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Abstract

An interlaboratory comparison study was conducted by the Vitamin D Standardization Program (VDSP) to assess the perfor-
mance of ligand binding assays (Part 2) for the determination of serum total 25-hydroxyvitamin D [25(OH)D]. Fifty single-donor
samples were assigned target values for concentrations of 25-hydroxyvitamin D, [25(OH)D,], 25-hydroxyvitamin Dj
[25(OH)Ds], 3-epi-25-hydroxyvitamin D5 [3-epi-25(OH)D5], and 24R,25-dihydroxyvitamin D3 [24R,25(OH),D5] using isotope
dilution liquid chromatography—tandem mass spectrometry (ID LC-MS/MS). VDSP Intercomparison Study 2 Part 2 includes
results from 17 laboratories using 32 ligand binding 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 50% of the
ligand binding assays achieved the VDSP criterion of mean % bias < |+ 5%|. For the 13 unique ligand binding assays evaluated in
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this study, only 4 assays were consistently within + 5% mean bias and 4 assays were consistently outside + 5% mean bias
regardless of the laboratory performing the assay. Based on multivariable regression analysis using the concentrations of
individual vitamin D metabolites in the 50 single-donor samples, most assays underestimate 25(OH)D, and several assays
(Abbott, bioMérieux, DiaSorin, IDS-EIA, and IDS-iSYS) may have cross-reactivity from 24R,25(OH),Dj3. The results of this
interlaboratory study represent the most comprehensive comparison of 25(OH)D ligand binding assays published to date and is
the only study to assess the impact of 24R,25(OH),D; content using results from a reference measurement procedure.

Keywords 25-Hydroxyvitamin D3 [25(OH)Ds] - 25-Hydroxyvitamin D, [25(OH)D,] - Total 25-hydroxyvitamin D [25(OH)D] -
24R,25-Dihydroxyvitamin D5 [24R,25(0OH),D;] - Liquid chromatography—tandem mass spectrometry (LC-MS/MS) - Ligand

binding assay

Introduction

The Vitamin D Standardization Program (VDSP) [1] was
established in 2010 to assist in the standardization of measure-
ments of serum total 25-hydroxyvitamin D [25(OH)D], the
primary marker of vitamin D status and defined as the sum
of 25-hydroxyvitamin D, [25(OH)D,] and 25-
hydroxyvitamin D3 [25(OH)Ds]. Studies have demonstrated
that results for the determination of serum total 25(OH)D vary
significantly depending on the assay used [2—5] and recent
reviews have discussed the difficulties in assessing vitamin
D status [5—12]. The various components of the VDSP refer-
ence measurement system have been described previously [1,
13] including the development of Standard Reference
Materials (SRMs) for the determination of vitamin D metab-
olites [14—16] and results of an interlaboratory comparison
study to assess the performance of ligand binding assays and
liquid chromatography—tandem mass spectrometry (LC-MS/
MS) methods [4]. Performance criteria for 25(OH)D assay
measurement variability and bias have been established by
the VDSP, i.e., coefficient of variation (CV) < 10% and mean
bias < |+ 5%]| [17, 18].

Since the first VDSP intercomparison study in 2011, a
number of studies have evaluated the performance of ligand
binding assays for the determination of 25(OH)D. Depreter
et al. [19] and Heijboer et al. [20] evaluated three and six
automated 25(OH)D assays, respectively, and compared the
results with an isotope dilution (ID) LC-MS/MS method.
Cavalier et al. [21-25] evaluated the performance of several
commercial ligand binding assays for the measurement of
25(OH)D in various population studies and benchmarked
the results against a VDSP-traceable LC-MS/MS procedure.
Elsenberg et al. [26] compared results from five automated
25(0OH)D assays with an ID LC-MS/MS method for 20 refer-
ence samples and observed significant differences among the
assays for healthy donor sera. Bjerg et al. [8] analyzed 200
patient serum samples using seven different assays for
25(0OH)D and reported that all achieved the precision require-
ment of the VDSP (CV < 10%); however, only two assays
achieved an accuracy bias of < |= 5%| when they compared
results with SRM 972a. Hutchinson et al. [27] verified the old
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and new generations of the Abbott total 25(OH)D assays and
compared results to an LC-MS/MS assay. Annema et al. [28]
evaluated the Abbott re-standardized Architect assay and
found that the assay slightly underestimates 25(OH)D levels
at low concentrations. Garnett et al. [29] evaluated the Abbott
Architect and Roche Cobas assays for their recoveries of
25(0OH)D, and 25(OH)D5 and concluded that caution should
be used in interpreting results using the Abbott assay in pa-
tients supplemented with vitamin D,. Lim et al. [30] evaluated
the performance of three ligand binding assays for serum total
25(0OH)D, with particular emphasis on the Abbott assay, and
compared results with an ID LC-MS/MS method. They con-
cluded that the re-standardized Abbott assay “has acceptable
performance in a clinical setting. However, there is still a need
for further standardization of vitamin D measurement among
the automated ligand binding assays” [30].

As part of continuing efforts toward standardization
of serum 25(OH)D measurements, the VDSP conducted
a second interlaboratory comparison of 25(OH)D assays,
denoted as VDSP Intercomparison Study 2. In this pa-
per, Part 2 of Intercomparison Study 2, the results are
presented for the performance assessment of 32 ligand
binding assays (13 unique assays) for the determination
of 25(OH)D. Part 1 of Intercomparison Study 2 reported
results for 15 LC-MS/MS assays and is described else-
where in this same journal issue [13]. The 50 single-
donor serum samples used in this study were assigned
target values for 25(OH)D,, 25(OH)D;, 3-epi-25-
hydroxyvitamin D; [3-epi-25(OH)D3], and 24R,25-
dihydroxyvitamin D3 [24R,25(OH),D3] using ID LC-
MS/MS methods. Eight of the 50 single-donor samples
had high concentrations of 25(OH)D, (> 30 nmol/L)
providing an excellent assessment of assay response to
both 25(OH)D, and 25(OH)Ds. The contributions of
25(0H)D,, 25(0OH)Dj;, 3-epi-25(0OH)D3, and
24R,25(0H),D; to each assay’s response for 25(OH)D
were estimated using multivariable regression analysis,
which demonstrated significant differences among as-
says for response and recovery of 25(OH)D, and
25(OH)D; and contributions from 24R,25(OH),D; for
several assays.
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Methods

Intercomparison Study 2—coordination and
responsibilities

As described in Part 1 of Intercomparison Study 2 [13], the
study was co-designed and coordinated by the National
Institute of Standards and Technology (NIST) and the
National Institutes of Health, Office of Dietary Supplements
(NIH-ODS) through the VDSP, including acquisition and dis-
tribution of 50 single-donor serum samples, recruitment of
participating laboratories, and compilation of the results [31].

