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Abstract

Background/Objectives: Variability between routine laboratory immunoassays for total
25-hydroxyvitamin D (25(OH) vitamin D) measurement may impact clinical interpreta-
tion, particularly around clinical decision thresholds. The aim of the study was to evaluate
the analytical comparability and clinical interchangeability between three automated im-
munoassay platforms using chemiluminescent assays (CLIA) and electrochemilumines-
cent assay (ECLIA) principles for total 25(0OH) vitamin D and to evaluate the assay-de-
pendent impact on patient reclassification. Methods: A total of 83 serum samples were
analyzed using three automated immunoassay platforms and the between method com-
parability was assessed. Additionally, clinical agreement and reclassification rate were
evaluated at two clinical decision thresholds, 20 ng/mL for insufficiency and 12 ng/mL for
severe deficiency. Results: The comparability analysis revealed a systematic difference
between methods, with a high reclassification rate between ECLIA compared to CLIA
methods. Additionally, the expanded measurement uncertainty generates a clinically rel-
evant gray zone around the clinically relevant thresholds. Conclusions: Routinely used
immunoassays for total 25(OH) vitamin D measurement in clinical laboratories are not
fully interchangeable, furthermore the measurement uncertainty contributes to patient re-
classification, especially around the threshold of 20 ng/mL.

Keywords: 25(OH) vitamin D; clinical decision threshold; method comparison;
reclassification rate

1. Introduction

Vitamin D is an essential parameter for calcium homeostasis and bone metabolism,
also involved in different pathologies, including cardiovascular disease [1], cancers [2]
and immune dysregulation [3]. Although in many cases the supplementation failed to
prove significant positive effects, the genetic evidence suggests a link between vitamin D
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status and autoimmune diseases, with clinical implications and disease prevention [4].
The assessment of vitamin D status is achieved by measuring plasma or serum levels of
total 25(OH) vitamin D, the most reliable indicator, which consists of the sum of 25(OH)
vitamin D2 and 25(OH) vitamin Ds. Over the last few years, the laboratories have faced an
enormous increase in the measurement of total vitamin D, based on the assumption of the
widespread deficiency in this micronutrient. However, the accurate measurement of the
total 25(OH) vitamin D remains a challenge for the laboratories, as the Vitamin D Stand-
ardization Program (VDSP) revealed [5]. Several methods have been developed for meas-
uring total 25(OH) vitamin D, most of which employ immunoassays. However, the pre-
ferred method is Isotope Dilution Liquid Chromatography-Tandem Mass Spectrometry
(ID LC-MS/MS) using the reference materials already available from the National Institute
of Standards and Technology (NIST), containing vitamin D metabolites in various con-
centrations [6]. Most methods are traceable to the reference materials provided by NIST,
either serum matrix Standard Reference Material (SRM) or an ethanolic solution of
25(OH)vitamin D2, 25(OH)vitamin Ds, and metabolites with known concentrations Certi-
fied Reference Materials (CRMSs) [7]. Apart from the reference materials, the differences
between methods for measuring vitamin D include the variability derived from vitamin
D binding protein, as the release of vitamin D from its carrier protein is crucial for an
accurate measurement. Furthermore, apart from vitamin D binding protein (VDBP),
25(OH) vitamin D is bound to other transport proteins, including albumin and lipopro-
teins, whose concentrations and binding affinities vary with physiological conditions such
as pregnancy and renal disease. Moreover, the type of assay used plays a significant role
in the measurement outcomes. While LC-MS/MS methods are generally less susceptible
to interference from endogenous factors, these methods remain vulnerable to inaccuracies
generated by inadequate standardized calibration, inadequate use of the internal stand-
ards, quality control or matrix effect. On the other hand, immunoassays can encounter
numerous potential interferences that may affect the results [7,8]. The accurate quantifica-
tion remains challenging due to the presence of multiple biologically active forms, the
lipophilic nature of the molecule, and interference from metabolic byproducts and epi-
mers [9]. These factors introduce additional variability in measurement.

Another practical issue in the interpretation of vitamin D levels is the inconsistency
in defining the clinical thresholds; while the 2011 guideline established a cut-off at 20
ng/mL for deficiency and above >30 ng/mL for optimal levels [10], these thresholds were
revised in 2025, suggesting that only marked deficiency, defined as total 25(OH) vitamin
D levels <12 ng/mL, should be taken into account [11]. However, in Romania, the guide-
lines for the evaluation of the vitamin D status and supplementation recommends the
threshold of 12 ng/mL for deficiency while values between 12 and 20 ng/mL were consid-
ered insufficient [12]. Established reference intervals and clinical decision cut-off values
are particularly important given the high prevalence of vitamin D deficiency among both
inpatient and outpatient populations referred for laboratory testing, with a reported prev-
alence of approximately 70% in the same Romanian region as our study population [13].

Although the LC-MS/MS is considered the best method for assessing total 25(OH)
vitamin D status, immunoassays are most suitable for routine clinical laboratories, mostly
because of their high throughput and shortened turnaround time. Despite the develop-
ment of reference materials and manufacturers’ claims of traceability and good agreement
with established reference methods, significant variability remains among different im-
munoassay techniques. This inconsistency highlights the complexity of accurately meas-
uring total 25(OH) vitamin D levels, underscoring the need for further evaluation of these
methods. In clinical practice, it is crucial to acknowledge these discrepancies, as they can
significantly influence the interpretation of patients’ vitamin D status.
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The objective of the study was to evaluate total 25(OH) vitamin D immunoassays
across three different automated analyzers, utilizing two analytical principles (CLIA and
ECLIA), and to compare their performance. The second objective was to evaluate how the
biases between methods will affect the classification of the patients into specific categories,
particularly in distinguishing between deficiency and sufficiency.

