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Abstract The U.S. Institute of Medicine considers that a
serum 25-hydroxyvitamin D (250HD) concentration

>20 ng/mL corresponds to optimal vitamin D status in the
general population. Old studies of vitamin D status in the
French general population have demonstrated high preva-
lence of insufficiency. We measured serum 250HD,
1,25(0OH),D, PTH, calcium, phosphorus, and creatinine
levels in 892 French Caucasian healthy subjects (463 men,
429 women) aged from 18 to 89 years. The 250HD con-
centration was similar in men (24.1 + 8.2 ng/mL) and
women (23.4 £ 8.0 ng/mL). 250HD concentrations of
<10, <12, <20, and <30 ng/mL were found in respectively
6.3, 9.9, 34.6, and 80.3 % of subjects. Residence in
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northern France (odds ratio [OR] 1.91), blood sampling
between January and March (OR 7.74), BMI >24 kg/m2
(OR 1.81), and age 60 years or more (OR 1.99) were sig-
nificant determinants of hypovitaminosis D (250HD
<20 ng/mL). The serum 250HD level correlated posi-
tively with 1,25(OH),D and negatively with PTH. 250HD
values below 20 ng/mL were associated with lower
1,25(0OH),D levels, and 250HD values below 27 ng/mL
were associated with higher PTH levels. Many French
healthy adults have a 250HD concentration <20 ng/mL,
especially during winter months. Actions to improve the
vitamin D status of the French general population are
urgently needed.

Keywords Vitamin D - 25-Hydroxyvitamin D - Vitamin
D deficiency - Parathyroid hormone - Calcitriol

Introduction

The serum 25-hydroxyvitamin D (250HD) concentration is
the generally accepted marker of vitamin D status [1, 2],
but the range of 250HD levels associated with optimal
vitamin D status is controversial. There is good agreement
that a 250HD concentration <10—-12 ng/mL reflects severe
vitamin D deficiency associated with a risk of rickets/os-
teomalacia and/or diffuse pain. The U.S. Institute of
Medicine considers that a 250HD concentration above
20 ng/mL represents optimal vitamin D status for the
general population [2], while the Endocrine Society con-
siders that a concentration above 30 ng/mL is more
appropriate for patients with osseous, renal, digestive, or
phosphocalcic disorders [1].

Only two epidemiological studies have examined the
vitamin D status of the healthy general population in
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France. Among 1569 subjects who participated in the
SUVIMAX study in 1994, the 250HD level was 24.4 ng/
mL on average and 12 ng/mL or lower in 14 % of cases
[3]. In another group of 1824 subjects included in the same
study, the 250HD concentration was 20.0 ng/mL on
average, <20 ng/mL in 57.7 % of cases, and <10 ng/mL in
14.8 % of cases [4]. In the ENNS study (Etude Nationale
Nutrition Santé, 2006-2007), the 250HD concentration
was 23.0 ng/mL on average (n = 1587), <10 ng/mL in
4.8 % of participants, <12 ng/mL in 9.0 %, <20 ng/mL in
42.5 %, and <30 ng/mL in 80.1 % [5]. These studies
showed that vitamin D insufficiency, and severe vitamin D
deficiency, were frequent in the French general population,
and the authors called for urgent measures to improve the
situation. These studies also identified several risk factors
for vitamin D deficiency, such as old age, ample clothing,
and obesity/overweight. Consumption of vitamin D-forti-
fied foods or vitamin D supplements, and frequent outdoor
activity, were associated with better vitamin D status.

As these studies were conducted many years ago, and
vitamin D supplementation was intensively promoted in
France, we re-examined the current vitamin D status of a
large group of French healthy adults enrolled in the
VARIETE study. We also sought risk factors for low
vitamin D levels (250HD <20 ng/mL).

