; however this association was no longer
significant after further adjustment for BMI and physical activity.

A systems biologhased analysis investigated the role of vitamin D metabolism in the pathogenesis of
AMD in a cohort of sibling pairs (n=481) discordant for AMbrrison et al., 2011 After adjustment

for established risk factors forMD, including genetic polymorphisms and smoking, UV irradiation was
associated with a lower risk of AMD (p=0.001). Serum 25(OH)D concentration (measured in 50 sibling
pairs) was lower in individuals with AMD than in their unaffected siblings, but thisetasatistically
significant. A candidate gene approach was used to examine variation in key genes regulating vitamin
D metabolism (including those encoding VDR, CYP27B1, CYRA4AIR27A) in participants

(n=2525) comprising the sibling pairs and thextended families, individuals from a separate ease

control study from Greece and a prospective nested @as#rol population from the Nurse's Health

Study and Health Professionals Folow Study in the US. Single point variants in the CYP24A1 gene
were shown to influence the risk of AMD after adjusting for age, sex and smoking, in all the
populations separately and in a meaaalysis.

Summary- Agerelated macular degeneration

No intervention studies on vitamin D supplementation and AMD could be identified.

Evidence on serum 25(OH)D concentration and AMD is mainly fromszossnal studies which are
inconsistent. One small study reported that variation in the CYP24A1 gan@lay a role in the pathogenesis
of AMD

Conclusiong; non-musculoskeletal health outcomes

Intervention studies do not suggest beneficial effects of vitamin D supplementation during pregnancy
on maternal reproductive outcomes. The observational evidaaanixed.

The contribution made by vitamin D supplementation during pregnancy to the later serum 25(OH)D
concentration of the unsupplemented, exclusively bréagtbaby is unclearMaternal vitamin D
supplementation during pregnancy has beneficial effects in reducing the risk of neonatal
hypocalcaemidut there is little evidence from intervention or observatiosaldiesto indicate any
additional benefits for the baby.

Thesmall number ofavailableRCTéave not shown an effect of vitamin D supplementation on overall
cancer risk.Observationakvidencesuggest an inverse association between serum 25(OH)D
concentration and colorectal cancer riskhese studies do not provide compag evidence of a
protective effect of vitamin D on colorectal cancer ftigcause theynight be confounded by other

Median (range): Q1 = 30 (7, 88)ol/L; Q5 = 8%>75, 165mol/L.
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factors that affect cancer riskObservional studies on other cancelmve not foundan association
with serum 25(OH)D concentration.

6.359 Observational data from poulation cohort studiesndicatea protective effect ohigherserum
25(0OH)D concentration on risk of CVD and hypertensidrthis findingis not supported by rasts
from intervention trials.

6.360 Evidence frm intervention studiesndicatesthat vitamin Dsupplementatiorhas no effect on
mortality risk. Although observational data suggest an inverse association between serum 25(OH)D
concentrationand mortality risk this mightalso bedue to reverse causality or confounding by other
factors associated with mortality such as obesity, physical activity and smoking

6.361 There is a paucityfalata on the effect of vitamin D supplementation immmune modulation
Evidence from observational studissnconsistent and may also be confoundeddiher factors that
affect autoimmune diseasand allergic disordersThe data are insufficient to draw firm conclusions.

6.362 RCTs do not generally show a beneficial effect of vitamin D supplementation on infectious disease risk.
Evidence on vitamin D and infectious disedskis mainly observationandsuggess an inverse
association between serum 25(OH)D concentration and infectious diseaskoiskverthese studies
are difficult to interpret since it is unclear if low sem®25(OH)D concentration is a cause or
consequence of the infection. The evidence is insufficient to draw any firm conclusions.

6.363 Data on vitamin D and neuropsychological functioning is mainly observational and insufficient to draw
conclusions.RCTs show r&ignificant effect of vitamin D supplementation on cognition or depression.
Crosssectional data suggest an association between lower 25(0OH)D concentration and poor cognitive
function but this might be due to reverse causation since changes in cogaitibdepression may
alter diet and/or behaviour in a way which would reduce serum 25(OH)D concentration. Evidence
relating vitamin D to autism and schizophreiganainly ecological.

6.364 Evidence on the relationship between serum 25(OH)D concentration antieath is mainly
observational and little information is available on the serum 25(OH)D concentration associated with
poor oral health outcomes. There is insufficient evidence on vitamin D and oral health to draw firm
conclusions.

6.365 There are insufficientata to draw conclusions on the relationship between se@5(OH)D
concentration and AMD.

Selection of healthbutcomesto inform the setting of DRVs for vitamin D

6.366 Evidence for a relationship between vitamin D anchnge of musuloskeletal and non muscuo
skeletal health outcomes waesviewedin orderto assess whetheanymightbe used to inform the
setting of DRV#®r vitamin D. The health outcomes examined were those considered to be of public
health importance.

6.367 Data on vitamirD and any nommusculoskeletal health outcome were considered to be insufficient at
this time to inform the setting of DRVs for vitamin D.
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The evidence on vitamin D and musculoskeletal heatib considered to bsuggestive obeneficial
effects of vitammn D on

9 rickets in infants and children;

9 osteomahcia in all adult age groups;

 falNAal Aoyl Rdz Ga x

9 muscle strength and function in young people autlilts.

Musculoskeletal healtivastherefore selected as the basis for setting the DRVs for vitamin D.

6.370 Since serum 25(OH)D concentration reflects exposure to vitamin D from both sunlight and diet, the
next stepin the processvas to identify aangeof serum 25(OH)Doncentrationgequired to protect
musculoskeletal healtbr, if this was not possible,tareshold serum 25(OH)D concentration below
which the risk opoor musculoskeletal health is increased. The curtBresholdused to indicate
increased risk of vitamin D deficienigya €rum 25(OH)D concentration 25 nmol/L (DH, 1998.
Concentrations below this are associatgith increased risk of rickets and osteomalacia.

6.371

6.372

6.373

Serum 25(OH)D concentrations in the studies on musculoskeletal health outcomes judged to be

suggestive of beneficial effects of vitamin D (rickets, osteomalacia, falls, muscle strength & function)

were congilered further toassess whether a distribution or threshold serum 25(OH)D concentration
could be identified.

il

Rickets Evidence is mainly observational and it is not clelaether, in all the cases reportethe
cause othe ricketswas vitamin D deficiencor calcium deficiencyIn the majority of studies
considered, individual or mean serum 25(OH)D concentration v2assnol/L in children with
rickets

Osteomalacia Based on the limited evidence (mainly case regardividual serum 25(OH)D
concentrations were 20 nmol/L. In 2 crossectional studies, mean concentration was
<15nmolL in one and individual concentrations werd $nmol/L in the other.