2. Materials and Methods

2.1. Samples Characteristics

For the comparability study, leftover samples of healthy individuals routinely inves-
tigated for various routine parameters and for total 25(OH) vitamin D status, were used.
Blood collection was performed in a fasting state, in serum separator tubes (SST), main-
tained at room temperature for 30 min for clot formation before centrifugation for 15 min
at 1500 g, at room temperature. The samples were processed following good laboratory
practice and tested first on ECLIA platform in line with the laboratory’s routine testing
schedule, according to the manufacturer’s specification. For the CLIA measurement, left-
over serum samples were aliquoted in two separate cryovials and stored at —80 °C until
analysis was completed, without multiple freeze-thaw cycles (analyte stability 3 months
at -80 °C). The study was approved by the institutional Ethics Committee
(30032/05.12.2022) and informed consent was waived. The study was conducted in ac-
cordance with the Clinical and Laboratory Standards Institute (CLSI) EPI09-A3 guideline
for comparability between quantitative methods using patient samples (https://clsi.org,
Accessed 07 May 2026) [14]. Samples were analyzed in the laboratory for total 25(OH)
vitamin D status using the ECLIA method with the Cobas e801 analyzer (Roche Diagnos-
tics, Mannheim, Germany) (n = 81), and with two additional instruments, Liaison XL (n =
82) (DiaSorin, Italy) and Maglumi X6 (SNIBE, Shenzhen, China) (1 = 82), both using CLIA
technology. Because of occasional sample volume limitations or analytical exclusions, the
number of valid measurements slightly differed between platforms. The measurement of
the total 25(0OH) vitamin D was performed according to each manufacturer’s instructions,
following good laboratory practice.

2.2. Methods for Total 25(OH)Vitamin D Measurement
2.2.1. 25(0OH) Vitamin D Measured by ECLIA on Cobas e801

The Elecsys Vitamin D Total III assay (REF:09038086190) performed on the Cobas
€801 platform (Roche Diagnostics, Mannheim, Germany) is an electrochemiluminescence
binding assay (ECLIA) with a competitive principle. Samples are pretreated to release vit-
amin D from its binding protein (VDBP). The method is traceable to NIST SRM 2972 ref-
erence material. The manufacturer declares an analytical measurement range (AMR) of
3.0-120 ng/mL, with a limit of detection (LoD) of 3.0 ng/mL and a limit of quantitation
(LoQ) of 6 ng/mL. 25(0OH) vitamin D is released from the endogenous VDBP during the
first incubation, when 9 UL of sample is pretreated with reagent 1 (Ditiotreitol 1) and rea-
gent 2 (sodium hydroxide 57.5 g/L). During the second incubation, the pretreated samples
react with ruthenium-labeled vitamin D binding protein, resulting in the labeled reaction
immune complexes. The manufacturer reports in the instructions for use (IFU) a 100%
cross-reactivity with 3-epi-25(OH) vitamin D2 and Ds, and <10% for 1,25-dihydroxyvita-
min D, 1,25-dihydroxyvitamin Ds, vitamin D2, and vitamin Ds (https://elabdoc-
prod.roche.com/eLD/web/ro/ro/home. Accessed on 07 May 2026). Also, the manufacturer
declared 100% reactivity with 25(OH) vitamin D2 and 25(OH) vitamin Ds [15]. The manu-
facturer’s performance characteristics in the IFU are an inter-run CVs of 4.7% for a mean
concentration of 20.2 ng/mL, and 2.9% for a mean concentration of 38.2 ng/mL, based on
internal quality control level 1 and 2.
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2.2.2.25(0OH) Vitamin D Measured by CLIA Method on Liaison XL

The measurement of total 25(OH) vitamin D on the Liaison XL (DiaSorin, Italy) plat-
form uses a chemiluminescence immunoassay (CLIA) based on the competitive binding
principle, reagent LIAISON 25 OH Vitamin D Total Assay (REF:310600). The method is
traceable to NIST SRM 2972, and the AMR reported by the manufacturer is 4-150 ng/mL,
with a LoD of 3.8 ng/mL. The 25(OH) vitamin D from the samples is released from the
VDBP during the first incubation, afterwards binding to a specific anti 25(OH) vitamin D
antibody captured on the solid phase of the reaction. The manufacturer reports cross-re-
activity with metabolites such as 1,25-dihydroxy vitamin D2 and Ds, 3-epi-25-hydroxy vit-
amin Ds, and vitamin D2 and Ds to be lower than 10%, with 100% cross-reactivity with
25(OH) vitamin D2 and 25(OH) vitamin Ds. The performance characteristics declared in
the IFU for inter-run estimation based on internal laboratory QC were CV of 8.9% at a
mean concentration of 17.2 ng/mL, and a CV of 6.0% at a mean concentration of 52 ng/mL.

