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ABSTRACT

Ninety archived human serum samples from the Vitamin D External Quality Assessment Scheme (DEQAS) were
analyzed using a reference measurement procedure (RMP) based on isotope dilution liquid chromatography —
tandem mass spectrometry (ID LC-MS/MS) for the determination of 24,25-dihydroxyvitamin D3 [24,25(OH)2D3].
These 24,25(0OH),Dj3 results, in conjunction with concentration values assigned using RMPs for 25-hydroxyvita-
min Dy [25(OH)D2] and 25-hydroxyvitamin D3 [25(OH)Ds], provide a valuable resource for assessing the ac-
curacy of measurements for 24,25(OH)2D3 and for investigating the relationship between 24,25(0H),D3 and 25
(OH)Ds. Results for 24,25(0OH),D3 using the RMP were compared to DEQAS consensus values demonstrating that
the consensus values were not sufficient to assess the accuracy of measurements among different laboratories and
methods. A multivariable regression analysis approach using historical DEQAS consensus values for various total
25(0OH)D assays was used to assess the contribution of 24,25(0OH),D3 concentration on the assay response. The
response of several ligand binding assays for total 25(OH)D was shown to be impacted by the presence of 24,25

(OH)2Ds.

1. Introduction

The Vitamin D External Quality Assessment Scheme (DEQAS) was
established in 1989 [1] with a goal of ensuring the quality of analytical
measurements for the determination of total serum 25-hydroxyvitamin
D [25(0OH)D], which is the primary marker for vitamin D status and is
defined as the sum of 25-hydroxyvitamin Dy [25(OH)D;] and
25-hydroxyvitamin D3 [25(OH)D3]. DEQAS distributes four sets of five
human serum samples annually to over 1000 participating laboratories
worldwide [1]. Initially, individual participant results in DEQAS were
compared to laboratory consensus results using an All-Laboratory
Trimmed Mean (ALTM) [1]. However, since 2013, DEQAS has been an
accuracy-based program with participant results compared to target
values established using reference measurement procedures (RMPs)
initially performed at the U.S. National Institute of Standards and
Technology (NIST) [2,3], and since 2018 at the U.S. Centers for Disease
Control and Prevention (CDC) [4]. The College of American Pathologists
(CAP) has also provided an accuracy-based vitamin D (ABVD)
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proficiency testing program since 2011 [5] with target values for total
25(0OH)D currently assigned using an RMP [4]. In 2010, NIST issued the
first of several Standard Reference Materials® (SRMs®) for the deter-
mination of vitamin D metabolites in human serum [6-11], and
currently there are five SRMs with certified values assigned for 25(OH)
D, and 25(0H)Ds.

The DEQAS, CAP ABVD, and the availability of SRMs with values
assigned for vitamin D metabolites have significantly supported accu-
rate and comparable measurements of total 25(OH)D within the vitamin
D testing and research community [12-16]. However, there is consid-
erable interest in other vitamin D metabolites beyond 25(OH)D; and 25
(OH)Dj3 including dihydroxyvitamin D metabolites such as 24,25-dihy-
droxyvitamin D3 [24,25(0OH),D3] and 1,25-dihydroxyvitamin D [1,25
(OH)2Ds]. 24,25(0H),D3 is the major product of 25(0OH)D catabolism
and the major dihydroxyvitamin D species in serum typically at levels of
10-15 % of the 25(0OH)D3 [17-19]. 1,25(0H)5Ds3 is the main bioactive
form of vitamin D with circulating levels three orders of magnitude
lower than 25(OH)D3 which is a significant challenge for both
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immunoassay and LC-MS/MS methods. Recent reviews provide an
overview of the various vitamin D metabolites, their importance in
investigating vitamin D metabolism and deficiency, and the analytical
challenges in measuring the various metabolites [14,15,20-24].

In 2011, Mizwicki et al. [25] depicted vitamin D metabolism in a
diagram with over 40 various metabolites. Slominski et al. [26,27]
demonstrated novel pathways of vitamin Dy and vitamin D3 metabolism
that result in the production of numerous metabolites including dihy-
droxyvitamin Dy and D3 metabolites. In 2019, Tuckey et al. [28] pro-
posed an alternative pathway for vitamin D metabolism that focuses on
enzymatic hydroxylation of vitamin D3 to two main monohydroxy
species, 20S(OH)D3 and 22(OH)D3, with further hydroxylation to
dihydroxy metabolites including 1a,20S(OH)2D3, 20,22(0H).Ds3, 20S,
23S(OH),D3, and 20S,24R(OH)2Ds. The biological significance of many
of these vitamin D metabolites is unknown, and analytical methods to
measure them in clinical studies are only now starting to be developed.
Recently, Jones and Kaufmann [24,29] proposed a simplified version of
vitamin D metabolism adding three metabolites (24,25(OH)»D3, 25(0OH)
D3-26,23-lactone, and 1,24,25(0OH)3D3) to the usual 25(OH)D and 1,25
(OH)2D3 that could potentially be used to diagnose calcium and
phosphate-related diseases.

The recent review by Jones and Kaufmann [24] emphasizes the po-
tential diagnostic utility of vitamin D metabolite profiling that has
emerged due to the emergence of LC-MS/MS technology providing the
capability to simultaneously monitor multiple metabolites. Jenkinson
et al. [30] reported an LC-MS/MS method for simultaneous determina-
tion of 13 vitamin D3 and D5 mono and dihydroxy metabolites in human
serum using derivatization with PTAD (4-phenyl-1,2,4-triazole-3,
5-dione) to achieve added sensitivity. In addition to monohydroxy me-
tabolites 25(OH)D3, 25(0OH)D3, 3-epi-25(0H)D3, and 20(OH)Dg3, three
dihydroxy vitamin D metabolites 24,25(OH)2Ds3, 1a,25(0H)2Ds, and 1a,
20S(OH),D3 were routinely quantified in human serum samples. Addi-
tional metabolites were monitored in the method but were not routinely
observed including 3-epi-25(0OH)D,, 22(0OH)D3 1a,25(0OH),D5, 208,24
(OH)2D3, 20,22(0H)2Ds3, and 1,24,25(0OH)3Ds3.

