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Abstract
An interlaboratory comparison study was conducted by the Vitamin D Standardization Program (VDSP) to assess the perfor-
mance of liquid chromatography – tandem mass spectrometry (LC-MS/MS) assays used for the determination of serum total 25-
hydroxyvitamin D (25(OH)D), which is the sum of 25-hydroxyvitamin D2 (25(OH)D2) and 25-hydroxyvitamin D3 (25(OH)D3).
A set of 50 single-donor samples was assigned target values for concentrations of 25(OH)D2, 25(OH)D3, 3-epi-25-
hydroxyvitamin D3 (3-epi-25(OH)D3), and 24R,25-dihydroxyvitamin D3 (24R,25(OH)2D3) using isotope dilution liquid chro-
matography – tandem mass spectrometry (ID LC-MS/MS). VDSP Intercomparison Study 2 Part 1 includes results from 14
laboratories using 14 custom LC-MS/MS assays. Assay performance was evaluated using mean% bias compared to the assigned
target values and using linear regression analysis of the test assay mean results and the target values. Only 53% of the LC-MS/MS
assays met the VDSP criterion of mean % bias ≤ |±5%|. For the LC-MS/MS assays not meeting the ≤ |±5%| criterion, four assays
had mean % bias of between 12 and 21%. Based on multivariable regression analysis using the concentrations of the four
individual vitamin D metabolites in the 50 single-donor samples, the performance of several LC-MS/MS assays was found to be
influenced by the presence of 3-epi-25(OH)D3. The results of this interlaboratory study represent the most comprehensive
comparison of LC-MS/MS assay performance for serum total 25(OH)D and document the significant impact of the lack of
separation of 3-epi-25(OH)D3 and 25(OH)D3 on assay performance, particularly with regard to mean % bias.

Keywords Total serum 25-hydroxyvitamin D (25(OH)D) . 25-Hydroxyvitamin D3 (25(OH)D3) . 25-Hydroxyvitamin D2

(25(OH)D2) . 3-epi-25-Hydroxyvitamin D3 (3-epi-25(OH)D3) . 24R,25-Dihydroxyvitamin D3 (24R,25(OH)3D3) . Liquid
chromatography – tandemmass spectrometry (LC-MS/MS)

Introduction

A number of studies have demonstrated that results for the
determination of serum total 25-hydroxyvitamin D
(25(OH)D), which is defined as the sum of 25-
hydroxyvitamin D2 (25(OH)D2) and 25-hydroxyvitamin D3

(25(OH)D3) and is the primary marker of vitamin D status,
may vary significantly depending on the assay used, i.e., liquid
chromatography – tandem mass spectrometry (LC-MS/MS) or
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various ligand binding assays [1–4]. The impact on decision
making due to these variations in assay performance has
been discussed [5, 6] and recent reviews have described
the analytical challenges and difficulties in assessing vita-
min D status [4, 7–15]. To assist in standardization of
measurements of 25(OH)D, the U.S. National Institutes
of Health, Office of Dietary Supplements (NIH-ODS) or-
ganized the Vitamin D Standardization Program (VDSP)
in 2010 [16] as a collaboration among the U.S. National
Institute of Standards and Technology (NIST) [17], the
U.S. Centers for Disease Control and Prevention (CDC),
national survey laboratories in several countries, and vita-
min D researchers worldwide [16]. The VDSP has
established a reference measurement system that includes
reference measurement procedures (RMPs) at NIST [18,
19], Ghent University [20], and CDC [21]; NIST Standard
Reference Materials® (SRMs) [22–24]; the CDC Vitamin
D Standardization – Certification Program (VDSCP) [25];
and collaborations with two accuracy-based proficiency
testing/external quality assessment (PT/EQA) programs,
i.e., the U.S. College of American Pathologists (CAP)
accuracy-based vitamin D (ABVD) program [26] and the
U.K.-based Vitamin D External Quality Assessment
Scheme (DEQAS) [27, 28]. The VDSP also established
assay performance criteria for measurement variability
and bias for the determination of serum total 25(OH)D ,
i.e., coefficient of variation (CV) ≤ 10% and mean % bias
≤ |±5%| [29, 30].

In 2011, the VDSP coordinated an interlaboratory compar-
ison study to assess measurement variability and bias for the
two primary methodological approaches to measure
25(OH)D, i.e., ligand binding assays and LC-MS/MS assays,
and to evaluate the commutability of SRMs and PT/EQA
materials. The results of these initial VDSP studies, denoted
as Intercomparison Study 1 and Commutability Study 1, were
reported by Wise et al. [3] and Phinney et al. [31], respective-
ly. Since these intercomparison/commutability studies, a num-
ber of studies have evaluated various ligand binding assays for
the determination of serum total 25(OH)D and often com-
pared results to an isotope dilution (ID) LC-MS/MS method
[32–42]. However, other than the first VDSP Intercomparison
Study, no studies have compared or assessed the performance
of a significant number of LC-MS/MS assays for the determi-
nation of the two metabolites, 25(OH)D2 and 25(OH)D3,
which ultimately determine total 25(OH)D.

The assessment of measurement performance in VDSP
Intercomparison Study 1 was intended to provide a baseline
for evaluation of future 25(OH)D standardization activities.
Unfortunately, the interpretation of results from the first
interlaboratory comparison was limited since some partici-
pants in the study did not agree that their results could be
reported. A second round of VDSP intercomparison and
commutability studies, denoted as Intercomparison Study 2

and Commutability Study 2, was undertaken with participat-
ing laboratories agreeing to laboratory and assay identification
in all publications. The goals of VDSP Intercomparison Study
2 were as follows: (1) to assess the measurement performance
of commonly used assays for determination of serum total
25(OH)D; (2) to identify any specific issues in the measure-
ment of serum total 25(OH)D; (3) to assess potential contri-
butions of 3-epi-25-hydroxyvitamin D3 [3-epi-25(OH)D3]
and 24R,25-dihydroxyvitamin D3 [24R,25-(OH)2D3], as well
as 25(OH)D2 and 25(OH)D3, to the assay measurement of
serum total 25(OH)D; and (4) to determine whether there were
any significant improvements in assay performance since
2011. Intercomparison Study 2 consisted of the combination
of results from two studies: (1) an intralaboratory study eval-
uating 13 assays that focused primarily on assay variability
and bias in a single-laboratory setting, and (2) a multi-
laboratory commutability study among 28 laboratories using
34 assays to assess the commutability of SRMs and PT/EQA
samples. In total, Intercomparison Study 2 assessed the com-
parability and bias for 47 assays including 13 unique ligand
binding assays and 15 LC-MS/MS assays performed in 28
laboratories. In this paper, we describe Part 1 of
Intercomparison Study 2 including the assignment of target
values to the set of single-donor samples and the evaluation
and comparison of the different LC-MS/MS assays. Part 2 of
this study describes the results for the ligand binding assays
and is reported in this same journal issue [43]. The single-
laboratory assessment of assay measurement variability and
bias [44] and the commutability assessment of SRMs and PT/
EQA samples [45] are reported elsewhere.

