
Vol.:(0123456789)

Analytical and Bioanalytical Chemistry 
https://doi.org/10.1007/s00216-024-05143-w

CRITICAL REVIEW

Evolution and impact of Standard Reference Materials (SRMs) 
for determining vitamin D metabolites

Stephen A. Wise1 · Adam J. Kuszak1 · Johanna E. Camara2

Received: 6 December 2023 / Revised: 8 January 2024 / Accepted: 10 January 2024 
This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2024

Abstract
The National Institute of Standards and Technology (NIST), in collaboration with the National Institutes of Health, Office 
of Dietary Supplements (NIH ODS), introduced the first Standard Reference Material® (SRM) for determining vitamin D 
metabolites in 2009 motivated by significant concerns about the comparability and accuracy of different assays to assess 
vitamin D status. After 14 years, a suite of five serum matrix SRMs and three calibration solution SRMs are available. Values 
were also assigned for vitamin D metabolites in five additional SRMs intended primarily to support measurements of other 
clinical diagnostic markers. Both the SRMs and the certification approach have evolved from significant exogenous serum 
content to primarily endogenous content and from value assignment by combining the results of multiple analytical methods 
to the use of measurements exclusively from reference measurement procedures (RMPs). The impact of the availability of 
these SRMs can be assessed by both the distribution information (sales) and by reports in the scientific literature describing 
their use for method validation, quality control, and research. In this review, we describe the development of these SRMs, 
the evolution in design and value assignment, the expansion of information reported, and SRM use in validating analytical 
methods and providing quality assurance within the vitamin D measurement community.

Keywords 25-Hydroxyvitamin  D2 · 25-Hydroxyvitamin  D3 · Total 25-hydroxyvitamin D · 3-epi-25-Hydroxyvitamin  D3 · 
Vitamin D binding protein (VDBP) · Reference measurement procedure (RMP)

Introduction

For over 40 years, the National Institute of Standards and 
Technology (NIST), formerly the National Bureau of Stand-
ards (NBS), has developed Standard Reference Materials® 
(SRMs) for clinically relevant marker compounds in human 
serum. SRMs are certified reference materials (CRMs) 
produced by NIST. In 1980, NBS issued the first human 
serum matrix SRM for clinical diagnostic markers, SRM 909 
Human Serum, with certified values for cholesterol, creati-
nine, glucose, urea, uric acid, and inorganic electrolytes (Ca, 

Li, Mg, K, Na, and Cl) [1]. During the next four decades, 
SRMs were issued for additional organic clinical marker 
compounds including cortisol, estradiol, homocysteine, 
thyroid hormones, and testosterone. SRMs specifically for 
cholesterol, glucose, and creatinine gained the most attention 
with multiple renewals and improvements for each material 
over time including a transition from a storage convenient 
freeze-dried serum matrix SRM to fresh frozen serum matri-
ces like actual clinical samples. In 2000, NIST published an 
economic impact study [2] for the NIST cholesterol SRMs 
during their first two decades, which calculated an estimated 
benefit-to-cost ratio of 4.5 and concluded that the SRMs 
“played an important economic role in support of a national 
effort to monitor, measure, and control cholesterol levels, 
thereby contributing to reduced levels of cardiovascular 
disease” [2].

In 2009, NIST issued the first SRM for the measure-
ment of clinically relevant diagnostic markers for vita-
min D status, SRM 972 Vitamin D in Human Serum. In 
many respects, the development of SRM 972 was part of 
a response to a “perfect storm” scenario for the need for a 
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clinical diagnostic marker SRM [1], which began several 
years earlier when the National Institutes of Health, Office 
of Dietary Supplements (NIH ODS) provided significant 
funding to NIST to support activities to improve the com-
parability and quality of measurements to assess vitamin D 
status. NIH ODS established and coordinated the Vitamin 
D Standardization Program (VDSP) [3, 4] to promote and 
support improved comparability of analytical measurements 
for total serum 25-hydroxyvitamin D [25(OH)D], which is 
defined as the sum of 25-hydroxvitamin  D2 [25(OH)D2] and 
25-hydroxvitamin  D3 [25(OH)D3] and is the current clinical 
marker to assess vitamin D status. The VDSP catalyzed the 
implementation of a measurement system to determine total 
25(OH)D that included development of (1) reference meas-
urement procedures (RMPs), (2) SRMs, and (3) an accuracy-
based quality assurance program, and eventually support to 
transition the long-running international Vitamin D External 
Quality Assessment Scheme (DEQAS) to an accuracy-based 
program. This critical review will focus on the development, 
evolution, and impact of the SRMs developed as part of this 
measurement system to improve the accuracy and compa-
rability of measurements used to assess vitamin D status.

Assessment of vitamin D status

The major metabolites of vitamin  D2 (ergocalciferol) and 
vitamin  D3 (cholecalciferol) are 25(OH)D2 and 25(OH)D3, 
respectively, with 25(OH)D3 as the predominant metabolite 
unless supplementation with ergocalciferol has occurred. 
Epimers of 25(OH)D2 and 25(OH)D3 are present in human 
serum but with only the 3-epi-25(OH)D3 significant at 3 to 
6% of the 25(OH)D3 concentration [5, 6]. The primary clini-
cal marker for assessing vitamin D status is total 25(OH)
D, which is defined as the sum of 25(OH)D2 and 25(OH)
D3 excluding the 3-epi-25(OH)D3. Circulating 25(OH)D is 
primarily bound to proteins, with 85 to 90% strongly bound 
to vitamin D binding protein (VDBP), which is a specific 
transport protein for vitamin D; 10 to 15% is loosely bound 
to serum albumin; and only 0.02 to 0.04% is available in a 
free, unbound form [7–9]. Total 25(OH)D (both free and 
protein bound) is the measurand which is traceable to the 
International System of Units (SI) through measurements 
of each of the two metabolites.

Analytical methods for total 25(OH)D

There are currently two primary analytical methodologies 
for the determination of 25(OH)D: (1) ligand binding assays, 
mainly immunoassays, that provide a response for total 
25(OH)D and (2) liquid chromatography with tandem mass 
spectrometry detection (LC–MS/MS) that provides indi-
vidual measurements of 25(OH)D2 and 25(OH)D3 that are 

summed for a total 25(OH)D result. There have been several 
reviews describing the historical development, evolution, 
and current status of analytical methods for the determina-
tion of 25(OH)D, with particular emphasis on LC–MS/MS 
[10–15]. These reviews highlight methods for total 25(OH)
D with early assays based on competitive protein binding, 
radioimmunoassay (RIA), and eventually a transition to fully 
automated immunoassays and the chromatography-based 
methods and their eventual shift exclusively to LC–MS/
MS. The characteristics of 12 commercial competitive 
binding assays and immunoassays with comments on their 
performance are provided in a table by Alteri et al. [12]. 
There are currently over 30 commercial assays for 25(OH)
D with DiaSorin, Roche, Siemens, IDS-iSYS, and Abbott 
identified as the most frequently represented ligand binding 
assays reported in recent DEQAS exercises [16] and with 
19 non-LC–MS/MS assays certified by the CDC Vitamin 
D Standardization-Certification Program [17]. Volmer and 
coworkers [10, 18–20] reviewed the evolution of LC–MS/
MS as the “gold standard” for determining 25(OH)D2 and 
25(OH)D3 and for profiling other vitamin D metabolites. 
Volmer et al. [19] provide a table summarizing 32 papers 
published between 2001 and 2013 reporting LC–MS/MS 
methods for 25(OH)D2 and 25(OH)D3, often including other 
vitamin D metabolites. Alexandridou et al. [10] followed up 
with a continuation of the summary of LC–MS/MS methods 
with a table containing 16 LC–MS/MS methods through 
2020. These LC–MS/MS methods generally are based on 
the use of isotopically labeled internal standards for quan-
tification which is denoted as isotope dilution (ID). Müller 
and Volmer [20] included a table with the most important 
recent studies quantifying multiple vitamin D species (3 to 
8 species) including characteristics such as internal stand-
ards used, derivatization, LC column, m/z transitions, linear 
range, and precision.

A critical focus of LC–MS/MS method development 
in the first decade of the emergence of LC–MS/MS as the 
gold standard was the need to chromatographically sepa-
rate 3-epi-25(OH)D3 from 25(OH)D3. Initially, significant 
amounts of 3-epi-25(OH)D3 were observed only in infants 
[21]; however, 3-epi-25(OH)D3 is now known to be present 
in adult human serum typically at 3 to 6% of the content 
of 25(OH)D3 [5, 6, 22, 23]. Because both analytes have 
the same molecular mass and recorded mass transitions, 
LC–MS/MS measurements would be positively biased by 
this amount if the epimer is not chromatographically sepa-
rated from the 25(OH)D3 [22]. Early LC–MS/MS methods 
relied on the use of the popular  C18 stationary phase, which 
could not separate the epimer. For the majority (21 of 32) 
of the LC–MS/MS methods from 2001 to 2013 reviewed 
by Volmer et al. [19], the epimer was not separated. In 
2006, Lensmeyer et al. [24] reported an LC method using a 
cyanopropyl (CN) stationary phase; however, only later did 
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Lensmeyer et al. [6] recognize that the CN column was also 
capable of separating the epimer. In 2009, a new stationary 
phase, pentafluorophenyl (PFP), appeared for the separation 
of vitamin D metabolites including the 3-epimer [25–28]. 
Currently, the PFP phase is the most widely used stationary 
phase providing a separation of the 25(OH)D3 and 3-epi-
25(OH)D3. In a 2022 interlaboratory comparison of 25(OH)
D assays including 15 custom LC–MS/MS assays, 6 meth-
ods did not separate the epimer; however, currently there 
is no valid technical reason that an LC–MS/MS should not 
provide this separation [22].