While there is considerable interest and capability to monitor
numerous dihydroxyvitamin D isoforms, a major current focus is accu-
rate measurement of 24,25(OH),D3 using isotope dilution liquid chro-
matography — tandem mass spectrometry (ID LC-MS/MS). During the
past 15 years, ID LC-MS/MS methods for the determination of multiple
vitamin D metabolites including 24,25(0H),D3 have been reported such
as Wagner et al. [31], Ding et al. [32], Laha et al. [33], Dowling et al.
[34], Kaufmann et al. [17], Fabregat-Cabello et al. [35], Zelzer et al.
[36], and Jenkinson et al. [30,37,38]. The simultaneous measurement of
both 25(OH)D3 and 24,25(0OH),D3 has gained increased interest since
Wagner et al. [31] proposed the use of the ratio of 24,25(0OH),;D3 to 25
(OH)D3 as a predictor of serum 25(0OH)D3 response to vitamin D3 sup-
plementation. Berg et al. [39] demonstrated the use of the vitamin D
metabolite ratio (VMR) to better assess vitamin status differences among
black and white population groups whereas Cavalier et al. [40] applied
the VMR to assess vitamin D deficiency in infants, children and ado-
lescents. Zelzer et al. [36] used VMR to identify patients with genetic
enzyme defects (e.g., CYP24Aldeficiency). Other researchers have also
employed the VMR including Ginsberg et al. [41,42] for investigations
of bone fracture risk, Aloia et al. [43] for vitamin D deficiency in African
Americans, and Ketha et al. [44,45] for identifying CYP24A1 mutations
and investigating vitamin D3 catabolism for lactating women.

In 2015, as part of the Vitamin D Standardization Program (VDSP)
[46,47], NIST developed an ID LC-MS/MS method for the determination
of 24,25(0H),D3 [48], which was later recognized as an RMP by the
Joint Committee for Traceability in Laboratory Medicine (JCTLM).
Using this RMP, certified values for the concentration of 24,25(0OH)2D3
were assigned to SRM 972a Vitamin D metabolites in Frozen Human
Serum [7] and SRM 2973 Vitamin D Metabolites in Frozen Human
Serum (High level) [8]. In 2015, DEQAS introduced a pilot scheme for
the determination of 24,25(0OH);D3 in the regular serum sample
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distributions for the determination of 25(OH)D with a limited number of
participants providing results for 24,25(0OH),D3 and a consensus mean
based on the participant results. Since 2018, information values for 24,
25(0OH);D3 in the DEQAS samples have been provided based on results
provided by the CDC routine LC-MS/MS method, which is not desig-
nated as an RMP.

There have been few studies to assess the comparability of various
custom ID LC-MS/MS methods for the determination of 24,25(0OH),Ds3.
In 2017, Wise et al. [19] reported the results of an interlaboratory
comparison among five laboratories using ID LC-MS/MS methods
compared with the NIST RMP for 24,25(OH),Dj3 for the determination of
24,25(0H),D3 in two SRMs and 30 archived DEQAS samples (nos.
421-450). Recently, Zelzer et al. [36,49] compared results using two
in-house custom ID LC-MS/MS methods for the determination of 24,25
(OH),D3 in two different sets of 20 DEQAS samples (nos. 551-570 [36]
and 571-590 [49]). Zelzer et al. [36,49] compared their results to
DEQAS consensus concentrations for 24,25(OH),Ds; unfortunately, they
did not analyze any SRMs with certified values assigned for 24,25
(OH)2D3 for comparison with their results. Alshabrawy et al. [50]
developed an LC-MS/MS method for simultaneous determination of 25
(OH)D3, 3-epi-25(OH)D3, and 24,25(0OH);D3 using DAPTAD
(4-(4’-dimethylaminophenyl)-1,2,4-triazoline-3,5-dione) derivatiza-
tion, and they used five DEQAS samples (nos. 546-550) as part of the
method validation.

In an effort to improve the comparability of measurements of 24,25
(OH),D3 in human serum, the NIST RMP for 24,25(0OH),D3 was used to
provide accuracy-based target concentrations for 90 archived DEQAS
samples (nos. 421-510). The results for the content of 24,25(0H);D3 in
the first 30 DEQAS samples were reported in the interlaboratory com-
parison study reported by Wise et al. [19]. In this paper, we report the
results for the determination of 24,25(OH);D3 in an additional 60
DEQAS samples (nos. 451-510). The availability of RMP-determined
concentrations for 24,25(0OH);D3 in these archived DEQAS samples
provides a valuable resource, in addition to the SRMs, for use in
assessing the accuracy of measurements for 24,25(0OH)2D3 in human
serum. In this paper, the results for 24,25(0OH),D3 in the DEQAS samples
determined using RMPs were used to: (1) compare with 24,25(0OH)2D3
results from participants in DEQAS, (2) demonstrate the relationship of
25(0OH)D3 and 24,25(0H)»D3 using accuracy-based RMPs, and (3) assess
the contribution of 24,25(0OH),D3 in DEQAS consensus mean values for
each of the various assays reported in DEQAS exercises (i.e., ligand
binding assays, LC, and LC-MS/MS).

2. Materials and methods
2.1. DEQAS samples

A total of 90 archived DEQAS samples (i.e., samples that were used in
past DEQAS exercises) were analyzed at NIST using the RMP for 24,25
(OH),D3 [48]. The first 30 DEQAS samples were from the October 2012
through January 2014 DEQAS exercises (nos. 421-450) and were
analyzed in 2015 with results reported in 2017 [19]. Sixty additional
DEQAS samples from the April 2014 to January 2017 DEQAS exercises
(nos. 451-510) were analyzed in 2019 and are reported here. DEQAS
sample 465 was spiked with 24,25(0OH),D3 and is therefore not repre-
sentative of natural levels of 24,25(OH);D3 in human patient/donor
samples, and this sample was removed for some of the calculations and
plots. The DEQAS samples were also analyzed for the determination of
25(0OH)D; and 25(OH)D3 using RMPs [3] as described previously [2]
and for the determination of 3-epi-25(0OH)D3 using an ID LC-MS/MS
method similar to the RMPs for 25(OH)D, and 25(OH)Ds.