Falls- Bvidencefrom RCTs is mixed but, on balance, is suggestive of beneficial effgitmin D
supplementationin reducing faltisk inl- R dzt 5Qyavithwrean baséhe serum 25(0OH)D
concentrations over a range of values. There is also evidence for an adverse effect of a high
annual dose (12,500g9/5000001U) or high monthly dose $00 ug/60,0001U or a combination of
600ug(24,0001U)vitamin I3 + 300ug 25(0OH)B).

Muscle strength and functionOverall, evidence from RC3igggests that vitamin D
supplementation may improve muscle funaticn adolescentsadults <50ywith a meanserum
25(0OH)D concentration 30 nmol/Land inl R dzt 5Qyavith mean baseline serum 25(0OH)D
concentrationsover a range of values.

With the exception of case reports, the studies considered only provided mean or median serum
25(0OH)D concentrations of paripants. It was not possible, therefore, @stablish aangeof serum
25(OH)Dxoncentrations associated withe selectednusculoskeletal healtbutcomes.

There was wide variability in the mean and individual serum 25(OH)D concentrations associated with
increased risk of rickets, osteomalacia and falls and with improvement in muscle strength and function

together with many uncertainties in the data. A particular limitation in trying to identify a
range/threshold serum 25(OH)D concentration associatél beneficial effects on musculoskeletal
health was the use of predefined eaffs (based on different criteria for deficiency) in many studies.
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As a result, cubffs for deficiency in these studies are very insecure and it is not possible to assess if
there is a dose response relationship.

6.374 Although there are many uncertainties in the data, the evidence is suggestive, overall, of an increased
risk of poor musculoskeletal health at serum 25(OH)D concentrations belowG+20ol/L.

6.375 An additional complexityof interpretation of the data is the high interssay and intetaboratory
variation inserum 25(OH)D concentration measurements (see chapter 4). A range of assay methods
was utilised to measure serum 25(OH)D concentration in the different studies orulosiseletal
health, which makes it difficult to compare serum 25(OH)D concentrations associated with increased
risk across various studies. Since the data do not allow differentiation between a serum 25(0OH)D
threshold concentration of 20 vs 25 vs @®ol/L, the current threshold for increased risk of vitamin D
deficiency, of 25nmol/L (DH, 1999 is retained.

6.376 This threshold serum 25(OH)D concentratior@b nmol/L, is not diagnostic of disease lénotes
the concentration below which risk of poor musculoskeletal health is increased at a population level
It could, therefore, be considered®J2 LJdzf | { A 2 YondeMNBtionSItides S &er to the
meantarget serum 25(OH)D concentration for a particulardifage group but rather the serum
25(0OH)D concentration that the majority (97.5%)rwfividualsin the UK should achieve or be above
in terms of protecting their musculoskeletal health.

6.377 Sincethe data were insufficient or inadequate ascertainrwhetherthe thresholdserum 25(OH)D
concentrationassociated with increasatsk of poor musculoskeletakealth differsduring pregnancy
and lactation, theQ LJ2 LJdZAINE & Scghientéto of 25imol/L was extended to these groups.

6.378 A serum 25(OH)D concentration)25 nmol/L wastherefore selected as the basis for establishing the
RNIfor vitamin D; i.e the mean vitamin D intake required to achieve a serum 25(OH)D concentration
%25 nmol/L bythe majority (97.5%f the population. The mean vitamin D intake refers to the mean
or average intake over a period of time (e.g., one week) and takes accbday ¢o day variations in
vitamin D intake.

6.379 The vitamin D intake and the summer sunshine exposure required to achieve a serum 25(OH)D target
02 y OSy (i NasianfolA yare Gofisidexed in chapter 9.
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Potential adverse effects dfigh vitamin D intake/serum
25(OH)D concentration

7.1

7.2

7.3

7.4

7.5

7.6

7.7

Vitamin D toxicity

Cutaneous synthesis of vitamin D is regulated so that prolonged sunshine exposure does not lead to
exces production (see paragraph 2)10Excessive vitamin D intakes have, however, been shown to
have toxic effectg§Vieth, 200§. Vitamin D toxicity results in hypercalcaemia (elevated serum calcium)
caused by increased intestinal calcium absorption and mobilisation dficafoom the boneg(Jones,

2008. Hypercalcaemia can result in deposition of calcium in soft tissues, diffuse demineralisation of
bones, and irreversible renal and cardiovasculardioxi

Other adverse effects that have been linked with high vitamin D intakes or high serum 25(OH)D
concentration include an increased incidence of falls and fractures, increased ra&scoéatic and
prostatecancer and increased total mortality (i.e., from all causes combined). Evidence for these
associations is less robust and consistent than that relating to hypercalcaemia.

Supplemental sources of vitamin D
Foodsupplements contaiimg up to 250ug (10,000U) of vitamin D per daily dosee available Most
multi-vitaminfood supplements contai® g (2001U) of vitamin Oper daily dose

Recommended upper intake levels for vitamin D

UK

In 2003, the Expert Group on Vitamins and Minerals (EVM) reported asafby of vitamin and

mineral supplements and recommended maximum advisable levels of intake. Safe Upper Levels
(SULs) were established when supported by sufficient data. The SUL represents an intake that can be
consumed daily over a lifetime withoutsiificant risk to health. A Guidance Level (GL) was set when
the evidence base was inadequate to establish an SUL. GLs represent an approximate indication of
intakes that would not be expected to cause adverse effects; they are less secure than Su&s beca
they are derived from limited data.

The EVM found insufficient data to establish an SUL for vitamin D. Based on data relating to
hypercalcaemia, a GL for supplemental vitamin D intake (i.e., in addition to dietary intake}@fl25
(10001U)was seffor adults. $aling on a body weight basis to children and infants was not considered
appropriate because of concerns that it might lead to the recommended intake for an infant not being
met.

USA

The lOM (2011)xelected onset of hypercalcaemia and related toxicity as the basis for establishing a
Tolerable Upper Intake Level (UL) foraglé groups except infants-§®m). Retarded linear growth

was used as the basis for establishing the UL for infants. The UL is defined as the highest average daily
intake of a nutrient that is likely to pose no risk of adverse health effects to nearly all persons in the
population. It @plies to intakes on a chronic basis among {lieimg persons.

