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Abstract 

The Vitamin D External Quality Assessment Scheme (DEQAS) distributes human serum samples four 

times per year to over 1000 participants worldwide for the determination of total serum 25-

hydroxyvitamin D [25(OH)D)]. These samples are stored at −40 °C prior to distribution and the 

participants are instructed to store the samples frozen at −20 °C or lower after receipt; however, the 

samples are shipped to participants at ambient conditions (i.e., no temperature control). To address 

the question of whether shipment at ambient conditions is sufficient for reliable performance of 

various 25(OH)D assays, the equivalence of DEQAS human serum samples shipped under frozen and 

ambient conditions was assessed. As part of a Vitamin D Standardization Program (VDSP) 

commutability study, two sets of the same nine DEQAS samples were shipped to participants at 

ambient temperature and frozen on dry ice. Twenty-eight laboratories participated in this study and 

provided 34 sets of results for the measurement of 25(OH)D using 20 ligand binding assays and 14 

liquid chromatography–tandem mass spectrometry (LC–MS/MS) methods. Equivalence of the assay 

response for the frozen versus ambient DEQAS samples for each assay was evaluated using multi-level 

modeling, paired t-tests including a false discovery rate (FDR) approach, and ordinary least squares 

linear regression analysis of frozen versus ambient results. Using the paired t-test and confirmed by 

FDR testing, differences in the results for the ambient and frozen samples were found to be statistically 

significant at p < 0.05 for four assays (DiaSorin, DIAsource, Siemens, and SNIBE prototype). For all 14 

LC–MS/MS assays, the differences in the results for the ambient- and frozen-shipped samples were 

not found to be significant at p < 0.05 indicating that these analytes were stable during shipment at 

ambient conditions. Even though assay results have been shown to vary considerably among different 

25(OH)D assays in other studies, the results of this study also indicate that sample handling/transport 

conditions may influence 25(OH)D assay response for several assays. 

Introduction 

The Vitamin D External Quality Assessment Scheme (DEQAS) has operated since 1989 [1] with the goal 

of ensuring the quality of analytical measurements for the determination of total serum 25-

hydroxyvitamin D [25(OH) D], the primary marker for vitamin D status, which is defined as the sum of 

25-hydroxyvitamin D2 [25(OH)D2] and 25-hydroxyvitamin D3 [25(OH)D3]. DEQAS distributes four sets 

of five human serum samples annually to over 1000 participating laboratories worldwide [1]. 
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Participants report results based on a single analysis of each sample. Initially, individual participant 

results in DEQAS were compared to laboratory consensus results using an All-Laboratory Trimmed 

Mean (ALTM). Since 2013, however, DEQAS has been an accuracy-based program with participant 

results compared to target values established using reference measurement procedures (RMPs) at the 

U.S. National Institute of Standards and Technology (NIST) [2, 3], and since 2018 at the U.S. Centers for 

Disease Control and Prevention (CDC) [4]. DEQAS samples are stored at − 40 °C and are distributed 

worldwide at ambient temperatures with participants instructed to store the samples frozen at − 20 

°C or lower after receiving them [1]. 

Since 2012, the U.S. College of American Pathologists (CAP) has coordinated an accuracy-based vitamin 

D (ABVD) program for the determination of 25(OH)D, and all test samples are distributed within the 

USA frozen on dry ice and internationally on cold packs [5–7]. The question has been raised whether 

the shipment of serum samples at ambient temperature is sufficient for reliable measurements for 

