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Abstract

The vitamin D status is increasingly assessed/monitored in different populations, research cohorts 

and individual patients. This is done by measuring the liver metabolites 25-hydroxyvitamin D3 

and D2 as biomarkers. Recommendations for using specific serum concentrations of these 

biomarkers to assess a person’s vitamin D status were done. This requires current vitamin D 

assays to be sufficiently accurate over time, location and laboratory procedures. In view of the fact 

that several studies demonstrated that current 25(OH)D measurement methods do not meet this 

prerequisite, standardization is needed. This paper rehearses the basic concept of standardization, 

in particular applied to measurements of 25-hydroxyvitamin D. Progress has been made by 

establishing a reference measurement system consisting of reference methods and reference 

materials. Coordinated efforts to improve the accuracy and standardize measurements are being 

performed by organizations such as the U.S. NIH, the CDC and Prevention, the NIST together 

with their national and international partners. Beyond describing the available reference 

measurement system and its use as calibration hierarchy to establish traceability of measurements 

with routine laboratory methods to the SI-unit, this report will also focus on other aspects 

considered essential for a successful and sustainable standardization, such as analytical issues 

related to the definition of the measurand and analytical performance goals.
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Introduction

As a result of the emerging consensus on the implication of severe vitamin D deficiency on 

people’s health, there is an increasing need to assess and monitor the vitamin D status in 

different populations, research cohorts and individual patients [1–4]. The circulating 

metabolites 25-hydroxyvitamin D3 and D2 (25(OH)D3 and 25(OH)D2) are currently used 

as biomarkers. Numerous different immunological, mass spectrometry-based and 

spectrophotometric methods are currently being used to measure these compounds in serum 

[5].

The development of evidence-based guidelines for diagnosis and management of diseases 

related to impaired vitamin D status requires aggregation and interpretation of data 

generated in different research and epidemiological studies using different analytical 

methods. In addition, the implementation of such guidelines in everyday patient care 

requires measurements performed on individual patients being comparable to those used to 

develop the clinical guidelines (see Figure 1). It needs to be pointed out that considerable 

time can pass between the generation of research data, the development of guidelines and 

the use of these guidelines in patient care. Therefore, it is highly important that 

measurements are comparable over time, location and laboratory procedures.

Several studies found considerable variability in results of 25(OH)D measurements between 

analytical methods be it those based on (radio)immunochemistry, high performance liquid 

chromatography with ultraviolet detection (HPLC-UV) or isotope dilution-liquid 

chromatography/tandem mass spectrometry (ID-LC/tandem MS) [5,7–10]. The sometimes 

huge between-method discrepancy is known for many years from data obtained in dedicated 

international proficiency surveys, such as the Vitamin D External Quality Assessment 

Scheme (DEQAS) [11, 12]. In 2010, a National Institute of Health (NIH) roundtable with 

different federal organizations and researchers also pointed out considerable fluctuations of 

assays over time [13]. It was found that the variability between laboratories as well as within 

assays can lead to misdiagnosis of patients [14] and misinterpretation of population data for 

public health policy making [13–16]. This problem was highlighted in a recent report from 

the Institute of Medicine on dietary reference intakes for calcium and vitamin D, in which 

specific serum vitamin D concentrations were suggested to evaluate a person’s vitamin D 

status and at the same time it was stated that “a single individual might be deemed deficient 

or sufficient, depending on the laboratory where the blood is tested” [17]. To overcome these 

problems, the need for standardization of 25(OH)D measurements was stated by many 

organizations and scientists.

In 2011, the Office of Dietary Supplements (ODS) of the NIH held a meeting on 

“international standardization of 25-hydroxyvitamin D concentration measurements in 

national health surveys” to discuss possible approaches to standardize these measurements 

in national health surveys. One outcome of this meeting was the Vitamin D Standardization 

Program (VDSP), which is conducted as a collaboration between NIH/ODS, the Centers for 

Disease Control and Prevention (CDC) and the National Institute of Standards and 

Technology (NIST) [18].
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The present paper will “rehearse” the basic concept of standardization, in particular applied 

to 25(OH)D concentration measurements. Beyond the technical aspects of standardization, it 

will also deal with critical points that are essential for full success and sustainability.