2.2. Determination of 24,25(0OH)2D3

All DEQAS samples were analyzed using the NIST RMP for the
determination of 24,25(0H),Ds as described in Tai et al. [48]. As part of
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Table 1
Summary of Results for NIST Determination of 25(OH)D,, 25(0OH)Ds3, Total 25(OH)D, 3-epi-25(OH)D3, and 24,25(0OH),D3 in DEQAS Samples Nos. 421-510.
DEQAS no. 25(0H)D, (nmol/L) 25(0H)D3 (nmol/L) Total 25(OH)D (nmol/L) 3-epi-25(OH)D3 (nmol/L) 24,25(0H),D3 (nmol/L)
Mean SD %CV Mean SD %CV Mean SD %CV Mean SD %CV Mean SD %CV
421 0.95 0.07 7.5 57.28 0.37 0.6 58.23 0.37 0.6 2.32 0.055 2.4 4.56 0.01 0.1
422 1.68 0.03 2.1 36.53 0.34 0.9 38.21 0.34 0.9 1.69 0.061 3.6 1.97 0.01 0.6
423 0.99 0.05 4.6 84.49 0.95 1.1 85.48 0.95 1.1 5.68 0.073 1.3 6.84 0.02 0.2
424 0.99 0.04 3.7 46.13 0.40 0.9 47.12 0.41 0.9 2.58 0.084 3.3 3.29 0.02 0.6
425 0.95 0.05 5.0 46.11 0.08 0.2 47.06 0.09 0.2 2.53 0.048 1.9 3.24 0.02 0.7
426 1.05 0.03 3.0 33.45 0.41 1.2 34.50 0.41 1.2 0.41 0.013 3.1 1.46 0.01 0.7
427 2.06 0.05 2.5 75.09 0.36 0.5 77.15 0.36 0.5 4.52 0.076 1.7 6.17 0.06 1.0
428 2.48 0.07 2.7 52.14 0.91 1.7 54.62 0.91 1.7 2.74 0.013 0.5 3.53 0.03 0.7
429 0.56 0.02 4.2 58.91 2.27 3.9 59.47 2.27 3.8 3.02 0.119 3.9 4.63 0.02 0.4
430 22.43 0.27 1.2 17.62 0.16 0.9 40.06 0.31 0.8 0.80 0.038 4.8 0.60 0.01 0.8
431 1.27 0.04 2.9 22.49 0.23 1.0 23.76 0.23 1.0 1.22 0.043 3.6 1.03 0.02 1.6
432 2.73 0.12 4.3 48.54 0.22 0.5 51.27 0.25 0.5 2.86 0.320 11.2 3.34 0.02 0.5
433 1.19 0.04 3.5 90.27 0.70 0.8 91.46 0.70 0.8 11.66 0.459 3.9 7.56 0.10 1.3
434 4.44 0.04 0.8 74.00 0.49 0.7 78.44 0.49 0.6 4.57 0.214 4.7 5.21 0.03 0.6
435 0.54 0.02 4.4 45.99 0.22 0.5 46.53 0.22 0.5 2.38 0.061 2.5 3.12 0.01 0.5
436 1.26 0.05 4.2 76.61 0.99 1.3 77.87 0.99 1.3 4.00 0.075 1.9 6.55 0.09 1.4
437 1.40 0.01 1.0 33.24 0.32 1.0 34.63 0.32 0.9 1.45 0.128 8.8 1.99 0.01 0.4
438 1.82 0.03 1.7 54.70 0.51 0.9 56.52 0.51 0.9 2.70 0.088 3.3 3.89 0.05 1.4
439 1.19 0.05 4.5 39.68 0.34 0.8 40.87 0.34 0.8 2.27 0.042 1.8 2.83 0.02 0.8
440 1.32 0.01 1.1 47.05 0.40 0.8 48.38 0.40 0.8 2.27 0.067 2.9 3.62 0.01 0.3
441 1.66 0.06 3.9 88.80 0.71 0.8 90.45 0.71 0.8 7.07 0.347 4.9 7.94 0.07 0.8
442 1.66 0.03 1.9 73.61 1.53 2.1 75.27 1.53 2.0 4.61 0.205 4.4 6.19 0.05 0.8
443 1.89 0.12 6.1 29.48 1.12 3.8 31.37 1.12 3.6 1.27 0.070 5.5 1.56 0.03 2.0
444 1.65 0.03 1.9 41.70 0.96 2.3 43.35 0.96 2.2 1.91 0.062 3.3 3.17 0.03 0.9
445 14.45 0.29 2.0 39.26 0.75 1.9 53.71 0.80 1.5 1.43 0.143 10.0 2.38 0.01 0.1
446 0.87 0.08 9.7 91.62 0.51 0.6 92.49 0.52 0.6 5.67 0.70 12.4 9.00 0.04 0.5
447 1.11 0.07 6.5 46.94 0.18 0.4 48.05 0.19 0.4 2.17 0.39 17.9 3.70 0.05 1.4
448 1.85 0.05 2.9 30.65 0.18 0.6 32.51 0.18 0.6 1.27 0.12 9.1 1.73 0.01 0.7
449 1.50 0.06 3.9 70.66 1.39 2.0 72.16 1.39 1.9 4.13 0.28 6.7 5.66 0.05 0.9
450 0.99 0.09 8.9 63.36 0.26 0.4 64.36 0.27 0.4 2.43 0.37 15.1 5.30 0.04 0.7
451 1.90 0.03 1.8 27.22 1.90 7.0 29.12 1.90 6.5 1.34 0.09 6.8 1.52 0.03 1.7
452 1.09 0.02 1.9 98.83 2.42 2.5 99.92 2.42 2.4 7.82 0.10 1.2 10.32 0.19 1.8
453 2.34 0.23 9.6 63.96 3.11 4.9 66.30 3.12 4.7 3.17 0.09 2.7 3.97 0.07 1.7
454 2.30 0.03 1.5 45.10 0.74 1.6 47.40 0.74 1.6 2.46 0.06 2.6 3.49 0.04 1.0
455 1.45 0.03 2.1 50.80 0.94 1.8 52.25 0.94 1.8 9.12 0.81 8.8 3.67 0.01 0.3
456 1.52 0.04 2.8 72.45 1.23 1.7 73.97 1.23 1.7 3.92 0.07 1.9 7.46 0.10 1.4
457 2.00 0.01 0.6 38.97 0.43 1.1 40.97 0.43 1.0 1.37 0.13 9.4 2.14 0.04 1.8
458 1.30 0.01 1.1 69.79 0.68 1.0 71.09 0.68 1.0 5.79 0.12 2.0 5.91 0.07 1.2
459 0.92 0.01 1.3 92.39 1.29 1.4 93.31 1.29 1.4 4.75 0.17 3.5 9.35 0.11 1.1
460 1.79 0.04 2.1 50.87 0.79 1.5 52.66 0.79 1.5 7.90 0.17 2.2 3.45 0.07 2.2
461 2.14 0.05 2.2 55.07 0.75 1.4 57.21 0.75 1.3 2.68 0.09 3.2 3.81 0.02 0.6
462 1.17 0.04 3.6 79.90 1.87 2.3 81.08 1.87 2.3 4.48 0.03 0.7 6.20 0.08 1.3
463 0.66 0.03 4.7 85.54 0.37 0.4 86.20 0.37 0.4 5.57 0.16 2.8 7.64 0.05 0.6
464 1.98 0.03 1.8 57.57 1.21 2.1 59.55 1.21 2.0 3.08 0.09 2.8 3.44 0.06 1.8
465 1.98 0.05 2.3 57.77 0.83 1.4 59.75 0.83 1.4 3.11 0.12 4.0 17.89 0.20 1.1
466 1.04 0.03 3.0 63.31 1.41 2.2 64.36 1.41 2.2 3.07 0.06 2.0 4.36 0.08 1.9
467 1.30 0.07 5.5 43.06 1.01 2.4 44.36 1.02 2.3 2.26 0.04 1.7 2.49 0.04 1.7
468 1.20 0.02 2.1 67.01 0.88 1.3 68.21 0.88 1.3 4.42 0.08 1.7 4.16 0.08 1.9
469 1.37 0.04 3.1 67.83 0.62 0.9 69.20 0.63 0.9 3.60 0.11 3.1 4.95 0.08 1.6
470 1.95 0.05 2.3 116.3 1.08 0.9 118.3 1.08 0.9 9.88 0.20 2.0 11.93 0.20 1.7
471 11.08 0.20 1.8 53.30 0.73 1.4 64.38 0.75 1.2 3.37 0.28 8.4 4.04 0.07 1.6
472 1.69 0.12 7.0 37.90 0.78 2.0 39.60 0.78 2.0 1.67 0.08 4.7 1.88 0.03 1.8
473 2.66 0.11 4.1 62.48 0.86 1.4 65.14 0.87 1.3 4.12 0.04 0.9 6.00 0.11 1.9
474 1.29 0.05 4.2 77.24 0.21 0.3 78.53 0.21 0.3 5.49 0.18 3.3 6.70 0.09 1.3
475 1.21 0.05 3.9 73.91 0.53 0.7 75.12 0.53 0.7 5.56 0.33 6.0 5.83 0.04 0.7
476 0.75 0.02 3.3 100.2 0.62 0.6 101.0 0.62 0.6 5.29 0.13 2.4 9.06 0.20 2.2
477 1.84 0.01 0.8 43.41 0.33 0.8 45.25 0.33 0.7 1.81 0.06 3.1 241 0.05 2.0
478 1.21 0.04 3.1 73.34 0.25 0.3 74.54 0.25 0.3 2.53 0.13 5.1 5.97 0.11 1.8
479 1.43 0.03 2.2 30.86 0.10 0.3 32.29 0.11 0.3 0.99 0.08 7.7 1.15 0.03 2.3
480 57.11 0.21 0.4 47.00 0.49 1.0 104.1 0.53 0.5 2.97 0.07 2.4 4.25 0.07 1.7
481 2.11 0.04 1.8 58.58 0.84 1.4 60.68 0.84 1.4 2.58 0.07 2.8 4.30 0.04 0.8
482 0.81 0.02 2.9 34.75 0.57 1.6 35.56 0.57 1.6 1.76 0.02 1.4 1.85 0.01 0.7
483 0.80 0.02 3.0 115.2 0.74 0.6 116.0 0.74 0.6 5.21 0.13 2.6 10.47 0.18 1.7
484 0.74 0.00 0.0 77.32 0.84 1.1 78.06 0.84 1.1 3.58 0.10 2.7 6.88 0.05 0.7
485 1.13 0.01 1.1 47.00 0.66 1.4 48.13 0.66 1.4 1.81 0.05 2.9 2.18 0.04 1.7
486 0.47 0.02 4.3 28.22 0.41 1.5 28.69 0.42 1.4 2.26 0.01 0.6 1.82 0.03 1.4
487 0.77 0.07 9.6 92.02 1.71 1.9 92.79 1.71 1.8 6.99 0.32 4.5 9.68 0.14 1.4
488 1.21 0.07 5.5 65.51 1.90 2.9 66.72 1.90 2.9 4.79 0.35 7.3 4.95 0.03 0.6
489 1.04 0.05 4.9 45.56 1.24 2.7 46.60 1.24 2.7 3.33 0.23 6.9 2.93 0.02 0.6
490 0.41 0.01 3.5 116.3 1.66 1.4 116.7 1.66 1.4 8.99 0.35 3.9 12.15 0.11 0.9
491 1.50 0.08 5.5 31.84 0.52 1.6 33.34 0.53 1.6 2.08 0.07 3.4 1.51 0.04 2.4
492 1.10 0.07 6.7 50.43 0.69 1.4 51.53 0.70 1.4 3.11 0.12 3.7 3.56 0.07 1.9
493 1.29 0.07 5.5 90.39 1.53 1.7 91.68 1.53 1.7 7.36 0.37 5.0 8.40 0.15 1.8

