
analytical. .
•'chemistry pubs.acs.org/ac

Development and Certification of a Standard Reference Material for
Vitamin D Metabolites in Human Serum
Karen W. Phinney,* Mary Bedner, Susan S.-C. Tai, Veronica V. Vamathevan, Lane C. Sander,
Katherine E. Sharpless, and Stephen A Wise

Analytical Chemistry Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, United States

James H. Yen

Statistical Engineering Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, United States

Rosemary L. Schleicherj Madhulika Chaudhary-Webb, and Christine M. Pfeiffer

Division of Laboratory Sciences, National Center for Environmental Health, Centers, for Disease Control and Prevention, Atlanta
Georgia 30341, United States

Joseph M. BetZj Paul M. Coates, and Mary Frances Picciano

Office of Dietary Supplements, National Institutes of Health, Bethesda, Maryland 20892, United States

O Supporting Information

' ABSTRACT": The'Natlbnal Institute of Standaids and Technology (NIST), in collaboration with
< the National Institutes of Health's Office of Dietary Supplements (NIH-ODS), has developed a,
' Standard Reference Mateual (SRM.) for the determination of 25-hydioxyvitamin D [25{OH)D] in ,
[ serum. SRM 972 Vitamin D in Human Serum consists of four serum pools with different levels of '
' vitamin D metabolites and has certified and reference values for 25(OHjD^, 25(OH)D3, and3-epi-
I 25(OH)D3..Varae assignment of this SRM was accomplished using a combination of three isotope-
, dilution mass specti'ometry approaches, with measurements performed at NIST and at the Centers
, for Disease., Contfol^ and Prevention (CDC). Chromatographic resolution of the 3-epimer of
1 25(OH)D3'nroved;to be essential for accurate determination of the metabolites.

T he essential role of vitamin D in bone metabolism and
calcium homeostasis has been known for many years.

Vitamin D deficiency can lead to rickets in children and
osteomalacia in adults. Recently, however, vitamin D has been
the subject of renewed interest because of its function in
regulation of the cell cycle, including apoptosis and differ-
entiation.2 Both epidemiological data and animal model studies
have pointed toward a link between vitamin D status and
cancer risk;3'4 many of these studies have focused on cancers of
the colon, prostate,, and breast. " At the same time, a number
of surveys have suggested that vitamin D deficiency or
insufficiency may be more common than previously believed. '
Because of the implications of these observations for public
health, considerable effort is now being given to examining the
vitamin D exposure of various populations and to determining
the levels of vitamin D that are associated with reduced cancer
risk and optimal bone health.

Although known as a vitamin, vitamin D is actually a
prohormone and is part of the structural family of secosteroids.
In humans, vitamin D can arise from various sources. Exposure
to sunlight results in production of vitamin D3 (cholecalciferol)
in the skin from 7-dehydrocholesterol. Vitamin D2 (ergo-
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calciferol) is formed in plants through the irradiation of sterols;
consumption of plants generally represents a very minor source

of vitamin D in humans. With the exception of some, types of
fatty fish and egg yolks, food is a poor source of vitamin D,

although certain foods, including milk, have been fortified with
vitamin D. Dietary supplements, including multivitamins, are
also a potential source of either vitamin D2 or vitamin D3.10

Vitamin D, whether formed in the skin or obtained through
the diet, is rapidly hydroxylated in the liver to 25-
hydroxyvitamin D [25(OH)D], which is also known as
calcifediol. The process of hydroxylation does not appear to
be tightly regulated and is limited only by availability of the
substrate. This metabolite is further hydroxylated, primarily in
the kidney, to 1,25-dihydroxyvitamin D [l,25(OH)2D,
calcitriol], which is the biologically active metabolite. Like
steroid hormones such as estrogen' and testosterone, calcitriol
exerts its influence through binding to a nuclear vitamin D
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receptor (VDR) found in the nuclei of cells of target organs,
including kidneys, bone, and intestinal tissues. Binding of
calcitriol to the VDR influences expression of genes involved in
calcium uptake. Expression of the VDR has also been reported
in elements of the immune system, indicating a possible role for
vitamin D in modulating immunological response.

Although 1,25(OH)2D is the physiologically active metabo-
lite of vitamin D, it has limited utility as an indicator of vitamin
D status because its half-life is relatively short (#15 h). In
addition, its levels are influenced by concentrations of both
parathyroid hormone (PTH) and calcium. Similarly, vitamin D
is also a poor marker of vitamin D status because it is rapidly
hydroxylated to form 25(OH)D. In contrast, the half-life of
circulating 25(OH)D is 2—3 weeks, and therefore, measure-
ment of 25(OH)D has become the preferred indicator of
vitamin D nutritional status. Because 25(OH)D can arise from
hydroxylation of either vitamin D2 or D3, both resulting
metabolites, 25(OH)D2 and 25(OH)D3, should be considered
in order to achieve an accurate assessment of vitamin D status.