Single-donor serum samples and value assignment

The measurand for the study was serum total 25(OH)D in
concentration units of nanomoles per liter, defined as the
sum of the concentrations of 25(OH)D, and 25(OH)D; and
excluding the concentration of 3-epi-25(OH)D5. The 50
single-donor serum samples used for Intercomparison Study
2 were procured as described elsewhere [13]. Mass fraction
(ng/g) of 25(0OH)D,, 25(0OH)D;, 3-epi-25(OH)D3, and
24R,25(0H),D; were determined in each of the single-
donor serum samples using ID LC-MS/MS-based methods
[32, 33] as described elsewhere [13].

Results used for Intercomparison Study 2

VDSP Intercomparison Study 2 (Part 2) consists of results
from two studies conducted simultaneously: (1) a single-
laboratory study evaluating 12 ligand binding assays focusing
on variability and bias and (2) a multi-laboratory
commutability study among 17 laboratories using 20 assays
to assess the commutability of SRMs and PT/EQA samples.
Each participant received a set of the 50 single-donor serum
samples and was provided with a protocol for the analysis of
the study samples as described previously [13].

Analyses for the single-laboratory study within
Intercomparison Study 2 were performed at the University
of Liege (Belgium) following the same protocol as the partic-
ipants in the commutability study with the exception that du-
plicate measurements were performed for each assay on two
separate days (n = 4) for each of the 50 single-donor serum
samples [34]. Whereas the intralaboratory study used all four
replicates to assess assay variability and bias, the performance
assessment reported in Intercomparison Study 2 used the
mean of the four replicates.

Ligand binding assays evaluated in Intercomparison
Study 2

The 32 ligand binding assays used in 17 laboratories are sum-
marized in Table 1. The calibrator and reagent information for

the 20 assays from the commutability study are provided in
Table S1 (see Supplementary Information, ESM); similar in-
formation for the 12 ligand binding assays from the single-
laboratory study are reported elsewhere [34]. For 7 of the 13
unique ligand binding assays, results were obtained from the
assay manufacturer’s laboratory, and the remaining results
were from laboratories using the specified assay. Results were
available from multiple laboratories for 10 assays, i.e., results
from five labs for Abbott; results from three labs for
bioM¢érieux, DiaSorin, IDS-SYS, Roche, and Siemens); re-
sults from two labs for Beckman Coulter, DIAsource, IDS-
EIA, and SNIBE prototype; and a single set of results from
Bio-Rad, Diazyme, and Fujirebio Inc. The assays in this study
included the most frequently represented ligand binding as-
says reported in recent External Vitamin D Quality Assurance
Scheme (DEQAS) exercises [35], i.e., DiaSorin, Roche,
Siemens, IDS-iSYS, and Abbott. To avoid repetition of the
assay kit name, the assay will be identified by the manufac-
turer’s name only.

Results and discussion

Target concentrations for 25(OH)D,, 25(OH)D3, 3-epi-
25(0OH)D;, and 24R,25(0OH),D; were assigned for the 50
single-donor serum samples, and the results are reported in
Part 1 of this study [13]. The concentration of serum total
25(OH)D ranged from 16 to 148 nmol/L, with 25(OH)D;
ranging from 9 to 141 nmol/L. Of particular importance in
evaluating the performance of the various ligand binding as-
says was the inclusion of eight samples with 25(OH)D, con-
centrations of > 30 nmol/L. Although concentrations of
25(0OH)D, > 30 nmol/L are infrequent in a healthy US popu-
lation [36, 37], these samples provided an excellent test of the
assays’ performance to assess whether they have equivalent
response and/or recovery for both 25(OH)D, and 25(OH)D3
[38].

Assay performance assessments

For Intercomparison Study 2 (Part 2), the performance of 13
unique ligand binding assays was evaluated and compared
using the mean of two replicates for 20 assays in the
commutability study and the mean of four replicates for the
12 assays in the single-laboratory study. The results for the
analysis of the 50 single-donor samples reported by all labo-
ratories in Intercomparison Study 2 are provided as two Excel
files in the ESM identified as Data VDSP Commutability
Study 2 and VDSP Intralaboratory Study. With the availabil-
ity of results for the same assay from multiple laboratories,
assay performance as applied in different laboratories could be
assessed. The results of the various performance evaluations
will be discussed in general and then each unique assay will be
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discussed individually in more detail. The assays performance
characteristics were compared for both the 50 single-donor
sample set and for the subset of the 42 single-donor samples
remaining after omitting the samples with concentrations of
25(0OH)D;, > 30 nmol/L.

Descriptive statistics for assays

The mean, standard deviation, minima, and maxima for total
25(OH)D for the 50- and 42-sample sets and the 8 high
25(0OH)D, concentration samples are summarized in
Tables S2 and S3, respectively, in the ESM. Mean values
for the ligand binding assays ranged from 69 to 99 nmol/L,
whereas mean values for the LC-MS/MS assays ranged from
74 to 89 nmol/L [13]. For the eight samples with high
25(0OH)D, concentrations, the mean 25(OH)D concentration
ranged from 71 to 161 nmol/L for the ligand binding assays
compared to arange of 110 to 138 nmol/L for LC-MS/MS and
97.3 nmol/L for the NIST LC-MS/MS RMP.

Regression analysis

Using the mean of replicates and the NIST-assigned values for
total 25(OH)D, the linear regression and 95% prediction in-
tervals (PIs) were calculated for each assay. The results of the
regression analysis are summarized in Table 2 for both the 50-
sample set and the 42-sample subset. The regression analysis
plots for selected ligand binding assays (DiaSorin, Abbott,
Siemens, and Bio-Rad) are shown in Figs. 1 and 2. Similar
plots for the remaining laboratories are included in the ESM as
Figs. S1 to S14.

