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ABSTRACT

The field of vitamin D public health research has a pressing need to
define sensitive and specific predictors of vitamin D status that can
be used to determine whether an individual or population has a
supply of vitamin D that is sufficient to meet requirements. The aim
of this review is to highlight the considerations needed when eval-
uating evidence of the relations between vitamin D biomarkers and
functional or health outcomes across the life cycle. It draws attention
to the importance of distinguishing between biomarkers of supply,
function, and outcome and of considering the many factors that could
influence interpretation, such as life stage, ethnicity, body mass
index, liver and kidney function, and dietary calcium and phospho-
rus intake. The vitamin D biomarkers that have shown the most
utility to date are the plasma concentration of 25-hydroxyvitamin D
(supply), the plasma concentration of parathyroid hormone (func-
tion), and the presence or absence of rickets (outcome). However, a
single biomarker of vitamin D status or threshold value is unlikely to
be valid in all situations. The field therefore needs research to refine
existing biomarkers or establish new indicators that take the many
factors into account and to identify useful functional biomarkers of
vitamin D status for infants, children, women of reproductive age,
and specific ethnic groups. However, evidence using the biomarkers
currently available shows that frank vitamin D deficiency is a major
public health problem in many parts of the world that requires urgent
attention. Am J Clin Nutr 2008;88(suppl):500S-6S.

INTRODUCTION

Vitamin D plays a pivotal role in calcium homeostasis and
skeletal metabolism throughout life. Classical vitamin D defi-
ciency causes rickets in children and osteomalacia in children
and adults (1). Vitamin D is also important for the functioning of
many other systems, such as the immune, cardiovascular, and
reproductive systems (2, 3).

The active metabolite of vitamin D, 1,25-dihydroxyvitamin D
[1,25(0OH),D], acts in a wide range of tissues, and vitamin D
receptors (VDRs) are present in many cells, including those of
the liver, pancreas, brain, lung, breast, skin, muscle, and adipose
tissue (4—06). Because of the wide-ranging involvement of vita-
min D in many systems of the body, an inadequate vitamin D
supply may have potential health impacts in addition to rickets
and osteomalacia. For example, epidemiologic evidence has
linked poor vitamin D status to osteoporosis, osteoarthritis, tu-
berculosis, diabetes mellitus, multiple sclerosis, preeclampsia,
periodontal disease, and several cancers (3-5, 7-10).

Some of these potential health effects, such as susceptibility to
infection and autoimmune diseases, may be relevant at all ages.
Additionally, the adequacy of the vitamin D supply to tissues
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might be particularly important at specific times of life such as in
older persons for reducing susceptibility to chronic degenerative
diseases, in the fetus for organogenesis, during puberty for breast
development, and during childhood and adolescence for bone
mineral accrual and somatic growth.

In this article, we discuss the considerations that those working
in the field of vitamin D research and public health must take into
account when reviewing evidence of the relations between vita-
min D biomarkers and functional or health outcomes across the
life cycle. We also discuss the need to distinguish between bi-
omarkers of supply, function, and outcome and describe the
many factors that could influence interpretation.

BIOMARKERS

Research scientists, health professionals, and policy makers
need to gauge, either in populations or in individuals, whether the
supply of vitamin D is sufficient to meet requirements at the
tissue level at different times during the life cycle. Over the years,
there has been a search for a biomarker (a biological factor that
can be measured in living people) that provides information
about the adequacy of vitamin D supply for maintaining good
health and that thereby gives an indication of vitamin D status to
inform public health policy and practice.

This parallels the search for biomarkers in other aspects of
nutrition and health. It is important to recognize that there are
several shades of meaning in the term biomarker, which is often
used interchangeably to describe different attributes. This can
lead to confusion and misunderstanding unless the term is strictly
defined. The ideal nutritional biomarker would link quantitative
information about nutrient supply directly to the impact on health
or disease endpoints. However, this would require integrating
information on all of the variables that could influence the nu-
trient’s effectiveness once it is in the body, such as the efficiency
of its absorption from the diet (and, in the case of vitamin D, skin
synthesis), excretion, metabolic conversion, and the responsive-
ness of target systems. In practice, a single biomarker is only
likely to provide information about one segment of the pathway
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between supply and outcome, and this limits the interpretations
that can be made with it.

To introduce some clarity of thinking into this complex area,
the European Commission Concerted Action on Functional Food
Science in Europe (FUFOSE) developed a system of definitions.
The European Union funded this project to formulate a concep-
tual framework of scientific criteria for health claims regarding
foods (11). This system (Figure 1) is now in common use by
nutritional scientists in Europe to consider the role of biomarkers
in nutritional surveillance. The schema divides biomarkers into
the following interlinking categories:

e Markers of exposure that provide information about the
supply of a nutrient to target tissues. An example is the
plasma 25-hydroxyvitamin D [25(OH)D] concentration as a
marker of vitamin D supply.

e Markers of function that provide information about the
biological response to a nutrient. Examples are plasma
des-carboxy-prothrombin and undercarboxylated osteocal-
cin as markers of vitamin K function.

e Markers of an intermediate health endpoint that provide
information about disease risk. Examples include blood
pressure as a marker of cardiovascular health and bone min-
eral density as a marker of bone health.

e Markers of disease. These include stigmata of disease such
as bone deformity or fracture as markers of rickets and
0Steoporosis.

