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ABSTRACT

Background: Vitamin D deficiency has been described as being
pandemic, but serum 25-hydroxyvitamin D [25(OH)D] distribution
data for the European Union are of very variable quality. The NIH-
led international Vitamin D Standardization Program (VDSP) has
developed protocols for standardizing existing 25(OH)D values
from national health/nutrition surveys.

Objective: This study applied VDSP protocols to serum 25(OH)D
data from representative childhood/teenage and adult/older adult
European populations, representing a sizable geographical footprint,
to better quantify the prevalence of vitamin D deficiency in Europe.
Design: The VDSP protocols were applied in 14 population studies
[reanalysis of subsets of serum 25(OH)D in 11 studies and complete
analysis of all samples from 3 studies that had not previously mea-
sured it] by using certified liquid chromatography—tandem mass
spectrometry on biobanked sera. These data were combined with
standardized serum 25(OH)D data from 4 previously standardized
studies (for a total n = 55,844). Prevalence estimates of vitamin D
deficiency [using various serum 25(OH)D thresholds] were gener-
ated on the basis of standardized 25(OH)D data.

Results: An overall pooled estimate, irrespective of age group,
ethnic mix, and latitude of study populations, showed that 13.0%
of the 55,844 European individuals had serum 25(OH)D concentra-
tions <30 nmol/L on average in the year, with 17.7% and 8.3% in
those sampled during the extended winter (October—-March) and
summer (April-November) periods, respectively. According to an
alternate suggested definition of vitamin D deficiency (<50 nmol/
L), the prevalence was 40.4%. Dark-skinned ethnic subgroups had
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much higher (3- to 71-fold) prevalence of serum 25(OH)D <30 nmol/L
than did white populations.

Conclusions: Vitamin D deficiency is evident throughout the Euro-
pean population at prevalence rates that are concerning and that
require action from a public health perspective. What direction
these strategies take will depend on European policy but should
aim to ensure vitamin D intakes that are protective against vitamin
D deficiency in the majority of the European population. Am J
Clin Nutr doi: 10.3945/ajcn.115.120873.
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INTRODUCTION

Vitamin D is the nutrient that has captured the attention of the
scientific and medical communities, regulatory agencies, the food
industry, and the public alike over the past 15 y. This is evidenced
by the explosion of scientific literature, a dramatic increase in
physician-requested tests for patient vitamin D status in some
countries, a number of authoritative re-evaluations of dietary
recommendations, and sales of vitamin D supplements and the
increased number of vitamin D—fortified food products coming
on the market. Vitamin D deficiency has been described as being
pandemic (1), with associated direct and indirect costs for Europe
estimated to be running at hundreds of billion Euro (2).

Vitamin D deficiency has been variably defined as possessing
a serum 25-hydroxyvitamin D [25(0OH)D,?® the biochemical
index of vitamin D status (3)] concentration <25 to <75 nmol/L
(4). Knowledge of the distributions of serum 25(OH)D con-
centrations in representative populations, with appropriate con-
sideration of sex, life stage, ethnicity, and seasonality, is critical
for the quantification of vitamin D deficiency as well as for
devising effective strategies for its prevention (4, 5). However,
serum 25(OH)D distribution data for the European Union are
of variable quality, making it difficult to estimate the prevalence
of vitamin D deficiency across member states. For example,
a recent systematic review of vitamin D status in populations
worldwide clearly showed that the variability in mean serum
25(OH)D concentrations across European countries was large,
and even within a country, the variability from different studies
ranged from 10% to 300% (6). Although there are many likely
contributory reasons for differences in vitamin D deficiency
prevalence estimates between populations, differences in ana-
lytic method for serum 25(OH)D are likely to contribute (4). In
addition, several reports have shown that available 25(OH)D
assays can yield markedly differing results (7-10).

Calls have been made to use centralized laboratories to make
an international comparison of serum 25(OH)D and vitamin D
deficiency prevalence estimates more reliable (11), but this ap-
proach might not be feasible, given existing national structures
and systems. As a consequence of these widespread, method-
related differences in results of serum 25(OH)D (7-10), the NIH-
led international Vitamin D Standardization Program (VDSP)
developed protocols for standardizing 25(OH)D measurement in
national health/nutrition surveys around the world, as have been
described in detail elsewhere (4, 12). Their recent application to
serum 25(OH)D data from the Irish National Adult Nutrition
Survey showed that the yearly prevalence of serum 25(OH)D
<30 nmol/L [the US Institute of Medicine’s definition of vita-
min D deficiency (13)] increased from 6.5% (via the original
immunoassay measurement) to a projected 11.4% (14). Impor-
tantly, reanalysis of all serums in the survey (n = 1118) by our
certified liquid chromatography—tandem mass spectrometry
(LC-MS/MS) method confirmed the true prevalence estimate as
11.2%, which was almost twice as high as the immunoassay-
based estimate and almost identical to the VDSP projection (14).

26 Abbreviations used: LC-MS/MS, liquid chromatography—tandem mass
spectrometry; NDNS, National Diet and Nutrition Survey; ODIN, Food-
based solutions for optimal vitamin D nutrition and health through the life
cycle; VDSP, Vitamin D Standardization Program; 25(OH)D, 25-hydroxy-
vitamin D.
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Thus, the VDSP approach, if coupled with key representative
population studies, provides the potential for generation of
prevalence estimates of vitamin D deficiency in Europe by using
standardized serum 25(OH)D data. This would permit quantifi-
cation of the magnitude of the public health problem and a solid
platform on which to build public health policy aimed at pre-
venting vitamin D deficiency in Europe. Accordingly, our ob-
jective was to apply the VDSP protocols to existing serum
25(OH)D data from 18 key (identified nationally or regionally)
representative studies of European children, teenagers, adults,
and older adults (n = 55,844 individuals).