Concentrations of 25(OH)D in serum less than 50 nmol/L
are generally considered deficient, and concentrations greater
than 250 nmol/L can lead to toxicity. The first methods for
determination of 25(OH)D in serum were based upon
competitive protein binding and utilized vitamin D binding
protein as the binding agent. These approaches have largely
been replaced because they require labor-intensive sample
preparation, as noted in recent reviews on the measurement of
25(OH)D. Current assays can generally be divided into either
immunoassay-based methods or chromatographic approaches
with either UV absorbance or mass spectrometric (MS)
detection. Efforts to develop a gas chromatography/mass
spectrometry (GC/MS) reference method are also underway. J

No matter what technique is used, there are several
important factors that must be considered in the measurement
of 25(OH)D. The analyte of interest is highly protein bound
and generally must be liberated from vitamin D binding protein
prior to its measurement. Because vitamin D3 and/or vitamin
D2 may contribute to an Individual's vitamin D exposure, the
assay method should respond equally to metabolites of both
forms of vitamin D, even if concentrations of 25(OH)D2 and
25(OH)D3 are not reported separately. A structural isomer of
25(OH)D, known as 3-epi-25(OH)D, has been reported in
certain serum samples, particularly those from infants. Although
its biological activity in humans has not yet been determined, it
can be a potential source of measurement bias.

Despite the analytical challenges noted above that are
associated with measurement of 25(OH)D, the demand for
25(OH)D testing has grown dramatically in many settings, and
an increasing number of laboratories are either implementing
commercial assay products or developing their own assay
methodologies for 25(OH)D. As new methods have been
developed, publications have typically compared the candidate
method with. an. established one, including Food and Drug
Administration (FDA)-cleared assays for 25(OH)D. Such
approaches are useful for assessing the comparability of results
from different assay techniques and can lend insight into
methodological differences. However, there are numerous
literature reports describing discrepancies between the results
of different assays for 25(OH)D, and a number of editorials
have also appeared on the subject. ~~ In the absence of
certified reference materials (CRMs) for 25(OH)D, establish-
ing the accuracy of 25(OH)D assays has remained elusive, and
comparisons of one technique to another have done little to

foster confidence in 25(OH)D measurements. As a result,
serious questions remain about the value of 25(OH)D testing
and its ability to identify accurately individuals with suboptimal
25(OH)D levels.20"22

The National Institute of Standards and Technology (NIST)
has developed a Standard Reference Material (SRM) to support
accuracy in the measurement of 25(OH)D in serum or plasma.
SRM 972 Vitamin D in Human Serum was developed in
collaboration with the National Institutes of Health's Office of
Dietary Supplements (NIH-ODS) and is the first CRM for
determination of 25(OH)D in serum. The SRM consists of
four pools of serum, each with different levels of vitamin D
metabolites. Value assignment of this SRM involved measure-
ments using three different isotope-dilution (ID) mass
spectrometry approaches, with measurements performed at
NIST and at the Centers for Disease Control and Prevention
(CDC, Atlanta, GA). This work also represents the first
application of ID liquid chromatography—mass spectrometry
(LC-MS) methodology for the determination of25(OH)D in
serum. Chromatographic resolution of the 3-epimer of
25(OH)D3 proved to be essential for accurate measurement
of the vitamin D metabolites present.

• EXPERIMENTAL SECTION

Disclaimer. Certain commercial equipment, instruments, or
materials are identified in this paper to specify adequately the
experimental procedure. Such identification does not imply
recommendation or endorsement by the National Institute of
Standards and Technology, nor does it imply that the materials
or equipment identified are necessarily the best available for the
purpose.

Safety Considerations. The human sera used in the
preparation of SRM 972 Vitamin D in Human Serum were
screened and found to be nonreactive for hepatitis B surface
antigen (HBsAg), human immunodeficiency virus (HIV),
hepatitis C virus (HCV), and human immunodeficiency virus
1 antigen (HIV-lAg) by Food and Drug Administration
(FDA)-licensed tests. However, because no test method can
guarantee that these infectious agents are absent, appropriate
safety precautions should be taken when handling these or any
other potentially infectious human serum or blood specimens.

NIST LC-MS and LC-MS/MS Methods. Materials.
Standards for 25(OH)DZ and 25(OH)D3 were obtained from
IsoSdences (King of Prussia, PA) and the United States
Pharmacopeia (USP, Rockville, MD), respectively. Purity of
these compounds was assessed by NIST using multiple
techniques, and analytical results were corrected for the purity
of the standards. Stable isotope-labeled internal standards,
25(OH)Dj-^3 and 25(OH)D3-tJ3, were obtained from Iso-
Sciences. Both of these compounds had isotopic purities of
>99%. An additional stable isotope-labeled internal standard,
25(OH)D3-d6, with an isotopic purity of 99% was obtained
from Medical Isotopes, Inc. (Pelham, NH). The 3-epimer of
25(OH)D3, 3-epi-25(OH)D3, was obtained from IsoSciences.
Structures of 25(0^0^ 25(OH)D3, and 3-epi-2S(OH)D3 are
shown in Figure SI, Supporting Information. The 3- and 25-
positions of these compounds are noted on the structures.

Sample Preparation for LC—M5. Samples for analysis were
selected from nine or ten different trays of each of the four
levels of SRM 972. The SRM vials were allowed to reach room
temperature prior to analysis. Approximately 110 mg (150 flL,
exact mass known) of internal standard solution was weighed
into an 8 mL glass tube with a screw cap. An additional 600 fiL
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of 2-propanol/methanol (20:80, volume fractions) was added
to the tube. An aliquot of semm (450 mg, exact mass known)
was weighed into the tube, and the tube was vortex-mixed and
allowed to stand for 5 min. Hexane (2 mL) was added to the
tube, and the tube was vortex-mixed for 30 s. The samples were
centrifuged at 3000 rpm for 20 min, and 1.5 mL of the hexane
layer was removed and transferred to a separate glass tube with
a cap. A second extraction with hexane (2 mL) was performed
in the same manner, and 2 mL of the hexane layer was removed
and combined with the first extract. The extracts were
evaporated to dryness at 40 °C under a stream of nitrogen.
The residue was reconstituted with methanol (300 flL) and
vortex-mixed. The samples were transferred to disposable
centrifuge filters with a cellulose acetate membrane (l.O rnL,
0.45 /(m pores) and centrifuged at 4000 rpm for 5 min.
Approximately 200 /(L of the filtrate was transferred to an
autosampler vial with a 300 flL insert for analysis.