2.2.3. 25(0OH) Vitamin D Measured by CLIA Method on Maglumi X6

The measurement of the total 25(OH) vitamin D (CLIA) with Maglumi 25(OH) vita-
min D (REF:1320261004M) on Maglumi X6 involves a sandwich immunoassay for small
molecules, where magnetic beads coated with specific antibodies interact with the 25(OH)
vitamin D2 + vitamin Ds from the sample forming immune complexes, after pretreatment
with a releasing agent for dissociation from VDBP. The method is traceable against the
NIST SRM 2972a reference material. The AMR declared in the IFU for 25(OH)vitamin D
is 1.50-150 ng/mL, with the LoD of 0.5 ng/mL and LoQ of 1.5 ng/mL. The cross-reactivity
for Maglumi 25(OH)vitamin D was tested for three metabolites: 1,25-dihydroxy-vitamin
D2; 1,25-dihydroxy-vitamin Ds; and 3-epi 25-OH vitamin Ds, with no interferences ob-
served up to 100 ng/mL; however, the manufacturer did not provide a separate percentage
for reactivity to 25(OH) vitamin D2 and 25(OH) vitamin Ds. Other metabolites showed a
very low cross-reactivity (<0.5%) according to the manufacturer’s claim. The inter-run im-
precision based on quality control material, according to IFU was 6.48% for a mean con-
centration of 20 ng/mL and CV of 4.57% at a mean concentration of 50 ng/mL.

2.3. Statistical Analysis

Method comparison was performed with Bland—Altman analysis, estimated as abso-
lute concentration and percentage of differences, with 95% limits of agreement. The anal-
ysis was performed over the entire measurement interval and within the clinically rele-
vant decision range (10-30 ng/mL). The Spearman rank coefficient and Passing-Bablok
regression were used for the evaluation of the correlation between the methods (each im-
munoassay against the other). Furthermore, the samples were categorized based on key
clinical decision thresholds: 220 ng/mL (sufficient) and <12 ng/mL (severe deficiency), al-
lowing for patient reclassification according to these criteria, and evaluating the clinical im-
pact of the inter-method variability. The samples distribution across categories was com-
pared between the three immune methods, assessing the proportion of the reclassified sub-
jects. Pairwise agreement between methods was assessed using Cohen'’s kappa coefficient.

Statistical analysis was performed with MedCalc®Statistical Software v20.104 (Med-
Calc Software Ltd., Ostend, Belgium; https://www.medcalc.org, accessed on 7 May 2026).

2.4. Bias Estimation

Ten samples from the Vitamin D External Quality Assessment Scheme (DEQAS)
(London, UK), five samples/run in two consecutive runs, were used for bias estimation.
The values for 25(OH) vitamin Ds and 25(OH) vitamin D2 were assigned by the Center for
Disease Control (CDC) Reference Measurement Procedure while the values for 3-epi-25-
(OH) vitamin Ds and 24,25-dihydroxy-vitaminDs (24,25(OH): vitamin Ds) were assigned
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by the CDC with an LC-MS/MS method. The DEQAS proficiency testing samples were
measured on two consecutive occasions: October 2025 and January 2026. The external pro-
ficiency results obtained from DEQAS were used for each platform for bias estimation
(absolute and percentage) in relation to target value assigned by LC-MS/MS method (CDC
traceable) and against the laboratory trimmed mean (ALTM). For the interpretation of
analytical performance, the mean bias was evaluated against standardization-based per-
formance goals, particularly those proposed by the Vitamin D Standardization Program
(VDSP) [16].

The measurement uncertainty was estimated using the imprecision derived from the
internal quality control data and the uncertainty of the calibrators obtained from manu-
facturers traceability certificate. Expanded uncertainty (U) was calculated using a cover-
age factor k = 2. The imprecision data were obtained from internal quality control meas-
urements using two levels of QC material for each instrument. Total error (TE) of the
methods was calculated as |Bias| +1.65 x CV.

3. Results
3.1. Sample Characteristics

Sample distribution across clinically relevant thresholds is presented in Table 1. The
proportion of severe deficiency (<12 ng/mL) showed minor variation between platforms
(4.8% for Liaison XL to 7.3% for Maglumi X6). In contrast, the proportion of samples clas-
sified as sufficient (=20 ng/mL) varied substantially, ranging from 54.3% for Liaison XL to
70.7% for Maglumi X6. Median vitamin D concentrations also differed between methods,
with higher values observed for Liaison XL and Maglumi X6 compared to Cobas e801.

Table 1. The percentage of samples classified according to the clinically relevant thresholds for de-

ficiency and optimal vitamin D concentration.

Instrument Median Min-Max ng/mL <12 ng/mL 220 ng/mL
Cobas €801 (n = 81) 20.7 (3.87-70.0) n=>5(6.2%) n =58 (69.8%)
Liaison XL (1 = 82) 26.6 (7.93-65.5) n=4(4.8%) n =44 (54.3%)

Maglumi X6 (n = 82) 27.7 (8.45-62.8) n="6(7.3%) n =58 (70.7%)

3.2. Agreement in Classification at the Established Clinical Decision Levels of 20 ng/ml

Pairwise agreement between immunoassays is presented in Table 2. At the 20 ng/mL
threshold, Cohen’s kappa indicated moderate to very good agreement, ranging from 0.642
(Cobas vs. Liaison XL) to 0.913 (Liaison XL vs. Maglumi X6).