Subjects and methods
Subjects

We studied healthy volunteers who participated in the
VARIETE study, a population-based cross-sectional study
designed to recruit a reference population in order to har-
monize normal adult serum IGF-I values (ClinicalTrials.-
gov identifier: NCTO01831648). The subjects were
recruited, with their written informed consent, by the
clinical research units of ten university hospitals distributed
throughout France (Fig. 1), between January 2011 and
February 2012. To be included in the study, subjects had to
have a normal physical work-up (weight, height, blood
pressure, nutritional status, and gonadal/sexual status),
normal laboratory values determined after an overnight fast
(plasma sodium, potassium, calcium, phosphate, creatinine,
glycemia, total cholesterol, liver enzymes, TSH, blood cell
counts, albuminemia, prothrombin time, and HIV and HCV
serology), age 18-89 years, and BMI between 19 and
28 kg/m>. The exclusion criteria were a medical history of
thyroid, renal, hepatic, cardiovascular, pulmonary, intesti-
nal or psychiatric disorders, cancer, epilepsy, onset of ill-
ness during the week preceding inclusion, ongoing
consumption of tobacco or other toxics, and any treatment
potentially modifying IGF-I or -calcium/phosphorus
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metabolism (antiandrogens or antiestrogens, loop diuretics,
hydrochlorothiazide, CYP-inducing drugs, bisphospho-
nates, and other anti-resorptive drugs). In addition to the
blood samples necessary for the screening biological
evaluation, 50 mL of whole blood and 30 mL of EDTA
blood was obtained from each subject. Blood was promptly
centrifuged (3000 rpm at 4 °C), and serum or plasma was
aliquoted in polypropylene tubes that were immediately
stored at —80°C. This study was funded by Programme
Hospitalier de Recherche Clinique, French Ministry of
Health, No. P081216/IDRCB 2009-A00892-55, and was
approved by the Paris-Sud Ethics Committee in November
2009.

Laboratory methods

The biological parameters of the healthy volunteer
screening evaluation were determined locally by the lab-
oratories attached to the clinical research units, using
standard chemistry. The CKDepi formula was used to
estimate the glomerular filtration rate (eGFR). PTH,
250HD, and 1,25(0OH),D measurements were centralized
and done in batches by means of immunochemilumines-
cent assays on the LIAISON XL automated platform
(DiaSorin, Stillwater, Mn, USA), using serum samples that
had never been thawed. Table 1 shows the analytical per-
formance of the 3rd-generation PTH and 250HD assays, as
evaluated by one of us (CM), and the analytical perfor-
mance of the 1,25(0OH,)D assay as reported in [6].

Statistical analysis

Quantitative variables are reported as mean £ SD. Asso-
ciations between serum 250HD concentrations and other
quantitative variables were assessed by simple regression
analysis. The LOWESS representation was used to smooth
the relationships between 250HD and PTH and between
250HD and 1,25(OH),D. Variables significantly associ-
ated with 250HD were included in a model for multiple
regression analysis. The odds ratios of 250HD <20 ng/mL
were calculated for potential risk factors using the Woolf’s
method. Unpaired data were compared by ANOVA. p-
values <0.05 were considered significant.

Results

Nine hundred and seventy-two subjects were initially
recruited. Eighty were excluded for several reasons (see
Fig. 2). The study population thus consisted of 892 subjects
(463 men and 429 women) whose main characteristics are
summarized in Table 2. All had normal calcemia, phos-
phatemia, albuminemia, and eGFR values. The 250HD
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Fig. 1 The coloured circles represent the geographic locations of the clinical research units that recruited healthy subjects to the VARIETE
study. The solid black line is the (arbitrary) separation between Northern and Southern France

serum concentration did not differ between men
(24.1 £+ 8.2 ng/mL) and women (23.4 £ 8.0 ng/mL). The
250HD concentration was <10 ng/mL in 56 (6.3 %),
<12 ng/mL in 88 (9.9 %), <20 g/mL in 309 (34.6 %), and
<30 ng/mL in 716 subjects (80.3 %). Residence in North-
ern France, blood sampling between January and March,
BMI >24 kg/m? and age >60 years were significant risk
factors for suboptimal vitamin D status (Tables 3, 4).

In simple regression analysis the serum 250HD con-
centration correlated positively with serum 1,25(OH),D
(r =0.210; p < 0.001) and negatively with serum PTH

(r=—-0.272; p <0.001), age (r = —0.159; p < 0.001),
and BMI (r = —0.158; p < 0.001), but did not correlate
with eGFR, serum calcium, phosphate, or albumin. These
correlations remained significant in multiple regression
analysis. The Lowess curve of the relationship between
serum 250HD and 1,25(OH),D showed an inflexion point
at a 250HD concentration of 20 ng/mL, below which the
slope was steeper (Fig. 3a). Similarly, the Lowess curve of
the relationship between serum 250HD and PTH showed
an inflexion point at a 250HD concentration of 27 ng/mL,
below which the slope was again steeper (Fig. 3b).
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Table 1 Analytical performance of the LIAISON 3rd-generation PTH and 250HD immunoassays, as evaluated by one of us (CM), and of the

direct 1,25(OH),D assay, as published in [6]