Controversies with assays for 25(OH)D

The U.S. National Health and Nutrition Examination Study 
(NHANES III) first included serum 25(OH)D measure-
ments as part of the samples collected in 1988–1994 and 
they have continued since 2000. Measurements for 25(OH)D 
were performed in NHANES III (1988–1994) and NHANES 
2000–2004 using the DiaSorin RIA kit. Looker et al. [29] 
published a comparison of the 25(OH)D results from the two 
studies that “suggests that a decline in measured vitamin D 
status may have occurred in the population over the past 10 
– 15 y…..” [29]. However, after adjustments for assay differ-
ences, the authors concluded that “….most of the observed 
difference in serum 25(OH)D between NHANES III and 
NHANES 2000–2004 appears to have been an artifact of 
assay changes rather than an actual decline in serum 25(OH)
D concentrations” [29]. Based on differences in assay results 
in NHANES, the NIH ODS funded NIST in 2007 to develop 
RMPs and SRMs to improve the comparability of measure-
ments for total serum 25(OH)D.

Before the RMPs and an SRM were available, additional 
concerns about the reliability of 25(OH)D measurements were 
raised after a report that a large commercial testing laboratory 
using an LC–MS/MS assay had admitted that some erroneous 
results had been reported because of problems with calibra-
tion and a lack of following proper procedures [30]. Just as 
the first SRM was released, NIH ODS convened a roundtable 
“NHANES Monitoring of Serum 25(OH)D: Assay Challenges 
and Options for Resolving Them” [31] to discuss the follow-
ing: (1) options for addressing 25(OH)D assay fluctuations in 
NHANES, (2) approaches for transitioning from the RIA used 
between 1988 and 2006 to LC–MS/MS for future NHANES 
studies, and (3) approaches for incorporating the new SRM 972 
into NHANES. In an editorial [32], Graham D. Carter, DEQAS 
organizer, opined on the unfortunate event with the commercial 
testing laboratory, the potential negative impact for LC–MS/
MS methods, the need for quality assurance, and the potential 
of the soon-to-be available RMPs and SRM to provide a way 
to standardize 25(OH)D measurements.

Development of reference measurement 
procedures (RMPs) for vitamin D metabolites

NIST developed the first RMPs for the determination 
of 25(OH)D2 and 25(OH)D3 [33]. Within the clinical 
chemistry community, an RMP is “accepted as providing 
measurement results fit for their intended use in assess-
ing measurement trueness of measured quantity values 
obtained from other measurement procedures for quanti-
ties of the same kind, in calibration, or in characterizing 
reference materials” [34, 35]. In practice, an RMP is a 
higher order method based on specified criteria [36, 37] 
and recognized by the Joint Committee on Traceability in 
Laboratory Medicine (JCTLM). Typically, an RMP for a 
small, well-defined molecule clinical marker (i.e., Type A 
analyte as described by Panteghini [34]) would typically 
be based on using isotopically labeled analogues of the 
marker as internal standards in ID gas chromatography 
(GC)- or LC–MS/MS methods. When used with a tracea-
ble primary calibrator, ID MS/MS is considered a primary 
ratio measurement method (i.e., measuring the value of a 
ratio of the unknown to a standard of the same quantity 
[38]) providing measurement results in complex matrices 
that are traceable to the SI.

In 2010, Tai et al. [33] published details of the NIST 
RMPs for 25(OH)D2 and 25(OH)D3. The University of 
Ghent followed in 2011 [39] with the second RMP, and the 
CDC published the third RMP in 2015 [40] (see Table 1 
for details and comparison of the three RMPs). For the 
development of the RMPs, NIST recognized the need to 
chromatographically separate the 3-epi-25(OH)D3 from 
the 25(OH)D3 and was guided by the paper of Lensmeyer 
et al. [24] using a CN stationary phase rather than the 
commonly used  C18 phase (Fig. 1A). The NIST, Ghent, 
and CDC RMPs are all based on ID LC–MS/MS using LC 
columns and conditions that separate the 25(OH)D3 and 
3-epi-25(OH)D3 and using isotopically labeled analogs 
of 25(OH)D2 and 25(OH)D3 for quantification (Table 1). 
The Ghent and CDC RMPs use shorter LC columns with 
smaller diameter particles to provide a separation in 
12 min compared with the NIST RMP separation in 30 min 
(Fig. 1B). Another critical element in the development 
of the RMPs was the evaluation of potential interfering 
compounds, particularly structural analogues of 25(OH)
D2 and 25(OH)D3 including the 3-epimers. While NIST 
only reported testing for interference from 3-epi-25(OH)
D2 and 3-epi-25(OH)D3 [33], Ghent and CDC evaluated 
10 and 8 related compounds, respectively, including dihy-
droxyvitamin D isomers [39, 40].

Because 25(OH)D in serum is bound to proteins, it must 
be liberated for accurate measurement. Sample prepara-
tion for the NIST RMPs consists of addition of ethanolic 
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internal standard solution, equilibration, and pH adjust-
ment followed by extraction (2x) with 50:50 (volume 
fraction) hexane:ethylacetate to remove the 25(OH)D2 
and 25(OH)D3. The Ghent and CDC RMPs follow similar 
approaches to isolate the analytes with the Ghent RMP 
including an additional clean up step using Sephadex chro-
matography. To assess the accuracy of the NIST RMPs, 
fortification experiments were used to determine recover-
ies of the 25(OH)D2 and 25(OH)D3. However, with the 
availability of SRM 972, Ghent and CDC used SRM 972 to 
validate their RMPs. The NIST and Ghent RMPs use a CN 
stationary phase, while the CDC RMP developed 5 years 
later employs a PFP stationary phase column (Fig. 1B). 
During the 14 years since the NIST RMPs were developed, 
they have evolved with minor modifications including the 
use of a second stationary phase, the PFP column. The 
NIST RMPs are now three separate chromatographic runs 
on two different columns: (1) the CN column for determi-
nation of 25(OH)D3 using 25(OH)D3-d6, (2) the PFP col-
umn for determination of 25(OH)D2 using 25(OH)D2-d3 
as the internal standard, and (3) the CN column for deter-
mination of 3-epi-25(OH)D3 using 3-epi-25(OH)D3-d6 as 
the internal standard. The three ID LC–MS/MS methods 
recognized as RMPs for 25(OH)D2 and 25(OH)D3 include 
the measurement of 3-epi-25(OH)D3. None of the RMPs, 
however, included 3-epi-25(OH)D3 as a RMP measurand 
for recognition by the JCTLM because the focus of these 
RMPs was determining total 25(OH)D based on the sum 
of individual measurements of 25(OH)D2 and 25(OH)
D3. Despite the lack of RMP status for 3-epi-25(OH)D3, 

determining 3-epi-25(OH)D3 content using these meth-
ods provides high-quality, RMP-like results. The RMPs 
at NIST, Ghent, and CDC are the foundation for the refer-
ence measurement system for total 25(OH)D. NIST uses 
the RMPs to (1) assign certified values to serum-based 
SRMs, (2) assign target values to important sample sets 
(e.g., commutability studies), and (3) provide an accuracy 
basis for quality assurance programs.

Development of SRM 972 and SRM 972a

Design of SRM 972

With input from vitamin D measurement stakeholders (e.g., 
research and clinical laboratories, assay manufacturers, and 
CDC), SRM 972 was designed as four pools of human serum 
with different concentrations of total 25(OH)D and varying 
concentrations of the individual vitamin D metabolites, i.e., 
normal concentration of 25(OH)D3, low concentration of 
25(OH)D3, high concentration of 25(OH)D2, and high con-
centration of 3-epi-25(OH)D3. The resulting SRM 972 levels 
were as follows: (L1) endogenous normal level of 25(OH)
D3; (L2) low level total 25(OH)D serum pool produced by 
diluting by a factor of 2 with horse serum, which contains no 
25(OH)D; (L3) normal level serum pool with added exog-
enous 25(OH)D2; and (L4) normal serum pool with added 
exogenous 3-epi-25(OH)D3. SRM 972 was released in 2009 
and sold over 700 units/year resulting in depletion of the 
inventory after only 2 years. Even with the high demand, 

Fig. 1  Selected reaction 
monitoring chromatograms 
illustrating the separations 
achieved with A the NIST RMP 
for SRM 972a L3 and B the 
CDC RMP for SRM 972a L2. 
The separation shown in A was 
obtained using the CN column, 
whereas the separation in B was 
obtained using the PFP column. 
A Adapted from Phinney 
et al. [54] and B adapted from 
Mineva et al. [40]
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there were concerns about the design of SRM 972 with some 
customers claiming that the use of horse serum to produce 
the low level of 25(OH)D and the exogenous 25(OH)D2 to 
produce the elevated level of 25(OH)D2 affected the perfor-
mance of various immunoassays. Although commutability 
(see discussion below) of SRM 972 was never evaluated, 
the use of horse serum in the low level 25(OH)D material 
probably negatively impacted the use of this level with some 
immunoassays.

To address these concerns, a significantly improved SRM 
972a Vitamin D Metabolites in Frozen Human Serum was 
issued in 2013 with three endogenous concentration levels 
of vitamin D metabolites, including a normal 25(OH)D pool 
(within “sufficient” health status range of 20 to 30 ng/mL 
as defined by the Institute of Medicine [41, 42]), a low level 
25(OH)D pool (within “insufficient” range of 12 to 20 ng/
mL), and a high 25(OH)D2 pool, which had been achieved 
with donors supplemented with ergocalciferol to provide 
similar concentrations of 25(OH)D2 and 25(OH)D3, and a 
high concentration of total 25(OH)D (Table 2 and Figure S1, 
Electronic Supplemental Material, ESM). Unfortunately, due 
to difficulty in obtaining donors with endogenous levels of 
3-epi-25(OH)D3 > 2 ng/mL, SRM 972a L4 still contained 
exogenous 3-epi-25(OH)D3.

