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Abstract

Serum levels of 25-hydroxyvitamin D are
important in establishing true vitamin D levels in
humans. The purposes of this study were to develop a
sensitive, specific liquid chromatography—tandem mass
spectrometry (LC-MS/MS) method for detection of 25-
hydroxyvitamin D, and D, and establish reference
intervals for these analytes. Chromatographic separation
of 25(OH)D, and 25(OH)D, was achieved after adding
deuterated A°-tetrahydrocannabinol (A°-THC -D;) and
organic extraction. The 3 ions were ionized using positive
electrospray ionization and detected in the multiple-
reaction monitoring mode using mass (m)/charge (z)
transitions of 318.15 > 196.20 (A9-THC-D3), 401.15 >
365.2 [25(OH)D;,], and 413.15 > 355.20 [25(OH)D,].
Reference interval study results were compared with
current 25(0OH)D recommendations.

Elution of 25(0H)D,, 25(OH)D;, and A°-THC-D,
was achieved after 3.0 minutes (total run time, 6.0
minutes). Within- and between-run coefficients of
variation were less than 11%. Deming regression of
radioimmunoassay and LC-MS/MS methods for total
25(0H)D levels yielded a slope of 0.97 (95%
confidence interval, 0.88-1.05) and y-intercept of —1.74
ng/mL. Reference intervals were less than
recommended levels (D,, 0.0-12.1; D, 5.5-41.4; total
vitamin D, 6.0-43.5 ng/mL [0-30, 14-103, 15-109
nmol/L, respectively]) with no statistically significant
differences in race, age, or sex. This LC-MS/MS method
provides a rapid, accurate, sensitive, and cost-effective
alternative to other methods for detection of 25(OH)D,
and 25(OH)D; at nanomolar concentrations.
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Hypovitaminosis D is a relatively common problem tra-
ditionally manifesting in the elderly population and in people
with severe liver or kidney disease.!? Vitamin D deficiency
has increasingly manifested in the general population due to
lack of sun exposure, poor nutritional status, and increased use
of sunscreens.’* Inadequate levels of vitamin D can lead to
increased risk of cancer, diabetes mellitus, chronic pain, and
hypertension.”>'° Vitamin D, (ergocalciferol) and D, (chole-
calciferol) may come from exogenous sources, but only vita-
min D, is produced in the skin from 7-dehydrocholesterol
upon exposure to sunlight. Vitamin D, and D, are metabolized
to 25-hydroxyvitamin D [25(OH)D, and 25(OH)D,] in the
liver and subsequently converted to the biologically active
1,25-dihydroxyvitamin D form in the kidneys. Circulating
levels of 25-hydroxyvitamin D have been demonstrated to be
the most precise marker of a patient’s vitamin D status.

Although vitamin D, is generally present in significantly
smaller quantities than vitamin D, measurement of 25(OH)D,
and 25(OH)D; has an important role in assessing clinical
nutritional status. Patients with severe vitamin D deficiency
receive therapeutic doses consisting solely of vitamin D, (up
to 50,000 IU), thus quantification of 25(OH)D, levels is
extremely important to monitor treatment effectiveness.

Several methods, including high-performance liquid chro-
matography (HPLC), chemiluminescence, and radioimmunoas-
say (RIA) have been developed for measurement of total
25(0OH)D levels. Although HPLC techniques with UV detection
are capable of determining 25(OH)D, and 25(OH)D, levels
simultaneously, there are significant drawbacks. Most HPLC
methods require large sample volumes (0.5-2 mL) and time-con-
suming procedures before quantification.!! Suboptimal cross-
reactivity of the antibody with 25(OH)D, causes underrecovery
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of 25(OH)D, in chemiluminescent immunoassays.'? Although
RIAs eliminate the need for large sample volumes, they can-
not distinguish between 25(OH)D, and 25(OH)D;. In addi-
tion, RIA methods involve cumbersome waste disposal and
have decreased precision at low concentrations.