A UL of 10Qug/d (4000L ! 0 @& | & & Sldy offageNA ULP Oyl &006U) was set for
infants 06m and38 pg/d (15201U) for infants aged-62m. The UL for pregnant and lactatwgmen
was the same as that for adults.
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7.8 The IOMnotedthe paucity of long term studies with vitamin D intake258 ug/d (10,000U) or
whereserum 25(OH)D concentratisabove 250mol/Lwere observedut, based on the available
data, considered it unlikg that symptoms of toxicity would be observeddatily vitamin D intakes
below 250ug/(10,0001U).

Europe

79  In 2012, the European Food Safety Authority (EFSA) revised the Tolerabldntgpeevels (U
(EFSA, 2022or all age groupsA UL is intended to apply to all groups of the general population,
including more sensitive individuals, but with the exception in some cases of discrete, idenstibble
populations who may be especially vulnerable to one or more adverse effectstfese with unusual
genetic predisposition, certain diseases, or receiving the nutrient under medical supervision).

7.10 For adults, hypercalcaemia was selected as the indliczittoxicity am the UL was set at 1Q@/d
(40001V), including for pregnant and lactiaty women. A UL of 1Q@y/d (40001U/d) was also set for
children and adults aged 117y because, owing to phases of rapid bone formation and growth, it was
consideed unlikely that this age group would have a lower tolerance for vitamin D compared
adults. A UL of 50g/d (20001U/d) was set for children ageld10y to take account of their smale
body size. For infants-I2m), the previous UL of 25g/d (10001U/d), based on data relating high
vitamin D intakes to impaired growth and hypercalcaemia, was retained.

Committee on bxicity of chemicals in food, consumer ducts and the environmerit

711 For the purposes of the current review, tli@ommittee on toxicity of chemicals in food, consumer
products and the environmern(COTY:

1 reviewedthe data on potentiaharmful efiects of high vitamin D intakesither regularly over
prolonged period®r as single or occasional large dgses

1 consideed whether some groups of people might be particularly vulnerable to high intakes of
vitamin D
712 ¢KS 9C{! YR Lha NB@ASH6a 6SNBE dzaSR a4 GKS AyAlA
evidence with an updated and expanded literature search.
713 The fndings and conclusions of the COT are summarised belo/ h ¢ Qa Fdzf € adl G SYSy

detailed considerations availableon its website
(http://cot.food.gov.uk/sites/default/files/VitaminDstatement.pdf).

Review of the evidence on adverse effects

Adults

Hypercalcaemia

7.14 Total calcium in the blood and extracellular fluid, is maintained at a concentration of approximately
2.5mmol/L (range 2.22.6 mmol/L) and ionised calcium at 2114 mmol/L (EFSA, 2032
Hypercalcaemia is generally defined aseaumcalcium concentration greater than 2.#mol/L. If
serum calcium increases abovenBnol/L, the ability of the kidney to reabsorb calcium is exceeded

8 Definition of UL equivalent to that used by the IOM.
8 TheCOTis an independet scientific committee that provides advice to Government Departments and Agencies on matters concerning the toxicity
of chemicals.
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and hypercalciuria can follow. Hypercalciuria is defined as urinaryicaéoicretion 250mg/d in
womenand 275300mg/d in men.

7.15 A number of case reports of vitamin D intoxicatifallowing high medicinal doses or excessive use of
food supplements, have been reported in the literature. In these case reports, serum 25(OH)D
concentrations of 30@ more than 1000mol/L were associated with intoxication. However, case
reports provide limited information for risk assessment purposes beetne dosesconsumed, where
known,have varied in amount and duration.

7.16  Adverse effects have also been reported in intervention studies examining the effect of vitamin D
supplementation on various health outcomes. These studies provide information ofatiopu
groups as well as supplemental doses/serum 25(OH)D concentrations associated with reported
adverse effects. Trials varied in design and few administered vitamis&s > 106 3 k G0010)n In
most trials where higher daily doses were used, it was rarely for longer than a few months. Only
isolated instances of hypercalcaemia were reported in the intervention studies. Serum calcium
concentrations increased in some trials but renearwithin the normal range. Only two studies
(BargerLux et al., 1998Heaney et al., 20Q%isedone2 NJ Y 2 NB R2FHkS3500 tigh), im then
FoaSyoOoS 2F OF t OA2montlisdzLILX SYSy Gaz F2N x

7.17  Heaney et al. (2003hvestigated the relationship between steady state vitamiinEake and serum
25(0OH)D concentration. VitaminR2 aSa 2F n3X H P,3008 BOPO oRONDOWIE)T > Ik R
were administered to healthy men (n=67) 20 weeks over the winter in Omaha, US. Mean serum
25(OHDP concentration was 7@mol/L at baseline, which increased in proportion to the dose. Limited
information was provided on changes in serum calcium concentrations but indicated that none of the
men n the top two dose groups (n=3had concentrations above the normal reference range after
treatment. The IOM observed that vitamin D intakes of 23 K58001U/d) achieved serum
25(0OH)D concentrations of 1AG0nmol/L (but not exceeding 158mol/L) afer 160 days of
administration.

7.18  BargerLux et al. (1998hvestigated the relationship between graded oral dosing with vitamifo D8
weeks and changes in serum 25(OH)D concentration in heailnyg men (n=116; mean age,y28
Doses of 25, 250 or 12503 K1B00;10,000; or 50,000 IU/d)resulted in mearincreases in serum
25(0OHD concentration of 28,6146.1and 643.0nmol/L respectively above the medmaseline
concentration (6/mol/L). No statistically significant changes were detected in mean baseline serum
cdcium concentation (2.41mmol/L).

Kidney stones

7.19  Prolonged hypercalciuria is a risk factor for kidney stones. Although available human studies suggest
that high intakes of vitamin D alone are not associated with an increased risk of kidney stones,
combined supplementation with calcium may increase ri&k.RCT of postmenopausal women
(n=36,282; mean age, 62jackson et al. (2006@ported an increased risk of kidney stones in women
given a daily calcium supplement didD mg plus 10> 3 dU) af mitamin D for up to 7 years
compared to thosavho received placebo(HR4..17; 95% CI, 1.62.34) However, totalntakes of
vitamin D in this study were below those associated with hypercalcaemia.

Fall and fractures

720 AnRCTSanders et al., 20)@f womenin Australia (n=8 p ¢ T 70yEé&ported an increased risk of
fracture in the vitamin Psupplemented group (singnnualR2 &S 2 F MH I pUfor35> Ak p nn 3
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years) compared to the placebo group (HR5; 95%CI, 1.021.30 for fractures; IRR, 1.26; 95% ClI,
1.00-1.59 for falls). Serum 25(OH)D concentration, which was measured in a subsample (n=137) of
participants, increasgtfrom a median of 4@mol/L at baseline to 128mol/L after 1 month in the

vitamin D supplemented group and @hol/L at 3 months, and remained higher than concentrations
in the placebo group 12 months after dosing. Data on serum levels of calcium eteeported.