As shown in Table 2, there are significant differences in the
slope and R” values among the various ligand binding assays
and between the set of 50 samples and the subset of 42 sam-
ples. Using the 50-sample set, the slopes among the ligand
binding assays range from 0.775 (IDS-EIA) to 1.31 (IDS-
iSYS-2) with R? values ranging from 0.471 (DIAsource) to
0.986 (Fujirebio Inc.). For the 42-sample subset, the slopes
range from 0.918 (IDS-EIA) to 1.50 (SNIBE prototype) with
R? values ranging from 0.555 (DIAsource) to 0.986 (Fujirebio
Inc.). The PI width ranged from 17.6 nmol/L (Fujirebio Inc.)
to 166 nmol/L (DIAsource) for the 50 samples and from 15.9
to 156 nmol/L for the 42-sample set. The differences between
the 50- and 42-sample sets for the PI width ranged from 1.7
nmol/L (Fujirebio Inc.) to 58 nmol/L (Abbott).

The regression analysis plots shown in Figs. 1 and 2 illus-
trate three different ligand binding assay behaviors. The
DiaSorin assay (Fig. 1A, B) and the Abbott assay (Fig. 1C,
D) represent a group of assays, including bioMérieux (ESM
Figs. S4 and S5), IDS-EIA (ESM Fig. S9), Roche (ESM Figs.
S11C and S11D and Fig. S12), and SNIBE prototype (ESM
Fig. S14) that show an increase in slope when the eight high
25(0OH)D, concentration samples are removed from the

analyses. The Siemens assay (Fig. 2A, B) is representative
of assays, including IDS-iSYS-2 (ESM Figs. S10C and
S10D and S11A and S11B) and Beckman Coulter (Fig. S3)
that show a decrease in slope when the high 25(OH)D, con-
centration samples are omitted. The Bio-Rad assay (Fig. 2C,
D) represents a group of assays including Diazyme (ESM
Figs. S8A and S8B) and Fujirebio Inc. (ESM Figs. S8C and
S8D) that have significantly smaller differences in slope for
the analyses of the 50-sample and 42-sample sets, i.e., these
assays are not significantly influenced by the high 25(OH)D,
concentration samples.

Bias analysis

The % bias for each assay was determined by comparison of
the assay results with the NIST target measurements for each
of the 50 single-donor samples. The mean % bias results are
summarized in Table 3 for both the 50- and 42-sample sets
and for the high 25(OH)D, concentration 8-sample set in
Table S4 (see ESM). Plots of mean % bias compared to the
NIST target values are shown in Fig. 3 for four assays: (A)
Abbott, (B) DiaSorin, (C) IDS-iSYS-2, and (D) bioMérieux
representing different assay behaviors. Similar plots for the
remaining ligand binding assays are shown in Figs. S15 to
S21 (see the ESM). The Abbott, bioMérieux, and DiaSorin
assays represent a group of assays that have significant nega-
tive bias for samples with concentrations of 25(OH)D, > 30
nmol/L. The Abbott assay (Fig. 3A) has a slightly positive
bias when the 42-sample subset is used; however, the signif-
icant negative bias for the high-concentration 25(OH)D, sam-
ples places the % mean bias for all 50 samples < [+ 5%]|.
Results from the other four laboratories using the Abbott assay
were similar (see ESM Fig. S15). In addition to the Abbott,
bioM¢érieux, and DiaSorin assays, several other assays also
had negative bias for the high-concentration 25(OH)D, sam-
ples including IDS-EIA (ESM Figs. S19A and S19B), Roche
(ESM Figs. S20A, S20B, and S20C), and SNIBE prototype
(ESM Figs. S21C and S21D). The IDS-iSYS-2 assay (Fig.
3C) has a positive bias for the samples with high concentra-
tions of 25(0OH)D,. Similar behavior is exhibited by the
Siemens (ESM Figs. S20D, S21A, and S21B) and Beckman
Coulter assays (ESM Figs. SI6A and S16B).

The percentage of the 50 single-donor samples with mean
% bias within + 5% are also included in Table 3. Even though
50% of the 32 ligand binding assays met the VDSP criterion
of mean % bias < | 5%)|, the percentage of individual samples
with mean % bias within the VDSP criterion of + 5% bias is
low ranging from only 6% (bioMérieux) to a high of 48%
(Fujirebio Inc.) As shown in Fig. 3D (and Table 3) for the
bioMérieux assay (Lab 3), even though the overall mean %
bias for all 50 single-donor samples is within the VDSP crite-
rion of + 5% (i.e., 1.1%), only three mean results for individ-
ual samples (6%) are within the criterion. The percentage of
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Table 2  Ordinary Deming regression analysis for ligand binding assays based on the mean of replicates
Lab No. Assay All 50 samples 42 samples excluding high 25(OH)D, Difference 50 minus 42

