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Assessing vitamin D status: Pitfalls for the unwary
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The use of vitamin D testing has grown rapidly in the recent times as a result of increased
interest in the role of vitamin D in health. Although the generally accepted measure of
vitamin D status is circulating 25(0OH)D concentration, there is little consensus on which
assay method should be used. Commonly used assays include competitive protein-
binding assay, RIA, enzyme immunoassay, chemiluminescence immunoassays, HPLC, and
LC-MS/MS, each with its own advantages and disadvantages. However, there is significant
interassay and interlaboratory variability in measurements. Our simulation of the published
data showed that using a deficiency cut-point of 50 nmol/L, 57% of samples assessed using a
chemiluminescence immunoassay were classified as deficient compared with 41% of samples
assessed using LC-MS/MS; a 20% misclassification rate. Similar rates of misclassification
were seen at 75nmol/L. This has implications for clinical practice and decision limits for
vitamin D supplementation, suggesting that cut-points should be assay specific rather than
universal and that greater harmonization between laboratories is required. Newer assays
using alternative biological samples to determine the circulating 25(0OH)D have been
proposed and advances in the genetics of vitamin D and the role of vitamin D-binding protein
may improve future assay accuracy.
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Vitamin D is a 27-carbon secosteroid with a central role in
calcium and phosphate homeostasis. The direct pathology of
vitamin D deficiency is osteomalacia in adults and rickets in
children. The vitamin D receptor (VDR) is also present in
many body tissues [1, 2] suggesting that vitamin D also has
noncalcaemic actions. Recently, low vitamin D status has been
proposed as a risk factor for onset or mortality from a wide
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range of conditions, including various cancers [3-7], type 1 [8]
and 2 diabetes [9, 10], hypertension [11], multiple sclerosis
[12-14], melanoma [15], and some infections [16, 17].

Low vitamin D levels appear to be widespread [18]
particularly amongst the elderly [19], populations at high
latitudes, dark-skinned and veiled persons, and pregnant
women [20]. Evidence also suggests a recent decline in
vitamin D status within the population [21]. This has led to
guidelines recommending supplementation for at-risk
populations [22, 23]. However the assessment of vitamin D
status is controversial, with uncertainties over which meta-
bolites are the most clinically relevant and what levels
constitute deficiency. The performance of different assays
has led to concerns over reliability of measurements and the
validity of interlaboratory comparisons.

2 Vitamin D physiology

The major source of vitamin D for healthy adults is from
casual exposure to sunlight with a smaller component
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coming from dietary intake. Solar ultraviolet (UV)-B irra-
diation (280-315 nm) photolyses 7-dehydrocholesterol in the
skin to previtamin Dj that is slowly isomerized to vitamin
D3 (cholecalciferol). This is taken up into the circulation,
bound to vitamin D-binding protein (DBP). Dietary sources
include fatty fish (salmon, mackerel), fortified milk, and egg
yolks. Plant materials also contribute to vitamin D intake,
but this is in the form of vitamin D, (ergocalciferol).
Structurally, vitamin D3 and D, differ in their side chains.
Although their metabolic pathways are identical and both
contribute to vitamin D adequacy, vitamin D3 may be more
efficiently metabolized to 25(0OH)D than vitamin D, [24].

Vitamin D (either ergocalciferol or cholecalciferol) is
hydroxylated in the liver to calcidiol (25(0OH)D), the major
circulating metabolite [1]. In the kidney, lo-hydroxylase
enzyme catalyzes a further hydroxylation with the formation
of the active hormone, 1,25(0OH),D (calcitriol). Levels of the
latter are tightly regulated through a negative feedback
control involving upregulation by parathyroid hormone
(PTH) and downregulation by higher serum calcium and
phosphate levels, as well as via breakdown of the active
hormone by a 24 hydroxylase enzyme [25]. Fibroblast growth
factor (FGF)-23 inhibits lo-hydroxylase and induces the
expression of 24-hydroxylase, thereby suppressing serum
1,25(0OH),D levels. FGF-23 plays a central role in phosphate
metabolism [26]. Mutations in FGF-23 and its essential
cofactor Klotho protein have been associated with reduced
vitamin D activity in mouse models [27].