Analysis by LC—MS. Measurements were performed using
atmospheric pressure chemical ionization (APCl) in the
positive ion mode using an Agilent 1100 series LC coupled
to an Agilent SL series mass spectrometric detector. The
relevant instrumental parameters include the nebulizer pressure
(345 kPa, 50 psig), drying gas temperature (325 °C); drying gas
flow (5 L/min), capillary voltage (+3600 V), vaporizer
temperature (300 °C), corona current (4 ;;A),.and fragmentor
voltage (150 V). Multiple injections of the metabolites of
interest and their respective labeled internal standards were
used to identify appropriate ions for monitoring and
quantification. The ions selected for quantification were m/z
383 and m/z 3,89 for 25<OH)D3 and 25(OH)D3-d6,
respectively, and m/z 395 and m/z 398 for 25(OH)D2 and
25(OH)D2-d3, respectively. Chromatographic separation was
achieved using either a Luna C18(2) stationary phase (4.6 mm
X 250 mm, 5 /(m particles, Phenomenex, Torrance, CA) or a
Zorbax SB-CN (cyanopropyl) stationary phase (4.6 mm X 250
mm, 5 /an particles, Agilent Technologies, Wilmington, DE).
For the C18 column, the analytes were elufed under isocratic
conditions using a mobile phase composed of water/methanol
(90:10, volume fractions) and a flow rate of 1.0 mL/min. The
column was thermostatted at 45 °C. For the cyano column, the
analytes were eluted under isocratic conditions using a water/
methanol (32:68, volume fractions) mobile phase and a flow
rate of 1.0 mL/min. The column was maintained at 45 °C.
Injection volumes for both methods were 15 and 10 f-tL for
samples and calibrants, respectively. Preparation of the
calibration solutions is described in the Supporting Informa-
tion.

Sample Preparation for LC—MS/MS. Samples for analysis
were selected from six different trays of each of the four levels
of SRM 972. The SRM vials were allowed to reach room
temperature prior to analysis. Serum samples (2 g) were
weighed into 50 mL glass centrifuge tubes. In order to obtain
this mass of sample, the contents of two vials of SRM 972 were
combined for Levels 1, 3, and 4, while the contents of three
vials were combined for Level 2. For Levels 1, 2, and 3, water (l
mL) was added to each sample to prevent protein precipitation
upon addition of the internal standard solution. For Level 4, a
slightly larger volume of water (1.4 mL) was added to the
samples. Each sample was spiked with an appropriate amount
of the internal standard solutions to achieve approximately a
1:1 ratio of analyte to internal standard. After addition of the
internal standard solutions, the samples were allowed to
equilibrate for 1 h at room temperature. The pH of each

sample was adjusted to pH 9.8 ± 0.2 with carbonate buffer (0.1
g/mL, pH 9.8). The analytes were extracted from the serum
matrix with 8 mL of hexane/ethyl acetate (50:50, volume
fractions). Samples were mixed vigorously by a mechanical
shaker for 10 min. The hexane/ethyl acetate layer was removed
and transferred to a 50 mL centrifuge tube, and the extraction
process was repeated with an additional 8 mL of solvent. The
extracts were combined, dried under nitrogen at 45 °C, and
reconstituted with 120 fiL of methanol prior to analysis.

Analysis by LC-MS/MS. Preparation of the calibration
solutions is described in the Supporting Information. Measure-
ments were performed using APCI in the positive ion mode on
an Applied Biosystems API 4000 LC-MS/MS system coupled
to an Agilent 1100 series LC system. The specific transitions
monitored were m/z 401 -s- m/z 383 for 25(OH)D3 and 3-epi-
25(OH)D3, m/z 404 -*• m/z'386 for 25(OH)D3-d3, m/z 413
-> m/z 395 for ZSCOHpj, and m/z 416 -* m/z 398 for
25(OH)Dr^3. The relevant MS parameters for the measure-
ment of 25(OH)D3 and 3-epi-25(OH)D3 included dwell time
(0.25 s), curtain gas and collision gas (nitrogen at settings of
276 and 21 kPa, respectively), and ion source gas 1 and ion
source gas 2 (air, 483 and 241 kPa, respectively). The needle
current was set at 5 /;A, and the temperature was maintained at
350 °C. The declustering potential, entrance potential, collision
energy, and collision exit potential were set at 86 V, 10 V, 15 V,
and 10 V, respectively.

The relevant MS parameters for the measurement of
25(OH)D2 included dwell time (0.25 s), curtain gas and
collision gas (nitrogen, 276 and 21 kPa, respectively), and ion
source gas 1 and ion source gas 2 (air, 483 and 241 kPa,
respectively). The needle current was set at 5 /(A, and the
temperature was maintained at 350 °C. The declustering
potential, entrance potential, collision energy, and collision exit
potential were set at 91 V, 10 V, 13 V, and 12 V, respectively.