Assignment of certified values in SRM 972 and SRM 
972a

The assignment of certified values in NIST SRMs has 
evolved over the past four decades [1, 43–46]. However, 
the general approach is the use of a reference method or 
multiple, independent analytical methods [38, 47, 48]. For 
clinical marker compounds in serum-based SRMs, NIST has 
historically used a reference method or higher order method 
to assign certified values (e.g., [49, 50]). Because the NIST 
LC–MS/MS methods had not been designated as RMPs 
by the JCTLM when SRM 972 was completed, NIST used 
results from multiple analytical methods to assign certified 
values. In addition to using results from the candidate RMPs, 
measurements were also obtained using two ID LC–MS 
methods using LC stationary phases with different separa-
tion selectivity (i.e.,  C18 and CN phases) and an ID LC–MS/
MS method performed at CDC using a  C18 column [51]. 
The NIST LC–MS/MS candidate RMPs and the LC–MS 
(CN) method both successfully separated the 25(OH)D3 
and the 3-epi-25(OH)D3, whereas the NIST LC–MS  (C18) 
method and the CDC LC–MS/MS method did not resolve 
the 25(OH)D3 and 3-epi-25(OH)D3, and therefore included 
a small contribution from 3-epi-25(OH)D3. Since the NIST 
LC–MS/MS method provided the amount of 3-epi-25(OH)
D3 present, these results were used to adjust the 25(OH)D3 
measurements from the NIST LC–MS  (C18) method and the 
CDC LC–MS/MS method. While the use of adjusted results 

is less than ideal, ignoring this known difference between 
methods would unnecessarily bias the resulting certified 
value if based on combining all the various method results 
(Fig. 2A and B). Ultimately, certified values were assigned 
for 25(OH)D3 in all four levels of SRM 972, for 25(OH)D2 
in three levels, and for 3-epi-25(OH)D3 in only one level 
(i.e., the fortified level) with reference values assigned for 
25(OH)D2 and 3-epi-25(OH)D3 in the remaining levels 
(Table 2). The uncertainties associated with the certified val-
ues for 25(OH)D3 ranged from 2.5 to 6.1% and for 25(OH)
D2 ranged from 4.8 to 8.9% indicating good agreement of 
the measurements from the four different analytical methods.

With the production of a replacement for SRM 972, the 
goal was not only to improve the material (i.e., less exog-
enous content) but also to improve on the assignment of 
certified values for the vitamin D metabolites (i.e., reduce 
the uncertainties). For the certification of SRM 972a, results 
from ID LC–MS and ID LC–MS/MS at NIST and ID 
LC–MS/MS at CDC were used. A significant modification 
in all the methods was the incorporation of the PFP column 
to resolve the small but significant amount of 3-epi-25(OH)
D3 from 25(OH)D3. Previously, NIST had used a CN station-
ary phase in both LC–MS and LC–MS/MS methods that 
provided a separation of 25(OH)D3 and the epimer; however, 
the chromatographic run time was 1 h with column wash 
and re-equilibration time. After extensive evaluation of the 
separation of 25(OH)D2, 25(OH)D3, and 3-epi-25(OH)D3 on 
 C18, CN, and PFP stationary phases by Bedner and Phinney 
[25], the PFP column and the CN column were included in 
the certification measurements for the NIST LC–MS and 
LC–MS/MS methods. The CDC LC–MS/MS method also 
used the PFP column. The use of two LC stationary phases 
(i.e., the PFP and CN) with differing selectivity (relative 
retention) minimizes the likelihood of measurement bias 
arising from potential undetected interferences [45]. In 
the evaluation of  C18, CN, and PFP stationary phases [25], 
chromatograms from the analysis of SRM 972 and SRM 
909c are provided to illustrate the separation of these three 
metabolites.

Improvements were incorporated into the NIST methods 
for the quantification of 3-epi-25(OH)D3 with the use of an 
isotopically labeled analog as an internal standard. For SRM 
972, only L4, which had been fortified with 3-epi-25(OH)
D3, was assigned a certified value using 25(OH)D3-d6 as 
the internal standard. For SRM 972a, 3-epi-25(OH)D3-d3 
was used as an internal standard to quantify the epimer in 
both the LC–MS (CN and PFP) and LC–MS/MS methods, 
thereby improving the precision of these measurements even 
at low levels, particularly with the LC–MS/MS (Table 2). By 
the time that SRM 972a was analyzed to assign values, the 
NIST ID LC–MS/MS methods had been recognized by the 
JCTLM as RMPs, and the modified CDC ID LC–MS/MS 
method now resolved 25(OH)D3 and 3-epi-25(OH)D3 using 
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Table 2  Values assigned for vitamin D metabolites and VDBP in NIST SRMs

a Bold font values are denoted as certified values; normal font values are designated as reference or noncertified values. For certified and refer-
ence/noncertified values, the uncertainty provided is generally an expanded uncertainty calculated as U = kuc, where uc is the combined uncer-
tainty and k is a coverage factor corresponding to approximately 95% confidence (k = 2). For specific details for each SRM, see the current COA 
at www. nist. gov/ SRMs and search by number to find the COA
b Relative uncertainty as % for certified values only
c SRM is no longer available
d Value for total 25(OH)D is not on the COA; value determined from sum of 25(OH)D2 and 25(OH)D3 and a combined expanded uncertainty
e Value for 24,25(OH)2D3 not reported on the COA; value from certification report by Hahm et al. [57] and converted from ng/g to ng/mL
f Value not on COA; value reported in Bedner and Phinney [25]; value in parentheses is SD (n = 10)
g Value on COA is in ng/g; value converted to ng/mL by multiplying by the density of the serum 1.0180 g/mL for L1 and 1.0202 g/mL for L2
h Value is not on COA
i VDBP, vitamin D binding protein
j Value not reported on COA in µmol/L; value calculated from average mass and density as reported in Kilpatrick et al. [67]

SRMs Concentration (ng/mL)a

25(OH)D2 %b 25(OH)D3 %b 3-epi-25(OH)D3 %b Total 25(OH)D %b 24R,25(OH)2D3 %b

SRM  972c

  Level 1 0.60 ± 0.20 23.9 ± 0.8 3.4 1.39 ± 0.04 24.5 ± 0.8d

  Level 2 1.71 ± 0.08 4.8 12.3 ± 0.6 5.0 0.76 ± 0.02 14.0 ± 0.6d

  Level 3 26.4 ± 1.9 7.4 18.5 ± 1.1 6.1 1.06 ± 0.03 44.9 ± 2.2d

  Level 4 2.40 ± 0.21 8.9 33.0 ± 0.8 2.5 37.7 ± 1.2 3.0 35.4 ± 0.8d

SRM 972a
  Level 1 0.54 ± 0.06 28.8 ± 1.1 3.9 1.81 ± 0.10 5.6 29.3 ± 1.1d 2.66 ± 0.10 3.8
  Level 2 0.81 ± 0.06 11.2 18.1 ± 0.4 2.3 1.28 ± 0.09 7.2 18.9 ± 0.4 2.2 1.41 ± 0.05 3.6
  Level 3 13.2 ± 0.3 2.3 19.8 ± 0.4 2.1 1.17 ± 0.14 33.0 ± 0.5 1.5 1.62 ± 0.06 3.8
  Level 4 0.55 ± 0.10 29.4 ± 0.9 3.1 26.0 ± 2.2 8.5 30.0 ± 0.9d 2.64 ± 0.09 3.5

SRM 2973 0.65 ± 0.02 39.4 ± 0.8 2.1 2.10 ± 0.08 40.1 ± 0.8d 3.13 ± 0.11 3.6
SRM 2969 2.01 ± 0.05 2.5 11.9 ± 0.3 2.5 13.9 ± 0.3 2.2 0.57 ± 0.01e

SRM 2970 23.5 ± 0.3 1.3 9.63 ± 0.31 3.2 33.1 ± 0.4 1.2 0.73 ± 0.01e

SRM 1950 0.52 ± 0.17 24.78 ± 0.77 3.1 25.30 ± 0.79d

SRM 909c 19.65 (0.42)f

SRM  968ec

  Level 1 7.09 ± 0.14
  Level 2 12.9 ± 0.3
  Level 3 19.9 ± 0.4

SRM 968f
  Level 1 0.849 ± 0.051 g 12.32 ± 0.20 g 0.720 ± 0.033 g 13.17 ± 0.21 g

  Level 2 0.167 ± 0.014 g 15.64 ± 0.20 g 1.07 ± 0.14 g 15.81 ± 0.20 g

SRM 1949
Non-Pregnant 0.67 ± 0.03 h 24.98 ± 0.28 1.32 ± 0.06 25.65 ± 0.28d

   1st Trimester 1.20 ± 0.05 26.01 ± 0.22 1.43 ± 0.02 27.21 ± 0.23d

   2nd Trimester 0.514 ± 0.037 30.00 ± 0.50 1.87 ± 0.07 30.51 ± 0.50d

   3rd Trimester 0.897 ± 0.057 29.43 ± 0.41 1.87 ± 0.04 30.33 ± 0.41d

SRM 1949 VDBPi

(µg/mL)
VDBPi

(µmol/L)
Non-Pregnant 211.5 ± 2.8 4.01 ± 0.05
   1st Trimester 286.7 ± 3.8 5.43 ± 0.06
   2nd Trimester 349.7 ± 4.3 6.64 ± 0.07
   3rd Trimester 383.4 ± 5.1 7.28 ± 0.08

SRM 1950 175 ± 18 3.33 ± 0.33j

http://www.nist.gov/SRMs
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the PFP column [27] (Fig. 2C and D and Figures S2 and S3, 
ESM). Because of these method improvements and the bet-
ter agreement of the results, certified values were assigned 
for 25(OH)D3 in all levels of SRM 972a with uncertain-
ties ranging from 2.1 to 3.9% compared with 2.5 to 6.1% in 
SRM 972. For 25(OH)D2, the uncertainty for the elevated 
level was reduced from 7.4 to 2.3% and a certified value 
was assigned to a lower level than previously (i.e., 0.81 ng/
mL ± 0.06 ng/mL). For 3-epi-25(OH)D3, certified concen-
trations were assigned in three levels compared to only one 
level previously (Table 2).