The National Institutes of Health and others have also devel-
oped conceptual frameworks for biomarkers (12, 13). However,
regardless of the conceptual framework used, the general prin-
ciple remains that the interpretation of a specific biomarker as an
indicator of nutritional sufficiency depends on understanding the
aspect of the pathway between supply and health that it repre-
sents. It also requires recognizing that the biomarker’s utility and
validity could differ at each life stage, depending on the biolog-
ical requirement for that nutrient and the physiologic role of the
selected biomarker.

SOURCES OF VITAMIN D

Persons acquire vitamin D from the diet and by cutaneous
synthesis after exposure to sunlight. Investigators estimate that
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FIGURE 1. Conceptual framework for nutritional biomarkers. Adapted
from the European Commission Concerted Action on Functional Food Sci-
ence in Europe (FUFOSE) schema for the scientific basis for health claims on
foods. Reproduced with permission from the British Journal of Nutrition

(11).
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the general Western European population derives most (80—
90%) of its vitamin D from endogenous synthesis (14, 15). This
proportion, however, varies considerably around the world,
across population groups, and between individuals, mainly be-
cause of wide differences in skin exposure to ultraviolet B (UVB)
radiation, the efficiency of cutaneous synthesis, and food forti-
fication practices (16). Reliance on dietary sources of vitamin D
is greatest during the winter at temperate latitudes and among
people with restricted skin exposure to sunshine (3, 16).

The endogenous supply of vitamin D5 (cholecalciferol) de-
pends on exposure of the skin to UVB radiation at wavelengths
0f290-315 nm, the efficiency of cutaneous vitamin D synthesis,
and the extent to which vitamin D is degraded within the skin (2,
17, 18). The quantity of UVB radiation of the relevant wave-
lengths that reaches the skin depends on latitude, altitude, air
quality, cloud cover, time of day, and, at northerly and southerly
latitudes, month of the year. In addition, clothing habit and sun-
screen use affect UVB skin exposure. The efficiency of vitamin
D cutaneous synthesis depends on skin pigmentation and age.
Intracutaneous degradation increases after prolonged continuous
exposure to UV radiation and depends on the duration of each
exposure rather than the frequency of repeated exposures (17).

Dietary sources contain vitamin D in the form of either vitamin
Dj; or vitamin D, (ergocalciferol) (19, 20). The richest sources of
vitamin D are oily fish, egg yolks, food supplements, and, in the
countries where they are available, fortified products such as
margarine, milk, and cereal (16,21). Other animal products, such
as muscle, liver, fat, and kidney, also contribute to dietary intake
by delivering vitamin D as the metabolite 25(OH)D (14, 19).

After synthesis, cutaneous vitamin D enters the circulation and
is transported to the liver bound to vitamin D binding protein
(DBP). The liver produces DBP, which circulates at a much
higher concentration than vitamin D and its metabolites (22).
Dietary vitamin D is predominantly absorbed in the chylomicron
fraction and is transported to the liver via the lymph (23). Dietary
25(0OH)D is absorbed into lymph or directly into the portal vein
and is transported to the liver bound to DBP (23, 24). The ab-
sorption of dietary vitamin D is generally high at all stages of life
(25), although it is reduced when the intake of fat is low (19).

METABOLISM OF VITAMIN D

The liver hydroxylates vitamin D to 25(OH)D, which it se-
cretes into blood plasma (26). 25(OH)D circulates mostly bound
to DBP, where, because of its relatively long half-life of 2-3 wk
(27), it serves as areservoir for further hydroxylation to either
the biologically active metabolite 1,25(OH),D or to 24,25-
dihydroxyvitamin D [24,25(OH),D]. The hydroxylation of
25(0OH)D takes place in the kidney and in extrarenal tissues via
the 1a-hydroxylase enzyme CYP27B1 to 1,25(0OH),D and via
the 24-hydroxylase enzyme CYP24 to 24,25(OH),D (28, 29).
The 1,25(0OH),D produced in the kidney acts as an endocrine
modulator of calcium and phosphate homeostasis. The kidney
secretes it into the circulation and it is transported, bound to DBP,
to tissues involved in the regulation of calcium and phosphorus
supply, namely intestine, bone, parathyroid glands, and the kid-
ney itself. The half-life of 1,25(OH),D in the circulation is very
short compared with that of 25(OH)D, =~4-6 h (15, 30). The
1,25(0OH),D produced in extrarenal target tissues acts locally in
an autocrine or paracrine fashion and generally does not reach the
circulation. The function of 1,25(OH),D in cells of both the
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calcium-phosphate homeostatic system and other target tissues is
to induce genomic and nongenomic responses mediated through
its interaction with VDRs (2, 6). Vitamin D itself and 25(OH)D
have little or no interaction with VDRs and therefore do not
induce VDR-activated responses directly (26).

The alternative product of 25(OH)D hydroxylation in the kid-
ney and extrarenal cells is 24,25(OH),D (2, 29). It circulates
bound to DBP at a concentration in plasma that is directly related
to that of 25(OH)D (31). Its production is generally the first step
in the metabolic pathway to inactivate and degrade 25(OH)D and
thereby prevent vitamin D intoxication (2, 26). However, signif-
icant concentrations of 24,25(OH),D are found in the circulation
(22), even in persons with vitamin D deficiency. This suggests
that this metabolite may also have a functional role (2). In support
of this possibility, effects of 24,25(OH),D, acting in concert with
other vitamin D metabolites and parathyroid hormone (PTH),
have been described on osteoblast and osteoclast function, bone
strength, and parathyroid gland function (26, 29, 32). However,
1,25(0OH),D is regarded as the primary metabolite that elicits the
biological actions of vitamin D.