Table 2. The kappa coefficient for the strength of the agreement between the three immunoassays
at the value of 20 ng/mL, the threshold for insufficiency.

. V) . o,
Immunoassay Kappa Coeff; 95% CI Kappa Coeff; 95% CI

<20 ng/mL <12 ng/mL
Liaison XL vs. Cobas 801 0.642 (0.480-0.804) 1.000 (1.000-1.000)
Maglumi X6 vs. Cobas e801 0.662 (0.501-0.823) 1.000 (1.000-1.000)
Liaison XL vs. Maglumi X6 0.913 (0.816-1.000) 1.000 (1.000-1.000)

Cohen'’s kappa coefficient (k) % between the three immunoassays at CDL = clinical decision levels
(12 and 20 ng/mL).

At the 12 ng/mL threshold, agreement was perfect across all comparisons (i = 1.00).
Despite this, a substantial proportion of samples were classified depending on the analyt-
ical platform, particularly at the 20 ng/mL threshold. Cobas e801 systematically classified
more samples below the sufficiency threshold, with reclassification rates of 17.3% and
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17.5% when compared to Liaison XL and Maglumi X6, respectively. This discordant clas-
sification was predominantly unidirectional, with Cobas reporting lower concentrations.
In contrast, agreement between the two CLIA-based methods (Liaison XL and Maglumi
X6) was markedly higher, with minimal discordance in classification (2.4%). The percent-
ages represent assay-dependent patients’ classification across the evaluated immunoas-
says, defined as samples categorized on the opposite side of the cut-off, depending on the
instruments. As none of the assays used was considered a reference method for the vita-
min D measurement, the results reflect inter-method classification disagreement rather
than diagnostic misclassification. However, at the severe deficiency threshold (12 ng/mL),
the differences were negligible (<2.4%), indicating high concordance at low concentration
levels (Figure 1).

20
18
16
14
12
10

17.5

17.3

[od]

24 24

Liaison_XL vs Maglumi_X6

1.3
L]

cobas vs Maglumi_X6

1.2
L1

cobas vs Liaison_XL

o N A O

m20ng/ml m12ng/ml

Figure 1. Assay-dependent classification rate at clinical decision levels (<20 ng/mL and <12 ng/mL)

for all three platforms. The graph represents the proportion of samples classified discordantly be-
tween ECLIA and CLIA instruments.

3.3. Agreement in Classification at the Established Clinical Decision Levels
3.3.1. Passing—Bablok Regression Analysis

Passing—Bablok regression analysis demonstrated strong correlations between meth-
ods across the entire analytical range (Table 3), with Spearman coefficients ranging from
0.899 to 0.982. A proportional bias was observed for comparisons involving Cobas e801,
particularly within the clinical decision interval (10-30 ng/mL), where slopes exceeded 1.5
when compared with Liaison XL and Maglumi X6 (Figure 2).

In contrast, the agreement between Liaison XL and Maglumi X6 remained close to
identity (slope 1.042-1.099), indicating minimal proportional bias. No significant devia-
tion from linearity was observed for most method comparisons, except for a borderline
deviation between Cobas and Maglumi X6 (p = 0.05).

Table 3. Paired Passing—Bablok regression analysis of the three evaluated methods.

Correlation Coeff. Slope Intercept Linearit
Method " (95% CI) (95%p(:1) (95% CII,) (Cusum})’
All samples
LiaisonXL f(Cobas e801) 81  0.899 (0.847-0.934)  1.145 (1.007-1.300)  0.206 (-2.862;3.077)  p=0.09
MaglumiX6 f(Cobas e801) 80 0.915 (0.870-0.945)  1.100 (0.987-1.215) -0.005 (-2.597; 2.347) p=0.05
LiaisonXL f(Maglumi X6) 82  0.982(0.973-0.989) 1.042 (1.000-1.087) 0.375 (-0.680; 1.400) p=091
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Clinical Decision Interval (10-30 ng/mL)

LiaisonXL f(Cobas e801)

56  0.787 (0.660-0.870)  1.629 (1.394-2.060) -8.468 (-16.178;,-4.051) p=0.93

MaglumiX6 f(Cobas e801)

55  0.799 (0.678-0.878)  1.552 (1.316-1.857) —8.586 (-13.200; -4.084) p=0.92

LiaisonXL f(Maglumi X6)

46 0.958 (0.924-0.977)  1.099 (0.948-1.184) 0.280 (—2.483; 2.391) p=0.39

Note: The method (leftmost column) is defined according to the comparator-reference relationship
between analyzers, corresponding to the statistical form y = f{(x). This ensures that the regression
parameters (slope and intercept) are interpreted within the correct directional framework. Accord-
ingly, the equations presented in the table describe the mathematical relationship between the first-

listed analyzer (Y) as a function of the second analyzer (X).

