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Assessment of serum total 25-hydroxyvitamin D assay commutability
of Standard Reference Materials and College of American
Pathologists Accuracy-Based Vitamin D (ABVD) Scheme and Vitamin
D External Quality Assessment Scheme (DEQAS) materials: Vitamin D
Standardization Program (VDSP) Commutability Study 2
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Abstract
An interlaboratory study was conducted through the Vitamin D Standardization Program (VDSP) to assess commutability of
Standard ReferenceMaterials® (SRMs) and proficiency testing/external quality assessment (PT/EQA) samples for determination
of serum total 25-hydroxyvitamin D [25(OH)D] using ligand binding assays and liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS). A set of 50 single-donor serum samples were assigned target values for 25-hydroxyvitamin D2 [25(OH)D2]
and 25-hydroxyvitamin D3 [25(OH)D3] using reference measurement procedures (RMPs). SRM and PT/EQA samples evaluated
included SRM 972a (four levels), SRM 2973, six College of American Pathologists (CAP) Accuracy-Based Vitamin D (ABVD)
samples, and nine Vitamin D External Quality Assessment Scheme (DEQAS) samples. Results were received from 28 different
laboratories using 20 ligand binding assays and 14 LC-MS/MS methods. Using the test assay results for total serum 25(OH)D
(i.e., the sum of 25(OH)D2 and 25(OH)D3) determined for the single-donor samples and the RMP target values, the linear
regression and 95% prediction intervals (PIs) were calculated. Using a subset of 42 samples that had concentrations of 25(OH)D2

below 30 nmol/L, one or more of the SRM and PT/EQA samples with high concentrations of 25(OH)D2 were deemed non-
commutable using 5 of 11 unique ligand binding assays. SRM 972a (level 4), which has high exogenous concentration of 3-epi-
25(OH)D3, was deemed non-commutable for 50% of the LC-MS/MS assays.
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Introduction

Concerns about comparability of measurements among labo-
ratories for the determination of total serum 25-
hydroxyvitamin D, [25(OH)D], which is defined as the sum
of 25-hydroxyv i t amin D2 [25 (OH)D2] and 25-
hydroxyvitamin D3 [25(OH)D3] excluding the 3-epimer of
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25(OH)D3 and is the primary marker of vitamin D status, led
to the creation of the Vitamin D Standardization Program
(VDSP) in 2010 by the US National Institutes of Health,
Office of Dietary Supplements (NIH-ODS) [1]. The VDSP
is a collaboration among NIH-ODS, the US National
Institute of Standards and Technology (NIST) [2], the US
Centers for Disease Control and Prevention (CDC), national
survey laboratories in several countries, and vitamin D re-
searchers worldwide [1]. With a goal of standardizing mea-
surements of 25(OH)D among laboratories worldwide to im-
prove clinical practice and public health [1], the VDSP
established a reference measurement system that includes ref-
erence measurement procedures (RMPs) based on isotope di-
lution liquid chromatography-tandem mass spectrometry (ID
LC-MS/MS) at NIST [3, 4], Ghent University [5], and CDC
[6]; NIST Standard Reference Materials® (SRMs) [7–9]; the
CDCVitaminD Standardization –Certification Program [10];
and collaborations with two accuracy-based performance
testing/external quality assessment (PT/EQA) programs, i.e.,
the US College of American Pathologists (CAP) Accuracy-
Based Vitamin D (ABVD) Program [11] and the Vitamin D
External Quality Assessment Scheme (DEQAS) [12, 13]. The
VDSP also implemented performance criteria and guidelines
to establish traceability [14] and developed approaches for the
prospective and retrospective standardization of serum total
25 (OH)D, se rum 24R,25 -d ihyd roxyv i t amin D3

[24,25(OH)2D3], and vitamin D binding protein [15–19].
In 2011, the VDSP coordinated an interlaboratory

study to address two major areas related to measurements
of 25(OH)D using ligand binding assays and LC-MS/MS.
The first aspect of the study was a comparison of different
assays to assess performance regarding variability and bi-
as [20]. A second focus of the study was to assess
commutability of SRMs and PT/EQA study materials
from CAP ABVD and DEQAS. Establishing the
commutability of SRMs and test materials used in
accuracy-based PT/EQA programs is an essential task in
establishing a reference measurement system for
25(OH)D. Commutability is defined as the equivalence
of mathematical relationships between results obtained
using different measurement procedures for a reference
material and for representative patient samples [21–23].
SRMs and PT/EQA materials typically use pooled serum
samples and commutability of these materials cannot be
assumed but must be demonstrated through an appropri-
a te ly des igned s tudy. The resu l t s of th i s f i r s t
commutability study, denoted as VDSP Commutability
Study 1, were reported by Phinney et al. [24] and demon-
strated that, with few exceptions, SRM 972a Vitamin D
Metabolites in Frozen Human Serum (four levels), CAP
ABVD, and DEQAS materials were commutable with
multiple assays. Unfortunately, the conclusions of
Commutabil i ty Study 1 were limited in that all

participants did not agree to identification of their labora-
tories or assays used.

A second set of VDSP intercomparison/commutability
studies, designated as Intercomparison Study 2 and
Commutability Study 2, was undertaken in late 2016 with
all participants agreeing to identification of laboratories and
assays used. For Intercomparison Study 2 and Commutability
Study 2, 50 single-donor serum samples were obtained and
characterized for 25(OH)D2, 25(OH)D3, and 24R,25-
dihydroxyvitamin D3 [24,25(OH)2D3] using RMPs [3, 4],
and for 3-epi-25(OH)D3 using an isotope dilution (ID) LC-
MS/MS method similar to the RMPs [3]. To identify specific
challenges for the determination of serum total 25(OH)D and
to expand the boundaries for commutability assessment, 8 of
the 50 single-donor samples had high concentrations of
25(OH)D2 (>30 nmol/L).

For Commutability Study 2, SRM 972a (four levels) [8]
was evaluated again as well as a more recent SRM with a
higher level of 25(OH)D3, SRM 2973 Vitamin D
Metabolites in Frozen Human Serum (high level) [9], and
six CAP ABVD samples [11] and nine DEQAS samples
[12]. For the DEQAS samples, two sets of the same nine
samples were shipped frozen and at ambient temperature to
investigate the effect of shipping temperature on the
commutability assessment. For Commutability Study 2, re-
sults were received from 28 different institutions/laboratories
using 20 ligand binding assays methods and 14 LC-MS/MS
methods. In this paper, we report the results of VDSP
Commutability Study 2. The results of Intercomparison
Study 2 are reported by Wise et al. for the LC-MS/MS assays
[25] and for the ligand binding assays [26].

Methods

Measurands

The measurand for Commutability Study 2 was serum total
25(OH)D in concentration units of nanomoles per liter
(nmol/L). Serum total 25(OH)D is defined as the sum of the
concentrations of 25(OH)D2 and 25(OH)D3, without the in-
clusion of the concentration of 3-epi-25(OH)D3. The concen-
trations of two additional metabolites, 3-epi-25(OH)D3 and
24R,25(OH)2D3, were also determined in the 50 single-
donor and SRM/PT/EQA samples.