METHODS

Studies included and categorizations applied

Within the VDSP, nationally representative nutrition and health
surveys are prioritized; however, some member states in Europe do
not have such surveys with nationally representative data on serum
25(0OH)D concentrations. Thus, in the absence of such data, well-
curated samples from regionally representative health surveys can
also achieve some degree of population coverage. Our present
work is part of the European Commission—funded integrated
project, Food-based solutions for optimal vitamin D nutrition and
health through the life cycle (ODIN; www.odin-vitd.eu). One of
the primary aims of ODIN was to quantify the prevalence of
vitamin D deficiency in European populations by using stan-
dardized serum 25(OH)D values as a key prioritized existing
knowledge gap. The project included a number of identifiable
nationally representative nutrition and health surveys in addition
to regionally representative health surveys from various European
member states and of different life stage groups, which were of
strategic importance for European coverage (a brief description of
each of the studies, including their full names, acronyms, and
country of origin, is provided in the Supplemental Material).
The 14 European childhood and teenage as well as adult and
older adult study populations, identified as a priority to obtain
data on standardized serum 25(OH)D data, are as follows:

1. Healthy Lifestyle in Europe by Nutrition in Adolescence
study (9 European countries) (15, 16)

2. Optimal well-being, development and health for Danish
children through a healthy New Nordic Diet School Meal
Study (Denmark) (17, 18)

3. Tromsg Study: Fit Futures (Norway) (19-21)
4. Healthy Growth Study (Greece) (22)
Status

5. Infant’s Nourishment and Nutritional

(Greece) (23)
6. Cork BASELINE Birth Cohort Study (Ireland) (24)

study

7. German Health Interview and Examination Survey for
Children and Adolescents (Germany) (25)

8. National Diet and Nutrition Survey (NDNS): Years 1-4
(combined) of the Rolling Program (2008/2009-2011/12)
(United Kingdom) (26)

9. German Health Interview and Examination Survey for
Adults (Germany) (27, 28)
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10. Tromsg Study—6th Survey (Tromsg 6) (Norway) (19, 29-31)
11. New Hoorn Study (Netherlands) (32)
12. Longitudinal Aging Study Amsterdam (Netherlands) (33)

13. Age, Gene/Environment Susceptibility—Reykjavik study
(Iceland) (34)

14. Finnish Migrant Health and Wellbeing Study (Maamu)
(Finland) (35, 36)

The key summary demographic characteristics (age, sex dis-
tribution, ethnicity, and season of blood sampling) of these 14
studies are shown in Table 1. We also had vitamin D deficiency
prevalence data from 4 additional European studies, on which
we had previously standardized serum 25(OH)D data by using
the same VDSP approach (14, 37), and we combined these data
with data from the 14 new studies in generating a pooled esti-
mate in the present work. The descriptions of these other 4
studies [National Adult Nutrition Survey, Ireland; Health 2011,
Finland; HUBRO (Oslo Health Study), Oslo, Norway; and
Health2006, Copenhagen, Denmark] have been reported in de-
tail elsewhere (14, 37). None of the 18 studies included pregnant
women or older adults in care homes.

Winter and spring represent the seasons during which vitamin
D status declines and reaches its nadir, typically in late winter/
early spring (38). Thus, the present work applied a wider defi-
nition capturing an extended winter (i.e., November—March) and
an extended summer period (i.e., April-October), where ap-
propriate. In the present work, we classified population samples
as being of young children if the participants were aged 1-6 vy,
older children as 7-14 y, and teenagers as 15-18 y, in line with
that applied by the European Food Safety Agency in their Di-
etary Reference Values (39). Adult populations were those with
participants aged =19 y.

Categories of ethnicity varied across the population samples,
and thus in the present work, a “white” and “nonwhite” cate-
gorization was applied. The nonwhite category included those
recorded as being black, Asian, or other, including mixed race.
The exception to this categorization was within the ethnic
Maamu sample, where the study, by design, included 3 Finnish
ethnic immigrant groups: white Russian speaking, Kurdish, and
Somali (36). Details of the method used for the original serum/
plasma total 25(OH)D analysis are also shown in Table 1.

Applying the VDSP protocol for standardization of serum
25(OH)D data from past surveys to the study populations

The VDSP protocol for standardization of serum 25(OH)D
data from past surveys, as used by some of us previously on
the Irish national serum 25(OH)D data (n = 1118) (14) and that
of Finnish white adults (n = 4102) (37), as well as regionally
representative adult samples in Copenhagen, Denmark (n =
3409), and Oslo, Norway (n = 1042) (37), and again in this
study, are outlined in detail elsewhere (4, 12) but can be briefly
summarized as follows: the protocols conduct a within-quartile
uniform sampling procedure of the serum 25(OH)D data from
the entire survey sample (40) to select a subset of 100-175 bi-
obanked serum samples for reanalysis of 25(OH)D by a stan-
dardized and certified LC-MS/MS method, which is traceable to
the National Institute of Standards and Technology higher-order
Reference Measurement Procedure (4, 12). The results are used
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to develop master regression equations, which then recalibrate
the existing 25(OH)D data set for the entire survey sample.

The LC-MS/MS method at University College Cork used in
this study for all samples, except those from the United King-
dom’s NDNS, is certified by the CDC’s Vitamin D Standardi-
zation Certification Program (41). Because the LC-MS/MS
method at the NDNS laboratory at the Medical Research
Council Human Nutrition Research Unit, Cambridge, was also
standardized against the National Institute of Standards and
Technology higher-order Reference Measurement Procedure
through the VDSP, this was used for their sample reanalysis to
use the biobanked samples as efficiently as possible [R* = 0.997;
University College Cork measured (25[OH]D) = 0.968 X Hu-
man Nutrition Research Unit measured (25[OH]D) + 0.806; n =
50 (VDSP Seattle sera [4])].

In addition to the 11 studies for which the existing serum
25(OH)D data were standardized, the biobanked sera from 3
study populations (Infant’s Nourishment and Nutritional Status,
BASELINE, and New Hoorn Study) were analyzed de novo by
the certified LC-MS/MS method and thus did not require a cal-
ibration equation. The standardized data from 14 studies in-
cluded in the present work (n = 46,173) plus the 4 studies
previously standardized by us with the VDSP approach (n =
9671) (14, 37) were used in estimating prevalence. In both hu-
man serum and plasma, 25(OH)D metabolites have been shown
to be stable when stored frozen (42) and when subjected to
multiple freeze-thaw cycles (43). In addition, Hollis (44) has
reported that long-term (>10-y) storage of pooled human
25(0OH)D internal controls at —20°C led to no detectable deg-
radation of 25(OH)D.