(continued on next page)
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Table 1 (continued)
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DEQAS no. 25(0H)D, (nmol/L) 25(0H)D3 (nmol/L) Total 25(0OH)D (nmol/L) 3-epi-25(OH)D3 (nmol/L) 24,25(0H),D3 (nmol/L)
Mean SD %CV Mean SD %CV Mean SD %CV Mean SD %CV Mean SD %CV
494 1.12 0.05 4.2 70.69 0.81 1.1 71.82 0.81 1.1 3.72 0.22 5.8 4.71 0.07 1.5
495 34.76 0.49 1.4 63.02 0.97 1.5 97.78 1.08 1.1 4.74 0.04 0.8 4.62 0.06 1.3
496 2.38 0.05 2.3 73.43 0.74 1.0 75.81 0.74 1.0 4.89 0.13 2.6 5.37 0.07 1.3
497 1.43 0.03 2.4 48.50 0.10 0.2 49.93 0.11 0.2 3.58 0.21 5.7 3.72 0.08 2.0
498 0.65 0.01 1.9 28.24 0.42 1.5 28.89 0.42 1.5 1.22 0.02 1.7 1.40 0.03 1.9
499 1.42 0.01 0.9 49.70 1.13 2.3 51.11 1.13 2.2 3.44 0.04 1.0 3.81 0.07 1.8
500 1.03 0.04 4.2 129.0 1.60 1.2 130.1 1.60 1.2 11.69 0.36 3.1 11.21 0.12 1.1
501 2.85 0.06 2.2 93.27 0.35 0.4 96.12 0.36 0.4 6.48 0.18 2.8 8.56 0.09 1.0
502 1.24 0.02 1.8 38.69 0.31 0.8 39.93 0.31 0.8 1.42 0.05 3.2 2.61 0.04 1.5
503 1.40 0.05 3.7 77.65 0.54 0.7 79.06 0.54 0.7 5.50 0.18 3.2 7.06 0.09 1.3
504 2.06 0.11 5.3 54.05 0.36 0.7 56.11 0.38 0.7 2.93 0.39 13.3 4.20 0.08 1.8
505 0.74 0.05 6.8 20.95 0.20 0.9 21.69 0.20 0.9 0.88 0.07 8.2 0.81 0.01 1.6
506 1.34 0.04 3.1 54.47 0.89 1.6 55.81 0.89 1.6 2.40 0.09 3.8 3.70 0.04 1.0
507 1.59 0.03 1.6 73.55 0.76 1.0 75.14 0.76 1.0 4.60 0.15 3.3 5.59 0.11 1.9
508 1.93 0.10 5.3 30.10 0.23 0.8 32.03 0.25 0.8 1.67 0.09 5.2 1.34 0.03 2.0
509 1.14 0.06 5.4 71.21 1.07 1.5 72.35 1.08 1.5 3.66 0.10 2.7 5.26 0.07 1.3
510 0.50 0.06 11.2 132.6 4.23 3.2 133.1 4.23 3.2 12.53 0.16 1.3 12.43 0.08 0.6
injection.
SRM 2973 - 24,25(0H),D,
3.3
2.3. Multivariable data analysis
o B2 o Results from DEQAS exercises using samples 421 through 510 were
\g ----------------------------- compiled from DEQAS summary reports for each study [51]. The mean
% + ¢ results for each assay were used as the assay response in the multivari-
2 R AT I """""" l """ $ able analysis. The number of assay results for each sample analyzed
§ @ _— T I 1 + 1 were also compiled, and the mean number of assay results for the 90
I.; w0 =] )ls: % + é } T samples is reported. Note that the DEQAS data represents assays used
s + from October 2012 through January 2017 and the interlaboratory study
e to which the results are compared [52,53] was conducted from
200 . September to November 2016. The multivariable regression analysis
was performed using Analyze-It., a statistical analysis add-in for
Microsoft Excel (Analyze-It Software, Leeds, UK).
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Fig. 1. Results for the determination of 24,25(OH),;D3 in SRM 2973 used as a
control sample during the analyses of 90 DEQAS samples. The various colors
and shapes for the measurements represent different measurement campaigns,
i.e., green squares (measurements of 24,25(OH),D3 in SRM 972, SRM 2973, and
DEQAS samples 421-450) [8,19]), yellow triangles (measurements in com-
mutability study [52]), red circles (analysis of DEQAS samples 451-480 (this
study), and purple diamonds (analysis of DEQAS samples 481-510 (this study).
Error bars represent + standard deviation of the measurements with n = 4; only
one replicate for 2015 measurements.