Commutability Study 2—Coordination and
responsibilities

Commutability 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
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results [27]. Samples were distributed to the participating lab-
oratories in November 2016 and results were received in
January/February 2017. NIST was responsible for analysis
of the 50 single-donor serum samples and the SRM, ABVD,
and DEQAS 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 LLC were responsible for conducting the data
analyses.

Single-donor serum samples

The 50 single-donor serum samples used in Commutability
Study 2 were procured from Solomon Park Research
Laboratories (Seattle, WA). Single-donor serum samples from
50 healthy human donors (i.e., no known disease states, preg-
nant, renal failure patients) were prepared according to the
Clinical Laboratory Standards Institute (CLSI) C37-A guide-
lines [28, 29] and contained only endogenous vitamin D me-
tabolites with a distribution of total 25(OH)D concentrations
across the clinically relevant range of 15 to 150 nmol/L. All
single-donor samples were anonymous to the study. A num-
ber of serum samples were requested with high levels of
25(OH)D2. The details of the preparation of and distribution
of 25(OH)D concentrations for these 50 human single-donor
samples are described elsewhere [25].

SRMs and PT/EQA samples

The samples evaluated in Commutability Study 2 included
SRM972a (four levels), SRM 2973, six CAPABVD samples,
and nine DEQAS samples. With the exception of SRM 972a
L4 (fortified with 3-epi-25(OH)D3), all SRM/PT/EQA sam-
ples were unprocessed serum pools containing only endoge-
nous 25(OH)D2, 25(OH)D3, and 3-epi-25(OH)D3. The
DEQAS samples were from serum pools previously distribut-
ed as part of DEQAS quarterly exercises. DEQAS samples 1
through 9 were the following samples from DEQAS exercises
conducted in April 2015 and July 2015: (1) 472, (2) 473, (3)
474, (4) 475, (5) 479, (6) 476, (7) 478, (8) 477, (9) 480. In
DEQAS, the quarterly exercise samples are shipped to the
participants at ambient temperature [12]. To assess the
commutability of samples shipped differently, two sets of
the same nine samples were shipped to the study participants:
one set was shipped at ambient temperature (i.e., no tempera-
ture control) and the second set was shipped frozen on dry ice.
Therefore, participating laboratories were not blinded as to the
identity of the DEQAS samples that were shipped at ambient
temperature since they arrived separately from the other sam-
ples shipped frozen. The 29 SRM and PT/EQA samples were
assigned target values for serum total 25(OH)D using the
NIST RMPs [3, 4] as described below.

Commutability Study 2 design

Participating laboratories agreed prior to the study that
their results, including the identification of laboratory
and assay, would be included in publications reporting
the results. VDSP Commutability Study 2 was designed
and conducted according to CLSI EP14-A3 and EP30-A
guidelines prior to the publication of new recommenda-
tions for commutability assessment by the IFCC Working
Group on Commutability [30–32]. Each participant re-
ceived the 50 single-donor serum sample set (one cryovial
containing 0.50 mL of serum per single-donor sample)
and one vial each of 6 CAP ABVD samples (each con-
taining approximately 1.0 mL serum), 5 NIST SRM sam-
ples (each containing approximately 1.1 mL of serum),
and 18 DEQAS samples (each containing 0.6 mL of se-
rum). Prior to distribution, all CAP ABVD, DEQAS, and
SRM samples were stored at < −40 °C. All samples (ex-
cept 9 DEQAS samples) were shipped to the participants
frozen on dry ice and participants were instructed to store
all samples frozen at −60 °C or lower (including the
DEQAS samples shipped at ambient temperature) until
the time of analysis.

Participants were to analyze the 50 single-donor samples
(DS) and the 29 SRM and PT/EQA samples in duplicate on
the same day. Duplicate measurements (i.e., sample prepara-
tions) were to be made from one vial. For laboratories that
needed a greater volume of serum than provided in the
single-donor sample vial (i.e., 0.5 mL), an additional vial
was provided to facilitate the duplicate measurements. The
second vial was to be pooled with the first vial prior to anal-
ysis. The protocol specified a run order of analyzing the sam-
ples first in ascending (DS01-DS50) and then descending
(DS50-DS01) order with the SRMs and PT/EQA materials
interspersed among the donor samples. Participants were re-
quested to use their routine laboratory operation procedures
with normal internal QC criteria.

Participants were requested to provide results using a
reporting template provided by NIST. Results for
25(OH)D2, 25(OH)D3, 3-epi-25(OH)D3, and total 25(OH)D
were requested in units of nmol/L with three significant fig-
ures. The following information was also requested: (1) instru-
ment description and measurement technology, (2) assay per-
formance characteristics such as limit of detection and mea-
surement range, and (3) lot numbers of reagent(s), calibrators,
and controls used in the analysis.

NIST value assignment of 50 single-donor serum
samples and SRMs and PT/EQA samples

Mass fractions (ng/g) of 25(OH)D2, 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
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as described by Tai et al. [3, 4]. Although not designated as an
RMP, a similar ID LC-MS/MS method was used for determi-
nation of the 3-epi-25(OH)D3. 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
in duplicate). SRM samples also served as control materials
for the analyses of the single-donor samples. Each of the 15
sample sets was analyzed separately as described in detail
elsewhere [25]. The results for 25(OH)D2, 25(OH)D3, 3-epi-
25(OH)D3, and 24R,25(OH)2D3 in the 50 single-donor

samples are reported elsewhere [25] and the results for the
SRM and PT/EQA samples are summarized in Table 1. The
results for 25(OH)D2, 25(OH)D3, 3-epi-25(OH)D3, and
24R,25(OH)2D3 were determined as mass fraction (ng/g),
converted to mass concentration (ng/mL) using a universal
serum sample density value of 1.02 g/mL, and converted to
molar concentration (nmol/L) using the appropriate molecular
mass ratios of 25(OH)D2 (2.42), 25(OH)D3 (2.50), 3-epi-
25(OH)D3 (2.50), and 24R,25(OH)2D3 (2.40). The results
for the CAP ABVD and DEQAS samples as determined in

Table 1 Summary of NIST determination of 25(OH)D2, 25(OH)D3, total 25(OH)D, 3-epi-25(OH)D3, and 24R,25(OH)2D3 in SRM, CAPABVD, and
DEQAS samples

SRM and PT/EQA samples 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 SDa %CV Mean SDa %CV Mean SDa %CV Mean SDa %CV Mean SDa %CV