Liquid chromatography—tandem mass spectrometry
(LC-MS/MS) is a highly sensitive technique and is consid-
ered the “gold standard” for detection and quantification of
numerous analytes. Few LC-MS/MS methods have been
described for quantitation of 25(OH)D, and 25(OH)Djy;
however, all require derivatization and/or expensive deuter-
ated internal standards. For example, the 25(OH)D LC-
MS/MS method described by Higashi et al'? had no sample
pretreatment requirements but required the use of derivitiza-
tion methods with a Cookson-type reagent. Tsugawa et al'#
introduced a liquid chromatography—atmospheric pressure
chemical ionization mass spectrometry method using
deuterated 25(OH)D; as the internal standard. The short-
comings of the latter method were complex synthesis of the
internal standard and relatively long chromatographic times
(11 minutes). Vogeser et al'®> modified the extraction proce-
dure by using solid-phase extraction to obtain further purifi-
cation before quantification of 25(OH)D, and 25(OH)D,.
Recently, Maunsell et al'® used isotope-dilution LC-MS/MS
for detection of 25(OH)D, and 25(OH)D, using a deuterat-
ed vitamin D, internal standard with longer analysis times
(8 minutes).

This article describes a sensitive LC-MS/MS method for
the detection and quantification of 25(OH)D, and 25(OH)D,
using a novel internal standard, deuterated A°-tetrahydro-
cannabinol (THC)-D, with shorter assay analysis times.
Reference interval data were obtained for 25(OH)D, and
25(0OH)D, and are discussed in relation to the Northwest pop-
ulation and recent recommendations for increasing desirable
levels of total 25(OH)D.

Materials and Methods

Chemicals and Reagents

Absolute ethyl alcohol was purchased from Aaper
Alcohol and Chemical (Shelbyville, KY), and ammonium
acetate was obtained from ICN Biomedicals (Costa Mesa,
CA). HPLC-grade methanol and n-heptane were acquired
from J.T. Baker (Phillipsburg, NJ) and Fischer Scientific
(Fairlawn, NJ), respectively. 25(OH)D, and 25(OH)D, were
purchased from Sigma-Aldrich (St Louis, MO). These 2
lyophilized powders were diluted with ethanol and used to
make working standards (concentrations of each analyte: 1, 30,
and 100 ng/mL). Control samples were prepared from pooled
serum specimens that were assayed and spiked with vitamin D

© American Society for Clinical Pathology

Clinical Chemistry / ORIGINAL ARTICLE

standards with optimal control values for 25(OH)D, and
25(0OH)D; less than 15 ng/mL (low) and 20 to 40 ng/mL
(high). The internal standard, A()-THC-D3 (Cerilliant, Round
Rock, TX), was diluted with methanol to a final concentration
of 50 ng/mL.

Sample Preparation

For each patient serum specimen and control sample,
200 pL of sample was placed in a glass 13 x 100-mm dispos-
able tube followed by 200 pL of internal standard. The sam-
ples were vortex-mixed, extracted with 1 mL of n-heptane,
and centrifuged for 4 minutes at 3,000 rpm. The organic layer
was removed, evaporated under nitrogen, and reconstituted in
100 L of ethyl alcohol. After brief vortex mixing, the sam-
ples were transferred to labeled auto-sampler vials. Control
samples were extracted with patient samples during every
run. The standards were assayed unextracted, with 100 uL of
standard mixed with 200 pL of internal standard. This solu-
tion was vortex-mixed and dried under nitrogen. Standards
were reconstituted in ethyl alcohol, and the solutions were
transferred into auto-sampler vials. Then, 20 pL of each stan-
dard, control sample, or patient specimen was injected into
the LC-MS/MS system.

LC-MS/MS Instrumentation and Analysis

The LC-MS/MS system consisted of a Waters Alliance
2795 HPLC interfaced to a Waters Micromass Quattro tan-
dem quadrupole mass spectrometer (Waters, Milford, MA).
Chromatographic separation of 25(OH)D,, 25(OH)D,, and
A9-THC-D3 was achieved with a Waters XTerra analytical
column (50 x 2.1 mm internal diameter; 3.5-um particle
size; Waters) maintained at a temperature of 35°C. An iso-
cratic mobile phase was used and consisted of 100%
methanol with 2 mmol/L of ammonium acetate and 0.1%
formic acid. The flow rate was 100 yL/min from 0.0 to 4.0
minutes, at which point all compounds of interest were
eluted. The flow then was increased to 1 mL/min and
diverted to waste as a wash step. At 5.9 minutes, the flow
decreased back to 100 pL/min. The total chromatographic
run time for each sample was 6.0 minutes, and typical elu-
tion times for 25(OH)D,, 25(OH)D,, and A9-THC-D3 were
2.90, 2.89, and 2.93 minutes, respectively. The mass detec-
tor acquisition and tune settings are shown in ITable 18 and
ITable 20. Electrospray ionization was performed in the
positive mode.

