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Abstract

Objectives: Isotope dilution-liquid chromatography-tan-
dem mass spectrometry (ID-LC MS/MS)-based candidate
reference measurement procedures (RMPs) for the quanti-
fication of 24,25(0H),D2 and 24,25(0H),D3 in human serum
and plasma are presented.

Methods: Quantitative nuclear magnetic resonance (FNMR)
spectroscopic methodology was utilized to assign absolute
content (g/g) and SI-traceability to reference materials used as
primary calibrators. For liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis a two-dimensional heart
cut LC approach, in combination with a supported liquid
extraction protocol, was established to mitigate matrix effects
and prevent co-elution of interferences. Selectivity was
determined by spiking the internal standards and similar
compounds, in human serum. A post-column infusion exper-
iment and comparison of standard line slopes was performed
to evaluate matrix effects. Precision and accuracy were
assessed via a multi-day validation experiment, utilizing
certified secondary reference materials from the National
Institute of Standards and Technology (NIST). Measurement
uncertainty (MU) was evaluated per the Guide to the Expres-
sion of Uncertainty in Measurement (GUM). To demonstrate
equivalence with the JCTLM-listed RMP, certified secondary
reference materials were utilized. Additionally, a method
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comparison study was conducted with the 24,25(0H),D3
method used by the CDC Vitamin D Reference Laboratory.
Results: The RMP allowed quantification of 24,25(0H)2D2
and 24,25(0H)2D3 within the range of 0.150-18.0 ng/mL
(0.350-42.0 nmol/L.  24,25(0H),D2 and 0.360-43.2 nmol/L
24,25(0H),D3) without interference from structurally-
related compounds and no evidence of matrix effects. In-
termediate precision was <2.3 % for 24,25(0H),D2 and <2.9 %
for 24,25(0H),D3; repeatability was <1.4 % for 24,25(0H),D2
and <2.1 % for 24,25(0H),D3, across all concentration levels.
The relative mean bias was —4.5 to 2.9 % for 24,25(0H),D2,
and -3.7 to 3.6 % for 24,25(0H),D3. Expanded MU for refer-
ence value assignment for 24,25(0H),D2 and 24,25(0H),D3 for
reference value assignment was <2.5 %, regardless of con-
centration level and sample type. Passing-Bablok regression
revealed strong agreement between the 24,25(0H),D3 results
from the candidate RMPs and those provided by the CDC
Vitamin D Reference Laboratory.

Conclusions: These RMPs permit accurate and reproducible
determination of 24,25(0OH),D2 and 24,25(0H),D3. Imple-
mentation of these methods supports routine assay stan-
dardization and patient sample measurement with confirmed
traceability.

Keywords:  24(R),25-dihydroxyvitamin D2;  24(R),25-
dihydroxyvitamin D3; isotope dilution-liquid chromatog-
raphy-tandem mass spectrometry; reference measurement
procedure; qNMR characterization; SI units

Introduction

Vitamin D refers to a group of lipophilic molecules with mul-
tisystemic importance, especially in the musculoskeletal sys-
tem [1-3]. Deviations from the normal range of vitamin
D metabolite concentrations are associated with a corre-
spondingly wide range of pathologies [2-5]. The major forms of
vitamin D, ergocalciferol (D2) and cholecalciferol (D3), are first
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ingested or synthesized in the skin before being metabolized
via multiple CYP-enzyme-mediated hydroxylation reactions.
Following hydroxylation to 25-hydroxyvitamin D (25[0H]D),
the major circulating form, 25(0H)D is converted to the active
metabolite, 1,25-dihydroxyvitamin D (1,25[0OH],D) [6-8]. 25(0H)
D and 1,25(0H),D are both hydroxylated at position 24 by
CYP24A1 to the inactive metabolites, 24,25-dihydroxyvitamin D
(24,25[0H],D) and 1,24,25-trihydroxyvitamin D (1,24,25[0H]5D),
respectively, before excretion [6, 9].

While there is much clinical focus on vitamin D defi-
ciency, hypervitaminosis D is associated with similar levels
of morbidity [8]. This often manifests as hypercalciuria and
hypercalcemia [8, 10-13]. In addition to overdose of vitamin
D supplementation, hypervitaminosis D can be a conse-
quence of a genetic mutation in CYP24A1 [8, 12, 14]. Since
24,25(0H),D is the main catabolite obtained from the reac-
tion catalyzed by CYP24A1, its assessment is useful for
identifying CYP24A1 mutations as a cause of hypercalcemia
and recurrent kidney stones, especially in patients under-
going vitamin D supplementation. Current methodology for
the identification of CYP24A1 mutations seeks to establish
the vitamin D metabolite ratio (VMR) for 25(0H)D and
24,25(0H),D, with an excess of 25(0H)D indicating potential
mutations [14, 15]. Additionally, VMR shows a stronger as-
sociation with clinical outcomes related to vitamin D status
compared to 25(0H)D and has, therefore, been proposed as
another indicator of vitamin D sufficiency [16-19].

To assess VMR, serum levels of 25(0H)D and 24,25(0H),D
must be determined with accuracy and precision. It is only
with the development of liquid chromatography-tandem
mass spectrometry (LC-MS/MS) that rapid, specific, and se-
lective determination of such analytes has become possible
[20, 21]. Interlaboratory methodological heterogeneity and
resulting variations in precision and accuracy, remain,
however, a cause for concern [21-23]. There is, therefore, a
strong need for a validated reference measurement pro-
cedure (RMP) to ensure measurement accuracy and reduce
variability between laboratories [23, 24].

While the Joint Committee on Traceability in Laboratory
Medicine (JCTLM) lists several higher-order RMPs for
measuring serum 25(0H)D [25-27], there is only one listed
for 24(R),25-dihydroxyvtiamin D3 (24,25[0H],D3) [28], and
none for 24(R),25-dihydroxyvtiamin D2 (24,25[0H],D2). Nor
are there any JCTLM-approved Certified Reference Materials
(CRMs) for 24,25(0H),D [20], though a 24,25(0H),D3 neat so-
lution for instrument calibration and secondary reference
materials with reference values for 24,25(0H),D3 are offered
by the National Institute of Standards and Technology (NIST)
[29, 30].

We aim to establish candidate RMPs for determining
24,25(0H),D2 and 24,25(0H),D3 in human serum and plasma
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that satisfy International Organization for Standardization
(ISO) guidelines for reference measurement procedures (ISO
15193) [31].

We have employed quantitative nuclear magnetic
resonance spectroscopy (UNMR) to characterize reference
materials for 24,25(0H),D2 and 24,25(0H),D3 for the cali-
bration of the LC-MS/MS assays in order to ensure correct
mass fraction value and SI-traceability [32, 33]. The gNMR
findings with respect to quantitative resonance, impurities,
reactivity, solvent profile and kinetics of vitamin D vitamers
have already been published by our group [34]. In this
manuscript, we present our qNMR target value assignments
for both the dihydroxyvitamin D analytes and provide an
overview of the relevant vitamin D conformers and the
probability of homolytic bond-cleavage based on high-level
quantum chemical calculations.