The best-recognized role of 1,25(0H),D is in maintaining
bone health through the facilitation of intestinal calcium
and phosphorus absorption. Noncalcaemic roles are less
well understood but may include stimulation of cell differ-
entiation, modulation of activated T- and B-lymphocyte
function [28], production of collagen type 1, and influence
over insulin secretion [29] and muscle function [30].

3 What to measure and what does it
mean?

The accepted measure of vitamin D status is circulating
25(OH)D concentration [31-33] making quantification of
vitamin D status quite unusual, as one of the few clinical
situations where a metabolite one step removed from the
active factor is used to assess adequacy. However, 25(OH)D is
the most abundant vitamin D metabolite (present in nano-
molar concentrations) and is relatively stable (half-life of
~2-3wk [1, 34, 35]) making it a good indicator of vitamin D
stores. On the contrary, 1,25(0H),D is present in picomolar
concentrations and, because it is tightly regulated, the
concentration can remain normal or even elevated, despite
evidence of deficiency [1]. Although both 25(OH)D and
1,25(0OH),D are predominantly protein bound in circulation,
the total serum level of 25(OH)D (free and bound and
including both 25(OH)D; and 25(OH)D,) is considered the
most appropriate measure of vitamin D status.
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Other markers have been proposed as measures of vita-
min D adequacy, e.g. PTH levels or functional outcomes
such as bone mineral density or intestinal calcium absorp-
tion, but a recent review confirmed that the circulating
25(0OH)D remained the most robust and reliable measure of
vitamin D status [306).

Thresholds of serum 25(0OH)D concentration to define
vitamin D sufficiency are highly debated, with most
commentators choosing to adopt biochemically based (i.e.
suppression of PTH levels and maintenance of bone mineral
density) [37], rather than population-based (i.e. average popu-
lation levels and distribution), cut-points. Proposals have
ranged from 25(0OH)D concentrations of 50nmol/L up to
concentrations of 82.5nmol/L [30, 38—40]. Most commenta-
tors now agree that vitamin D sufficiency should be defined as
25(0OH)D>75nmol/L, insufficiency as 50-75nmol/L, and
deficiency as <50nmol/L [41] (Table 1). Many reference
laboratories use a normative range of 50-250nmol/L [41].
Although the level below which vitamin D supplementation is
recommended varies, most laboratories use a threshold of
between 30 and 50nmol/L [42]. Significant heterogeneity
appears to exist between population groups, with lower
circulating 25(OH)D not universally correlating with clinical
signs of poor vitamin D status [43, 44].

4 25(OH)D Assays

Several assays for 25(0OH)D measurement are in common
use. The growth in demand for clinical testing [45] has led to
commercial kits designed for use in nonspecialist labora-
tories. Manual and automated immunoassays are the
mainstay for most laboratories but LC-MS/MS assays are
becoming increasingly common [41].

4.1 Competitive protein-binding assays

The first generation competitive protein-binding assay
(CPBA) was developed in the early 1970s using various

Table 1. Recently recommended definitions of vitamin D status®

Vitamin D status 25(0OH)D Consequences

(nmol/L)
Vitamin D >75 Improved efficiency of
sufficiency intestinal calcium
absorption; nadir
plateau of PTH secretion
Vitamin D 50-75 Increased PTH
insufficiency secretion
Vitamin D <50 Reduced bone density
deficiency Markedly increased PTH

secretion

a) Adapted from [41].
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animal sources of DBP as the primary binding
agent, attaching to *H-25(OH)D [46, 47]. These methods
performed quite satisfactorily even when compared with
modern assays but were hampered by cumbersome sample
extraction and purification. Subsequent techniques attemp-
ted to streamline the preparatory process but were limited
by matrix interferences from endogenous vitamin D meta-
bolites and gave overestimated results [48, 49]. The CPBA
has been superseded by newer technologies and is not
commonly used.