The process for standardizing measurements of 25(OH)D concentration

The core component of standardization is the “establishment of metrological traceability”. 

According to the International Vocabulary of Basic and General Terms in Metrology, 

traceability is defined as “property of a measurement result whereby the result can be related 
to a reference through a documented unbroken chain of calibrations, each contributing to the 
measurement uncertainty” [19].

In practice, the standardization process can be structured into 3 basic steps (see Figure 2). In 

the first step a so called reference basis or reference measurement system is established. 

Also the measurand and units for expression of measurement results are defined and the 

different hierarchical levels of materials and measurement procedures used for calibration 

are created. In the second step, assays are calibrated using the established calibration 

hierarchy. In this top down process a material is used for calibration of the measurement 

procedure at the same level; the latter is then used to assign a value to the material at the 

level below. This calibration process is described in greater detail in a comprehensive review 

[20]. As a result measurements of hierarchically lower order become traceable to the unit at 

the top and its realization in the primary calibrator within stated uncertainty constraints. In 

Table I, an overview of the elements of a Système International d’Unités (SI)-reference 

measurement system is presented. Note that traceability to the SI-unit is intended to be 

equivalent to accuracy (trueness and precision). However, establishing traceability does not 

ensure that the measurement uncertainty is adequate for a given clinical purpose or that there 

is absence of errors. This aspect will be dealt with in greater detail below.

While the top portion of the traceability chain is commonly established by dedicated groups 

and organizations, the bottom portion commonly is performed by the assay manufacturer 

and the laboratory measuring patient samples. Because the ultimate goal in clinical 

laboratory standardization is the trueness, precision and applicability of patient results, it is 

important to validate traceability and applicability of the measurement result at the end-user 

level. This is accomplished in the third step in the standardization process. Here the 

reference measuring system consisting of reference methods and materials is used to assess 

the trueness and applicability of the measurements performed on patient samples across 

measurement procedures.

It needs to be pointed out that reagents, calibrators and analytical methods change over time 

and with it, measurement accuracy and other important parameters can change. Therefore, it 

is important to perform the standardization process continuously to assure accurate and 

reliable measurements over time.

For clinical measurements of 25(OH)D in serum or plasma a reference measuring system 

has been put in place recently. It is represented in Figure 3. It defines the measurand as 

“amount of substance concentration of total 25(OH)D (“total” because of 2 components: 
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25(OH)D2 and 25(OH)D3), in serum/plasma”. Because of this specific definition of the 

measurand, SI-units apply for expression of measurement results, i.e., “nmol/L”. For 

realization of the SI-units, certified 25(OH)D2 and 25(OH)D3 primary calibration solutions 

are available, i.e., the Standard Reference Materials (SRMs) 2972 (ethanolic 25(OH)D2 and 

25(OH)D3 solutions) from NIST [21]. These are used for direct calibration of ID-LC/

tandem MS reference measurement procedures (RMPs), as available today from NIST and 

the University of Ghent [22,23]. The SRMs and RMPs have been approved to be conform 

with International Organization for Standardization (ISO) and are listed in the database of 

the Joint Committee for Traceability in Laboratory Medicine [24].

NIST developed matrix-based reference materials (SRM 972, 4 concentrations, level 1 

through 4), intended for traceability establishment or trueness assessment of lower order 

measurement procedures [25]. Some levels of SRM 927 were found to be non-commutable 

and thus not useful with immunoassays [26]. However, a new SRM 972a is under 

development and is currently being assessed for commutability. In addition, panels of single-

donation sera, as described in Figure 3 can be used at the level of the working calibrator for 

combination with the master procedure. The use of a panel of native sera has several 

advantages: (i) it circumvents non-commutability problems typically encountered with 

materials that are processed or artificial to some extent (e.g., due to supplementation, 

because of non-human origin of the matrix material, etc.); (ii) it also allows assessing the 

intrinsic quality of a method (see below) in the validation process and finally using single-

donor panels that are as similar as possible to regular patient samples providing valuable 

information about the usefulness of results of measurements with a particular method.