A9-THC-D3, 25(0OH)D;, and 25(OH)D, were monitored
in the multiple-reaction monitoring mode using the following
transitions: 318.15 > 196.20 for A9-THC—D3, 401.15 > 365.25
for 25(OH)D,, and 413.15 > 355.20 for 25(OH)D,.
Quantification was performed using MassLynx 4.0 software
(Waters) using integrated peak area ratios of 25(OH)D2/A9-
THC-D, or 25(0OH)D,/A°-THC-D,.
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ITable 11
Liquid Chromatography-Tandem Mass Spectrometry Instrument Conditions: MRM A cquisition Settings

MRM m/z Pairs Dwell (s) Cone (V) Collision (eV) Delay (s)
25(0OH)D, 413.15 > 355.20 0.2 15.0 10.0 0.03
25(0OH)D, 401.15 > 365.15 0.2 15.0 12.0 0.03
A9—THC—D3 318.15 > 196.20 0.2 35.0 20.0 0.03

m, mass; MRM, multiple-reaction monitoring; 25(OH)D,, 25-hydroxyvitamin D,; 25(OH)D;, 25-hydroxyvitamin Dy; AQ—THC—D3, deuterated A%-tetrahydrocannabinol; z, charge.

Method Validation

The precision, linearity, and limit of detection were eval-
uated to assess the performance characteristics of the assay.
Interassay precision was assessed for 25(OH)D, and
25(0OH)D, using a minimum of 20 low and high control sam-
ples for each analyte extracted in multiple runs per day. Intra-
assay precision used the same control samples with a mini-
mum of 20 times within a run. Assay linearity was determined
by serially diluting spiked serum samples with saline and
comparing results with theoretical values. Twenty replicate
measurements of the saline blank were used to determine the
lower limit of detection, defined as the mean of the negative
sample plus 2 SD. The biological limit of detection was estab-
lished by using the lower limit of detection plus 2 SD obtained
from a saline-diluted serum pool to achieve 3 low concentra-
tions for 25(OH)D, and 25(OH)D; using 20 replicate experi-
ments. Functional sensitivities were calculated based on the
lowest analyte concentrations of the diluted serum pools with
interassay coefficients of variation (CVs) of less than 20%.
Analytical recovery was determined by adding the vitamin D
analytes to serum at 3 concentrations (5.0, 15.0, and 100.0
ng/mL) and analyzing the specimens.

Method Comparison and Reference Intervals

The LC-MS/MS method was compared with the
DiaSorin RIA (Stillwater, MN) by using aliquots from 57
patient serum samples. Deming regression was used for statis-
tical comparison of the methods. Serum samples from 110
healthy individuals also were assayed to assess reference
intervals for 25(OH)D, and 25(OH)D; and to verify the refer-
ence interval used with the RIA method. Approval for these
studies was obtained from the University of Washington
Institutional Review Board (Seattle). Volunteers answered a
questionnaire about race, age, sex, medications, and exoge-
nous vitamin D intake. Reference interval data were analyzed
according to the National Committee for Clinical Laboratory
Standards guideline for determining reference values.!” Data
points were placed in decreasing order and evaluated to deter-
mine outliers. The central 95% of the data were taken as the
reference interval for each analyte.