All samples Samples within the 10-30 ng/mL interval
70 | .~ 50}
60 -
- 40 -
E 50
g 30
= 40
3
§ %0 20|
2
S of /
n=81 10 P // n=>56
10 |- y=0.206+1.145x | y=-8.468+1.629x
E r=0.899 (p<0.0001) . r=0.787 (p<0.0001)
0 T IS Ny N AR 0 i I T T
0 10 20 30 40 50 60 70 0 10 20 30 40 50
Cobas €801 (ng/mL) Cobas €801 (ng/mL)
70 | 50 | ;
60 |-
) 40| /
£ s0f-
2
o 4of sor
B3
E 30
E 20 |-
g 20 8 ©
= n=80 10 A n=55
10 - y=-0.005+1.100x =-8.586+1.552x
P r=0.915 (p<0.0001) L ~ r=0.799 (p<0.0001)
0 1 1 . I . | . I n I . I n 0 1 1 1 I I
0 10 20 30 40 50 60 70 0 10 20 30 40 50
Cobas €801 (ng/mL) Cobas €801 (ng/mL)
70 | . . 50F
60 -
- 40 - )
E 50
g 30
s
3
5 30r 20}
2
[} -
S 20 &
n=82 10 T n=46
10 - y=0.375+1.042x y=0.280+1.050x
r=0.982 (p<0.0001) - r=0.958 (p<0.0001)
0 1 1 L 1 L 1 L I n I n I n 0 ] 1 1 I I
0 10 20 30 40 50 60 70 0 10 20 30 40 50

Maglumi X6 (ng/mL) Maglumi X6 (ng/mL)

Figure 2. Passing—Bablok regression analysis of paired samples for the entire dataset (left) and for
samples within the clinical decision interval of 10-30 ng/mL (right). The clinical decision interval

was defined based on the results obtained with the analyzer displayed on the horizontal (X) axis.

3.3.2. Bland—Altman Analysis

Bland-Altman analysis confirmed a systematic positive bias of CLIA-based methods
(Liaison and Maglumi) compared to Cobas e801. For Liaison XL vs. Cobas, the mean dif-
ference was 3.9 ng/mL (15.3%), with wide limits of agreement, particularly within the clin-
ical decision interval, where the bias was slightly higher in both measurement units (4.3
ng/mL) and percentage (17.7%). Similarly, Maglumi X6 vs. Cobas showed a mean differ-
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ence of 2.3 ng/mL (9.5%), with a similarly slightly higher bias within the clinical decision

range: 3.1 ng/mL, that is 11.8%. In contrast, agreement between Liaison XL and Maglumi

X6 was markedly better, with similar bias in both the global analysis (1.7 ng/mL, 6.0%)

and the clinical decision interval (1.4 ng/mL, 7.0%), as well as narrower limits of agree-

ment. Overall, the magnitude of disagreement was greatest for comparisons involving

Cobas €801 and most pronounced within the clinical decision interval (Figures 3 and 4).

Liaison XL - Cobas €801

Maglumi X6 - Cobas e801

Liaison XL - Maglumi X6

Absolute measurement units (ng/mL)

Percentage (%)

30 100
25 80 L
20
T +1.96 SD 60l T +1.96 SD
15T 16.3 L 56.7
10 40
Bl T————0 o0 ___ e Mean 20 o Mean
o 3.9 — T ——— 15.3
. 0
5 T -1.96 SD | >
A0l T a5 OFT -1.96 SD
L -26.1
'15 L 1 L | L | L 1 L 1 n | 1 n | '40 1 1 | L 1 L 1 1 L 1 L 1 L 1
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Mean of Liaison XL and Cobas €801 (ng/mL) Mean of Liaison XL and Cobas €801 (ng/mL)
30 80 [
25
20 s0r - +1.96 SD
15 1 +1.96 SD 40 1 506
1oL+ 13.1 i
20 -
L Mean L I ----- —— Mean
T 2.3 0 = 98
-5
T : -1.96 SD .20
A0 L 8.6 T .1.96 SD
'15 n 1 L 1 n 1 L 1 L 1 L 1 ¢ 1 L 1 '40 il _L 1 L 1 1 1 n 1 1 L I-31-6I
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Mean of Maglumi X6 and Cobas e801 (ng/mL) Mean of Maglumi X6 and Cobas e801 (ng/mL)
12 25 -
| T o +1.96 SD
10f 20 | ° 21.6
8+ +1.96 SD 15
L
6 i 6.8 10k
4 - T == Mean
2l Pl Mean 5L I 6.0
0 - L 1—'—"’,‘_7- g 1.7 0 —
2 I S
T -1.96 SD 10 T -1.96 SD
4T 35 o] 9.6
'6 | | | | L | L | | L | '15 1 | L 1 | 1 L | | L | |
10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

Mean of Liaison XL and Maglumi X6 (ng/mL)

Mean of Liaison XL and Maglumi X6 (ng/mL)

Figure 3. Paired Bland-Altman analysis between the three instruments for all samples, expressed in

absolute measurement units (ng/mL, (left)) and percentage values (%, (right)).
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Figure 4. Paired Bland—-Altman analysis between the three instruments for samples within the 10—
30 ng/mL interval, expressed in absolute measurement units (ng/mL, (left)) and percentage values

(%, (right)).

3.4. Results from DEQAS External Proficiency Testing

The results from the DEQAS external quality assessment scheme are summarized in
Table 4. Mean bias relative to the CDC values ranged from -7.6% (Liaison XL) to -3.6%
(Cobas €801 and Maglumi X6). Bias relative to ALTM was minimal for Cobas and Mag-
lumi but remained negative for Liaison XL. A specific DEQAS sample (685) was enriched
with 25(OH) vitamin D2 (Figure 5) resulting in substantial deviation from LC-MS/MS as-
signed values, consistent with findings reported in other studies. The mean biases for all
three analyzers derived from DEQAS external Quality Program are summarized in Table
4, while the individual biases from assigned CDC target values are depicted in Figure 5.
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Table 4. Mean bias (%) calculated across all DEQAS samples (1 = 10, including one sample enriched
with 25(OH) vitamin Dz), using target value assigned by the CDC VDSP (LC-MS/MS), the All La-
boratory Trimmed Mean (ALTM) and the Method Mean (MM).