the development and validation of the RMP, potential interference from
other dihydroxy vitamin D metabolites was assessed including 24S,25
(OH)2Ds3, 3-epi-24R,25(0H)2D3, 23,25(0H),D3, 1,25(0H),D3, and 25,
26(0OH),D3 [48]. The NIST ID LC-MS/MS method is currently the only
method for the determination of 24,25(0OH),D3 that is recognized by the
JCTLM as an RMP. Details of the analysis of DEQAS samples 421 through
450 were reported previously [19]. The details of the analysis of DEQAS
nos. 451 through 510 are provided in the Supplementary information.
Briefly, the ID LC-MS/MS method uses gradient elution chromatography
on a Cig column with MS/MS detection in the positive ion mode with
multiple reaction monitoring (MRM) with transitions monitored at m/z
417 — m/z 38land m/z 423 —m/z 387 for 24,25(0H),D3 and 24,25
(OH)2Ds-dg, respectively. For the sample preparation, duplicate prepa-
rations of 2 g samples of DEQAS serum samples (i.e., the combined
contents of four vials each containing approximately 0.5 mL) were
spiked with 24,25(0H)yDs-dg and then extracted with hexane-ethyl
acetate mixture (twice), the upper layer removed, dried, and recon-
stituted in 100 pL of methanol for the LC-MS/MS analysis with a 10 pL

The results for the determination of 25(0OH)D,, 25(0OH)D3, total 25
(OH)D, 3-epi-25(0OH)D3, and 24,25(0H),D3 in the 90 DEQAS samples
are summarized in Table 1. The results for the first 30 samples (nos. 421
through 450) were published previously [19]; however, they are
included in this summary for completeness. A summary of the mea-
surements for 24,25(0OH);D3 in the DEQAS samples as determined in
ng/g and converted to nmol/L is provided in Supplementary material as
Table S1. For the determination of 24,25(0H),;D3, SRM 2973 was used
as a control sample, and the results of analyses of SRM 2973, shown in
Fig. 1, indicate that the analyses were in control during the time period
of these analyses. The concentrations of all four measured vitamin D
metabolites are illustrated in Fig. 2 with the 90 samples arranged ac-
cording to increasing concentration of total 25(OH)D, which ranges
from 24 nmol/L to 133 nmol/L. The concentrations of 24,25(0H),D3
range from 0.60 nmol/L to 12.43 nmol/L with one sample (no. 465)
spiked with 24,25(0H),D3 to a concentration of 17.89 nmol/L. Half of
the samples have concentrations of 24,25(0OH),D3 less than 5 nmol/L,
and there are 17 samples with concentrations greater than 7 nmol/L.