Chromatographic separation of the analytes of interest was
performed on either a Zorbax Eclipse XDB-Cia stationary phase
(4.6 mm X 250 mm, 5 /ttn particles, Agilent Technologies, Palo
Alto, CA) or a Zorbax SB CN (cyano) column (4.6 mm X 250
mm, 5 //m particles, Agilent Technologies). For the measure-
ment of 2S(OH)D2 on the Cls column, a water/rnethanol
mobile phase was used under isocratic conditions. For Levels 1,
3, and 4, the water/methanol composition was 14:86 (volume
fractions), and for Level 2, the composition was 15:85 (volume
fractions). For the cyanopropyl stationary phase, the mobile
phase was water/methanol (34:66,- volume fractions), and
isocratic elution conditions were employed. The chromato-
graphic column was thermostatted at 30 °C, and the flow rate
was 1.0 mL/min.

CDC LC—MS/MS. Method. Materials. Bovine serum
albumin, 25(OH)D3 (>98% pure), 25(OH)D2 (>98% pure),
and phosphate-buffered saline were obtained from Sigma (St.
Louis, MO). The internal standard, 25(OH)D3-d6 (95%
chemically pure and 98% isotopically pure), was from
Synthetica (Oslo, Norway). Protein precipitation plates
(Sirocco) and 96-well plates were obtained from Waters
Corporation (Milford, MA). Hydrophobic durapore membrane
filters were from Millipore (Bedford, MA).

Sample Preparation for LC-MS/MS. A Hamilton Starlet
(Reno, NV) robotic liquid handler was used to process samples
including mixing steps (aspirate—dispense). Patient serum,
quality controls, and calibrator samples (lOO //L), thawed to
room temperature, were added to a 96-well plate containing 75
f.iL of deionized water and 75 /(L of internal standard solution.
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The wells were mixed; a 200 /.(L aliquot of each was transferred
to a protein precipitation plate where each well contained 300
fiL acetonitrile, and the wells were mixed again. To ensure
complete protein precipitation; the plate was shaken gently on
an orbital shaker for 3 min then allowed to rest for 20 min. The
protein precipitation plate was placed over a fresh 96-weIl plate
and then centrifuged at 2000 relative centrifugal force (RCF)
for 6 min. The receiving plate containing the resulting extract
was ready for analysis.

Analysis , by LC—MS/MS.- Preparation of the calibration
solutions is described in the Supporting Information. Aliquots
(60 fiL] of the sample extracts were measured using APCI in
the positive ion mode on a Thermo Quantum TSQ_coupled to
a Thermo Surveyor HPLC system. A 5 ;;m 2 X 30 mm C3

column (Phenomenex, Torrance, CA) was employed for online
solid phase extraction (SPE) under gradient conditions with
methanol/water (volume fractions) as the mobile phase (50:50
to 87:13; followed by a 100:0 cleanoutstep). Online solid phase
extraction (SPE) was followed by chromatographic separation
on a 3 fim 2 X 50 mm C18(2) column (Phenomenex,
Torrance, CA) for quantification of 25(OH)D2 and 25(OH)D3

under gradient conditions with methanol/water (volume
fractions) as the mobile phase. The elution conditions
employed were a gradient applied from 86:14 to 92:8. The
flow rate on both columns was 0.4 mL/min at elution, and both
the columns were operated at room temperature. The relevant
instrument parameters include corona current (lO.O /(A),
collision energy (10 Y), skimmer offset (—7 V), tube lens offset
(100 V), capillary temperature (150 °C), vaporizer temperature
(275 °C), collision pressure (0.107 Pa, 0.8 mTorr), sheath gas
pressure (40 psi), ion sweep gas pressure (0 psi), and auxiliary
gas pressure (8 psi). The specific transitions monitored for
quantification were m/z 401 -> m/z 383, m/z 413 -» tn/z 395,
and m/z 407 -*• m/z 38'9, for 25(OH)D3, 25(011)0^ and
25(OH)D3-tf6, respectively. Tandem mass spectrometry
parameters and transitions were selected on the basis of direct
infusions of each analyte and the labeled internal standard.

• RESULTS AND DISCUSSION

Preparation of SRM 972. One of the goals in designing
SRM 972 was to pose similar analytical challenges as those
encountered in the analysis of 25(OH)D in routine samples. In
addition, the presence of 3-epi-25(OH)D3 in samples from
infants had recently been reported, and the (undetected)
presence of this analyte was identified as a potential source of
error in mass spectrornetry-based measurements of 25(OH)-
D.16 In outlining the specifications for SRM 972, NIST worked
with NIH-ODS and a panel of experts in the vitamin D field.
SRM 972 was prepared by Aalto Scientific, Ltd. (Carlsbad, CA)
according to specifications provided by NIST. Additional
details on the preparation of SRM 972 can be found in the
Certificate of Analysis for SRM 972.25

SRM 972 was prepared from three different pools of human
serum. Level 1 and Level 2 were prepared from the first pool of
serum, while Level 3 and Level 4 were prepared from the
second and third pools, respectively. Level 1 of SRM 972
consists of unaltered human serum and contains a concen-
tration of 25(OH)D3 that is consistent with "normal" levels of
25(.OH)D3 found in adults. In the absence of supplementation
with vitamin D^, the level of 25(OH)DZ in Level 1 was
expected and was confirmed to be low. To achieve the desired
25(OH)D3 concentration for Level 2, the human serum used
for Level 1 was diluted by approximately 50% with horse serum.