(nmol/L) (nmol/L) sample sets

95% P1 95% P1

Slope Int. Min Max Width R*  Slope Int. Min Max Width R*>  Slope  Width R?
1 Abbott 0.890 735 —332 480 813 0712 1200 -7.89 —209 51 260 0972 —-0310 553 —0.260
18 Abbott 0.885 683 —339 476 815 0.709 1.194 -850 —222 52 274 0968 —0309 54.1 —0.259
23 Abbott 0.884 695 —33.6 475 81.1 0712 1.194 -857 —220 48 268 0970 —0310 543 —0.258
27 Abbott 0.860 8.64 —31.6 489 80.5 0.704 1.160 —620 —17.8 44 222 0976 —0300 583 -0.272
40-1 Abbott 0.863 728 —333 479 812 0.700 1.164 —7.65 —228 7.5 303 0.960 —0301 509 —0.260
26 Beckman 1220 —11.3 —384 159 543 0910 1.175 —8.53 —23.6 65 30.1  0.869 0.045 242 0.041
40-2 Beckman  1.157 —12.7 —41.2 157 569 0.894 1.111 —10.1 —422 22.1 643 0.846 0.046 -74  0.048
3 bioMérieux 1.013 0.13 —50.7 51.0 101.7 0.651 1335 —16.1 —482 16.1 643 0.867 —0322 374 —0.216
34 bioMérieux 1.053 1.13 —53.1 553 1084 0.638 1397 —163 —50.8 182 69.0 0.861 —0344 394 -0.223
40-3 bioMérieux 1.005 7.21 —46.1 60.5 106.6 0.626 1337 —925 —425 240 665 0861 —0332 40.1 —0.235
40-4 bioMérieux 0.976 2.53 —482 532 106.0 0.638 1309 —142 —43.5 150 585 0884 —0.333 475 —0.246
4 Bio-Rad 0957 096 —27.8 29.8 57.6 0.855 1.073 —5.01 —346 246 592 0861 —-0.116 —1.6 —0.006
9 DiaSorin 0.858 482 —248 345 593 0814 1.037 —4.17 —257 174 431 0907 —-0.179 162 —0.093
24 DiaSorin 0983 786 —27.5 432 70.7 0.797 1201 -3.02 —263 203 46.6 0914 —-0218 241 -0.117
40-5 DiaSorin 0935 3.12 —29.7 36.0 657 0805 1.130 —6.49 —30.7 177 484 0.897 —0.195 173 —0.092
2 DIAsource 1283 049 —823 833 1656 0471 1.665 —189 —97.0 592 1562 0555 —0.382 94 —0.084
40-6 DIAsource 1278 —7.07 —634 492 112.6 0.697 1.576 —212 —-61.7 193 81.0 0834 -0.298 31.6 —-0.137
40-7 Diazyme 0988 —0.73 —29.4 30.0 594 0.859 1.085 —6.22 —346 222 568 0.857 —0.097 2.6 0.002
40-8 Fujirebio 1.027 —-358 —124 52 176 0986 1067 —574 —137 22 159 0986 —0.040 1.7 0.000
21 IDS-EIA 0965 125 —259 509 76.8 0762 1.185 1.07 —27.6 297 573 0.870 —0220 195 —0.108
40-9 IDS-EIA 0.775 9.48 —20.5 395 60.0 0.771 0918 225 —24.8 293 541 0.823 -0.143 59 —0.052
39 IDS-iSYS-1 0.896 12.1 —15.6 399 555 0845 1.026 570 —-19.4 308 502 0876 —0.130 53 —0.031
20 IDS-iSYS-2 1274 —11.3 —409 184 593 0901 1.092 —-2.0 -—19.5 155 350 0941 0.182 243 —0.040
40-10  IDS-iSYS-2 1309 —7.59 —41.6 264 68.0 0897 1.090 331 —165 232 39.7 0936 0219 28.3 —0.039
19 Roche 1.193 —10.8 —61.3 39.7 101.0 0.734 1476 —251 —664 163 827 0.843 —0283 183 —0.109
29 Roche 1.126 —572 —53.5 421 956 0.736 1391 —19.0 —57.0 189 759 0.852 —0265 19.7 -0.116
40-11 Roche 1.006 —1.92 —21.8 179 39.7 0931 1.097 —648 —246 11.6 362 0941 —0.091 35 —-0.010
30 Siemens 1215 —9.82 —42.8 23.1 659 0.874 1.046 —0.18 —29.4 29.1 585 0.850 0.169 7.4 0.024
40 Siemens 1.186 —9.15 —422 239 66.1 0.867 1.010 1.09 —27.1 293 564 0.854 0.176 9.7 0.013
40-12  Siemens 1.144 —10.6 —444 230 70.6 0.856 0959 —0.28 —27.7 272 565 0.843 0.185 14.1 0.013
5 SNIBE* 0840 262 —23.6 759 99.5 0599 1.125 119 —27.7 514 791 0.784 —-0.285 204 —0.185
31 SNIBE* 1.120 0.56 —62.5 63.7 1262 0598 1499 —183 —60.6 239 845 0.830 —0379 41.7 —0.232
Mean 1.036 0.75 —38.7 402 791 0.767 1.198 —-7.2 —347 202 550 0.878 —0.161 24.2 -0.111
SD 0.153 8.9 154 178 282 0.119 0.180 84 182 125 264  0.079 0.189 18.8 0.107

For laboratories 1 through 40, mean of two replicates; for assays 40-1 through 40-12, mean of 4 replicates

Int. intercept, Min minimum value on y-axis for PI, Max maximum value on y-axis for PI, Width of PI (min + max)

#SNIBE prototype assay that is not equivalent to current SNIBE assay

samples within various limits beyond + 5% are summarized in
Table S5 (see the ESM).

To illustrate the impact of high 25(OH)D, concentrations
on assay performance, the mean % bias for the 42 samples
with normal 25(OH)D, concentrations and the 8 samples with
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high 25(OH)D, concentrations are compared graphically in
Fig. 4. For most of the assays, high 25(OH)D, concentrations
produce a negative bias; the exceptions were Beckman
Coulter, IDS-iSYS-2, and Siemens, which produced a positive
bias. For almost all assays with multiple results (i.e., Abbott,
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Fig. 1 Results for determination of serum total 25(OH)D in single-donor samples versus the NIST-assigned target value for the DiaSorin assay (Lab 9)

(A, B) and Abbott assay (Lab 1) (C, D)

bioMérieux, DiaSorin, DIAsource, IDS-iSYS-2, Roche,
Siemens, and SNIBE prototype), the mean % bias values were
consistent, particularly for the high-concentration 25(OH)D,
samples. Only the % mean bias results for IDS-EIA were
inconsistent between the two laboratories using this assay.

Influence of concentrations of 25(0H)D,, 25(0H)D;,
3-epi-25(0H)Ds, and 24R,25(0H),D; on assay performance

Multivariable regression analysis was performed for the test
assay result for serum total 25(OH)D using the NIST values of
each metabolite as independent variables as described previ-
ously [13] and the results are summarized in Table 4. The
multivariable regression analysis indicates that most of the
ligand binding assays evaluated have some difficulties with
25(0OH)D, resulting in an underestimation (Abbott,
bioMérieux, Bio-Rad, DiaSorin, Diazyme, IDS-EIA, Roche,
and SNIBE prototype) or an overestimation (Beckman
Coulter, IDS-iSYS, and Siemens) of this metabolite’s contri-
bution. Only the Fujirebio Inc. assay appears to have equiva-
lent contributions for 25(OH)D, and 25(OH)D5. For

25(0OH)Dj3, the Beckman Coulter, Bio-Rad, DIAsource,
Fujirebio Inc., and SNIBE prototype all appear to have near
unity responses, whereas the Abbott, Diazyme, and Siemens
assays underestimated the 25(OH)D3 contribution slightly;
bioMérieux, DiaSorin, IDS-iSYS-2, and IDS-EIA significant-
ly underestimated 25(OH)Ds; and the Roche assay signifi-
cantly overestimated the contribution of 25(OH)Ds;. It ap-
peared that the DIAsource assay included a contribution for
3-epi-25(0OH)D; in the estimate for 25(OH)D with a corre-
sponding underestimation of 25(OH)Ds; however, this was
observed only for one of the two sets of results for
DIAsource. Multiple laboratories using Abbott, bioMérieux,
DiaSorin, and IDS-EIA consistently include 24R,25(0OH),D3
in the estimate of total 25(OH)D. Lab 39 using the IDS-iSY'S-
1 assay includes 24R,25(0OH),D5 in the estimate of total
25(0OH)D with a possible contribution for the IDS-iSYS-2
assay. Cashman et al. [39] investigated the impact of
24R,25(0OH),D5 on 25(0OH)D assay performance and ob-
served that 24R,25(OH),D; contributed to a positive bias in
some ligand binding assays. In spiking experiments using the
IDS-EIA assay compared with LC-MS/MS results, Cashman
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Fig. 2 Results for determination of serum total 25(OH)D in single-donor samples versus the NIST-assigned target value for the Siemens assay (Lab 30)