3rd-generation PTH assay

250HD assay 1,250H2D assay

Sandwich
3.2 % at 25.7 ng/L
3.2 % at 284 ng/L

Principle of the test
Intra-assay coefficient of variation

Inter-assay coefficient of variation 12.2 % at 16.9 ng/L

9.9 % at 160 ng/L

Lower limit of quantification 4 ng/L

3-step sandwich

1.0 % at 22.1 ng/L
1.4 % at 44.6 ng/L
1.7 % at 79.5 ng/L
1.5 % at 129.5 ng/L
2.7 % at 184.7 ng/L
7.1 % at 22.1 ng/L
5.3 % at 44.6 ng/L
14.0 % at 79.5 ng/L
5.4 % at 129.5 ng/L
6.6 % at 184.7 ng/L
5 ng/L

Competition
2.2 % at 17.9 ng/mL
2.7 % at 51.9 ng/mL

9 % at 17.9 ng/mL
7.9 % at 34 ng/mL

4 ng/mL

972 apparently healthy
subjects were assessed for
eligibility

-2 excluded because their informed
consent was not available

-60 excluded because abnormal
values were found in the screening
evaluation

-18 excluded because no serum
sample was available for 250OHD
testing

892 subjects were
analyzed
(463 men/429 women)

Fig. 2 Flow chart of enrolment/exclusion

Discussion

Data on the vitamin D status of the general populations in
the USA, Canada, and Scandinavian countries are plentiful
[7-10], but only two old studies were previously available
for France [3-5]. Here, in a large group of French Cau-
casian healthy adults, we found that the 250HD concen-
tration was below 20 ng/mL in more than one-third of
cases. Although large, this fraction is smaller than that
found in the French studies SUVIMAX, conducted in 1994
(57.7 % [3, 4]) and ENNS conducted in 2005 (42.5 % [5]).
This apparent decrease in the prevalence of low vitamin D
levels might be related to greater public awareness of the
potential beneficial effects of vitamin D and of the high
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frequency of vitamin D deficiency in the general popula-
tion. However, it could also be due to a recruitment bias.
Indeed, we applied numerous inclusion/exclusion criteria
and, despite being apparently healthy, 60 (6.7 %) of the
subjects who were initially recruited to the study were
subsequently excluded because of abnormal results in the
screening biological evaluation. In addition, overweight, a
well-known risk factor for vitamin D deficiency, was not an
exclusion criteria in the SUVIMAX and ENNS studies,
while most of our subjects had a normal BMI (average
23 kg/m?). Another point that may partly explain the
above-mentioned discrepancies between the results of the
present study and those of the SUVIMAX and ENNS study
relates to the fact that different 250HD assays were used in
these three studies (Liaison XL in the present study, IDS
ELISA in the ENNS study [5], and Roche Cobas [4] or
IncStar RIA [3] in the SUVIMAX study). Indeed, inter-
method variability in the measurement of 250HD con-
centration has been widely reported [11-13]. It is thus
probable that some differences in the proportion of vita-
min-deficient/insufficient subjects would have been found
in these three studies if other 250HD assays were used.
Interestingly, despite a lower prevalence of vitamin D
insufficiency in our study (250HD <20 ng/mL), the
prevalence of severe deficiency was only slightly lower
than in the SUVIMAX study and very similar to that found
in the ENNS study: almost 10 % of our subjects had
250HD values below 12 ng/mL. Similarly, the proportion
of subjects with a 250HD concentration <30 ng/mL (i.e.
the cut-off value proposed by the Endocrine Society to
define optimal vitamin D status [1]) was also similar to
what was found in the ENNS and the SUVIMAX study.
It is now widely recognized that vitamin D deficiency in
adults is a risk factor for poor bone and muscle health [1],
at least in the elderly, and that vitamin D supplementation,
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Table 2 Characteristics of the healthy subjects participating in the VARIETE study. Continuous variables are presented as mean £ SD. The
subjects have been separated into 4 groups according to their 250HD serum concentration