When implementing the described process, the following items require special 

consideration.

Definition of the measurand and related analytical items

As described above, the component in the measurand is “total 25(OH)D”, comprising 

25(OH)D2 and 25(OH)D3. Consequently, 25(OH)D measurement comprises two analytes, 

which has the following implications: the measurement procedures must either distinguish 

between the 2 components and quantitate them separately or measure their concentration 

together in a quantitative (“equimolar”) manner. Procedures applying chromatographic 

separation and/or MS detection (LC/tandem MS) have the potential to meet both 

requirements. For procedures based on the immunochemistry principles, equimolar 

measurement requires that the quantitation is done in a manner that accurately reflects the 

concentration of both 25(OH)D2 and 25(OH)D3. Some immunoassays may use antibodies 

with different affinities to 25(OH)D2 and 25(OH)D3 and therefore may not measure 

25(OH)D in an equimolar manner.

Accurate measurement of 25(OH)D2 and 25(OH)D3 concentrations implies that all 

measurement procedures have sufficient specificity in terms of chromatographic separation 

and detection, or antibody specificity. This means that measurements are not affected by 

potentially interfering compounds, e.g., the 3-epi form of 25(OH)D. Measurement 

procedures need to be able to distinguish between the 3-epi form and the measurand, 
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because the current definition of the measurand does not include the 3-epi forms of 

25(OH)D.

The C-3 epimerization of the A-ring of 25(OH) D3 is indeed a common pathway for all 

major metabolites of vitamin D3 [27]. In 2006, Singh et al. demonstrated for the first time 

that 3-epi-25(OH)D3 was present in significant concentrations in serum from infants [28]. 

Recently, it has also been shown that in some adults 3-epi-25(OH) D3 is present in 

considerable amounts [29–32]. This observation initiated further investigations about the 

possible biological role of the 3-epi metabolites of vitamin D. Pending the outcome of these 

investigations, measurement of 3-epi metabolite concentrations might become relevant in 

patient care and public health. Recommendations regarding the measurement of 

concentration of the 3-epi form were made by other organizations [33].

Currently, some immunoassays claim that they do not capture the 3-epi form with their 

antibody [28], likewise, some routine LC/tandem MS methods perform the chromatographic 

separation that allows the separation of the 3-epi form from the analytes [31,34]. However, 

the 3-epi form is yet not commonly discriminated in all routine measurement procedures. 

Assessment of cross reactivity and interfering compounds can efficiently be performed 

through comparison studies with a RMP, which, per definition, is capable to measure the 

25(OH)D2 and 25(OH)D3 separately with sufficient specificity.

The second implication is that measurement results expressed in “nmol/L” is the most 

advantageous unit for expression of measurement results. Because of differences in 

molecular weight, correct conversions of molar concentrations to weight will require 

separate conversion calculations for 25(OH)D2 and 25(OH)D3. While this can be achieved 

with methods that quantitate 25(OH)D2 and 25(OH)D3 separately (i.e., LC/tandem MS), 

such conversions cannot be made correctly with methods that cannot distinguish between 

both analytes (i.e., immunoassays). A simple calculation clarifies that nmol/L and ng/mL 

cannot be interchanged: 10 ng/ml 25(OH)D2 = 24.2 nmol/L, 10 ng/mL 25(OH) D3 = 25.0 

nmol/L, thus 20 ng/mL total 25(OH)D can either be 48.4 nmol/L, or 50 nmol/L or 49.2 

nmol/L dependent on whether it represents the concentration of 25(OH)D2, 25(OH)D3 or a 

mixture of both. For the purpose of standardizing measurements of 25(OH)D, it is planned 

to use “nmol/L” as units.