721 Another RCTBischoffFerrari et al., 20160f communitydwellingadultsé Y ' H nn T | 3S xTneé
fall) randomised to receiva monthly dose of either 60Qug (24,000U) vitamin 3, 1500ug
(60,000IU) vitamin B, or 600ug (24,0001U) vitamin 3 + 300ug 25(0OH)Bfor 12 monthsreported
that the incidence of falls was significantligher in the 150Qg (60,000U) vitamin Rgroup(66.9%;
95% ClI, 54:27.5%)and the 60Qug (24,0001U)vitamin B + 300ug 25(OH)Bgroup (66.1%; 95% Cl,
53.576.8%)ompared with the 60Qug (24,0001U)vitamin 1} group (47.9%; 95% CI, 3%8.3%)
(p=0.043%.

722 Another study(Smith et al., 200)/reported a significanincrease in nosvertebral fracture in women
(but not men) given an annual intrauscular injection of vitamin J7500> 3 k o n Wk Naeffect
was observed on the frequency of falls.

7.23 A cohort study in the USauley et al., 20)Yeported that serum 25 (OH)D concentration
%50 nmol/L was associated with lower fracture risk in white women but a higher fracture risk in black
women (OR1.45, 95%C1.06-1.98) and thati S NXzY 02 y OB yimoMl- wigre syosiated with
a higher risk of fracture in Asian women.

Cancer

7.24 Pancreatic cancerSome observational studies haraported an association between vitamin D
intakeg serum 25(OH)D concentration and risk of pancreatic cancer, but the fildivgnot been
consistent. Skinner et al. (2006¥ported that higher vitamin D intakes wesgnificantlyassociated
with a reduced risk of pancreatic canaehile StolzenbergSolomon et al. (2006kported a 3fold
increase in pancreatic cancer riskhighest (65.59mol/L) vs lowes{< 32.0nmol/L) quintile of srum
25(OH)D concentration (OR82; 95%CI, 1.565.48,p trend = 0.001). A subsequent pooled study
using data from several cohortStolzenbergSolomon et al., 20)@eported that serum 25(0OH)D
concentrat?2 y a100®mol/L compared to 50 ter 75 nmol/L were associated with a statistically
significant increase imisk of pancreatic cancer (OR%2; 95%CI, 1.233.64). However, it has been
suggested that the positive association was a statistical artefact arising from the choicepoirust
and that merging the top two groups largely aboliditbe relationshigBaggerly & Garland, 2012

7.25 Prostate cancerA nested caseontrol study(Tuohimaa et al., 20Q4using stored serum from 3
O2K2NIlia 2F b2NRAO YSy oylcuu OF aSmmoy)amdhpm O2 y i
0 80 nmol/L) serum 25(OH)D concentration was associated with higher risk of prostate cancer.
Anothernested casecontrol sudy in FinlandFaupelBadger et al., 20Q7found no association
between serum 25(OH)D concentration in men who were smokers (n=296 cases, n=297 controls) and
risk of prostate cancer.

All-cause mortality

726 ThelOM (2011)dentified 6 cohort studiegSambrook et al., 200&ambrook et al., 20Q0&isser et al.,
2008 Jia et al., 200Melamed et al., 20085emba et al., 20Q%hat had examined the association
between serum 25(OH)D concentration andcalise mortality. Overall, these studies reported that
concentrations 80 nmol/L were associated with an increased mortality risk, which decreased as
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serum 25(OH)D concentration increased. However, 3 of the st(Migser et al., 200dia et al.,
2007 Melamed et al., 2008suggested a dhaped dosaesponse relationship, with a slight inceesa
in alkcause mortality at the highest serum 25(OH)D concentratiSagibrook et al. (2004, 2006)
found no relationship between serum 25(OH)D concentration and mortality 8sknba et al. (2009)
did not observe a ¥$haped relationship buhedianserum 25(OH)Boncentration in the highest
exposure category was év¥nol/L.

A metaanalysis of 14 prospective cohort studi@ttermann et al., 2018’ reported a summary RR

for mortality of 0.71 (95%I1(0.500.91) forserum 25(OH)D concentration wgp<50nmol/L. In the
parametric model, the estimated summary RRs (95% CI) fomiitpnvere 0.86 (0.88.91), 0.77
(0.700.84), and 0.69 (0.60.78) for individuals with an increase in serum 25(OH)D concentration of
12.5, 25 and 5@mol/L respectively, from a median reference category of 2iftlol/L. There was no
significant decreasi mortality risk when serum 25(OH)D concentrations were &mbl/L above the
reference category.

Pregnancy and lactation

Data on adverse effects of vitamin D intakes during pregnancy or lactation are lacking. No adverse
effects were observed in 2 studi@Vagner et al., 200@Hollis et al., 201which supplemented
preghant women wi vitamin D dosex100> 3 k 60018)n

Infants and children

A disorder termed idiopathic infantile hypercalcaemia (IIH) was first recognised in the 1950s when a
small number of infants presented with failure to thrive, vomiting, dehydration, fever and
nephrocalcinosigSchlingmann et al., 2Q). The outbreak was attributed to increased doses of

vitamin D (upo 100> 3 k nld penday) from infant formula and fortified milk. Fortification levels of
vitamin D in cod liver oil concentrate, dried milk powder, infant cereals and evaporated milk products
was subsequently reduced. Vitamin D intakes of infantkénl©960s (6.280> 2&0-12001U per

day) was found to be substantially lower than in the 1950s (2@IQ00IU perday) and incidence of
hypercalcaemia in infants had almost hal\{Bdansby et al., 1964 Occasional case reports of

infantile hypercalcaemia have been published since, but these have related to specific genetic
polymorphisms (see full COT statement).

Early studiegJeans & Stearns, 198&howedthat excess vitamin D could reduce linear growth in
infants but this was not observed at doses up to>53 K2R601U/d) (Fomon et al.1966). The

absence of effect was supported by a large prospective study of Finnish children (19310,06

& dzLJLJX SYSy i SR 0@N@Xof vitamin S(HygpBnerdet al., 2011 Growth was also not
affectedinbreasF SR OKAf RNBY 6K2aS Y2G0KSNER g¢gBM®D IAITSY
vitamin D from birth(AlaHouhala et al., 1986 Calcium concentratiqin studies where it was
measured, was unaffected by vitamin D supplementation.