Development of multiple SRMs 
for determining vitamin D metabolites

Based on the success of SRM 972, efforts during the next 
decade focused on preparing additional serum matrix SRMs 
with various levels of vitamin D metabolites and assigning 
values for vitamin D metabolites in other serum/plasma-
matrix SRMs with unique features. After the unanticipated 
early depletion of the inventory of SRM 972 at the end of 
2011, NIST assigned values for 25(OH)D2 and 25(OH)D3 in 

SRM 968e Fat-Soluble Vitamins and Carotenoids in Frozen 
Human Serum and SRM 1950 Metabolites in Human Plasma 
and directed customers to use these materials until SRM 
972a became available in early 2013. SRM 968e consisted 
of three levels, all of which were assigned certified values 
for 25(OH)D3 with concentrations from about 7 to 20 ng/
mL. SRM 968e was replaced in late 2017 by SRM 968f Fat-
Soluble Vitamins in Frozen Human Serum which consists 
of two levels with reference values for 25(OH)D2, 25(OH)
D3, and 3-epi-25(OH)D3. In both levels of SRM 968f, the 
total 25(OH)D content is relatively low (nominally 13 ng/
mL and 15 ng/mL). SRM 1950 is a unique plasma-based 
material, which became available in 2011 [52], with val-
ues assigned for 90 metabolites including 25(OH)D2 and 
25(OH)D3 with a total 25(OH)D concentration similar to 
SRM 972 L1 (Table 2).

A novel SRM was produced in 2017 using human serum 
pools from female donors of reproductive age who were 
not pregnant or were pregnant and identified as in the first, 
second, or third trimester of pregnancy. While SRM 1949 
Frozen Prenatal Human Serum [53] is intended primarily for 
determining thyroid hormones, i.e., total thyroxine  (T4), and 
total triiodothyronine  (T3), reference values were assigned 

Fig. 2  Results from the different analytical methods used to assign 
the certified values for 25(OH)D3 in A SRM 972 L1, B SRM 972 
L3, C SRM 972a L3, and D SRM 972a (L4). For both SRM 972 
and SRM 972a, the red circles are the mean results of the analyti-
cal method with error bars representing the standard deviation of the 

measurements. The red square is the certified value with error bars 
representing the uncertainty as described on the Certificate of Analy-
sis. For SRM 972 (A and B), the yellow circle represents the result 
for 25(OH)D3 after adjustment by subtracting the amount of 3-epi-
25(OH)D3. Plots are based on results from Phinney et al. [51, 54]
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for 25(OH)D2, 25(OH)D3, and 3-epi-25(OH)D3 using an ID 
LC–MS/MS method intended as a modified, higher through-
put version of the RMPs as described by Boggs et al. [53] 
(Table 1). Note that this ID LC–MS/MS method incorpo-
rated 13C-labeled internal standards for the quantification of 
25(OH)D2 and 25(OH)D3.

Even though SRM 972a addressed some of the limita-
tions of SRM 972 [54], the concentration of total 25(OH)
D in the four levels had a range of nominally 19 to 33 ng/
mL (Table 2). Total serum 25(OH)D concentrations in the 
US population typically range from 40 to 75 nmol/L (16 
to 30 ng/mL) [55]; however, about 36% of the population 
have total 25(OH)D concentrations greater than 75 nmol/L 
(30 ng/mL) [55]. To complement SRM 972a, NIST devel-
oped three additional materials: (1) SRM 2973 Vitamin D 
Metabolites in Frozen Human Serum (High Level) [56], 
(2) SRM 2969 Vitamin D Metabolites in Frozen Human 
Serum (Total 25-Hydroxyvitamin D Low Level) [57], and 
(3) SRM 2970 Vitamin D Metabolites in Frozen Human 
Serum (25-Hydroxyvitamin  D2 High Level) [57].

The first of these materials, SRM 2973, was released in 
2017 [56] with a concentration of total 25(OH)D that was 
21% higher than any level in 972a and 34% higher in 25(OH)
D3 content. In 2021, SRM 2969 was issued providing a lower 
level of total 25(OH)D (13.9 ng/mL versus 18.9 ng/mL in 
SRM 972a). The bar graph in Fig. 3 illustrates the range of 
concentrations of total 25(OH)D for the 20 SRM levels with 
values assigned for 25(OH)D2 and 25(OH)D3. With the addi-
tion of SRM 2969 and SRM 2973, SRMs are now available 
that span a range of total 25(OH)D from 13.9 to 40.1 ng/
mL, thereby nearly doubling the concentration range. SRM 
2970, also introduced in 2021, has a high concentration of 
25(OH)D2 and a low concentration of 25(OH)D3, which was 

produced using serum from donors who were supplementing 
their diet with vitamin  D2. SRM 2970 has the lowest content 
of 25(OH)D3 now expanding the range for 25(OH)D3 from 
9.6 to 39.4 ng/mL (SRM 2973) (Table 2 and Fig. 3).

Certification approach for SRM 2969, SRM 2970, 
and SRM 2973

For SRM 2969, SRM 2970, and SRM 2973, the certification 
approach had evolved to assigning certified values based 
only on results from the NIST ID LC–MS/MS RMPs, i.e., 
a single method approach used for many of the previous 
SRMs for clinical markers (e.g., cholesterol and glucose). 
The certified concentrations for 25(OH)D3 in these three 
recent materials have uncertainties ranging from 3.2% for 
the lowest concentration (SRM 2970) to 2.1% for the highest 
concentration (SRM 2973) available in the current suite of 
SRMs (Table 2).

Calibration Solution CRMs

In parallel with the development of serum matrix SRMs 
for vitamin D metabolites, NIST, as well as commercial 
vendors, have developed solution CRMs for 25(OH)D2, 
25(OH)D3, 3-epi-25(OH)D3, and 24,25(OH)2D3 for use 
as calibrants. Issued in 2009, SRM 2972 25-Hydroxyvita-
min  D2 and 25-Hydroxyvitamin  D3 Calibration Solutions 
consisted of individual ethanolic solutions of 25(OH)D2 
and 25(OH)D3 at nominal mass fractions of 300 ng/g and 
400 ng/g, respectively. SRM 2972 was updated in 2014 to 
contain four solutions, i.e., the original two solutions of 
25(OH)D2 and 25(OH)D3 with revised mass fractions, a 

Fig. 3  Comparison of the 
concentrations of 25(OH)D3 
(orange) and 25(OH)D2 (purple) 
ordered based on increasing 
total 25(OH)D concentration 
(ng/mL). Bars that are textured 
color represent SRMs that are 
no longer available. For bars 
with an asterisk, no concen-
tration for 25(OH)D2 was 
determined. Brackets indicate 
the range for vitamin D “suf-
ficiency” and “insufficiency” 
as defined by the Institute of 
Medicine [41, 42]
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second solution of 25(OH)D3 at nominal mass fraction of 
800 ng/g, and a solution of 3-epi-25(OH)D3 at nominal 
mass fraction 300 ng/g. Based on customer feedback, the 
updated material, denoted as SRM 2972a 25-Hydroxyvi-
tamin D Calibration Solutions, was intended to provide a 
more convenient, ready-to-use form for calibrant prepara-
tion and use. In 2022, the 3-epi-25(OH)D3 solution was 
removed from SRM 2972a to create a new SRM 2968 
3-epi-25-Hydroxyvitamin  D3 Calibration Solution, and 
the remaining solutions from SRM 2972a became SRM 
2972b 25-Hydroxyvitamin  D2 and 25-Hydroxyvitamin 
 D3 Calibration Solutions. To improve comparability of 
24,25-dihydroxyvitamin  D3 [24,25(OH)2D3] measure-
ments, SRM 2971 24R,25-Dihydroxyvitamin  D3 Cali-
bration Solution was developed in 2018 with a nominal 
mass fraction of 1000 ng/g (Table 3). In 2017, Cerilliant 
(now part of MilliporeSigma) initiated the development of 
solution CRMs for vitamin D metabolites and isotopically 
labeled analogues to support the measurement of vitamin 
D metabolites. The CRMs from Cerilliant (Table 3) are at 
considerably higher concentrations (about 100x) compared 
to the NIST SRMs.