VITAMIN D BIOMARKERS

Thus, there are multiple influences on the supply of vitamin D
and its metabolites to the cells of the body. In addition, uncer-
tainties are inherent in estimates of the amount of vitamin D
entering the body from cutaneous synthesis and dietary sources.
Gauging whether the supply of vitamin D to an individual or
population is adequate to meet their needs by measuring skin
exposure to sunlight and dietary intake is difficult.

The search for sensitive and specific biomarkers of vitamin D
status has therefore been a priority, and many possible biomar-
kers have been researched that provide information about vita-
min D supply, function, intermediate health endpoints, or disease
(Figure 2). The search has mostly focused on the central role of
vitamin D in calcium homeostasis and skeletal metabolism (7,
33-35). Recently, biomarkers have also been proposed based on
other roles of vitamin D, such as in insulin secretion and the
innate immune response (36).

However, all biomarkers of vitamin D have limitations be-
cause many physiologic factors and methodologic difficulties
affect them. Of the possibilities researched to date, only the
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plasma concentration of 25(OH)D, plasma concentration of
PTH, and the absence or presence of rickets have found wide
utility. Details of these biomarkers are below, followed by a short
description of some of the other potential biomarkers.

Plasma 25-hydroxyvitamin D concentration

The plasma 25(OH)D concentration is a useful vitamin D
biomarker because it has a long half-life in the circulation and its
concentration is not under tight homeostatic regulation. This
biomarker therefore reflects vitamin D supply and usage over a
period of time (26).

The plasma concentration of 25(OH)D depends on the quan-
tity of vitamin D delivered to the liver, the amount of 25(OH)D
produced by the liver, and the half-life of 25(OH)D in the plasma.
These are affected by many factors, including the amount of
vitamin D entering the body from the skin and intestines, the
amount of body fat and muscle, the 25-hydroxylase activity and
DBP production in the liver, the volume of the extracellular
compartment, the DBP plasma concentration and affinities that
influence the delivery of vitamin D to the liver and of 25(OH)D
to target tissues, and the efficiency of cellular uptake of 25(OH)D
and its rate of conversion to 1,25(OH),D or 24,25(OH),D (22,
23, 31, 37-39). Interpretations of plasma 25(OH)D concentra-
tion, therefore, need to take into account such considerations as
increased physiologic need, body adiposity, hemodilution, and
the effects of aging, disease, and malnutrition on liver and kidney
function. In addition, the methodologic difficulties with the ac-
curate measurement of plasma 25(OH)D concentration are con-
siderable (40, 41). The field of vitamin D public health needs
research to determine how best to refine the interpretation of
plasma 25(OH)D concentration to account for these various con-
founders. Despite these caveats, the plasma 25(OH)D concen-
tration is a useful biomarker of vitamin D supply to target tissues
in most situations.

This contrasts with the utility of the plasma 25(OH)D concen-
tration as a biomarker of vitamin D function. 25(OH)D has little
interaction with VDRs, and 1,25(OH),D usually elicits the bio-
logical actions of vitamin D. The extent to which the plasma
concentration of 25(OH)D indicates the adequacy of the vitamin
D supply to meet functional requirements, therefore, depends on
many factors. These include the uptake of 25(OH)D by target
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FIGURE 2. Potential biomarkers of vitamin D supply, function, and outcome. The stars highlight those markers that have found the widest utility to date

and that are described in detail in the text.
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cells; the rate of conversion to 1,25(OH),D or 24,25(OH),D; the
delivery of renal 1,25(OH),D to, and its uptake by, target tissues;
the expression and affinity of VDR in target tissues; the respon-
siveness of cells to activated VDR; and the efficiency of induced
metabolic pathways. Because of this, there has been a search for
abiomarker that reflects the body’s response to vitamin D supply
more directly. The plasma PTH concentration has received the
most attention to date (5, 42).

Plasma parathyroid hormone concentration

PTH has been proposed as a functional marker of vitamin D
status largely because an elevated plasma PTH concentration is
a recognized risk factor for osteoporosis (43), and vitamin D
supplementation can lower it (44). As illustrated in Figure 3,
PTH is linked to 25(OH)D through the calcium-phosphate ho-
meostatic system (16, 45). PTH secretion is stimulated when
plasma ionized calcium decreases as the result of low dietary
calcium intake or poor calcium absorption as a result of an in-
sufficient vitamin D supply or other factors, such as an increased
physiologic calcium requirement. High dietary phosphorus in-
take and high plasma phosphate concentration can also induce
PTH secretion.

An inverse relation between plasma concentrations of PTH
and 25(OH)D has been reported in many cross-sectional and
intervention studies in the elderly (46—49), postmenopausal
women (49, 50), and young persons (51). Some studies suggest
that the plasma PTH concentration reaches a plateau as the
25(0OH)D concentration increases (47, 50), whereas others de-
scribe an exponential negative relation (linear when the data are
expressed in logarithms) throughout the physiologic range of
25(OH)D concentrations (46, 52). The reasons for these discrep-
ancies are, as yet, unclear but they could reflect differences
among the populations studied and methods used (16).