Horse serum is naturally low in 25(OH)D3 and has been used
to prepare calibrators for 25(OH)D measurements. The
horse serum did contain a small amount of 25(OH)D2,
however, and therefore, the concentration of 25(OH)D2 is
slighdy higher in level 2 than in Level 1. Level 3 was designed
to contain approximately equal concentrations of 25(OH)D2

and 25(OH)D3. To achieve this goal, human serum containing
a normal level of 25(OH)D3 was fortified (spiked) with
25(OH)Dj. Level 4 was prepared by fortifying normal human
serum with 3-epi-25(OH)D3.

Measurement of 25(OH)D in SRM 972 by LC-MS
(NIST). Initial value assignment efforts for SRM 972 involved
the development of an ID LC—MS approach to measure
25(OH)D. On the basis of previous literature reports, we did
not anticipate measurable concentrations of 3-epi-25(OH)D in
Levels 1, 2, or 3 because these pools were based upon human
serum collected from adult donors. Work published by Singh et
ali suggested that this metabolite was only present in infants
and quickly disappeared by age one. Because 25(OH)D2 and
25(OH)D3 have different molecular masses, chromatographic
separation of the two analytes may not be required for methods
employing mass spectrometric detection. However, for
methods employed in value assignment of CRMs, every effort
should be made to reduce potential sources of measurement
bias. Therefore, a chromatographic separation of the two major
metabolites of interest, 25(OH)D2 and 25(OH)D3, was
developed using a C13 stationary phase and a methanol/water
mobile phase. The two metabolites can readily be resolved from
one another, and the mobile phase is compatible with APCI.
This method was utilized for the measurement of 25(OH)D2

and 25(OH)D3 in Level 1, Level 2, and Level 3 of SRM 972.
The sample preparation scheme for LC—MS measurements

employed a mixture of 2-propanol and methanol to precipitate
sample proteins and liberate the 25(OH)D species present.
This was followed by extraction of the 25(OH)D species into
hexane. The isotopically labeled internal standards were added
at the beginning of sample processing and were anticipated to
compensate for less than 100% extraction efficiency. Labeled
internal standards for both 25(OH)D2 and 25(OH)D3 were
utilized, and the internal standards were added so that their
concentrations exceeded those of the unlabeled species to
minimize errors in the determination of area ratios.

For Level 4 of SRM 972, which contains 3-epi-25(OH)D3) a
second LC—MS approach was developed to allow the
quantification'of 25(OH)D3 and 3-epi-25(OH)D3. These two
structural isomers were not resolved using a C,B stationary
phase, and therefore, we pursued alternative means of achieving
the separation of these two species. Lensmeyer et al. previously
reported the use of a cyanopropyl stationary phase to achieve
the partial chromatographic resolution of 3-epi-25(OH)D3

from 25(OH)D3 and 25(OH)D2 in human serum samples.27

We modified their mobile phase conditions slightly to improve
the resolution between 25(OH)D3 and 3-epi-25(OH)D3. We
also evaluated several other types of stationary phases but could
not identify a column that provided superior resolution to that
of the cyano column.

During the method development process for Level 4 of SRM
972, several samples of the other three levels of SRM 972 were
also analyzed on the cyano column. A small peak eluting after
25(OH)D3 was observed (Figure l), and the chromatographic
retention and mass (m/z) of this species were consistent with
that of 3-epi-25(OH)D3 based upon injection of a standard
solution of 3-epi-25(OH)D3. Further investigation and
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m/z 383
25(OH}D,

3-epi-25(OH)D,

m/z389
25(OH)DJ-d,

m/z 395
25(OH}D3
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T-J-T-
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Figure 1. Selected ion chromatograms (LC—MS) for vitamin D
metabolites and their labeled internal standards in Level 3 of SRM 972.
Experimental details are provided in the'text.

consultation with experts in the vitamin D field indicated that
3-epi-25(OH)D3 could be present in samples from adults.
However, the concentration of trie putative 3-epi-25(OH)D3

could not be quantified in the first three levels of SRM 972 with
the desired level of precision by LC—MS, and we elected to
pursue LC—MS/MS methodology to further investigate this
species. Nevertheless, we did choose to employ the LC—MS
method with the cyano column for certification measurements;
as will be described in more detail in subsequent sections. In
addition, this alternative approach was appropriate for
determination of 3-epi-2S(OH)D3 in Level 4 of SRM 972,
which had been fortified with 3-epi-25(OH)D3. Because a
labeled internal standard was not available for 3-epi-25(OH)D3,
we utilized the labeled 25(OH)D3 as the internal standard for
these measurements.

Measurement of 25(OH)D by LC-MS/MS (NIST).
Development of ID LC—MS/MS was pursued to take
advantage of enhanced specificity arising from the use of

selected reaction monitoring. In addition, larger serum samples
sizes (2 mL) were used in the LC-MS/MS methodology when
compared to the LC—MS method to achieve the desired level
of sensitivity and measurement precision for the low
concentrations of 25(OH)D2 present in Levels 1, 2, and 4.
Direct infusions of the analytes of interest were performed to
optimize the MS parameters and to identify the appropriate
transitions for quantification. A detailed description of the
optimization process can be found in a recent publication.24

This method was validated in accordance with guidelines for
reference measurement procedures as recognized by the Joint
Committee for Traceability in Laboratory Measurement
(JCTLM).

