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Abstract

The North American Institute of Medicine IOM) recently published their report on dietary reference intakes (DRI for Ca and vitamin D.
The DRI committee’s deliberations underpinning this most comprehensive report on vitamin D nutrition to date benefited hugely from a
much expanded knowledge base in vitamin D over the last decade or more. However, since their release, the vitamin D DRI have been the
subject of intense controversy, which is largely due to the persistence of fundamental knowledge gaps in vitamin D. These can be ident-
ified at the levels of exposure, metabolism, storage, status, dose—response, function and beneficial or adverse health effects, as well as safe
and effective application of intake recommendations at the population level through sustainable food-based approaches. The present
review provides a brief overview of the approach used by the IOM committee to revise the DRI for vitamin D and to collate from a
number of authoritative sources key knowledge gaps in vitamin D nutrition from the public health perspective. A number of research
topics are outlined and data requirements within these are identified and mapped to the risk assessment framework used by the DRI com-
mittee. While not intended as an exhaustive list, it provides a basis for organising and prioritising research efforts in the area of vitamin D,
which may offer a perspective on the major areas in need of attention. It is intended to be of use to researchers, national policy makers, the
public health community, industry groups and other relevant stakeholders including funding institutions.

Key words: Vitamin D deficiency: Vitamin D and health: Knowledge gaps: Research needs: European Micronutrient
Recommendations Aligned (EURRECA)

Background and objective the knowledge base in vitamin D to the extent that for the
first time, the DRI committee had sufficient evidence on
which to base estimated average requirements (EAR). Taking
indicators of bone health, including rickets and osteomalacia,
bone mineral density and Ca absorption, for which there was
sufficient evidence to provide a ‘reasonable and supportable
basis’ for DRI development, the committee proposed a
serum 25-hydroxyvitamin D (25(OH)D) level of 40 nmol/l as

the median value above which approximately half the popu-

During the period between 1997, when the North American
Institute of Medicine (IOM) published dietary reference
intakes (DRI for Ca and related nutrients, and 2010, when it
revised the DRI for Ca and vitamin D", the research output
in the field of vitamin D increased exponentially, yielding a
considerable body of data to inform the IOM DRI consensus

t(1)

committee in its deliberations. The DRI report "~ is the most

comprehensive document on vitamin D nutrition to date.
Devising nutrient recommendations for population intakes
relies on scientific analysis and judgement of data that exist
within a specified time frame and is an iterative process.
The amount of research data generated since 1997 advanced

lation might meet its vitamin D requirement (and below
which half might not) and 50nmol/l as its estimate of the
serum 25(OH)D level that would meet the requirement of
nearly all (i.e. 97-5%) ‘normal healthy persons”. These
serum 25(OH)D concentrations, which reflect exposure to
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vitamin D from a combination of sun-derived endogenous
synthesis and diet, were used to specify EAR values for vitamin
D intakes of 4001U (10 wg)/d in all age and sex subgroups
in the population above 1 year, assuming minimal UV blue
(UVB) sunlight exposure. RDA values were derived for appli-
cation to individuals (600 and 8001U (15 and 20pg)/d of
vitamin D for those aged 1-70 and 70 + years, respectively).
Insufficient data in infants permitted the committee to set
an adequate intake value only, of 4001U/d of vitamin D for
<1-year-olds.

The extensive data evaluation and analysis undertaken by
the DRI committee, facilitated largely by the outcomes of
two Agency for Healthcare Research and Quality systematic
evidence-based reviews (SEBR) from the Ottawa® and
Tufts®  evidence-based practice centres, placed a focus
upon the vitamin D research conducted to date and has pro-
vided a valuable opportunity to reflect and identify data
requirements to meet the needs of planned and on-going revi-
sions of recommended nutrient intakes by several authorita-
tive agencies, including the European Food Safety Authority,
the UK Scientific Advisory Committee for Nutrition and the
Nordic Council of Ministers, among others, as well as future
revisions of the IOM DRI. The DRI for vitamin D have been
the subject of intense controversy since the IOM report was
launched in November 2010, which is largely due to the per-
sistence of fundamental knowledge gaps in vitamin D. These
can be identified at the levels of exposure, metabolism,
storage, status, dose—response, function and beneficial or
adverse health effects in healthy individuals and in patient
groups, as well as safe and effective application of intake rec-
ommendations at the population level through sustainable
food-based approaches. The scarcity of information in some
life stages, particularly pregnancy, infancy and adolescence,
as well as insufficient experimental data in human volunteers
for non-skeletal health indicators, were all identified by the
DRI committee as obstacles to defining vitamin D require-
ments using any but the indices of bone health listed
above'’. Experimental data in appropriately designed studies
are required to progress the debate and enable consideration
of data appropriate to potentially vulnerable life stages as
well as clarify the putative role for vitamin D in non-skeletal
health outcomes.

The purpose of the present review is to provide a brief
overview of the approach used by the IOM committee to
revise the DRI for vitamin D and to collate from a number
(=19 as well as those identified by
us on behalf of the European Commission (EC)-funded ‘Euro-
pean Micronutrient Recommendations Aligned” (EURRECA)
Network of Excellence, key knowledge gaps in vitamin D
nutrition from the public health perspective. A number of

of authoritative sources

research topics are outlined and data requirements within
these are identified and mapped to the risk assessment
framework. While this is not meant to be an exhaustive list,
it provides a basis for organising and prioritising research
efforts in the area of vitamin D, which may offer a perspective
on the major areas in need of attention. It is intended to be
of use to academic and medical researchers, national policy

makers, the public health community, industry groups and
other relevant stakeholders including funding institutions.