However, the plasma PTH concentration varies widely within
and among individuals at any given concentration of 25(OH)D
(46,47) because the plasma PTH concentration depends on many
factors other than vitamin D status, such as stage of life, ethnic
background, dietary calcium and phosphorus intakes, time of
day, kidney function, physical inactivity, and drug use (16, 52—
56). In addition, the choice of assay method is important because
an assay could detect both PTH fragments and intact molecules
(56). Currently, the most commonly used assays detect the 7—84
portion of the molecule as well as intact PTH (57). Circulating
PTH fragments can accumulate in older persons with decreased
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kidney function and could contribute to measurements of the
plasma PTH concentration (38, 46).

Most of the studies supporting the use of PTH as a functional
index of vitamin D status have been conducted among older
white persons living in Europe and the United States. However,
studies in other age groups and in people from different geo-
graphic and ethnic backgrounds caution against its universal
applicability. Studies in Africa and China, for example, have
shown that plasma PTH concentration is elevated in populations
with a low calcium intake, even when vitamin D status is good,
and that the inverse correlations between plasma PTH concen-
tration and bone health indexes (bone mineral density and frac-
ture) observed in Western countries are not found (58, 59). Fur-
thermore, plasma PTH concentrations increase physiologically
during puberty (60, 61), a period when more calcium is needed
for skeletal growth, and decrease during pregnancy and lactation,
when the PTH-related peptide plays a central role in calcium
homeorrhesis (62, 63).

The field of vitamin D public health needs research to under-
stand better the relations between plasma PTH concentrations
and both vitamin D status and functional health endpoints at
different stages of the life cycle and in different populations
before this index can be used with confidence as a functional
biomarker of vitamin D status in groups other than elderly white
persons in countries with a Western lifestyle. Standardizing the
plasma PTH concentration for kidney function, dietary calcium
and phosphorus intake, assay method, and sampling time could
improve its utility as a marker of vitamin D function in different
populations.

Presence or absence of rickets

Traditionally, vitamin D deficiency has been defined as the
presence of signs and symptoms that characterize rickets and
osteomalacia. Diagnosis requires the use of X-rays, clinical eval-
uation of bone deformities, bone biopsies, and biochemical tests
of metabolic bone disease, such as elevated plasma alkaline
phosphatase activity. In general, only persons with severe defi-
ciency disease are likely to come to the attention of health pro-
fessionals. No simple screening tool for vitamin D deficiency
disease is available for population surveillance, other than the
identification of bone deformities consistent with rickets in chil-
dren. Nevertheless, the presence or absence of rickets in children
remains a useful index of the prevalence of frank vitamin D
deficiency at the population level.
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FIGURE 3. A schematic representation of the integrated calcium-phosphorus-vitamin D homeostatic system. Reproduced with permission from Proceed-

ings of the Nutrition Society (45).
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As with other markers of vitamin D status, there are caveats to
the interpretation of rickets prevalence data. Recent studies of
children in Africa and Bangladesh have identified cases of rickets
that do not appear to be related to primary vitamin D deficiency
(1, 16, 64, 65). These children had a low plasma phosphate
concentration, normal or high plasma PTH and 1,25(OH),D con-
centrations, and a plasma 25(OH)D concentration above that
generally seen in vitamin D—deficiency rickets. The children
were from populations with very low calcium intake and the
evidence to date suggests that they had a primary or secondary
calcium deficiency. Caution therefore needs to be exercised in
the use of the absence or presence of rickets in children as a
marker of vitamin D status.

Other potential vitamin D biomarkers

The physiology of vitamin D suggests that other biomarkers
may have the potential to give insights about vitamin D suffi-
ciency (Figure 2). Potential markers of supply include the con-
centration of vitamin D (66, 67), the free (non-DBP bound)
fraction, and the half-life of 25(OH)D in plasma (22). Potential
markers of function include the total concentration and free frac-
tion of 1,25(OH),D (4, 68) and its ratio to the concentration of
25(OH)D or 24,25(0OH),D in plasma. Potential markers of inter-
mediate health outcomes and disease include fractional calcium
absorption (69), bone mineral density (7), muscle function (7),
fracture incidence (7), insulin sensitivity (36), and innate im-
mune response (36). However, to date, none of these have found
widespread utility either because they lack specificity for vitamin
D or because applying them to population surveys is associated
with logistic or methodologic difficulties.

Potential biomarkers of supply

The plasma concentration of vitamin D is generally very low,
and the appearance of significant quantities of this parent com-
pound in the circulation is considered to indicate the saturation of
muscle and fat depots and of the 25-hydroxylase enzyme system
in the liver (66, 67). Plasma vitamin D concentrations may be
useful in population groups with a moderate to high vitamin D
supply but not in those with a marginal or deficient supply.
However, interpretation will depend not only on the supply of
vitamin D from the skin and intestines but also on body compo-
sition and liver function.

The free fraction of 25(OH)D in plasma may be an index of the
amount available for cellular uptake, although the free hormone
theory does not fully explain the experimental data in this regard
(22). The half-life of 25(OH)D in plasma provides information
about the balance between supply and metabolism at the tissue
level. Exploration of the utility of these potential biomarkers of
vitamin D supply has been hampered, among other factors, by
methodologic problems and assay difficulties (4).

Potential biomarkers of function

PTH and other factors regulate the total concentration of
1,25(0OH),D and its free fraction in plasma (26) and, except in
cases of severe vitamin D deficiency, 1,25(OH),D and 25(OH)D
concentrations correlate with each other very little, if at all (38,
52, 70). Thus, the 1,25(OH),D concentration is likely to have
limited value as a biomarker of vitamin D function, except when
the 25(OH)D supply is low. The free fraction may reflect the
1,25(OH),D available for VDR binding, although, as with
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25(0OH)D, the free hormone theory does not fully explain the
experimental data (22).