42 RIA

The CPBA requirement for extraction and chromatographic
purification was resolved by the development of the first RIA
in 1985 [50]. This facilitated a more rapid assay, capable of
high-volume throughput. Early RIA used a *H-25(OH)D
tracer, but these were subsequently replaced with a more
sensitive and rapid radioiodinated ('*°I labeled) tracer [51].
Using this method DiaSorin (Stillwater, MN) released the first
test kit approved by the US Food and Drug Administration for
clinical diagnosis, in 1996. This test uses a polyclonal antibody
that has affinity for hydroxylated vitamin D metabolites.
Cross-reaction with other nonactive metabolites is possible but
these circulate at low levels in comparison with 25(OH)D.
Studies have shown that DiaSorin RIA has good recovery of
both 25(0H)D, and 25(0H)Ds [52].

The RIA kit produced by Immunodiagnostic Systems
Limited (IDS, Fountain Hills, AZ) uses a '**I-25(0OH)D
tracer coupled with a sheep derived anti-25(OH)D polyclonal
antibody that has limited reactivity to 25(OH)D, (reported
around 75%). The test may thus underestimate the total
25(0OH)D in situations where the dominant constituent is
the D, metabolite [52-54]. RIA kits for 25(OH)D measure-
ment have been widely used in clinical laboratories [42] but
are gradually being replaced by automated methods to cope
with increasing demand for 25(OH)D testing [45].

4.3 Enzyme immunoassay

IDS markets an enzyme immunoassay (EIA) where
25(OH)D is labeled with biotin, added to serum and incu-
bated with the same sheep antibody as the one used in the
RIA kit. Chromogenicity is achieved using peroxidase-
labeled avidin and tetramethylbenzidine. The IDS EIA kit
appears to have less difficulty in binding 25(OH)D,
compared with the RIA kit [54], so that the under-recovery of
25(0OH)D;, is lessened [52].

4.4 Automated instrumentation

The I RIA methods commonly in use have limited
automation capacity. In contrast, the EIA uses a nonra-
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dioactive enzyme that allows automation when used toge-
ther with an ELISA processor. However, comparisons of
different ELISA processors with DiaSorin RIA revealed large
variations between different methods [55]. Recent advances,
such as competitive chemiluminescence technology, have
allowed a shift from the labor-intensive, manual assays to
faster, safer automated systems more suited to the needs of
clinical laboratories.

Possibly the main commercial product available is the
DiaSorin LIATSON™ analyzer that uses an antibody against
25(0H)D. The LIAISON® system appears to compare
favorably with DiaSorin RIA, with correlations ranging from
r=10.71[55] to r = 0.88 [56] although evidence suggests that
the reproducibility of 25(OH)D levels of this assay may be
suboptimal [45] and assay-specific decision limits may
need to be adopted [57]. The (now defunct [58]) Nichols
ADVANTAGE"™ (San Clemente, CA) used purified human
DBP as the competitive binder, but the validity of this assay
has been questioned, with multiple studies suggesting a
significant overestimation of 25(0OH)D; and wunder-
estimation of 25(0OH)D, [59-61]. The more recent Roche
ELECSYS® assay is a direct electrochemiluminescence
immunoassay and is specific for 25(OH)Djs. Initial results
demonstrate a good overall agreement with DiaSorin RIA
(r=10.836), HPLC (r=0.808) and LC-MS/MS (r=0.8157),
although concerns have been raised over spuriously
high results near optimal 25(OH)D cut-off points (e.g.
50-80 nmol/L) [62].

45 HPLC

UV quantitative detection following HPLC was first devel-
oped in 1977 and was a significant advancement from the
CPBA methods used at the time [63]. A significant advan-
tage of HPLC is its ability to separately assay 25(0OH)D3 and
25(OH)D;. Although the total serum 25(OH)D is thought to
be the best measure of vitamin D status [58], separate
quantification may be of interest to discern the contribution
of exogenous sources where this is in the form of vitamin
D,, as is typical for vitamin D supplements in the United
States, Japan, and parts of Europe [53]. HPLC is considered
a reliable and robust method of determining vitamin D
concentrations, but is not well suited to many clinical
laboratories, as it requires expensive equipment, specific
technical expertise, large sample volumes, and has limited
sample throughput.