3.1. Comparison of NIST RMP results with DEQAS results

Since the April 2015 DEQAS exercise (sample no. 471), results for
24,25(0H)2D3 in the regular samples distributed for the determination
of 25(OH)D have been compiled and a consensus mean of the participant
results reported. Of the 90 DEQAS samples analyzed using the NIST
RMP, 40 of these samples (nos. 471-510) have DEQAS consensus means
for 24,25(0OH),D3 based on results from 4 to 10 exercise participants as
summarized in Table S2 in the Supplementary information. Table S2
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Fig. 2. Distribution of 90 DEQAS 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)D, molar concentration, yellow bar represents the 3-epi-25(OH)D3 molar concentration, and green bar represents the
24R,25(0H),D3; molar concentration, all in nmol/L. The figure is based on results provided in Table 1. Note that the total serum 25(OH)D includes only 25(OH)D,
and 25(0OH)Dj (the orange plus purple envelope) and does not include the 3-epi-25(OH)Dj3 or 24,25(0H),D3. DEQAS sample no. 465 (marked with a red asterisk) was
spiked with 24,25(0H),D3 and is therefore not representative of a normal patient sample.
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Fig. 3. Comparison of the NIST RMP results compared with the consensus
mean and median values from the participant results for selected DEQAS
samples (see Table S4). Error bars for NIST RMP represent + standard deviation
of duplicate measurements and error bars for the DEQAS consensus mean
represent + standard deviation of the mean results from multiple laboratories
with n =4 (no. of laboratories) for study DEQAS 471, n = 6 for DEQAS 476,
n =7 for DEQAS 481, n = 5 for DEQAS 486, n = 8 for DEQAS 491 and 496,
n = 10 for DEQAS 501, and n = 9 for DEQAS 506.

also contains the NIST RMP values, the DEQAS median value, and the
percent bias of the DEQAS consensus mean and median values from the
NIST RMP results. The biases for the DEQAS consensus mean values
range from — 11 % to 91 % with a mean bias of 26 % for the 40 samples.
Individual laboratory results for 24,25(OH),D3 are provided in Table S3,
and the percent bias for individual laboratory results compared with the
NIST RMP is provided in Table S4 in the Supplementary information.
Fig. 3 is a bar graph comparing the NIST RMP value with the DEQAS

consensus mean and median value for eight selected samples (the first
sample of each exercise was selected). The mean percent bias for the
nine individual laboratory results for the 40 samples ranged from
— 40.5 % to 45.6 %. Several laboratories (e.g., Labs 52 and 189) were
consistently biased lower than the NIST RMP values while other labo-
ratories were consistently biased higher (e.g., Labs 528, 1455, and
1920). The results of least squares linear regression of the individual
laboratory results and the consensus mean and median versus the NIST
RMP are summarized in Table S5 including slope, R%, and width of the
95 % prediction interval (PI). Three laboratories had R? values of > 0.92
and the narrowest width of the PI (Labs 52, 1455, and 2123).

Comparison of the DEQAS consensus values with the NIST RMP
values demonstrates that the consensus values do not provide an
adequate assessment of the accuracy of 24,25(0OH);D3 measurements.
Since 2018 when the CDC started to provide target values for 25(0OH)D4
and 25(0OH)Ds3, they have also provided information values for 24,25
(OH),D3 based on measurements using their routine ID LC-MS/MS
method. The CDC routine method is not an RMP; however, a study to
compare the NIST RMP for 24,25(0OH),D3 with the CDC routine method
and methods from several other laboratories providing measurements of
24,25(0H),Dj is currently in progress.

3.2. Relationship of 25(0OH)D3 and 24,25(0H)2D3 in the DEQAS
samples

A number of papers have reported the relationship of 24,25(0OH),D3
and 25(0OH)Ds3 concentrations in human serum based on LC-MS/MS
measurements [17,31,38,54-60] as discussed previously [19]. The
well-known correlation between concentrations of 24,25(0H),D3 and
25(0OH)Ds is illustrated in Fig. 3 for the DEQAS samples with a slope of
0.110 + 0.005 (95 % confidence interval) and a correlation coefficient
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Fig. 4. Regression analysis of concentration of 24,25(0H),D3 (red circles, red solid line) versus the concentration of 25(0OH)D3 as determined in 89 DEQAS samples
(excluding no. 465) (red circles) and 7 SRM serum pools (yellow circles) using RMPs. The red solid line is the regression line for the DEQAS samples only. The black
dotted line is the regression line for the DEQAS samples plus the SRMs. Plots are based on results provided in Tables 1 and S2.

of RZ = 0.957. For a 50 single-donor sample set used in a commutability
study [61] and analyzed using the same RMPs, a similar linear regres-
sion of 24,25(0H),D3 and 25(0OH)D3 concentrations resulted in a slope
of 0.098 + 0.015 (95 % confidence interval) and R? = 0.793 [52]. The
50 single-donor samples and the DEQAS samples are shown together in
Fig. S1 (Supplemental information). The correlation for the regression
line for the single-donor samples is lower than the DEQAS samples
probably because the DEQAS samples are sample pools from several
donors rather than from single donors. Similar plots of the relationship
of 24,25(0OH)2D3 and 25(OH)Ds3 are reported by Wagner et al. [31],
Kaufmann et al. [17], R? = 0.80, slope 0.13, x-intercept 25.6 nmol/L)
for 672 patient samples, and Kaufmann et al. [60] R? = 0.83,
slope = 0.068, x-intercept 13.2 nmol/L) for 156 patients. The x-inter-
cept of 17.5 + 3.0 nmol/L from our study is between the x-intercepts of
25.6 nmol/L and 13.2 nmol/L reported by Kaufmann et al. [17,60] for
similar plots from larger data sets where the authors attribute the
x-intercept value to the biological threshold to vitamin D deficiency
where there is no production of 24,25(0OH),Ds. Fig. 3 also includes data
points for the seven SRM serum pools, i.e., SRM 972a (four levels), SRM
2969 Vitamin D Metabolites in Frozen Serum (Total 25-Hydroxyvitamin