Analytical performance specifications (APS) for these
RMPs were assessed on the basis of biological variation data
(BV). Since values for 24,25(0H),D2 and D3 are not available
in the European Federation of Clinical Chemistry and Lab-
oratory Medicine (EFLM) database, we relied on literature
data. In particular, we referred to results obtained by
Cavalier et al. [35], demonstrating that methods to detect a
significant change linked to the natural production of
24,25(0H)2D at a significance level of p<0.05 (less than 5%
probability that the observed change results from chance)
would need a relative MU<14.9 %, while at a significance
level of p<0.01, MU should be <10.5 % [36]. Based on these
results and the rule that measurement uncertainty of an
RMP should be less than one-third of the measurement un-
certainty of a routine assay, an RMP able to detect a weekly
variation in the metabolite should have an MU <3.3 % [23, 35,
37, 38].

Materials and methods

A detailed operations procedure for the test procedure
methodology, as well as a list of laboratory equipment and
relative requirements, can be found in Supplementary Ma-
terial 1 and Supplementary Material 2.

Throughout the document, the abbreviations 25(0H)D
and 24,25(0H),D refer to the two major forms of vitamin D,
vitamin D2 (ergocalciferol) and vitamin D3 (cholecalciferol).

Chemicals and reagents

24,25(0H),D2 (CAS: 71183-99-8), its internal standard 24(R),25-
dihydroxyvitamin D2-(26, 26, 26, 27, 27, 27-d6) (24,25(0H),D2-
d6; CAS: n.a) and 3-epi-24(R),25-dihydroxyvitamin D2
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(3-epi-24,25(0H),D2; CAS: n.a.) from Endotherm-Life Science
Molecules (Saarbruecken, Germany) were used.

24,25(0H),D3 (CAS: 55721-11-4), obtained from Med-
ChemExpress (MCE®, Monmouth Junction, USA), was pur-
chased from Hoelzel Biotech (Cologne, Germany). The
internal standards, 24,25(0H),D3-(26, 26, 26, 27, 27, 27,-d6)
(24,25(0H),D3-d6; CAS: n.a.) in ethanol and 3-epi-24(R),25-
dihydroxyvitamin D3 (CAS: 272776-87-1) in ethanol, were
obtained from Entegris Inc-IsoSciences (Ambler, USA).
24,25(0H),D3 calibration solution in ethanol (SRM 2971) and
the secondary reference materials (SRM 972a, SRM 2973)
were obtained from the National Institute of Standards
and Technology (NIST, Gaithersburg, MD, USA). 1(a),25-
dihydroxyvitamin D2 (1(a),25(0H),D2; CAS: 60133-18-3) and
1(a),25-dihydroxyvitamin D3 (1(a),25(0H),D3; CAS: 32222-06-
3) were obtained from Cerilliant (Round Rock, TX, USA),
25,26-dihydroxyvitamin D3 (25,26(0H),D3; CAS: 29261-12-9)
from BOC Sciences (Shirley, NY, USA), and 23(S),25-
dihydroxyvitamin D3 (23(S),25(0H),D3; CAS: n.a.) from
Endotherm (Saarbruecken, Germany). The qNMR internal
standard, tecnazene (Batch No. BCCD1553), was obtained
from Sigma-Aldrich, Germany.

Vitamin D-depleted human serum was obtained from
Roche Diagnostics GmbH (Penzberg, Germany). Mixed
gender native plasma pools (Li-heparin [CUST-BB-17022020-
4C], dipotassium (Ky)-ethylene diamine tetraacetic acid
(EDTA) [CUST-BB-17022020-4D], and tripotassium (K3) EDTA
[CUST-BB-17022020-4E] were purchased from Biotrend (Co-
logne, Germany). The native human serum pools for both
analytes consisted of five samples. According to the Decla-
ration of Helsinki, all native serum and plasma patient
samples were anonymized samples.

Sodium carbonate (CAS: 497-19-8), sodium hydrogen
carbonate (CAS: 144-55-8), ammonium fluoride (CAS: 12125-
01-8), ethanol absolute for analysis (CAS: 64-17-5), and ethyl
acetate (CAS: 141-78-6) were purchased from Merck (Darm-
stadt, Germany). Methanol (CAS: 67-17-5) LC-MS grade was
obtained from Biosolve (Valkenswaard, The Netherlands).
Water was purified in-house using a Millipore Milli-Q® IQ
7000 system from Merck (Darmstadt, Germany).

qNMR characterization of 24,25-
dihydroxyvitamin D2/D3 and quantum
chemical calculations

gNMR experiments were performed on a Jeol 600 MHz NMR
equipped with a Helium-cryoprobe. For both the analytes,
single-pulse-'H{"*C}NMR was utilized for the quantitation
(alkene proton; 6=6.25 ppm; 1H; tecnazene as qNMR internal
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standard; CDCl; as solvent) with an inter-scan delay of 70 s
(Supplementary Material 3 Figures 1-4). All the gNMR details
about impurities, quantitative resonance, and chemistry in
solution have already been published [33, 34]. Further details
relevant to this manuscript are available in the Supple-
mentary Material 3.

Additionally, we also performed quantum chemical
calculations to ascertain the conformer distribution of both
the vitamin D analytes in solution because the Boltzmann
average of these structures constitute the NMR spectrum.
Computational calculations to determine the most reactive
chemical bond towards H-Atom transfer (HAT analysis) was
also performed owing to the alleged photo-instability of the
analytes. Finally DFT single-point calculations were per-
formed at the wB97X-V/def2TZVP level of theory and all the
information is presented in the Supplementary Material 3.
These theoretical analyses contributed in the determination
of ideal quantitative resonance for both the analytes along
with experimentally available data in the literature.

Preparation of calibrators and quality
control (QC) samples

The preparation of calibrator and quality control (QC) sam-
ples is described in detail in Supplementary Material 1 and
Supplementary Material 2.