For Intercomparison Study 2, a set of 50 single-donor se-
rum samples was characterized for the content of 25(OH)D2,
25(OH)D3, 3-epi-25(OH)D3, and 24R,25(OH)2D3. To identi-
fy measurement challenges for determination of serum total
25(OH)D, 8 of the 50 single-donor samples had high concen-
trations of 25(OH)D2 (> 30 nmol/L). This interlaboratory
comparison study is the first extensive comparison of the per-
formance of different LC-MS/MS assays using a sample set
characterized for both 3-epi-25(OH)D3 and 24R,25(OH)2D3

as well as 25(OH)D2 and 25(OH)D3.

Methods

Measurands

The measurand for the intercomparison study was serum
total 25(OH)D in nmol/L, which is defined as the sum of
the concentrations of 25(OH)D2 and 25(OH)D3, without
the inclusion of the concentration of 3-epi-25(OH)D3. The
concentrations of 25(OH)D2, 25(OH)D3, 3-epi-25(OH)D3,
and 24R,25(OH)2D3 were determined in the 50 single-
donor samples by NIST. Several participating laboratories
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reported results for 3-epi-25(OH)D3 in addition to
25(OH)D2 and 25(OH)D3.

Intercomparison Study 2: Coordination and
responsibilities

Intercomparison Study 2 was co-designed and coordinated by
NIST and NIH-ODS through the VDSP, including acquisition
and distribution of 50 single-donor serum samples, recruit-
ment of participating laboratories, and compilation of the re-
sults [46]. Samples were distributed to the participating labo-
ratories in November 2016 and results were received in
January/February 2017. NIST was responsible for analysis
of the 50 single-donor serum samples to assign target values
for 25(OH)D2, 25(OH)D3, 3-epi-25(OH)D3, and
24R,25(OH)2D3. NIH-ODS and VDSP LLCwere responsible
for conducting the data analyses.

Single-donor serum samples

The single-donor serum samples used for Intercomparison
Study 2 were procured from Solomon Park Research
Laboratories (Seattle, WA). Serum samples were obtained
from 50 healthy donors (i.e., no known disease states, preg-
nant, or renal failure patients) containing only endogenous
vitamin D metabolites which were requested with a distri-
bution of serum total 25(OH)D concentrations across the
clinically relevant range of 15 to 150 nmol/L [47, 48]. A
number of serum samples were requested with high levels
of 25(OH)D2 from donors who were taking vitamin D2

supplements. To achieve the requested distribution of
25(OH)D concentrations, potential single-donor serum
samples were screened using an LC-MS/MS method at
the University of Washington, a subcontractor to Solomon
Park Research Laboratories. The results of these screening
analyses were provided to NIST and were used as target
estimates using the RMPs. Solomon Park Research
Laboratories acquired 200 mL of serum from each donor
using the Clinical Laboratory Standard Institute (CLSI)
C37-A protocol [49, 50]. Each 200-mL single-donor sam-
ple was subsampled into 400 vials each containing 0.5 mL
of serum. Samples were shipped frozen on dry ice to NIST
in four shipments from August through November 2015
and stored at -80 °C.

Results used for Intercomparison Study 2

Laboratories participating in the study agreed prior to receiv-
ing samples that their results, including the identification of
laboratory and assay platform used, would be included, as
appropriate, in publications reporting the results. Each partic-
ipant received a set of the 50 single-donor serum samples with
a protocol for the analyses. Participants were to analyze the 50

single-donor samples (DS) in duplicate on one day using a
specified run order of first analyzing the samples in ascending
(DS01-DS50) and then descending order (DS50-DS01). The
SRM, CAP ABVD, and DEQAS samples were to be inter-
spersed within these runs [45] for the commutability study.
Participants were requested to use their routine laboratory op-
eration procedures with normal internal QC criteria.

Participants were requested to provide their results using a
data reporting template provided by NIST. Results for
25(OH)D2, 25(OH)D3, 3-epi-25(OH)D3, and serum total
25(OH)D were requested in units of nanomoles per liter with
three significant figures. The following information was also
requested: (1) instrumentation description, (2) method per-
formance characteristics such as limit of detection and mea-
surement range, and (3) lot numbers of reagent(s), calibra-
tors, and controls used. Additional details specific to
Commutability Study 2 and the analysis of the SRMs and
PT/EQA samples are reported elsewhere [45]. Whereas the
commutability assessment used only the first replicate mea-
surement, Intercomparison Study 2 utilized the mean of the
two replicates for all assessments of assay performance.
One additional set of LC-MS/MS results were available
from the single-laboratory study [44].

NIST value assignment of 50 single-donor serum
samples

Mass fractions (ng/g) of 25(OH)D2, 25(OH)D3, 3-epi-
25(OH)D3, and 24R,25(OH)2D3 were determined in each of
the 50 single-donor serum samples using the ID LC-MS/MS-
based RMPs as described by Tai and coworkers for 25(OH)D2

[18], 25(OH)D3 [18], and 24R,25(OH)2D3 [19]. Although
not included in the NIST RMPs, 3-epi-25(OH)D3 was de-
termined using a similar ID LC-MS/MS approach using
isotopically labeled 3-epi-25(OH)D3 as an internal stan-
dard. The approach for value assignment using the NIST
RMPs has been described for the previous VDSP
interlaboratory and commutability studies [31] and for pro-
viding an accuracy basis for the DEQAS program [28]. The
details of the analyses are provided in the Supplementary
Information (ESM).

The 50 single-donor serum samples and the DEQAS, CAP
ABVD, and SRM samples were distributed among 15 sample
sets (a total of 79 samples). SRM 972a Level 1 to Level 4 [23]
and SRM 2973 [24] were analyzed as controls as well as
unknown samples in the commutability study. Each of the
15 sample sets was analyzed separately; four different analysts
at NIST were involved in the analyses. Three of the analysts
performed the analyses for 25(OH)D2 and 25(OH)D3; the
fourth analyst analyzed all sets for determination of 3-epi-
25(OH)D3 and 24R,25(OH)2D3. Each of the samples in a set
was prepared in duplicate and analyzed in duplicate by ID LC-
MS/MS. The limit of quantification for 25(OH)D2,
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25(OH)D3, 3-epi-25(OH)D3, and 24R,25(OH)2D3 was 0.5 ng/
g. The results were determined as mass fraction (ng/g), con-
verted to mass concentration (ng/mL) using a universal se-
rum sample density value of 1.02 g/g for each sample, and
finally converted to molar concentration (nmol/L) using the
appropriate molecular mass ratios of 25(OH)D2 (2.42),
25 (OH)D3 (2 .50 ) , 3 -ep i -25 (OH)D3 (2 .50 ) , and
24R,25(OH)2D3 (2.40). The results for 25(OH)D2,
25(OH)D3, 3-epi-25(OH)D3, and 24R,25(OH)2D3 as deter-
mined in nanograms per gram and converted to nanomoles
per liter are provided in Tables S1 and S2 (ESM). A sum-
mary of the results in nanomoles per liter is provided in
Table 1. The results of the analyses of SRM 972a (L1-L4)
and SRM 2973, used as controls, are summarized in
Table S3 for the determination of 25(OH)D2 and
25(OH)D3 and in Table S4 for determination of 3-epi-
25(OH)D3 and 24R,25(OH)2D3. All results for the analysis
of the SRMs as control samples were within the uncer-
tainties of the certified and reference values assigned to
the SRMs as shown in Tables S3 and S4.