SRM 972a L1 1.15 0.09 7.8 71.5 2.3 3.2 72.7 2.4 3.3 4.53 0.05 1.1 6.24 0.06 1.0

SRM 972a L2 1.87 0.04 2.1 44.1 0.4 0.9 46.0 0.4 0.9 3.21 0.09 2.8 3.28 0.06 1.8

SRM 972a L3 31.69 0.83 2.6 48.2 0.7 1.5 79.9 0.7 0.9 2.99 0.04 1.3 3.81 0.09 2.4

SRM 972a L4 1.15 0.11 9.6 74.0 1.0 1.4 75.2 1.0 1.3 64.3 1.8 2.8 6.17 0.05 0.8

SRM 2973 1.59 0.03 1.9 96.9 1.4 1.4 98.5 1.4 1.4 5.23 0.06 1.1 7.44 0.10 1.3

CAP ABVD-1 56.3 0.8 1.4 44.53 0.26 0.6 100.9 0.7 0.7 4.09 0.16 3.9 3.83 0.08 2.1

CAP ABVD-2 1.99 0.04 2.0 85.76 0.64 0.7 87.8 0.7 0.8 4.57 0.04 0.9 7.00 0.06 0.9

CAP ABVD-3 1.60 0.40 25 61.35 0.80 1.3 63.0 0.4 0.6 3.27 0.03 0.9 3.81 0.08 2.1

CAP ABVD-4 23.8 0.3 1.3 28.68 0.21 0.7 52.5 0.2 0.4 1.96 0.05 2.6 1.81 0.03 1.7

CAP ABVD-6 3.94 0.05 1.3 103.1 0.95 0.9 107.0 0.9 0.8 7.54 0.29 4.0 8.33 0.13 1.6

CAP ABVD-7 0.85 0.02 2.4 147.3 0.90 0.6 148.1 0.9 0.6 12.8 0.2 1.6 13.46 0.16 1.2

DEQAS-1Fb 1.92 0.20 10.4 38.18 0.28 0.7 40.1 0.3 0.7 1.78 0.09 5.1 1.82 0.01 0.5

DEQAS-1Ab 1.88 0.10 5.3 37.35 0.90 2.4 39.2 1.0 2.6 1.85 0.06 3.2 1.79 0.03 1.7

DEQAS-2F 2.89 0.02 0.7 60.91 0.27 0.4 63.8 0.3 0.5 4.00 0.08 2.0 6.11 0.02 0.3

DEQAS-2A 2.97 0.05 1.7 61.90 0.22 0.4 64.9 0.2 0.3 3.94 0.02 0.5 6.12 0.05 0.9

DEQAS-3F 1.46 0.06 4.1 76.59 0.66 0.9 78.0 0.7 0.9 5.72 0.03 0.5 6.72 0.08 1.2

DEQAS-3A 1.39 0.05 3.6 75.77 1.08 1.4 77.2 1.1 1.4 5.70 0.08 1.4 6.73 0.06 0.9

DEQAS-4F 1.29 0.04 3.1 73.00 0.63 0.9 74.3 0.7 0.9 5.30 0.10 1.9 5.94 0.07 1.2

DEQAS-4A 1.21 0.04 3.3 73.62 0.84 1.1 74.8 0.8 1.1 5.34 0.04 0.7 6.02 0.05 0.8

DEQAS-5F 1.33 0.03 2.3 28.83 0.86 3.0 30.2 0.8 2.6 1.41 0.04 2.8 1.09 0.02 1.8

DEQAS-5A 1.25 0.11 8.8 29.50 0.28 0.9 30.8 0.4 1.3 1.68 0.08 4.8 1.07 0.01 0.9

DEQAS-6F 0.77 0.03 3.9 99.04 0.47 0.5 99.8 0.5 0.5 7.30 0.10 1.4 9.47 0.06 0.6

DEQAS-6A 0.76 0.06 7.9 99.34 1.24 1.2 100.1 1.2 1.2 7.49 0.12 1.6 9.44 0.06 0.6

DEQAS-7F 1.20 0.01 0.8 71.28 1.10 1.5 72.5 1.1 1.5 3.03 0.03 1.0 5.94 0.04 0.7

DEQAS-7A 1.13 0.06 5.3 70.61 0.32 0.5 71.7 0.3 0.4 3.13 0.04 1.3 5.97 0.05c 0.8

DEQAS-8F 1.94 0.05 2.6 42.67 0.39 0.9 44.6 0.4 0.9 2.32 0.04 1.7 2.37 0.03 1.3

DEQAS-8A 1.84 0.05 2.7 42.41 0.45 1.1 44.2 0.4 0.9 2.27 0.06 2.6 2.33 0.02 0.9

DEQAS-9F 57.0 0.6 1.1 44.76 0.75 1.7 101.8 1.2 1.2 4.66 0.05 1.1 4.46 0.07 1.6

DEQAS-9A 57.1 0.8 1.4 46.57 1.38 3.0 103.6 1.0 1.0 4.65 0.05 1.1 4.53 0.09 2.0

a For SRM 972a and SRM 2973, n = 12 (3 samples × 2 sample preparations × 2 LC-MS/MS injections); for CAP ABVD and DEQAS samples, n = 4 (1
sample × 2 sample preparations × 2 LC-MS/MS injections)
b DEQAS samples denoted as “F” were shipped frozen and “A” were shipped at ambient conditions
c For DEQAS-7A, n = 6 (1 sample × 3 sample preparations × 2 LC-MS/MS injections)
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ng/g and converted to nmol/L are reported in Tables S1
through S4 (see Supplementary Information, ESM) for
2 5 (OH )D 2 , 2 5 (OH )D 3 , 3 - e p i - 2 5 (OH )D 3 , a n d

24R,25(OH)2D3, respectively. The analyses of SRM 972a
(L1-L4) and SRM 2973 served as controls as well as provid-
ing target values for 25(OH)D2, 25(OH)D3, 3-epi-25(OH)D3,

Table 2 Participants and assays used in VDSP Commutability Study 2 (grouped by assay alphabetically)

Lab no. Participant Assay
manufacturer

Assay model Assay type

1 Abbott Diagnostics, DE Abbott Architect 25-OH Vitamin D; Architect i2000SR CLIA/CMIA
18 Golwilkar Metropolis Health Services Pvt. Ltd., IN Abbott Architect 25-OH Vitamin D; Architect i2000 SR CLIA/CMIA
23 Imperial College Healthcare, UK Abbott Architect 25-OH Vitamin D; Architect i2000 SR CLIA/CMIA
27 National University of Medical Sciences, PK Abbott Architect 25-OH Vitamin D; Architect i2000 SR CLIA/CMIA
26 National Institute of Public Health, NL Beckman Coul. Access 25(OH) Vitamin D Total; Access-2 CLIA
3 bioMérieux, FR bioMérieux VIDAS 25 OH Vitamin D Total; Vidas Legacy ELFA
34 University of Chester, UK bioMérieux VIDAS 25 OH Vitamin D Total; Mini-Vidas ELFA
4 Bio-Rad Laboratories, Inc., USA Bio-Rad BioPlex 2200 25(OH) Vitamin D; BioPlex 2200 FCIA
9 CHU de Liège, University of Liège, BE DiaSorin Liaison 25 OH Vitamin D Total; Liaison XL ECLIA
24 Imperial College Healthcare, UK DiaSorin Liaison 25 OH Vitamin D Total; Liaison XL ECLIA
2 Awareness Technology, USA DIAsource 25OH Vitamin D Total ELISA; ChemWell 2910 ELISA
21 Immunodiagnostic Systems (IDS), UK IDS 25-Hydroxy Vitamin DS EIA; IDS EIA
20 Immunodiagnostic Systems (IDS), UK IDS IDS-iSYS 25VitDS (IDS-iSYS-2)a CLIA
39 Yale University, USA IDS IDS-iSYS 25-Hydroxy Vitamin DS (IDS-iSYS-1)a CLIA
19 Hospital Israelita Albert Einstein, BR Roche Vitamin D Total II; Modular Analytics E-170 ECLIA
29 St. Vincent’s University Hospital, IE Roche Vitamin D Total II; Cobas e602 ECLIA
30 Siemens-Healthineers, USA Siemens Vitamin D Total (VitD); ADVIA Centaur XP CLIA
40 CHU de Liège, University of Liège, BE Siemens Vitamin D Total (VitD); ADVIA Centaur XPT CLIA
31 SNIBE, CN SNIBEb,c Prototype MAGLUMI 25-OH Vitamin D; MAGLUMI