Risk assessment framework used to establish dietary
reference intakes for vitamin D

Following a 10-year period of review of the process of DRI
development, documented across several reports(lz*’l(’), the
IOM committee approached the task of revising DRI for
Ca and vitamin D using the risk assessment framework com-
monly applied to setting tolerable upper intake levels"'®,
which has also largely been adopted by the European Food
Safety Authority for deriving and applying dietary reference
values for Europe'”. Application of the framework to estab-
lishing the EAR for vitamin D and Ca ensured independence
and transparency in decision-making, facilitated objectivity
throughout the process and offered flexibility to allow the
committee to make scientific judgements when decisions
had to be taken on the basis of limited or incomplete data,
because ‘no decision is not an option’(l(’). By ensuring
accountability, these advantages of the framework benefited
the process and the report as well as on-going debates.

Risk analysis is a process for managing situations where
public health monitoring and interventions are expected or
needed by analysing and controlling the risks that may be
experienced by a population. The terminology used in risk
assessment, such as hazard identification and hazard charac-
terisation and even the concept of ‘risk’ in association with
nutrient intakes, is unfamiliar to nutrition scientists and prac-
titioners*®. However, nutritionists are mindful that nutrient
intakes, unlike substances such as drugs or chemical toxicants
where there is zero to minimal background exposure, can
pose a dual risk, due either to consumption at a level too
low to deliver benefit (deficient), or sufficiently high to
pose the threat of an adverse effect (toxic). Widespread
adoption of the risk assessment framework would encourage
international collaboration and potentially harmonisation of
recommended dietary intakes and could potentially include
the major authorities as well as expertise from smaller or
less developed countries that would not be able to undertake
the process independently'®.

The risk assessment framework used by the DRI committee
on vitamin D and Ca®” is organised across four steps, summar-
ised here and in Fig. 1.

Step 1. Hazard identification

The committee used SEBR*? to identify, describe and rate

potential indicators (including clinical outcomes, biomarkers
of effect, functional outcomes and biomarkers of exposure)
to be used in developing the DRI for vitamin D and Ca and to
select the critical indicators. The committee found an overall
lack of causal evidence from intervention studies for the task
of identifying health outcome indicators. This was especially
true for non-skeletal outcomes for vitamin D, but also true for
skeletal outcomes, particularly in certain life-stage groups™”.
The SEBR found that (1) most vitamin D studies were con-
ducted using older persons or postmenopausal women (a fact
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intake

Risk
characterisation

Step 1.

Identification and review of potential health status
indicators to be used in developing the DRIs —
based on systematic evidence-based reviews

Step 2.

Selection of critical health effect with
consideration of life stage and sex;
Definition of relationship between intake and
health effect;

Dietary Development of EARs and ULs

Step 3.
Assessment of usual population intakes and
comparison with proposed EARs/ULs

Step 4.

Communication from the risk assessors to the risk

managers — description of the assessment process

including uncertainties therein and implications for
public health policy and scientific research

Fig. 1. Summary of the four steps that constitute the dietary reference intake (DRI) Risk Assessment Framework following problem formulation (adapted from

Taylor(‘s)). EAR, estimated average requirement; UL, upper intake level.

highlighted for Europe also in the ‘Vitamin D Deficiency Map’
(see later) in relation to available data on status), (2) some avail-
able data suggested the possibility of ethnic differences in
relation to bone health and nutrient interactions, but this sug-
gestion could not be further clarified, (3) very few studies
were designed to explore the effects of Ca and vitamin D inde-
pendently and (4) very limited data were available on adverse
health effects'”. These information gaps presented challenges
in synthesising evidence for Ca and vitamin D separately and
in combination. Further, lack of clarity concerning the physi-
ology and metabolism of vitamin D was problematic as was
the ability to judge the effects of vitamin D as a nutrient given
its role as a prohormone™.

Step 2. Hazard characterisation

This step of the framework is concerned with specification
of the DRI on the basis of clarifying the relationship of the
nutrient exposure and the reference level of the critical
indicator(s), taking into consideration sex, life-stage and vul-
nerable groups. The DRI committee indicated that they
encountered major challenges in determining the dose—
response relationships for Ca and vitamin D, particularly
given the extreme variability and lack of data about UVB
sunlight exposure and vitamin D status”.

Step 3. Intake assessment

This step of the framework compares the EAR and upper
intake levels values specified in step 2 to habitual population
intake data. While great strides have been made in providing
intake data on Ca and notably on vitamin D, more data as well
as a consistent approach to data reporting would be helpful®”.
The DRI committee encountered challenges in identifying
standardised and consistent data on vitamin D intakes across

general populations in the USA and Canada, particularly for
population subgroups who may be at risk for inadequate or
excessive intake. In addition, reliable data on the practice
and impact of discretionary fortification on the part of food
manufacturers are lacking. These issues are also highly
relevant to Europe, particularly given the varying national
policies with regard to mandatory and voluntary nutrient
fortification across member states.