To summarize, three independently weighed calibration
stock solutions were prepared for each of 24,25(0H),D2 and
24,25(0H),D3. For each stock solution, 1 mg of 24,25(0H),D2 or
24,25(0H),D3 was weighed using an ultra-microbalance (XP6U/
M, Mettler Toledo) and dissolved in 1 mL ethanol, to obtain a
concentration of 1.00 mg/mL (2.33 mmol/L. 24,25(0H),D2 and
2.40 mmol/L 24,25(0H),D3). The exact concentration of each
stock solution was calculated based on the purity determined
by gNMR (24,25(0H),D2: 911 + 0.5%; 24,25(0H),D3:
97.1+ 0.2 %). Primary stock solutions were diluted further with
50 % ethanol to achieve three working solutions per analyte;
working solutions 1 and 3 with a concentration of 5.00 ug/mL
(11.7 pmol/L 24,25(0H),D2 and 12.0 pumol/L 24,25(0H),D3) and
working solution 2 with a concentration of 10.0 ug/mL
(23.3 umol/L. 24,25(0H),D2 and 24.0 ymol/L. 24,25(0H),D3).
Working solutions 1 and 2 were used to prepare eight cali-
brator spike solutions per analyte, with concentrations of
7.50-900 ng/mL (17.5-2,100 nmol/L. 24,25(0H),D2 and 18.0-
2,160 nmol/L 24,25(0H),D3). These spike solutions were diluted
in a vitamin D-depleted human serum matrix (1+49 v+v),
resulting in uniformly distributed calibrator levels in the
range of 0.150-18.0 ng/mL (0.350—42.0 nmol/L. 24,25(0H),D2
and 0.360-43.2 nmol/L 24,25(0H),D3).
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The third working solution prepared for each analyte
was used to create three QC spike solutions for 24,25(0H),D2,
and two QC spike solutions for 24,25(0H),D3. Furthermore,
for 24,25(0H),D3, the NIST calibration solution (SRM 2971)
was used to prepare one spike solution (QC 2) by diluting the
solution with Millipore water (1+1 v+v). For 24,25(0H),D2
two QC samples were spiked in vitamin D depleted human
serum matrix (1+49 v+v), resulting in QC 1 and QC 3 with
concentrations of 0.450 ng/mL (1.05 nmol/L) and 15.0 ng/mL
(35.0 nmol/L), respectively. The third QClevel was spiked in a
native patient sample with low endogenous content (1+49
v+V), resulting in a concentration of approximately 5.00 ng/
mL (11.7 nmol/L). For 24,25(0H),D3, all three QC spike solu-
tions were diluted in vitamin D depleted human serum
matrix (1+49 v+v) to produce QC samples with concentra-
tions of 0.450, 8.31, and 15.0 ng/mL (1.08, 19.9 and 36.0 nmol/
L). In addition to the three self-spiked QC samples, the sec-
ondary reference material SRM 2973 was used as a QC
sample.

Internal standard (ISTD) solution

For 24,25(0H),D2, the ISTD was prepared by dissolving the
commercially available internal standard 24,25(0H),D2-d6 in
ethanol to produce a stock solution with a concentration of
1 mg/mL (2.30 mmol/L). The stock solution was diluted with
50 % ethanol to produce an ISTD dilution of 1,000 ng/mL
(2,300 nmol/L). To generate the final ISTD working solution
with a concentration of 16.5 ng/mL (38.0 nmol/L), the ISTD
dilution was further diluted with 50 % ethanol.

For 24,25(0H),D3, the ISTD was prepared by diluting
the commercially available internal standard solution of
24,25(0H),D3-d6 with 50 % ethanol to produce an ISTD so-
lution with a concentration of 1,000 ng/mL (2,366 nmol/L).
This ISTD solution was further diluted with 50 % ethanol to
produce an ISTD working solution with a concentration of
17.7 ng/mL (41.9 nmol/L).

To enable quantification of both analytes from a single
sample, an ISTD mix solution was created by combining
885 uL of the ISTD solution for 24,25(0H),D2 with 825 uL
of that for 24,25(0H),D3 and 50 mL of 50 % ethanol. The
resulting ISTD mix working solution contained approximate
concentrations of 24,25(0H),D2-d6 and 24,25(0H),D3-d6
matching those in their individual ISTD working solutions.

Sample preparation

A sample preparation protocol based on Supported Liquid
Extraction (SLE) has been optimized for use in both analytes.
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The decision to use an individual analyte ISTD solution or
ISTD mix solution depends on whether one or both analytes
are being quantified. As sample matrix serum, both plasma
(Li-heparin plasma, K,EDTA plasma, and K;EDTA plasma)
and vitamin D-depleted serum can be used.

Samples for both methods were prepared by mixing
400 pL of sample (unknown native sample, serum calibrator,
or QC) with 40 pL of the appropriate ISTD working solution
in a 2.0 mL brown micro tube. The samples were then
incubated in an overhead mixer (Sarstedt Sarmix M2000) for
15min (min) at 30 rpm, room temperature, centrifuged
(Eppendorf 5430R or 5810R; 10 s, 3,000 rcf), and incubated in
a thermomixer (Eppendorf 5382 thermomixer C; 10 min,
1,400 rpm) with 560 uL of protein release agent (50 mm
aqueous carbonate buffer). Analyte extraction was per-
formed by loading 950 pL of the sample onto an SLE car-
tridge (Phenomenex) with an initial vacuum (=20 kPa) of 5 s;
this was then allowed to settle for 15 min. Elution was per-
formed twice using 2.5mL ethyl acetate, with the extract
evaporated to dryness in a nitrogen evaporation system
(Biotage, Uppsala, Sweden; 30 °C, 1.3 mL/min, 45 min) and the
residue reconstituted in 100 uL resuspension solution
comprised of methanol and ultrapure water (4+1 v+v). The
solution was filtered using centrifuge filter (0.22 um, 5 min,
11000 rcf) and transferred into an amber 1.5 mL sample vial
with a 100 pL insert. Precautions were taken to protect the
samples from intense UV light, direct sunlight, and heat.

Liquid chromatography-tandem mass
spectrometry (LC-MS/MS)

For quantification we used a triple quadrupole mass spec-
trometer (Thermo Fisher TSQ Altis) coupled to a high-
pressure liquid chromatography (HPLC) system with two
pumps and a two position 6-port switching valve (Thermo
Fisher Vanquish Horizon).

Chromatographic separation of both analytes was
achieved using two-dimensional heart-cut liquid chroma-
tography with a combination of two orthogonal stationary
phases, to minimize both matrix effects and the co-elution
of isobaric interferences. In the first dimension, a Fisher
Scientific Hypersil Gold C4 (50 x 2.1mm; 1.9 um) with
UltraShield ultra-high pressure liquid chromatography
(UHPLC) PreColumn Filter (Restek 0.5 pm frit) was utilized
for both analytes. However, the column length of the sta-
tionary phase varied depending on analyte in the second
dimension (Phenomenex Kinetex F5 150 x 2.1 mm, 1.7 um
for 24,25(0H),D2 and 100 x 2.1 mm, 1.7 um for 24,25(0H),D3).
In both dimensions, chromatographic separation was ach-
ieved using individual gradient programs over 12 min for
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24,25(0H),D2 and 14 min for 24,25(0H),D3, respectively.
Mobile phases consisted of water (A1), water containing
0.2 mM ammonium fluoride (A2), and methanol (B1 and B2).
Column temperature was kept at 30 °C. The injection vol-
ume was 15 pL for both methods.