LC-MS/MS assays evaluated in study

For Intercomparison Study 2, results from 15 LC-MS/MS
assays from 14 laboratories were evaluated as summarized
in Table 2. Two sets of results were available using the
Chromsystems assay (including the assay manufacturer’s lab-
oratory); all other LC-MS/MS assays were specific to the lab-
oratory with instrument and LC column details provided in
Table 2. The reported calibrators and control materials used by
the laboratories are summarized in Table S5 (ESM).

Data analysis

Mean bias (%) was determined using the following equation:

Mean Bias %ð Þ

¼
∑
j¼50

j¼1
∑
i¼2

i¼1
XTest Lab−XNISTð Þ=NIST½ � x 100

NTotal

where j = donor samples, i = sample replicates, NIST repre-
sents the assigned value, and NTotal = the total number of
assays performing the measurements. Calculations of % bias
were performed using Stata software (College Station, TX).
Calculations of the Ordinary Deming regression and 95% pre-
diction interval were determined using Analyse-it, a statistical
analysis add-in for Microsoft Excel (Analyse-it Software,
Leeds, UK). The multivariable regression analysis was ac-
complished using Analyse-it. The Deming regression was per-
formed as described in Camara et al. [45] for the assessment of
commutability using only the first replicate; however, in this

study, we used the mean of the two replicate measurements.
The Deming regression calculation requires input of the ratio
of the variances of the NIST RMP and the test assay (X/Y =
λ). For consistency in the assessment of all assays, we used λ
= 0.1, which was the mean of individual λ values for the
ligand binding assays (λ = 0.07) and for the LC-MS/MS as-
says (λ = 0.15) [45].

Results and discussion

NIST assignment of target values for single-donor
samples

Target concentrations for 25(OH)D2, 25(OH)D3, 3-epi-
25(OH)D3, and 24R,25(OH)2D3 were assigned for the 50
single-donor serum samples using the RMPs [18, 19] for
25(OH)D2, 25(OH)D3, and 24R,25(OH)2D3 and a similar
ID LC-MS/MS method for the determination of 3-epi-
25(OH)D3. The mean, standard deviation (SD), and CV of
the measurements for the 50 samples are summarized in
Table 1 for the molar concentrations (nmol/L) of the four
vitamin D metabolites. The distribution of 25(OH)D2,
25(OH)D3, 3-epi-25(OH)D3, and 24R,25(OH)2D3 concen-
trations in the 50 single-donor serum samples, arranged
from low to high concentration of 25(OH)D, is shown in
Fig. 1. The concentration of serum total 25(OH)D ranged
from 16 to 148 nmol/L, with 25(OH)D3 ranging from 9 to
141 nmol/L. As shown in Fig. 1 and Table 1, most of the
samples had concentrations of 25(OH)D2 between 0.3 to
5.0 nmol/L. However, 8 of the 50 samples had 25(OH)D2

concentrations of > 30 nmol/L ranging from 32 to 137
nmol/L. Although levels of 25(OH)D2 > 30 nmol/L are rare
in the healthy US population [47, 48] except where individ-
uals supplement with ergocalciferol, these higher concen-
tration 25(OH)D2 samples provided an opportunity to ex-
tend the range in assessing LC-MS/MS assay performance.
Concentrations of 3-epi-25(OH)D3 ranged from 0.58 to
9.80 nmol/L with 10 of the 50 samples having concentra-
tions of > 7 nmol/L. Concentrations of 24R,25(OH)2D3

ranged from 0.48 to 15.2 nmol/L with only 5 of the 50
samples having concentrations of > 10 nmol/L. The rela-
tionship between the concentrations of 3-epi-25(OH)D3

and 24R,25(OH)2D3 with the concentration of 25(OH)D3

is illustrated in Fig. S1 (see ESM). Regression analysis
indicates that the correlation with 25(OH)D3 concentration
is slightly greater for the 24R,25(OH)2D3 than for the 3-epi-
25(OH)D3 (R2 values of 0.79 vs. 0.67, respectively). A
similar regression plot for 3-epi-25(OH)D3 in the 50
single-donor samples used in the first intercomparison
study had a slope of 0.087 and R2 = 0.60 [51]. A correlation
for 24R,25(OH)2D3 in a set of 30 DEQAS samples with
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Table 1 Summary of results for determination of 25(OH)D2, 25(OH)D3, total 25(OH)D, 3-epi-25(OH)D3, and 24R,25(OH)2D3 in 50 single-donor
serum samples

No. 25(OH)D2

(nmol/L)
25(OH)D3

(nmol/L)
Total 25(OH)D
(nmol/L)

3-epi-25(OH)D3

(nmol/L)
24R,25(OH)2D3

(nmol/L)