2000
CLIA

5 Care S.r.l., IT SNIBEb,c Prototype MAGLUMI 25-OH Vitamin D; MAGLUMI
2000

CLIA

Lab no. Participant Assay Mass spectrometer (LC column) Assay type
6 Manchester Royal Infirmary (MRI), UK Chromsystems AB Sciex 5500 (Chromsystems column) LC-MS/MS
7 Chromsystems Instruments & Chemicals, DE Chromsystems AB Sciex API4000 (Chromsystems column) LC-MS/MS
11 Canisius Wilhelmina Hospital, NL LC-MS/MS Waters Quattro Premier XE (HSS PFP 2.1×100 mm,

1.8 μm)
LC-MS/MS

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

LC-MS/MS

16 Endoceutics Inc., CA LC-MS/MS AB Sciex (C18-PFP 100×3 mm, 2 μm) LC-MS/MS
17 Endocrine Sciences (LabCorp), USA LC-MS/MS AB Sciex API5000 (Proprietary) LC-MS/MS
22 Imperial College Healthcare, UK LC-MS/MS Waters Acquity TQD (BEH Phenyl 2.1×50 mm,

1.8 μm)
LC-MS/MS

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

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

LC-MS/MS

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

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

LC-MS/MS

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)

LC-MS/MS

33 University of California at San Diego, USA LC-MS/MS Waters XevoTSQ (HSS T3 2.1×75 mm, 2.5 μm) LC-MS/MS
36 University of Washington, USA LC-MS/MS Waters Quattro Micro, Acquity UPLC, (PFP, 3.2×100

mm, 2.5 μm)
LC-MS/MS

37 University of Western Australia, AU LC-MS/MS Agilent 6460 QQQ (PFP × 2) LC/MS/MS
38 Waters Technologies Ireland Ltd., IE LC-MS/MS Waters Xevo TQD Acquity UPLC (BEH Phenyl, 2.1×

50 mm, 1.7 μm)
LC-MS/MS

CLIA, chemiluminescence immunoassay; CMIA, chemiluminescence microparticle immunoassay; ELFA, enzyme-linked fluorescence assay; ECLIA,
electrochemiluminescence immunoassay; ELISA, enzyme-linked immunosorbent assay; EIA, electrochemical immunoassay; FCIA, flow competitive
immunoassay; ITA, immunoturbidimetric assay
a Two different IDS-iSYS kits were used in the study, 25-Hydroxy Vitamin DS and 25VitDS , which are designated as IDS-iSYS-1 and IDS-iSYS-2,
respectively. The 25VitDS (IDS-iSYS-2) is the currently available kit
b SNIBE, Shenzhen New Industries Biomedical Engineering Co., Ltd.
c The MAGLUMI 25-OH Vitamin D kit used in this study was a prototype kit, which is not equivalent to current MAGLUMI 25-OH Vitamin D kit per
personal communication from SNIBE
dMedical 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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and 24R,25(OH)2D3, and the results are summarized in
Tables S5 through S8, respectively (see ESM). All results
for 25(OH)D2, 25(OH)D3, 3-epi-25(OH)D3, and
24R,25(OH)2D3 determined in the SRMs as controls were
within the uncertainties of the certified and reference values
as demonstrated in ESM, Tables S5 through S8.

Table 3 Ordinary Deming regression analysis for ligand binding assays and LC-MS/MS assays using replicate 1 for commutability assessment

Lab no. Assay 50-sample set 42-sample set Difference 50–42 sample setsc

Regression linea 95% PIb (nmol/L) Regression linea 95% PIb (nmol/L)

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

1 Abbott 0.880 7.26 0.707 −33.5 48.0 81.5 1.192 −8.24 0.970 −21.5 5.02 26.5 −0.312 55.0 −0.263
18 Abbott 0.881 6.88 0.710 −33.6 47.4 81.0 1.184 −8.11 0.966 −22.1 5.8 27.9 −0.303 53.1 −0.256
23 Abbott 0.874 6.85 0.703 −32.1 45.8 77.9 1.177 −8.33 0.970 −20.3 3.6 23.9 −0.303 54.0 −0.267
27 Abbott 0.858 8.65 0.702 −31.7 49.0 80.7 1.160 −6.24 0.972 −18.6 6.1 24.7 −0.302 56.0 −0.27
26 Beckman 1.196 −10.3 0.911 −37.0 16.4 53.4 1.170 −8.70 0.871 −39.0 21.6 60.6 0.026 −7.2 0.04

3 bioMérieux 1.017 0.67 0.653 −50.6 51.0 101.6 1.336 −15.7 0.867 −48.1 16.7 64.8 −0.319 36.8 −0.214
34 bioMérieux 1.059 −1.21 0.605 −58.4 56.0 114.4 1.431 −21.0 0.851 −56.8 14.8 71.6 −0.372 42.8 −0.246
4 Bio-Rad 0.952 0.59 0.846 −29.0 30.2 59.2 1.054 −4.56 0.852 −34.7 25.6 60.3 −0.102 −1.1 −0.006
9 DiaSorin 0.846 3.70 0.811 −25.7 33.1 58.8 1.021 −5.13 0.908 −26.3 16.0 42.3 −0.175 16.5 −0.097
24 DiaSorin 0.945 7.62 0.770 −29.7 44.9 74.6 1.179 −4.04 0.917 −26.9 18.8 45.7 −0.234 28.9 −0.147
2 DIAsource 1.482 −4.07 0.443 −100.1 92.0 192.1 1.971 −4.78 0.531 −1.2 63.9 65.1 −0.489 127.0 −0.088
20 IDS-iSYS-2 1.236 −11.6 0.901 −40.5 17.3 57.8 1.042 −1.69 0.950 −17.1 13.8 30.9 0.194 26.9 −0.049
39 IDS-iSYS-1 0.837 13.0 0.837 −15.8 41.8 57.6 1.039 6.52 0.867 −19.7 32.8 52.5 −0.202 5.1 −0.03
21 IDS-EIA 0.952 14.0 0.740 −26.1 54.1 80.2 1.175 2.49 0.861 −26.7 31.7 58.4 −0.223 21.8 −0.121
19 Roche 1.181 −11.6 0.707 −64.9 41.7 106.6 1.475 −26.5 0.824 −70.7 17.7 88.4 −0.294 6 −0.117
29 Roche 1.102 −5.53 0.720 −54.2 43.2 97.4 1.378 −19.5 0.853 −57.0 17.9 74.9 −0.276 22.5 −0.133
30 Siemens 1.207 −9.23 0.872 −42.0 23.6 65.6 1.024 1.28 0.848 −27.7 30.2 57.9 0.183 7.7 0.024