Serum 25(OH)D thresholds

Original and standardized serum 25(OH)D concentrations were
compared with cutoffs for 25(OH)D as per the US Institute of
Medicine Dietary Reference Intake committee’s definitions:
persons are at risk of deficiency at serum 25(OH)D concentra-
tions <30 nmol/L, whereas 40 and 50 nmol/L are consistent with
that needed by 50% and 97.5% of individuals aged >1 y, re-
spectively, in terms of bone health (13). In addition, a serum
25(0OH)D concentration <25 nmol/L has also been a traditional
cutoff used in Europe to define vitamin D deficiency on the basis
of metabolic bone disease (45, 46) and thus was also included.
Because the Task Force for the Clinical Guidelines Subcommittee
of The Endocrine Society has suggested that to maximize the
effect of vitamin D on calcium, bone, and muscle metabolism,
serum 25(OH)D concentration should exceed 75 nmol/L (47), we
also used this cutoff for comparison purposes. The same task
force suggests <50 nmol/L as vitamin D deficiency (47).

Data and statistical analysis

Data and statistical analysis was conducted by using STATA 12
(StataCorp LP) and CBStat5 (Kristian Linnet). A statistical al-
gorithm, developed within the VDSP and published recently (40),
for estimating the number of stored samples that need to be
reanalyzed was used. The maximum projected sample size of
stored serum samples required for the VDSP protocol and with
this collection of population studies was calculated by using
procedures for the estimation of the predicted LC-MS/MS-based
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25(OH)D value for a given serum 25(OH)D value from the
original method of analysis (e.g., immunoassay or LC-MS/MS)
with a predefined precision of a 95% CI, as has been described
elsewhere (14, 37). At the beginning of the work, once pre-
liminary data on the current collection of population samples
were available [e.g., CV of assays and spread within distribution
of original serum 25(OH)D data], a projected maximum sample
size of 175 sera was estimated as being sufficient to meet and,
indeed, exceed the needs of the study with the highest number of
sera required for standardization. Thus, for logistical consider-
ations in dealing with multiple partner laboratories and groups
within the project, all groups were requested to supply 175
stored serum samples. However, this projected maximum was
confirmed as being more than sufficient for each individual
study on receipt of their full existing serum 25(OH)D data files
(post hoc analysis showed that sample size ranged from 60 to
155 sera being required). Regression models [ordinary least
squares and Deming (weighted and unweighted) and piecewise]
were used to establish the relation between the originally mea-
sured and the LC-MS/MS reanalyzed serum 25(OH)D in the
subsets, as described elsewhere (14, 37). Piecewise regression is
a method in regression analysis in which the independent vari-
able is partitioned into intervals and a separate line segment is
fit to each interval. A Deming regression model is an errors-
in-variables model that tries to find the line of best fit for a 2-
dimensional data set. It differs from the simple linear regression,
such as the ordinary least squares models, in that it accounts for

TABLE 2

CASHMAN ET AL.

errors in observations on the x and y axes. We report prevalence
as a yearly mean (i.e., arising from blood sampling of partici-
pants that has occurred throughout the year), as well as by ex-
tended winter and summer season, as appropriate.

RESULTS

The relation between serum 25(OH)D in the statistical algo-
rithm-defined subsets of serum samples from the 11 study
populations, as measured by their original methods and rean-
alyzed by a certified LC-MS/MS method, is shown in Table 2 and
Supplemental Figures 1 and 2. Seven study populations (which
included the NDNS “old” and “new” assay formulation subsets
separately; see Supplemental Material) required a piecewise
regression fit between the previously measured and LC-MS/MS
remeasured serum 25(OH)D concentrations. A further 6 study
populations (which included the Tromsg 6 smoker and non-
smoker subsets separately) required a Deming (unweighted or
weighted) regression fit between the previously measured and
LC-MS/MS remeasured serum 25(OH)D concentrations. These
calibration equations were applied to the entire 25(OH)D data
set for the respective studies producing the standardized serum
25(0OH)D data sets.

That 13.0% of the 55,844 young and adult European in-
dividuals had a yearly mean standardized serum 25(OH)D <30
nmol/L [the US Institute of Medicine’s definition of vitamin D
deficiency (13)] was highlighted by the present overall pooled

Information on the best-fit regression model between previous and newly measured 25(OH)D from subsets of serum from study populations and model

coefficients!

If Rval < value® If Rval > value®

Study (n)? (ref) Model type Value Intercept 1 X1 Value Intercept 2 X2 R?
HELENA (178) (15, 16) Piecewise 69.1574 0.6266  0.9064  69.1574  41.5535 0.2965 0.76
OPUS School Meal Study (163) (17, 18) Weighted Deming — 1.8686  0.8921 — — — 0.90
Tromsg Study: Fit Futures (168) (19-21) Weighted Deming — 2.6488  0.7645 — — — 0.98
HGS (172) (22) Weighted Deming — 1.6027  0.6615 — — — 0.74
KiGGS (160) (25) Piecewise 60.5211 9.4005 1.0225 60.5211 524099 03119 0.79
NDNS (Old) (91)* (26) Piecewise 62.1396 43376 09719 62.1396  28.0068  0.5910 0.82
NDNS (New) (115)* (26) Piecewise 83.5082 1.2955 1.0380  83.5082  30.3591 0.6900 0.95
DEGS (163) (27, 28) Piecewise 121.9968 14.5309  0.7715 121.9968 102.19191 0.0529 0.79
Tromsg Study—6th Survey (nonsmokers) (168)° (29-31) Weighted Deming — 12.5531  0.9547 — — — 0.81
Tromsg Study—6th Survey (smokers) (167)° (29-31) Unweighted Deming — —0.7299  0.9047 — — — 0.75
LASA (158) (33) Weighted Deming — —2.9577 1.0375 — — — 0.93
AGES-Reykjavik (157) (34) Piecewise 49.2155 7.7011  1.0128 49.2155  27.3969  0.6125 0.98
Finnish Migrant Health and Wellbeing Study Piecewise 91.8081 0.0629 1.0218  91.8081 62.7450  0.3390 0.93

(Maamu) (159) (35, 36)

X1 and X2 are the slope(s) of the regression line(s). Three studies [Infant’s Nourishment and Nutritional Status (23), Cork BASELINE Birth Cohort

Study (24), and New Hoorn Study (32)] required complete analysis of all samples as they had not previously measured serum 25(OH)D and thus were not
standardized in the way the other studies were. AGES, Age, Gene/Environment Susceptibility; DEGS, German Health Interview and Examination Survey for
Adults; HELENA, Healthy Lifestyle in Europe by Nutrition in Adolescence; HGS, Healthy Growth Study; KiGGS, German Health Interview and Examination
Survey for Children and Adolescents; LASA, Longitudinal Aging Study Amsterdam; NDNS, National Diet and Nutrition Survey; OPUS, Optimal well-being,
development and health for Danish children through a healthy New Nordic Diet; ref, reference; 25(OH)D, 25-hydroxyvitamin D.