A number of studies in babies and infants have explored the effect of vitamin D supplementation on
serum 25(OH)D concentrati¢AlaHouhala et al., 1986/ervel et al., 1997Zeghoud et al., 1997

Gordon et al., 2008 Various regimens of vitamin D supplementation were administered (highest
dose was 1256 50,000 IUtwice weekly for 6 weeks) but hypercalcaemia was not observed.

Fewer data are available for older children but hypercalcaemia wasbssrved irchildren (n=8 age,
10-17y) receiving 356 3 ¢ mid) perweek of vitamin Bfor 8 weekgMaalouf et al., 2008 Similar
findings were reported in another study by the same gr@akHajj Fuleihan et al., 200é which

105



7.33

7.34

7.35

7.36

7.37

7.38

7.39

children =179 received weekly doses of vitamig 35 or 350> 3 Kk mn n n )N pkacebosfan n
1 year.

Setting a UL

AULIis the maximum intake that can be consumed every day over a life time without appreciable risk
to health. ULs apply to specified population groups but may not be protective of individuals within
those groups who have identifiable medical disorders that tause them to be unusually vulnetab

to a particular substanceULs can be established using either human or animal data on adverse
effects and incorporate uncertainty factors as appropriate.

The COT concluded that best established adverse effdggbfvitamin D intakes is hypercalcaemia
and that this endpoint should be the ticial outcome on which to badéLs for vitamin D. Evidence for
other potential adverse effects, which might occur at lower exposures, was considered to be
inconsistent.

Adults

Based on data from Zwglies relating to hypercalcaem{BargerLux et al., 1998Heaney et al., 2003
EFSA seto-observedadverseeffectlevel (NOAEL) of 25ag/d (10,0000U/d). Applying an
uncertainty factor of 2.5 (to account for intémdividual variations in sensitivity and because the
NOAEL was derived from 2 shstldies), EFSA establishedlafor vitamin D of 10Qg/d (40001U/d),
which is in agreement with the UL for adults set by the IOM in 2011. The COT did not identify any
additional studies showing an increased risk of hypercalcaemia at doses lower than the NOAEL of
250> 3k R oluid) sevrby EFSA, and agreed thatlaof 100> 3 k480018/d) was appropriate for
adults ¢k18Y).

TheUL does not distinguish between total and supplementary vitamin D intake since dietary intakes
make only a small contriltion to total exposures at thelL.

Pregnancy and lactation

Neitherthe IOM nor EFSA adjusted the tdltake account of pregnancy or lactatiomheCOT agred
that the UL of 10Qug/d (40001U/d) set for adults»8y) was appropriate for pregnant and lactating
women.

Infants and children

The ULs set by the IOM for infants age@ 8nd6-12mof 25 and 38 3 K1B00 & 1520U/d)
respectively were based on studies on grodhans & Stearns, 193Bomon et al., 196@nd
considerations about IIHEFSA (2012tained the previous UL of 25 3 k 80010/ (setin 2003)
for children aged €12m, taking particular account of the studies bgans & Stearns (193&omon et
al. (1966) andHypponen et al. (2011)The COTgaeed that the UL of 25 3 k G0010/a) of vitamin
D sethy EFSA, for infants agedl@m, was appropriate.

ThelOM (2011noted that data were not available for specific age groups other than adults and
infants and therefore scaled down the adult UL of $0RI (40001U/d) to 62.5> Al (25001U/d) for
children aged 13y and 75> Al (30001U/d) for children aged 8y. The ULs set for ¢tiien and
adolescents aged-28y were the same as those for adults. EFSA observed that the studidesaliyuf
et al. (2008and EFHajj Fuleihan et al. (2006ad shown that intakes up to 5@yd (20001U/d) did
not lead to hypercalcaemia and assumed that adoletcén the phase of rapid bone formation)
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would not have a lower tolerander vitamin D than adults. WL of 100> 3 46001U/d) was
therefore setfor children aged 17y. AUL of 50> 3 K2B00IU/d) was setfor children aged 410y to
take account ofheir smaller body size.

740 COT agreed that the ULs for vitamin DIseEFSA, of 50 and 1803 k R 0 H @0AI/d)foy’ R N
children aged 410y and 1117y respectively, were appropriate.
Groups in which thelLs may not be protective

7.41  TheULs for vitamin D intake proposed for children and adults in the general UK population might not
be protective for individuals with medical disorders that jglispose to hypercalcaemia. These
include: normocalcaemic hyperparathyroidism; granulomatousatiee such as sarcoidosis and
tuberculosis; and genetic pr@isposition such as occurs in I1H.

Single and/or occasional doses of vitamin D

7.42  Results from most controlled studies in which occasional high doses of vitamin D have been
administered suggest thaterum 25(OH)D concentrations would not reach levels associated with
toxicity. One study of infants (aged20m), however, reported that vitamin faloses of 15,00Qg
(600,0001U) every 3 months increased serum 25(OH)D concentration by up tonhooiL ard
hypercalcaemia occurred in 34% of participants.

7.43  The COT concluded that vitén D doses of 75009 (300,00QU) at intervals of 3 months or longer
would not be expected to cause adverse effects in adults. There is greater uncertainty about the
effects oflarger doses, which might cause hypercalcaemia in some individuals, even if given
infrequently. The data were insufficient to specify a safe upper limit for single doses in children but
the limited available information suggests that toxicity could odcyf Ay F I y (1%000ug R2 &S &
(600,0001V).

Summary & conclusions

7.44 Acute and chronic exposure to excess vitamin D intake can result in hypercalcaemia, demineral
of bone, soft tissue calcification and renal damagfypercalcaemia ihe most appropiate endpoint
on which to bas&JLs for vitamin D since adverse effects that might occur at lower doses, througt
other mechanisms, have not been reliably established.

7.45 ULs for vitamin Pecommended by EFS&f 100ug/d (40001U/d) for adultsand children aged t1
17y, 50ug/d (20001U/d) for children aged-10y, and25 ug/d (10001U) for infantsare considered
appropriate. The ULs do not distinguish between total and supplementary vitamin D intake sinc
dietary intakes of vitamin D make lyra small contribution to total exposures at the ULs.

746 The ULs proposed may not provide adequate protection for individuals with medical disorders tr
pre-dispose to hypercalcaemia. These include normocalcaemic hyperparathyroidism, granulom
diseasege.g., sarcoidosis dntuberculosis) and genetic presposition (e.g., I1H).