Mean SD %CV Mean SD %CV Mean SD %CV Mean SD %CV Mean SD %CV

1 136.8 1.0 0.7 11.53 0.11 1.0 148.3 1.0 0.7 1.00 0.04 4.0 0.89 0.03 3.1

2 134.6 0.4 0.3 10.48 0.12 1.0 145.1 0.4 0.3 1.67 0.03 2.0 0.76 0.02 2.1

3 127.4 1.4 1.1 8.98 0.10 1.1 136.4 1.5 1.1 1.47 0.06 3.8 0.65 0.03 4.6

4 5.00 0.69 14 107.5 1.0 0.9 112.5 1.6 1.5 7.00 0.07 1.0 14.4 0.14 1.0

5 2.85 0.07 2.6 104.3 0.8 0.8 107.2 0.8 0.7 5.13 0.101 2.2 7.03 0.07 0.9

6 0.31 0.08 25 87.35 0.91 1.0 87.66 0.96 1.1 8.36 0.05 0.7 10.9 0.07 0.7

7 0.67 0.03 4.2 72.39 0.22 0.3 73.06 0.24 0.3 2.71 0.04 1.3 6.32 0.07 1.1

8 7.61 0.15 1.9 69.91 0.31 0.4 77.52 0.43 0.6 5.44 0.08 1.4 6.47 0.08 1.2

9 1.65 0.07 4.0 14.63 0.23 1.6 16.28 0.24 1.5 0.97 0.05 5.7 0.48 0.01 2.1

10 0.29 0.04 12 89.10 1.88 2.1 89.39 1.85 2.1 5.43 0.08 1.5 9.26 0.07 0.8

11 2.49 0.16 6.4 87.11 1.37 1.6 89.60 1.33 1.5 7.87 0.03 0.4 7.24 0.15 2.0

12 1.08 0.15 14 80.24 5.63 7.0 81.32 5.77 7.1 9.82 0.12 1.2 7.30 0.16 2.3

13 1.77 0.12 6.7 74.64 1.14 1.5 76.41 1.07 1.4 7.40 0.06 0.8 6.95 0.12 1.8

14 1.03 0.04 4.2 52.89 0.92 1.7 53.92 0.89 1.7 4.26 0.04 0.8 2.94 0.01 0.2

15 1.65 0.04 2.1 71.91 1.02 1.4 73.56 1.04 1.4 3.90 0.04 0.9 6.06 0.07 1.2

16 0.64 0.05 7.7 61.57 4.06 6.6 62.21 4.07 6.6 2.10 0.02 1.2 4.54 0.09 1.9

17 1.31 0.01 0.6 32.77 0.25 0.8 34.08 0.24 0.7 1.34 0.01 1.1 1.59 0.03 1.9

18 1.02 0.09 9.2 42.21 0.77 1.8 43.23 0.76 1.8 1.86 0.04 1.9 1.38 0.01 1.1

19 1.41 0.01 0.9 124.0 0.7 0.6 125.4 0.7 0.5 6.29 0.09 1.4 8.69 0.07 0.8

20 2.32 0.08 3.4 61.28 1.04 1.7 63.60 1.02 1.6 2.69 0.10 3.8 4.17 0.03 0.6

21 1.38 0.07 5.4 79.85 1.35 1.7 81.23 1.29 1.6 5.48 0.05 1.0 4.50 0.04 1.0

22 0.41 0.01 2.9 30.23 0.20 0.7 30.64 0.20 0.7 1.53 0.02 1.4 0.78 0.03 3.6

23 32.09 0.33 1.0 9.82 0.05 0.5 41.91 0.37 0.9 0.58 0.05 9.1 0.53 0.03 5.3

24 1.21 0.02 1.8 27.64 0.70 2.5 28.85 0.71 2.5 0.95 0.03 3.4 1.53 0.03 2.0

25 3.42 0.03 0.8 71.74 0.42 0.6 75.16 0.42 0.6 2.50 0.05 1.9 2.93 0.05 1.6

26 0.64 0.01 1.3 29.26 0.62 2.1 29.90 0.62 2.1 1.10 0.02 2.2 1.79 0.01 0.8

27 0.45 0.04 8.9 84.08 0.70 0.8 84.53 0.73 0.9 2.95 0.06 2.0 7.52 0.06 0.8

28 1.26 0.03 2.4 51.91 0.78 1.5 53.17 0.75 1.4 2.53 0.01 0.4 3.00 0.03 1.2

29 1.74 0.06 3.4 48.64 0.71 1.5 50.38 0.74 1.5 2.47 0.02 0.8 3.11 0.03 0.8

30 0.35 0.02 5.7 61.04 0.34 0.6 61.39 0.32 0.5 4.58 0.02 0.6 6.90 0.08 1.2

31 64.19 4.26 6.6 14.51 1.00 6.9 78.70 5.24 6.7 1.48 0.07 6.2 1.29 0.03 2.2

32 0.31 0.04 13 20.88 1.24 5.9 21.19 1.26 6.0 2.53 0.05 0.5 0.78 0.02 2.7

33 2.87 0.08 2.8 60.31 0.67 1.1 63.18 0.62 1.0 3.26 0.05 1.5 3.43 0.05 1.4

34 86.77 0.70 0.8 10.10 0.22 2.2 96.87 0.73 0.8 1.13 0.02 0.1 0.58 0.03 6.0

35 0.63 0.08 13 40.44 0.47 1.2 41.07 0.44 1.1 3.76 0.05 0.6 3.70 0.05 1.3

36 1.95 0.12 6.2 66.12 1.56 2.4 68.07 1.46 2.1 3.26 0.05 0.9 6.03 0.14 2.3

37 0.38 0.04 10 99.26 0.29 0.3 99.64 0.32 0.3 8.18 0.15 6.7 13.8 0.08 0.5

38 0.48 0.05 10 129.2 1.3 1.0 129.7 1.4 1.1 7.91 0.16 3.6 12.4 0.21 1.7

39 99.25 0.20 0.2 12.41 0.18 1.5 111.7 0.4 0.4 2.27 0.09 4.1 0.72 0.03 4.5

40 0.48 0.02 4.2 57.39 1.40 2.4 57.87 1.40 2.4 2.24 0.06 2.6 2.79 0.04 1.3

41 0.94 0.01 2.1 64.22 0.80 1.2 65.16 0.80 1.2 4.51 0.02 0.2 6.01 0.05 0.8

42 1.06 0.02 1.9 49.37 0.17 0.3 50.43 0.15 0.3 2.21 0.03 1.1 1.87 0.03 1.5

43 1.61 0.04 2.5 44.26 0.43 1.0 45.87 0.46 1.0 2.30 0.05 2.1 2.50 0.01 0.3

44 1.22 0.02 1.6 141.6 1.0 0.7 142.8 1.0 0.7 9.08 0.13 1.4 9.41 0.13 1.4

45 1.33 0.06 4.5 56.98 0.68 1.2 58.31 0.63 1.1 2.85 0.03 0.8 3.64 0.01 0.3

337Interlaboratory comparison of 25-hydroxyvitamin D assays: Vitamin D Standardization Program (VDSP)...



values assigned by NIST plus SRM 972a and SRM 2973
had an R2 value of 0.97 and a slope of 0.100 [52].

Assay performance assessments

For Intercomparison Study 2, the performance of the LC-MS/
MS assays was evaluated and compared using the mean of

two replicates for the 14 LC-MS/MS assays from the
commutability study and the mean of four replicates for
the one LC-MS/MS assay from the single-laboratory study
(total of 15 assays). The results for the analysis of the 50
single-donor samples reported by all laboratories in
Intercomparison Study 2 are provided as two Excel files
in the ESM identified as Data VDSP Commutability Study

Table 1 (continued)

No. 25(OH)D2

(nmol/L)
25(OH)D3

(nmol/L)
Total 25(OH)D
(nmol/L)

3-epi-25(OH)D3

(nmol/L)
24R,25(OH)2D3

(nmol/L)

Mean SD %CV Mean SD %CV Mean SD %CV Mean SD %CV Mean SD %CV

46 0.52 0.02 3.8 59.09 1.58 2.7 59.61 1.57 2.6 1.88 0.05 2.7 5.12 0.03 0.6

47 0.42 0.01 2.4 135.3 1.9 1.4 135.7 1.9 1.4 9.34 0.09 1.0 15.2 0.19 1.3

48 0.61 0.05 8.2 37.45 0.37 1.0 38.06 0.33 0.9 2.55 0.14 5.1 1.84 0.02 1.3

49 47.09 0.35 0.7 91.52 1.16 1.3 138.6 1.1 0.8 9.26 0.14 1.4 9.19 0.18 1.9

50 2.11 0.05 2.4 118.1 1.0 0.8 120.2 0.9 0.8 4.19 0.07 1.4 6.95 0.05 0.7

Values for the single-donor samples are based on mean and SD where n = 4 (1 sample × 2 sample preparations × 2 injections)

Table 2 Laboratories participating in VDSP Intercomparison Study 2 using LC-MS/MS assays

Lab
No.