2n, number of sera/plasma from statistical algorithm-defined subsets used for regression equation development.

*In piecewise regression, the independent variable is partitioned into intervals and a separate line segment is fit to each interval; the change point [serum
25(0OH)D concentration] at which this occurs is reflected by Rval in the above equations.

“DiaSorin Liaison assay had an assay formulation change during the course of the NDNS survey, and thus “new” and “old” formulation assays are
included.

SRoche ECLIA assay used in the Tromsg Study—6th Survey 6 overestimates serum 25(OH)D concentrations in smokers, and thus smokers and non-
smokers are standardized separately.
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estimate of 18 studies [i.e., 14 standardized in the present work
plus the 4 previously standardized (14, 37)], irrespective of age
group, ethnic mix, and latitude of study populations. Among
those tested in the extended winter and summer periods, it was
17.7% and 8.2%, respectively. Using the alternately suggested
definition of vitamin D deficiency of <50 nmol/L, as per the US
Endocrine Society (47), the yearly prevalence was 40.4%.

The mean, SD, median, and 5th, 25th, 75th, and 95th per-
centiles of serum 25(OH)D concentration using standardized
serum 25(OH)D data in the childhood and teenage as well as
adult and older adult study samples separately are shown in Table
3. The equivalent data [but based on originally analyzed serum
25(OH)D data for the 11 studies standardized in the present
work] are also shown in Table 3. The prevalence estimates for
serum 25(OH)D concentration below the variously proposed
public health—relevant thresholds, using standardized and un-
standardized serum 25(OH)D data in the childhood and teenage
as well as adult and older adult study samples separately, are
shown in Table 4. These findings highlight population sub-
groups within Europe at higher risk of vitamin D deficiency.
Within the Finnish Maamu sample, the prevalence of serum
25(0OH)D <30 nmol/L was 4.5%, 28.0%, and 50.4% for white
Russian-speaking, Somali, and Kurdish immigrant subgroups
(n = 446, 364, and 50), respectively. Likewise, although with
more limited numbers, the prevalence among the ~12% non-
white participants in the United Kingdom’s NDNS (subset aged
1-18 y) was much higher (42.9%; n = 63) compared with that in
the equivalently aged white young individuals (15.0%, n = 448).
Because the nonwhite proportion of the populations in all other
studies was <7%, the prevalence estimates by ethnicity were not
reported, but in all cases, estimates for nonwhite adult and older
adults were higher compared with that of the equivalently aged
white individuals within a study population (data not shown).

In general, sex differences in prevalence of serum 25(OH)D
<30 nmol/L within the entire collection of studies were not
evident (13.1% compared with 12.9%, on average, for males and
females, respectively). The prevalence of vitamin D deficiency
by age group, and irrespective of latitude of study populations,
suggests that teenagers may have higher risk on average. The
range of deficiency in the various teenage study populations (age
range: 15-18 y) was 12-40%, whereas childhood samples (age
ranges: 1-6 and 7-14 y), older adult samples (>61 y), and adult
samples were 4—7%, 1-8%, and 9-24%, respectively (Table 4).
Such comparisons need to be interpreted cautiously, because dif-
ferences in latitude of sample population, ethnic mix, and season
of blood sampling differed for these populations (see Table 1).

The importance of using standardized serum 25(OH)D values
for comparisons of the prevalence of vitamin D deficiency is
clearly illustrated by the data from 2 of the nationally represen-
tative surveys, both of which reside in a latitude band of 47-55°N.
In the case of the German adult survey (German Health Interview
and Examination Survey for Adults; 18-79 y), the prestandard-
ization prevalence estimate [serum 25(OH)D <30 nmol/L] of
25.9% decreased after standardization to 15.2%. For the Irish
survey (National Adult Nutrition Survey), the prevalence of
deficiency in adults (aged 18-84 y) increased from 6.6%
(prestandardization) to 12.3% after standardization. Thus, the
prevalence of vitamin D deficiency for these relatively cognate,
predominantly white adult population samples, which were
originally extremely disparate (25.9% compared with 6.6%),
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became close after standardization (15.2% compared with
12.3%) (Table 4). The prevalence estimates for standardized
serum 25(OH)D concentrations <30 and <50 nmol/L in the 4
nationally representative survey by extended winter and sum-
mer are also shown in Table 5.

DISCUSSION

In the absence of global consensus on the concentration of
25(0OH)D that defines vitamin D deficiency, the ODIN project
consortium chose to use that assigned by the US Institute of
Medicine [i.e., <30 nmol/L (13)], which is based on risk of
metabolic bone disease. A serum 25(OH)D <25 nmol/L has
been a traditional cutoff used in Europe for several decades (45,
46). There is universal agreement that we do not wish to have
individuals in the populations with circulating concentrations
<25-30 nmol/L. On this basis, the present work, which is the
first to report to our knowledge the prevalence estimates of vi-
tamin D deficiency based on standardized serum 25(OH)D data,
suggests that vitamin D deficiency is widespread across Europe
and at prevalence rates that meet the criteria of a pandemic
(definition of a pandemic: “an epidemic occurring worldwide, or
over a very wide area, crossing international boundaries and
usually affecting a large number of people” (48). Although there
was considerable variation dependent on age group, ethnic mix,
and latitude of study populations, overall 13% of our combined
sample of childhood, teenage, adult, and older adult population
studies across Europe (n = 55,844), ranging from southern to
mid to northern European member states (35-69°N), had vita-
min D deficiency (i.e., <30 nmol/L) at the time of sampling.
That 13 in 100 European citizens have serum 25(OH)D con-
centrations <30 nmol/L, using even this relatively conservative
definition of vitamin D deficiency, translates into enormous
numbers of individuals and highlights the need to devise strat-
egies for prevention of vitamin D deficiency in Europe. For
example, taking the vitamin D deficiency estimates of 12.5—
15.2%, 12.3%, and 22.0% from the nationally representative
nutrition/health surveys for Germany, Ireland, and the United
Kingdom included in the present work would relate to 10.9, 0.6,
and 14.1 million individuals, respectively, in these member
states alone based on their recent census data. It is also worth
noting that other expert bodies have suggested vitamin D de-
ficiency is defined by a higher serum 25(OH)D threshold of 50
nmol/L (47). Using serum 25(OH)D <50 nmol/L in the same
surveys would translate to 44.9, 2.1, and 32.6 million individuals
in Germany, Ireland, and the United Kingdom, respectively,
having deficiency as defined by this threshold.

