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Total 25-hydroxyvitamin D is currently considered as
the most representative metabolite of vitamin D sta-
tus. There are a multitude of challenges that still de-
serve to be addressed and despite recent technologi-
cal advances its determination remains complicated.
This current review gives an abbreviated overview of
the phases of development that vitamin D metabolite
determination has gone through and discusses the
difficulties that still require resolving. Furthermore,
given the different platforms and methodologies
available, the critical issue of standardization and all
efforts made as far towards its realization have been
discussed. And last but not least, the concepts of ‘free’
and ‘bioavailable’ vitamin D along with the ‘Vitamin D
Metabolism Ratio’ have been discussed.
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INTRODUCTION

Until recently, 25(OH)-vitamin D (25-OHD) was
merely the only vitamin D (VTD) metabolite of
interest to explore vitamin D status and metab-
olism. Unfortunately, the determination of this
VTD metabolite, as well as the levels that need
to be achieved in healthy or diseased individu-
als are quite problematic and remain an impor-
tant matter of debate [1.2].

Recently, other VTD metabolites, like 24,25-
OH2D, “bioavailable” or “free” vitamin D, cho-
lecalciferol itself and 1,25-OH2D, have emerged
as potential new players to better understand
the important vitamin D pathway. In this paper,
we provide a brief overview on the issues re-
garding 25-OHD assays and standardization and
we will evoke 24,25(0OH)2D and Vitamin D ratio
(VMR) as potential metabolites of choice to ex-
plore vitamin D deficiency.

25-HYDROXY VITAMIN D DETERMINATION

25-0OHD is still currently considered as the most
representative metabolite of vitamin D status.
Unfortunately, its determination remains com-
plicated despite recent technological advances
[3]. The reasons why this metabolite is so com-
plicated to be correctly assessed are multiple.
First, 25-OHD assays need to recognize 25-OHD2
and 25-OHD3. Second, 25-OHD is a very hydro-
phobic molecule that circulates bound to vita-
min D binding protein (DBP), albumin (ALB) and
lipoproteins and a thorough dissociation of the
analyte from its ligands is mandatory prior to
measurement. This step is particularly compli-
cated for automated immunoassays where, in
contrast to radio-immunoassays, binding-pro-
tein or chromatographic assays, organic solvents
cannot be used for extraction. Hence, automat-
ed immunoassays need alternative releasing
agents, which do not always achieve total dis-
sociation of 25-OHD. In particular physiological
or pathological conditions such as pregnancy,

estrogen therapy or renal failure, automated im-
munoassays often fail to correctly quantify 25-
OHD [4-7]. Third, 25-OHD2 and 25-OHD3 have
different affinity constants for the carriers and
the dissociation step must be highly efficient to
obtain an accurate quantification of both forms.
Forth, in-vitro recovery experiments with the
molecule give spurious results with immunoas-
says since it is not clear whether exogenous me-
tabolites bind to all the different carriers in the
same proportions as endogenous metabolites.
Under-recovery of exogenous 25-OHD has been
reported in automated immunoassays [8-9] and
even liquid chromatography tandem mass spec-
trometry (LC-MS/MS) methods [10].

The different methods available for the quanti-
fication of 25-OHD use chromatographic sepa-
ration (HPLC with UV or LC-MS/MS detectors),
antibodies or binding-proteins. Binding protein
assays have been used in the early eighties and
presented clinically acceptable analytical sensi-
tivity and imprecision. They were based on the
displacement of H3-labelled 25-OHD and neces-
sitated a chromatographic purification after or-
ganic extraction. These home-made methods
were very time-consuming and performed in
some reference laboratories only. Hence, they
have been superseded by radio-immunoassays
(RIA) methods. The first commercially available
RIA was based on a method described by Hollis
et al. in 1993 [11] and the DiaSorin RIA method
has been the most widely used method for both
routine diagnostic testing as well as for clinical
studies until recently. Traditional 25-OHD cut-
offs in use today for vitamin D deficiency (either
20 or 30 ng/ml) have been defined on the basis
of studies (and meta-analyses of studies) that
predominantly used this assay. However, due
to the logarithmic increase in 25-OHD requests
observed during the last decade, laboratories
have opted for more automated immunoassays
and less than 1% of laboratories participating in
the DEQAS still use this RIA assays nowadays.
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The first automated immunoassay for 25-OHD
determination waslaunchedin 2001 by Nichols
Diagnostics on the Advantage platform. This
assay used a competitive ligand binding tech-
nique with acridinium-ester labelled anti-DBP.
Nowadays, most of the major in-vitro diagnos-
tic companies have launched their own meth-
ods for 25-OHD determination. These meth-
ods use a competition design, except the one
from Fujirebio on the Lumipulse, which is a
non-competitive (sandwich) method based on
antimetatype monoclonal antibodies against
a hapten—antibody immunocomplex using an
ex vivo antibody development system, namely
the Autonomously Diversifying Library system,
a process which has recently been validated
[12]. Alarge number of studies have evaluated
the different automated assays by comparison
with RIA, HPLC or, more recently, with LC-MS/
MS methods. Conclusions regarding the accu-
racy of the assays have also been based on the
results of large external proficiency testing pro-
grams, such as DEQAS or CAP which now use a
reference method to measure the samples sent
to the participants, allowing a true calculation
of the bias. In a recent study coordinated by the
Vitamin D Standardization Program (VDSP) group
[13], a set of 50 healthy individuals donor sam-
ples were analyzed by 15 different laboratories
to provide results for total 25-OHD using both
immunoassays and LC-MS/MS methods. The re-
sults were compared with those obtained by two
reference methods, namely the Ghent University
and the U.S. National Institute of Standards and
Technology (NIST) methods. Results showed that
all but 2 LC-MS/MS achieved VDSP criteria of
performance (namely CV £ 10% and mean bias <
5%), whereas only 50% of immunoassays met the
criteria. These results can be regarded as opti-
mistic for immunoassays. First, it is obvious from
these results that standard deviation around the
bias is much more important for immunoassays
than LC-MS/MS. As an example laboratory 2a