Both analytes were detected in multi-reaction moni-
toring (MRM) mode using a Thermo Fisher TSQ Altis mass
spectrometer operating in positive electrospray ionization
mode. The quantifier and corresponding internal standard
ion transitions (24,25(0H),D2 m/z 393.3 — 268.3 and
24,25(0H),D2-d6 m/z 399.4 — 268.3; 24,25(0H),D3 m/z
417.3 — 381.3 and 24,25(0H),D2-d6 m/z 423.4 — 387.4) served
as the basis for quantification, while additional qualifier
transitions (24,25(0H),D2 m/z 3934 — 2243 and
24,25(0H),D3 m/z 417.3 — 121.1) were monitored to identify
for unknown interferences. The LC and MS methods are
fully reported in Supplementary Material 1 and Supple-
mentary Material 2.

System suitability test (SST)

To assure the long-term stability of the method, a system
suitability test (SST) was established to examine sensitivity
and chromatographic resolution before every sequence.
Two sample levels (SST1 and SST2) were prepared in 80 %
methanol, containing 24,25(0H),D2, 3-Epi-24,25(0H),D2,
and 24,25(0H),D2-d6 for the 24,25(0H),D2 method and
24,25(0H),D3, 3-Epi-24,25(0H),D3, and 24,25(0H),D3-d6 for
the 24,25(0H),D3 method.

To pass the SST, signal-to-noise ratios (S/n) for the
quantifier transition of sample SST1 were required to
be 250 S/n and 2200 S/n for 24,25(0H),D2 and 24,25(0H),D3,
respectively. Additionally, retention times of 9.9 + 0.6 min
for 24,25(0H),D2 and 12.7 + 0.6 min for 24,25(0H),D3 were
required in order to pass the SST. In addition, the separation
of the epimers from their respective analytes had to be
shown with a resolution >1.5.

To examine potential carryover, sample SST2 was
injected, followed by two solvent blanks. To pass the SST, the
analyte peak areas observed in the first blank were required
to be <20 % of the analyte peak areas of the respective SST1.

Calibration and structure of analytical series

Calibrator levels (1-8) were measured at increasing con-
centrations at the beginning and the end of every sequence.
Calibration functions were obtained by quadratic regression
of the area ratios of the analyte and ISTD (y) against the an-
alyte concentration (x), resulting in the function
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Y=a,X* + a1x + a,. The regression is regression is weighted
with the factor 1/x%.

The individual sequence setup varied due to specific
measurement requirements and the intended use of the
RMP (see Supplementary Material 1 and Supplementary
Material 2). If reference values were assigned, the number of
sample preparations (n=x) was dependent on the desired
measurement uncertainty, and samples were measured on
atleast two different days. If a method comparison study was
performed, or complaint samples were measured, samples
were prepared (n=1) and measured.

Data processing

To process the raw data file, ThermoScientific™ Dionex™
Chromeleon™ 7.2.10 software was used. Extracted ion chro-
matograms for each transition are smoothed with 3 point
Gaussian smoothing. The Cobra algorithm is used for peak
integration with analyte specific settings (see Supplemen-
tary Materials 1 and 2).

Method validation

Assay validation and determination of MU were performed
in accordance with established guidelines. These guidelines
include the Clinical and Laboratory Standards Institute’s
C62A Liquid Chromatography-Mass Spectrometry Methods
[39, 40], and the Guide to the expression of uncertainty in
measurement (GUM) [41].

Selectivity/specificity

Selectivity was evaluated by spiking the ISTDs
24,25(0H),D2-d6, 24,25(0H),D3-d6, and the interferences
3-epi-24,25(0H),D2 and 3-epi-24,25(0H),D3, into a native
human serum pool containing endogenous 24,25(0H),D2
and 24,25(0H),D3. Additional interferences, specifically
1(a),25(0H),D2, 1(a),25(0H),D3, 24(S),25-dihydroxyvitamin
D3 (23(8),25(0H),D3), and 25,26(0H),D3, were spiked, along
with the corresponding analyte, into vitamin D-depleted
serum. All interferences had to be baseline separated from
the corresponding analyte and show a resolution of >1.5.
To prove the method was specific, the vitamin D
depleted serum and native human serum pool were checked
at their expected retention times to identify possible inter-
fering matrix signals. In addition, vitamin D-depleted serum
was spiked with 24,25(0H),D2-d6 and 24,25(0H),D3-d6 then



6 —— Kandler et al.: Candidate RMPs for the quantification of 24(R),25-dihydroxyvitamin D2 and D3

measured to determine the amount of residual unlabeled
analyte in the ISTD.

Matrix effects

Possible matrix effects were determined by a post-column
infusion experiment. A neat solution containing 24,25(0H)
2D2, 24,25(0H)2D2-d6, and a solution containing 24,25(0H),D3
and 24,25(0H),D3-d6 was infused at a constant flow rate of
5 uL/min. Processed samples (80 % methanol [v+v], vitamin D
depleted serum, native human serum pool, and plasma
matrices [K;EDTA, K;EDTA, and Li-heparin]) were injected to
evaluate ion enhancement or suppression effects.

In addition, a quantitative experiment based on the
comparison of standard line slopes was performed. For this
purpose, calibrator sets were prepared in 80 % methanol
(v+v), vitamin D-depleted serum, native human serum pool,
and Li-heparin plasma for both analytes. Additionally, an
ethanolic calibration solution for 24,25(0H),D3, available
from NIST (SRM 2971), was used for the preparation of a
calibrator set. All samples were measured once, then the
resulting slopes, confidence intervals, and correlation co-
efficients were compared.

Furthermore, the neat calibration was set as standard
and the calibrator levels prepared in matrix were examined
as controls. Recoveries were reported as the percentage re-
covery of the measured concentration, relative to the nom-
inal concentration.

Precision, trueness and accuracy

Precision of the method was assessed by performing a five-
day validation experiment, as previously described by
Taibon et al. [42]. An analysis of variance (ANOVA)-based
variance component analysis was used to determine the
total variability (type A uncertainty) of the method; this was
performed in Biowarp, an internal statistics program based
on the VCA Roche Open Source software package in R.

For 24,25(0H),D3, two levels of the certified secondary
reference material from the National Institute of Standards
and Technology (NIST SRM 972a level 1: 2.66 ng/mL [6.38 nmol/
L], and NIST SRM 972a level 2: 1.41 ng/mL [3.39 nmol/L]) were
used. Furthermore, for each analyte, three levels of spiked
vitamin D-depleted serum were used to cover the measuring
range of both analytes. The spiked levels were set at 0.450,
5.00, and 15.0 ng/mL for 24,25(0H),D2 (1.05, 11.7 and 35.0 nmol/
L), and 0.450, 8.31, and 15.0 ng/mL for 24,25(0H),D3 (1.08, 19.9
and 36.0 nmol/L). Additionally, a native serum sample was
included, with approximate concentrations of 24,25(0H),D2 at
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0.241ng/mL (0.562nmol/L) and 24,25(0H),D3 at 3.21 ng/mL
(7.70 nmol/L). In this study, samples were prepared in tripli-
cate for two distinct measuring parts, referred to as ‘part A’
and ‘part B’. Each sample was injected twice for each part,
resulting in a total of 12 measurements per day and 60 mea-
surements over a span of five days. Individual calibrator
levels were prepared for each part of the study.