Total and free 1,25(OH),D plasma concentrations vary de-
pending on life stage, liver and kidney function, and dietary
calcium and phosphorus intake. Expressing the plasma con-
centration of 1,25(OH),D relative to that of 25(OH)D or
24,25(0H),D may give a more informative indication of the
extent to which the supply of 25(OH)D is sufficient to meet the
cellular requirements for 1,25(OH),D. However, methodologic
difficulties and the narrow range of plasma 1,25(OH),D concen-
trations observed in people without severe vitamin D deficiency
have, thus far, limited the use of any of these potential bio-
markers.

Potential biomarkers of outcome

Fractional calcium absorption has been proposed as an index
of vitamin D adequacy because 1,25(OH),D regulates the active
transport of calcium across the intestine. However, this and other
measures of health and disease endpoints, such as bone mineral
density, insulin sensitivity, and fracture incidence, are not spe-
cific for vitamin D, and many factors influence them, including
stage of life, ethnicity, dietary intake, and intestinal calcium and
phosphorus availability. In addition, the methods of assessment
are difficult and expensive, which is likely to restrict their appli-
cation to research studies rather than to population surveillance.

ASSESSMENT OF VITAMIN D STATUS

Because of the uncertainties in the use of functional or out-
come biomarkers, attempts have been made to define thresholds
of vitamin D supply, as measured by plasma 25(OH)D concen-
tration, that denote adequacy in terms of functional and health
endpoints. For many years, the threshold has been set at a
25(0OH)D concentration that marks the top end of the range ob-
served in patients with vitamin D—deficiency rickets or osteo-
malacia: 25 nmol/L (10 ng/mL) in the United Kingdom (3, 71)
and 27.5 nmol/L (11 ng/mL) in the United States (72). More
recently, there have been proposals to raise this threshold to take
into account the possible relations between a low vitamin D
supply and health or disease endpoints, such as low bone mineral
density, fracture risk, and poor muscle function (7, 14, 38, 67).
Other articles in this supplement discuss these considerations,
the evidence behind these proposals, and their applicability at
different stages of life.

GLOBAL PREVALENCE OF VITAMIN D DEFICIENCY

Based on either the presence or absence of rickets or a plasma
25(OH)D concentration <25 nmol/L, the current evidence
shows that the prevalence of vitamin D deficiency is high in many
parts of the world and is a cause of considerable public health
concern (3, 16). High prevalence rates have been reported, for
example, among elderly people in the United Kingdom, espe-
cially those living in residential care (73); infants and pregnant
women from ethnic minorities at northerly and southerly lati-
tudes (74-78); persons living in or near the tropics who wear
concealing clothing or who spend little time out of doors (79, 80);
and children from Asia and the Middle East (16, 81). Public
health researchers and policy makers must find solutions to ad-
dress this burden of deficiency and not delay action because of
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the current scientific debate about what thresholds of 25(OH)D
should be used to denote optimal function and health (16).

SUMMARY

The aim of this overview was to set the stage for reviewing the
evidence presented elsewhere in this volume of the relations
between biomarkers of vitamin D and functional or health out-
comes. The ultimate objective of these discussions is to define
sensitive and specific predictors of whether an individual or
population has a supply of vitamin D that is sufficient to meet
their needs and that can therefore be used to assess vitamin D
status. As has been discussed, it is important to distinguish be-
tween biomarkers of supply, function, and outcome, and to con-
sider the many factors that may influence interpretation of such
biomarkers, such as life stage, ethnicity, body adiposity, liver and
kidney function, and dietary intake of calcium and phosphorus.
It is unlikely, therefore, that a single biomarker of vitamin D
status or a single threshold value will be identified that can be
used in all situations. The field of vitamin D public health needs
research to refine existing biomarkers or establish new indicators
to take these many factors into account and to identify useful
functional biomarkers of vitamin D status for infants, children,
women of reproductive age, and different ethnic groups.

The contributions of the authors were as follows—AP, GRG, and IS:
conceived the presentation and article, discussed the contents, and debated
the conclusions; AP: wrote the first draft of the article; GRG and IS: con-
tributed to the content and agreed on the final version. The authors had no
conflicts of interest.

REFERENCES

1. Pettifor JM. Nutritional rickets. In: Glorieux F, Jueppner H, Pettifor JM,
eds. Pediatric bone - biology and diseases. San Diego, CA: Elsevier
Science, 2003.

2. Norman AW. From vitamin D to hormone D: fundamentals of the vita-
min D endocrine system essential for good health. Am J Clin Nutr
2008;88(suppl):491S-9S.

3. Scientific Advisory Committee on Nutrition. Update on Vitamin D.
London, United Kingdom: The Stationery Office, 2007.

4. Al-oanzi ZH, Tuck SP, Raj N, et al. Assessment of vitamin D status in
male osteoporosis. Clin Chem 2006;52:248 -54.

5. Lips P. How to define normal values for serum concentration of 25-
hydroxyvitamin D? An overview. In: Feldman D, Pike JW, Glorieux FH,
eds. Vitamin D. 2nd ed. Burlington, MA: Elsevier Academic Press,
2005:1019-28.