Participant Assay Mass spectrometer (LC column)

6 Manchester Royal Infirmary (MRI), UK Chromsystems AB Sciex 5500 (Chromsystems column)

7 Chromsystems Instruments & Chemicals, DE Chromsystems AB Sciex (Chromsystems column)

11 Canisius Wilhelmina Hospital, NL LC-MS/MS Waters Quattro Premier XE (HSS PFP 2.1
× 100 mm, 1.8 μm)

12 Prince of Wales Hospital, HK LC-MS/MS Waters Xevo TQ-S micro (CSH Fluoro-Phenyl, 2.1
× 100 mm, 1.7 μm)

16 Endoceutics Inc., CA LC-MS/MS AB Sciex (C18-PFP 100 × 3 mm, 2 μm)

17 Endocrine Sciences (LabCorp), USA LC-MS/MS AB Sciex API5000 (Proprietary column)

22 Imperial College Healthcare, UK LC-MS/MS Waters Acquity TQD (BEH Phenyl 2.1 × 50 mm,
1.8 μm)

25-1 Medical Research Council (MRC) Elsie Widdowson Laboratorya,
Cambridge, UK

LC-MS/MS ABSciex 4000,Waters Acquity UPLC (Hypersil PFP 100
× 2.1 mm, 1.9 μm)

25-2 Medical Research Council (MRC) Elsie Widdowson Laboratorya,
Cambridge, UK

LC-MS/MS ABSciex 5500,Waters Acquity UPLC (Hypersil PFP 100
× 2.1 mm, 1.9 μm)

28 Penn State University – College of Medicine, USA LC-MS/MS Agilent 1260 HPLC and 6460 QQQ (Poroshell 120
EC-18, 2.1 × 50 mm, 2.7 μm)

33 University of California at San Diego, USA LC-MS/MS Waters XevoTSQ (HSS T3 2.1 × 75 mm, 2.5 μm)

36 University of Washington, USA LC-MS/MS Waters Quattro Micro, Acquity UPLC (PFP, 3.2
×100 mm, 2.5 μm)

37 University of Western Australia, AU LC-MS/MS Agilent 6460 QQQ (PFP × 2)

38 Waters Technologies Ireland Ltd., IE LC-MS/MS Waters Xevo TQD Acquity UPLC (BEH Phenyl,
2.1 × 50 mm, 1.7 μm )

40-13 University of Liège, BE LC-MS/MS AB Sciex 6500/UPLC (Kinetex PFP; 100 A, 100 ×
2.1 mm, 2.6 μm)

aMedical Research Council (MRC) Elsie Widdowson Laboratory closed December 2018. Researchers are now associated with NIHR BRC Nutritional
Biomarker Laboratory, MRC Epidemiology Unit, University of Cambridge, Cambridge, UK
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2 and VDSP Intralaboratory Study. Performance characteris-
tics of the different LC-MS/MS assays were compared for the
50 single-donor samples and for the subset of the 42 single-
donor samples remaining after omitting the 8 samples with
concentrations of 25(OH)D2 > 30 nmol/L.

Descriptive statistics for assays

The mean, SD, minima, and maxima for total 25(OH)D for the
50 single-donor samples and for the 42-sample subset are sum-
marized in Table S6 (ESM). Similar descriptive statistics for the
set of eight high 25(OH)D2 concentration samples are provided
in Table S7. The mean value for total 25(OH)D for the analysis
of the 50 single-donor samples for each LC-MS/MS assay
ranged from 74.4 to 88.6 nmol/L, whereas the mean value was
77.1 nmol/Lwith SD of 35.8 nmol/L using the NISTRMPs. For
the eight samples with high 25(OH)D2 concentrations, the mean
25(OH)D concentration for the LC-MS/MS assays ranged from
110 to 138 nmol/L, with a mean of 120.9 nmol/L for the 15 LC-
MS/MS assays (Table S7) compared to 97.3 nmol/L (SD =
37.7) for the NIST RMP., i.e., all are biased high.

Regression analysis

Using the mean of replicates for each of the single-
donor samples and using the NIST-assigned values for
total 25(OH)D, the linear regression and 95% prediction
intervals (PI) were calculated for each assay and results

are summarized in Table 3 for both the 50 single-donor
samples and for the 42-sample subset. Regression anal-
ysis plots for four LC-MS/MS methods comparing the
50- and 42-sample sets are shown in Figs. 2 and 3.
Similar plots for the remaining laboratories are included
in the ESM as Fig. S2 through S7. The plots in Fig. 2
and 3 illustrate the changes in slope and width of the PI
when removing the samples with high concentrations of
25(OH)D2. The plot for Lab 36 (Fig. 3C and D) shows
an LC-MS/MS assay that changes minimally, whereas
the plot for Lab 16 (Fig. 2C and D) illustrates the
largest change in PI for the LC-MS/MS assays
evaluated.

For the LC-MS/MS assays, the slopes from the re-
gression analysis for the 50-sample set are within
±10% of 1.00 (with three exceptions, Labs 7, 22, and
28 at 1.14, 1.16, and 1.22, respectively) and changes
in slope between the 50-sample and 42-sample sets are
minimal (< 6%). Compared to the ligand binding as-
says [43], the slopes for the LC-MS/MS assays span a
narrower range with significantly higher R2 values.
The widths of the 95% prediction intervals for the
50-sample set are much narrower for the LC-MS/MS
assays (14.6 to 28.1 nmol/L) compared with the ligand
binding assays (17.6 to 166 nmol/L) as reported in
Part 2 of this study [43]. The % change in the 95%
PI width from the 50 samples to the 42-sample subset
for the LC-MS/MS assays ranged from −5.3 to 41%

Fig. 1 Distribution of single-
donor serum samples from lowest
to highest molar concentration
(nmol/L) of serum total 25(OH)D.
Orange bar represents 25(OH)D3

molar concentration, purple bar
represents 25(OH)D2 molar
concentration, yellow bar
represents the 3-epi-25(OH)D3

molar concentration, and green
bar represents the
24R,25(OH)2D3 molar
concentration, all in nmol/L. Note
that the total serum 25(OH)D
includes only 25(OH)D2 and
25(OH)D3 (the orange plus purple
envelope) and does not include
the 3-epi-25(OH)D3 or
24R,25(OH)2D3
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compared with −13 to 72% for the ligand binding as-
says [43].

Bias analysis

The % bias for each assay was determined by comparison of
the assay results with the NIST target values for each of the 50
single-donor samples. The mean % bias results are summa-
rized in Table 4 for both the 50-sample and 42-sample sets and
in Table S8 (see ESM) for the eight high 25(OH)D2 concen-
tration samples. The mean % bias for only 9 of the 15 assays
(only 8 for the 42-sample set) is within ±5%. There does
appear to be a greater positive bias for the samples with high
25(OH)D2 concentrations (see Table S8 in ESM).

Plots of mean % bias for the determination of serum total
25(OH)D in the 50 single-donor samples compared with
NIST target values are shown in Fig. 4 for four LC-MS/MS
assays. Similar plots for the remaining LC-MS/MS assays are
provided as Fig. S8 through S10 (ESM). The plots in Fig. 4A
(Lab 37) and 4B (Lab 16) illustrate LC-MS/MS assays that
meet the VDSP criterion of mean % bias ≤ |±5%|. However,

both assays do have high positive bias for the eight samples
with high concentrations of 25(OH)D2 (see Table S8). The
results in Fig. 4C (Lab 7) and Fig. 4D (Lab 22) illustrate
assays that have consistent positive bias, and the bias for
the majority of the individual samples is > |±5%|. The
results for these two assays are representative of addition-
al LC-MS/MS assays with significant positive bias includ-
ing Lab 6 (ESM Fig. S8A) and Lab 28 (ESM Fig. S9C).
Three additional assays have sufficient positive bias to
fail the VDSP criterion of ≤ |±5%| including Lab 12
(ESM Fig. S8C), Lab 36 (ESM Fig. S10A), and Lab 38
(ESM Fig. S10B). The positive bias may indicate that the
assay does not differentiate between 3-epi-25(OH)D3 and
25(OH)D3. Only Lab 17 (ESM Fig. S8D) exhibited a
consistent negative bias, particularly for the samples with
concentrations of total 25(OH)D less than 70 nmol/L.