In order to evaluate the accuracy and trueness of the
method, the same samples, excluding native serum samples,
were employed. Additionally, to assess accuracy and true-
ness in plasma, Li-heparin plasma was fortified with the
same concentration levels as in the serum samples. Deter-
mination of the nominal concentration took into consider-
ation the concentration of residual endogenous 24,25(0H),D2
and 24,25(0H),D3.

For each part, all samples were prepared in triplicate on
a single day, resulting in a total of six sample preparations.
Accuracy was evaluated by examining the level of agree-
ment between each test result and the accepted reference
value. Trueness was assessed by comparing the average
value obtained from a series of test results with the nominal
concentration or accepted reference value to determine the
level of agreement.

Linearity

In order to assess linearity, independent calibrator sets were
spiked in triplicate with vitamin D depleted serum. These
calibrator sets encompassed an extended calibration
range of 20 % at both the upper and lower ends of the range
(0.120-22.0 ng/mL, 0.280-51.3nmol/l. 24,25(0H),D2 and
0.288-52.8 nmol/L. 24,25(0H),D3). Each calibrator set was
prepared using individual weightings based on described
test procedures. Calibration curves were evaluated using a
linear and quadratic fit, both with 1/x* weighting. The cor-
relation coefficient had to be >0.99 and the residuals,
randomly distributed.

In addition, to confirm the linearity of the methods, a high
concentration native sample was serially diluted with a low
concentration native sample for 24,25(0H),D2, while a high
concentration native sample was serially diluted with vitamin
D-depleted serum for 24,25(0H),D3. To achieve the desired
concentration for the upper limit of the measuring ranges
the high concentration native samples were spiked with
24,25(0H),D2 and 24,25(0H),D3 to approximately 18.0 ng/mL
(42.0 nmol/L. 24,25(0H),D2 43.2 nmol/L. 24,25(0H),D3). Final
samples were prepared by serial dilution following specific
ratios (10+0, 9+1, 8+2, 7+3, etc.). Recovery was reported as the
measured concentration recovered, relative to the nominal
concentration of the sample pools.
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Lower limit of the measuring interval (LLMI)

The lower limit of the measuring interval (LLMI) was
determined using spiked samples in vitamin D depleted
serum at the concentration of the lowest calibrator level
(0.150 ng/mL for both analytes; 0.350 nmol/L 24,25(0H),D2
and 0.360 nmol/L 24,25(0H),D3). Two sample preparations
(n=1for each part A and B) were performed over a period of
five days and injected twice, resulting in a total of 20 mea-
surements. Recovery, bias, and precision were determined.

Sample stability

The stability of processed samples stored at 6 °C in the auto-
sampler was investigated over periods of 16 (24,25(0H),D2) and
23 days (24,25(0H),D3). To assess stability, spiked samples from
the precision experiment were re-measured (n=1for each time
point), and recoveries were calculated by comparing the
measured values with the nominal concentration.

In addition, the stability of spike solutions was evaluated
by using spike solutions from three calibrator and QC levels
(low, mid, high) that had been stored at —80 °C for durations
of 81 (24,25(0H),D2) and 71 weeks (24,25(0H),D3). These spike
solutions were then used to prepare matrix-based levels,
which were quantified using a calibrator set spiked with
freshly prepared spike solutions.

Furthermore, the stability of matrix-based calibrator
and QC material stored at —80 °C was assessed over periods
of 62 (24,25(0H),D2) and 51 weeks (24,25(0H),D3), and re-
coveries were determined using freshly prepared calibrator
levels. All samples were prepared and measured once for
each time point.

Method comparison study

A method comparison study was performed by analyzing 31
samples supplied by the Centers for Disease Control (CDC)
Vitamin D Standardization-Certification Program (VDSCP)
using the candidate RMP as the comparative method. The
concentrations of 24,25(0H),D3 provided by the CDC were
considered target values rather than reference values, as
they were not determined using a JCTLM-listed RMP.

Estimation of measurement uncertainty
(MU)

The MU was determined following the guidelines provided
in the GUM [41] and described in Taibon et al. [42]. The
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calculation involved several steps, including characterization
of the gNMR reference material purity; weighing; preparation
of stock, working, spike, and calibrator solutions; preparation
of ISTD solutions, preparation of calibrator samples; mea-
surement of calibrators and generation of the calibration
curve; preparation of unknown samples, and, finally, mea-
surement and evaluation of the sample results.

For the preparation of calibrators (unc,y), estimation of
MU was carried out using type B evaluation. For other as-
pects, such as precision (uncpre), type A evaluation was
performed. Reference values were determined by averaging
multiple sample preparations conducted on different days.
The MU was obtained by combining the unc., with the un-
certainty (SD) of the mean of the measurement results
(UnCpean)- To achieve a confidence level of 95 %, assuming a
normal distribution, the resulting MU was multiplied by a
coverage factor of k=2. For more detailed information, please
refer to Supplementary Material 4.

Results
Traceability

The most important aspect of the reference measurement
procedure is its traceability to the SI-unit kilogram, which
has been established by utilizing.

Tecnazene was used as the qNMR ISTD, which is directly
traceable to the NIST PS1 (primary qNMR standard). Utilizing
the above-mentioned parameters, n=3 measurements for
24,25-dihydroxyvitamin D2 (Endotherm, Lot No. ERI2483-
FR2A) yield an absolute content of 91.1+0.5 % (k=1). For 24,25-
dihydroxyvitamin D3 (MedChemExpress, Lot No. 08808) an
absolute content value of 97.1+0.2 % (k=1) was determined
with n=3 measurements.

Selectivity/specificity

Chromatographic separation of 24,25(0H),D2, 24,25(0H),D3,
and their interferences was achieved using the respective
two-dimensional heart cut LC approach. The interferences
1(a),25(0H),D2, 1(a),25(0H),D3 and 25,26(0H),D3 were sepa-
rated from the analyte in the first dimension and not
transferred to the second dimension. In contrast 3-epi-
24,25(0H),D2, 3-epi-24,25(0H),D3, and 23(S),25(0H),D3 were
transferred to the second dimension and separated from
24,25(0H),D2 and 24,25(0H),D3 with a resolution of (R)>2.1
and (R)=1.7, respectively (Figure 1).

The evaluation of quantifier and qualifier transition
for both analytes showed no interfering signals at their
respective retention times in all tested matrices. The ISTDs
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Figure 1: LC-MS/MS analytical readouts. (A) Chromatogram of SST sample 2. Analyte (24,25(0H),D3) left and internal standard (24,25(0H),D3-d6) right.
(B) Chromatogram of NIST SRM 972a with a 24,25(0H),D3 concentration of 3.13 ng/mL (7.51 nmol/L). Analyte (24,25(0H),D3) left and internal standard
(24,25(0H),D3-d6) right. (C) Chromatogram of SST sample 2. Analyte (24,25(0H),D2) left and internal standard (24,25(0H),D2-d6) right. (B) Chro-

matogram of a native patient sample with a 24,25(0H),D2 concentration of 0.241 ng/mL (0.562 nmol/L). Analyte (24,25(0H),D2) left and internal standard

(24,25(0H),D2-d6) right.

used in this method were evaluated for any residual unla-
beled analyte and exhibited no significant analyte signal.