6. Pike JW, Shevde NK. The vitamin D receptor. In: Feldman D, Pike JW,
Glorieux FH, eds. Vitamin D. 2nd ed. Burlington, MA: Elsevier Aca-
demic Press, 2005:167-92.

7. Bischoff-Ferrari HA, Giovannucci E, Willett WC, Dietrich T,
Dawson-Hughes B. Estimation of optimal serum concentrations of
25-hydroxyvitamin D for multiple health outcomes. Am J Clin Nutr
2006;84:18-28.

8. Liu PT, Stenger S, Li H, et al. Toll-like receptor triggering of a vitamin
D-mediated human antimicrobial response. Science 2006;311:1770-3.

9. Lappe JM, Travers-Gustafson D, Davies KM, Recker RR, Heaney RP.
Vitamin D and calcium supplementation reduces cancer risk: results of
arandomized trial. Am J Clin Nutr 2007;85:1586-91.

10. Bodnar LM, Catov JMS, Simhan HN, Holick MF, Powers RW, Roberts
JM. Maternal vitamin D deficiency increases the risk of preeclampsia.
J Clin Endocrinol Metab 2007;92:3517-22.

11. Diplock AT, Aggett PJ, Ashwell M, Bornet F, Fern EB, Roberfroid MB.
Scientific concepts of functional foods in Europe. Br J Nutr 1999;
81(suppl 1):S1-27.

12. Biomarkers Definitions Working Group. Biomarkers and surrogate end-
points: preferred definitions and conceptual framework. Clin Pharmacol
Therapeut 2001;69:89-95.

13

14.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

5058

. De Gruttola VG, Clax P, DeMets DL, et al. Considerations in the eval-
uation of surrogate endpoints in clinical trials: summary of a National
Institutes of Health workshop. Contr Clin Trials 2001;22:485-502.
Willett AM. Vitamin D status and its relationship with parathyroid hor-
mone and bone mineral status in older adolescents. Proc Nutr Soc 2005;
64:193-203.

. Holick MF. Sunlight and vitamin D for bone health and prevention of
autoimmune diseases, cancers, and cardiovascular disease. Am J Clin
Nutr 2004;80(suppl 6):1678S—88S.

. Prentice A. Vitamin D deficiency: a global perspective. Nutr Rev (in

press).

Webb AR. Who, what, where and when—influences on cutaneous vi-

tamin D synthesis. Prog Biophys Mol Biol 2006;92:17-25.

Holick MF. Photobiology of vitamin D. In: Feldman D, Pike JW, Glo-

rieux FH, eds. Vitamin D. 2nd ed. Burlington, MA: Elsevier Academic

Press, 2005:37-46.

Ovesen L, Brot C, Jakobsen J. Food contents and biological activity of

25-hydroxyvitamin D: a vitamin D metabolite to be reckoned with? Ann

Nutr Metab 2003;47:107-13.

Chen TC, Chimeh F, Lu Z, et al. Factors that influence the cutaneous

synthesis and dietary sources of vitamin D. Arch Biochem Biophys

2007;460:213-7.

Calvo MS, Whiting SJ, Barton CN. Vitamin D intake: a global perspec-

tive of current status. J Nutr 2005;135:310-6.

Liang CJ, Cooke NE. Vitamin D binding protein. In: Feldman D, Pike

JW, Glorieux FH, eds. Vitamin D. 2nd ed. Burlington, MA: Elsevier

Academic Press, 2005:117-34.

Dueland S, Pedersen JI, Helgerud P, Drevon CA. Absorption, distribu-

tion, and transport of vitamin D; and 25-hydroxyvitamin Dj in the rat.

Am J Physiol 1983;245:E463-7.

Sitrin MD, Pollack KL, Bolt MJ, Rosenberg IH. Comparison of vitamin

D and 25-hydroxyvitamin D absorption in the rat. Am J Physiol 1982;

242:G326-32.

Clemens TL, Zhou XY, Myles M, Endres D, Lindsay R. Serum vitamin

D, and vitamin D5 metabolite concentrations and absorption of vitamin

D, in elderly subjects. J Clin Endocrinol Metab 1986;63:656—60.

Horst RL, Reinhardt TA, Reddy GS. Vitamin D metabolism. In: Feld-

man D, Pike JW, Glorieux FH, eds. Vitamin D. 2nd ed. Burlington, MA:

Elsevier Academic Press, 2005:15-36.

Lund BS, Sorensen OH, Lund B, Bishop JE, Norman A. Vitamin D

metabolism in hypoparathyroidism. J Clin Endocrinol Metab 1980;51:

606-10.

Henry HL. The 25-hydroxyvitamin D 1-a-hydroxylase. In: Feldman D,

Pike JW, Glorieux FH, eds. Vitamin D. 2nd ed. Burlington, MA: Elsevier

Academic Press, 2005:69—-84.

OmdahlJL, May B. The 25-hydroxyvitamin D 24-hydroxylase. In: Feld-

man D, Pike JW, Glorieux FH, eds. Vitamin D. 2nd ed. Burlington, MA:

Elsevier Academic Press, 2005:85-104.

Brandi L, Egfjord M, Olgaard K. Pharmacokinetics of 1,25(OH)(2)D(3)

and lalpha(OH)D(3) in normal and uraemic men. Nephrol Dial Trans-

plant 2002;17:829-42.