Step 4. Risk characterisation

This is essentially the reporting step of the framework where
the committee details each aspect of the approach used, out-
comes, decisions, special concerns and uncertainties relevant
to risk managers and regulatory bodies charged with public
health policy and scientists. Once reporting is completed,
the committee rests and risk management agencies implement
the DRI by reforming public health policy and implementing
education programmes as well as addressing research
recommendations based on the knowledge gaps and data
requirements identified in the report.

Research needs in vitamin D nutrition and public health

The risk assessment framework is bracketed by the linked
tasks of problem identification and formulation and
implementation of corrective/preventive public  policy,
which are within the remit of the authoritative agencies
charged with public health protection and promotion. Not-
withstanding the importance of on-going discussions with
respect to thresholds for serum 25(OH)D that represent insuf-
ficiency/adequacy, there is widespread acknowledgement of
the presence of vitamin D deficiency in the community and
the pressing need to address this deficiency.
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Taking serum 25(OH)D concentrations of 30 nmol/l as the
cut-oftf point below which the risk of vitamin D deficiency
increases, the first priority from a public health perspective
is to ensure that this risk is minimised. The following three
critical research requirements, which require significant infra-
structural resources, national investment and international
collaboration, are:

Distribution of (1) serum 25(OH)D concentrations and (2)
vitamin D intakes and food sources in nationally representa-
tive populations with appropriate consideration of sex, life
stage and ethnicity. (3) Sustainable food-based strategies to
bridge the gap between current and recommended intakes
of vitamin D to minimise the prevalence of serum 25(OH)D
concentrations <30 nmol/l.

Prioritising these research requirements would enable
quantification of vitamin D deficiency in the EU population
and would prevent that deficiency, and, by increasing vitamin
D status across the distribution of vitamin D requirements,
potentially prevent disease. The infrastructure necessary to
meet these critical requirements would also make an immense
contribution to the research needs described below in relation
to vitamin D metabolism, tissue-specific requirements and
relationships with health outcomes throughout the life cycle.

Distribution of serum 25-hydroxyvitamin D concentrations
in nationally representative populations with appropriate
consideration of sex, life stage and ethnicity

While the National Health and Nutritional Examination Survey
in the USA?®? and the Canadian Health Measures Survey>”
have provided useful descriptions of vitamin D status in
North America, equivalent data for Europe are of variable
quality, making it difficult to estimate the prevalence of
vitamin D deficiency across member states. The ‘Vitamin D
Deficiency Map’, a joint initiative between the International
Osteoporosis Foundation and DSM Nutrition Products (Basel,
Switzerland)®V, aims to provide an overview of vitamin D
status in Europe; raise awareness of differences in vitamin D
status across Europe; pinpoint the missing data in each
region for specific population groups; educate health care
professionals and provide guidance to ultimately improve
inadequate vitamin D levels in various regions of Europe
and beyond. A prototype was launched in spring 2011 and
the final online version will go live at the end of this year.

The prototype map clearly showed that nationally represen-
tative serum 25(OH)D data are lacking for several European
member states’””. This was highlighted as an information
gap well over a decade ago by the EC in its ‘Report on
Osteoporosis in the European Community: Action for
Prevention’??, and despite progress in this recommendation
by individual countries, ‘there is an on-going need to
assess vitamin D status in representative populations within
Europe’. The prototype vitamin D deficiency map also high-
lighted the lack of representative data at key life stages,
particularly pregnancy, infancy, childhood and adolescence
and data in representative samples of dark-skinned
immigrant populations who may be at additional risk of
deficiency™ > In particular, there is a need for seasonally

adjusted reference ranges for serum 25(OH)D throughout
gestation in women at different latitudes with appropriate
consideration of occupational status, ethnic background and
dietary and sun exposure practices and in infants during the
first 6—12 months on different feeding regimens.

Underpinning infrastructure

Standardisation of the measurement of serum 25-hydroxy-
vitamin D.  Currently 3522 different assays for the deter-
mination of serum 25(OH)D levels are in use and they provide
disparate results™™?.
founded by the need to understand the assay used and
research reports contain results that are not readily com-
pared. The role of standard reference materials and inter-

In turn, reported measures are con-

laboratory collaboration is an important aspect of overcoming
the challenges that the assay methodologies present>2% . In
addition, utilisation of methodology that is able to discriminate
25(OH)D, and 25(OH)D3 as well as the C-3 epimer of
25(OH)D would be important in population studies, particu-
larly National Nutrition and Health Surveys. Should evidence
emerge that the C-3 epimer has biological activity (a research
need in its own right), it will need to be quantified””. The
issue of international standardisation of serum 25(OH)D
measurement is being progressed by the Vitamin D Standard-
ization Program — a collaborative initiative between the Office
of Dietary Supplements of the National Institutes of Health,
and the Centers for Disease Control and Prevention, the
National Institutes of Standards and Technology and a
number of national health surveys around the world*?. The
Program may in time be applicable also to health surveys,
cohort studies and clinical trials.

Distribution of vitamin D intakes and food sources in
nationally representative populations with appropriate
consideration of sex, life stage and ethnicity

Nationally representative data on habitual vitamin D intakes
and food sources, including the contributions from fortified
foods and nutritional supplements, are required for Europe.
Bailey et al®® presented a useful summary of vitamin D
intakes and contributors in the US population using data
from National Health and Nutritional Examination Survey
2005-6. While representative data on vitamin D intakes in sev-
eral EU countries exist, for example in the UK from the
National Diet and Nutrition Surveys, summarised recently(%),
@n d@®, Germany(zg) and others, as well as
trans-European data in European Prospective Investigation
into Cancer and Nutrition (EPIC) study participants”

eral, data from European national nutrition and food con-

Ireland Finlan

, in gen-

sumption surveys are fragmented and use various methods
of food consumption data collection, analysis and reporting,
making meaningful comparison problematic.