Several commercial kits are available for analytical HPLC
separation including products from Immundiagnostik AG
(Bensheim, Germany) and ESA Biosciences (Chelmsford,
MA). The Immunodiagnostik kit requires samples to be
precipitated and solid phase extracted using C,4 cartridges to
remove high molecular weight substances before injection
into the HPLC system. Quantitation is via UV detection
at 264nm. The ESA Biosciences kit includes an internal
standard and uses an ESA electrochemical detector
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(Coulochem® III or CoulArray®™) equipped with a dual
coulometric electrochemical cell. This system requires
smaller sample volumes than the absorbance detectors.
Detailed data on the performance of these kits are not
reported in the literature.

4.6 LC-MS/MS

LC-MS/MS can potentially offer improved sensitivity and
specificity compared with immunoassays and competitive
binding assays [64]. Like HPLC, LC-MS/MS is also able to
separately quantify 25(0OH)Ds and 25(OH)D, and is free of
interference from dihydroxy metabolites of vitamin D.
When performed by well-trained operators, LC-MS/MS is
very accurate with results strongly correlated with those
from commercial DiaSorin RIA (r=0.91 [64]) and HPLC
(r=0.99 [65]). Limitations include expensive equipment,
lower capacity for throughput compared with automated
platforms, ion suppression [65, 66], and interference from
inactive isomers [67].

Despite being considered by many commentators as the
gold standard assay [66], significant interlaboratory variations
in LC-MS/MS measurements has been reported. A major
factor cited is poor assay standardization, leading to calls for
the use of a common standard that can at least partially
resolve interlaboratory variations [68]. Recently, Quest Diag-
nostics, the largest medical laboratory in the United States,
acknowledged erroneous 25(0OH)D results reported to doctors
using their LC-MS/MS assay. In the New York Times article, a
spokesman for Quest cited faulty calibration and poor
adherence to procedures in some laboratories as reasons for
the generally elevated results [69]. According to a commu-
nication from Quest, these issues have now been resolved and
internal data using standard reference materials show
performance in line with the gold standard (LC-MS/MS
methodology performed by the National Institute of Standards
and Technology)(personal communication, W. A. Salameh).
The adoption of LC-MS/MS methods is likely to grow in the
near future, but better controls and greater standardization are
necessary before widespread acceptance of this assay.

4.7 GC-MS

GC-MS is similar to LC-MS/MS except that the mobile stage
of chromatography utilizes an inert gas rather than a liquid
solvent. Unlike LC-MS/MS that is easier to use, GC-MS is not

commonly used in the clinical analysis of 25(OH)D although
methods have been described in the literature [70, 71].

5 1,25(0H),D Assays

Measuring serum 1,25(0H),D is more difficult than its
precursor 25(OH)D as it is highly lipophilic, rapidly unstable,
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and circulates at picomolar concentrations (pmol/L) that are
below the detection limits of direct UV or MS methods. The
determination of 1,25(OH),D is also complicated by the cross-
reactivity of antibodies to other vitamin D metabolites, thus
requiring sample prepurification often involving extensive
chromatographic techniques [72]. This has proven to be
cumbersome and although advances have been made the
development of an acceptable, rapid assay has proven to be
challenging [67]. As previously noted, 1,25(OH),D concentra-
tion can be maintained even when 25(OH)D levels are low. As
such, 1,25(0H),D has limited clinical relevance in under-
standing vitamin D status and is not routinely tested.
Radioreceptor assays and immunoassays, both RIA and
EIA, have been developed for quantifying 1,25(0OH),D. The
first Radioreceptor assay, using a chicken intestinal VDR,
was introduced in 1974 [73]. The need to isolate VDR as a
binding agent was removed with the introduction of the first
RIA in 1978 [74]. As for 25(OH)D assays, the currently
available RIA, such as the DiaSorin and IDS RIA, use '*°I-
based tracers. IDS also markets an EIA kit that employs a
calorimetric detection system and can be automated when
coupled with an ELISA processor. It is likely that automated
platforms will become more common in the near future
with DiaSorin soon planning to market a 1,25(0OH),D plat-
form based on its LIAISON® system (http://www.diasor-
in.com/en/productsandsystems/bone).