The percentage of single-donor samples with mean bias ≤
|±5%| is provided in Table 4. The percentage within ±5%
mean bias is much greater for the LC-MS/MS assays com-
pared to the ligand binding assays [43] except for three assays
(Labs 6, 7, and 22) with only 0% or 6% of the individual mean

Table 3 Ordinary Deming regression analysis based on the mean of replicates for LC-MS/MS assays

Lab No. All 50 samples
(nmol/L)

42 samples excluding high 25(OH)D2

(nmol/L)
Difference 50 minus 42 sample setsc

Regression linea 95% PIb Regression linea 95% PIb

Slope Int. R2 Min Max Width Slope Int. R2 Min Max Width Slope Width R2

6 1.084 7.33 0.968 −5.8 20.4 26.2 1.082 7.40 0.964 −6.4 21.2 27.6 −0.002 −1.4 0.004

7 1.135 −0.59 0.988 −9.6 8.4 18.0 1.131 0.68 0.982 −7.4 6.0 13.4 0.004 4.6 0.006

11 1.023 −0.41 0.986 −9.1 8.2 17.3 1.024 −0.14 0.986 −8.2 8.0 16.2 −0.001 1.1 0.000

12 1.062 0.26 0.974 −11.9 12.4 24.3 1.014 2.50 0.976 −7.4 12.3 19.7 0.048 4.6 −0.002
16 1.062 −3.53 0.985 −13.0 5.9 18.9 1.011 −1.30 0.993 −6.9 4.3 11.2 0.051 7.7 −0.008
17 1.012 −3.65 0.988 −11.5 4.2 15.7 0.988 −2.51 0.986 −10.1 5.1 15.2 0.024 0.5 0.002

22 1.162 −1.02 0.986 −10.8 8.7 19.5 1.163 −1.33 0.990 −8.4 5.8 14.2 −0.001 5.3 −0.004
25-1 1.040 0.57 0.988 −7.6 8.7 16.3 1.010 2.04 0.990 −4.9 9.0 13.9 0.030 2.4 −0.002
25-2 0.980 2.04 0.984 −6.9 11.0 17.9 0.992 1.28 0.991 −4.7 7.3 12.0 −0.012 5.9 −0.007
28 1.215 −5.96 0.974 −20.0 8.1 28.1 1.142 −2.23 0.973 −14.0 9.6 23.6 0.073 4.5 0.001

33 1.034 −0.50 0.990 −7.8 6.8 14.6 1.029 −0.56 0.992 −6.7 5.6 12.3 0.005 2.3 −0.002
36 1.044 1.64 0.988 −6.6 9.9 16.5 1.041 1.38 0.988 −6.2 8.9 15.1 0.003 1.4 0.000

37 1.081 −4.25 0.986 −13.6 5.0 18.6 1.049 −3.08 0.990 −10.1 3.9 14.0 0.032 4.6 −0.004
38 1.042 0.69 0.982 −9.1 10.4 19.5 1.018 1.81 0.980 −7.4 11.0 18.4 0.024 1.1 0.002

40-13 1.018 0.06 0.990 −7.3 7.4 14.7 1.000 0.79 0.988 −6.1 7.7 13.8 0.018 0.9 0.002

Mean 1.066 −0.49 0.984 −10.0 9.0 19.1 1.046 0.45 0.985 −7.7 8.4 16.0 0.020 3.0 −0.001
SD 0.062 3.2 0.007 3.6 3.8 4.0 0.06 2.6 0.008 2.3 4.3 4.5 0.024 2.5 0.004

For laboratories 6 through 38, mean of two replicates; for assays 40-13, mean of 4 replicates
a For the regression line, Int. = y-intercept in nmoles/L
bMin = minimum y-intercept and Max = maximum y-intercept in nmoles/L; width = |Min| + Max values in nmol/L
cDifference in the values for the 50-sample set minus the 42-sample set for slope, R2 , and width of PI
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results within ±5% mean bias due to the high positive bias.
The percentage of individual samples within various limits
from 5 to 50% is shown in ESM Table S9.

To illustrate the influence of high 25(OH)D2 concentra-
tions on the LC-MS/MS assays, the mean % bias for the 42-
sample subset with normal 25(OH)D2 concentrations and the
8 samples with high 25(OH)D2 concentrations are compared
graphically in Fig. 5. Both the high 25(OH)D2 concentration
samples and the normal 25(OH)D2 concentration samples
have positive bias (with only two exceptions with minor de-
viations), and generally the high 25(OH)D2 concentration
samples have higher mean % bias.

Comparison of individual metabolites using LC-MS-MS assays

All laboratories using LC-MS/MS assays provided results for
individual measurements of 25(OH)D2 and 25(OH)D3; six of
these laboratories also provided results for 3-epi-25(OH)D3.
Therefore, potential bias in the measurement of individual me-
tabolites compared with the NIST target values was

investigated. The results for the determination of 25(OH)D2,
25(OH)D3, and 3-epi-25(OH)D3 for these 15 laboratories are
summarized in Table S10 through Table S14 as well as the %
bias compared to the NIST target values in Table S15 through
Table S19 (see ESM). The mean % bias for the determination
of 25(OH)D3 for the nine laboratories not reporting the 3-epi-
25(OH)D3 and for the six laboratories reporting concentrations
for 3-epi-25(OH)D3 are shown in Fig. 6A and B, respectively.
All of the LC-MS/MS assays except one (two for the 42-sample
set) have a positive bias relative to the NIST target values for
total 25(OH)D (Table 4). Therefore, it is not unexpected that
the individual metabolite values for 25(OH)D2 (ESM
Table S15 and S17) and 25(OH)D3 (ESM Table S16 and
S18) are predominantly biased high as shown in Fig. 6, partic-
ularly for the laboratories not reporting 3-epi-25(OH)D3 (Fig.
6A). For the 25(OH)D3 values, the six laboratories reporting
the separation of 3-epi-25(OH)D3 had a lower mean bias (range
of 0.8 to 6.3 nmol/L; mean of 3.1 nmol/L, see Table S18, ESM)
compared with the nine laboratories not reporting the epimer
(eight laboratories with positive bias ranging from 0.1 to 17.3

Fig. 2 Results for determination of serum total 25(OH)D in single-donor
samples versus the NIST assigned target value for Lab 7 (Chromsystems

Instruments & Chemicals) (A and B) and Lab 16 (Endoceutics Inc.) (C
and D) using LC-MS/MS assays
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nmol/L; mean of 7.9 nmol/L; one lab with negative bias). These
results support the conclusion that positive bias for the deter-
mination of 25(OH)D3 in some LC-MS/MS assays may be due
to the lack of separation of 3-epi-25(OH)D3.