Addition of new information to existing 
SRMs

Values for 24,25(OH)2D3

Because of growing interest in 24,25(OH)2D3 [58], NIST 
developed a RMP for this metabolite in 2015 as reported 
by Tai et  al. [59]. Using the results from the candidate 
RMP only, NIST assigned values for 24,25(OH)2D3 in 
SRM 972a and SRM 2973 as shown in Table 2. The values 
were initially designated as reference values and eventually 
changed to certified values after the method was recognized 
by the JCTLM as a RMP in 2017. The concentrations of 
24,25(OH)2D3 range from 1.41 to 3.13 ng/mL with asso-
ciated uncertainties consistently at 3.5 to 3.8% (Table 2). 
However, since the four pools of serum used in SRM 972a 
have similar levels of 25(OH)D3 in L1 and L4 (same serum 
pool) and L2 and L3 (different pools with similar concen-
trations of 25(OH)D3), there are only two nominal concen-
trations for 24,25(OH)2D3 in these four pools (i.e., 1.4 ng/
mL and 2.6 ng/mL). SRM 2969 and SRM 2970 have rela-
tively low concentrations of 25(OH)D3, and therefore, the 

Table 3  Calibration solution CRMs for vitamin D metabolites

a The uncertainty provided with each value is an expanded uncertainty about the weighted mean to cover the measurand with approximately 95% 
confidence. The expanded uncertainty is calculated as U = kuc, where uc incorporates the observed difference between the results from the meth-
ods and their respective uncertainties, as well as uncertainties related to purity estimation and possible degradation of the solution over time and 
k is the coverage factor (k = 2) corresponding to approximately 95% confidence. For specific details for each SRM, see the current COA at www. 
nist. gov/ SRMs and search by number to find the COA
b Relative uncertainty as %
c All solutions are in ethanol
d Uncertainty is expressed as an expanded uncertainty in accordance with ISO 17034 at the approximate 95% confidence interval using a cover-
age factor of k = 2. For more details for each CRM, see the current COA at www. ceril liant. com/ produ cts/ catal og. aspx and search by number to 
find the COA

SRM/CRM Unit Mass fraction (ng/g)a

25(OH)D2 %b 25(OH)D3 %b 3-epi-25(OH)D3 %b 24R,25(OH)2D3 %b

NIST  SRMsc

SRM 2972b 15 × 1.2 mL 293.6 ± 9.1 3.1
Level 1 410.0 ± 14.9 3.6
Level 2 812.0 ± 29.2 3.6
SRM 2968 5 × 1.2 mL 293.4 ± 13.5 4.6
SRM 2971 5 × 1.0 mL 1054.4 ± 19.0 1.8
MilliporeSigma  CRMsc Concentration (µg/mL)d

25-(OH)D2 (H-073) 1 × 1 mL 50.0 ± 0.3 0.6
25-(OH)D3 (H-083) 1 × 1 mL 100.0 ± 0.6 0.6
3-epi-25(OH)D3 (E-086) 1 × 1 mL 50.0 ± 0.3 0.6

1α, 25(OH)2D
1α, 25(OH)2D2 (H-089) 1 × 1 mL 5.00 ± 0.03 0.6
1α, 25(OH)2D3 (H-090) 1 × 1 mL 5.000 ± 0.028 0.6
1α, 25(OH)2D3-13C3 (H-107) 1 × 1 mL 5.000 ± 0.028 0.6
D6-25(OH)D3 (H-074) 1 × 1 mL 50.0 ± 0.3 0.6

http://www.nist.gov/SRMs
http://www.nist.gov/SRMs
http://www.cerilliant.com/products/catalog.aspx
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concentrations of 24,25(OH)2D3 in SRM 2969 and SRM 
2970 are low (nominal 0.57 ng/mL and 0.73 ng/mL, respec-
tively) at levels about half of the lowest levels in SRM 972a 
(Table 2). These values were not reported on the COAs for 
SRM 2969 and SRM 2970; however, they are provided in 
the certification report [57].

Values for vitamin D binding protein and free 
25(OH)D

Release of the 25(OH)D from VDBP and albumin is a criti-
cal step during sample preparation and extraction prior to 
LC–MS/MS, and variations in VDBP content could affect 
extraction recovery. Studies have shown that VDBP concen-
tration increases during pregnancy [60–63]; therefore, SRM 
1949 provides an excellent material for use to investigate the 
relationship of VDBP and 25(OH)D during pregnancy and 
to assess the accuracy of VDBP measurements. VDBP is 
typically measured using an ELISA; however, recent efforts 
to quantify VDBP using LC–MS/MS have been reported 
[64, 65]. Kilpatrick and Phinney [65] developed an approach 
based on measurement of isoform-specific peptides using 
LC–MS/MS and provided a preliminary value for VDBP 
in SRM 1950. In 2020, Kilpatrick et al. [66] expanded the 
development of an LC–MS/MS method for quantification of 
VDBP using isotopically labeled peptides as internal stand-
ards and implemented the method for value assignment of 
VDBP content in SRM 1949 (Table 2).

The results for VDBP in SRM 1949 demonstrated the 
increase in VDBP concentration during pregnancy (see 
Figure S4, ESM). Using the same LC–MS/MS method, 
Kilpatrick et al. [67] assessed the VDBP content in SRM 
1950 as part of an interlaboratory comparison between 
NIST [65] and the University of Washington [64]. Each 
laboratory used different sample preparation and quanti-
fication approaches but followed a similar measurement 
protocol resulting in VDBP concentration of 3.17 nmol/g 
(%CV = 3.44) (NIST) and 3.50 nmol/g (%CV = 2.68) (Uni-
versity of Washington), which were combined to provide 
a target value for SRM 1950 of 3.33 nmol/g ± 0.33 nmol/g 
(175 µg/mL ± 18 µg/mL) [67]. The availability of refer-
ence values for VDBP content in SRM 1949 and SRM 
1950 allows researchers to validate the assays used in their 
laboratories for determination of VDBP.

Recent studies suggest that the measurement of free 
25(OH)D may be a better indicator of vitamin D status than 
total 25(OH)D content [9, 68, 69]. At present, the princi-
ple method for determination of free 25(OH)D is an ELISA 
based on monoclonal anti-25(OH)D antibodies that uses a 
specific incubation buffer that allows capture of only the 
free fraction of 25(OH)D [70]. As an initial step toward 
harmonization of free 25(OH)D measurements, Sempos 
et al. [71] reported target values of free 25(OH)D in three 

existing SRMs, i.e., SRM 972a, SRM 2973, and SRM 1949, 
determined using this ELISA. For this study, two laborato-
ries used the only commercial free 25(OH)D ELISA [70] 
to measure the free 25(OH)D in the three SRMs as sum-
marized in Table 4. The linear regression for free 25(OH)D 
and total 25(OH)D in the nine levels of the three SRMs is 
shown in Fig. 4A indicating that the relationship in the three 
pregnancy trimester pools is significantly different from the 
other SRMs that represent non-pregnant donors. The rela-
tionship between free 25(OH)D3 and VDBP (Fig. 4B) illus-
trates the decrease in free 25(OH)D with the increase in 
VDBP as pregnancy advances [60–63]. Although the values 
for free 25(OH)D are not reported on the SRM COAs, the 
results reported in Sempos et al. [71] can be used as target 
values by researchers for use as controls in free 25(OH)D 
measurements.

Commutability studies for vitamin D SRMs

CRMs for clinical diagnostic markers in human serum, 
which are typically prepared as pooled and/or processed 
serum samples, should undergo a commutability assess-
ment to support their equivalent performance to that of 
patient samples [72, 73]. The International Vocabulary of 
Metrology (VIM) defines commutability as “a property 

Table 4  Summary of percent free 25(OH)D3 in NIST SRMs

a Free 25(OH)D/total 25(OH)D × 100
b Uncertainty from the COA, if provided
c NP, non-pregnant; 1 T, 1st trimester of pregnancy; 2 T, 2nd trimester 
of pregnancy; 3 T, 3rd trimester of pregnancy
d Values calculated (sum of 25(OH)D2 and 25(OH)D3) for this study 
and not assigned by NIST on the SRM Certificate of Analysis (COA)
e Uncertainty is the combined expanded uncertainty calculated from 
the sum of the values reported for 25(OH)D2 and 25(OH)D3

Free 25(OH)
D3 (pg/mL)

Total 25(OH)D  
(ng/mL)

Percent
Free 25 
(OH)Da

Mean SD Mean Uncertaintyb

SRM 972a 
Level 1

7.75 0.59 29.3 1.1 0.0264

SRM 972a 
Level 2

4.88 0.58 18.9 0.4 0.0258

SRM 972a 
Level 3

7.83 0.54 33.0 0.5 0.0237

SRM 972a 
Level 4

7.90 0.53 30.0 0.9 0.0263

SRM 2973 10.00 0.58 40.1 0.8 0.0249
SRM 1949  NPc 6.15 0.38 25.3d 0.28e 0.0243
SRM 1949  1Tc 4.70 0.42 27.2d 0.23e 0.0173
SRM 1949  2Tc 4.40 0.48 30.5d 0.50e 0.0144
SRM 1949  3Tc 3.76 0.36 30.3d 0.41e 0.0124
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of a reference material, demonstrated by the closeness of 
agreement between the relationship among the measurement 
results for a stated quantity and the relationship obtained 
among measurement results for other specified materials” 
(e.g., patient samples in clinical laboratory medicine) [74]. 
As a practical definition, commutability is the property of 
the RM whereby the measurement response for the RM is 
the same as for an individual clinical sample with the same 
concentration of the analyte when measured using two or 
more measurement systems. Ideally, one of the measurement 
methods is an RMP.

The SRMs intended specifically for vitamin D metabo-
lites have been included in commutability studies through 
collaborations among NIH ODS, NIST, CDC, University 

of Ghent, assay manufacturers, and research laboratories. 
To date, three commutability studies have assessed SRM 
972a, SRM 2973, SRM 2969, SRM 2970, and SRM 1949. 
The first commutability study for SRM 972a was conducted 
in 2011 [75], a second study for SRM 972a and SRM 2973 
was conducted in 2016 [76], and the most recent study for 
SRM 2969, SRM 2970, and SRM 1949 was conducted in 
2022 [77]. For the first study [75], 18 laboratories provided 
results (14 immunoassays and 4 LC–MS/MS); unfortunately, 
only 9 laboratories gave permission for publication of their 
results thereby limiting the value of the study. In this first 
study, all four levels of SRM 972a were assessed as com-
mutable for the six immunoassays reporting results and for 
the three LC–MS/MS methods with two methods providing 

Fig. 4  Least squares linear 
regression for free (25(OH)
D and total 25(OH)D for nine 
SRM levels A and for 25(OH)
D versus vitamin D binding pro-
tein for various levels of SRM 
1949 B.  Adapted from Sempos 
et al. [71]
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“uncertain” commutability for two different levels of SRM 
972a. For the second study [76], results were received from 
28 laboratories using 20 immunoassays (12 unique assays) 
and 14 LC–MS/MS methods for the assessment of SRM 
972a again and SRM 2973. For this study, SRM 972a L3, 
with a high endogenous concentration of 25(OH)D2, was 
assessed as noncommutable for several immunoassays. SRM 
972a L4 was assessed as noncommutable using six assays 
due to inadequate separation of the 3-epimer. However, even 
though commutability is defined as a property of the RM, 
the problem in this instance was not the SRM but the lack of 
specificity of the LC–MS/MS method to provide the quantity 
values for the intended measurand, i.e., the method was not 
fit for the intended purpose.