D Low Level), SRM 2970 Vitamin D Metabolites in Frozen Serum
(25-Hydroxyvitamin Dy High Level), and SRM 2973, which cover a
range of 24,25(0OH),D3 concentrations from 1.4 nmol/L to 7.5 nmol/L.
SRM 2969 and SRM 2970 are recently released SRMs with low levels of
25(0OH)D3 [10], and therefore low levels of 24,25(0OH),D3. The linear
regression correlation in Fig. 3 for the DEQAS samples and SRMs has a
slope of 0.109 + 0.005 (95 % confidence interval) and R? = 0.955.

As described in the Introduction, the ratio of molar concentrations of
24,25(0H)»D3 to 25(0OH)D3 offers the potential for better assessment of
vitamin D status. The relative concentrations of 24,25(0OH),;D3 to 25
(OH)D3 presented as percent and the ratio of the molar concentrations of
25(0OH)D3 to 24,25(0H);Ds3 (i.e., VMR) are provided in Table S5 in
Supplementary information. Similar information for the seven SRM
serum pools is provided in Table S6. For the DEQAS samples, the mean
relative molar concentration of 24,25(0H),;D3 to 25(OH)D3 was 7.3 %
(ranging from 3.4 % to 10.5 %, median of 7.3 %). The molar ratio 25
(OH)D3/24,25(0H),D3 versus molar concentration of 25(OH)Ds is
shown in Fig. 4 for the DEQAS and SRM samples. A similar plot
combining the data for the DEQAS and the 50 single donor samples is
provided in Fig. S2. Similar plots of the ratio 25(0OH)D3/24,25(0H)3D3
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Fig. 5. Plot of the ratio 25(0OH)D3/24,25(0H),D3 versus molar concentration of 25(OH)D3 (nmol/L) in 89 DEQAS samples and 7 SRMs based on NIST RMP mea-
surements. Red circles are DEQAS samples (nos. 421-510, excluding no. 465); yellow circles are SRM samples. All results are from analyses reported in Tables 1

and S2.
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Fig. 6. Plots of the regression analysis of concentration of 24,25(0OH),;D3 (nmol/L) versus the concentration of 25(OH)D3 (nmol/L) and the ratio 25(0OH)D3/24,25
(OH),D3 versus concentration of 25(0OH)D3 (nmol/L) for 40 DEQAS samples (nos. 471-510) for which DEQAS consensus means are available. (A) Regression line
using NIST RMP values 24,25(0H),;D3 and (B) Regression line using DEQAS consensus means for 24,25(0OH),D3. (C) Plot of ratio 25(0OH)D3/24,25(0OH),D3 versus
concentration of 25(OH)D3 (nmol/L) using NIST RMP values for 24,25(0H),D3 and (B) Plot of ratio 25(0OH)D3/24,25(0OH),D3 versus concentration of 25(0OH)D3

(nmol/L) using DEQAS consensus means for 24,25(0OH),Ds.

versus concentration of 25(OH)Ds have been reported by Kaufmann
etal. [17,60] and by Cashman et al. [57] as a useful parameter to predict
vitamin D deficiency.

The usefulness of plots of concentrations of 24,25(OH),D3 versus 25
(OH)Ds as in Fig. 4 and the ratio 25(0OH)D3/24,25(0OH),;D3 versus 25
(OH)Dj as in Fig. 5 requires accurate measurements of both 25(0OH)D3
and 24,25(0H),Ds, and the importance of the accuracy of the 24,25
(OH),D3 measurements is enhanced due to the low concentrations as the
divisor in the ratio. Zelzer et al. [49] have emphasized the importance of
precise and accurate measurements to calculate and utilize the VMR. To
illustrate the need for accurate measurements, the regression analysis of
the 40 DEQAS samples for which DEQAS consensus values and NIST
RMP values for 24,25(0OH),Dj3 are available is shown in Fig. 6. As shown
in Fig. 5B, when the DEQAS consensus values for 24,25(0OH),Ds are used
in the correlation, there is more scatter, a lower correlation coefficient,
and a significantly different x-axis intercept (17.3 nmol/L versus
5.1 nmol/L 25(OH)D3), which could influence the interpretation of the
results. A comparison is shown in Fig. 6 of the use of DEQAS consensus
values for 24,25(0OH),D3 or NIST RMP-determined values for plots of the
ratio 25(0OH)D3/24,25(0H),D3 versus 25(0OH)Ds3. As demonstrated in
Fig. 6D, the use of the consensus values for 24,25(0OH),D3 in the plot
provides a somewhat different relationship when compared with the
RMP values in Fig. 6C which could limit the intended interpretation.

3.3. Impact of 24,25(0H)2D3 on total 25(0OH)D assay performance

With target values for 25(OH)D,, 25(OH)D3, 3-epi-25(0H)D3, and
24,25(0H)2D3 determined in the 90 DEQAS samples using RMPs, we
evaluated the potential contributions of each of these metabolites to
total 25(OH)D assay response using the DEQAS consensus assay mean

results from various assays used in the exercises. A similar multivariable
evaluation for 25(OH)D assays was reported for both ligand binding
[53] and LC-MS/MS assays [52] using results from a commutability
study using 50 single-donor patient samples. Multivariable regression
analysis was performed for the DEQAS assay mean result for serum total
25(0OH)D using the NIST measured values for each metabolite as inde-
pendent variables for the following equation:

y [25(OH)D Test Assay] = Constant 4+ a[25(OH)D, NIST] + b[25(0OH)D3
NIST] + c[3-epi-25(0OH)D3 NIST] + d[24,25(0OH),D3 NIST].