that used an immunoassay and laboratory 10
used a LC-MS/MS method which both presented
an excellent mean bias of -1%. But the standard
deviation around this bias was 14% for the im-
munoassay vs. 5% for the LC-MS/MS method. As
a consequence, the LC-MS/MS will have 75% of
its value within the 5% boundaries whereas the
immunoassay will only have 29%. Second, this
study has been performed on serum obtained
in healthy donors and not in patients. Indeed,
patients with chronic kidney disease, dialysis pa-
tients, pregnant women, different ethnic groups,
patients in intensive care with fluid shifts present
differences in their serum matrix compared to
healthy individuals and this can impact the per-
formance of automated 25-OHD immunoassays.
Recently, we have shown good clinical concor-
dance between 4 different immunoassays and
a VDSP-traceable LC-MS/MS method in healthy
subjects. However, significantly poorer agree-
ment with the same LC-MS/MS method has
been found in other clinical populations [4, 14].

In the past years, the IFCC has made great ef-
forts to promote standardization of laboratory
assays. Indeed, standardization is important
to achieve comparable results across different
methods and manufacturers. For 25-OHD as-
says, clinical cut-offs are generally used as target
values, and applying common cut-offs on results
generated with poorly standardized assays will
inevitably lead to inconsistent patient classifica-
tion and inappropriate therapeutic decisions.
Hence, in 2010, the Vitamin D Standardization
Program (VDSP) was established to improve the
standardisation of 25-OHD assays. The aim of
VDSP is that 25-OHD measurements are accu-
rate and comparable over time, location, and
laboratory procedure to the values obtained us-
ing reference measurement procedures (RMPs)
developed at the NIST [15] and Ghent University
[16]. As mentioned earlier, a method is consid-
ered as standardized if the CV is <10% and the
bias <5% [17]. Each candidate receives a set of
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10 samples 4 times a year and has to run these
samples in duplicate on 2 consecutive days. In
January 2018, 27 methods, coming either from
IVD companies or clinical laboratories were
considered as standardized against the RMPs.
However, the proportion of the 40 samples that
met the bias criterion (<5%) in 2017 was quite
different from one method to the other and
ranged from 23 to 85%, with LC-MS/MS meth-
ods presenting better results than immunoas-
says. The list of these standardized methods
can be found on the CDC website (http://www.
cdc.gov/labstandards/pdf/hs/CDC_Certified
Vitamin_D_Procedures.pdf).

Although substantial progress has been made, a
range of important issues like standardization of
25-OHD2 and 24,25-(0OH)2D as well as improve-
ment of (immuno)assays performance on sam-
ples from diseased patients or subjects from dif-
ferent ethnic groups still needs to be achieved.
It may thus be tempting to think that immuno-
assays are outdated and that LC-MS/MS should
replace these methods. There are clear limita-
tions to this simplistic view. Indeed, performing
a LC-MS/MS is complex and needs experienced
and very well trained people. Notably, extensive
validation of the LC-MS/MS and sample prepa-
ration are of extreme importance. To run a LC-
MS/MS is much more complicated than “crash
the proteins, inject and obtain the results in 2
minutes”. A detailed review on how complex
running a LC-MS is out of the scope of this pres-
ent paper, but can be found in a previous re-
port [18]. Finally, laboratories that run LC-MS/
MS do not run “the” reference method, even
if their method is certified by the VDSP. As an
illustration of this assertion, one can see that
some VDSP-certified LC-MS/MS methods pres-
ent a percentage of samples out of the bias
criterion that is lower than immunoassays and
much lower than other LC-MS/MS. Also DEQAS
results show that LC-MS/MS methods present
CVs that are as high as immunoassays.