6 Variation in 25(OH)D measurement

The use of vitamin D testing has grown exponentially in
recent times as the result of increased interest in the role of
vitamin D in health. Despite this there is little consensus on
which assay method should be used to measure 25(OH)D
and the ongoing concerns about the reliability of measure-
ments [45, 61, 75]. This raises two distinct questions; first
whether the assay can measure the “true” 25(OH)D level,
and second whether these results are repeatable within and
between laboratories. Thus, the first issue is one of the
accuracy and the second of precision.

The International Vitamin D External Quality Assess-
ment Scheme (DEQAS) was set up in 1989 to address the
poor performance of the 25(0H)D and 1,25(0OH),D assays.
DEQAS distributes serum samples to participating labora-
tories worldwide on a quarterly basis and collates returned
results, establishing all laboratory trimmed means (ALTMs),
method means, and SDs [42, 59]. Performance targets are
established and certificates of proficiency awarded to
complying laboratories. In October 2009, the results were
collected from 612 participating laboratories [76].

6.1 Intra-assay, between laboratory variability

DEQAS data from the October 2009 Distribution [76],
comparing pooled means across several laboratories using
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the same assay method, revealed that DiaSorin LIAISON®
Total, DiaSorin RIA, IDS EIA, automated IDS EIA, IDS
RIA, HPLC and LC-MS/MS all had similar results with
mean biases across the five samples within 9% of the ALTM.
The exception was the Roche ELECSYS™ that recorded an
average positive bias of 20% compared with the ALTM. This
was particularly evident at lower 25(0OH)D levels.

Considering the variation between laboratories reveals
that each one of the above assays had an interlaboratory
coefficient of variation of at least 14% for at least one
sample. This suggests that on an average, 1 in 20 labora-
tories will give a mean measurement of greater than 28%
difference to the method mean for that assay. HPLC and
Roche ELECSYS® had coefficients of variation in excess of
25% suggesting that one in twenty laboratories will give
results less than one-half or greater than one and a half
times the method mean.

The increased use of more advanced HLPC and LC-MS/
MS may potentially improve accuracy and give means in
close concordance, but there remains significant inter-
laboratory variability [75].

6.2 Interassay variability

Significant interassay variation in the mean measurements
has been commonly reported [55, 61, 77]. Although the
ALTM has been suggested as a suitable proxy for the GC-
MS-derived values [71], the use of the percentage deviation
from the ALTM as a measure of method accuracy is
potentially biased [52]. As the composite average of method
means, the ALTM will be influenced toward the dominant
assay in use and systemic biases may be masked or mini-
mized. Furthermore, in an experiment where exogenous
25(0OH)Dj; and 25(0OH)D, were added to the serum to give
known final concentrations, and then the samples sent to
laboratories for routine 25(0OH)D assay, the percentage
“recovery” of the exogenous 25(OH)D varied substantially
between assay methods (Table 2) [52].

The accuracy of various assays may be affected by several
factors. Most manufacturers claim a 100% cross-reactivity
between 25(0OH)D; and 25(0OH)D,. However, Nichols

Table 2. Comparison of assay methods using DEQAS data®
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ADVANTAGE"™ and the DiaSorin and IDS RIA have all
been reported to yield lower measurements of 25(0OH)D,
compared with other assays [52, 59, 61, 65], while the
DiaSorin RIA, IDS RIA and Nichols ADVANTAGE CPBA
have been reported to yield higher measurements of
25(0OH)D3 [61] compared with HPLC. However, without the
use of a common standard, it is not certain which assays are
underestimating, and which assays are overestimating, the
true values. Cross-reactivity to other vitamin D metabolites,
including 1,25(0H),D, may also exist although the small
concentrations of the active metabolite are unlikely to
significantly affect the overall concentrations. LC-MS/MS
has been noted to cross-react with the inactive 3-epi-
25(0OH)Dj; isomer present in newborn infants and children
[65, 67], where the contribution to total 25(OH)D may be as
high as 8.7-61.1% [78].