(A, B) and Bio-Rad assay (Lab 4) (C, D)

etal. [39] calculated a mean factor of 2.79 by which the ligand
binding assay overresponded to 24R,25(OH),D; content. For
the five assays that have probable contributions from
24R,25(0H),D3 (Table 4), the scaling parameters for
24R,25(0H),Dj5 are between 2.0 and 6.0, which compare fa-
vorably with the factor of 2.8 calculated by Cashman et al.
[39]. The multivariable regression analysis was also per-
formed with the inclusion of results from the 29 SRMs and
PT/EQA samples with the 50 single-donor samples, and the
results are summarized in Table S6 (see the ESM). The mul-
tivariable regression using 79 samples provided only minor
changes compared to using only the 50 single-donor samples,
i.e., the DIAsource assay no longer had a contribution from 3-
epi-25(OH)D; and the contribution of 24R,25(0OH),D3 be-
came significant for the second SNIBE prototype assay.

Performance of individual ligand binding assays

Abbott This study included results for the Abbott assay from
five different laboratories including the assay manufacturer’s
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laboratory. The results among the five laboratories were con-
sistent as shown in Tables 2 and 3 (and Fig. 4) indicating
robust assay performance. The Abbott assay has a significant
underestimation of 25(OH)D, as indicated by multivariable
regression analysis results in Table 4 and by the significant
change in slope of the regression line when the high
25(0OH)D, concentration samples are removed (i.e., 0.30,
Table 2 and Fig. 1C, D). The 25(OH)D; is slightly
underestimated and 24R,25(OH),D; appears to contribute to
the response for total 25(OH)D. The mean % bias is slightly
negative (1 to 2%) for the 50-sample set, but approximately 4
to 6% positively biased when only the normal 25(OH)D, con-
centration samples are evaluated. The percentage of individual
samples within the + 5% criterion is consistently between 28
and 34%, one of the highest percentages for any assay.
However, there is a significant and consistent negative bias
of 34 to 36% for the set of high 25(OH)D, concentration
samples when using the Abbott assay (see ESM Table S4).
Several recent studies [27, 30] have evaluated and compared
the Abbott assay with other ligand binding assays and with a
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Table 3  Bias analysis for ligand binding assays based on the mean of replicates
Lab No. Assay % bias—all 50 samples % bias—42 samples excluding high 25(OH)D,
Obs. Mean SD  Min Max % <5%" Obs. Mean SD Min Max % <5%"

1 Abbott 50 -0.16 180 —449 267 30 42 6.31 982 —-997 267 36
18 Abbott 50 —-1.52 180 —447 252 28 42 4.82 102 —-125 252 33
23 Abbott 50 —-138 177 —-446 254 28 42 4.86 10.1 -—188 254 33
27 Abbott 50 -1.18 177 —481 253 34 42 5.28 883 —11.5 253 40
40-1 Abbott 50 =271 179 -459 251 32 42 3.65 994 —152 251 38
26 Beckman Coulter 50 6.68 204 —340 102 30 42 5.89 21.6  —340 102 33
40-2 Beckman Coulter 50 -196 180 —426 634 18 42 —-325 190 —-426 634 17
3 bioMérieux 49 1.13 248 —408 56.1 41 7.39 21.0 —-296 56.1 7
34 bioMérieux 49 7.07 272 -378 677 41 13.8 234 -269 677 10
40-3 bioMérieux 49 12.0 274 -393 625 41 19.6 21.8  —30.1 625 10
40-4 bioMérieux 49 1.23 240 —432 544 14 41 8.0 189 —-304 544 18
4 Bio-Rad 50 -074 189 -—32.0 748 28 42 1.68 196 —-320 748 31
9 DiaSorin 50 -678 143 -36.1 249 28 42 -305 119 -279 249 33
24 DiaSorin 50 11.0 178 =299 449 14 42 15.9 140 -196 449 14
40-5 DiaSorin 50 -1.62 162 —-322 343 18 42 242 139 —258 343 19
2 DIAsource 49 30.5 588 —245 379 8 42 37.5 612 —-180 379 10
40-6 DIAsource 50 17.2 31.8 —31.8 148 16 42 229 302 —224 148 17
40-7 Diazyme 50 —-293 204 -519 495 20 42 -212 219 -—519 495 17
40-8 Fujirebio Inc. 50 -360 68 —-252 129 48 42 -348 730 —-252 129 45
21 IDS-EIA 50 15.7 205 —271 644 12 42 204 178 —-263 644 14
40-9 IDS-EIA 50 -82 167 —343 390 16 42 —4.7 156 —343 390 19
39 IDS-iSYS-1 50 8.75 199 -251 781 24 42 12.7 192 -251 781 24
20 IDS-iSYS-2 50 10.2 167 —-127 823 32 42 5.63 104 -—127 325 39
40-10 IDS-iSYS-2 50 19.6 158 —157 653 8 42 14.9 112 —157 653 10
19 Roche 50 2.54 269 —442 768 14 42 6.64 2677 —442 768 17
29 Roche 50 4.12 253 —418 711 10 42 8.44 245 —418 711 12
40-11 Roche 50 - 1.7 1.6 —-222 390 34 42 -002 116 —222 390 38
30 Siemens 50 7.87 187 —362 590 16 42 5.39 185 -—-362 590 19
40 Siemens 49 6.30 177 —-308 626 31 42 3.98 17.1  —-308 626 33
40-12 Siemens 50 -040 185 —50.7 485 34 42 -33 17.8 =507 485 38
5 SNIBE® 50 28.0 373 —33.0 140 14 42 36.5 340 -—573 140 12
31 SNIBE® 50 15.0 323 —415 109 8 42 22.1 287 —255 109 7
Mean 5.31 217 —-358 699 21 8.65 190 -267 684 23
SD 9.48 9.2 9.7 647 11 10.7 102 115 65.0 12