The 2022 commutability study was designed to assess 
the commutability of the three most recent SRMs represent-
ing unique properties that had not been assessed previously 
(i.e., low total 25(OH)D, 25(OH)D2, and serum from preg-
nant women) and to evaluate additional assays not evaluated 
previously. For this third commutability study, 17 unique 
immunoassays and 9 LC–MS/MS assays were used to assess 
SRM 2969, SRM 2970, and SRM 1949, and the results were 
evaluated using both the traditional Clinical Laboratories 
Standards Institute (CLSI) approach using 95% prediction 

intervals that was used in the two previous studies [75, 76] 
and the recent International Federation of Clinical and Labo-
ratory Chemistry (IFCC) approach based on differences in 
bias [78]. The results of the 2022 commutability study have 
been evaluated and are expected to be published soon [77]. 
Results from both the 2016 and 2022 commutability studies 
for 11 SRM levels are combined using the Abbott ARCHI-
TECT assay in Fig. 5. For SRM 972a L3 and SRM 2970, 
which have high endogenous concentrations of 25(OH)D2 
(13.2 ng/mL and 23.5 ng/mL, respectively), both SRMs were 
noncommutable (i.e., outside the pre-set criterion of 8.8%) 
using the Abbott ARCHITECT assay (Fig. 5).

Efforts to assess and improve accuracy 
and comparability of 25(OH)D 
measurements

Quality assurance programs for 25(OH)D

The improvement in accuracy and comparability of 25(OH)
D measurements during the past 15 years can be attributed 
to several quality assurance efforts including an expanded 
use of SRMs and quality assurance programs. DEQAS was 

Fig. 5  Commutability assessment using the CLSI approach with a 
pre-set criterion of 8.8% of 11 NIST SRM levels for total 25(OH)D 
using the Abbott ARCHITECT assay in two different commutabil-
ity studies. Black circles are the Abbott ARCHITECT assay results 
and the NIST-assigned target values for 25(OH)D in 50 single-
donor samples in 2016 commutability study. NIST values assigned 
using the RMPs for 25(OH)D2 and 25(OH)D3. Red circles are the 
Abbott ARCHITECT assay results from the 2022 commutabil-
ity study for the same 50 single-donor samples. Black triangles are 

the SRMs assessed in the 2016 study, and the red triangles are the 
SRMs assessed in the 2022 study. SRM 972a L3 and SRM 2970 have 
high concentrations of 25(OH)D2. The solid black line is the Dem-
ing linear regression of the 2016 study results (black circles). The red 
dashed lines are the 8.8% criterion from the Deming line used for the 
assessment of commutability using the CLSI approach. Results for 
2016 commutability study [76] and 2022 commutability study [77] 
are published elsewhere. Figure adapted from [87]
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established in 1989 “to ensure the analytical reliability of 
25(OH)D assays” [79] and continues today with approxi-
mately 1000 participants worldwide receiving quarterly 
sample sets that are analyzed to determine 25(OH)D using 
about 30 different methods (2017) [16]. The accuracy of 
DEQAS participants’ results was originally assessed using 
the consensus All-laboratory Trimmed Mean (ALTM). The 
first accuracy-based quality assurance program for 25(OH)
D, known as the Vitamin D Metabolites Quality Assurance 
Program (VitDQAP), was initiated in 2009 by NIST, in col-
laboration with NIH ODS, using the RMPs and SRMs to 
establish trueness of measurements [4, 80, 81]. The Vit-
DQAP conducted 12 exercises from 2009 through 2016 
with a total of 99 participating organizations. During these 
exercises, SRM 972a and SRM 2973 were distributed to 
participants as unknown samples as well as other SRMs that 
eventually had values assigned for 25(OH)D2 and 25(OH)
D3, e.g., SRM 968e, SRM 968f, and SRM 1950. Target value 
assignment for 25(OH)D2 and 25(OH)D3 by NIST using 
their RMPs allowed DEQAS to become an “accuracy-based” 
scheme in 2013 [82]. In late 2018, DEQAS transitioned from 
NIST to CDC providing target values using their RMP. 
With the conversion of the long-running DEQAS program 
to an accuracy basis and the establishment of the College 
of American Pathologists (CAP) accuracy-based vitamin 
D program (ABVD) [83], NIH ODS and NIST support for 
accuracy-based performance testing through VitDQAP was 
sunset. The results of each of the 12 VitDQAP exercises 
were published in NIST reports (see, e.g., [84]). Two papers 
highlight the results of the exercises [4, 81] and a final report 
summarizes the findings and impact of the program [80].

CDC vitamin D standardization – certification 
program (CDC‑VDSCP)

The CDC Vitamin D Standardization – Certification Pro-
gram [17] is intended to provide reference measurements for 
total 25(OH)D, assess the accuracy and precision of vitamin 
D tests, and monitor their performance over time. Laborato-
ries participating in the CDC VDSCP demonstrate that their 
25(OH)D assay performance on quarterly sets of samples 
meets performance criterion of 5% mean bias compared 
to the CDC RMP and imprecision of < 10%. Participants 
meeting these criteria are listed on the CDC VDSCP web-
site as “Certified Total 25(OH)D Assays.” As of September 
2023, 42 assays are listed as certified, equally distributed 
between LC–MS/MS and immunoassays [17]. The CDC 
VDSCP is part of the CDC Vitamin D Reference Labora-
tory [85], which states that the measurements are based on 
the “highly accurate and precise reference method” (i.e., the 
CDC RMP), which is calibrated using SRM 2972a providing 
traceability to the SI.

International intercomparison for determination 
of 25(OH)D2 and 25(OH)D3

In 2015, candidate SRM 2973 and a sample from the Vit-
DQAP with a high endogenous content of 25(OH)D2 were 
used as unknown test samples in an international compari-
son conducted among national metrology institutes (NMI) 
as part of the Consultative Committee on the Amount of 
Substance (CCQM) [86, 87]. CCQM intercomparison 
exercises are intended to demonstrate the equivalence of 
measurements among NMIs and CRMs [86] using a Key 
Comparison Reference Value (KCRV) with an associated 
uncertainty based on means of qualified results from the 
participating laboratories. Seven NMI laboratories ana-
lyzed these two serum materials using ID LC–MS/MS 
methods to determine 25(OH)D2 and 25(OH)D3 as shown 
in Fig. 6. For this study, the KCRV for 25(OH)D3 for SRM 
2973 (Fig. 6A) and the VitDQAP sample (Fig. 6B) were 
37.85 ng/g ± 0.65 ng/g and 25.31 ng/g ± 0.65 ng/g, respec-
tively, compared with the NIST certified value for SRM 
2973 (38.6 ng/g ± 0.8 ng/g) and the NIST target value for 
VitDQAP sample (25.7 ng/g ± 0.3 ng/g), both determined 
with the NIST RMPs, demonstrating agreement with the 
KCRV. For the measurements of 25(OH)D2 in VitDQAP 
sample, the KCRV was 6.22 ng/g ± 0.3 ng/g compared with 
NIST measurements of 6.33 ng/g ± 0.12 ng/g.

Intended uses of CRMs

Matrix CRMs are intended for the following uses: (1) ana-
lytical method development and new method validation, (2) 
to serve as a control material during routine measurements, 
(3) to assign values for in-house quality control materials, 
and (4) to provide metrological traceability of measurement 
results. Practical guides for the use of CRMs have been 
published [88–90]. Use of serum-based CRMs, ideally with 
endogenous levels of the measurand of interest, is critical for 
new method development and validation to assess accuracy 
(trueness) of the complete analytical process (i.e., extrac-
tion, sample extract clean up, chromatographic separation 
and detection, and quantification) for determining clinical 
diagnostic markers.

During routine measurements of patient serum samples to 
determine vitamin D status, CRMs, or in-house control materi-
als value assigned using a CRM, should be included in every 
batch of samples to assess the accuracy of the results and to 
validate that the measurements are in control. Control charts 
are often used to monitor the quality of measurements in a lab-
oratory over time allowing for comparison of measurements in 
different studies and at different times. An example of a control 
chart is illustrated in Fig. 7 where SRM 972a L3 was analyzed 
quarterly at NIST for assigning target values for DEQAS and 
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for other measurement campaigns. The control chart (Fig. 7) 
is based on measurements over 6 years and performed by five 
different analysts using the NIST RMPs. Based on the low 
control result for July 2018, the samples were re-analyzed with 
SRM 972a L1 as an additional control, and the results were 
found to be within the certified value.

Impact of vitamin D metabolite SRMs

The impact of the availability of both serum matrix SRMs 
and calibration solution SRMs that have been developed over 
the past 15 years can be assessed by both sales’ information 

and by reports in the scientific literature describing their use 
for method validation, quality control, and research. Sales 
of the SRMs are a good indicator of their use and accept-
ance within the vitamin D measurement community (see 
Figure S4A). Sales of SRM 972 exceeded expectations with 
the total inventory of over 1600 units depleted in 2 years. 
A detailed discussion of the sales of SRM 972 and SRM 
972a from 2009 through 2016 was published previously [4] 
including the distribution of sales among different customer 
sectors, i.e., commercial testing laboratories, instrument 
manufacturers, hospitals and medical centers, universities, 
clinical diagnostic manufacturers, resellers, and government. 
Sales of SRM 2972 (and its updates SRM 2972a and 2972b) 
have been consistent at a rate of 256 units/year (Figure S4A).