Finally, 25(OH)D2 can occur in the general population at concentrations that can be below 

or near the limit of quantitation for some measurement procedures. Therefore, differences in 

the ability to quantitate small concentrations of 25(OH)D2 can lead to measurement bias. 

Recommendations about specific limits of quantitation that are required for appropriate 

patient care and public health activities have not been formulated.

Use of the 25(OH)D reference measuring system for establishing traceability or validation 
of hierarchical lower methods

Through the use of a reference measuring system, hierarchically lower methods become 

traceable to the SI-unit and its realization in the primary calibrator. Assuring accurate 

measurements of patient samples requires careful calibration and choice of calibration 

materials.
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A primary calibrator with defined amounts of 25(OH)D2 and 25(OH)D3 dissolved in 

ethanol is available from NIST (SRM 2972) [21]. While this material can be used by 

chromatographic methods as calibrators, it is known that the antigen-antibody reaction 

prevents direct calibration of immunological methods with this calibration solution. 

Therefore, serum-based materials are needed to calibrate immunological methods. The use 

of a panel of sera assigned with values by a RMP as working calibrator in combination with 

their master procedure is already used by the in-vitro diagnostic industry. In this way, 

immunoassays become indirectly traceable to the SRM 2972 and compliant with Conformité 

Européenne-marketing requirements [35].

Laboratory developed methods, such as HPLC-UV and in particular ID-LC/tandem MS can 

directly be calibrated with the SRM 2972, be it through direct use or after addition to a 

matrix-based solution (stripped serum, albumin- or buffer solution). By doing so, these 

methods establish metrological traceability as described in ISO 17511 [36]. However, as 

data from, for example, DEQAS and College of American Pathologists (CAP) show, 

measurement results between these measurement procedures are still highly variable 

[11,12,37]. This observed variability can have multiple sources e.g., some methods only use 

a very basic sample preparation, do very fast chromatographic separations with the risk for 

matrix effects and interference; others are not properly evaluated for ion suppression, 

interference from analogs or metabolites, or calibration stability. To control and minimize 

these sources of variability and assure accurate patient results, it is highly advantageous to 

use serum-based materials with values assigned by RMPs to calibrate HPLC-UV and ID-

LC/tandem MS measurement procedures or verify calibration.

Calibration and trueness control using serum-based materials can be achieved using pooled 

serum-based materials and panels of single donor sera with values assigned by a RMP. 

When using pooled and otherwise modified materials, the commutability of the material has 

to be assessed first for the intended measurement procedure. Further, since pooled materials 

frequently are available at only few concentrations, dilutions of these materials are needed to 

appropriately establish calibration curves. Thus, commutability of dilutions of these serum 

materials needs to be assessed as well. Commutable reference materials from pooled sera are 

effective tools to calibrate measurement procedures or to assess trueness of measurements. 

However, frequently materials may not be commutable or commutability is unknown.

Alternatively, a set of single donor sera can directly be used for calibration and calibration 

verification without the need to assess commutability. Further, individual sera help identify 

and rectify effects related to specimen matrix that may not be detectable in pooled materials 

and thus assures that individual patient samples are accurate. E.g., a recent study found that 

concentrations of vitamin D binding protein could affect measurement results [9]. Such 

influence factors could be more effectively accounted for by using individual patient 

samples. Further, single donor serum samples can help identify interference and other 

sample specificity problems. Thus panels of single donor samples provide important 

information that is not easily obtainable with pooled materials. For these reasons, CDC will 

provide single donor sera with values assigned by a RMP to calibrate measurement 

procedures, and to verify calibration and assess calibration over time as part of its 

performance certification program. Pooled materials for assessing trueness and identifying 
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other measurement problems are available from proficiency testing providers such as the 

CAP’s accuracy-based surveys [37].