For laboratories 1 through 40, mean of two replicates; for assays 40-1 through 40-12, mean of four replicates. Obs. number of observations (samples

analyzed), Min largest negative % bias value, Max largest positive % bias

# Percentage of individual sample bias values (mean of two replicates) within + 5% mean bias

° SNIBE prototype assay which is not equivalent to current SNIBE assay

reference ID LC-MS/MS method. Lim et al. [30] compared
the Abbott assay with the Roche, Siemens, and LC-MS/
MS assays using the four levels of SRM 972a. For the
Abbott assay, they observed a positive bias (18%) for
SRM 972 level 1 and negative bias (12%) for level 3,
which has a high concentration of 25(OH)D,; these results
are similar to results observed in this study. Garnett et al.
[29] investigated the efficacy of the Abbott and the Roche

assays for recovery of 25(OH)D, and 25(OH)Dj; and found
that the two assays had similar response for 25(OH)Dj; but
the Abbott assay was significantly negatively biased com-
pared to ID LC-MS/MS assay for 25(OH)D,, which is in
agreement with the results of this study. Wyness and
Straseski [40] evaluated six assays including the Abbott
assay and found that the Abbott and Roche assays
underestimated 25(OH)D, by about 25%.
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Fig. 3 Mean % bias for the determination of serum total 25(OH)D in 50 single-donor samples compared with the NIST target values for Abbott assay
(Lab 1) (A), DiaSorin assay (Lab 9) (B), IDS-iISYS-2 assay (Lab 20) (C), and bioMérieux assay (Lab 3) (D)

Fig. 4 Mean % bias for various
ligand binding assays for single-
donor samples with normal con-
centrations of 25(OH)D, (42
samples) (yellow bar) and with
high concentrations (> 30
nmol/L) of 25(OH)D, (8 samples)
(green bar). Error bars are the SD
of the % mean bias for the sample
sets
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Table 4 Multivariable linear regression analysis for ligand binding assays for 50 single-donor samples®

LN?)" Man‘?lizi{urer R* | 2500H)D; | SE | 2500H)D; | SE |, s‘z’gfl‘)'ns SE | 24R,25(0H),D; | SE
1 Abbott 0.989 0.546 0.018 0.892 0.040 1.23 0.43 2.00 0.37
18 Abbott 0.989 0.538 0.018 0.858 0.040 1.34 0.42 2.20 0.37
23 Abbott 0.987 0.548 0.020 0.894 0.044 0.31 0.48 2.48 041
27 Abbott 0.991 0.522 0.017 0.892 0.037 1.38%* 0.40%* 1.61 0.34
40-1 Abbott 0.978 0.535 0.026 0.891 0.057 -0.19 0.61 2.60 0.52
26 Beckman Coulter | 0.926 1.21 0.06 4.05 1.40 -1.88 1.20
40-2 | Beckman Coulter | 0.900 1.17 0.07 0.14 1.79 1.56 -1.35 1.33
3 bioMérieux 0.973 0.577 0.034 0.520 0.073 2.37 0.78 6.06 0.67
34 bioMérieux 0.968 0.587 0.039 0.532 0.084 2.44 0.89 6.40 0.77
40-3 bioMérieux 0.955 0.563 0.044 0.592 0.096 1.00 0.98 6.32 0.88
40-4 bioMérieux 0.970 0.548 0.035 0.600 0.076 1.56 0.81 5.60 0.69
4 Bio-Rad 0.888 0.834 0.060 1.18 1.40 0.11 1.19

9 DiaSorin 0.959 0.632 0.033 0.593 0.072 0.88 0.78 3.58 0.66
24 DiaSorin 0.960 0.700 0.038 0.717 0.082 1.25 0.88 3.75 0.76
40-5 DiaSorin 0.953 0.684 0.039 0.634 0.084 0.80 0.91 4.12 0.78
2 DIAsource 0.992 0.856 0.036 2.04 0.39 0.22 0.34
40-6 DIAsource 0.874 0.841 0.090 1.23 2.09 4.44 1.79
40-7 Diazyme 0.887 0.865 0.062 0.844 0.133 1.55 1.44 1.08 1.23
40-8 Fujirebio Inc. 0.990 0.51 0.41 0.23 0.35
21 IDS-EIA 0.923 0.678 0.053 0.653 0.113 2.01 1.22 3.58 1.05
40-9 IDS-EIA 0913 0.582 0.045 0.421 0.097 -0.13 1.04 4.70 0.89
39 IDS-iSYS-1 0.930 0.728 0.044 0.621 0.096 -0.33 1.04 3.96 0.89
20 IDS-iSYS-2 0.961 1.34 0.05 0.667 0.099 2.21 1.07 2.67** 0.92
40-10 IDS-iSYS-2 0.971 1.46 0.04 0.814 0.090 0.12 0.97 2.60%* 0.82
19 Roche 0.866 0.858 0.086 0.18 3.36 2.00 -0.44 1.70
29 Roche 0.876 0.808 0.078 0.17 3.60 1.82 -0.82 1.56
40-11 Roche 0.958 0.896 0.037 1.45 0.87 0.19 0.74
30 Siemens 0.908 1.28 0.07 0.877 0.146 2.05 1.58 0.44 1.35
40 Siemens 0.908 1.26 0.07 0.843 0.144 1.5 1.5 0.65 1.32
40-12 Siemens 0.907 1.23 0.06 0.747 0.140 1.40 1.51 1.19 1.29
31 SNIBEP 0.871 0.624 0.085 1.2 2.0 4.1 1.7
5 SNIBEP 0.852 0.500 0.070 0.626* 0.152* -0.2 1.6 4.6 1.4

° SNIBE prototype assay which is not equivalent to current SNIBE assay

For laboratories 1 through 40, mean of two replicates; for assays 40-1 through 40-12, mean of four replicates

Color Key for X;, X5, X;, and X, from multivariable regression equation:

Underestimated (< 0.9)
Overestimated (> 1.1)

*"O0E0N

Beckman Coulter Two laboratories provided results using the
Beckman Coulter assay, and the results were slightly incon-
sistent (ESM Figs. S16A and S16B), with one laboratory
achieving the < |+5 %) bias criterion while the other laboratory
was slightly outside the criterion (6%) for both the 50- and 42-
sample sets. The Beckman Coulter assay was not significantly
influenced by the removal of the high-concentration
25(0OH)D, samples (ESM Fig. S3). The Beckman Coulter