It is important to note that while we have identified nation-
ally representative intake data as a critical requirement for
immediate action to prevent vitamin D deficiency, these data
also comprise the evidence basis for step 3 of the risk assess-
ment framework, enabling assessors to compare specified DRI
with habitual population intakes.
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Underpinning infrastructure

Standardisation of the assessment of habitual vitamin D
intakes. Major advances in dietary assessment methodology
and particularly the statistical treatment of dietary intake data,
which has been the focus of the EC-funded European Food
COnsumption and VALidation (EFCOVAL) project, will hope-
fully facilitate the development of a validated system for
pan-EU food consumption data monitoring and harmonised
estimates of vitamin D intake. The EFCOVAL project in its cur-
rent form concluded in 2010, with the main recommendation
that the repeated 24 h dietary recall method using EPIC-Software
for standardisation in combination with a food propensity
questionnaire and modelling of usual intake is a suitable
method for pan-European surveillance of nutritional adequacy
and food safety among healthy adults and maybe in children
aged 7 years and older®". Provision and standardisation of an
implementation plan that accounts for maintenance and
updates, sampling designs, national surveillance programmes,
tailored capacity building and training, and linkage to food com-
position and occurrence databases in countries outside the EFC-
OVAL project is the next step in the process to realise this vision.

Standardisation of food composition data. More compre-
hensive coverage of the vitamin D content, including
25(OH)D, of staple foods is required within food composition
databases™®'¥. Currently, the most comprehensive and
widely used food composition databases are probably the
UK McCance & Widdowson’s Composition of Foods®? and
the US Department of Agriculture National Nutrient Data-
33 and with a few exceptions, such as Denmark and Fin-
land, most other countries borrow a large proportion of their

base

vitamin D composition data values from these sources. In
addition to optimising the analysis of raw foods or commod-
ities, consistent monitoring of the levels of addition of vitamin
D (and correct identification of the isomer) to manufactured
foods including supplements is also required to maintain cur-
rency of the databases. The most significant advance in the
standardisation and harmonisation of food composition data
to date has been the EC-funded EUROpean Food Information
Resource (EUROFIR) Network of Excellence, which included
forty-nine partners from twenty-seven countries, most of
them national food composition database compilers, including
the US Department of Agriculture. Through the EUROFIR
eSearch Prototype, the project succeeded in linking twenty-
five European food composition databases compiled using
the standardised EUROFIR approach for food description,
using Langual, and component and value description, using
standard vocabularies, thus ensuring harmonised data descrip-
tion and associated nutrient value information®”. While some
additional funding has been made available by the EC through
Framework 7 to help sustain the effort through to 2013, the
task of maintaining currency of food composition data, both
from the analytical and compilation perspectives, and ensur-
ing knowledge transfer through training is resource-intensive
and requires ongoing commitment from national and inter-
national agencies. Investment in the provision of quality
food composition data for vitamin D3, D, and 25(OH)D is
necessary to support assessment of vitamin D intakes in
national surveys and research in nutrition and health.

Sustainable food-based strategies to bridge the gap
between current and recommended intakes of vitamin D
to minimise the prevalence of serum 25-hydroxyvitamin D
<30nmol/I

Given the gap between typical intakes of vitamin D (appro-
ximately 160—3001U (4—7-5 ng)/d on average, depending on
the country) and the recently established North American
EAR of 4001U (10 pg)/d®, strategies to increase the distri-
bution of intakes in the population are urgently required.
Dietary advice and supplementation are unlikely to increase
intakes ‘across’ the distribution as rich food sources of vitamin
D are few and infrequently consumed and the proportion of
supplement users is relatively low; at about a quarter to a
third of the US and a third of the Canadian adult popu-
(19.2025  Many countries including the USA, Canada,
the UK, Finland, Denmark, Ireland and Australia have opted
for mandatory or voluntary food fortification with vitamin
D%, Indeed, fortified foods, including milk, yogurt, butter,
margarine, cheeses, orange juice, bread and breakfast cereals,
constitute the major dietary source of vitamin D in the USA®.
However, mandatory fortification of a single staple, for
example milk, does not increase the vitamin D supply in

lations

non-consumers or those who consume low amounts. For
example, according to Bailey et al®”, less than 7% of the
US population over the age of 51 years met the previous
adequate intake of 200IU (5 ug)/d for vitamin D through
diet alone'®. Careful consideration must be given to the
range of products used for both mandatory and voluntary for-
tification and level of vitamin D used in each, to optimise the
effectiveness of fortification. This can only be achieved by
modelling usual food consumption intakes in representative
populations, detailed above, and evaluating potential fortifica-
tion initiatives by carrying out food-based randomised
controlled trials (RCT) in the community that measure the
impact on circulating concentrations of 25(OH)D in the popu-
lation to achieve efficacy without compromising safety.