Analytical performance goals

As already mentioned before, traceability of measurement does not warrant that the 

uncertainty is adequate for a given purpose or that there is absence of errors. To assure that 

measurement results for 25(OH)D are useful in patient care and public health, specifications 

for trueness and precision need to be defined for measurements performed with patient 

samples [38]. Approaches for deriving such specifications have been described [39]. It needs 

to be noted that general recommendations for bioanalytical methods are available [40,41]. 

However, these recommendations were not intended for measurement procedures used in 

patient care and therefore are not applicable, especially regarding specifications for trueness 

and precision.

Since traceability is established/verified with a reference measuring system involving 

materials and measurement procedures combined in a hierarchical structure, the 

specifications should be interrelated between the different levels. For serum/plasma 

25(OH)D measurements, Stöckl et al. proposed a concept to derive specifications for 

trueness and precision of the reference measurement system [42]. Shortly described, the 

concept first derives specifications for hierarchically lower measurements used for patient 

samples and tailors the goals for hierarchically higher measurements and materials based on 

these initial goals. The following relationship was proposed: limit for the imprecision of a 

RMP, half the limit for a routine method; limit for the bias of a RMP, one third of the 

maximum bias for a routine measurement, and limit for the expanded uncertainty of the 

primary calibrator, one third of the allowable bias for a RMP. On this basis, numerical goals 

were derived according to 4 scientific models [39]. To finally end up with achievable goals, 

those numerical values were retained that hold the balance between desirable quality, state-

of-the-art performance and certification capabilities. The recommended specifications are 

summarized in Table II.

Another analytical performance goal that seems relevant for 25(OH)D measurements is 

measurement of the limit of quantitation as discussed earlier. However, concepts and 

approaches to derive the appropriate limit of quantitation for 25(OH)D2 and 25(OH) D3 

measurements have not been established yet.

Implementation of standardization

To effectively implement standardization of 25(OH)D an initial thorough assessment of the 

analytical performance of each measurement procedure is highly recommended. Such an 

assessment should be designed that it provides information on all aspects of the 

measurement procedure that could potentially affect measurement performance and 

reliability of patient results. For 25(OH)D measurements, the assessment of e.g., calibration 

consistency and reagent lot-to-lot variability in addition to trueness, precision and limit of 

quantitation appear relevant parameters. Another parameter that could be of relevance is the 

variability related to specimen matrix effects commonly referred to as ‘sample-related 

effects’. These can best be judged after minimizing calibration bias through recalibration of 
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the data, minimizing of imprecision through use of means of replicate measurements on the 

same sample and presentation of data in a difference plot. The scatter of data remaining after 

minimizing bias and imprecision can be attributed to interfering compounds and general 

specimen matrix characteristics (i.e., lipid content, viscosity, optical density). Information 

from this initial assessment will help in effectively identify, address and overcome variability 

between measurement procedures and thus facilitate the implementation of standardization. 

Procedures for performing these initial assessments that could be adopted for 25(OH)D 

measurements have been developed and successfully applied for thyroid function tests [43–

45]. In 2011, the NIH/ODS performed an interlaboratory comparison study of laboratories 

performing 25(OH)D measurements for national surveys together with CDC and its partners 

from the clinical laboratory community and assay manufactures [18]. The study design 

followed the protocols used for assessing assay performances of thyroid hormone tests [43–

45] and for assessing commutability of high-sensitivity C-reactive protein [46,47]. The 

findings from this study will provide information that will greatly facilitate the 

implementation of standardization.