Estimate between 0.9 to 1.1 with near equivalent response for both 25(OH)D; and 25(OH)D3

Significant contribution to the estimate (p < 0.0001)

No significant contribution to the estimate (p > 0.0001)
Indicates possible contribution to the estimate (0.0001 > p < 0.001)
Indicates possible contribution to the estimate (p < 0.005)

assay is one of only three assays that exhibited a positive bias
(11 and 5%) rather than a negative bias for the samples with
high 25(OH)D, concentrations (ESM Table S4), which was
confirmed by the significant overestimation of the contribu-
tions of both 25(OH)D, and 25(OH)D; based on the multi-
variable linear regression analysis. Percentage of individual
samples within + 5% bias was 30 and 18% for the
two laboratories. Elsenberg et al. [26] observed
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significantly higher bias (26%) for the Beckman Coulter
assay compared to their LC-MS/MS method.

bioMérieux Four sets of results were available for the
bioMérieux assay including results from the manufacturer’s
laboratory; results among the four laboratories were inconsis-
tent relative to meeting the % bias criterion with two labora-
tories within and two laboratories outside =5 %. The
bioMérieux assay had the lowest percentage of individual
samples within + 5% mean bias at 6 to 8%. There is a signif-
icant change in slope of the regression line (i.e., — 0.33) when
the high-concentration 25(OH)D, samples are excluded
(Figs. S4 and S5, ESM). The bioM¢rieux assay has a
significant underestimation of 25(OH)D, similar to the
Abbott assay. The response for 25(OH)Dj is also
underestimated significantly, and 24R,25(OH),D; does
contribute to the response for 25(OH)D based on the mul-
tivariable linear regression analysis.

Bio-Rad The manufacturer’s laboratory provided the only re-
sults for the Bio-Rad assay, which exhibited low mean % bias
of — 0.7 with 28% of individual samples within <+ 5% mean
bias (Fig. S17B, ESM). The Bio-Rad assay was not signifi-
cantly influenced by the removal of the high-concentration
25(0OH)D, samples as demonstrated when Fig. 2C and D are
compared. Based on the multivariable linear regression, con-
tributions to total 25(OH)D were appropriate for 25(OH)D3
but slightly underestimated for 25(OH)D, with no contribu-
tions from the other metabolites.

DiaSorin Three sets of results using the DiaSorin assay were
included in this study; however, no results were provided by the
assay manufacturer’s laboratory. Only one laboratory (Lab 40-5)
using the DiaSorin assay achieved the < [+ 5%) bias criterion for
the 50-sample set (Fig. 3B and Figs. S17C and S17D, ESM). Lab
24 (Fig. S17C, ESM) reported significant positive bias (11 and
16%) for both the 50-sample and 42-sample sets, respectively.
The DiaSorin assay showed significant negative bias for the
high-concentration 25(OH)D, samples (approximately 15 to
35%). The percentage of individual samples with % mean bias
< |+ 5%| ranged from 14 to 28% for the 50-sample set.
Multivariable linear regression analysis indicated that the
DiaSorin assay significantly underestimated both 25(OH)D,
and 25(OH)D5 and that 24R,25(OH),D; also contributed to the
estimate of 25(OH)D. When comparing the DiaSorin assay to a
reference LC-MS/MS method, Black et al. [41] found that the
DiaSorin was 17% lower than the reference method. A study
by de Konig et al. [42] also found that the DiaSorin
assay had a significant negative bias (36%) in samples
with high 25(OH)D, levels. Wyness and Straseski [40]
observed that the DiaSorin assay had the lowest slope
of six assays evaluated indicating under recovery com-
pared to LC-MS/MS.
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DIAsource Results for the DIAsource assay were available
from two laboratories. The DIAsource assay exhibited
significant positive bias (from 17 to 37%) for both the
50-sample and 42-sample sets (ESM Figs. S18A and
S18B) with only 8 and 16% of the 50 samples falling
within £ 5% mean bias (Table 3). One of the
DIAsource assay results had the lowest R? value from
the linear regression analysis at 0.471 and 0.555 for the
50-sample and 42-sample sets, respectively (Table 2 and
ESM Figs. S7TA and S7B), and regression analyses pro-
duced slopes of 1.28 and 1.66 for the 50- and 42-
sample sets, respectively. The contributions to
25(0OH)D based on the multivariable regression analysis
were inconsistent for the two sets of assay results with
a potential contribution from 3-epi-25(OH)D; (Table 4)
for one assay result (Lab 2); however, this metabolite
contribution was not found to be significant when the
SRMs and PT/EQA samples were included in the re-
gression analysis (ESM Table S5).

Diazyme Results for the Diazyme assay were from the
intralaboratory study [34]. Diazyme met the < |+ 5%)| criterion
for mean % bias and had 20% of the individual samples within
+ 5%. The samples with high concentrations of 25(OH)D, had
little influence on the mean % bias with only a small change in
slope between the 50- and 42-sample sets (ESM Fig. S18C).
Both 25(OH)D, and 25(OH)D5 were similarly underestimated
in the 25(OH)D response based on the multivariable regres-
sion analysis with no contribution from the other metabolites.

Fujirebio Inc. The Fujirebio Inc. assay was part of the
intralaboratory study [34], and it met the < [+ 5%| mean bias
criterion. The Fujirebio Inc. assay was not significantly biased by
the high 25(OH)D, single-donor samples, and it had a slope near
1.00 from the regression analyses of both the 50-sample and 42-
sample sets (ESM Figs. S8C and S8D). Multivariable regression
analysis also confirmed that 25(OH)D, and 25(OH)D; were
equally and appropriately estimated in the 25(OH)D response with
no contributions from other metabolites. Elsenberg et al. [26] eval-
uated the Fujirebio Inc. assay along with four other assays and
benchmarked it to the University of Ghent RMP [43] method
using 20 reference samples. They found the Fujirebio Inc. assay
had a — 14% bias compared to the RMP, which is significantly
higher than the bias observed in this study (— 4%). When compar-
ing their ID LC-MS/MS assay with the ligand binding assays
using 52 random patient samples, they observed a bias for the
Fujirebio Inc. assay of — 7.3% which is in better agreement with
this current study [26].