747 Doses of 750Qg (300,000QU) at intervals of 3 months or longer would not be expected to cause
adverse effects in adults but there is greater uncertainty about the effects of larger doses, which
might cause hypercalcaemia in some individuals. Therenatdficient data to specify a safe upper
limit for single doses in children but the limited information that is availaidéatestoxicity could
200dzNJ Ay A yHJ000igd600;,000UR 2 4 S& X
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8. Dietary vitamin D intakes anderum/plasma 25(0OH)D
concentrationsin the UK

8.1  Nationally representative datarovitamin D intakes and seruptasma25(OH)D concentrations of the
general population in the UK were drawn from the National Diet and Nutrition Survey (NDNS) rolling
programme(RP), a continuous survey of diet and nutrition in adults and children aged 18m upwards.
The results presented here are based on a UK representative sampibofaiults aged 19y and
aboveand 3378 children aged 18y collected over years4 combined 2008/09 to 2011/12)Bates
et al., 2014. Data on institutionalised adults (1994/5) were obtained from the NDNS of people aged
65y andabove(Finch et al., 1998 Representative dataollected from boosted sampldsr Scotland
(n=867 adults& 828 children) Wales (n=461 adults & 391 children) and Northern Ireland (n=470
adults & 512 childrenyere obtained from the NDNBPScotland2008/092011/12%, the NDNS RP
Wales (2009/12012/13§° and the NDNS RP Northern Ireland (2008204.1/12§* reports
respectively.

g2  Data on low income populations in the UK (aged 2y and abow®)20032005 were obtained from
the Low Income Diet and Nutrition Survey (LID(N®)son et al., 2007aNelson et al., 2007b

8.3  Data on infants and young children (aged&m) were obtained from the 2011 UK Diet and Nutrition
Survey of Infants and Young Children (DNSLéGhox et al., 2013

84  Additional data were obtained from the Health Survey for England (B0BB} and 201G° andthe
Scottish Health Survey (SHB$A Scotlai§ 2013)

85 Nationally representative data are not available for pregrambresstfeedingwomen Data
presentedfor pregnant women were obtained from UK based cohort studies.

Assessment of vitamin D intakes

8.6 Inthe NDNS rolling programme, diet was assessed by a food diary of all foods and drinks consumed
over 4 consecutive daysSince dietary surveys are reliant on selported measures of intake,
misreporting of food consumption (generally uneeporting) is known to be a problem in all dietary
surveys, including the NDNS. This is an important consideration in the interpretdtine findings.

8.7 Inthe NDNS, reported total energy intake in children and adul&b{y) was on average 124%
lower than reported total energy intake measured by the doubly labelled water {P)it&zhnique.
The discrepancy is probably due to a conalbion of undefreporting of actual consumption and
changing the diet durinthe recording period. It is not possible to extrapolate these estimates of
under-reporting of energy intake to individual foods or nutrients nor to correct or adjust intake
estimaes to take accountdf underreporting.

82 NDNS RP: results from Yeargd {combined) for Scotland (2008/¢®11/12)http://www.food.gov.uk/sites/default/files/ndnsscotlandfull-
report.pdf

8 NDNS RP: results from Yea#s @ombined) for Wales (2009/48012/13)http://gov.wales/statisticsand-research/nationadiet-nutrition-survey
rolling-programme/?lang=en

8 NDNS RP: results from Yeargd {combined) for Northern Irahd (2008/092011/12)http://www.food.gov.uk/sites/default/files/ndnsni-full-
report.pdf

¥ National Centre for Social Research, University College London. DepartmeitteshiBpgy and Public Health. (201Health Survey for England,
2005 [data collection]3rd Edition UK Data Service. SN: 56ffip://dx.doi.org/10.5255/UKDASN56751.

# NatCen Social Researétgyal Free and University College Medical School. Department of Epidemiology and Public HealtHegth Syrvey for
England, 2010[data collection]3rd Edition UK Data Service. SN: 6988p://dx.doi.org/10.5255/UKDASN6986-3.

8 Food Standards Agency.

®The DLW technique is included as an objective biomarker to validate energy intakes estimated from reported food consumption.
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Another problem with assessing vitamin D intakes is that it is found in few foods. Therefore,
consumption/lack of consumption of vitamin D containing foods during the recording period could
have a substantial impacin estimates of habitual intakes. This would be more pronounced for
shorter rather than longer recording periods.

There is no evidence of undegporting for vitamin D specifically.
Dietary sources of vitamin D

In the DNSIYC, infant specific foods wére largest single source of dietary vitamin D, with infant
formula the main contributor to vitamin D intakes in infants (agetB4n).

In the NDNSneat and meat productazere the major contributosto vitamin D intake for all age

groups, except children aged 13y, providing 2385% of intake. Milk and milk products were the

major contributors to vitamin D intake for children aged-By5 providing 24%W C I (i  ¥rhdstBfl Ra Q
which are fortified vith vitamin D contributed 1921% to intakes across the age grougereals and

cereal products provided 130% of intake across the age groups, from fortified breakfast cereals and
FNRBY Wodzyasx OF1Saz LI AGNRASE rgdentsf.NUZA G LIASEAQ 0 DA

Fish and fish dishes (mainly from oily fish) made a greater contribution to the vitamin D intake of
adults (1723%) compared to children-@%).

In LIDNS the main sources of vitamin D were meat and meat prog@uttks 30%;children 32%) ad

fat spreads (26%eor adults and children Cereals and cereal products made a greater contribution to
vitamin D intakes of children thaadolescentgabout 20% in children aged1®y compared with

around 15% irmdolescentsages 11-18y).

The vitamin D aatent of the main dietary sources gftamin D is provided in Table 1
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TABLE -Vitamin D content of dietary sources of vitamin (Binglas et al., 2035

Food Mean vitamin D content  Vitamin D content of
per 100g typical portion size
Hg U Hg U
FISH
Herring(grilled) 16.1 644 19.2 768
Salmon(farmed, grilled) 7.8 312 8.3 332
Salmon(farmed, steamed) 9.3 372 9.9 396
Salmon(pink, canned in brine, drained) 13.6 544 14.4 576
Salmon(cold & hot smoked) 8.911 356-440 5.06.2 200-248
Mackeel (grilled) 8.5 340 13.6 544
Mackeel (smoked) 8.2 328 12.3 492
Sardineggrilled) 51 204 4.4 176
Sardinegcanned in brine, drained) 3.3 132 15 60
Tuna(baked) 3.1 124 4.7 188
Tuna(canned in brine, drained) 11 44 0.9 36
EGGS
Eggqwhole, boiled) 3.2 128 1.7 68
Eggqyolk, boiled) 12.6 504 23 92
MEAT
Liver(lamb, fried) 0.9 36 0.9 36
Liver(calf, fried) 0.3 12 0.3 12
Beef(rump steak, fried) 0.7 28 1 40
FORTIFIED FOODS
Bran flakes 4.2 168 1.3 52
Cornflakes 4.2 168 1.3 52
Rice cereal 4.2 168 1.3 52
Fat spreadg¢reduced fat 6275% polyunsaturated) 7.5 300 0.75 30

Vitamin D intakes in the UKTables1-18, Annex3)

Data on mean vitamin D intakes in ScotlaWthles and Northern Ireland agenerally similar to those
for the overall UK population and atieerefore not detailed in this section but angrovidedin Annex
3 (Tables 1a12).