Literature reports of use of vitamin D SRMs

The serum matrix and calibration solution SRMs for vitamin 
D metabolites have been widely used to validate new analyti-
cal methods and to assure the quality of 25(OH)D measure-
ments using both LC–MS/MS methods and immunoassays. 
Since 2010, over 90 papers have been published where the 
authors report the use of these SRMs to validate their meth-
ods and to provide quality assurance for their measurements 
as summarized in Table S1 (ESM).

Review papers recommending SRM use Several workshop 
recommendations looked forward to the highly anticipated 
release of SRM 972 and its impact on standardization of 
measurements for 25(OH)D [31, 91]. In the reviews by Vol-
mer and coworkers [10, 19], the first paper [19] describes 
the need for and the beginnings of the efforts to standardize 
25(OH)D measurements, and in the second, Alexandridou 
et al. [10] outline the progress that has been made including 
the availability of SRMs and concludes with the statement 
“…..successful harmonization and standardization of mass 
analytical procedures has strongly improved reliability and 
comparability of vitamin D assays on a global scale.” [10]. 
Other recent review papers on the status of measurements of 
vitamin D metabolites [11, 13, 14] have included extensive 
sections on quality assurance and have attributed improve-
ments in comparability and accuracy of results to quality 
assurance activities including the availability of SRMs. In 
the review by Volmer et al. [19] citing 32 papers using LC–
MS/MS for 25(OH)D, the authors indicated that 10 of these 
papers report using SRM 972/972a for quality control and 
validation of their methods.

Method development and validation In the early 2010s, chro-
matography method development for 25(OH)D2 and 25(OH)
D3 often focused on the separation of 3-epi-25(OH)D3 and 
25(OH)D3. Several of these method validation studies found 
that their LC-UV and LC–MS/MS methods were deficient due 

Fig. 6  Results of an international comparison of measurements for 
25(OH)D3 in A candidate SRM 2973 and B a VitDQAP sample. The 
KCRV (solid black line) and associated uncertainty (solid red line) are 
compared with the certified value for SRM 2973 (blue dotted line) and 
uncertainty from the COA (dashed blue line). The x-axis lists the NIM 
participating in the study: Korea Research Institute of Standards and 
Science (KRISS) National Measurement Institute Australia (NMIA), 
National Institute of Metrology China (NIM), National Metrology 
Institute of Turkey (UME), National Institute of Metrology Thailand 
(NIMT), NIST, and Health Sciences Authority Singapore (HSA)
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to the lack of separation of the 3-epi-25(OH)D3 and 25(OH)
D3, which was often demonstrated by using SRM 972 L4, 
containing a high exogeneous concentration of 3-epi-25(OH)
D3. Hymøller and Jensen [92], Bogusz et al. [93], Adamec 
et al. [94], and Mochizuki et al. [95] developed LC-UV or 
LC–MS/MS methods for 25(OH)D2 and 25(OH)D3 and used 
SRM 972 for method validation achieving good agreement 
with the certified values except for L4 due to their inability 
to separate the 3-epimer. Strathmann et al. [96] investigated 
the significance of the contribution of 3-epi-25(OH)D3 in 
measurements of total 25(OH)D and attributed the lack of 
agreement of immunoassay and LC–MS/MS results to the 
presence of 3-epi-25(OH)D3; they used SRM 972 “To rule 
out the possibility that the calibration could have resulted in 
the differences we observed…which demonstrated 100–108% 
(mean 103.3%) recovery of non-epimeric 25(OH)D3” [96].

A critical part of the development and validation of the 
University of Ghent and CDC RMPs for 25(OH)D2 and 
25(OH)D3 was the use of SRM 2972 as a calibrator and 
SRM 972 and SRM 972a as precision and/or accuracy 
assessment tools. For the Ghent RMP, Stepman et al. [39] 
used SRM 2972 to value assign the calibrants for 25(OH)D2 
and 25(OH)D3 through a direct comparison denoted as the 
“calibration transfer protocol.” SRM 972 was used as part of 
the precision, trueness/accuracy, and limits of quantification 
assessments for the RMP. Using 10 replicates of SRM 972, 

the trueness, expressed as % recovery compared to certi-
fied values, was determined to be 101.0 to 101.7% (95% CI) 
for 25(OH)D2 for three SRM levels and 99.4 to 101.9% for 
25(OH)D3 for all four SRM levels. Later, as part of a com-
mutability study for SRM 972a [97], the NIST and Ghent 
RMPs were compared directly for a set of 50 single-donor 
samples and the combined results were used to assign target 
values. The results demonstrated a slight difference between 
the RMPs for total 25(OH)D with the NIST RMPs provid-
ing slightly lower results, i.e., − 0.52 ng/mL (u = 0.04 ng/
mL), corresponding to a relative average difference between 
methods of < 0.8% based on the median concentration of 
total 25(OH)D in the samples [97].

Before developing the CDC RMP, Schleicher et al. [27] 
developed an ID LC–MS/MS method for 25(OH)D2, 25(OH)
D3, and 3-epi-25(OH)D3 with calibration traceable to SRM 
2972 and validation using SRM 972. Using data from 44 
replicates of all four levels of SRM 972, the bias (95% CI) 
for 25(OH)D2, 25(OH)D3, and 3-epi-25(OH)D3 compared 
to the certified values was − 2 to 5% (three levels), − 2 to 0% 
(four levels), and 4% (one level), respectively. The authors 
pointed out that when compared to assigned reference values 
the bias was significantly higher, i.e., − 18% for 25(OH)D2 
and 18 to 29% for 3-epi-25(OH)D3, indicating the impor-
tance of assigning certified values, if possible. The CDC 
RMP is based on the method developed by Mineva et al. 
[40], and a key element of the method validation was using 

Fig. 7  Control chart for the NIST determination of 25(OH)D3 in 
SRM 972a L3 for quarterly DEQAS exercises from July 2013 to July 
2018 (red dots) and a commutability study and SRM certification 
measurements (black dots). Error bars are ± SD for duplicate analyses 
of SRM in DEQAS measurements and the commutability study and 
for 4 replicates in SRM certification measurements. The solid line is 

the certified value, and the dashed line is the uncertainty of the certi-
fied value. The x-axis are the dates (month and year) for the quarterly 
DEQAS exercises and dates ending with C and S refer to the com-
mutability study and the SRM measurements, respectively.  Adapted 
from Burdette et al. [82] and expanded with additional results
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SRM 972/972a for accuracy assessment. Based on 10 inde-
pendent measurements of the SRM 972 (L1 and L3) and 
SRM 972a (L2, L3, and L4), trueness was assessed by the 
bias compared to certified values for 25(OH)D2 at 98.5 to 
101.4% (three levels), for 25(OH)D3 at 99.0 to 101.7% (four 
levels), and for 3-epi-25(OH)D3 at − 1.0% (one level). As 
another approach to assessing method trueness, the authors 
compared their candidate RMP to the Ghent RMP using 
40 patient samples and observed a mean bias of − 0.9% for 
25(OH)D3, 2.3% for 25(OH)D2, and 0.2% for total 25(OH)
D and a linear regression line with slope of 1.0188.

Dowling et al. [98] developed an LC–MS/MS method 
for 25(OH)D2 and 25(OH)D3 with a focus on including 
3-epi-25(OH)D3 and 24,25(OH)2D3 in the method, which 
often interfere in many LC–MS/MS assays and immu-
noassays. Validation of the method for all four metabo-
lites was accomplished using SRM 972a with observed 
bias of − 1.7%, − 1.5%, − 4.9%, and 12.0% for 25(OH)D2, 
25(OH)D3, 3-epi-25(OH)D3, and 24,25(OH)2D3, respec-
tively. The paper by Dowling et al. [98] in 2017 was the 
first to report using SRM 972a to validate measurements of 
24,25(OH)2D3, which had only recently had values assigned 
for this metabolite.

Mondello and coworkers [99, 100] reported method vali-
dation using SRM 972a for two newly developed methods 
based on GC–MS/MS and UPLC-MS/MS. Micalizzi et al. 
[100] developed a novel GC–MS/MS method using deri-
vatization and mild ionization conditions for determining 
vitamin D metabolites in less than 12 min. Bias compared 
to the certified values for 25(OH)D3 was within 5% for three 
of the levels and the fourth was at 12%. For the higher level 
of 25(OH)D2 in L3, the GC–MS/MS method was within 
10% of the certified values; however, for the low levels in 
the other three SRM levels, the GC–MS/MS method pro-
vided higher results (116 to 392%). For 24,25(OH)2D3, the 
agreement with the certified values was excellent for the 
two levels above the LoQ (L1 and L4). For 3-epi-25(OH)
D3, only L4 had a value above the LoQ with bias 4% lower 
than the certified value. The authors provided examples of 
GC–MS/MS chromatograms for the four levels of SRM 972a 
to illustrate the separation and analysis. Donnarumma et al. 
[99] described a UPLC-MS/MS method for total lipidome 
analysis and for targeted quantification of five vitamin D 
species. For 25(OH)D3, the results were biased from − 0.2 
to 7.9% compared with SRM 972a. For 25(OH)D2, only L3 
was above the LoQ and results agreed within − 2%. For the 
24,25(OH)2D3, only L1 and L4 were above the LoQ, and the 
measurements were 11% and 15% higher than the certified 
values.

Because of the wide diversity of immunoassays and their 
response for 25(OH)D, the serum-based SRMs have also 
been valuable in assessing the comparability of measure-
ments among these assays. Using SRM 972, Moon et al. 