After the initial assessment of measurement performance, the measurement procedure can 

be recalibrated as needed and any other problems affecting measurement performance can 

be addressed. CDC is working with clinical laboratories and assay manufacturers addressing 

potential measurement problems. Measurement procedures that achieved the desired 

measurement performance criteria can enroll in a formal program administered by CDC, in 

which the participants are challenged 4 times per year using 10 single-donor patient samples 

per challenge that are measured in two independent measurements (Figure 4). Measurement 

results obtained from these 4 challenges will then be compared against pre-defined 

performance criteria such as those stated above. This program is part of CDC’s Hormones 

Standardization Program [48]. Because reagents, tests and technologies change over time, it 

is important to assure standardization of measurements over long time periods. The 

standardization services provided by CDC are available to all laboratories, assay 

manufactures and organizations involved in assessing the performance of 25(OH)D 

measurements on an ongoing basis.

Conclusion

Today tools are available for establishing SI-traceability of 25(OH)D measurements by 

hierarchically lower methods. However, for a successful implementation of the described 

process, items such as analytical issues related to the definition of the measurand, analytical 

performance goals to warrant the extent of traceability commensurate with a method’s 

intended use, sustainability of traceability over time, require additional attention. Other 

items still need to be clarified, such as specific limits of quantitation of a method that are 

required for appropriate patient care and public health activities.

Questions and Answers

J van den Ouweland, Netherlands

How do the NIST and Ghent methods compare when you analyse real patients’ samples? I 

ask because I think the NIST method uses APCI with different transitions, so a different 
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methodology to your procedure. I believe there are some dangers with using APCI 

technology because it uses specific transitions with water loss. You also have the risk of 

deuterium scrambling.

Secondly, if yours is a reference procedure, why are you using deuterium-labelled internal 

standards and not 13C?

L Thienpont

In the vitamin D standardisation programme, NIST and our laboratory analysed 50 samples 

in parallel and independent from each other. I have seen a preliminary comparison of the two 

methods and the results look very good. Where you can show agreement, there is proof of 

reliability of the procedure.

In answer to your second question, regarding deuterium versus 13C, any difficulties depend 

on where the 2H atoms are in the molecule, and whether they are in positions where they can 

be changed. I think in the case of the available 2H-labelled 25(OH)D, there does not appear 

to be a problem.
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25(OH)D2 25-hydroxyvitamin D2

25(OH)D3 25-hydroxyvitamin D3

CDC Centers for Disease Control and Prevention

CAP College of American Pathologists

HPLC-UV high performance liquid chromatography-ultraviolet 

detection

ISO International Organization of Standardization

ID-LC/tandem MS isotope dilution-liquid chromatography/tandem mass 

spectrometry

NIH National Institute of Health

NIST National Institute of Standards and Technology

ODS Office of Dietary Supplements

RMP reference measurement procedure
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SRM Standard Reference Material

SI Système International d’Unités

DEQAS Vitamin D External Quality Assessment Scheme

VDSP Vitamin D Standardization Program
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Figure 1. 
The development and implementation of evidence-based clinical guidelines depends on the 

comparability of tests performed in research and patient care. Adopted (and modified) from 

CP Price and RH Christenson (eds): [6].
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Figure 2. 
Stevps to laboratory standardization.
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Figure 3. 
Outline of the reference measurement system for serum/plasma 25(OH)D.
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Figure 4. 
Procedure for standardization and performance certification.
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Table I

Overview of the elements of an SI-reference measurement system, with indication of the related tasks and 

responsibilities.

Element Organization Task

SI-Unit Conférence Générale des Poids et Mesures 
(CGPM)

Establishment of a coherent system of units (mol)

Component (analyte) IFCC Definition of the relevant component

Reference material National Metrology Institutes; IRMM, 
NIST

Realization of SI units. Production and certification of 
reference material

Reference measurement procedure Reference laboratory or other competent 
analytical laboratory

Development and validation of reference measurement 
procedures

Reference laboratory No representative organization 
(“Networks”)

Application of the reference measurement procedures
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Table II

Recommendation for maximum imprecision (CV), bias and expanded uncertainty (U) of measurements and 

primary calibrators in a 25(OH)D reference measurement system [41].

Routine measurements CV: 10 % Bias: 5 %

Reference measurements CV: 5 % Bias: 1.7 %

Primary calibrators U: 0.6 %
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