RNIs for vitamin D were only set for specific groups at risk of insufficient sunshine exposure: infants
and children aged-By and adultsiged65yand abovegDH, 199). Intakes in this section are
compared with the current RNIs for these population groups.

Infants and young childrefd-18 months)

Mean intakes of vitamin D from food sources was higher in non breastfed infants cadrfpavecast
fed infants (excluding intake from breast milk, as the vitamin D content of breast milk is unknown).

For non breast fed infants, mean daily intakes of vitamin D werg@3®2 U (4-6m), 8.7ug/348 IU
(7-9m), 7.5ug/300 IU (1611m) and 3.5ug/1401U(12-18m). For breastfed infants (excluding breast
milk) mean daily intakes were8/120 IU (4-6m), 3.2ug/128 IU (7-9m), 2.7ug/108 IU (10-11m) and
1.8ug/72 1U (12-18m).
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Mean intakes for non breastfed infants aged @m were above the RNI except at-18m, where

mean intakes were 55% of the RNI from all sources. For breastfed infants, intakes of vitamin D from
all sources (excluding breast milk) were below the RNI at 48m)452% (®m), 54% (1€4.1m) and

37% (1218m).

Children(1.510y)

For children aged 1-8y, mean daily intake of vitamin D was (76 1U)from food sources and
2.3ug(921U)from all sources (including supplements). Mean vitamin D intake from all sources was
32% of the RNI for children agé&cdb-3y.

The mean daily vitamin D intake for children ageth¥ was 319 (801U)from dietary sources and
2.7ug(1081U)from all sources (including supplements).

In the LIDNS, the mean daily vitamin D intake (from food sources only) for boys aadeir210y
was 2 and 1.71g (80 and 68U)respectively. Mean daily intakes were 22% of the RNI for children
aged 210y*.

Adolescent$11-18y)

The mean daily vitamin D intake was 21d.(841U)from dietary sources and 2j4g (96 1U)from all
sourceqg(including supplements).

In the LIDNS, the mean daily vitamin D intake (from food sources only) for boys and girls was 2.4 and
2 1g (96 and 8aU)respectively.

Adults 1964y
Themean daily intake of vitamin D from dietary sources wagug.8L121U). Viamin D supplements
increased mean daily intakes to 318 (1561U)in men and 3.4ug (1361U)in women.

In the LIDNS, mean daily vitamin D intakes (from food sources only) for men agd8chél 5664y
were 3.0 and 3.71g (120 and 148U)respectively; fowomen aged 184, 3549 and 5664y mean
daily intakes were 2.2, 2.5, 2.8 (88, 100, 112U)respectively.

Adults 65y andbove

The mean daily vitamin D intake from dietary sources wasi@(@321U). Dietary supplements
containing vitamin D made thargest contribution to intakes in this age group, increasing daily mean
intakes to 5.1ug (2041U)in men and 5.21g(208IU)in women. The mean intake was 51% of the RNI.

For institutionalised adults, mean daily vitamin D intake of men3v@pgg/156 IU (39% & RNI) from
all sources and 3.89/152 1U (38% of RNI) from food sources; for women, mdaity intake was
3.4ug/136 1U (34% of RNI) from all sources and 3g8L32 1U (33% of RNI) from food sources

In the LIDNS, mean daily vitamin D intakes (ffoad sources only) were 314g (1361U)for men and
2.6 g (1041U)for women. Mean daily intake of vitamin D was 34% of the RNI for men and 26% for
women.

8 No RNIs were set for children agedl@ years.
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Serum/plasma 25(OH)D concentratisnn the UKTables19-36, Annex3)

Assessment of serum/plasn2s(OH)D concentration

Serum/plasma 25(OH)D concentration reflects the availability of vitamin D in the body from both
dietary and edogenous sourcesin the UK a serum/plasma 25(OH)D concentrati@b rmol/L is
currently used to indicatésk ofvitamin Ddeficiency(DH, 1998

The main problems associated with the methods used for m@&agseruniplasma25(OH)D
concentration, include accuracy and variability. Measurements can vary considerably depending on
the type of assay used across different concentration ranges. There is also a lack of agreement
between different laboratories usgnthe same methods. Measurements of 25(OH)D concentrations
from different surveys therefore may not be comparatffarther detailsin chapter4).

Blood collection within the NDNS rolling programréDNSHSE and SHS is spread evenly across the
yearso the values presented are year round averagesthe DNSIYC blood samples were collected
between February and AugusPlasma samples were analysed in the NDNS and SHS while serum
samples were analysed in the LIDNS, HSE and DNSIYC.

Infants(4-18m)

Mean serum25(OH)D concentration in infants aged 5 m was 68.6mol/L; 6% had concentrations
<25nmol/L. For infants aged 128m, mean concentration was 64n8nol/Land2% had

concentrations €5nmol/L. Out of those infants aged18.m with aserum25(OHD concentration
<25nmol/L, all were still breastfeeding at the time of the stage 1 interview; none of the infants aged
12-18m with a 25(0OH)D concentration below @®ol/L wasstill breastfeeding.

Children (1.83y)

Mean plasma 25(OH)D concentratiorchildren aged 1.53y was 581mol/L; 7.5% had concentrations
<25nmol/L, however this is based on a small sample (n=42).

Children and adolescen(d4-18y)

Mean plasma 25(OH)D concentration in boys and girls agdiy 4vas 52.3 and 4@mol/L
respectively.12.3% of boys and 15.6% of girls had a plasma 25(OH)D concentradomol/L.

Mean plasma 25(OH)D concentratgfor boys and girls aged 4118 y were 44.9nmol/L and
41.1nmol/L respectively; 19.7% of boys and 24.4% of girls had a plasma 25(OH)D ragiocent
<25nmol/L.

In LIDNS, measerum25(OH)D concentration was 43h#ol/L for boys and 39.6mol/L girls aged 11
18y; 8%o0f boys and 23% of girls had a plasma 25(OH)D concentraibmmol/L.

Adults 1964y

In the NDNS, the mean plasma 25(OH)D coinagan for adultsaged19-64y was 4& nmol/L for
men and 47.3ymol/L for women; 24% of men and 21.7% of women dathsma 25(0OH)D
concentration <25 nmol/L.