Serum calcium and plasma parathyroid hormone (PTH)
levels were measured for comparison with total 25(OH)D levels
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ITable 21
Liquid Chromatography-Tandem Mass Spectrometry
Instrument Conditions: Tune Settings

Parameter” Setting
LM1 15.0
HM1 15.0
LM2 14.0
HM2 14.0
Source (C) 130
Desolvation (C) 400
Capillary (kV) 4.00

C, Celsius; HM, high mass; LM, low mass.
“ LM and HM refer to the resolution.

and with abnormal levels used as exclusion criteria for the ref-
erence interval study. Serum calcium and plasma PTH levels
were measured on the Beckman LX20 (Beckman Coulter,
Fullerton, CA) and Roche Elecsys 1010 (Roche Diagnostics,
Mannheim, Germany), respectively. Plasma and serum speci-
mens were separated and stored at —70°C until analysis.

Results

Examples of extracted ion chromatograms for 25(OH)D,,,
25(OH)D;, and A9—THC-D3 are shown in EFigure 11. Ion sup-
pression was tested by HPLC analysis of an extracted serum
specimen along with postcolumn infusion of 25(OH)D,,
25(0OH)D;, and A9—THC—D3. Minimal matrix ion suppression
was compensated for by use of a coeluting internal standard
when analyte/internal standard ratios were used for quantita-
tion.

The performance characteristics of the LC-MS/MS
method are given in ITable 31. Interassay CVs were 11.4% to
11.5% and 7.7% to 9.8% and intra-assay CVs were 6.9% to
8.8% and 6.0% to 8.0% for 25(OH)D, and 25(OH)D;, respec-
tively. Absolute recovery of vitamin D, from spiked serum
samples ranged from 93% to 106%, whereas vitamin D,
recovery was 86% to 92%. The LC-MS/MS method was lin-
ear over the working range from 1.0 to 100.0 ng/mL (r >
0.999) for 25(OH)D, and 25(0OH)D, (data not shown). The
lower limits of detection were 0.09 ng/mL and 0.06 ng/mL for
25(0H)D, and 25(OH)Dj;, respectively, and the biological
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IFigure 10 Liguid chromatography-tandem mass spectrometry (LC-MS/MS) ion chromatograms of an extracted serum specimen.
The LC-MS/MS chromatogram illustrates analyte concentrations of 29.0 ng/mL for 25-hydroxyvitamin D, and 24.4 ng/mL for 25-
hydroxyvitamin D,. The concentration of the internal standard, deuterated A%-tetrahydrocannabinol, was 50 ng/mL. Numbers at
the tops of the peaks represent the time of the peak maximum. ES, electrospray; MRM, multiple-reaction monitoring.

limits of detection also were well below the linear limits of the
assay (D,, 0.3 ng/mL; D5, 0.1 ng/mL). Functional sensitivi-
ties were 0.7 and 0.1 ng/mL for 25(OH)D, and 25(OH)D,. No
carryover was evident on the LC-MS/MS instrument at con-
centrations up to 200 ng/mL. Possible interference by hemol-
ysis, icteria, or lipemia was analyzed with the LC-MS/MS
assay and found to have no interference with measurement of
25(OH)D. Both hydroxylated forms of vitamin D were stable
during the course of extraction, during quantification, and dur-
ing several freeze-thaw cycles. 25(OH)D has been shown to
be stable up to 2 years in frozen serum and 72 hours in uncen-
trifuged blood at 24°C.!8:19

To assess correlation of the LC-MS/MS method with an
RIA, 57 patient serum specimens were analyzed by both
methods. As shown in EFigure 20, Deming regression analysis
showed that the methods were comparable and yielded a slope
of 0.97 (95% confidence interval, 0.88-1.05) and y-intercept
of —1.74 ng/mL. It should be noted that only total vitamin D
levels were evaluated owing to the cross-reactivity properties
of the RIA.

To establish our reference range, serum samples from 116
healthy volunteers (age range, 22-65 years) were analyzed for
calcium, PTH, 25(OH)D,, and 25(OH)D; levels. The serum
calcium levels were normal in all (mean = SD, 9.8 + 0.4

© American Society for Clinical Pathology

ITable 31

Performance Characteristics of the Liquid
Chromatography—-Tandem Mass Spectrometry Assay for
25(0OH)D, and 25(OH)D,

25(0OH)D, 25(OH)D3
Intra-assay CV (%) 6.9-8.8 6.0-8.0
Interassay CV (%) 11.4-11.5 7.7-9.8
Lower limit of detection (ng/mL) 0.09 0.06
Biologic limit of detection (ng/mL) 0.3 0.1
Functional sensitivity (ng/mL) 0.7 0.1
Recovery (%) 93-106 86-92