Matrix effects

The qualitative post-column infusion experiment showed no
significant ion enhancement or suppression at the respec-
tive retention time for 24,25(0H),D2 or 24,25(0H),D3 and
their ISTDs in all tested matrices.

In the quantitative experiment, a comparison of stan-
dard line slopes was performed. Since the endogenous
content of the native matrices raised the nominal calibrator
8 concentration of these sets beyond the working range of
the method, the values of calibrator 8 were not considered
when determining calibration functions. The slopes of
standard lines for 24,25(0H),D2 were found to be 0.65 (95 %
confidence interval [CI] 0.63-0.68) for the neat solution,
0.57 (95 % CI 0.54-0.60) for the vitamin D depleted serum,
0.61 (95 % CI 0.57-0.64) for native human serum pool, and
0.59 (95 % CI 0.58-0.61) for Li-heparin plasma. The corre-
lation coefficients were >0.999 independent of calibration
matrix. For 24,25(0H),D3, slopes were found to be 0.60 (95 %
CI0.58to 0.61) for neat solution, 0.58 (95 % CI 0.56 to 0.60) for
NIST solution, 0.60 (95% CI 0.58 to 0.63) for vitamin D
depleted serum, 0.66 (95 % CI 0.57 to 0.75) for native serum
pool and 0.56 (95 % CI 0.42 to 0.70) for Li-heparin plasma.
Correlation coefficients (r) were 20.999 independent of the

calibration matrix and the analyte. These data suggest that
there is no significant difference between the different
matrices, providing evidence for the absence of matrix ef-
fects. In addition, mean recoveries for both analytes were
93-100 %, independent of the matrix.

Precision, trueness, and accuracy

The accuracy and precision of the method were determined
by performing a five-day validation experiment. Interme-
diate precision was found to be <2.3 % for 24,25(0H),D2 and
<2.9 % for 24,25(0H),D3. Repeatability CV ranged from 1.1 to
1.4 % for 24,25(0H),D2 and from 0.8 to 2.1 % for 24,25(0H),D3
over all concentration levels, respectively (Table 1).

Accuracy and trueness were demonstrated using certi-
fied secondary reference material from NIST (SRM 972a
Level 1 and Level 2) for 24,25(0H),D3, as well as spiked
vitamin D-depleted serum and Li-heparin plasma. NIST SRM
972a Level 1 and Level 2 were found with a mean bias (n=6
preparations) of —2.4 and -3.7 %, respectively. In vitamin
D-depleted serum the mean bias was found to range
from —1.4 to 2.9 % for 24,25(0H),D2 and from -0.5 to 3.0 % for
24,25(0H)2D3, whereas for the plasma levels the mean bias
was found to range from —4.5 to 1.5 % for 24,25(0H),D2 and
from 2.7 to 3.6 % for 24,25(0H),D3.

High concentration levels were diluted with vitamin
D-depleted serum before sample preparation. The bias
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Table 1: Precision performance parameters for 24,25(0H),D2 and 24,25(0H),D3 quantification using the candidate RMP (n=60 measurements).

24,25(0H),D2

Variance source CV, %
0.450 ng/mL 5.00 ng/mL 15.0 ng/mL NIST SRM NIST SRM Patient
(1.05 nmol/L) (11.7 nmol/L) (35.0 nmol/L) 972a, Level 1° 972a, Level 2° sample
Intermediate precision 1.5 1.5 1.1 - - 23
Between-day 0.0 0.0 0.0 - - 1.7
Between-calibration 0.8 0.9 0.0 - - 0.7
Repeatability 13 1.2 1.1 - - 1.4
Between-preparation 1.0 1.1 0.9 - - 1.1
Between-injection 0.8 0.3 0.5 - - 1.0

24,25(0H),D3
Variance source CV, %

0.450 ng/mL 8.31 ng/mL 15.0ng/mL  NIST SRM 972a,  NIST SRM 972a, Patient
(1.08 nmol/L) (19.9 nmol/L) (36.0 nmol/L) Level 1° Level 2° sample
Intermediate precision 2.6 13 2.0 25 29 24
Between-day 0.0 0.4 0.9 14 2.0 1.5
Between-calibration 1.5 1.0 1.2 0.9 1.1 0.8
Repeatability 2.1 0.8 13 1.9 1.7 1.8
Between-preparation 2.0 0.6 1.3 1.8 1.6 1.6
Between-injection 0.8 0.5 0.5 0.6 0.7 0.6

2Sample contains only 24,25(0H)2D3. CV, coefficient of variation; RMP, reference measurement procedure. Conversion factor ng/mL to nmol/L: 2.33 for
24,25(0H),D2 and 2.40 for 24,25(0H),D3. The coefficients of variation for repeatability and intermediate precision, which were determined from the

individual variances, are printed in bold.

ranged from —0.2 to 1.4 % and -0.3 to 1.0 % for 24,25(0H),D2
and 24,25(0H),D3, respectively (Table 2).

Linearity

Linearity was evaluated for an extended range of 20 % at the
lower and upper end of the range. A quadratic regression with
a 1/x* model was chosen for 24,25(0H),D2 and 24,25(0H),D3,
due to the random and equal distribution of residuals. The
correlation coefficients were >0.999 for both analytes.

The linearity was further confirmed by serial dilution of
sample pools and showed a linear dependence with a cor-
relation coefficient of 0.999 for both analytes. The correla-
tion coefficients were >0.999 for both analytes. The recovery
of the measured concentration, relative to the nominal
concentration, ranged from 98 to 104 % for 24,25(0H),D2,
except for the lowest level where a recovery of 113 % was
determined. For 24,25(0H),D3, recovery was 102—110 %.

Lower limit of the measuring interval (LLMI)

The LLMI was determined using spiked, vitamin D depleted
serum and corresponded to the lowest calibrator level. In the

case of 24,25(0H)2D2, the relative bias (based on 20 prepa-
rations) was determined to be 2.2% with a coefficient of
variation (CV) of 2.2 %. Evaluation of 24,25(0H)2D3 resulted
in a mean bias of 1.4 % and a CV of 2.3 %.

Sample stability

The stability of processed samples (autosampler stability)
was determined at 6 °C by re-analyzing four different levels
with freshly prepared calibrators. Processed samples were
shown to be stable for 15 (24,25[0H],D2) and 22 days (24,25
[OH],D3).