Instrument Mean Bias from Mean Bias from Mean Bias from
Target Value (%) ALTM (%) MM (%)
Cobas €801 -3.6% 0.25% 3.7%
Liaison XL -7.6% -4.0% -0.01%
Maglumi X6 -3.6% 0.3% -4.0%

Mean bias ALTM = All Laboratory Trimmed Mean; MM = Method Mean.

Distribution of Biases (DEQAS)

A @ Cobas
10 Liaison
A Maglumi
5
2 ' A
L e e @ mmmmm e e it
: i &
g °
W
> -5 L] °
g 1 1
s & [}
2 -10 » ¥
@
i
=15 A
=20
T T T T
681 682 683 684 685 686 687 688 689 690

sample

Figure 5. The target values of CDC DEQAS samples were: 48.0 nmol/L, 60.6 nmol/L, 76.3 nmol/L,
92.4 nmol/L, 142.3 nmol/L, 43.4 nmol/L, 43.8 nmol/L, 68.9 nmol/L, 81.6 nmol/L and 42.2 nmol/L (the
conversion formula for non-chromatographic assays for conversion from ng/mL to nmol/L provided
by the DEQAS was: Total 25(OH) vitamin D ng/mL x 2.5). The figure shows the individual biases for
each DEQAS samples for all three analyzers. Sample (685) was enriched with 25(OH) vitamin D2.

3.5. Measurement Uncertainty and TE Estimation

Measurement uncertainty, bias and total error estimates for all three platforms are
presented in Table 5, using data derived from internal quality controls level 1 and level 2
(coefficients of variation), and calibrators uncertainty provided by the manufacturers. In-
ternal QC was performed on each analyzers using two levels of controls, level 1 represent-
ing low concentration vitamin D with range 16.8-26.2 ng/mL for Roche; 14-26 ng/mL for
Snibe Maglumi, and 9.37-17.4 ng/mL for DiaSorin, and level 2 corresponding to suffi-
ciency range with range of 32.8-49.2 ng/mL for Roche; 35-65 ng/mL for Snibe Maglumi,
and 35.2-57.2 ng/mL for DiaSorin. Expanded measurement uncertainty (U) ranged from
approximately 9-10% for Maglumi X6, 10-16% for Cobas 801, and up to 20% for Liaison
XL, reflecting differences in analytical imprecision and calibration uncertainty.

The lowest Total Error (TE) values were observed for Maglumi X6 (8.43-8.58%), fol-
lowed by Cobas 801 (9.75-11.69%). In contrast, Liaison XL exhibited substantially higher
TE values (19.28-22.65%), primarily driven by higher imprecision and bias.

The results for all instruments compared with the analytical performance specifica-
tions (APS), a set of quality requirements against which laboratories can assess the ana-
lytical performance of their assays, are shown in Table 5.
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Table 5. The performance specifications for all three instruments and the APS.

Instument Ccv TE BIAS MU
Cobas e801 Level 1 =4.90% Level 1 =11.69% Level 1 =3.60% Level 1=16.42%
Level 2=3.73% Level 2 =9.75% Level 2 =3.60% Level 2 =9.82%
Linison XL Level 1=9.12% Level 1 =22.65% Level 1=7.60% Level 1=20.13%
Level 2 =7.08% Level 2=19.28% Level 2 =7.60% Level 2=16.52%
Maglumi X6 Level 1=3.02% Level 1 =8.58% Level 1 =3.60% Level 1 =9.63%
Level 2 =2.93% Level 2 =8.43% Level 2 =3.60% Level 2 =9.95%

V.DSP <10% <15% <5%
Requirements

VDSP = Vitamin D standardization program; CV= coefficient of variation, TE = total error; MU =
measurement uncertainty. Level 1 corresponds to low concentration (deficiency) and Level 2 corre-

sponds to high concentration control materials (sufficiency).

4. Discussion

The present study demonstrates significant inter-method variability in the measure-
ment of 25-hydroxyvitamin D across three commonly used immunoassays. Although
strong correlations were observed between methods, correlation alone does not imply an-
alytical agreement or interchangeability. This distinction has been emphasized in previ-
ous studies, which showed that automated immunoassays for 25-hydroxyvitamin D may
exhibit high correlation while still presenting significant biases and wide limits of agree-
ment [17,18].

In our study, Bland-Altman analysis confirmed substantial differences between
methods, particularly for comparisons involving Cobas €801, where a positive bias was
consistently observed for CLIA-based methods Liaison XL and Maglumi X6. In a previous
study, we also observed a significant positive bias for a CMIA-based immunoassay (Alin-
ity ci) when compared with the ECLIA-based Cobas €601 [19]. These findings are in line
with earlier reports demonstrating that agreement between assays is often method-de-
pendent, with better concordance observed between platforms using similar analytical
principles and greater variability when different assay technologies are compared [17,20].