Another observation is that a majority of the LC-MS/
MS assays evaluated have insufficient sensitivity to de-
tect 25(OH)D2 at normal population levels (i.e., non-
supplemented donors). Of the 15 laboratories using
LC-MS/MS, 10 laboratories reported 25(OH)D2 for less
than 11 of the samples, i.e., reporting results only for
samples with relatively high 25(OH)D2 concentrations.
Only three laboratories reported concentrations of
25(OH)D2 in more than 40 samples, and two laborato-
ries reported values for only 20 samples. For the deter-
mination of 3-epi-25(OH)D3, six labs found measurable
levels in 50 to 100% of the 50 samples; results for five
of the six laboratories had a significant negative bias
compared to the NIST values for 3-epi-25(OH)D3

(ESM Table S19).

Interestingly, Laboratory 7 (Chromsystems) reported mea-
surements for the 3-epimer of 25(OH)D2 with quantifiable
levels found in the six samples with the highest concentrations
of 25(OH)D2 (64.2 to 137 nmol/L 25(OH)D2) as follows
(mean of two replicates): sample 1 (3.3 nmol/L), sample 2
(3.4 nmol/L), sample 3 (3.7 nmol/L), sample 31 (1.7
nmol/L), sample 34 (2.7 nmol/L), and sample 39 (2.7
nmol/L). Lab 7 also reported 3-epi-25(OH)D2 in a replicate
of DEQAS 9A at a concentration of 1.7 nmol/L which is
consistent with the 57 nmol/L of 25(OH)D2 in this sample.

Influence of concentrations of 25(OH)D2, 25(OH)D3,
3-epi-25(OH)D3, and 24R,25(OH)2D3 on assay performance

With target values determined in the 50 single-donor samples
for 25(OH)D2, 25(OH)D3, 3-epi-25(OH)D3, and
24R,25(OH)2D3, the potential contributions of each of these
metabolites to the LC-MS/MS assay response for serum total

Fig. 3 Results for determination of serum total 25(OH)D in single-donor samples versus the NIST assigned target value for Lab 28 (Penn State
University) (A and B) and Lab 36 (University of Washington) (C and D) using LC-MS/MS assays
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25(OH)D were investigated. Multivariable regression analysis
was performed for the test assay result for serum total
25(OH)D using the NIST values for each metabolite as inde-
pendent variables for the following equation:

Y 25 OHð ÞD Test Assay½ � ¼ Constant

þ X 1 25 OHð ÞD2NIST½ � þ X 2 25 OHð ÞD3NIST½ �
þ X 3 3−epi−25 OHð ÞD3NIST½ �
þ X 4 24R; 25 OHð Þ2D3NIST

� �

where X1, X2, X3, and X4 are scaling parameters that
when multiplied by the NIST metabolite concentrations
provide the test assay result. Since the test assay result
for serum total 25(OH)D should be the sum of only
25(OH)D2 and 25(OH)D3, in the ideal case, the scaling
parameters X1 and X2 should be close to 1.0, and the
parameters X3 and X4 should be negligible. The results
of the multivariable regression are summarized in
Table 5 with the values of the scaling parameters color
coded (as indicated in Table 5 footnotes) to distinguish
the level of individual metabolite contributions.

The results of the multivariable regression analyses indicate
that the response to 25(OH)D2 and 25(OH)D3 is near unity for
most of the LC-MS/MS assays with overestimations of
25(OH)D3 by Lab 22 and of 25(OH)D2 by four assays (Labs
7, 22, 28, and 37) and an underestimation of 25(OH)D3 for Lab
38. However, there is a statistically significant contribution
from 3-epi-25(OH)D3 for 4 of 15 LC-MS/MS assays (Labs 7,
17, 28, and 38). If the SRM and PT/EQA samples are included
in themultivariable regression analysis (Table S20, ESM), three
additional laboratories (Labs 6, 22, and 33) are observed to have
a contribution from 3-epi-25(OH)D3 for a total of 7 of the 15
LC-MS/MS assays, which may be attributed to the lack of
separation of the 3-epimer from 25(OH)D3.

Performance of individual LC-MS/MS assays

Chromsystems assay

Two laboratories (Labs 6 and 7) used the Chromsystems LC-
MS/MS assay including the assay manufacturer’s laboratory
(Lab 7). Both laboratories have positive biases of 21% and
12%, respectively (see Table 4). Lab 7 reported results for 3-
epi-25(OH)D3, whereas Lab 6 did not. Because of the positive
bias for Labs 6 and 7, almost no individual sample means fall

Table 4 Percent bias for total 25(OH)D for LC-MS/MS assays based on the mean of replicates

Lab
No.

Assay % Bias - all 50 samples % Bias - 42 samples excluding high 25(OH)D2

Obs.a Mean SD Min Max % ≤ 5%b Obs.a Mean SD Min Max % ≤ 5%b

6 Chromsystems 47 21.2 17.2 9.46 12.5 0 42 21.6 18.1 9.46 12.5 0

7 Chromsystems 50 12.3 6.05 3.53 38.3 6 42 11.9 6.35 3.52 38.3 7

11 LC-MS/MS 50 1.90 6.03 −12.2 23.9 60 42 2.23 6.11 −12.2 23.9 64

12 LC-MS/MS 50 6.60 6.86 −3.40 31.4 48 42 5.48 6.40 −3.40 31.4 52

16 LC-MS/MS 50 0.76 5.80 −6.53 16.7 70 42 −1.01 3.97 −6.53 9.48 79

17 LC-MS/MS 50 −4.36 5.60 −14.7 10.1 46 42 −5.27 5.52 −14.7 10.1 36

22 LC-MS/MS 50 14.3 5.73 2.24 26.0 6 42 13.8 5.31 2.58 25.9 5

25-1 LC-MS/MS 49 4.68 4.55 −3.75 13.1 52 42 4.15 4.36 −3.75 13.1 57

25-2 LC-MS/MS 49 1.12 5.14 −15.5 10.9 64 42 1.24 4.55 −7.55 10.9 67

28 LC-MS/MS 50 12.0 9.69 −11.1 38.8 24 42 10.1 9.14 −11.1 38.8 29

33 LC-MS/MS 50 2.78 4.73 −7.31 16.2 62 42 2.25 4.61 −7.31 16.2 67

36 LC-MS/MS 50 7.05 6.44 −12.0 23.6 38 42 6.63 6.46 −12.0 23.6 38

37 LC-MS/MS 50 1.54 6.52 −9.34 17.9 64 42 −0.16 5.15 −9.34 14.4 71

38 LC-MS/MS 50 5.44 6.37 −5.45 21.5 52 42 4.88 6.54 −5.45 21.5 57

40-13 LC-MS/MS 50 1.92 4.81 −17.3 12.6 76 42 1.37 4.83 −17.3 12.6 79

Mean 5.95 −6.9 20.9 44.5 5.28 −6.3 20.2 47.2

SD 6.55 7.6 9.4 24.6 6.76 7.2 9.9 26.8

For laboratories 6 through 38, mean of two replicates; for assay 40-13, mean of 4 replicates
a Number of observations (samples analyzed)
b Percentage of individual sample bias values (mean of two or four replicates) within ±5% mean bias
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Fig. 4 Mean % bias for the determination of serum total 25(OH)D in 50
single-donor samples compared with the NIST target values for Lab 37
(University ofWestern Australia) (A), Lab 16 (Endoceutics Inc.) (B), Lab