6.3 Implications of measurement variability

Many clinical decisions are based on clear reference limits. The
currently proposed vitamin D sufficiency cut-points (Table 1)
were developed based on a specific assay used in the relevant
experiment, with most using the DiaSorin RIA kit. Variability
across assays, even if there was good interlaboratory agreement
for a particular assay, calls into question the relevance of
defining a cut-point without defining the assay from which it
was derived. Without harmonization between assays, reference
limits are of limited clinical utility. Nevertheless, poor accuracy
alone can be overcome by establishing assay-specific reference
ranges [61, 79, 80]. However, this does not overcome the
problems associated with lack of precision of a particular assay
within and between laboratories. For many assays, particularly
nonautomated types, accuracy and precision are largely user
dependent [42, 45].

Recently, the National Institute of Standards and Tech-
nology, in conjunction with the National Institutes of
Health’s Office of Dietary Supplements, has developed a
standard reference material to aid in vitamin D analysis.
Standard reference material 972 vitamin D in human serum
consists of four pools of human serum with analyte values
for 25(0H)D,, 25(0H)Dj3, and 3-epi-25(0H)Dj; [81]. This can

Assay method Number of Variation from weighted mean for  Recovery of exogenous Recovery of exogenous
laboratories  endogenous 25(0OH)D (%) 25(0OH)D3 (%) 25(0OH)D, (%)
DiaSorin RIA 53 -85 82.1 83.2
DiaSorin LIAISON 16 —14.1 81.4 88.6
IDS OCTEIA 16 -15.1 54.2 29.1
IDS RIA 21 10.4 78.8 56.4
Nichols ADVANTAGE 21 37.5 46.4 43.2
HPLC 6 —-0.6 112.2 97.1
LC-MS/MS 4 —20.7 1115 118.1

a) Adapted from [52].
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serve as a reproducible standard of comparison and a useful
addition to quality assurance programs such as DEQAS.
The performance target set by DEQAS in 2000 requires
participating laboratories to have at least 80% of measure-
ments within +30% of the ALTM. In 2003, only 59% of the
participants satisfied this very generous target [42]. This
provides little confidence to clinicians who are required to
make treatment decisions based on laboratory results.
Unsurprisingly, there is still much confusion on the inter-
pretation of 25(OH)D results. More focus needs to be placed
on the reproducibility of measurements [45] and not just the
overall assay means, which have little relevance in clinical
settings. Harmonization of assays or the establishment of
method-/laboratory-specific decision limits may assist in
removing the reliance upon universal reference limits [79].

7 An example

To illustrate the implications of assay variation for clinicians
and laboratories, we reinterpret results from the comparison by
Roth et al. [82] using LC-MS/MS and DiaSorin LIAISON 1 and
2. The LIAISON 25(0OH)D assay (LIAISON 1) was superseded
by the modified 25(OH)D TOTAL assay (LIAISON 2) in 2007,
but both the assays are included to assist in the interpretation of
previously published studies. Using estimates from Roth et al.
[82], we assumed that (i) the mean 25(OH)D for LC-MS/MS
was 68nmol/L, the mean 25(0OH)D for LIAISON 1 was
68 x 0.79 = 53.7nmol/L, and the mean for LIAISON 2 was
68 x 0.92 = 62.6 nmol/L, and (ii) the SD for LC-MS/MS was
43.5nmol/L; we further assumed that (iii) the coefficient of
variation (SD/mean) was the same for both LC-MS/MS and
LIAISON 1 and 2, (iv) the logs of the measurement values were
normally distributed and, (v) the correlation between LC-MS/
MS and LIAISON 1 is r=0.90 and LC-MS/MS and LIAISON 2
is r=10.95. Here we have classified vitamin D status according
to reference limits commonly used in clinical practice.