24,25-(OH)2D DETERMINATION
AND THE VITAMIN D METABOLITE RATIO

One advantage of LC-MS/MS methods over im-
munoassays is the possibility to simultaneously
guantify 25-OHD and 24,25-(0OH)2D allowing
to calculate the 25-OHD/24,25-(0OH)2D ratio,
also known as the Vitamin D Metabolism Ratio
(VMR). Indeed, some light has recently been
shed on the potential interest of this vitamin D
metabolite to better reflect vitamin D deficiency
[19].Insummary, CYP24A1,the enzyme allow-
ing the degradation of 25-OHD and 1,25-(OH)2D
into 24,25-(0H)2D and 1,24,25-(0H)3D sees its
expression increased when there is an increased
binding and activation of the VDR in response to
1,25-(0OH)2D [20]. Hence 24,25-(0OH)2D concen-
tration may thus reflect VDR activity which is not
really the case with 25-OHD. It has recently been
demonstrated that lower 24,25-(OH)2D concen-
tration and lower VMR were associated with
increased hip fracture risk in community-living
older men and women, whereas 25-OHD was
not associated with hip fracture risk. Another
point of interest with 24,25-(OH)2D and VMR
is that, although concentrations of 25-OHD and
24,25-(0OH)2D strongly correlate with each other
and are both lower in black Americans than in
whites, blacks and whites have equivalent medi-
an VMR values [21]. In CKD patients, Bosworth et
al have shown that 24,25-(0OH)2D was better as-
sociated with PTH than 25-OHD or 1,25-(0OH)2D
[22]. These findings are of great interest but
still need to be confirmed by other studies.
On the other hand, it is clearly demonstrated
that biallelic mutations in CYP24A1 led to idio-
pathic infantile hypercalcemia [23], a phenotype
characterized by profound hypercalcemia, sup-
pressed intact parathyroid hormone, hypercal-
ciuria and nephrocalcinosis. Many heterozygous
mutations of CYPA24A1 have recently been de-
scribed [24]. If they are associated with a less
dramatic phenotype than homozygous muta-
tions, patients suffering from these mutations
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often present with hypercalcemia, suppressed
PTH and renal stones [25]. Hence, in patients
presenting with a non-parathyroid hypercalce-
mia (without evident clinical cause), CYP24A1
mutations should be investigated and simulta-
neous 24,25-(0H)2D and VMR ratio should be
measured. A ratio higher than 50, or even 80
should lead to a genetic research of a CYP24A1
mutation. Again, this measurement should be
standardized. Fortunately, one candidate refer-
ence measurement procedure (RMP) has been
published [26] and NIST standard reference ma-
terial (SRM) 2972a includes 4 standards with
certified values (unfortunately, these 4 val-
ues are very close to each other) [27]. DEQAS
data report that about 10 laboratories provide
24,25-(0H)2D results. These data show quite a
large variability, which can partially be attribut-
ed to the low concentration of the analyte, but
also to the lack of ongoing standardization pro-
gram. This latter will be (probably) even more
important than the 25-OHD itself since small
variations in 24,25-(OH)2D have a dramatic im-
pact on the VMR.

CONCLUSION

The assessment of vitamin D status is a chang-
ing landscape [19]. Although 25-OHD is still rec-
ommended as the marker of choice by virtually
all scientific bodies growing evidence indicates
significant limitations that hamper the utility of
this analyte in clinical practice. Issues related
to the use of 25-OHD include analytical aspects
and the interpretation of results. While in nor-
mal individuals the agreement of results gener-
ated with automated assays is improving, com-
parability of results in distinct populations, such
as children, pregnant women, hemodialysis pa-
tients or intensive care patients, remains prob-
lematic. The relationships between 25-OHD
and various clinical indices are also rather weak
and not consistent across races. Recent studies
have provided new insights in physiological and

analytical aspects of vitamin D that may change
the way how we will assess vitamin D status in
the future. The VMR (25-OHD/24,25-OH2D ra-
tio), but also ‘free’ and ‘bioavailable’ vitamin D
are all interesting markers that have expanded
our knowledge about vitamin D metabolism and
some of these analytes may now be considered
for routine use (at least in specialized centers).
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