Orwoll ES, Meier DE. Alterations in calcium, vitamin D, and parathy-

roid hormone physiology in normal men with aging: relationship to the

development of senile osteopenia. J Clin Endocrinol Metab 1986;63:

1262-9.

van Leeuwen JP, van den Bemd GJ, van Driel M, Buurman CJ, Pols HA.

24,25-Dihydroxyvitamin D(3) and bone metabolism. Steroids 2001;66:

375-80.

Dawson-Hughes B, Heaney RP, Holick MF, Lips P, Meunier PJ, Vieth

R. Estimates of optimal vitamin D status. Osteoporos Int 2005;

16:713-6.

Lips P, Hosking D, Lippuner K, et al. The prevalence of vitamin D

inadequacy amongst women with osteoporosis: an international epide-

miological investigation. J Intern Med 2006;260:245-54.

Hollis BW, Wagner CL. Normal serum vitamin D levels. N Engl ] Med

2005;352:515-6, author reply 515-6.

Hollis BW, Wagner CL, Drezner MK, Binkley NC. Circulating vitamin

D(3) and 25-hydroxyvitamin D in humans: an important tool to define

adequate nutritional vitamin D status. J Steroid Biochem Mol Biol 2007;

103:631-4.

Gascon-Barre M. The vitamin D 25-hydroxylase. In: Feldman D, Pike

JW, Glorieux FH, eds. Vitamin D. 2nd ed. Burlington, MA: Elsevier

Academic Press, 2005:47—-68.

Lips P. Vitamin D deficiency and secondary hyperparathyroidism in the

0102 ‘v Aenuer uo Aq B0 usle'mmm woly papeojumoq


http://www.ajcn.org

@ The American Journal of Clinical Nutrition

506S

39.

40.

41.

42.

43.

44,
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

elderly: consequences for bone loss and fractures and therapeutic impli-
cations. Endocr Rev 2001;22:477-501.

Bolland MJ, Grey AB, Ames RW, et al. The effects of seasonal variation
of 25-hydroxyvitamin D and fat mass on a diagnosis of vitamin D
sufficiency. Am J Clin Nutr 2007;86:959—-64.

Lensmeyer GL, Binkley N, Drezner MK. New horizons for assessment
of vitamin D status in man. In: Seibel MJ, Robins SP, Bilezikian JP, eds.
Dynamics of bone and cartilage metabolism. Principles and clinical
applications. 2nd ed. New York, NY: Academic Press, 2006:513-28.
Hollis BW. Measuring 25-hydroxyvitamin D in a clinical environment:
challenges and needs. Am J Clin Nutr 2008;88(suppl):507S-10S.
Hollis BW. Circulating 25-hydroxyvitamin D levels indicative of vita-
min D sufficiency: implications for establishing a new effective dietary
intake recommendation for vitamin D. J Nutr 2005;135:317-22.
Hodsman AB, Hanley DA, Watson PH, Fraher LJ. Parathyroid hormone.
In: Bilezikian JP, Raisz LG, Rodan GA, eds. Principles of bone biology.
New York, NY: Academic Press, 2002:1305-24.

Malabanan A, Veronikis IE, Holick MF. Redefining vitamin D insuffi-
ciency. Lancet 1998;351:805-6.

Prentice A. Elsie Widdowson Lecture 2006. Mining the depths: meta-
bolic insights into mineral nutrition. Proc Nutr Soc 2007;66:512-21.
Bates CJ, Carter GD, Mishra GD, O’Shea D, Jones J, Prentice A. In a
population study, can parathyroid hormone aid the definition of adequate
vitamin D status? A study of people aged 65 years and over from the
British National Diet and Nutrition Survey. Osteoporos Int 2003;14:
152-9.

Chapuy MC, Preziosi P, Maamer M, et al. Prevalence of vitamin D
insufficiency in an adult normal population. Osteoporos Int 1997;7:439 —
43.

Ooms ME, Roos JC, Bezemer PD, van der Vijgh WJ, Bouter LM, Lips
P. Prevention of bone loss by vitamin D supplementation in elderly
women: arandomized double-blind trial. J Clin Endocrinol Metab 1995;
80:1052-8.

Krall EA, Sahyoun N, Tannenbaum S, Dallal GE, Dawson-Hughes B.
Effect of vitamin D intake on seasonal variations in parathyroid hormone
secretion in postmenopausal women. N Engl J Med 1989;321:1777-83.
Lappe JM, Davies KM, Travers-Gustafson D, Heaney RP. Vitamin D
status in a rural postmenopausal female population. J Am Coll Nutr
2006;25:395-402.

Guillemant J, Taupin P, Le HT, et al. Vitamin D status during puberty in
French healthy male adolescents. Osteoporos Int 1999;10:222-5.
Vieth R, Ladak Y, Walfish PG. Age-related changes in the 25-
hydroxyvitamin D versus parathyroid hormone relationship suggest a
different reason why older adults require more vitamin D. J Clin Endo-
crinol Metab 2003;88:185-91.

Patel S, Hyer S, Barron J. Glomerular filtration rate is a major determi-
nant of the relationship between 25-hydroxyvitamin D and parathyroid
hormone. Calcif Tissue Int 2007;80:221-6.

Slovik DM, Adams JS, Neer RM, Holick MF, Potts JT Jr. Deficient
production of 1,25-dihydroxyvitamin D in elderly osteoporotic patients.
N Engl J Med 1981;305:372—4.