Because it appeared from the LC-MS results that 3-epi-
25(OH)D3 was present in Levels 1, 2, and 3 at low
concentrations, we elected to include this analyte in the LC—
MS/MS method development process. For the determination
of 25(OH)D3 and 3-epi-25(OH)D3, the chrornatographic
separation employed in the LC-MS work was further
optimized to obtain baseline resolution of these two analytes.
Additional stationary phases, including the ctiiral stationary
phase utilized by Singh et al.,1 were also evaluated, but we were
unable to further improve the separation of these two structural
isomers. Because we did not have a labeled internal standard for
3-epi-25(OH)D3, we utilized 25(OH)D3-rf3 for quantification
of both 25(OH)D3 and 3-epi-25(OH)D3. Results for the LC-
MS/MS analysis of Level 4 of SRM 972 are shown in Figure
2A. As shown in the figure, baseline resolution of 25(OH)D3

and 3-epi-25(OH)D3 was achieved on the cyano column.
Because these two structural isomers share the same mass and
fragmentation patterns, failure to resolve these species
chromatographically would result in overestimarion of the
25(OH)D3 concentration.

For the determination of 25(OH)D2 by LC-MS/MS, a
separate analysis employing a C1S column was performed.24

Quantification of this analyte was based upon the labeled
internal standard, 25(OH)Drrf3. We also investigated the
possible presence of 3-epi-25(OH)D2 in the SRM serum pools
using a similar approach to that used for 3-epi-25(OH)D3, but
none was detected. Figure 2B illustrates the measurement of
25(OH)D2 by LC-MS/MS.

Measurement of 25(OH)D by ID LC-MS/MS (CDC).
The basic methodology utilized by CDC for measurement of
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Figure 2. LC—MS/MS multiple reaction monitoring chromatograms for Level 4 of SRM 971. Measurements of 25(OH)D3 and 3-epi-2S(OH)D3

were made using a Zorbax CN column (A) and measurements of 25(OH)D2 were made using a ZorbaxXDB-Cls column (B). Further experimental
details are provided in the text.
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25(OH)D has been described previously, but there were
several modifications made to the published method including a
change from manual to automated sample processing, use of
half as much serum as in the original method, and a switch from
solid phase extraction to online gradient C8 column cleanup
which led to .improved chromatographic resolution of 25-
(OH)D2. It should be noted that measurement of 3-epi-
25(OH)D3 was not included in the CDC method, and the
chromatographic method employed did not resolve 25(OH)D3

from 3-epi-25(OH)D3.
Certification of SRM 972 Vitamin D in Human Serum.

The multiple methods employed at NIST and CDC yielded a
wealth of data to be used for value assignment of SRM 972, and
in general, the results were in good agreement. The top section
of Table 1 provides a summary of the results for measurement

Table 1. Method-Specific Results (ng/g) for Measurement of
25-Hydrox-yvitamin D3 in SRM 972a

I initial L C - M S L C - M S L C - M S / M S
I results (NIST Cw) ' (NIST cyano) (NIST)

LC-MS/MS
(CDC)

level 1 24.26 (2.7)

level 2 12.25 (2.1)
level 3 18.45 (l.7)

level 4

22.33 (3.0)
11.5 (5.0)

16.91 (2.3)

32,00 (1.9)

23.4S (0.6)
12.18 (0.6)

13.18 (0.5)
32.67 (1.2)

24.90 (4.9)
13.15 (4.0)

19.91 (4.5)

adjusted
data*"

LC-MS
(NIST
cw)

LC-MS
(NIST
cyano)

LC-MS/
MS

(NIST)

LC-MS/
MS

(CDC)-
certified .

value

level 1
level 2

level 3
level 4

22.95
11.55
17.45

22.33
11.50

16.91
32.00

23.48
12.18

18.18

32.67

"Relative standard deviations (% RSD) for
given in parentheses. Levels were corrected
unresolved 3-epi-25(OH)D3 based on NIST
meats.

23.55 23.2 ± 0.8

12.4 12.0 ± 0.6
18.83 18.1 ± 1.1

32.3 ± 0.8

the measurements are
for contributions from
LC-MS/MS measure-

of 25(OH)D3 using the various methods. One fundamental
question needed to be resolved, however, before the data could
be combined and the expanded measurement uncertainties
evaluated. One of the NIST LC—MS methods chromato-
graphically resolved the 3-epi-25(OH)D3 from 25(OH)D3 and
the other did not. The CDC LC-MS/MS method also did not
account for the presence of 3-epi-25(OH)D3 in any of the four
levels of SRM 972. However,, the NIST LC-MS/MS method
quantified 3-epi-25(OH)D3 in all four levels of SRM 972, and
this value could be used to adjust or correct the other data sets
for the presence of 3-epi-25(OH)D3. While this approach may
seem less than ideal, failure to account for this known
difference between methods seemed even less justifiable
when assigning values to a CRM. Ultimately, we elected to
use the concentrations of 3-epi-25(OH)D3 determined by the
NIST LC-MS/MS method to adjust the 25(OH)D3

concentrations determined by the NIST LC—MS method
employing a Clg column and those determined by the CDC
LC—MS/MS method. A summary of the approach taken is
given in Figure S2, Supporting Information. In addition, the
CDC results for Level 4 were not used in the value assignment
of this level. A summary of the adjusted data for 25(OH)D3, as
well as the certified values for 25(OH)D3 in each of the four
levels of SRM 972, is shown in the lower section of Table 1, As
can be seen in the table, there is excellent agreement among the
methods after die adjustment for the presence of 3-epi-
25(OH)D3.