The importance of using standardized serum 25(OH)D data in
the present assessment of the prevalence of vitamin D deficiency
in Europe was exemplified in the upward and downward revision
of prevalence estimates after standardization in some studies. For
example, 10.4 million fewer German adults and 267,000 more
Irish adults had vitamin D deficiency by using the estimates
based on standardized compared with the corresponding non-
standardized serum 25(OH)D data from these surveys. It should
be stressed that standardization had very little impact on serum
25(0OH)D data from a minority of population samples included in
this work, which relates to the types of 25(OH)D assays used in
these studies as these perform comparably to LC-MS/MS from
an analytic perspective.



CASHMAN ET AL.

8 of 12

8Byl = U

{[230) SNAN £ 61= pue £ g[—] ojur paynens sem ddures oy ‘suonendod ynpe 10p[o/NPe PUE USIP[IYD IYIO (Im UOosLIedwod mo[e 03 “YIom Iy 10j Inq ‘K ¢'[= paSe s[enpIAIpUI JO sem SNAN UL,
'S 9[qe[, ur soAIns 4 asoy) 10 A[oyeredos pajuasald ore viep palySIoM ‘SAIpMIS JAYIO (M UOSLIEdWOD 10§ SAIRWNSO PAIYTIomun uo paseg,

“(sonfea yons [[e) sosoypuared ur sO)RWSS PARIqIEd-dSAA UO SID %S6,
‘uopam§ pue ‘Auewren ‘winiSeg ‘eouer] ‘etnsny ‘AreSuny ‘Aei ‘ureds ‘eoeern,

'@ urweyALxoIpAy-67 ‘A(HO)ST ‘weidold UonezipIepuelS (J UIWBIA JSA QOURIQJaI ‘JaI 9 JIPION MAN AYI[eay & YSnoiy) uaIp[ryo ystueq

10} eay pue juswdo[aadp ‘Sureg-[fom ewndQ ‘SNJdO ‘ApniS uI00H MaN ‘SHN ‘AoAaIng uonimnN pue 121 [euoneN ‘SNAN ‘Anowonoads ssew wopuel—AydeiSorewoyd pmbi ‘SIN/SIN-DT ‘WepIaswuy
Apmig SISy reurpmISuo ‘YSV (SIUISI[OPY PUB UIP[IYD) JOJ ASAINS UOIIBUTWEXF PUB MIIAINU] Y)[BSH UBULIDD ‘SOOTY ‘SNILIS [BUONINNN PUB JUSWYSLINON S JUBJU] ‘SNNT ‘ApmiS yimoln Ayiesy ‘SOH
00u0dsajopy ur uonmnN £q odoing ur 9[K1sayrT AYifesy ‘YNHTAH ‘uotun) ueadoinyg ‘N SINPY J0J AOAINS UONBUIWEXF PUB MIIAINU] [I[edH UewLIon ‘SOF( (ANqndaosng juswuoIAug/auan) 93y ‘SHOV
"SI/SIN-O'T pazipiepuels £q pozAeue seam dfdures s[oym oy ‘SIN/SIN-O'T ASAA Ul "'SIN/SIN-O'1 Aq pezA[euear jesqns oy yim [0o0301d JSAA U Aq paziprepue)s o[duwes ot 0} s10§o1 pajeIqIed-dSAA,