In the LIDNS, meaerum25(OH)D concentration was 4% nmol/L for men and 3419 nmol/L for
women aged 1964y, 18-25% of men and 124% of women had serum25(OH)D concentration
<25nmol/L.
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Adults 65yandabove

In the NDNSnean plasma 25(OH)D concentration waswol/L in menand42.5nmol/L in women;
16.9% of men and 24.1% of women haglasma 25(OH)D concentratior2§ nmol/L.

For institutionaliseddultsthe meanplasma25(OH)D concentration was 3%imol/Lin men and
32.5nmol/L in women38%of men and 37% of women had a concentration sng®l/L.

In the HSE 200meanserum 25(0OH)Boncentrationwas53 nmol/L for men andt8 nmol/L for
women

In the LIDNS, meaerum25(OH)D concentration) was 521810l/L in men and 44.@mol/L in
women; 14% of men and women hagerum25(OH)D concentration 25 nmol/L.

Serum/gdasma25(OH)Dconcentration by season

For all age groupis the NDNSmeanplasma25(OH)D concentrations were lowest during the winter
months (JanuamMarch) and highest in the summer months (38ptember). For children-y)
mean plasma 25(OH)D concentration wasgol/L in the winter months and 66mol/L in the
summermonths For older children and adolescents-{18y) mean plasma 25(OH)D concentration
was 31.59mol/L in the winter and 52.8mol/L in the summer. For adults aged-@4y, the mean
25(0OH)D concerdition was 34.8&imol/Lin the winterand 57.5nmol/L in the summer. For adults
agedx65y the mean plasma 25(OH)D concentration was Athél/L in winterand 50.5nmol/L in the
summer.

The proportionof the populationwith a plasma 25(OH)D concentratior2§ nmol/L in the winter
months wasA-10y, 31%; 1118y, 40%; 1%4y, 39%65y, 29%.Theproportion with plasma 25(0OH)D
concentration <25 nmol/L in thesummermonths was: 410y, 2%; 1118y,13%; 1964y,8%;and
%65y,4%.

Serum25(OH)D concentration vgaalso measurely seasorin the HSE (2010) and the SH®r ags
%16y, ®ncentration was lowest in the winter months compared to the summer months in both
England and Scotland; it was also lower in Scotland compared to England in all seasons. niiethe wi
months mearserum25(OH)D concentratiowas 33.Inmol/Lin Englandand 27.9nmol/L in Scotland,
increasing in the summer months to 6(nol/L in England and 51r8nol/L in Scotlandln England,

the proportion withserum25(OH)D concentratioxd 25 nmol/Lwas 42% in winter and 7% in summer;
in Scotland, the proportion witplasma25(OH)D concentratiox 25 nmol/Lwas 54% in winter and

17% in summer.

A cohort study oBouth Asian wome(n=35) living in Southern Englar{®arling et al., 20)3ound
that 81% and 53%ad a plasma 25(OH)D concentratig5nmol/L inwinter andsummer
respectively. Another cohort styaf pregnart women in North West London (n=34@JcAree et al.,
2013 reported that the proportion with glasma 25(OH)D concentratier25 nmol/Lwas49% in
winter and 29%n summer.
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Seruniplasma 25(OH)D concentration by region

8.48 The HSR010analysed serum 25(OH)D concentration by region and season. The percentage of
people with serum 25(0OH)D concentratio?s:nmol/L was lowest in all regions duritlge summer
months (around 5/%). During the winter months, 46% of people in the Midlands and North, 38% in
the South (including London) and 35% in the South (excluding London) had a serum 25(0OH)D
concentration <5 nmol/L.

8.49 Data from NDNS ScotlamfdDNSNales orNDNNorthern Irelandwvere not split by season due to
small sample sizes.

8.50 In Scotland,ie meanplasma 25(OH)D concentration wasrtiol/L for children aged-40y,
37 nmol/L foragesl11-18y, 40nmol/L for adults aged 184y and 42mol/L for adults ageck65y. The
proportion of these age groups withplasma25(OH)D concentration 25 nmol/L was 9% 4-10y;,
26% 11-18y, 33%19-64y; and 29%x65y.

851 In Northern leland, themeanplasma 25(OH)D concentration was Bol/L foragesl1-18y,
33 nmol/L for age 19-64y and45 nmol/L fork65y. The proportioswith a plasma25(OH)D
concentration 25 nmol/L was 30%, 11-18y, 344 19-64y; and 194 %65y .

852 In Wales, the mean plasma @)D concentration was 48mol/L for children aged 318y, 51nmol/L
for men and 43 mol/L for women aged 184y and 43imol/L for adults ageek65y. The proportion
with a plasma25OHD concentratior< 25 nmol/L was 23% 11-18y;20% of mer& 16%of women
19-64y; and 17%x65y.

Serum 25(OH)D concentration during pregnancy

853 A study in North West London analysed serum 25(OH)D concentrations of pregnant women (n=346
mixed ethnicity by seasoifMcAree et al., 2013 The neanserumconcentrationwas38 nmol/L in
summer (JuhBSeptemberandautumn (OctoberDecember), 26imol/L in winter (Januarvarch) and
32nmol/L in spring (Aprlune). The percentage widhtserum 25(OH)D concentration2§ nmol/L
ranged from 29% in the summer to 49% in the winter.

8sa Ly GKS { 2dziKI Y LI itReynedia?s¥rGny 28@H)D dahcEn§ atidih pregnant women
(n=977 predominantly whit¢ measured at 34 weeks gestatioras 62nmol/L; 35% had a serum
25(0OH)D concentration 50 nmol/L (Crozier et al., 2012

855 Blood samples (taken throughout the year) were also available for pregnanew¢n=3960;
predominantly whité taking part in the ALSPRGtudy 1991/199ZLawlor et al., 2018 Median
serum 25(OH)D concentrations were 55.1, 60.1 and BnholL in the first, second and third
trimesters respectively. In the third trimester, 34% of women had a serum 25(OH)D concentration
<50nmol/L and 6%had a serun25(OH)D concentratiord 27.5nmol/L.

856 A study in Aberdee(Haggarty et al 2013 measuredplasma 25(OH)D concentrations of pregnant
women (n=1205mean age at delivery, 3ly5predominantly whit@ at 19 weeks gestation. Mean
concentrations were 58mol/L in summer (Jurdugust), 3dmol/L in autumn (September
Novemberjandwinter (DecembetJanuary) and 48mol/L in spring (MarctMay). Theproportions
with plasma 25(OH)D concentratior2§ nmol/L were 25% in summer, 43% in spring, 60% in autumn
and 76% in winter.

% Avon longitudinal survey of parents and children.
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