25(OH)D assays. The Vitamin D Standardization Program (VDSP) [8], which was established in 2010 by 

the Office of Dietary Supplements at the National Institutes of Health (NIH-ODS) to assist in the 

standardization of 25(OH)D measurements worldwide, conducted a multi-laboratory study in 2016, in 

conjunction with the NIST [9], to assess the commutability of Standard Reference Materials (SRMs) 

and proficiency testing (PT)/external quality assessment (EQA) samples from CAP and DEQAS [10]. As 

part of this 2016 VDSP commutability study [10], two sets of the same nine DEQAS samples were 

shipped to participants, one set at ambient temperature and one set frozen on dry ice to address the 

question of the potential influence of shipping conditions on assay performance. Twenty-eight 

laboratories participating in this study provided results for the analysis of these DEQAS samples for the 

determination of 25(OH)D using 20 ligand binding assays and 14 LC–MS/MS methods. The results of 

this study to assess and compare the performance of 25(OH)D assays on samples distributed at 

ambient or frozen temperatures are reported in this paper. The complete results from the 

commutability study [10] and from a comprehensive interlaboratory assessment of assay 

performance, including variability, bias, and the impact of metabolite content, are reported elsewhere 

[11–13]. 

Materials and methods 

MEASURANDS 

The measurand for this study was serum total 25(OH)D (in nmol/L), which is defined as the sum of the 

concentrations of 25(OH)D2 and 25(OH)D3, without the inclusion of the concentration of 3-epi-

25(OH)D3. 

COMMUTABILITY STUDY 2—COORDINATION AND RESPONSIBILITIES 

The study of ambient versus frozen sample distribution was part of a larger VDSP study to assess 

commutability of SRMs and PT/EQA samples [10], which was co-designed and coordinated by the NIST 

and NIH-ODS through the VDSP. The NIST was responsible for analysis of the nine DEQAS samples to 
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assign target values for 25(OH)D2 and 25(OH)D3 as part of the commutability study. NIH-ODS and VDSP 

LLC were responsible for conducting the data analyses. 

SRM/PT/EQA TEST SAMPLES EVALUATED 

The DEQAS samples were from serum pools previously distributed as part of DEQAS quarterly 

exercises. DEQAS samples 1 through 9 were the following samples from DEQAS exercises conducted in 

April 2015 and July 2015: (1) 472, (2) 473, (3) 474, (4), 475 (5) 479, (6), 476, (7) 478, (8) 477, (9) 480 as 

described previously [10]. The DEQAS samples were assigned target values for serum total 25(OH)D 

using the NIST RMPs [3, 14] as described below. 

STUDY DESIGN 

Each participant received 18 DEQAS samples (each containing 0.6 mL of serum). Nine DEQAS samples 

were shipped from the NIST in the USA to the participants by courier frozen on dry ice and nine samples 

were shipped separately from DEQAS in the UK by post at ambient temperature. Therefore, 

participants were not blinded to the identity of these samples within the complete set of SRM/PT/EQA 

samples. Participants were instructed to immediately upon receipt store all 18 DEQAS samples at − 60 

°C or lower until the time of analysis. Therefore, all samples were stored at frozen temperatures prior 

to distribution and by the receiving laboratories except for the shipment phase when one set denoted 

as “ambient” was at ambient conditions for 1 to 2 weeks during shipment. The frozen samples were 

distributed from the NIST to the laboratories in the USA on September 21, 2016, and to laboratories 

outside the USA on September 26, 2016. The DEQAS samples shipped at ambient temperature were 

sent from Imperial College Healthcare in the UK to laboratories on September 19, 2016. The 

laboratories analyzed the samples in October and November 2016 with the exception of two 

laboratories that analyzed the samples in January 2017 and one laboratory that reported results in 

April 2017. 

Participants were to analyze the DEQAS samples in duplicate on 1 day as part of the protocol for VDSP 

Commutability Study 2 [10]. Briefly, duplicate measurements (i.e., sample preparations) were to be 

made from a single vial. Participants were requested to intersperse the 18 DEQAS samples among the 

50 single-donor samples with the other SRMs and CAP ABVD samples in a prescribed assay run order. 

Participants were requested to use their routine laboratory procedures with normal internal quality 

control procedures and to provide results for serum total 25(OH)D in nmol/L with three significant 

figures in a reporting template provided by the NIST. 