(8°06 ‘v'¥8) 9'L8

(6'09 ‘T'LS) 1°6S

(0°0€ ‘1'LT) 9'8C

(00T ‘191 181

61 ‘v'68) L0V

FTTS10 61T

(€LY ‘L'EY) S'SY

PaleIqIED-dSAA

(9¢ “s¢) (puequry) (nuweey) Apmg

0'L8 0'LS 0'8C 081 S6¢ 9'€T 6'vr [PUISIQ  QI€]  SURQI[OA PUE YI[edH JUBISIIA USIUUL]
(988 ‘T'18) #'S8  (€1L°0°99) 889 (€9% ‘¥'It) 8¢y (9°0€ ‘L'12) TIT (TT9 ‘6'SS) 1'6S  (6°L1 “L'L1) LT  (0°09 ‘8°€S) 0'LS  PARIQIED-dSAA
6'¢6 ¥'L9 LS 81 LIS 1'¢€C 0'€S [PUISLIO  616S (¥€) (puefad)) YiaeAoy-SHOV
(6601 ‘6'L6) 6'€0T  (8%8 ‘L'¥L) €56 (LIS ‘T'¥Y) 6Ly (THE ‘080 1'1€ (S7L9 ‘L'8S) 1'€9 (S'€TL'TT) 9CC (T69 ‘€09) L'v9  paeiqied-dSAA
0°€01 L6L 06t 8¢ L€9 8°1¢C €69 [euIdQ 16 (€¢) (spueloyIoN) VSV'1
6'S6 1'¢L 9P 1's¢ 1'6S LT S6S SIN/SIN-DT-dSAA  LT9T (2€) (spueproyioN) SHN
(FLOT ‘T€8) €66  (I'S8“9+9) 6'7L (619 ‘CHh) 0°€S (I'Ly ‘L'0E) 165 (TEL0FS) §€9 (681 ‘91 9'LT  (L'vL “TSS) 0°S9  PaeIqed-dSAA (1€-62)
S'16 7’89 9'v¥ 1°0¢ LSS €61 8LS [BUISLQ LI8CT  (AemION) £oamg yi9—Apmg @swor],
©¥8 ‘4’28 0F8 (9719 °0°09) 809 (1'9€ ‘#'S€) 1'9¢ (19T ‘€'ST) €6 (S'8F ‘6'9p) L'Ly (+'81 ‘8°L1) I'ST  (S'0S ‘96¥) 1'0S  PareIqIED-dSAA
006 009 08T oyl 0y 9vC €9y [UISLIO  $669 (8¢ ‘L) (Auewron) L $OAA
F98 “v'eL) S°08 (199 “0°6S) §T9  (£T€ ‘T8T) €0€ (L0T LY L'LL (9% °STH) 9%y (I'IT 0°61) 00T (9°6¥ ‘9°¢h) 9°9v  pareIqIeDd-dSAA (97) (wop3ury]
$'98 865 L9t 'yl ¥y 9'TC 8 [euISIO  LL6 paaun) (£ 61=) SNAN
(6'L8°S€L) T'I8  (T89 °L'09) S+9 (6°SE ‘1'2E) 0FE (61T ‘19D 061 (+0S ‘6°Sh) T8 (£0T ‘T8I) T6I (816 ‘8'SH) 887 PaAeIqIed-dSAA (97) (wop3ury]
6'L8 6'19 L0g 1'SI 'Sy 0ce I'Ly [BUISLO TS paun) ., (£ 81-1) SNAN
(S'€8“v'T8) 68  (81L‘CIL) 9IL (0°0F ‘0°6€) ¥'6€ (SHT 9€D) I'vT (£€S ‘TTS) 6T (L'61 ‘881 T6I  (44S “L'€S) 0'FS  PareIqIeDd-dSAA
8'L6 ¥'19 €6 14! STy S'LT 8Ly [euISIO - ST10°0T (S7) (Auewrren) . SOOI
(¥2) (puerar)) Apmg
€L6 OLL 881 80¢ 1'€9 ¥'0C ¥'€9 SIN/SIN-DT-dSAA  THL uoyo) g ANITASVE H10D
1'6L €69 454 T0¢ 9¥S L'SI [ %Y SIN/SIN-D'T-dSAA
9.8 0'L9 8°6C 0'sc ey 8¢ S6¥ [euIsiQ  GIC (€£2) (99921D) SNNI
(T6L‘96S) ¥'69 (9769 ‘9°9p) 1'SS  (6°S¥ ‘8'1€) 6'8€  (1'SE ‘8°CT) 68T (9°€S ‘T8 6'Sy (9°€l ‘€11 Tl (I'SS ‘S6€) €Ly pareIqIed-dSAA
) 808 95 [m8% 0'L9 881 0'69 [euIso 908 (22) (99921D) SOH
(F'E€LS69) ¥'IL  (6°0S ‘08%) ¥'6¥ (SST 9€T) SHT (€91 ‘8% 9°ST (S9¢€ “THE) +'6€ (081 “C°LI) L'LT (S6€ ‘T'LE) €8€  PAarIqIED-dSAA (1z-61)
006 19 9'8C 691 8TH 1'€C 99t [PUISLIO  6£6 (RemIoN) sormng 1n :Apmig @swory,
(@6 ‘1'8L) 798  (I'€L ‘+'6S) €99 (1'0S ‘L'ty) L'y (0°€E ‘172 $8C (S19 “T6v) +'SS (8'LI ‘9°GI) L'9T (€79 ‘6'6v) 19§ PaeIqied-dSAA
St6 L 08t 6'6C 009 L3I 809 [PUISLIO  6LL (81 “L1) (rewue() (surfeseq) SNAO
(9°€L“8'89) TIL  (8€9°S8S) TI9 (0¥ 'L'9¢) '8¢ (1'ST ‘6'81) 0°CT (TTS ‘I'8Y) TOS (#'SI ‘€'S1) €61 (971G ‘8°9%) Tor  PARIQIED-dSAA
0'86 90L cey 6't¢C 0'9S 97T €8¢ [euIsiQ 9001 (91 ST) (;setmunod NF 6) VNATIH
0s6 WL wse nws UBIPIN as UBON BIA “J/[Owu N (321) (Anunoo) Apmg

Q[NUADIG

‘a(HO)ST wnieg

[BIEp PazIpiepuels pue pazipiepueisun suisn suonendod ueadomy ur suOnENUSIUOd Q(HO)ST WSS Jo sd[uadiad yige PUE ‘WS, “YIST ‘YIS PUB ‘SUBIPIW ‘SIS ‘SUBIA

€ H'TdVL



9 of 12

VITAMIN D DEFICIENCY IN EUROPEAN POPULATIONS

"sosodind uostredwoo pue UOHBULIOUL 10 PApNIOUl (LE “p[) SAIpMIS paziprepuels snolaaid woly eled,
"K[9AORdSaI ‘95()'7T PUB %7 8T “T/[OWU (¢> Juadiad pazipiepuels pue [BUISLIO ‘84|
= u :[eJ0) SNAN ‘£ 61< Pue g[—] ol paynexns seam sjdures ayy ‘suone[ndod 3npe 19p[o/A[NPE PUE UIP[IYD JAYI0 YIIM UOSLIEAWOD MO[[e 0} I0M SIY) 10§ Inq ‘A ¢ | = Pa5e S[enpIAIpUI JO sem SNAN YL

G 9[quL ut skoaIns 1 osoy) 1oy A[oreredos pajuasard ore eiep pajySIom ‘soIpmis IOyl YA uostiedwiod 1o sajewnse pajySromun uo poseq,

“(sonfeA yons [[e) sesayjuared ul sajewnsd pajeIqed-dSAA UO SID %S6,
“uopamg pue ‘Auewen) ‘winiSrag ‘eouel] ‘ensny ‘AreSuny ‘Aey ‘uredg ‘9090210,
' urweAKXoIpAY-G7 ‘A(HO)ST ‘weidold uoneziprepuelS ( UIBIA ‘JSAA 99UI0JaI ‘JoI 1] JIPION MIN AI[eay & YyInoIy) udIp[Iyo ysiue Joj yireay pue juswdo[oadp ‘Sureq-fjom rewndQ ‘sndo ‘Apms
w00 MIN ‘SHN ‘A9AIng uoniynyN pue 191 [euoneN ‘SNAN ‘AAInS uonmny Inpy [euoneN ‘SNVN ‘Anowonosads ssew wapuei—Aydeisojewoiyd pmbiy ‘SIN/SIN-DT ‘weplaswy Apni§ SuiSy [eurpmisuor]
VSV $SIUQDSA[OPY PUB UAIP[IYD) 0] A9AING UOIBRUIWEXF PUB MIIAINU] YI[BOH UBULIID) ‘SOOI SNJLIS [BUONLINN PUL JUSWYSLINON $ JUBJUT ‘SNINIT ‘APMIS Yi[eoH 0[SO ‘O dNH ‘ApmS yimoin Ayiesy ‘SOH
£90u00sa[opy Ul uontnyN Aq adoing ur 9[A1seJ1T AyIfeoH ‘YNATHH <uorun) ueadoiny ‘g :SINPY I0J A9AING UONBUIIEXH PUB MIIAIU] I[BOH UBWLIAD) ‘SO ‘AN[IqNdoosng JUSWUOIIAUFH/QUN) 93V ‘SHOV
"SIN/SIN-O'T paziprepues £q pozA[eue seam djdues s[oym ay) ‘SIN/SIN-O'T dSAA Ul "SIN/SIN-O'T Aq paz&[euear josqns oy yim [0d0101d JSAA 2y Aq pazipiepuess o[duwies duy) 0} S19JoI PAJRIQIEI-dSUA,