Fraser WD, Ahmad AM, Vora JP. The physiology of the circadian
rhythm of parathyroid hormone and its potential as a treatment for os-
teoporosis. Curr Opin Nephrol Hypertens 2004;13:437-44.

van der Wiel HE, Lips P, Nauta J, Netelenbos JC, Hazenberg GJ. Bio-
chemical parameters of bone turnover during ten days of bed rest and
subsequent mobilization. Bone Miner 1991;13:123-9.

Souberbielle JC, Cormier C, Kindermans C, et al. Vitamin D status and
redefining serum parathyroid hormone reference range in the elderly.
J Clin Endocrinol Metab 2001;86:3086-90.

Yan L, Zhou B, Wang X, et al. Older people in China and UK differ in
the relationships between parathyroid hormone, vitamin D and bone
mineral status. Bone 2003;33:620-7.

Aspray TJ, Yan L, Prentice A. Parathyroid hormone and rates of bone
formation are raised in perimenopausal rural Gambian women. Bone
2005;36:710-20.

60

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

PRENTICE ET AL

. Tylavsky FA, Ryder KA, Lyytikainen A, Cheng S. Vitamin D, parathy-
roid hormone, and bone mass in adolescents. J Nutr 2005;135:2735S—
8S.

Abrams SA, Griffin 1J, Hawthorne KM, Gunn SK, Gundberg CM, Car-
penter TO. Relationships among vitamin D levels, parathyroid hormone,
and calcium absorption in young adolescents. J Clin Endocrinol Metab
2005;90:5576—-81.

Prentice A. Pregnancy and lactation. In: Glorieux F, Jueppner H, Pettifor
JS, eds. Pediatric bone - biology and diseases. San Diego, CA: Academic
Press, 2003:249-69.

Kovacs CS. Vitamin D in pregnancy and lactation: maternal, fetal, and
neonatal outcomes from clinical and animal studies. Am J Clin Nutr
2008;88(suppl):520S—-8S.

Fischer PR, Rahman A, Cimma JP, et al. Nutritional rickets without
vitamin D deficiency in Bangladesh. J Trop Pediatr 1999;45:291-3.
Thacher TD, Fischer PR, Pettifor JM, et al. A comparison of calcium,
vitamin D, or both for nutritional rickets in Nigerian children. N Engl
J Med 1999;341:563-8.

De Luca HF. Overview of general physiologic features and functions of
vitamin D. Am J Clin Nutr 2004;80(suppl): 1689S-96S.

Vieth R, Bischoff-Ferrari H, Boucher BJ, et al. The urgent need to
recommend an intake of vitamin D that is effective. Am J Clin Nutr
2007;85:649-50.

van Hoof HJ, de Sevaux RG, van Baelen H, et al. Relationship between
free and total 1,25-dihydroxyvitamin D in conditions of modified bind-
ing. Eur J Endocrinol 2001;144:391-6.

Heaney RP. The vitamin D requirement in health and disease. J Steroid
Biochem Mol Biol 2005;97:13-9.

Need AG, Horowitz M, Morris HA, Nordin BC. Vitamin D status:
effects on parathyroid hormone and 1, 25-dihydroxyvitamin D in post-
menopausal women. Am J Clin Nutr 2000;71:1577-81.

Department of Health. Nutrition and bone health: with particular refer-
ence to calcium and vitamin D. Report of the Subgroup on Bone Health,
Working Group on the Nutritional Status of the Population of the Com-
mittee on Medical Aspects of Food and Nutrition Policy. London, United
Kingdom: The Stationery Office, 1998.

Institute of Medicine Food and Nutrition Board. Dietary reference in-
takes for calcium, phosphorus, magnesium, vitamin D, and fluoride.
Washington, DC: National Academy Press, 1997.

Finch S, Doyle W, Lowe C, et al. National Diet and Nutrition Survey:
people aged 65 years and over. Volume 1: report of the diet and nutrition
survey. London, United Kingdom: The Stationery Office, 1998.
Ashraf S, Mughal MZ. The prevalence of rickets among non-Caucasian
children. Arch Dis Chld 2002;87:263—4.

Datta S, Alfaham M, Davies DP, et al. Vitamin D deficiency in pregnant
women from a non-European ethnic minority population—an interven-
tional study. Br J Obstet Gynaecol 2002;109:905-9.

van der Meer IM, Karamali NS, Boeke AJP, et al. High prevalence of
vitamin D deficiency in pregnant non-Western women in The Hague,
Netherlands Am J Clin Nutr 2006;84:350-3.

Bodnar LM, Simhan HN, Powers RW, Frank MP, Cooperstein E,
Roberts JM. High prevalence of vitamin D insufficiency in black and
white pregnant women residing in the northern United States and their
neonates. J Nutr 2007;137:447-52.

Grover SR, Morley R. Vitamin D deficiency in veiled or dark-skinned
pregnant women. Med J Australia 2001;175:251-2.

Gannage-Yared M-H, Chemall R, Yaacoub N, Halaby G. Hypovitamin-
osis D in a sunny country: relation to lifestyle and bone markers. ] Bone
Miner Res 2000;15:1856-62.

Schroth RJ, Lavelle CLB, Moffatt MEK. A review of vitamin D defi-
ciency during pregnancy: who is affected? Int J Circumpolar Health
2005;64:112-20.

Fraser DR. Vitamin D-deficiency in Asia. J Steroid Biochem Mol Biol
2004;89-90:491-5.

0102 ‘v Aenuer uo Aq B0 usle'mmm woly papeojumoq


http://www.ajcn.org