The stability of neat spike solutions was evaluated based
on calibrator and QC levels, which were stored at —80 °C.
Vitamin D-depleted serum was spiked with these solutions
and recovery was determined using freshly prepared cali-
brators. It was found that the neat spike solutions remained
stable when stored at —-80°C for 80 (24,25[0H],D2) and
70 weeks (24,25[0H],D3).

Stability of matrix-spiked calibrator and QC material
were evaluated using four different levels (spiked stripped
serum and NIST SRM 972a Level 4). Samples were found to be
stable for 61 (24,25[0H],D2) and 50 weeks (24,25[0H],D3),
when stored at —80 °C.
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Table 2: Bias and 95 % CI of vitamin D depleted serum, native serum and Method comparison StUdy
Li-heparin plasma samples and dilutions. The mean bias and corre-

sponding confidence intervals were calculated using the individual

sample biases of n=6 preparations, Equivalence with results provided by the CDC Vitamin D

Reference Laboratory was demonstrated by measuring 31

Nominal concentration, Bias evaluation results samples from the Vitamin D Standardization-Certification
ng/mL (nmol/L) Program (VDSCP) using the candidate RMP for 24,25(0H),D3.
Bias, %  SD, % 95%Cl A Passing-Bablok regression showed very good agreement
24,25(0H),D2 and yielded a regression equation with a slope of 1.01 (95 %
Vitamin D depleted serum CI0.98-1.04), an intercept of —0.13 (95 % CI —0.29 to 0.01) and
Level 1 0.430 (1.00) 14 21 231,02 r=0.998 (Figure 2A). The data scatter (2 SD) found in the
Level 2 478 (11.2) 29 17 15,42 Bland-Altman plot was +12.8 % (lower limit CI interval -25.9
Level 3 14.3(33.4) -0.5 16 -17,08 to-14.8 %, upper limit CI interval 8.4-19.5 %) and the result
Dilution 1 10.2(23.8) 14 11 05,22 hjas in the patient cohort was —3.2 % (95 % CI interval —6.5 to
fi'_l:te'z; rzin olasma 154(359) -02 12 =1207 4.09) (Figure 2B). Results are in the range expected given
Level 1 0.462 (1.08) 45 08 _51,-39 the uncertainty associated both with these assays and the
Level 2 481(11.2) 15 15 03,27 Production of independent calibrator samples.
Level 3 14.4 (32.9) -17 1.0 -25,-09
24,25(0H),D3 Estimation of measurement uncertainty
Vitamin D depleted serum (MU)
Level 1 0.448(1.08) 05 2.4 24,13
tzzg:; ?"j; gzz; i:g 1; ?2 i:g The measurement process exhibited an overall uncer-
Dilution 1 10.0 (24.0) 10 05 07,14 tainty ranging from 1.4 to 2.5 % for 24,25(0H),D2 and from
Dilution 2 15.1 (36.2) -0.3 15 -1509 15 to 3.0% for 24,25(0H),D3, regardless of the sample
Secondary reference material concentration, as indicated in Table 3. To account for a
NIST SRM 972a Level 1°  2.66 (6.38) ~ -24 21 -41,-08 copfidence level of approximately 95%, assuming a

NIST SRM 972a Level 2° 1.41(3.39) -3.7 1.9 -5.2,-2.2

. . normal distribution, the resulting overall MU was multi-
Li-Heparin plasma

plied by a coverage factor of k=2. As a result, the expanded

Level 1 0.448 (1.08) -0.5 24 -2.4,1.3
Level 2 8.31(19.9) 2.9 12 20,39 MUs were within 2.8-5.0 % for 24,25(0H),D2 and 3.1-6.0 %
Level 3 14.9 (35.8) 3.0 1.9 14,45 for 24,25(0H),D3.

Sample contains only 24,25(0H),D3. SD, standard deviation; CI, confidence For the ESt’tjlthhment Of. reference values, multlple
interval. Conversion factor ng/mL to nmol/L: 2.33 for 24,25(0H),D2 and sample preparations were carried out for each sample on at

2.40 for 24,25(0H),D3. least two different days. The average of these results,
25| 30}
c
<
L
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B L T +1.96 SD
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Figure 2: Results from equivalence study between the candidate RMP and the established University of Ghent/CDC vitamin D reference laboratory
method: (A) The Passing-Bablok yielding a regression equation with a slope of 1.01(95 % CI, 0.98 to 1.04) and an intercept of —0.13 (95 % CI, —0.29 to 0.01).
The correlation coefficient was 0.998. The data scatter (two standard deviations) found in the Bland-Altman plot (B) was +12.8 % (lower limit CI
interval, —25.9 to —14.8 %; upper limit CLinterval, 8.4-19.5 %) and the result bias in the patient cohort was —3.2 % (95 % CI interval, —6.5 to 0.0 %). Since
target values are specified in nmol/L results are presented in this unit. Conversion factor ng/mL to nmol/L: 2.40 for 24,25(0H),D3.
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Table 3: Exemplary overview of measurement uncertainty for 24,25(0H),D2 and 24,25(0H),D3 quantification with the candidate RMP in serum samples

for single measurements.

24,25(0H),D2
Level
0.450 ng/mL 5.00 ng/mL 15.0 ng/mL NIST SRM NIST SRM Patient
(1.05 nmol/L) (11.7 nmol/L) (35.0 nmol/L) 972a Level 12 972a Level 2° sample
Type B uncertainty 0.9 0.9 0.9 - - 0.9
calibrator preparation, CV%
Characterization of reference material 0.5 0.5 0.5 - - 0.5
Preparation of:
Stock solution 0.58 0.58 0.58 - - 0.58
Working solution 0.66 0.66 0.66 - - 0.66
Spike solution 0.77 0.74 0.77 - - 0.77
Matrix-based calibrator 0.93 0.90 0.93 - - 0.93
Type A uncertainty 1.5 1.5 1.1 - - 23
intermediate precision, CV%
Measurement uncertainty (k=1), CV (%) 1.8 1.7 1.4 - - 2.5
Expanded measurement uncertainty 35 35 2.8 - - 5.0
(k=2), CV (%)
24,25(0H),D3
Level
0.450 ng/mL 8.31ng/mL 15.0 ng/mL NIST SRM NIST SRM Patient
(1.08 nmol/L) (19.9 nmol/L) (36.0 nmol/L) 972a Level 1° 972a Level 2° sample
Type B uncertainty 0.8 0.7 0.8 0.8 0.8 0.7
calibrator preparation, CV%
Characterization of reference material 0.2 0.2 0.2 0.2 0.2 0.2
Preparation of:
Stock solution 0.29 0.29 0.29 0.29 0.29 0.29
Working solution 0.42 0.42 0.42 0.42 0.42 0.42
Spike solution 0.58 0.54 0.58 0.58 0.58 0.54
Matrix-based calibrator 0.77 0.74 0.78 0.78 0.78 0.74
Type A uncertainty 2.6 1.3 2.0 25 29 24
intermediate precision, CV%
Measurement uncertainty (k=1), CV (%) 27 1.5 21 2.7 3.0 2.6
Expanded measurement uncertainty 5.5 341 43 5.3 6.0 5.1

(k=2), CV (%)

aSample contains only 24,25(0H),D3. CV, coefficient of variation. Conversion factor ng/mL to nmol/L: 2.33 for 24,25(0H),D2 and 2.40 for 24,25(0H),D3. The
measurement uncertainty of the whole approach for a single measurement estimated as a combination of the uncertainty of calibrator preparation (type B
uncertainty) and uncertainty of the precision experiment (type A uncertainty) are given in bold.

calculated using n=6, was used. The overall uncertainties
ranged from 1.0 to 1.2 % for 24,25(0H),D2 and from 0.9 to
1.2 % for 24,25(0H),D3, with expanded uncertainties ranging
from 1.9 to 2.3 % for 24,25(0H),D2 (k=2) and 1.8-2.5 % for
24,25(0H),D3, as shown in Table 4.