The method-specific results for 25(OH)D2 are shown in
Table 2. The concentrations of 25(OH)D2 were too low in

Table 2. Method Specific Results (ng/g) for Measurement of
25-Hydroxyvitamin D2 in SRM 972"

level 1

level 2

level 3

level 4

LC-MS • LC-MS (NIST
(NIST CJS) cyano)

0.77 (20) -b

1.71 (10)
24.61 (1.0) 24.97 (3.1)
2.32 (3.9)

LC-MS/MS
(NIST)

0.49 (3.0)
1.63 (2.4)

25.10 (0.4)
2.21 (1.1)

LC-MS/MS
(CDC)

0.50 (44)
2.17 (10)

27.53 (8.6)
2.52 (8.9)

"Relative standard deviations (% RSD) are given in parentheses.
Concentrations of 2S(OH)D2 in these levels were too low to be

quantified reliably.

Levels 1, 2, and 4 to be quantified reliably by LC—MS using the
cyano column. Therefore, this data "was not included in the
assignment of the certified and reference values for this analyte.
Because the corresponding 3-epimerj 3-epi-25(OH)Dj, was not
detected in any of the four levels of SRM 972, the combination
of measurements to obtain the certified or reference values for
25(OH)D2 was relatively straightforward, and no correction of
the data was necessary.

The results from the method-specific sets of measurements
were combined using equal weighting for the method means.
Because the measurements from the two NIST LC—MS
methods (Clg and cyano columns) were made using the same
sample preparation, these were not completely independent
methods. Therefore, an average value was calculated on the
basis of the adjusted Clg results (corrected for the 3-epimer)
and the measurements using the cyano column. Hence, for the
majority of the certified values for 25(OH)D3, three data sets
(NIST'LC-MS, NIST LC-MS/MS, and CDC LC-MS/MS)
were combined in the value assignment. This process is
summarized in Figure S2, Supporting Information. Calculation
of the expanded uncertainties for each of the certified and
reference values also included consideration of Type B
contributions to the overall uncertainty and were calculated
according to the method described hi the ISO Guide. '

Table 3 provides a summary of the certified and reference
values for 25(OH)D2, 25(OH)D3, and 3-epi-25(OH)D3 in

Table 3. Summary of Certified and Reference Values (ng/g)
for SRM 972"

IH! 25(OH)D2 ' 25(OH)D3 ' ' 3-epi-25(OH)D3 ]

level 1 0.59 ± 0.20 23.2 + 0.8
level 2 1.67 ± 0.08 1Z.O + 0.6
level 3 25.8 ± 1.9 18.1 ± 1.1
level 4 2.35 + 0.21 32.3 ± 0.8

Certified values are shown in bold.

1.35 ± 0.04
0.74 ± 0.02

1.04 ± 0.03 -
36.9 ± I.I

SRM 972. Certified values were assigned for 25(OH)D3 in all
four levels of SRM 972. Because of the somewhat higher
uncertainty associated with the determination of 25 (OH)D2 in
Level 1, this concentration is a reference value. The
concentration of 3-epi-25(OH)D3 in Levels 1, 2, and 3 was
determined using a single method (NIST LC— MS/MS), and
these concentrations are also reported as reference values. As
shown in Table 3, it was possible to assign values to these
analytes at concentrations near or below 1 ng/g. The certified
value for 3-epi-25(OH)D3 in Level 4 was assigned using data
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from the NIST LC-MS (cyano column) and NIST LC-MS/
MS methods.

• CONCLUSIONS

SRM 972 represents the first CRM developed for determi-
nation of vitamin D metabolites in human serum. This
reference material provides a mechanism to ensure measure-
ment accuracy and comparability and represents a first step
toward standardization of 25(OH)D measurements. In
addition, the agreement among the analytical methods, which
included different sample preparation schemes, chromato-
graphic separations, and detection methods, provides a high
level of confidence in the assigned values for vitamin D
metabolites in this SRM. Although a commutability study has
not been performed for this SRM, the comparable results for
the methods employed suggest that this SRM is commutable
with higher-order methods. The results of this work also
provided evidence that the potential presence of the 3-epimers
of 25(OH)D should be considered for both adult and pediatric
samples in order to avoid measurement bias.

• ASSOCIATED CONTENT

O Supporting Information
Additional information as noted in text. This material is
available free of charge via the Internet at http://pubs.acs.org.

• AUTHOR INFORMATION

Corresponding Author
*E-mail: karen.phinney(S)nist.gov.

Notes
leave from the National Measurement Institute, Australia,

is work is dedicated to the memory of Dr. Mary Frances
Picciano, who led the NIH-ODS Vitamin D Initiative and
championed the development of this reference material.

• ACKNOWLEDGMENTS

The authors wish to thank Graham Carter and Donald Wiebe
for helpful discussions during the development of SRM 972.
Partial funding for this work was provided by the National
Institutes of Health, Office of Dietary Supplements.