PARTICIPANTS AND ASSAYS USED IN THIS STUDY 

A total of 28 laboratories using 34 assays including 20 immunoassay-based assays (12 unique assays) 

and 14 LC–MS/MS assays provided results for the study. The NIST also provided results based on ID 

LC–MS/MS RMPs [3]. The laboratories, assay manufacturers, and assay name/model reported in this 

study are listed in Table 1. Several laboratories used the same assay which provided two or more data 

sets including the following: Abbott (4), bioMérieux (2), DiaSorin (2), Immunodiagnostic Systems IDS-

iSYS (2), Roche (2), Siemens (2), and SNIBE (2), where the number in parentheses is the number of 
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participants using the assay. To avoid repetition of the assay name/model, the assay will be referred 

to by the manufacturer’s name. 

DATA ANALYSIS 

An ANOVA approach was used to test whether there were statistically significant differences between 

the LC–MS/MS assays and the ligand binding assays for the two sets of samples shipped either frozen 

or at ambient conditions. Three-level multi-level modeling results [15, 16] with random intercepts 

were used to assess differences in the frozen versus ambient samples for results from all 34 

laboratories (608 observations) using the following levels: shipping conditions (ambient vs. frozen) (2), 

sample number (1 through 9), and individual laboratories (34). A multi-level modeling approach 

accounted for the within-laboratory and within-sample correlations. We tested whether or not mean 

level differences between shipping conditions, i.e., frozen versus ambient, were dependent on the 

type of assay used, i.e., immunoassay versus LC–MS/MS, by adding an interaction term (shipping 

conditions × assay type) to the multi-level regression model. Because of concern for effects from 

multiple comparisons, the false discovery rate (FDR) approach, developed by Benjamini and Hochberg 

[17], was used to control the proportion of false-positive (statistically significant) results [15, 16]. 

Additional assessments were used to complement these results including comparison of analyte 

concentrations from RMPs and linear regression analysis of frozen versus ambient results. All 

calculations were performed using Stata 16 (StataCorp, LLC, College Station TX, USA) and were 

confirmed using Analyze-It (Analyze-It Software, Leeds, UK), a statistical analysis add-in for Microsoft 

Excel. 

Results and discussion 

NIST ASSIGNMENT OF TARGET VALUES AND LABORATORY RESULTS 

The DEQAS samples were assigned target values for 25(OH)D2 and 25(OH)D3 using RMPs [3] as reported 

in Camara et al. [10], and a summary of results is provided in Table 2. Results for the determination of 

3-epi-25(OH)D3 and 24R,25(OH)2D3 in these DEQAS samples are reported in Camara et al. [10]. The 

distribution of 25(OH)D2 and 25(OH)D3 in the DEQAS samples is shown graphically, arranged as 

increasing concentration of 25(OH)D, in Fig. S1 in Supplementary Materials. The results for the DEQAS 

samples for each of the 34 participating laboratories are summarized in Tables S1 through S5 for the 

ligand binding assays and in Tables S6 through S9 for the LC–MS/MS assays including the NIST RMPs. 

ASSESSMENT OF EQUIVALENCE OF DEQAS SAMPLES SHIPPED FROZEN VERSUS 

AMBIENT TEMPERATURE 

The three-level multi-level modeling indicated that there was a statistically significant relationship 

between assay type and shipping condition, i.e., the difference between the ambient and frozen 

samples was significant for the ligand binding assays (difference = 1.29 nmol/L) but was not significant 

for the LC–MS/MS assays (difference = 0.06 nmol/L). As shown in Table 3, the means for all 20 ligand 



Published in : Analytical and Bioanalytical Chemistry (2022), vol. 414, n°2, pp. 1015–1028 
DOI: 10.1007/s00216-021-03742-5 
Status : Postprint (Author’s version)  

 

 

 

binding assays were 74.19 nmol/L (frozen) and 72.34 nmol/L (ambient), and the means of the 14 LC–