Whole Group 1 250HD Group 2 250HD Group 3 250HD Group 4

population > 30 ng/mL 20-29.9 ng/mL 12-19.9 ng/mL 250HD<12 ng/mL
n 892 176 407 221 88
Age (years) 39.7+ 186  36.6 £ 17.2° 37.3 + 17.4% 404 + 17.9% 49.4 + 23.75%&
BMI (kg/m?) 23.0 + 2.4 22.6 £ 2.3% 22.9 + 2.4%% 23.6 + 2.9% 23.9 + 2.6%%
Serum 250HD (ng/mL) 23.8 + 8.1 35.6 £ 5.17%S 24.6 + 2.6°%% 16.6 + 2.4%3& 93 + 1.75%&
Serum PTH (ng/L) 20.6 + 8.0 18.3 + 6.9%% 19.3 + 6.6%% 22.3 + 8.6%%& 26.0 £ 11.5%%&
Serum 1,25(OH),D (ng/L) 529 + 145 552 + 13.7%% 53.4 + 14.4%% 50.7 + 13.6"%% 42.8 + 12.65%%
Serum calcium (mmol/L) 2.30 £ 0.10 2.31 £0.10 2.31 £ 0.09 2.29 £ 0.11 2.30 £ 0.11
Serum phosphate (mmol/L) 1.09 £+ 0.18 1.11 £ 0.17 1.09 + 0.17 1.09 £ 0.19 1.07 £ 0.17
Serum albumin (g/L) 43.0 £ 3.9 43.6 £ 3.9 43.0 + 3.9 427 +39 428 + 4.1
eGFR (CKDepi) (mL/min/1.73 m?) 100 + 7 101.3 &+ 16.9 101.2 £+ 17.5% 100.8 & 17.0 96.0 + 19.2%

The subjects have been separated into 4 groups according to their 25SOHD serum concentration. Between-group comparisons

* p < 0.05 Group 1 versus Group 2
# p < 0.05 Group 1 versus Group 3
$ p<0.05 Group 1 versus Group 4
§ p < 0.05 Group 2 versus Group 3
% p < 0.05 Group 2 versus Group 4
& p < 0.05 Group 3 versus Group 4

Table 3 250HD concentration

in different subgroups of N 250H (ng/mL) p versus reference
subjects Residence
Northern France 506 223 £ 8.2 Reference
Southern France 386 249 + 179 <0.001
Trimester of blood sampling
Ist trimester 80 158+ 7.0 Reference
2nd trimester 63 229 + 85 <0.001
3rd trimester 419 252 + 7.7 <0.001
4th trimester 330 23.0 £ 8.1 <0.001
Age
18-29 years 180 219 £ 9.5 Reference
30-59 years 305 243+ 74 <0.001
>60 years 407 244 £ 7.8 <0.001
BMI
<24 kg/m? 582 246+ 179 Reference
>24 kg/m> 310 222+ 83 <0.001

Data are mean & SD

usually combined with calcium, significantly reduces the
risk of non-vertebral fractures [14] and falls [15]. Many
other potential beneficial effects of vitamin D have also
been identified [16]. Even if the results of intervention
studies focusing on these so-called “non classical” effects
are conflicting, and although there is no evidence-based
250HD threshold value above which these potential ben-
efits occur, it is clearly preferable to avoid or correct

vitamin D insufficiency. Our finding that more than one-
third of our very healthy volunteers had a serum 250HD
concentration below 20 ng/mL and that more than 80 %
had a 250HD <30 ng/mL is therefore unacceptable,
especially as this situation would be easy to correct. One
way to improve the vitamin D status of the general popu-
lation is mandatory fortification of some staple foods.
Indeed, trials of food fortification [17—19] show that adding
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Table 4 Odds ratio (OR) and 95 % confidence interval [CI] for
250HD < 20 ng/mL according to risk factors

n OR P

Southern residence 506 Reference <0.001
Northern residence 386 1.91 [1.43-2.54]

2nd, 3rd, or 4th trimester 812 Reference <0.001
1st trimester 80 7.74 [3.96-15.15]

BMI <24 kg/m2 582 Reference <0.001
BMI >24 kg/m* 310 1.81 [1.35-2.43]

Age <60 years 712 Reference <0.001
Age >60 years 180 1.99 [1.42-2.79]