The multivariable regression analysis provides scaling parameters (a,
b, ¢, and d) 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)D, and 25(OH)Ds, in the ideal
case, the scaling parameters a and b should be close to 1.0, and the
parameters ¢ and d (for 3-epi-25(OH)D3 and 24R,25(0H),D3, respec-
tively) should be very small. The results of the multivariable regression
analysis are summarized in Table 2 for the various assays used in DEQAS
exercises with the values of the scaling parameters color coded to
distinguish the level of individual metabolite contributions.

Similar multivariable analysis results for 13 different ligand binding
assays and 14 LC-MS/MS assays were reported by Wise et al. [52,53].
Using the DEQAS assay results, we evaluated a similar number of
different assays including two additional assays (LC and Tosoh). The
multivariable regression results confirmed results reported previously
[52,53] with the same assays demonstrating an underestimation
(Abbott, bioMérieux, DiaSorin, IDS-EIA, and IDS-iSYS) or over-
estimation (Siemens) of the response for 25(OH)D;,. The Tosoh and
Fujirebio Inc. assays demonstrated a near unity response for both 25
(OH)D; and 25(0OH)Dj3 using the DEQAS results. The combined DEQAS
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Table 2
Multivariable linear regression analysis for 25(OH)D assays for 90 DEQAS samples (Nos. 421-510).
Average
No. of 3-epi-

Assay” n® | results® | R? 25(OH)D, | SE 25(OH)D; | SE 25(OH)D; | SE 24,25(OH),;D; | SE

Abbott Architect (Old) | 90 66 0.973 | 0.472 0.074 | 0.512 0.056 | 0.25 0.40 |5.67 0.35
Abbott Architect (New) | 25 44 0.993 | 0.442* 0.105 | 0.679 0.138 | 0.31 0.90 | 4.38* 1.14
Beckman Unicell 65 25 0.950 0.889 0.078 | 1.71 0.59 |0.17 0.46
Beckman Access 2 65 3 0.939 0.805 0.082 |2.17* 0.62 | 0.049 0.49
bioMérieux 35 3 0.986 | 0.661 0.076 | 0.608* 0.158 | 0.09 0.71 | 5.69* 1.40
DiaSorin 90 278 0.974 | 0.682 0.060 | 0.581 0.046 | 0.18 0.32 | 3.36 0.28
DIAsource 85 2 0.609 | 0.480 0.326 | 0.926* 0.248 | -1.83 1.76 |2.70 1.54
Diazyme 85 2 0.756 | 1.12 0.20 -0.26 1.09 | 0.36 0.94
Fujirebio Inc. 60 2 0.978 0.035 0.37 |0.39 0.29
IDS-EIA 90 46 0.973 | 0.702 0.059 | 0.527 0.045 |0.22 0.32 |3.52 0.28
IDS-iSYS 90 117 0.940 | 0.613 0.099 |0.515 0.075 | 0.75 0.53 |4.07 0.47
Roche 90 146 0.950 0.42 0.57 | 1.49** 0.50
Siemens 90 63 0.950 | 1.13 1.31%* 0.41 |2.04 0.36
SNIBE 75 2 0.563 1.90 1.89 | 3.20 1.49
Tosoh 90 5 0.859 1.34 094 | 1.18 0.82
LC 90 28 0.986 | 0.832 0.048 0.41 0.26 | 0.0012 0.22
LC-MS/MS 90 152 0.993 | 1.11 0.035 0.38 0.19 |0.19 0.17

#Assay names/designations are based on DEQAS nomenclature from DEQAS reports.

by = the number of DEQAS samples for which assay results were available.
“Average number of assay results for each sample.

- Estimated as expected (0.90-1.10).

I:I Underestimated (< 0.90).

|:| Overestimated (> 1.10).

I:I Significant contribution to the estimate (p < 0.0001).

I:I 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).

results for LC-MS/MS assays demonstrated a slight overestimation of 25
(OH)D,, response similar to the results found in the interlaboratory study
[52], but no significant impact for 3-epi-25(OH)D3 was observed as was
the case for several of the individual LC-MS/MS assays in the inter-
laboratory study [52]. The LC assay results indicated an underestima-
tion for the response of 25(0OH)D,. Of particular significance was the
confirmation using the DEQAS results of a significant contribution from
24,25(0H),D3 to the assay response for the Abbott, DiaSorin, IDS-EIA,
and IDS-iSYS assays. The DEQAS results also indicated that there was
a significant contribution from 24,25(0H),;D3 for the Siemens assay;
however, the interlaboratory study [53] did not indicate a contribution
from 24,25(0OH),Dj for this assay.

4. Conclusions

The 90 archived DEQAS samples with concentration values assigned
for 25(OH)D3, 25(0H)D3, and 24,25(0OH),D3 using RMPs, as well as 3-
epi-25(0OH)D3 using a similar ID-LC-MS/MS approach, represent a
valuable resource for researchers for assessing the accuracy of their
methods for measurement of these vitamin D metabolites and for stan-
dardizing them to RMPs [62]. Selected DEQAS samples from these past
exercises are available for purchase from DEQAS [51]. The comparison
of the DEQAS 24,25(0H),D3 consensus values with the NIST RMP values
demonstrates that the consensus values do not provide an adequate
assessment of the accuracy of 24,25(OH),D3; measurements among
participant laboratories. In addition, few laboratories provided results
with low bias compared to the NIST RMP values. These 90 DEQAS
samples represent the largest number of human serum samples with
values assigned for 24,25(0OH);Ds, 25(OH)D,, and 25(OH)D3 using

RMPs, and thereby provide an assessment of the potential relationship of
these two metabolites using accuracy-based results. Additional efforts
are needed to improve the comparability of 24,25(0H);D3 measure-
ments including the use of SRMs and better assessment of the accuracy
of routine ID LC-MS/MS methods. The results of the multivariable
analysis using DEQAS assay specific results confirmed that the 24,25
(OH),D3 concentration does contribute to the response for some 25(0OH)
D ligand binding assays.
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