40 Siemens 1.161 −10.6 0.871 −42.5 21.4 63.9 1.009 −1.76 0.846 −31.1 27.6 58.7 0.152 5.2 0.025

5 SNIBE 0.848 25.5 0.618 −22.7 73.8 96.5 1.129 11.4 0.808 −24.6 47.4 72.0 −0.281 24.5 −0.19
31 SNIBE 1.129 −0.76 0.608 −63.3 61.8 125.1 1.509 −19.8 0.834 −61.9 22.3 84.2 −0.38 40.9 −0.226
6 LC-MS/MS 1.109 7.83 0.918 −15.1 30.8 45.9 1.082 9.42 0.906 −14.2 33.1 47.3 0.027 −1.4 0.012

7 LC-MS/MS 1.138 −0.69 0.984 −10.7 9.6 20.3 1.119 0.20 0.978 −10.1 10.5 20.6 0.019 −0.3 0.006

11 LC-MS/MS 1.030 −0.52 0.981 −10.7 10.5 21.2 1.036 −0.52 0.979 −10.5 9.5 20.0 −0.006 1.2 0.002

12 LC-MS/MS 1.061 0.59 0.978 −10.3 11.5 21.8 1.025 2.15 0.980 −7.1 11.4 18.5 0.036 3.3 −0.002
16 LC-MS/MS 1.091 −4.09 0.980 −15.2 7.0 22.2 1.029 −1.34 0.990 −7.7 5.0 12.7 0.062 9.5 −0.01
17 LC-MS/MS 0.997 −2.36 0.981 −12.3 7.6 19.9 0.965 −0.73 0.975 −11.0 9.5 20.5 0.032 −0.06 0.006

22 LC-MS/MS 1.192 −2.08 0.983 −13.4 9.2 21.6 1.163 −0.91 0.986 −9.8 8.0 17.0 0.029 4.6 −0.003
25-1 LC-MS/MS 1.033 0.42 0.980 −10.2 11.1 21.3 1.000 2.33 0.978 −7.2 11.9 19.1 0.033 2.2 0.002

25-2 LC-MS/MS 0.968 3.59 0.967 −9.2 16.4 25.6 0.979 2.19 0.990 −4.3 8.7 13.0 −0.011 12.6 −0.023
28 LC-MS/MS 1.219 −6.89 0.974 −20.7 6.9 27.6 1.145 −3.30 0.976 −14.5 7.9 22.4 0.074 5.2 −0.002
33 LC-MS/MS 1.059 −1.77 0.973 −14.5 10.9 25.4 1.056 −2.13 0.978 −12.7 8.4 21.1 0.003 4.3 −0.005
36 LC-MS/MS 1.041 1.46 0.990 −6.0 8.9 14.9 1.044 1.0 0.988 −5.3 7.3 12.6 −0.003 2.3 0.002

37 LC-MS/MS 1.047 −0.71 0.984 −10.3 8.8 19.1 1.024 −0.11 0.992 −6.4 6.2 13.3 0.023 5.8 −0.008
38 LC-MS/MS 1.055 −0.25 0.974 −12.4 11.9 24.1 1.038 0.58 0.968 −11.2 12.4 23.6 0.017 0.5 0.006

a For the regression line, Int., y-intercept in nmol/L
bMin, minimum y-intercept and Max, maximum y-intercept in nmol/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

�Fig. 1 Assay results for determination of serum total 25(OH)D in single-
donor samples versus the NIST assigned target value for Laboratory 4
(Bio-Rad) using the BioPlex 2200 25(OH) Vitamin D assay for 50
samples (A) and 42 samples (B), Laboratory 1 (Abbott Diagnostics)
using the Abbott Architect 25-OH Vitamin D assay for 50 samples (C)
and 42 samples (D), and Laboratory 7 (Chromsystems Instruments &
Chemicals) using the Chromsystems LC-MS/MS assay for 50 samples
(E) and 42 samples (F)
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Participants and assays used in this study

Forty sets of the 50 single-donor samples were distributed to
34 laboratories. Results were received from 28 laboratories for
34 assays including 20 ligand binding assays (12 unique as-
says) and 14 LC-MS/MS assays. The results of the analysis of
the 50 single-donor samples and the SRMs and PT/EQA sam-
ples reported by all laboratories are provided as Excel file in
ESM identified as Data VDSP Commutability Study 2. The

Table 4 Summary of commutability study results by laboratory, assay type, and test material for 42 samples (excluding 8 samples with 25(OH)D2 >
30 nmol/L)a

Samples SRMsb,c,d CAP ABVDd,e DEQASd,e,f

1 2 3 4 5 1 2 3 4 6 7 1 2 3 4 5 6 7 8 9
Lab Assay A F A F A F A F A F A F A F A F A F

LIGAND BINDING ASSAYS
1 Abbott Y Y N Y Y N Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y N N
18 Abbott Y Y N Y Y N Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y N N
23 Abbott Y Y N Y Y N Y Y N Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y N N
27 Abbott Y Y N Y Y N Y Y N Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y N N
26 Beckman Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

3 BioMérieux Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

34 BioMérieux Y Y Y Y Y N Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

4 Bio-Rad Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

9 DiaSorin Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

24 DiaSorin Y Y Y Y Y N Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

2 DIAsource Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

20 IDS-iSYS-2 Y Y Y Y Y N Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y N N
39 IDS-iSYS-1 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

21 IDS-EIA Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

19 Roche Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

29 Roche Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

30 Siemens Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

40 Siemens Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

31 SNIBE Y Y Y Y Y N Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y N Y

5 SNIBE Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y N Y

LC-MS/MS
6 Chromsystems Y Y Y N Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

7 Chromsystems Y Y Y N Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

11 LC-MS/MS Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

12 LC-MS/MS Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

16 LC-MS/MS Y Y Y Y Y N Y Y Y Y Y Y Y Y Y Y N Y Y Y Y Y Y Y Y Y Y Y Y

17 LC-MS/MS Y Y Y -
g

Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

22 LC-MS/MS Y Y Y N Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

25-1 LC-MS/MS Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

25-2 LC-MS/MS Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

28 LC-MS/MS Y Y Y N Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

33 LC-MS/MS Y Y Y N Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y N N
36 LC-MS/MS Y Y Y N Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