MS/MS assays were 70.80 nmol/L (frozen) and 70.74 nmol/L (ambient). 
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The equivalence of the results from each laboratory (assay) was then assessed using a paired t-test at 

p < 0.05 and the results are summarized in Table 3. For 8 of the 20 ligand binding assays evaluated, the 

differences between the results for the ambient and frozen samples were determined to be significant 

at p < 0.05. These eight laboratory results represented five distinct assays, i.e., DiaSorin (Labs 9 and 

24), DIAsource (Lab 2), Roche (Lab 19), Siemens (Labs 30 and 40), and SNIBE (Labs 5 and 31). For the 

DiaSorin, Siemens, and SNIBE prototype assays, two sets of results from different laboratories were 

available for each assay, and the differences between the ambient and frozen samples were found to 

be significant for both assay results. However, for the Roche assay reported by two laboratories, only 

one set of results was determined to have significant differences. At the p < 0.10 level, differences 

were found to be significant for two additional ligand binding assays (IDS-EIA and IDS-iSYS). Therefore, 

7 of the 11 unique ligand binding assays evaluated in this study demonstrated statistically significant 

differences in response at the p < 0.10 level for the ambient and frozen samples. As shown in Table 3, 

for the seven ligand binding assays with differences in response for frozen versus ambient samples 
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(and all ligand binding assays with differences in means > 1.0 nmol/L), the difference is positive (i.e., 

frozen mean concentration is greater than ambient mean concentration) except for the Siemens assay 

and the results for IDS-iSYS-1 (Lab 39). For the IDS-iSYS assay, two different kits were used in the study 

(denoted as IDS-iSYS-1 and IDS-iSYS-2) and results for the two kits differed significantly in the broader 

interlaboratory evaluation of bias [12]. At p < 0.05, there were no statistically significant differences 

between the ambient and frozen samples for all LC–MS/MS assays; at p < 0.10, the difference for one 

LC–MS/MS assay (Lab 33) was found to be statistically significant. 

 

The results of the FDR testing are summarized in Table 4 and indicated that five ligand binding assays 

provide significant differences between the frozen and ambient DEQAS samples including SNIBE 

prototype (Labs 31 and 5), DiaSorin (Lab 9), Siemens (Lab 30), and DIAsource (Lab 2). These results 

confirm the statistically significant difference in response for the ambient- versus frozen-shipped 

samples for these four assays. 

As shown in Table 2, the differences in concentrations of 25(OH)D2, 25(OH)D3, and total serum 25(OH)D 

determined using the LC–MS/MS RMPs in the frozen versus ambient samples were small with absolute 

differences ranging from 0.7 to 2.2% (mean 1.3%) compared with the %CVs for four replicate analyses 

ranging from 0.3 to 2.8% (mean 1.1%). A plot of the mean of the frozen samples versus the mean of 

ambient samples is shown in Fig. 1 for the ligand binding assays and the LC–MS/MS assays. For the LC–

MS/MS assays, the slope is 0.988 whereas the slope for the ligand binding assays is only 0.606 with 

considerable spread on the results (R2 = 0.626) compared to the LC–MS/MS (R2 = 0.983). Plots of the 

results for the ambient versus the frozen samples are shown in Fig. 2 using the NIST LC–MS/MS RMPs 

for 25(OH)D3, 25(OH)D2, and 24,25(OH)2D3 and a similar NIST ID LC–MS/MS method for 3-epi-25(OH) 

D3. Using a paired t-test, there were no significant differences for these four vitamin D metabolites in 

the DEQAS sample pairs (see Table S10). Percent differences between the means for the frozen and 

ambient samples were 0.34% 0.58%, 0.90%, and 1.5% for 25(OH)D3, 25(OH)D2, 3-epi-25(OH)D3, and 

24,25(OH)2D3, respectively. Comparison of the NIST LC–MS/MS results for the measured 
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concentrations of four vitamin D metabolites in the frozen versus the ambient samples (Fig. 2) indicates 

that the metabolite concentrations are equivalent demonstrating stability during shipment at ambient 

conditions. 