• REFERENCES

(1) DeLuca, H. F. Am. J. Clin. Nutr. 2004, 80, 16S9S-1696S.
(2) DeLuca, H. F. Nutr. Rev. 2008, 66, S73-S87.
(3) Lappe, J. M.; Travers-Gustafson, D.; Davies, K. M.; Recker, R, R.;

Heaney, R. P. Am. ]. Clm. Nutr. 2007, 85, 1586-1591.
(4) Welsh, J. Am. J. Gin. Nutr. 2004, SO, 1721S-1724S.
(5) Ahonen, M. H.; Tenkanen, L.; Teppo, L.; Hakama, M.;

Tuohirnaa, P. Cancer Causes Control 2000, 11, 847-852.
(6) Garland, C. F.; Garland, F. C-; Gorham, E. D.; Lipldn, M.;

Newmark, H.; Mohr, S. B.j Holick, M. F. Am. J. Public Health 2006, 96,
252-261.

(7) Gorham, E. D.; Garland, C. F.; Garland, F. C.; Grant, W. B.;
Mohr, S. B.; Upton, M; Newmark, H. L.; Giovannucci, E.; Wei, M.;
Holick, M. F. J. Steroid Biochem. Mol Biol. 2005, 97, 179-194.

(8) Calvo, M. S.; Whiting, S. J. Nutr. Rev. 2003, 61, 107-113.
(9) Kumar, J.; Muntner, P.; Kaskel, F. J,; Hailpern, S. M.; Melamed,

M. L. Pediatrics 2009, 124, 362-370.
(10) Horst, R. L.; Reinhardt, T. A,; Reddy, G. S. Vitamin D

metabolism. In Vitamin D, 2nd ed.; Feldman, D., Pike, J. W., Glorieux,
F. H., Eds.; Elsevier: New York, 2005; pp 15-36.

(11) Jones, G. Am. J. Clin. Nutr. 2008, 88, 582S-586S.
(12) Henry, H. L.; Bouillon, R.; Norman, A. W.; Gallagher, J. C.;

Lips, P.; Heaney, R. P.; Vieth, R.; PettiforJ. M.; Dawson-Hughes, B.;

Lamberg-Allardt, C. J.; Ebeling, P. R. /. Steroid Biochem. Mol Biol
2010, 121, 4-6.

(13) Hart, G. R.; Furniss, J. L.; Laurie, D.; Durham, S. K. Clm. Lab.
2006, 52, 335-343.

(14) Lai, J. K. C.; Lucas, R. M.; Clements, M. S.; Harrison, S. L.;
Banks, E. Mol Nutr. Food Res. 2010, 54, 1-10.

(15) Carter, G. D. Curr. Drug Targets 2011, 12, 19-28.
(16) Singh, R. J.; Taylor, R. L,; Reddy, G. S.; Grebe, S. K. G. /. Clin.

Endocrinol. Metab. 2006, 91, 3055-3061.
(17) Hoffis, B. W. /. Clm. Endocrinol. Metab. 2004, 89, 3149-3151.
(18) Carter, G. D. Clin. Chem. 2010, 55, 1300-1302.
(19) Eraser, W. D. Ann. Clin. Biochem. 2009, 46, 3-4.
(20) Harrison, S. L.; Nowak, M.; Buettner, P. G.; Kimlin, M.; Porter,

D.; Kennedy, R. L.; Speare, R. /. Rural Trap. Public Health 2009, S,
52-58.

(21) Binkley, N.j Krueger, D.; CowgiB, C. S.; Plum, L.; Lake, E.;
Hansen, K. E.; DeLuca, H. F.; Drezner, M. K. /. Clin. Endocrinol.
Metab. 2004, 89, 3152-3157.

(22) Roth, H. J.; Schmidt-Gayk, H.; Weber, H.; Niederau, C. Ann.
Clin. Biochem. 2008, 45, 153-159.
(23) CDC/NIH. Biosafety in Microbiological and Biomedical

Laboratories, 5 ed.j Richardson, J., Barkley, W. E., Richmond, J.,
McKinney, R. W., Eds.; U.S. Department of Health and Human
Services, Public Health Service, Centers for Disease Control and
Prevention and National Institutes of Health; U.S. Government
Printing Office: Washington, D.C., 2009.

(24) Tai, S. S. C.; Bedner, M.; Phinney, K. W. Anal. Chem. 2010, 52,
1942-1948.
(25) Certificate of Analysis, Standard Reference Material 972 Vitamin

D in Human Serum; available at https://www-s.nist.gov/srniors/
view_certcfm?srrn=972.

(26) Lind, C.; Chen,J.; Byrjalsen, L Clin. Chem, 1997, 43, 943-949.
(27) Lensmeyer, G. L.; Wiebe, D. A.; Binkley, N.; Drezner, M. K.

Clin. Chem. 2006, 52, 1120-1126.
(28) Chen, H.; McCoy, L. F.; Schleicher, R. L.; PfeifFer, C. M. Clin.

Chim. Acta 2008, 391, 6-12.
(29) SchieJcher, R. L.; Pfeiffer, C. M. Clin. Lab. News 2009, 35, 10-

12.
(30) JCGM 100:2008; Evaluation of Measurement Data—Guide to

the Expression of Uncertainty in Measurement (ISO GUM 1995 with
Minor Corrections); Joint Committee for Guides in Metrology
(2008); available at http://www.bipm.org/utus/common/documents/
jcgm/JC GM_10 0_20 0 8_E.p df.

(31) Levenson, M. S.; Banks, D. L.; Eberhardt, K. R.; Gill, L. M,j
Guthrie, W. F.; Liu, H. K; Vangel, M. G.; Yen, J. H.; Zhang, N. F. /.
Res. Natl Inst. Stand. Technol 2000, 105, 571-579.

962 dx.doi.org/10.1D21/ac202047nlAna/, Chem. 2012, 84, 956-962