about 8-10 pg of vitamin D to the usual daily diet would
virtually eradicate severe vitamin D deficiency (25(OH)D
<12 ng/mL) in the general population, even if some indi-
viduals would still have a serum 250HD concentration
below 20 ng/mL and many still have a 250HD <30 ng/
mL. In France, vitamin D fortification by food manufac-
turers is voluntary. Pending mandatory fortification, phar-
macological supplementation is the best option. However,
the cost of serum 250HD assay is only covered by the
French healthcare system in a few specific clinical situa-
tions [20], meaning that vitamin D supplementation of the
healthy general population would need to take place
without prior 250HD measurement. This makes it even
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Fig. 3 Relationship between serum 1,25(OH),D and 250HD levels
(Fig. 1a) and between PTH and 250HD levels (Fig. 1b) in 892
French Caucasian healthy subjects. The solid curves are the Lowess
representations of the relationships. An inflexion point in the curve
between 1,25(0OH),D and 250HD, below which the slope is steeper,
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more important to identify subjects at the risk of vitamin D
deficiency. We identified several risk factors for low
250HD serum concentrations, including residence in
Northern France and age over 60 years. Also, although
most of our subjects had a normal BMI, we found a neg-
ative correlation between serum 250HD and BMI, subjects
with BMI >24 kg/m?* being twice as likely as leaner sub-
jects to have vitamin D insufficiency (250HD <20 ng/
mL). Studies conducted in France [5] and elsewhere [21]
have shown that dark skin, ample clothing, and little out-
door activity are associated with low 250HD levels. As we
recruited Caucasian subjects wearing western clothes, and
as we did not record the level of outdoor activity in our
subjects, we were unable to confirm these findings. As in
the French ENNS study [5], we found that blood sampling
for 250HD assay between January and March was the
factor most strongly associated with low 250HD levels
(almost eight times more frequent than during the rest of
the year), suggesting that the Health Authorities should
consider recommending routine supplementation of the
general population during the winter months.

We found that the serum 250HD concentration corre-
lated positively with 1,25(OH),D and negatively with PTH.
We identified a 250HD threshold of 20 ng/mL below
which the 1,25(OH),D concentration decreased, suggesting
that 1,25(OH),D production is somewhat impaired below
this value. Likewise, we identified a 250HD threshold of

60 -

50

40 1

30 1

20 A

10 1

0-'r T T T T T
30 40 50

$250HD (ng/mL)

60 70

is found at a 250HD concentration of approximately 20 ng/mL
(vertical arrow Fig. 2a). An inflexion point in the curve between PTH
and 250HD, below which the slope is steeper, is found at a 250HD
concentration of approximately 27 ng/mL (vertical arrow Fig. 2b)
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27 ng/mL below which the PTH concentration increased,
suggesting that this value is needed at least to control
secondary hyperparathyroidism. It must be noted that
1,25(OH),D levels continued to increase, albeit less
strongly, when 250HD increased above 20 ng/mL, and
that PTH levels continued to fall when 250HD increased
above 27 ng/mL. It was not possible to determine whether
the relationship between 250HD and 1,25(OH),D or
between 250HD and PTH starts to plateau above a higher
250HD concentration, as very few subjects had high
250HD concentrations (>40 ng/mL in 2.9 % and >50 ng/
mL in 0.5 % of subjects). Furthermore, the 250HD
threshold value below which PTH increases is reported to
be dependent on calcium intake, as subjects with the
highest calcium intake need a lower 250HD concentration
to control PTH secretion [22, 23]. Unfortunately, no data
on dietary calcium intake were available in our study.

The main strengths of this study are the large number of
healthy subjects, the population-based recruitment with
strict inclusion criteria, and the centralization of 250HD,
1,25(0OH),D, and PTH assays in a single laboratory. Sev-
eral limitations must also be underlined. First, although
also representing a strength of this study, the strict inclu-
sion/exclusion criteria probably resulted in the selection of
a population with better-than-average health and nutritional
status. Thus, the prevalence of vitamin D deficiency might
be higher in a less strictly selected population. Second, we
did not evaluate dietary/supplemental vitamin D and cal-
cium intake and could not therefore examine their impact
on vitamin D status. Third, although we employed the most
widely used automated 250HD immunoassay, and
although our laboratory performs very well in the DEQAS
international quality control programme, it is possible that
another assay method would have given different values
and thus different proportions of vitamin D-deficient/in-
sufficient subjects. Indeed, although harmonization of
250HD assay results has improved since the availability of
a reference method [24], and implementation of the Vita-
min D Standardization Program (VDSP) [25], some
between-method variability persists as indicated above.

In conclusion, approximately 80, 35, and 10 % of a
large group of French Caucasian healthy adults had a
serum 250HD concentration below 30, 20, and 12 ng/mL,
respectively. The percentage of subjects with low vitamin
D status was especially high among those sampled during
winter months. As vitamin D deficiency may lead to
impaired musculoskeletal health and, possibly, poorer
overall health, and can be easily corrected, our results call
for more widespread vitamin D supplementation and/or
food fortification, especially during the winter months. We
confirm the existence of several risk factors for vitamin D
deficiency that could be used by family physicians to

identify patients most likely to benefit from vitamin D
supplementation.
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