IDS-iSYS Three laboratories, including the assay manufac-
turer’s laboratory, provided results using two different IDS-
iSY'S Kkits (see Table 1) with IDS-iSYS-2 as the kit in current
use. The two IDS-1SYS kits, which are denoted as IDS-iSYS-
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1 and IDS-iSYS-2 in Table 1, behaved differently in the per-
formance assessment. All three labs using IDS-iSYS met the
% mean bias criterion. However, the percentage of individual
samples with % mean bias < [+ 5%]| was 8 to 32% for the IDS-
iSYS-2 and 24% for the IDS-iSYS-1. The slopes for the linear
regression analysis were significantly different for the IDS-
iSYS-1 and IDS-iSYS-2 (0.90 vs. 1.3). For the high-
concentration 25(OH)D, set, IDS-iSYS-1 (Lab 39) has a —
12% bias, whereas the two labs using IDS-iSYS-2 have bias
of 34 and 44% (ESM Table S4). The study by Elsenberg et al.
[26] reported a similar positive bias of 33% for patient sam-
ples using the IDS-iSYS assay. In contrast, a recent report by
Denimal et al. [44] evaluated the new re-standardized IDS-
iSYS assay using DEQAS samples with NIST-assigned
values and found the bias compared to the NIST values to
be less than 5%. The IDS-iSYS-2 assay significantly overes-
timates the 25(OH)D, and underestimates the 25(OH)D; con-
tribution to the 25(OH)D assay response, whereas the IDS-
iSYS-1 underestimates both 25(OH)D, and 25(OH)D; and
has a contribution from 24R,25(OH),D5.

IDS-EIA Two laboratories reported results using the IDS-EIA
assay including the assay manufacturer’s laboratory, and the
results varied considerably between the two laboratories with
signficant positive bias in one laboratory and a negative bias in
the second laboratory (Table 3 and Figs. SI9A and S19B,
ESM) and percentage of individual samples within £ 5%
was relatively low (12 and 16%). The slope change for the
linear regression analysis between the 50- and 42-sample sets
was moderate (—0.14 and — 0.22). Multivariable linear regres-
sion analysis revealed that the assay significantly
underestimated both 25(OH)D, and 25(OH)D; with a possi-
ble contribution from 24R,25(0OH),D; to the estimate of
25(0OH)D.

Roche Three laboratories provided results using the Roche
assay with all three laboratories meeting the % bias criterion for
the 50-sample set with the percentage of individual samples within
+ 5% ranging from 10 to 34%. However, only one laboratory (Lab
40-11) met the % mean bias criterion for the 42-sample set
(Table 3). All three laboratories had significant negative bias for
the high 25(OH)D, samples (10 to 19%, ESM Table S4). The
Roche assay had significant change in slope for the regression
lines for two laboratories (— 0.28), whereas the change for the third
lab was only — 0.09. Using the Roche assay, contributions of
25(OH)D, are slightly underestimated in all three laboratories
and the 25(0OH)D; is significantly overestimated in two laborato-
ries with no contributions from 3-epi-25(OH)D; or
24R,25(0OH),D5. Using an earlier version of the Roche assay,
Elsenberg et al. [26] observed significantly higher bias (21%)
compared to their LC-MS/MS method, and Wyness and
Straseski [40] reported that the assay underestimated 25(OH)D,
by about 25%.

Siemens Results using the Siemens assay were reported by
three laboratories including the assay manufacturer’s labora-
tory. For the 42-sample sample set, the Siemens assay had
small bias (both positive and negative) with only one labora-
tory slightly outside the + 5% criterion (Table 3); for the 50-
sample set only, one lab met the mean % bias criterion. The
slope for the regression line was significantly influenced by
the high 25(OH)D, samples with a mean change of 0.18. Of
the 50 individual samples, 16 to 34% were within £+ 5% mean
bias. All three laboratories had significant positive bias (15 to
21%) for the high 25(OH)D, concentration samples (Table S4
and Figs. S20D, S21A, and S21B, ESM). Wyness and
Straseski [40] also reported that the Siemens assay had a pos-
itive bias for 25(OH)D,.

SNIBE prototype Based on two sets of results (including the
manufacturer’s laboratory), the SNIBE prototype has a signif-
icant positive % mean bias (15 and 28%) and low percentage
of individual samples within + 5% (8 and 14%); the positive
bias increases when the high-concentration 25(OH)D, sam-
ples are removed (Table 3 and ESM Figs. S21C and S21D).
The slope change with exclusion of the high-concentration
25(0OH)D, was significant for both laboratories (— 0.28 and
— 0.38).The SNIBE prototype assay significantly
underestimated 25(OH)D, with no contributions from the oth-
er metabolites. Interestingly, the contribution for 25(OH)D;
for one laboratory was not significant based on the multivar-
iable regression analysis for the 50 samples; however, the
25(0OH)D; as well as the 24R,25(OH),D; were found to be
significant when the SRMs and PT/ETA samples were includ-
ed in the regression analysis (Table S6, ESM).

Conclusions

Intercomparison Study 2 significantly improved on the informa-
tion obtained from the first VDSP intercomparison study not only
by the identification of the assays and laboratories but also by the
total number of assays evaluated. For Intercomparison Study 1,
three of the eight ligand binding assays evaluated achieved < |+
5%| bias. In this second study, 16 of 32 ligand binding assays
evaluated for the 50 single-donor samples were within + 5% bias.
For the 42-sample subset, the results were only slightly different
with 13 of 32 assays achieving the bias criterion. With 13 unique
ligand binding assays evaluated in Intercomparison Study 2, only
5 assays were consistently within the = 5% bias criterion, i.e.,
Abbott (5), Bio-Rad (1), Diazyme (1), Fujirebio Inc. (1), and
Roche (3) (number in parentheses indicates number of labs using
the assay), and 4 assays were consistently outside the + 5% bias
criterion (for the 50-sample set), i.e., DIAsource (2), SNIBE pro-
totype (2), IDS-iSYS (3), and IDS-EIA (2). The remaining assays
were both within and outside the + 5% bias depending on the
laboratory using the assay, i.e., Beckman Coulter (2),
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bioMérieux (4), DiaSorin (3), and Siemens (3). Based on the
relatively low % of individual samples within the + 5% mean %
bias observed in this study for ligand binding assays as well as for
the LC-MS/MS assays [13], the VDSP should re-evaluate and
modify the performance criteria to include a component reflecting
this aspect. The results of this interlaboratory comparison study
provide the most comprehensive comparison of ligand binding
assay performance for determination of serum total 25(OH)D pub-
lished to date, and it is the only study to assess the impact of
24R,25(0OH),D5 on assay performance using results from a refer-
ence measurement procedure.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03577-0.
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