The response of individual assays was evaluated in a similar manner using plots of the mean results 

(two replicates) for the frozen sample versus the ambient sample for the nine DEQAS samples as shown 

in Figs. 3 and 4 for selected LC–MS/MS assays and ligand binding assays, respectively. Similar plots for 

the remaining assays are provided in the Supplementary Material as Figs. S2 through S8. The results of 

the linear regression analysis (slope, intercept, R2, and 95% prediction intervals) are provided in Tables 

S11 S12 in the Supplementary Material for the ligand binding assays and the LC–MS/MS assays, 

respectively. The plots for results from four LC–MS/MS assays are shown in Fig. 3. The results from the 

NIST RMP for 25(OH)D are shown in Fig. S8C and represent assays with a slope near unity and zero 

intercept, and similar results were obtained for Labs 6, 7, 12, 16, 17, 22, 25–1, and 25–2 (see Table S7 

and Figs. S6 to S8 in Supplementary Material). The plots in Fig. 3B and C represent LC–MS/MS assays 

that have only slight deviations from the equivalence (identity) line (e.g., Labs 11, 33, 36, 37, and 38). 

The plot for Lab 28 (Fig. 3B) illustrates a greater deviation from the equivalence line with a slope near 

unity but with a constant positive offset from the equivalence line. 
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For the ligand binding assays, the plots of the results for the frozen versus ambient samples (Fig. 4) 

showed more instances of deviations from a slope of unity and zero intercept. The Abbott assay (Fig. 

4A) is representative of an assay with equivalent response for both the frozen and ambient samples 

(i.e., slope of unity and intercept near zero). All four laboratories using the Abbott assay reported 

similar results (see Fig. 4A and Figs. S2A, S2B, and S2C). Two other assays demonstrated similar 

behavior to the Abbott assay, i.e., bioMérieux (Figs. S2D and S3A) and Beckman Coulter (Fig. S4B). The 

plots for DIAsource (Fig. 4B), SNIBE (Fig. 4C), and Siemens (Fig. 4D) showed the greatest deviation from 

the equivalence line among the assays evaluated. The remaining two plots in Fig. 4 are for the DiaSorin 

(E) and Roche (F) assays which represent a group of assays with moderate deviations from the 

equivalence line including Bio-Rad (Fig. S3B), IDS-iSYS (Fig. S4C and S4D), and IDS-EIA (Figs. S4A). The 

assays that show deviations in the linear regression assessment are the same assays in which 

differences in the ambient and frozen sample measurements were found to be significant using the 

paired t-test, with the exception of Bio-Rad. 

Conclusions and recommendations 

Based on the LC–MS/MS results, including the NIST RMPs, the concentrations of the 25(OH)D2 and 

25(OH)D3, and therefore serum total 25(OH)D, were shown to be equivalent in the ambient versus 

frozen samples, and thus, the analytes appear to be stable during shipment at ambient conditions. 

However, the response of 5 of the 11 distinct ligand binding assays for serum total 25(OH)D evaluated 

(DiaSorin, DIAsource, Roche, Siemens, and SNIBE prototype) is statistically different for the ambient- 

and frozen-shipped samples indicating that some non-specific property(ies) of the serum matrix may 

have changed under ambient conditions resulting in different responses. It should be noted that the 

DEQAS samples used in this study were not freshly prepared (i.e., 14 to 18 months since used in DEQAS 

studies) and fresh DEQAS samples may not exhibit these differences. Based on this study, the VDSP 

recommends that additional research should be conducted to investigate these observed assay 

differences in ambient versus frozen distributed samples, including research by the 25(OH)D assay 

manufacturers whose assays were impacted by the shipping conditions, to confirm and to understand 

this assay behavior and to evaluate its impact on vitamin D research, on public health surveillance 

through national nutrition surveys, and on clinical medicine. 
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