Related to this research need, there is a requirement for
further studies on the differences between vitamin D, and
Dj. While vitamin D5 is the dominant food-derived source of
the vitamin, D, has been the main isoform added to many
manufactured foods and supplements and thus can be present
in the food chain of some populations. Physiological
responses as well as potential for differences in safety risks
for the two forms of the nutrient should be further
explored™'?. This is particularly relevant to ethnic groups,
given the unacceptability of vitamin D; supplements, or its
use in food fortification, to some vegetarians®. An associated
area is that of vehicle suitability, as a recent meta-analysis
showed that oil vehicles produce greater increases in serum
25(OH)D than powder or ethanol-based ones, although
studies have been limited*®,

With considerable cooperation and organisation and some
resources, trans-European, nationally representative data in
life stage, sex and ethnic populations on the distribution of
vitamin D status and intakes, supported by standardised ana-
lytical methods for serum 25(OH)D, appropriate harmonised
sampling and survey methodology and up-to-date quality
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food composition data, could be achievable by pooling
existing resources within the EC and nationally funded
survey and cohort bio-banks, databases and expertise, and
could be progressed within a reasonable time frame. The
data would provide an invaluable foundation for addressing
the core issue of clarifying relationships between vitamin D
and skeletal and non-skeletal health status indicators and,
crucially, specifying the levels of circulating 25(OH)D that
are desirable to prevent disease and promote health through-
out the life cycle. However, there are numerous areas where
little or no data exist or where confounding issues and bio-
logical variability obscure the answer. In terms of the Risk
Assessment Framework, these are the core data that comprise
the knowledge infrastructure evaluated in step 1 in order
to progress the DRI specifications in step 2%, and can be
summarised as follows.

Relationship between vitamin D and health throughout
the life cycle

As mentioned already, while there has been considerable pro-
gress in understanding the relationship of serum 25(OH)D to
bone health outcomes in the elderly and in postmenopausal
women, less is known about its impact on other stages of
the life cycle and in racial and ethnic groups”. Furthermore,
while investigations of the relationship of serum 25(OH)D to
non-skeletal health outcomes are expanding, some key
knowledge gaps persist. The following is a brief synopsis of
the research needs in this important area, many of which
were highlighted by the recent DRI committee.

Clarify threshold effects of calcium and vitamin D
on skeletal health outcomes by life-stage and for different
racial/ethnic groups. While there is a solid body of evidence
related to bone health and the role of Ca and vitamin D, many
data gaps remain for younger age groups and for the effect
under menopausal conditions”. The issue of ‘calcium econ-
omy’ (i.e. mechanisms to maintain Ca homeostasis) among
certain groups and ethnic differences in vitamin D utilisation
require attention”. Future RCT with vitamin D and bone out-
comes need to adequately consider key confounders such as
baseline vitamin D status, interactions with Ca, muscle quality,
physical activity among other issues of trial conduct and com-
pliance in key targeted populations to determine the efficacy
of vitamin D supplementation in reducing falls and frac-
tures®. Research protocols that examine the effects of vitamin
D and Ca separately rather than as a combined administration,
and which better clarify the nature of the inter-relationship,
are clearly required. Studies that do not incorporate this
requirement into the design are not fit for purpose.

Explore causal role for vitamin D in non-skeletal health
outcomes. Investigation*31971% of causal relationships
between vitamin D nutrition and potential non-skeletal
health outcomes throughout the life cycle for which cross-sec-
tional or cohort data already exist should undergo further
research. These may include but are not limited to innate
and adaptive immune function, inflammation (especially
related to obesity), total and site-specific cancers, glucose
metabolism and metabolic risk, hypertension, diabetes,

cvD?, as well as infectious disease outcomes, including
respiratory infections” and cognitive decline. There is a
need for long-term human studies in well-characterised ‘at-
risk’ populations to investigate the effects on these non-skel-
etal health outcomes of maintaining 25(OH)D levels above
chosen cut-offs. The International Agency for Research on
Cancer working group on vitamin D and cancer recently con-
cluded that while new cohort studies on serum 25(OH)D
levels and breast cancer are warranted and a need for more
research to establish what specific health conditions contrib-
ute to the reduction in all-cause mortality with vitamin D
supplementation, hypothesis on vitamin D status and colorec-
tal cancer, CVD and all-cause mortality should be tested in
appropriately designed RCT??.

Special attention needs to be paid to the measurement
and statistical analysis of confounding in these studies, both
in the design and analytical phases of experiments, as certain
risk factors for ageing-related chronic diseases, such as
metabolic syndrome-related adverse health outcomes, cogni-
tive impairment and cancer, are all hugely affected by lifestyle
factors such as physical activity and individual variability, for
example in the degree of adiposity, which itself interacts
with vitamin D metabolism, summarised below. Additional
complication arises from the interactions between vitamin D
and Ca/phosphate metabolism, outlined under the section
‘Clarify threshold effects of calcium and vitamin D on skeletal
health outcomes by life-stage and for different racial/ethnic
groups’. This is such a key and major research requirement
that several RCT will be required as opposed to one large
trial, because each of these outcomes has its own potential
confounders and possibly a serum 25(OH)D concentration
that minimises its risk.