[101] compared bias results for three immunoassays (Roche 
Elecsys, Siemens Centaur, and DiaSorin Liaison) and an 
LC–MS/MS assay. Only the LC–MS/MS assay had accept-
able bias (mean bias of 1.9%) whereas the DiaSorin Liaison 
and Siemens ADVIA Centaur showed mean negative bias 
of − 14.7% and − 11.6%, respectively. The Roche Elecsys 
had a mean bias of 9.1%; however, individual levels of SRM 
972 exhibited bias from 23 to 30% for L1 and L2 to 58% 
for L4, and − 25% for L3 with elevated level of exogeneous 
25(OH)D2. Janssen et al. [102] compared an LC method, 
LC–MS/MS method, a protein binding method (Roche), and 
five immunoassays (DiaSorin Liaison and RIA, IDS iSYS, 
Siemens ADVIA Centaur, and Abbott Architect) analyzing 
60 patient samples for total 25(OH)D including SRM 972 to 
assess accuracy. The LC–MS/MS and the LC method were 
successful in achieving within 10% of the certified values 
except for L4 since neither of these chromatographic meth-
ods separated the epimer. For the RIA, protein binding assay, 
and immunoassays, only the RIA and protein binding assay 
achieved within 10% for the unmodified L1. However, for 
L2, L3, and L4, which were modified with horse serum or 
exogeneous vitamin metabolites, none of the non-chroma-
tographic assays provided results within 10% of the certified 
values. Interestingly, the authors commented that since it had 
been suggested that the modified levels of SRM 972 were 
inappropriate when using binding assays, they analyzed a 
DEQAS sample with high endogenous 25(OH)D2 and found 
that it gave results like SRM 972 L3.

Use of SRMs and standardization protocols 
within national survey programs

Changes in measurements of 25(OH)D over time within 
NHANES catalyzed the development of SRMs and other 
efforts to standardize these measurements. NHANES 
2007–2010 was the first NHANES to report 25(OH)D con-
centrations determined using a “standardized” LC–MS/MS 
assay [55] based on the method of Schleicher et al. [27] and 
incorporating SRM 972 for QC. Over 15,000 serum samples 
were analyzed with in-house QC pools (n = 250 to 260) and 
SRMs (n = 37) included. As part of the Electronic Supple-
mental Material, Schleicher et al. [27] demonstrate accu-
racy as % bias from certified values for 25(OH)D3 of − 2.8 
to 4.1% (four levels); for 25(OH)D2 of 0.5% and 1.9% (L4 
and L3), and 15% (L2 lowest certified concentration); and 
for 3-epi-25(OH)D3 of 1.4% (L1 only certified value). The 
current CDC Laboratory Procedures Manual for NHANES 
measurements of 25(OH)D2, 25(OH)D3, and 3-epi-25(OH)
D3 using LC–MS/MS [103] states that SRM 972a is tested 
four times per year and SRM 2972a is used to verify stock 
solutions as needed. The CDC Reference Method Laboratory 
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for Vitamin D indicates on their website that their method is 
traceable to SRM 2972a [85].

Traceability to CRMs/RMPs is a critical aspect of a 
VDSP protocol to standardize serum 25(OH)D measure-
ments retrospectively described by Durazo-Arvizu et al. 
[104]. The protocol requires that a specified number of 
stored samples from the previous study be re-analyzed using 
a laboratory’s current assay (preferably an LC–MS/MS 
assay), in conjunction with 40 to 50 single-donor samples 
with values assigned by or traceable to RMPs and CRMs 
[104]. Using this approach, the NHANES measurements 
from 1988 to 2010 were retrospectively standardized as 
reported in Schleicher et al. [105]. Accuracy of the LC–MS/
MS measurements was demonstrated by bias relative to 
SRMs during the course of re-analysis of specimens, and for 
the NHANES 2007–2010 analyses, bias was “minimal < 1% 
for 25(OH)D3 and 25(OH)D2 > 2 nmol/L” [105].

Cashman et al. [106] reported the first of several ret-
rospective standardizations of 25(OH)D results using the 
Irish National Adult Nutrition Survey. In this case study, 
the samples were originally analyzed using the IDS ELISA 
and were re-analyzed with an LC–MS/MS assay traceable to 
NIST and Ghent RMPs through the use of a 50 single-donor 
sample set (as in the Schleicher et al. [105] study) from the 
first VDSP commutability study [23, 75]. The standardized 
results showed that the year-round prevalence rate for serum 
25(OH)D concentrations < 30 nmol/L indicating deficiency 
increased from 6.5 to 11.4% [106]. Subsequent retrospective 
standardizations of 25(OH)D results from past surveys by 
Cashman et al. [107, 108] have relied on their institution’s 
“certified” and “standardized” LC–MS/MS method traceable 
to the NIST RMPs and the CDC VDSCP.

The VDSP standardization approach was also imple-
mented for national surveys in Canada [109] and Germany 
[110]. For the Canadian Health Measures Survey (CHMS), 
Sirafin et al. [109] standardized results from 2007 to 2011 
surveys generated using the DiaSorin Liaison assay avail-
able in 2011 to the DiaSorin Liaison assay available in 2015 
through analysis of the 50 single-donor samples from the 
VDSP commutability study [75, 97] to gain traceability to 
the NIST and Ghent RMPs. Standardization of the 25(OH)
D measurements allowed two sets of CHMS results to be 
combined providing a more thorough investigation of the 
factors that affect 25(OH)D status in Canadians by increas-
ing the total number of survey participants. Overall, the 
standardized values for total 25(OH)D were lower thereby 
increasing the percentage of participants with 25(OH)D 
concentrations < 40 nmol/L. The standardized results also 
reversed an apparent time-dependent decrease in 25(OH)
D status emphasizing the benefit of evaluating data from 
long-term surveys, which the authors identified as a “critical 
step in the development of government policies, requiring 
an understanding of time-dependent changes in status and 

differences in racial-ethnic groups that make up populations” 
[109].

Three previous German national health surveys were stand-
ardized using the VDSP protocol as reported by Rabenberg et al. 
[110]. In the original studies, the samples were analyzed using 
the DiaSorin assay and a subset of samples was re-analyzed 
using the certified University College Cork LC–MS/MS assay. 
The authors state that this work “highlights how standardization 
of 25(OH)D data has a substantial impact on estimates of vita-
min D status in Germany including higher mean levels, higher 
prevalence of vitamin D sufficiency, and lower prevalence of 
vitamin D deficiency overall as well as in age- and sex-specific 
analyses” [110]. According to Durazo-Arvizu et al. [104], a total 
of 23 studies have undergone retrospective standardization using 
the VDSP protocol. A review by Frazer et al. [13] comments 
that “Standardization of 25(OH)D assays has begun to show an 
impact on the estimation of the prevalence of vitamin D defi-
ciency on a global scale…….The high prevalence of vitamin 
D deficiency across the vast geographical footprint represents a 
major public health concern on an alarming scale.”

Traceability to CRMs

The examples above describe how researchers have used the 
SRMs in validating and assuring the quality of their 25(OH)
D measurements. However, several papers claim only that 
their measurements are traceable to the CRM/SRM and/or to 
NIST (see Table S1) without providing any specific details 
and/or evidence of the traceability linkage. Several com-
mercial LC–MS/MS assay manufacturers claim traceability 
of their methods to NIST SRMs including Chromsystems 
(Chromsystems Instruments & Chemicals GmbH, Gräfelf-
ing, DE) and ClinMass (RECIPE Chemicals & Instruments 
GmbH, Munich, Germany). Commercial producers of cali-
brators or serum-based quality control materials often state 
that they are traceable to SRM 2972a or SRM 972a including 
Golden West Diagnostics LLC (Temecula, CA, USA) (e.g., 
denoted in ref. [111] as “NIST-compliant”), Waters Mass 
Trak [112], and Quantimetrix Complete D 25-OH Vitamin 
D Control (Redondo Beach, CA, USA) [113]. Metrological 
traceability to the SI can be achieved through appropriate 
use of a CRM; however, the concept of traceability to NIST 
may be inappropriate in these statements [114].

Next generation of vitamin D metabolite 
SRMs

SRM 972a has been available for over a decade and the 
inventory of the four-level material will be exhausted in 
several years. SRM 2973, SRM 2969, and SRM 2970 have 
been developed to complement SRM 972a and should be 
available for the next 5 to 10 years. SRM 972a has been 
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extremely popular, significant amounts of information have 
been published related to it, and users have provided feed-
back on its use, thereby raising the question—what should 
the next generation of SRMs for vitamin D metabolites look 
like? Should it continue as multiple levels spanning a similar 
range of concentrations of 25(OH)D or should there be mul-
tiple single-level SRMs? Is the SRM 972a L4 with the high 
concentration of exogenous 3-epi-25(OH)D3 still useful? 
An SRM with a high concentration of 3-epi-25(OH)D3 was 
useful in identifying LC–MS/MS methods that were biased 
because they did not separate the epimer; however, use of 
such LC–MS/MS methods should be mostly in the past. 
These are questions that need to be addressed in the design 
of the next generation of SRMs for vitamin D metabolites.

Conclusions

The five current serum matrix SRMs consisting of 11 concentra-
tion levels of 25(OH)D, including different levels of 25(OH)D2, 
25(OH)D3, 3-epi-25(OH)D3, and 24,25(OH)2D3, and informa-
tion on VDBP and free 25(OH)D content, are valuable tools 
for determining accuracy and comparability of measurements 
to assess vitamin D status. The NIST and commercial vendor 
CRM calibration solutions also provide a readily useable, critical 
tool for establishing traceability of calibrants to the SI. These 
SRMs are critical for new method validation and routine quality 
control as demonstrated by sales, reported use in the literature, 
and claims of traceability for commercial assays and calibrators. 
These SRMs and the RMPs provide a foundation for programs 
to assure the quality of vitamin D metabolite measurements, 
including DEQAS, CAP ABVD, and CDC-VDSCP. Standard-
ization of results from previous national surveys has allowed 
broader and more precise assessments of vitamin D deficiency 
and sufficiency among various populations.
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