The mean[SD] 25(0H)D level measured using LC-MS/MS
was 68.0[43.5]nmol/L with 40.8% classified as deficient with a
cut-point of <50 nmol/L and 67.7% classified as deficient with
a cut-point of <75nmol/L. Using the DiaSorin LIAISON 1,
the mean[SD] 25(0OH)D for the same samples was

Table 3. Percentage of subjects classified as above and below 50
and 75 nmol/L using LC-MS/MS and DiaSorin LIAISON 1%

LCMS/MS DiaSorin LIAISON 1
<50 >50 <75 >75
nmol/L nmol/L nmol/L nmol/L
<50 nmol/L 39.0 1.8
>50nmol/L 17.8 41.4
<75nmol/L 66.3 1.4
>75nmol/L 14.3 18.0

a) Data adapted from [82].
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53.7[34.4]nmol/L, with 56.8% classified as deficient at
<50nmol/L and 80.6% at <75nmol/L (Table 3). Using the
DiaSorin LIAISON 2, the mean[SD] 25(OH)D for the same
samples was 62.6[40.0] nmol/L, with 46.5% classified as defi-
cient at <50nmol/L and 72.7% at <75nmol/L (Table 4).
Hence, at threshold levels of 50 and 75 nmol/L, 18% (8%) and
14% (7%) of the subjects respectively were classified as vitamin
D sufficient using LC-MS/MS but deficient using DiaSorin
LIAISON 1 (LIAISON 2). Conversely, 2% (3%) of subjects at
50nmol/L and 1% (2%) at 75nmol/L were classified as vita-
min D sufficient using DiaSorin LIAISON 1 (LIAISON 2) but
deficient using LC-MS/MS.

To place these results in context, if subjects with 25(0OH)D
levels <50 nmol/L were universally supplemented with vita-
min D then almost one in five subjects would not receive
supplementation using LC-MS/MS measurements that would
have otherwise received supplementation using DiaSorin
LIAISON 1 measurements. The degree of misclassification
between LC-MS/MS and LIAISON 1 was one in six at
75nmol/L. The DiaSorin LIAISON 2 assay performed better,
with the overall degree of misclassification of around one in
ten subjects at both 50 and 75nmol/L. This shows that the
newer 25(0H)D TOTAL assay (LIAISON 2) offers improved
performance over the older 25(0OH)D assay (LIAISON 1).
However, many studies commonly referenced in the literature
report measurements from the superseded assay.

Measurement uncertainty should also be taken into
consideration for interpretation of 25(OH)D results. If
“adequacy” above a certain cut-point is desired (e.g.
80nmol/L), then aiming for measurements in excess of this
level (e.g. 100nmol/L) may be necessary to ensure that the
true level is obtained [83]. This highlights the dangers of
adopting universal reference limits between assays and
laboratories and the misleading conclusions that can be
drawn by clinicians from single 25(OH)D measurements.

8 25(OH)D in alternative biological
samples
Although 25(0OH)D is usually measured in serum from

venous blood, a number of other sample types are now

Table 4. Percentage of subjects classified as above and below 50
and 75 nmol/L using LC-MS/MS and DiaSorin LIAISON 22

LCMS/MS DiaSorin LIAISON 2
<50 >50 <75 >75
nmol/L nmol/L nmol/L nmol/L
<50 nmol/L 38.1 8.3
>50nmol/L 2.7 50.9
<75nmol/L 65.4 7.3
>75nmol/L 2.3 25.0

a) Data adapted from [82].
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being investigated. There is a high correlation between the
25(OH)D levels from capillary blood and those from venous
blood (r=0.91), while the former involves a lower blood
volume, and is cheaper and easier to collect. However, there
is a significant positive bias [84], possibly attributable to the
collection method, skin contamination, interaction with
adipose tissue or haemodilution. Thus, capillary and venous
blood results cannot be used interchangeably but may
require a correction factor or source-specific decision limits
to guide the assessment of 25(0OH)D status.

Newer LC-MS/MS assays require as little as 3.28 uL of
whole blood and perform comparably DiaSorin RIA
(r=0.95) that requires a sample of 50 pL [85]. Recent reports
indicate successful measurement of 25(OH)D from dried
blood spots such as those routinely collected in neonatal
screening programs. Such testing would facilitate mass
screening of newborn infants where poor vitamin D status is
common [20, 85] and provide a rich data source for
researchers aiming to understand the possible associations
between early life vitamin D status and disease susceptibility
in later life [86).