Discussion

Our candidate RMPs were developed to determine
24,25(0H),D2 and 24,25(0H),D3 in human serum and plasma

using isotope dilution-liquid chromatography-tandem mass
spectrometry (ID-LC-MS/MS) analysis.

Special attention was given to the characterization of
the reference material, the preparation of calibrator mate-
rial, and the calculation of the MU. The new candidate RMPs
utilized an SI-traceable qNMR-characterized reference ma-
terial to create matrix-based calibrators in order to achieve
a calibrator material that closely matches the patient sam-
ple. Although a calibration solution (SRM 2971) is available
for 24,25(0H),D3, the use of qNMR-characterized reference
material was necessary, since SRM 2971 contains an
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Table 4: Exemplary overview of measurement uncertainty for 24,25(0H),D2 and 24,25(0H),D3 reference value assignment (n=6) with the candidate

RMP in serum samples.

24,25(0H),D2
Level
0.450 ng/mL 5.00 ng/mL 15.0 ng/mL NIST SRM NIST SRM Patient
(1.05 nmol/L) (11.7 nmol/L) (35.0 nmol/L) 972a Level 1° 972a Level 22 sample
Type B uncertainty 0.9 0.9 0.9 - - 0.9
calibrator preparation, CV%
Characterization of reference material 0.5 0.5 0.5 - - 0.5
Preparation of:
Stock solution 0.58 0.58 0.58 - - 0.58
Working solution 0.66 0.66 0.66 - - 0.66
Spike solution 0.77 0.74 0.77 - - 0.77
Matrix-based calibrator 0.93 0.90 0.93 - - 0.93
Type A uncertainty 0.5 0.7 0.3 - - 0.6
intermediate precision, CV%
Measurement uncertainty (k=1), CV (%) 1.0 1.2 1.0 - - 1.1
Expanded measurement uncertainty 21 23 1.9 - - 2.2
(k=2), CV (%)
24,25(0H),D3
Level
0.450 ng/mL 8.31ng/mL 15.0 ng/mL NIST SRM NIST SRM Patient
(1.08 nmol/L) (19.9 nmol/L) (36.0 nmol/L) 972aLevel 1° 972a Level 2° sample
Type B uncertainty 0.8 0.7 0.8 0.8 0.8 0.7
calibrator preparation, CV%
Characterization of reference material 0.2 0.2 0.2 0.2 0.2 0.2
Preparation of:
Stock solution 0.29 0.29 0.29 0.29 0.29 0.29
Working solution 0.42 0.42 0.42 0.42 0.42 0.42
Spike solution 0.58 0.54 0.58 0.58 0.58 0.54
Matrix-based calibrator 0.77 0.74 0.78 0.78 0.78 0.74
Type A uncertainty 0.6 0.4 0.8 0.6 1.0 0.9
intermediate precision, CV%
Measurement uncertainty (k=1), CV (%) 1.0 0.9 1.1 1.0 1.2 1.2
Expanded measurement uncertainty (k=2), 1.9 1.8 2.2 1.9 25 23

CV (%)

Sample contains only 24,25(0H),D3. CV, coefficient of variation. Conversion factor ng/mL to nmol/L: 2.33 for 24,25(0H),D2 and 2.40 for 24,25(0H),D3. The
measurement uncertainty of the whole approach for a target value assignment estimated as a combination of the uncertainty of calibrator preparation
(type B uncertainty) and uncertainty of the precision experiment (type A uncertainty) are given in bold.

inadequate concentration for preparing calibrator levels in
serum across the measurement range. A multi-point cali-
brator preparation scheme was individually optimized for
both analytes to minimize the overall error of calibrator
preparation. Comprehensive details of the materials utilized
(such as analytical balance, volumetric flasks, and pipettes)
and a thorough explanation of MU estimation are presented
in Supplementary Material 1, Supplementary Material 2, and
Supplementary Material 4.

To minimize matrix effects and the co-elution of isobaric
interferences, individual protocols for 24,25(0H),D2 and

24,25(0H),D3 were optimized by employing two-
dimensional heart-cut liquid chromatography with a com-
bination of two orthogonal stationary phases. The SLE
sample protocol was designed to be applicable to both
analytes. Therefore, depending on whether one or both
analytes are of interest for quantification, either an indi-
vidual analyte ISTD solution or an ISTD mix solution may be
utilized. Consequently, a single sample can be analyzed
with both RMPs, allowing for both the measurement of low
sample volume complaint samples and the performance of
large method comparison studies within a reasonable
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timeframe, in addition to the intended use of reference
value assignment.

It was verified that both candidate RMPs, for 24,25(0H)
2D2 and 24,25(0H)2D3, fulfilled the criteria of accuracy,
precision, selectivity, and specificity required for a higher-
order RMP. The expanded MU of assigned reference values
was <2.5 % regardless of analyte and sample concentration,
aligning with the desired specification for these RMPs
(MU<3.3 %) [35].

Furthermore, the 24,25(0H),D3 RMP achieved a high
level of agreement with samples from the CDC Vitamin D
Reference Laboratory’s VDSCP. While the method used to
quantify 24,25(0H),D3 levels in these samples is not listed in
the JCTLM database, it is in common use and was developed
by well-regarded laboratory [43]. Nonetheless, as stated by
CDC, the values provided by the VDSCP should be considered
target, not reference, values for 24,25(0H),D3 [43].

Given the absence of certified standard materials or
JCTLM-listed methods, we present the first candidate refer-
ence measurement procedure for 24,25(0H),D2. Extensive
methodological validation demonstrates that this RMP is
accurate, precise, selective, and specific for the determina-
tion of 24,25(0H),D2.

Conclusions

In combination with the qNMR approach, these highly se-
lective ID-LC-MS/MS-based candidate Reference Measure-
ment Procedures (RMPs) provide accurate and reproducible
results for determining 24,25(0H)2D2 and 24,25(0H)2D3 in
human serum and plasma. They serve as a common
metrological reference within the calibration hierarchy,
allowing manufacturers of routine measurement proced-
ures to establish metrological traceability.
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