The observed analytical differences translated into clinically relevant discrepancies
in patient classification. A considerable proportion of samples were classified depending
on the assay used, particularly at the 20 ng/mL threshold for vitamin D sufficiency. The
ECLIA instrument (Cobas e801) systematically classified more samples as insufficient,
consistent with the negative bias identified in both Passing-Bablok and Bland-Altman
analyses. This resulted in high discordance in classification rates exceeding 17% when
compared to both Liaison XL and Maglumi X6. In contrast, agreement between the two
CLIA-based methods was substantially higher, with minimal reclassification and Cohen’s
kappa coefficient exceeding 0.9, indicating near-perfect agreement. At the lower clinical
decision threshold (12 ng/mL), agreement was excellent across all platforms, with negli-
gible reclassification, suggesting that inter-method variability has a limited impact at low
concentration levels but becomes clinically relevant near decision cut-offs. These findings
highlight that even moderate analytical bias can lead to significant clinical misclassifica-
tion, particularly in the borderline range, and underline the importance of method con-
sistency in patient monitoring and decision-making.

The inter-method variability observed for the Total 25(OH) vitamin D may be partly
explained by differences in assay design, including antibody specificity, cross-reactivity
with vitamin D metabolites, and the efficiency of 25-hydroxyvitamin D release from its
binding protein (VDBP). Lensmeyer et al. demonstrated that 3-epi-25-hydroxyvitamin Ds,
detectable in adult serum samples, evaluated by LC-MS/MS, overestimates total 25(OH)
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vitamin D by methods unable to chromatographically separate the epimers from vitamin
D [21]. In some immunoassays (ECLIA), the cross-reactivity of total 25(OH) vitamin D
with 3-epimers was high according to the manufacturers’ claim, but only for the exoge-
nous spiking samples. The study performed by Favresse et al. confirmed the cross-reac-
tivity for both ECLIA vitamin D generations, by using NIST Standard Reference Material
972a enriched with a high concentration of 3-epi-25(0OH) vitamin D3, while van den
Ouweland et al. reported minimal interferences for endogenous 3-epi- 25(OH) Vitamin
D3 [22,23].

In our study, we did not include direct quantification of 3-epi-25(OH)Ds or VDBP
concentrations in the analyzed samples, nor did we use the LC-MS/MS method for com-
parability; thus, the actual contribution of these factors to the inter-method discrepancies
observed in our cohort cannot be confirmed from our data and remains to be elucidated
in dedicated investigations.

Standardization of 25-hydroxyvitamin D measurement remains a major challenge in
laboratory medicine, despite ongoing efforts such as the Vitamin D Standardization Pro-
gram. The VDSP initiative has established performance goals aiming for bias <5% and
imprecision <10%, with the objective of improving comparability between methods and
alignment with reference LC-MS/MS procedures.

In the present study, bias estimation based on DEQAS samples demonstrated that,
although most platforms showed acceptable agreement with target values, variability per-
sisted between methods. Maglumi X6 and Cobas e801 exhibited similar (-3.6%) and rela-
tively low mean bias compared to CDC-assigned values, while Liaison XL showed an
even more pronounced negative bias (-7.6%). Although Cobas 801 and Maglumi X6 ex-
hibited comparable bias, a significant discordance in classification between the two sys-
tems was noted at the clinically relevant threshold of 20 ng/mL. These findings are con-
sistent with previous reports indicating that, despite traceability claims to reference ma-
terials, immunoassays may still differ in calibration and metabolite recognition [6,18]. The
discrepancies observed in this study, particularly those affecting clinical classification,
highlight that current standardization efforts have improved but have not eliminated in-
ter-method variability. Considering this, results obtained using different analytical plat-
forms should not be considered interchangeable, especially in clinical decision-making
contexts where fixed thresholds are applied.

Based on specifications derived from biological variation, measurement uncertainty
(MU) should be less than 13.6% to detect clinically relevant changes and under 9.6% to
achieve optimal performance [24]. In this study, only the Maglumi X6 met the threshold
for optimal specification, while Cobas €801 showed a concentration dependent variability
with MU close to optimal specifications but exceeding the acceptable specification at
higher concentrations. Liaison XL exceeded the acceptable limits regardless of concentra-
tion levels.

Measurement uncertainty creates the gray zone around the clinically relevant thresh-
old of 20 ng/mL, providing a plausible explanation for the observed reclassification of the
patient, depending on the assay used. Cavalier et al. proposed APS for 25 (OH) vitamin D
based on MU, proposing values <13.6% as acceptable and <9.6% as optimal [24]; in our
study the expanded uncertainty overlapped with the clinical decision threshold of 20
ng/mL yielding a gray zone where small analytical differences may shift patients between
different categories, and patients with concentrations near 20 ng/mL are more susceptible
to assay-dependent classification changes. This is in line with other reports showing that
the proportion of patients classified with vitamin D deficiency can vary depending on the
assay [25]. However, this impact on threshold values does not necessarily signify a poor
analytical performance of the instruments but rather reflects the limited clinical inter-
changeability between assays near the clinical decision values, especially linked to the
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immunoassay response on various vitamin D metabolites. In our study, these analytical
differences likely contributed to the systematic bias observed between platforms, particu-
larly the lower concentrations reported by Cobas €801 and the closer agreement between
the two CLIA-based methods.