37 LC-MS/MS Y Y Y Y Y Y Y Y Y Y Y Y Y Y N Y N Y Y Y Y N Y Y Y Y Y Y N
38 LC-MS/MS Y Y Y N Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

a Y, Yes, sample is commutable for the assay; N, No, sample is non-commutable for the assay
b SRMs: L1, SRM 972a level 1; L2, SRM 972a level 2; L3, SRM 972a level 3; L4, SRM 972a level 4; L5, SRM 2973
c Sample contains high exogenous concentration of 3-epi-25(OH)D3 (64 nmol/L) = green
d Sample contains endogenous concentration of 25(OH)D2 > 20 nmol/L = yellow
e Sample contains endogenous concentration of 3-epi-25(OH)D3 > 7 nmol/L = blue
f DEQAS: commutability determined for samples shipped at both ambient (A) and frozen (F) temperatures
g Lab 17 intentionally did not analyze SRM 972a L4 due to presence of high concentration of 3-epi-25(OH)D3

�Fig. 2 Assay results for determination of serum total 25(OH)D in the 42
single-donor sample subset versus the NIST assigned target value for (A)
Laboratory 3 (bioMérieux) using the VIDAS 25OH Vitamin D Total
assay, (B) Laboratory 24 (Imperial College Healthcare) using a
DiaSorin Liaison 25 OH Vitamin D Total assay, (C) Laboratory 31
(SNIBE) using a prototype MAGLUMI 25-OH Vitamin D assay, (D)
Laboratory 39 (Yale University) using the IDS-iSYS 25 Vitamin DS

(IDS-iSYS-1), (E) Laboratory 20 (Immunodiagnostic Systems) using
the IDS-iSYS 25 VitDS (IDS-iSYS-2), and (F) Laboratory 21
(Immunodiagnostic Systems) using the IDS-EIA 25-Hydroxy Vitamin
DS EIA assay
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laboratories, assaymanufacturers, and assay name/model used
in this study are listed in Table 2. Several laboratories used the
same assay resulting in two or more data sets including

(number in parentheses is number of labs using this assay)
Abbott (4), bioMérieux (2), DiaSorin (2), Roche (2),
Siemens (2), and SNIBE (2). The ligand binding assays
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evaluated in this study included the most frequently represent-
ed assays in recent DEQAS exercises [12], i.e., DiaSorin,
Roche, Siemens, IDS, and Abbott. To avoid repetition of the
assay name/model, the assay will be referred to by the manu-
facturer’s name.

Data analysis

Statistical assessment of the results was based on CLSI EP09c-
ED3, EP14-A3, and EP30-A guidelines [33–35]. Using only
the first of the two replicates for the determination of 25(OH)D
in each of the single-donor samples and the NIST assigned
target values for total serum 25(OH)D, ordinary Deming re-
gression analysis and 95% prediction intervals (PIs) were cal-
culated for each assay as recommended by CLSI EP14-A3
[34]. All calculations for the Deming regression with 95% PIs
were performed using Analyse-it (Analyse-it Software, Leeds,
UK), a statistical analysis add-in for Microsoft Excel.

Commutability was assessed using the Methods
Comparison tab within Analyse-it using the ordinary
Deming regression. The Analyse-it Methods Comparison
function is based on the CSLI EP14-A3 and EP30-A guide-
lines and provides a regression line with 95% PIs based on the
patient samples and places the SRMs and PT/EQA samples on
the plot and determines whether they are located within the
95% PI. The Deming regression requires input of the ratio of
the variances of the NIST RMP versus the test assay
(X/Y = λ). For consistency in the assessment of all assays,
we used λ = 0.1, which was the mean of all the individual λ
values (N = 34) for each of the ligand binding assays (λ =
0.07, N = 20) and LC-MS/MS assays (λ = 0.15, N = 14).
However, changes in the values for λ between 0.01 and 1
had little impact on the regression analysis plots and ultimate-
ly the results of the commutability assessment. The standard
deviation of the measurements (two replicates) from each
method was calculated and the mean SD for the methods
ranged from 1.2 to 8.2 nmol/L (mean 4.4 nmol/L) for the
ligand binding assays and from 1.6 to 4.2 nmol/L (mean
2.8 nmol/L) for the LC-MS/MS assays. The mean variance
(SD2) was calculated for the ligand binding assays
(17.6 nmol/L) and for the LC-MS/MS (8.5 nmol/L). The var-
iance of the NIST RMP was determined to be 1.2. Use of the

Analyse-it Methods Comparison function for commutability
assessment eliminated potential bias associated with visual
examination of the plots to determine commutability.

Results and discussion

NIST assignment of target values for single-donor,
SRM, and PT/EQA samples

The 50 single-donor serum samples and the SRMs and PT/
EQA samples were assigned target values using RMPs for
25(OH)D2 [3], 25(OH)D3 [3], and 24R,25(OH)2D3 [4], and
an ID LC-MS/MS method for the determination of 3-epi-
25(OH)D3. The results for the 50 single-donor serum samples
are reported in Intercomparison Study 2 Part 1 [25]. The re-
sults for the determination of the same vitamin D metabolites
in the SRM, CAP ABVD, and DEQAS samples are summa-
rized in Table 1. The distribution of 25(OH)D2, 25(OH)D3, 3-
epi-25(OH)D3, and 24R,25(OH)2D3 concentrations in the
SRM, CAP ABVD, and DEQAS samples is shown graphical-
ly, arranged as increasing concentration of 25(OH)D, in
Figure S1 (see ESM). The relationship between the concen-
trations of 3-epi-25(OH)D3 and 24R,25(OH)2D3 with the con-
centration of 25(OH)D3 in the SRM/PT/EQA samples is illus-
trated in Figure S2 (see ESM).

The 50 single-donor samples had serum total 25(OH)D
concentrations across a clinically relevant range of 16 to
148 nmol/L, with 25(OH)D3 ranging from 10 to
141 nmol/L. For the 50 single-donor samples, concentrations
for 25(OH)D2 ranged from 0.3 to 7.6 nmol/L (only 3 samples
between 3 and 7.6 nmol/L) with the exception of 8 samples
with 25(OH)D2 concentrations of >30 nmol/L ranging from
32 to 137 nmol/L (with 4 samples ≥99 nmol/L), which were
obtained from donors who were taking ergocalciferol supple-
ments. Although levels of 25(OH)D2 > 30 nmol/L are rare in
the healthy US population [17, 36], these extremely high con-
centration 25(OH)D2 single-donor samples provided an op-
portunity to better assess assay response to both 25(OH)D2

and 25(OH)D3. Because these higher concentration
25(OH)D2 samples were problematic for 9 of the 12 different
ligand binding assays evaluated, as described below, the as-
says were evaluated using both the 50-sample set and the 42-
sample subset (excluding samples with concentrations of
25(OH)D2 >30 nmol/L).