Specific attention is required for pregnancy, lactation
and infancy. 1In addition>!13773
nationally representative data on serum 25(OH)D levels
during pregnancy, lactation and infancy (and its determinants)
as already mentioned, there are several key knowledge gaps
and research needs that require attention for these potentially
vulnerable life-cycle groups. These range from fundamental
knowledge gaps such as the role that vitamin D plays in
successful pregnancy, lactation and fetal or early infant
development”
physiological changes occur in maternal vitamin D meta-
bolism during pregnancy and lactation®”. The contradictory
evidence on the relationship between maternal vitamin D
status and both fetal skeletal development and mineralisation,
as well as with adverse non-skeletal health outcomes for the
fetus (such as lower birth weight, small-for-gestational age,
length of gestation and developmental programming) and
mother (such as pre-eclampsia, difficulties at labour and deliv-
ery, gestational diabetes and infectious disease) that currently

(13 emphasises the need for well-designed RCT with
37

to the urgent need for

to clarification of the mechanisms by which

exist
vitamin D to establish proof of causality
inform maternal dietary vitamin D requirements. Such RCT
may help provide the evidence base upon which to base a
clear public health strategy and guidance on vitamin D sup-
plementation during pregnancy. Such information and data
are necessary to overcome poor understanding and advice

as well as to
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among health professionals and at-risk groups of the popu-
lation”**3 and for a better understanding of the common
dietary and supplementation practices during pregnancy
that have an impact on vitamin D status®®. There is also a
need to understand the impact of vitamin D status at birth
and during the first year of life on healthy growth and devel-
opment, including bone growth, muscle strength, resistance
to infection, and psychomotor development. Linked to this
research need is an enhanced understanding of the determi-
nants of serum 25(OH)D during the first 3, 6 and 12 months
of life. Furthermore, the impact of maternal vitamin D
intake/status, including supplementation, on breast milk
concentration of vitamin D and 25(OH)D warrants further
investigation. Deficits in the standardisation of breast milk
sampling methods have created uncertainty in the interpretation
of research on this area in the past. In relation to high maternal
serum 25(OH)D levels, there is an ongoing need to better
understand the relevance of emerging evidence of increased
risk (from U-shaped relationships at both low and high serum
25(OH)D levels) at higher levels of serum 25(OH)D (125-
150nmol/D and adverse consequences in adults (outlined
under the section ‘Elucidate adverse effects of long-term, high-
dose calcium and vitamin D’) as well as with intra-uterine
growth restriction and childhood eczema (at maternal serum
25(OH)D levels >70/75 nmol/1), summarised recently(‘w) .

Underpinning infrastructure

Vitamin D physiology, biology and molecular pathways.
Understanding more clearly several aspects of the physiology
and biology of vitamin D and its metabolites, as outlined in
brief below, would undoubtedly greatly enhance our under-
standing of the role of vitamin D in health and disease and
the dietary requirement for vitamin D in different life stages.

Gain a better understanding of the limitations in using
serum/plasma 25-hydroxyvitamin D to define vitamin D status.
While the responsiveness”™ of serum/plasma 25(OH)D to
increased vitamin D intake has been illustrated in a recent
systematic review of RCT of vitamin D supplementation®”,
it has been suggested that the ability to use the relatively
accessible measure of serum 25(OH)D as an indicator of
vitamin D exposure and status is limited by a number of factors
including not only its role as a prohormone, rather than as
a nutrient per se, but also its variability which is due to a
number of non-nutritional factors™>. These include season,
geographic latitude, clothing, institutionalisation, use of sun-
screen as well as physiological state of the individual such
as BMI, extracellular volume, and vitamin D-binding protein
concentration and affinity™, among others.

Determine appropriateness of serum 25-hydroxyvitamin D
as a biomarker of effect. A clearer understanding of the limi-
tations of serum 25(OH)D as a marker of exposure and status
will provide for a better understanding of its relationship to
specific health outcome, enhancing both the quality and quan-
tity of research available”. The strength of the relationship of
25(OH)D to functional outcomes varies according to outcome
and life or reproductive stage”™. More research is needed to
clarify its usefulness as an indicator of functional outcome at

all life stages. It has also been suggested that there is an
ongoing need for identification of novel functional markers
beyond serum 25(OH)D®7'¥.

Clarify 25-hydroxyvitamin D distribution in body pools
including storage and mobilisation from adipose tissue. We
know that 99 % of 25(OH)D circulates bound to the D-binding
proteinm , but it is unclear how and to what extent 25(OH)D
(or other metabolites) are mobilised from lipid and other
body pools to enter the circulation®. Understanding the distri-
bution, storage and mobilisation of 25(OH)D in body pools
would enhance the understanding regarding relationships
among exposure to vitamin D from intake or endogenous syn-
thesis, circulating levels of 25(OH)D, and health out-
comes™'P. The role of storage compartments and factors
important to the mobilisation of vitamin D is noticeably lack-
ing(l) and yet may have an important impact on vitamin D
dietary requirements. In addition to addressing the question
of what is the biological effect of fat/muscle mass storage on
25(OH)D status, it would be important to examine what differ-
ences are due to age and ethnicity®. On a related but separate
point, the potential dangers of accumulating vitamin D in adi-
pose tissue, regulation of its mobilisation from these stores,
and the consequences for the saturation of storage compart-
ments are also unclear'®.

Clarify the variation between individuals in the half-life of
25-hydroxyvitamin D. Such variation could be attributable
to specific individual variation in the rates of utilisation and
breakdown of vitamin D or 25(OH)D. It may be possible to
calculate from the rate of decline in vitamin D status what
the specific dietary requirements for vitamin D might be for
individuals®.