CV, coefficient of variation; 25(OH)D,, 25-hydroxyvitamin D,; 25(OH)Dj, 25-
hydroxyvitamin D.

mg/dL [2.45 £ 0.10 mmol/L]), but samples from 6 volunteers
were excluded from the study owing to an elevated PTH level.
Their mean serum PTH level was 39 + 12 pg/mL (4.1 £ 1.3
pmol/L; range, 13-74 pg/mL [1.4-7.8 pmol/L]).

The distribution of results for 25(OH)D, and 25(OH)D,
was nongaussian EFigure 31. The calculated reference intervals
based on the central 95% of the data were 0.0 to 12.1 ng/mL (0-
30 nmol/L) for 25(OH)D,, 5.5 to 41.4 ng/mL (14-103 nmol/L)
for 25(OH)D;, and 6.0 to 43.5 ng/mL (15-109 nmol/L) for total
vitamin D. The median, 10th, and 90th percentiles of
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IFigure 20 Deming regression comparing total 25-
hydroxyvitamin D levels obtained by liquid
chromatography—-tandem mass spectrometry (LC-MS/MS)
and radioimmunoassay (RIA) methods using 57 patient serum
samples. Analysis showed that both methods were
comparable and yielded a slope of 0.97 (95% confidence
interval, 0.88-1.05) and a y-intercept of —1.74 ng/mL; r = 0.96.

25(0H)D,, 25(0H)D,, and total 25(OH)D for all subjects
were 1.8, 0.0, and 15.3 ng/mL (4, 0, and 38 nmol/L); 13.4, 4.2,
and 37.1 ng/mL (33, 10, and 93 nmol/L); and 16.1, 6.1, and
33.7 ng/mL (40, 15, and 84 nmol/L), respectively. We
observed no statistically significant differences as a result of
sex, race, or age. Volunteers who took daily vitamin D supple-
ments had significantly higher total 25(OH)D values than those

who did not (23.7 vs 14.1 ng/mL [59 vs 35 nmol/L]). The cur-
rent decision intervals used at our institution are 15.1 to 50
ng/mL (normal; 37-125 nmol/L), 8.0 to 15 ng/mL (deficient;
20-37 nmol/L) and less than 8 ng/mL (severely deficient; <20
nmol/L). Therefore, based on our existing reference range,
51% of volunteers with “normal” results in our study had vita-
min D deficiency (<15.0 ng/mL [<37 nmol/L]).

Discussion

A major problem in determination of a patient’s true vita-
min D status can be attributed to the hydrophobic, lipophilic
characteristics of vitamin D. The strong binding properties of
vitamin D binding protein and the similar structural features
of vitamin D, and D, also contribute to complexities in vita-
min D measurement. Commonly used RIA and chemilumi-
nescence methods claim 75% and 100% cross-reactivity,
respectively, between 25(OH)D, and 25(OH)D,.!220
Difficulties are encountered in patients with severe vitamin D
deficiency due to compromised metabolism of vitamin D or
from a combination of lack of sun exposure and inadequate
dietary intake. These patients typically receive large doses of
vitamin D, and, thus, require accurate monitoring of
25(0OH)D, levels to establish proper dosing intervals and treat-
ment efficacy. We have developed a precise assay that can
measure both forms of 25(OH)D accurately.

Internal standards typically are structurally analogous to
the analytes of interest in chromatographic methods.
However, in most cases, finding an appropriate internal stan-
dard can be cumbersome and expensive. For example, stable
isotopes of vitamin D require lengthy synthesis, and, at the

Frequency

0 2 4 6 8 10 12 14 16
25(0OH)D, (ng/mL)

Frequency

5 9 13 17 21 25 29 33 37
25(0H)D, (ng/mL)