Regression analysis

The regression models (i.e., slope, intercept, and R2) are summa-
rized in Table 3 for all assays for both the 50- and 42-sample sets.
Of particular interest for comparison of the 50- and 42-sample
sets are the y-intercepts for the 95% PIs (Min and Max), which
were used to determine the width of the PI. These regression

�Fig. 3 Assay results for determination of serum total 25(OH)D in the 42
single-donor sample subset versus the NIST assigned target value for (A)
Laboratory 26 (National Institute of Public Health) using the Beckman
Coulter Access 25(OH) Vitamin D Total assay, (B) Laboratory 2
(Awareness Technology) using an DIAsource 25 OH Vitamin D Total
ELISA assay, (C) Laboratory 29 (St. Vincent’s University Hospital)
using a Roche Vitamin D Total II assay, (D) Laboratory 30 (Siemens)
using the Siemens 25 Vitamin D (VitD), (E) Laboratory 11 (Canisius
Wilhelmina Hospital) using an LC-MS/MS assay, and (F) Laboratory
12 (Prince of Wales Hospital) using an LC-MS/MS assay
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models and PIs based on only the first replicate measurement
were used as the basis for the commutability assessment; how-
ever, similar regression models using the mean of the two repli-
cateswere used to assess assay performance in a broader scope as
described elsewhere [25, 26].

The regression plots with PIs are shown in Fig. 1 for three
assays to illustrate the differences in slope and PI widths with
removal of the high concentration 25(OH)D2 samples. For the
Bio-Rad assay (Lab 4) shown in Fig. 1A and B, removal of the
higher concentration 25(OH)D2 samples does not significant-
ly change the slope or PIs for the regression line. The regres-
sion analysis plot for an LC-MS/MS assay (Lab 7), shown in
Fig. 1E and F, also indicates only minor changes for the 50-
versus 42-sample sets. However, as shown in Fig. 1C and D,
removal of the higher concentration 25(OH)D2 samples sig-
nificantly alters the slope and PIs for the Abbott assay and
would therefore influence the assessment of commutability.
Because the 42-sample subset is more representative of the
distribution of 25(OH)D2 concentrations in clinical assays,
the assessment and discussion of commutability will focus
on using the 42-sample subset. In addition, the significantly
wider PIs for the 50-sample set for several ligand binding
assays due to the influence of the high 25(OH)D2 concentra-
tion samples from donors supplemented with ergocalciferol
would provide an overly liberal assessment of commutability
of the SRM and PT/EQA samples for several of the assays.
Similar regression plots comparing the 50- versus 42-sample
sets are provided for all remaining assays as Figures S3
through S13 (see ESM).

Commutability assessment

Regression analysis plots for the 42-sample subset used to
assess commutability are shown in Figs. 2, 3, 4, and 5 for each
of the 12 unique ligand binding assays and for the 14 different
LC-MS/MS assays. A summary of the commutability assess-
ment by laboratory/assay and SRMs and PT/EQA materials
for the 42-sample subset is provided in Table 4. A similar
commutability assessment summary using the 50-sample set
is provided in Table S9 (see ESM). Commutability was
assessed for both the frozen and ambient DEQAS samples;
however, the determination of the equivalence of the frozen
versus ambient samples with respect to the various 25(OH)D
assay responses is described elsewhere [37].

For the Bio-Rad assay (Fig. 1B), all of the CAP ABVD,
DEQAS, and SRM samples are assessed as commutable. The
results for the Bio-Rad assay are similar to results for several
other ligand binding assays that are not significantly influ-
enced by the higher concentration 25(OH)D2 samples includ-
ing IDS-EIA (Fig. 2F), Beckman Coulter (Fig. 3A), Roche
(Fig. 3C), and Siemens (Fig. 3D). All SRM and PT/EQA
samples were deemed to be commutable for these assays.

As shown in Fig. 1D, CAP ABVD-1, DEQAS-9 (frozen
and ambient), and SRM 972a L3 are non-commutable using
the Abbott assay. These four samples all have concentrations
of 25(OH)D2 > 30 nmol/L (see Table 1). CAP ABVD-04 also
has a relatively high 25(OH)D2 concentration (23.8 nmol/L)
and was assessed as non-commutable by two of the laborato-
ries using the Abbott assay (see Table 4 and ESM Figure S3D
and S3F). The IDS-iSYS-2 assay (Lab 20) also had difficulties
with samples with high concentrations of 25(OH)D2, as
shown in Fig. 2E indicating that the two materials with the
highest 25(OH)D2 concentrations, CAP ABVD-1 and
DEQAS-9, are non-commutable. Interestingly, for the IDS-
iSYS-1 (Lab 39) assay, which was an earlier version of the
IDS-iSYS-2 assay (see Table 2), all SRM and PT/EQA sam-
ples were found to be commutable (see Fig. 2D). DEQAS-9
was also assessed as non-commutable with the SNIBE assay
(Fig. 2C) but only for the ambient shipped sample. The
SNIBE assay was one of four assays that were found to have
statistically different results for the ambient versus frozen
DEQAS samples as described elsewhere [37].

As summarized in Table 4, CAP ABVD-1 was assessed as
non-commutable for Abbott, bioMérieux (Lab 34), DiaSorin
(Lab 24), IDS-iSYS-2, and SNIBE (Lab 31). For the two
laboratories reporting results for the bioMérieux, DiaSorin,
and SNIBE assays, one laboratory provided results indicating
that all SRMs and PT/EQA samples were commutable,
whereas the results from the second laboratory indicated that
CAP ABVD-1 was non-commutable. In all three cases, the
CAP ABVD-1 sample is near the 95% PI line. When all 50
single-donor samples are used to assess commutability (see
Table S10 in ESM), only three samples were found to be
non-commutable, and all three samples were measured using
the IDS-iSYS-2 (Lab 20) assay.

For the LC-MS/MS assays, the main issue related to
commutability of the SRMs and PT/EQA samples is whether
3-epi-25(OH)D3 and 25(OH)D3 are chromatographically sep-
arated. The results shown in Fig. 1F illustrate this non-
commutability issue for one LC-MS/MS assay (Lab 7). As
shown in Fig. 1E and F, the width of the PI does not change
significantly between the 50-sample (E) and 42-sample (F)
sets for Lab 7 LC-MS/MS assay when compared to the ligand
binding assays (see Table 3). However, because of the high
exogenous concentration of 3-epi-25(OH)D3, SRM 972a L4
is readily assessed as non-commutable. In Fig. 4, the results
for six additional LC-MS/MS assays are shown for which