Elucidate the effect of genetic variation on serum 25-
hydroxyvitamin D. Recent genome-wide analysis studies
have identified SNP in key enzymes and transport proteins
within the vitamin D metabolic pathway(s) which explain
some of the inter-individual variability in serum/plasma
25(OH)D concentrations™*®. Further such genetic research
is warranted in studies that account for other determinants
of vitamin D status so as to understand the magnitude of the
variability in serum/plasma 25(OH)D concentration explained
by SNP. This is related to emerging research on the effect of
genetic variation, including that among racial/ethnic groups
on developmental outcomes, which will probably prove rel-
evant to DRI development”, as well as epigenetic regulation
of vitamin D on developmental outcomes and interactions
with other nutrients such as folate, another emerging field
of study. Studies in this area may contribute notably to an
understanding of population differences related to chronic
disease risk™"”.

Evaluate the nature and significance of extra-renal pro-
duction of calcitriol for health outcomes. While 25(OH)D'"
is the storage form of the vitamin, calcitriol (1,25(OH),D) is
the biologically active form and drives the biological pro-
cesses. Once thought to synthesised by the kidney, it is now
known that there is non-renal synthesis. There is a need to
examine the influence of Ca and phosphate on the regulation
of vitamin D activation and catabolism through parathyroid
hormone and fibroblast-like growth factor 23V, Determining
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the significance of extra-renal production of 1,25(OH),D for
health outcomes is essential to understand whether local
production of 1,25(OH),D has an impact on health outcomes,
and, in turn, the relevance of vitamin D nutriture and serum
25(OH)D for such an effect should be established>.

Dose-response relationships, impact of sun exposure, and
adverse effects, toxicity, and safety

As more research, such as that outlined above, will clarify
which health outcomes are influenced by vitamin D status
(arising from vitamin D intake and that synthesised by UVB
exposure), the question of how much vitamin D intake
(accounting for UVB sun exposure) is needed to achieve
desirable health outcomes, and how much is too much
becomes key considerations. These were the three central
questions addressed by the DRI report®®
the core of any planned or on-going re-evaluation of dietary
vitamin D requirements. The following are some of the key

, and will remain at

knowledge gaps/research needs that need to be addressed
in this area.

Conduct studies to identify specific health outcomes in
relation to graded and fully measured intakes of vitamin D
or where a defined serum 25-hydroxyvitamin D has been
shown to optimise a health outcome, conduct studies to esti-
mate the dietary requirement for vitamin D which maintains
nearly all (97-98 %) of the population subgroup above that
serum threshold (during winter). Too few studies”
specifically designed to study the effects of graded doses of
vitamin D (and/or Ca) on health outcomes, both overall and
as part of the same study using the same subjects and outcome
measures'”. Further, many studies in the vitamin D (and Ca)
area are confounded by the failure to specify or measure
and thereby take into account ‘background’ intakes of the
nutrient being studied when dose—response is being
explored”. While some recent RCT studies have estimated
the dietary requirement for vitamin D which maintains
97:5 % of the population subgroup above that serum threshold
during winter™~®, these have largely been limited to adoles-
cents, young adults and the elderly, and such studies have not
been performed for ‘at-risk’ groups such as non-Caucasian,

are

children, pregnant and lactating women, and the obese. Fur-
thermore, the meta-regression model used by the DRI commit-
tee to establish the RDA for vitamin D, which used intake and
status data from relevant vitamin D RCT, was very focused on
a serum 25(OH)D target of 50 nmol/I'V. This would need to
be assessed from a European perspective, especially if a Euro-
pean or member-state agency decides to use a serum
25(OH)D target other than 50 nmol/l which has implications
for which vitamin D intake-status model is most appropriate
for estimation of DRI values™”.

Clarify the influence of age, body weight and body compo-
sition on serum 25-hydroxyvitamin D levels in response
to intake/exposure. Information about how factors such as
age, body weight and body composition affect the variability
in serum 25(OH)D response to intake or exposure would
assist in the process of establishing requirements for
vitamin DV, Such information is also important to ascertaining

the measure’s utility as a biomarker of effect and in making
judgements about excess intake of the vitamin.

Investigate whether a minimal-risk UV blue sunlight
exposure relative to skin cancer exists that also enables
vitamin D production. Whether a minimal or threshold>'?
UVB exposure level is possible to both enable subcutaneous
vitamin D synthesis and avoid risk of skin cancer needs to
be examined urgently. Research should include assessment
of the risk for skin cancer compared with the benefit
of endogenous synthesis of vitamin D™, particularly for
at-risk populations®.

Clarify how physiological factors (such as skin pigmenta-
tion, genetics, age, body weight and body composition) and
environmental factors (such as sunscreen use) influence
vitamin D synthesis. Understanding how subcutaneous
synthesis of vitamin D is affected by physiological and
environmental factors and the impact of these factors on main-
tenance of serum 25(OH)D levels within normal physiological
ranges is important to integrating information about dietary
intake and interpretation of serum 25(OH)D levels™®.

Clarify whether the initial metabolic partitioning of
endogenously produced and dietary supplied vitamin D
influences vitamin D economy. Endogenously produced
vitamin D enters the peripheral circulation and then binds to
D-binding protein, which transports it to the liver for further
metabolism. In contrast, dietary vitamin D enters the peri-
pheral circulation through the lymph bound to chylomicrons
and is transported to the liver in remnant particles after
peripheral metabolism®.