7 (Chromsystems Instruments & Chemicals) (C), and Lab 22 (Imperial
College Healthcare) (D) using LC-MS/MS assays

Fig. 5 Mean % bias for various
LC-MS/MS assays for single-
donor samples with normal
concentrations of 25(OH)D2 (42
samples) (yellow bar) and with
high concentrations (> 30
nmol/L) of 25(OH)D2 (8 samples)
(green bar). Error bars are the SD
of the % mean bias for the sample
sets
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within the ±5% criterion (see Table 4). Multivariable linear
regression analysis (Table 5) also indicates that the 3-epimer
influences the estimate for Lab 7 (even though it does separate
the epimer as indicated in Table S14, ESM) and possibly for
Lab 6 when the SRM/PT/EQA samples are included
(Table S20, ESM). In the determination of individual metab-
olites, Lab 6 was positively biased for the measurement of
25(OH)D3 (17%).

Other LC-MS/MS assays

For the remaining LC-MS/MS assays, only five labs reported
results for the 3-epi-25(OH)D3 (Labs 11, 25-2, 36, 37, and 40-
13). These five laboratories (12, 22, 28, 36, and 38) have bias

> |±5%|, which may indicate a lack of separation of the epi-
mer. Interestingly, Labs 25-1 and 25-2 use the same LC col-
umn but on different MS/MS systems with Lab 25-2 reporting
results for the 3-epi-25(OH)D3 and Lab 25-1 not reporting
results for the epimer. Multivariable regression analysis indi-
cates that Lab 17 (which has a negative bias), Lab 28, and Lab
38 have contributions from the 3-epimer to the estimate of
25(OH)D. In Commutability Study 2, Lab 17 did not analyze
SRM 972a L4 because of the known high level of 3-epi-
25(OH)D3 and did not use the alternative LC-MS/MS method
offered by their lab that does separate the epimers of both
25(OH)D2 and 25(OH)D3 [45]. The multivariable regression
analysis using the 50 single-donor and 29 SRMs and PT/EQA
samples includes Labs 6, 22, and 33 in the group of LC-MS/

Fig. 6 Percent bias for
determination of 25(OH)D3

compared to the NIST target
values by nine laboratories not
reporting 3-epi-25(OH)D3 (A)
and six laboratories reporting 3-
epi-25(OH)D3 (B). Samples listed
in order of increasing
concentration of 25(OH)D3
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MS assays with a contribution from 3-epi-25(OH)D3 to the
estimate of 25(OH)D. Shortly after participating in this study,
Lab 22 retired the LC-MS/MS method used in this study uti-
lizing the BEH Phenyl column which they reported as not
separating the epimer, and replaced it with a method using a
PFP column to resolve the 3-epimer from the 25(OH)D3.

Conclusions

Intercomparison Study 2 improved on the informa-
tion obtained from the first VDSP intercomparison
study with a greater number of LC-MS/MS assays
evaluated. In Intercomparison Study 1, six of the
eight LC-MS/MS assays evaluated met the criterion
of ≤|±5%| mean % bias. In Intercomparison Study 2,
8 of 15 LC-MS/MS assays evaluated (53%) for the
50 single-donor samples were within ±5% bias.
Based on consistent positive bias for some LC-MS/
MS assays and the multivariable regression analysis
that indicates a contribution from the 3-epimer, it
appears that some assays do not separa te the
25(OH)D3 from the 3-epimer (i.e., Labs 6, 7, 17,
22, 28, and 38). Although the clinical interpretation
of not separating the 3-epimer may be insignificant,

it is difficult to understand why laboratories persist
in performing analyses for the determination of
25(OH)D using an LC-MS/MS assay that does not
separate the 3-epimer when appropriate LC column
selection and conditions may resolve this bias.
Based on the results of this study and previous studies [3],
the VDSP recommends that LC-MS/MS assays for 25(OH)D
should use appropriate LC columns and conditions that sepa-
rate the 3-epimer from the 25(OH)D3 to eliminate this signif-
icant source of bias. The results from VDSP Intercomparison
Study 2 represent the most comprehensive comparison of dif-
ferent LC-MS/MS assays for the determination of serum total
25(OH)D and document the impact of the lack of separation of
3-epi-25(OH)D3 and 25(OH)D3 on assay performance with
regard to mean % bias.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03576-1.
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Table 5 Multivariable linear regression analysis for LC-MS/MS assays for 50 single-donor samples using the mean of replicatesa

Lab
No. Assay R2 25(OH)D2 SE 25(OH)D3 SE 3-epi-

25(OH)D3
SE 24R,25(OH)2D3 SE

6 Chromsystems 0.972 1.07 0.05 0.985 0.064 1.23 0.68 0.08 0.58
7 Chromsystems 0.994 1.12 0.16 1.00 0.03 2.43 0.36 -0.44 0.31

11 LC-MS/MS 0.988 0.999 0.020 0.989 0.042 -0.20 0.39 1.02 0.46
12 LC-MS/MS 0.984 1.09 0.02 0.928 0.051 1.40 0.55 -0.19 0.47
16 LC-MS/MS 0.993 1.10 0.02 0.967 0.034 0.56 0.37 -0.02 0.31
17 LC-MS/MS 0.994 1.02 0.01 0.934 0.029 1.84 0.32 -0.66 0.27
22 LC-MS/MS 0.987 1.15 0.02 1.12 0.05 1.07 0.53 -0.32 0.46

25-1 LC-MS/MS 0.99 1.05 0.02 0.968 0.039 0.56 0.42 0.09 0.36
25-2 LC-MS/MS 0.985 0.974 0.021 0.953 0.046 -0.67 0.50 0.30 0.43
28 LC-MS/MS 0.991 1.25 0.02 0.986 0.043 2.54 0.47 -0.22 0.41
33 LC-MS/MS 0.991 1.03 0.02 0.989 0.037 0.58 0.40 0.00 0.34
36 LC-MS/MS 0.990 1.05 0.02 0.993 0.041 0.93 0.44 -0.30 0.38
37 LC-MS/MS 0.992 1.11 0.02 0.943 0.036 -0.14 0.38 0.95 0.33
38 LC-MS/MS 0.992 1.04 0.02 0.856 0.036 2.03 0.39 0.21 0.33

40-13 LC-MS/MS 0.992 1.04 0.02 1.00 0.04 -0.54 0.38 0.21 0.33

a For laboratories 6 through 38, mean of two replicates; for assay 40-13, mean of four replicates.

Color Key for X1, X2, X1, and X4 from multivariable regression equation:
Estimate between 0.9 to 1.1 with near equivalent response for both 25(OH)D2 and 25(OH)D3

Underestimated (< 0.9)
Overestimated (> 1.1)
Significant contribution to the estimate (p < 0.0001)
No significant contribution to the estimate (p > 0.0001)
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