�Fig. 4 Assay results for determination of serum total 25(OH)D in the 42
single-donor sample subset versus the NIST assigned target value for (A)
Laboratory 6 (Manchester Royal Infirmary) using an LC-MS/MS assay,
(B) Laboratory 22 (Imperial College Healthcare) using an LC-MS/MS
assay, (C) Laboratory 28 (Penn State University) using an LC-MS/MS
assay, (D) Laboratory 33 (University of California at San Diego) using an
LC-MS/MS assay, (E) Laboratory 36 (University of Washington) using
an LC-MS/MS assay, and (F) Laboratory 38 (Waters Technologies
Ireland Ltd.) using an LC-MS/MS assay
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Fig. 5 Assay results for determination of serum total 25(OH)D in the 42
single-donor sample subset versus the NIST assigned target value for (A)
Laboratory 25-1 (University of Cambridge) using an LC-MS/MS assay,
(B) Laboratory 25-2 (University of Cambridge) using an LC-MS/MS

assay, (C) Laboratory 37 (University of Western Australia) using an
LC-MS/MS assay, (D) Laboratory 16 (Endoceutics Inc.) using an LC-
MS/MS assay, and (E) Laboratory 17 (Endocrine Sciences - LabCorp)
using an LC-MS/MS assay
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SRM 972a L4 is assessed as non-commutable. For Lab 36
(Fig. 4E), the result for SRM 972a L4 is only slightly outside
the 95% PIs whereas for the other LC-MS/MS assays for
which this sample is non-commutable, the results are signifi-
cantly outside the 95% PIs. Of the 14 different LC-MS/MS
assays evaluated, 6 assays do not appear to separate the 3-epi-
25(OH)D3 and 25(OH)D3, and therefore, SRM 972a L4 be-
comes non-commutable for these assays (Table 4). Lab 17
(Fig. 5E) intentionally did not analyze SRM 972a L4 because
these VDSP samples were not analyzed with the alternative
test method offered by LabCorp (Lab 17) that separates and
quantifies the epimers of both 25(OH)D2 and 25(OH)D3.

Several additional samples are assessed as non-
commutable with three LC-MS/MS assays. DEQAS-9 (both
frozen and ambient) with high 25(OH)D2 concentration is also
non-commutable for Lab 33’s LC-MS/MS assay as shown in
Fig. 4D. For Lab 16’s LC-MS/MS assay (Fig. 5D), CAP
ABVD-01 [high 25(OH)D2] and DEQAS-4A were assessed
as non-commutable. Four samples, including DEQAS-9F
[high 25(OH)D2], were found to be non-commutable using
the LC-MS/MS assay at Lab 37 (see Fig. 5C). However, these
commutability assessments for samples other than SRM 972a
L4 [high exogenous 3-epi-25(OH)D3] and DEQAS-09 [high
25(OH)D2] may be attributed to the narrowwidth of the PI for
the 42-sample set rather than an actual commutability prob-
lem. When all 50 single-donor samples are used for the as-
sessment of commutability for LC-MS/MS assays (see ESM
Table S10), the results are similar to using the 42-sample
subset; i.e., SRM 972a L4 is deemed non-commutable using
seven LC-MS/MS assays, and DEQAS-9 is assessed as non-
commutable with one assay (Lab 33).

Comparison to Commutability Study 1

Beyond the identification of the laboratories and assays in
Commutability Study 2, there were several other significant
improvements over Commutability Study 1 [24]. Results from
only 9 laboratories (6 ligand binding assays and 3 LC-MS/MS
assays) were reported in Commutability Study 1 compared
with 34 sets of results (20 ligand binding assays and 14 LC-
MS/MS) in this second study. In Commutability Study 2,
target concentrations of 25(OH)D2 were reported for all 50
single-donor samples, ranging from 0.3 to 137 nmol/L with
eight samples >30 nmol/L, compared with Commutability
Study 1, where only 17 of 50 samples had concentrations of
25(OH)D2 above the LOQ, and there were no samples with
concentrations >20 nmol/L.

The 20 SRM, CAP ABVD, and DEQAS samples in
Commutability Study 2 (compared to 17 samples in the first
study) provided a greater range of serum total 25(OH)D con-
centrations ranging from 30 to 148 nmol/L (with 5 samples
>98 nmol/L) compared with a range of 28 to 127 nmol/L (with
only one sample > 98 nmol/L) in the first study. Five samples

in Commutability Study 2 had endogenous concentrations of
25(OH)D2 > 20 nmol/L compared with only three samples in
the first study. The 3-epi-25(OH)D3 concentrations in the
SRM/PT/EQA samples were similar in both studies with en-
dogenous levels between 1 and 7 nmol/L (Study 2 had one
sample at 12.8 nmol/L); however, the first study had three
samples with high concentrations of 3-epi-25(OH)D3 (all ex-
ogenous), whereas the second study had only one sample with
exogenous 3-epi-25(OH)D3 (i.e., SRM 972a L4).

For Commutability Study 1, all SRMs and PT/EQA sam-
ples were deemed commutable using the ligand binding as-
says with the exception of one CAP ABVD sample (incon-
clusive commutability for two assays). For the second
commutability study, the SRM and PT/EQA samples with
concentrations of 25(OH)D2 > 20 nmol/L were deemed as
non-commutable by five assays (i.e., Abbott, bioMérieux,
DiaSorin, IDS-iSYS-2, and SNIBE). For the three LC-MS/
MS assays in the first study, two samples with high exogenous
3-epi-25(OH)D3 concentrations were identified as inconclu-
sively commutable for one assay, and SRM 972a L3 and
DEQAS-8 with high 25(OH)D2 concentrations (33.1 nmol/L
and 47.3 nmol/L, respectively) were determined to be incon-
clusively commutable and non-commutable, respectively, for
the two remaining assays. In the current study, 50% of the LC-
MS/MS assays did not adequately separate 25(OH)D3 and 3-
epi-25(OH)D3 resulting in non-commutability for SRM 972a
L4. While SRM 972a L4 provides an excellent performance
challenge for LC-MS/MS assays, endogenous concentrations
of 3-epi-25(OH)D3 at this high level would rarely, if ever, be
encountered in actual patient samples. Significant positive
biases observed for 50% of the LC-MS/MS assays in the
interlaboratory comparison study [25] also point to the lack
of separation of 25(OH)D3 and 3-epi-25(OH)D3 as the major
LC-MS/MS performance issue.

Conclusions

VDSP Commutability Study 2 is a comprehensive
commutability assessment of SRMs and PT/EQA samples
for 25(OH)D measurements based on results from 12 unique
ligand binding assays and 14 different LC/MS/MS assays. For
several ligand binding assays (i.e., Abbott, bioMérieux,
DiaSorin, IDS-iSYS-2, and SNIBE), SRM and PT/EQA sam-
ples with high concentrations of 25(OH)D2 were assessed as
non-commutable, which may be attributed to unequal re-
sponses of these assays to 25(OH)D2 and 25(OH)D3 resulting
in significant bias for the measurement of total 25(OH)D
when concentrations of 25(OH)D2 > 20 nmol/L [26]. SRM
and PT/EQA samples with high 3-epi-25(OH)D3 concentra-
tions were found to be non-commutable for 7 of the 14 LC-
MS/MS assays evaluated indicating that these assays probably
do not adequately separate the 3-epi-25(OH)D3 and
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25(OH)D3. While this lack of specificity for 25(OH)D3 and 3-
epi-25(OH)D3 may or may not be an issue for clinical testing
and patient care, it is a limitation that can be easily addressed
with modifications to the LC-MS/MS assay.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03470-w.
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