Elucidate adverse effects of long-term, high-dose calcium
and vitamin D. The DRI committee importantly suggested "
that the question of nutrient safety should not be a secondary
aspect of study design nor can the failure to detect adverse
effects as part of a study not designed for that purpose be con-
sidered an adequate assessment of safety. Dedicated studies
are needed to assess adverse health effects related to long-
term, high-dose (although not necessarily ‘toxic’) levels of
Ca and vitamin D”. The International Agency for Research
on Cancer pointed to the fact that there are no data available
on the health hazards of maintenance of high serum 25(OH)D
levels in healthy subjects over long periods, and caution to be
mindful of past experiences with other compounds (e.g. sev-
eral antioxidants and hormone replacement therapies) that
have shown serious adverse effects of the chronic use of sup-
plements or long-term maintenance of higher serum levels? |
U- and reverse J-shaped distributions have been described for
serum 25(OH)D and adverse consequences, including all-

U849 sarathyroid hormone suppression®”
37

cause mortality
and intra-uterine growth restriction, summarised recently

The DRI committee also suggested the need to develop
innovative methodologies (possibly in wvitro and in vivo
using relevant animal models) to provide for identification and
assessment of adverse effects of excess Ca and vitamin D,
which might be implemented to further explore the nature
of vitamin D toxicity, particular issues such as timing, doses

. e
and mechanisms of action™®.
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Synthesising evidence and research methodology

As mentioned already, devising nutrient recommendations
for population intakes relies on scientific analysis and judge-
ment of data that exist within a specified time frame and is
an iterative process. The following two research areas have
been identified as important to this activity.

Explore enhanced methodologies for data synthesis.
Alternative methods'” for synthesising evidence from different
study types and multiple parameters that consider uncer-
tainties (including measurement error) include teleoanalysis,
confidence profile predictive meta-analysis and generalised
multi-parameter evidence synthesis'”. In the case of Ca and
vitamin D, such approaches should facilitate quantitative
estimates of effect size and dose—response relationships to
inform DRI development™. In relation to the use of systematic
reviews in the DRI process, the suggestion by Chung et al. 5D
that a repository of data extracted from primary studies might
be considered as a joint effort of both the USA and EU con-
sidering both regions are engaged in this activity.

Identify approaches to weight better potential health
outcomes. 1In order to ensure the most objective and com-
prehensive systematic evidence reviews in future, approaches
to better weight potential health outcomes are needed”.

Conclusions

Vitamin D deficiency is a public health issue which affects
all age, sex, economic, educational and ethnic groups, with
huge potential human and economic cost implications for
many societies within Europe and elsewhere. Thus, there is
a pressing need to address this deficiency. While there are
important ongoing discussions with respect to thresholds of
serum 25(OH)D that represent vitamin D insufficiency/ade-
quacy, taking a serum 25(OH)D concentration of <30 nmol/
1 as the cut-off below which the risk of clinical vitamin D
deficiency (manifesting as vitamin D-dependent rickets in
children and osteomalacia in adults) increases, the first pri-
ority from a public health perspective in Europe must be to
ensure that this risk is minimised. We highlight three critical
and prioritised research requirements (data on the distribution
of serum 25(OH)D and vitamin D intakes (and their sources)
in nationally representative populations with appropriate con-
sideration of sex, life stage and ethnicity, and sustainable
food-based strategies to bridge the gap between current and
newly recommended intakes of vitamin D to minimise the
prevalence of serum 25(OH)D concentrations of <30 nmol/
D, which would enable the quantification of vitamin D
deficiency in the EU population and would prevent that
deficiency, and, by increasing vitamin D status across the dis-
tribution of vitamin D requirements, potentially prevent dis-
ease. These will require infrastructural resources, national
investment and international collaboration so as to be
realised.

In addition to these priority research requirements, we
highlight many other areas of vitamin D research which
need to be addressed so as to provide the vitamin D knowl-
edge infrastructure used in the Risk Assessment Framework

in order to specify DRI. These include an urgent need for
well-designed RCT to test the effects of vitamin D on skel-
etal and non-skeletal health outcomes in different stages of
the life cycle, as well as to identify threshold effects and
possible adverse effects where present, all underpinned
by a better understanding of the biology and physiology
of vitamin D.

Finally, the serum 25(OH)D concentrations that will prevent
adverse effects of both excessively low or high levels and
will promote health ‘throughout the life cycle’ are likely
to reside within a distribution between 30 and 80nmol/l.
In our opinion, one of the greatest immediate needs that
remain is for an accountable, transparent and systematic
evidence-based consensus development process, engaging
all the relevant stakeholders, and culminating in the specifica-
tion of threshold values for serum 25(OH)D levels that define
vitamin D sufficiency. There is an opportunity, now at the
outset of the next phase of evidence building, for authoritative
agencies and funding bodies to work strategically and co-
operatively towards implementing current guidelines effec-
tively and safely and ensuring that persistent gaps and
uncertainties are resolved. From the clinical perspective,
practitioners require clear consensus-based guidance to
evaluate, treat and prevent vitamin D deficiency in patients.
Such clinical guidelines should ideally be informed by the
population DRI, but have a separate function and ought
to be developed from additional synthesis of research data
in specific patient groups.
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