Moreover, the DEQAS results highlighted known limitations of immunoassays in
detecting 25(OH) vitamin D2, with all methods showing significant deviation from LC-
MS/MS assigned values in D2-enriched samples. These findings are consistent with previ-
ous reports indicating that immunoassay performance may vary depending on metabolite
composition and calibration traceability, further contributing to inter-method variability.
However, the poor recovery observed in the 25(OH) vitamin Dz-enriched DEQAS samples
should be interpreted in the context of local clinical practice, since in Romania, as in many
countries, vitamin D supplementation is exclusively based on 25(OH) vitamin D3. There-
fore, the limitations seen in DEQAS 25(OH) vitamin D2-enriched samples are expected to
have low effect on routine classification in our population. Additionally, the DEQAS re-
port confirmed the presence of 3-epi-25(OH) vitamin Ds in evaluated samples, however
in low quantity and not specifically exogenous supplemented with this metabolite, with-
out major interferences identified across the three analyzers. So, in contrast to marked
variability observed in 25(OH) vitamin D-2 enriched samples, the endogenous 3-epi-
25(0OH) vitamin D did not appear to generate an assay-specific bias pattern. A recent study
performed by Shaw and collab. confirmed the manufacturer’s claim, that ECLIA method
is the most susceptible at the presence of the exogenous 3-epi-25(OH) vitamin Ds, com-
pared with other instruments [26]. The presence of physiological 3-epi-25(OH) vitamin Ds
is abundant in neonates and infants where it may account as a significant circulating vit-
amin D metabolite, while in adults its concentration is lower, although at detectable levels
[27]. All these observations suggest that assay-dependent metabolites may contribute to
the variability between methods, influencing the patient classification around the clinical
decision thresholds.

Thus, the recognition of method limitations, the differences in calibrator traceability,
and metabolite interferences may help in avoiding the misinterpretation near clinical
threshold, avoiding systematic shift between assays when multiple methods are used
within the same laboratory. At the clinical threshold of severe insufficiency of 12 ng/mL,
we found an almost perfect agreement between the studied methods, with minimal assay-
dependent reclassification of the patients. Our findings further underline that acceptable
analytical comparability between automated immunoassays does not necessarily ensure
clinical interchangeability, probably due to differences in metabolite recognition by the an-
tibody of the reagents and assay cross-reactivity, affecting the results and leading to clini-
cally relevant patient reclassification, especially those near clinically relevant thresholds.

In routine clinical laboratory practice, the choice of 25-hydroxyvitamin D assay is
frequently dictated by the analytical platforms already in operation. When more than one
automated immunoassay platform is concurrently used across different workflows, the
results could mislead the diagnostic workflow of the clinician. We have selected these
three platforms for comparison because they represent the analytical methods employed
in our laboratory for total 25(OH) vitamin D measurement, and because they illustrate
three mechanistically distinct immunoassay designs, competitive binding with VDBP-
based capture, competitive binding with antibody-based capture, and sandwich-type de-
tection, all of which are currently in widespread clinical use. Our results are in line with
those reported by Trimboli et al. who underlined that even widely used immunoassay
platforms do not generate interchangeable results, leading to misclassification of the pa-
tients [25].

The present study has several limitations. First, no reference method such as LC-
MS/MS was included in the comparability analysis, limiting the evaluation to inter-

https://doi.org/10.3390/nu18142267



Nutrients 2026, 18, 2267

14 of 16

method agreement rather than analytical accuracy. Second, the study was conducted in a
single center with a relatively limited sample size, and no stratified analysis by age or
biological factors was performed. Third, Bias estimation relied on a limited number of
DEQAS samples, which may not fully reflect native patient samples. Finally, potential
preanalytical and biological factors, such as vitamin D binding protein, were not assessed.

5. Conclusions

The evaluated immunoassays showed generally good overall correlation, however
notable inter-method variability was detected, especially near the clinically significant de-
cision threshold of 20 ng/mL. This variability created a ‘gray zone” where differences be-
tween assays led to meaningful discrepancies in patient classification, pointing out that
analytical methods for total 25-hydroxyvitamin D are not fully interchangeable. The find-
ings underscore the importance of method consistency in clinical practice and support
ongoing efforts toward improved standardization of vitamin D measurement.
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Abbreviations

The following abbreviations are used in this manuscript:

CLIA Chemiluminescent assays

ECLIA Electro chemiluminescent assay

VDSP Vitamin D Standardization Program

(ID LC-MS/MS) Isotope Dilution Liquid Chromatography-Tandem Mass Spectrometry
SRM Standard Reference Material

CRMs Certified Reference Materials

25(0OH) vitamin D  Total 25-hydroxyvitamin D

SST Serum separator tubes

RPM Rotation/minutes

VDBP Vitamin D binding protein

CLSI Clinical and Laboratory Standards Institute
AMR Analytical measurement range

LoD Limit of detection

LoQ Limit of quantitation

IFU Instructions for use

Ccv Coefficient of variation

DEQAS Vitamin D External Quality Assessment Scheme
CDC Center for Disease Control

ALTM All Laboratory Trimmed Mean

https://doi.org/10.3390/nu18142267



Nutrients 2026, 18, 2267 15 of 16

QC Quality control

TE Total error

MU Measurement uncertainty

APS Analytical performance specifications
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