(L'EL*S19) L'L9 (L'8T ‘€'81) 9°€C (ST “8'9) 6°01 (€L0) ey 8% 00 pareIqIeD-dSAA 607€ (LE) (Hrewua) 4900T WIeH
(L'IL *6'6S) 9°S9 (€1€ °0vD) 6'LT Lz oLy 96l (F'S1 °6'8) 0°Cl ©Cl ‘v 68 pareIqIeDd-dSAA Twol (Lg) (KemIoN) ,04INH
(9°08 0°0L) L'SL (68 6'S) 99 (¢ ‘9on €t L0T0 ¥0 (L0000 pajeIqIED-dSAA 01t (LE) (puepuid) 41107 WIESH

018 6'Sy 1'6C €Tl 0L SIN/SIN-DT-dSAA 8111 (#1) (puerarD) 4, SNVN
(8°68 ‘598) 0'68 (I'S9 ‘TT9) L'€9 WIS ‘v'sy) €Ly (€1€ ‘10 §'8C (TTT ssD) T8l pareIqIEeD-dSAA (9¢ “g¢) (puequry)

868 1'$9 008 $'8T T8l [eudLQ 01€1 (nuweepy) Apmg SURq[IOM Pue YI[ESH JUBISIA YSIUUL{
($'68 ‘9'18) 8'68 (€°LE “TOE) 9°¢€ 0°€T ‘6'ST) L'61 LI1°9Y) ¥'8 WLeD Ty pareIqIed-dSAA

€es 6'9% TIg TLI 1l [euISLIO 61SS (¥€) (puered)) YiaeNAoY—SHOV
($°SL “$°09) 089 (€€ ‘€T $°8C (L'81 “T01) 9°€1 (69 °9¢) 9t e pareIqed-dSAA

S'L9 $'9C 0TI 8¢ ST [euISLO S16 (€€) (spuelRyIaN) VSV'1

6LL 9¢e 061 6 6 SIN/SIN-O'T-dSAA LT9T (z¢) (spuepoyIAN) SHN
(F'68 ‘€¥S) ¥'SL (9°6€ ‘¢€°L) 9'81 (S91 ‘v'1) 8°¢ v ‘1°0) 60 (810 €0 pareIqIeDd-dSAA

9¢8 $'9¢ 91 6t 0T [euIsLQ LITI (1€-67) (KemioN) £oaimg y9—£pmg @swor],
(S'16 “T°06) 606 (966 v°€S) S¥S (F'S€ “1°€8) €€ (L€l Te) 6Cl (LY 8 Ty pareIqIED-dSAA

€88 809 {aa% 0'8C ¥61 [eusuQ $669 (8T “L7) (Auvewion)  SOAA
($96 ‘TLY) ¥'16 (L09 ‘¥'SS) 6°LS (8'S¥ ‘9'6¢) 8T (78T ‘6°00) 0'+C (61 “LTI) 891 pareIqIed-dSAA

988 19 8P L0g 81T [euISLO LL6 (97) (wopSury] payun) (£ 61=) SNAN
(€726 ‘L'L8) ¥'06 (L'LS ‘€'6Y) ¥'€S (L'6€ ‘T'TE) 9°SE (S'1T €S ¥'81 (61 ¥'6) LTI pareIqED-dSAA

8'88 €8S 17 €¢€T 61 [euIsLQ 11s (97) (wop3ury payun) ., (A 81-1) SNAN
(978 ‘0°¢8) 8'¢8 (S'S¥ “Sep) Svr (L'9T ‘0°ST) 6'ST (STLTID 611 (§9°96) 09 pareIqIED-dSAA

€68 129 6rh 6'SC €8l [eusLQ S10°01 (§7) (AuewreD) L SOOTY

I'vL L9T Tyl 9 971 SIN/SIN-DT-dSAA L (+2) (puerar)) Apmg 1oyoDd yuig ANITASYE 30D

T06 Soy €Te Y A SIN/SIN-DT-dSAA

098 1'6S 8'TY K4 61 [euISLO ST (€2) (999919) SNNI
(966 ‘TT6) ¥'L6 (1°¢8 ‘009 +'29 (LS ‘8°TI) L'8T (981 ‘9'1) 6'9 (T6 40 TT pareIqIed-dSAA

€69 €SI Y L0 10 [euISLQ 908 (22) (921D) SOH
(996 “T°$6) 096 (S'LL6°€L) T9L ($29 ‘S'LS) ¥'6S (I'T¥ “v'9¢) 9°6¢ (96T ‘TYD) €°LT pareIqIeD-dSAA

S'L8 809 Sy 6'8C SLI [eusLQ 6£6 (12-61) (KemioN) soxmng 31 :Apmig @Swor],
(8°€6 ‘S'LL) TLS (S°TS ‘9+T) 8°9¢ (99T ‘T°01) 091 (101 ‘T¢) T9 (8S v 9T pareIqIeDd-dSAA

¥'8L (414 9Tl 0¢ v [euISLO 6LL (81 “L1) Cewud() (Surpseq) SNdO
(€86 °L'S6) €°L6 (9°€S “0°SP) v'6v (8'1€ ‘THT) €8T (LY1 °S'6) TTI 96 °LY) 6L pareIqEed-dSAA

L6L €LE 6Ll 1'6 Lt [euISLQO 9001 (91 “S1) (;semunod NF 6) VNATAH

SL> 0S> or> 0g> sT> 1/lowu N (Jo1) (Anunoo) Apmg

7J/Iowu ‘SpIoysaIy) Mo[eq AFeIUIOId]

‘A(HO)ST wnidg

,SUONENUU0d ((HO)ST WNISs PazIpIepue)s pue paziprepuejsun Suisn suonendod ueadoiny ur smels ( UNUEBIA MO[ JO S0US[BAI]

¥y 414VL



10 of 12

TABLE 5

CASHMAN ET AL.