LC-MS/MS has also been adapted to saliva samples, with
initial small studies showing salivary 25(OH)D; to be well
correlated with the serum levels (r=0.83 p<0.01) despite
lower concentrations attributable to the absence of 25(OH)D
bound to DPB [87, 88]. Larger studies investigating the
validity of saliva samples and the impact of 25(OH)D,
(amongst other issues) are necessary before widespread
clinical use. Saliva sampling is potentially useful for
assessment of the vitamin D status of groups where vene-
puncture is difficult, such as children.

9 The role of genetic variation and
vitamin D levels

Serum 25(OH)D levels are highly dependent on environ-
mental and lifestyle factors, particularly exposure to UV-B
radiation. Nevertheless, serum 25(OH)D variation has a
significant hereditable component as demonstrated in the
twin studies [89]. Polymorphisms in the CYP27B1 gene that
encodes 25-hydoxyvitamin D 1lo-hydroxylase, are signifi-
cantly associated with 25(OH)D levels [90]. Mutations in this
gene cause rickets [91] and it is proposed as a strong
candidate for a causal autoimmune susceptibility gene, with
roles in diseases including multiple sclerosis [92] and type 1
diabetes [93].

DBP, also known as Gc or group-specific component, is
the major transporter of vitamin D metabolites in circula-
tion [94]. DBP phenotype is a predictor of 25(OH)D
concentrations with highest levels in Gc1-1 (Gcls-1s, Gels-
1f, Gclf-1f), intermediate in Gcl-2 (Gels-2, Gclf-2), and
lowest in Gc2-2 [95]. Interestingly, the prevalence of vitamin
D deficiency (as measured by PTH, bone mineral density,
BMC, and bone markers) was consistent across phenotypes,
suggesting that the thresholds for vitamin D deficiency may
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be phenotype specific [95]. Certain polymorphisms may be
more efficient at binding, activating, and metabolizing [96]
vitamin D and therefore require lower circulating levels.
Thus, genetic polymorphisms are a likely contributor to the
heterogeneity in clinical manifestations of seemingly low
vitamin D status, especially across racial groups [43].

10 Concluding remarks

There remain a number of issues in the measurement of
vitamin D status that pose significant dilemmas for clin-
icians, laboratories, and researchers. First, there remains a
lack of consensus as to the 25(OH)D concentration that
denotes vitamin D sufficiency or guides when treatment of
insufficiency is necessary. Second, significant between-assay
and between-laboratory variability persists. Thus, defining
vitamin D deficiency according to a single universal cut-
point is not currently appropriate and any single measure
of 25(0OH)D may not be reliable in detecting vitamin D
deficiency.

Clinicians need to recognize the limitations of current
assays, and seek guidance from cutoff points calibrated to
the specific assay and laboratories being used.

Laboratories must work toward more widespread provision
of assay and laboratory-specific decision limits and the
harmonization of methods to improve the interpretability of
serum 25(0OH)D measurements [57, 79, 80]. Interlaboratory
variability can be improved with stricter implementation of
procedures, calibration, and the use of common standards [68].

Research regarding the health effects of vitamin D
generally aims to compare serum 25(OH)D levels in those
with and without the condition of interest. This review
underlines the importance of using relative levels of vitamin
D (e.g. tertiles, quintiles), rather than absolute cutoff points,
and using the same laboratory and assay methods, preferably
in batched analysis, for comparisons within the population
under study. Caution should be exercised when commenting
on health effects relating to absolute 25(OH)D levels and the
likely effect of the chosen assay methods noted.

Consideration of vitamin D status has progressed
remarkably since the first assays were developed in the early
1970s. Critical evaluation of the appropriate analyte, careful
study of optimal physiological levels, and the ongoing
development of increasingly sophisticated assay methods
have accompanied the rapidly growing interest in the
diversity of the health effects of vitamin D. For this progress
to continue, there is now an urgent need for standardization
and calibration of assay methods.
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