EFigure 30 Reference interval data and distribution for 25-hydroxyvitamin D, [25(OH)D,] (A) and 25-hydroxyvitamin D, [25(0OH)D,]
(B). Results are from 80 healthy volunteers who provided serum samples for the study. No significant differences were
observed in sex, age, or race. Distribution shows the nongaussian trend in the data, and median values for all subjects were as
follows: 25(0H)D,, 1.8 ng/mL (4 nmol/L); 25(0H)D,, 13.4 ng/mL (33 nmol/L); and total 25(0H)D, 16.1 ng/mL (40 nmol/L).
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time of initial method development, there were no readily
commercially available deuterated vitamin D compounds.
After extensive research, we decided to use Ag-THC-DS, a
compound that shares similar chemical and structural proper-
ties to vitamin D, as a novel and cost-effective alternative.
Internal standards that are not structurally identical to the
compound of interest are susceptible to the consequences of
ion suppression, and a variety of methods have been described
to counteract its effects.”?! LC-MS/MS methods frequently
encounter issues with ion suppression; thus, it is critical to
minimize or compensate for ion suppression if found to be
present.”' Significant ion suppression was observed during
our initial experimentation, causing great reductions in the
MS/MS response. Our approach to resolve this suppression
involved modifying the chromatographic conditions so that
25(0H)D,, 25(0H)D;, and A9-THC-D3 co-eluted. Indeed, the
latter approach compensated for any matrix ion suppression
without affecting actual results.

There has been an increased focus on redefining
25(OH)D reference intervals for accurate diagnosis of vitamin
D insufficiency and deficiency. Certain populations are at
greater risk for hypovitaminosis D, including postmenopausal
women, non-Caucasian individuals, people who live in cul-
tures with dress restrictions limiting sun exposure, and breast-
fed infants. Epidemiologic studies also have demonstrated
strong evidence of an inverse correlation between serum
25(OH)D levels and PTH levels. Secondary hyperparathy-
roidism and osteoporosis ultimately might develop in patients
with persistently deficient levels of 25(OH)D.?>?

Much of the current literature on 25(OH)D levels recom-
mends cutoff values between 20 and 32 ng/mL (50-80
nmol/L) to diagnose vitamin D deficiency.??® At these high-
er levels, secondary hyperparathyroidism subsides, bone min-
eral density increases substantially, optimal intestinal calcium
absorption is observed, and nonspecific musculoskeletal
chronic pain can subside.»?>? As awareness of vitamin D
deficiency increases, more laboratories are increasing levels
used to define desirable and normal levels of total 25(OH)D.
Ideally, it is advantageous to have established guidelines for
25(OH)D levels that correspond to disease states owing to the
large annual fluctuations in vitamin D levels in many people.
Although serum levels of 25(OH)D ideally are suited to best
represent a patient’s true vitamin D status, measurement of
1,25-dihydroxyvitamin D also is clinically useful to assess
alterations in various disorders of calcium metabolism. An
LC-MS/MS assay is in development to detect 1,25-dihydroxy-
vitamin D at picomolar concentrations.

Results from our reference interval study advocate use of
25(OH)D guidelines based on disease states vs reference
intervals based on a seemingly healthy population. It is criti-
cal to note that these studies were conducted in the middle of
winter in Seattle (47° latitude). A minimum energy of 20
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kJ/cm? is needed to produce cutaneous vitamin D,, and, dur-
ing the winter months in US states above 40° latitude, that
exposure level is not achieved, even during seemingly sunny
conditions.??% Thus, our patient population was theoretically
in its lowest annual vitamin D status. Extremely low levels
were achieved in the population of healthy volunteers, with
the calculated reference interval mean for total 25(OH)D (19.3
ng/mL [48 nmol/L]) only slightly higher than our current
desirable level (>15 ng/mL [>37 nmol/L]). However, it would
be unwise to decrease our present guidelines owing to the
numerous studies documenting impaired endocrine function
and increased risk of disease to patients at low circulating
25(OH)D levels. More study is warranted to establish refer-
ence intervals that truly represent the healthy population in the
Northwest.

We have developed a rapid, sensitive LC-MS/MS method
for specifically measuring serum levels of 25(OH)D, and
25(OH)D, at nanomolar concentrations using a novel internal
standard. Owing to lower cost and shorter analysis times, this
method is suitable not only for routine clinical measurement of
serum 25(OH)D levels but also for multicenter clinical trials.
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