Prevalence of standardized serum 25(OH)D concentrations <30 and <50 nmol/L for 4 national nutritional/health surveys based on weighted data, stratified

by extended winter and summer'

% Serum 25(OH)D <30 nmol/L

% Serum 25(OH)D <50 nmol/L

Study (country; n) (ref) Yearly Extended winter Extended summer Yearly Extended winter Extended summer

KiGGS (Germany; n = 10,015) (25) 12.5 21.1 5.7 45.6 64.3 30.7

DEGS (Germany; n = 6995) (27, 28) 15.2 25.5 6.9 56.0 74.9 40.7

NDNS: Rolling Program Year 1-4 22.1 31.8 15.3 554 69.3 45.7
(United Kingdom; n = 1488) (26)

NANS (Ireland; n = 1118) (14) 12.4 19.7 6.6 46.0 61.2 354

"Extended winter: November—March; extended summer: April-October. Values are based on weighted estimates. DEGS, German Health Interview and
Examination Survey for Adults; KiGGS, German Health Interview and Examination Survey for Children and Adolescents; NANS, National Adult Nutrition
Survey; NDNS, National Diet and Nutrition Survey; ref, reference; 25(OH)D, 25-hydroxyvitamin D.

As expected, there was considerable variation in prevalence of
vitamin D deficiency among the European Union countries,
which appeared to be dependent on age group. In studies of adult
and older adult populations, the prevalence of vitamin D de-
ficiency was much less in the more northerly latitude countries
such as Norway, Iceland, and Finland, whereas more mid-latitude
countries such as the United Kingdom, Ireland, Netherlands, and
Germany had a higher prevalence, even accounting for ethnicity.
The amplitude of an increase in prevalence in vitamin D de-
ficiency in extended winter compared with extended summer was
also much lower in the northerly latitude countries, which is
likely attributable to higher rates of vitamin D supplement and/or
food fortification use in these countries (49-51). In the case of
the childhood population studies, the relatively mid-latitude
countries (47-60°N) had a higher prevalence range (5-20%)
than did southern countries (<41°N) at 4.2-6.9%.

The present findings may also be of importance to risk
managers in the European Commission and the various member
states within Europe as they highlight population subgroups
within Europe that may be at increased risk of vitamin D de-
ficiency and that may require a specific focus on devising public
health strategies for the prevention of deficiency. Nonwhite
populations in Europe are at higher risk of vitamin D deficiency
than their white counterparts. For example, compared with white
populations in the United Kingdom, Norway, and Finland, the
nonwhite population subgroups have 3- to 71-fold higher yearly
prevalence of vitamin D deficiency. Differences also exist within
different nonwhite ethnic groups residing in the same country.
For example, within the Finnish Maamu representative sample,
the Kurdish immigrant subgroup (n = 500) had a much higher
prevalence of yearly serum 25(OH)D <30 nmol/L (50.4%) than
the Somali immigrant subgroup (28.0%; n = 364), and both were
much higher than either the Russian-speaking white immigrant
subgroup (4.5%; n = 446) in Maamu or the general Finnish
native white adult population as studied in the representative
Health 2011 survey (37) (0.4%; n = 4102). Although not as-
sessed in the present analysis, the subjects of Kurdish origin
(born in Iraq or Iran) in the present study generally have, on
average, a lighter skin pigmentation than those of Somali origin,
highlighting that skin color is only part of the reason for lower
vitamin D status in certain ethnic groups and that other (dietary,
cultural, and biologic) factors influence the prevalence of vita-
min D deficiency. As an additional insight, although cognizant
of the fact that the numbers were low and thus caution is needed
in their interpretation, the current analysis of standardized serum

25(OH)D from the United Kingdom’s NDNS (all subjects)
showed that the prevalence of vitamin D deficiency was 35.7%
and 59.6% in black (n = 28) and Asian participants (n = 52),
respectively, compared with 19.6% in white participants (n =
1359). Standardized serum 25(OH)D data for South Asian
(Pakistani) immigrants in Oslo, Norway, also highlight an ex-
tremely high prevalence of vitamin D deficiency (64.8%, n =
176) relative to that in the white native adult population (1.3%,
n = 866) (37). European teenagers, aged 15-18 y, seemed to
exhibit a higher prevalence of vitamin D deficiency (range:
12.2-39.6%) than did other age groups (range: 0.9-19.6%),
a phenomenon observed previously (52-54). It is worth noting
that none of the studies included pregnant women or older adults
in care homes, both life-stage groups that are considered vul-
nerable to vitamin D deficiency. In general, sex differences in
the prevalence of vitamin D deficiency within the collection of
population studies were not very pronounced compared with
ethnic and some age-grouping differences. Thus, risk of vitamin
D deficiency was largely similar in males and females of both
young and older European populations.

The key strengths of this study were the inclusion of the 18
representative European population studies of children, teen-
agers, adults, and older adults, representing a sizable geo-
graphical footprint with 55,844 total participants, and our ability
to standardize their serum 25(OH)D data so as to better quantify
the prevalence of vitamin D deficiency in Europe and inform
development of prevention policies. In terms of limitations of this
study, it is worth noting that some of the studies were 7-11 y old,
and vitamin D supplement and/or fortified food usage patterns
and formulations as well as adherence to sun awareness cam-
paigns since that time may have altered, which would affect
these estimates.

In conclusion, vitamin D deficiency is evident throughout the
European population at prevalence rates that are a matter of
concern and that require action both from a public health and
a clinical perspective. What direction these strategies take will
depend on risk managers. Although there have been some
guidelines on sun exposure (55), the question of whether a
minimal-risk approach to UV-B exposure would enable vitamin
D production without increasing the risk of skin cancer is still
outstanding. It is the view of this consortium that these factors re-
emphasize the need for public health strategies to explore food-
based solutions for prevention of vitamin D deficiency. The pros
and cons of vitamin D supplementation and/or food fortification
have been well documented in recent times (49, 56-58). Finally,
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assessment of the prevalence of vitamin D deficiency within and
between populations is enormously enhanced by use of stan-
dardized serum 25(OH)D data.
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