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Chapter 3

Vitamin D Deficiency: 
Causes & Treatment

Abstract

 This chapter deals with vitamin D and its metabolites from the point 
of view of the steps involved in their analytical determination. Thus, after 
a brief description of the characteristics and metabolism of vitamin D to 
introduce the target metabolites, the analytical aspects of these compounds are 
addressed. First, we discuss the suitability of the types of samples (e.g., fresh 
and dry blood, urine, saliva, cerebrospinal fluid) in which vitamin D and its 
metabolites are determined; then, the stability of the most used sample (blood 
as both serum and plasma) under different storage conditions is considered in 
the light of the different metabolites to be measured. The half-life and levels 
in blood of these compounds, the sources and supplementation with vitamin 
D, as well as the role of vitamin D and its metabolites in human health are 
also matters of this chapter prior to discuss in depth the sample preparation 
and derivatization steps and emphasize a key aspect as sample volume. The 
description and discussion of the analytical methods for determination of 
vitamin D and its metabolites encompass, as the most important, immunoassays 
methods and mainly those involving chromatographic separation prior to 
detection, with mass spectrometry and the gold technique for identification 
and determination.



2

w
w

w
.openaccessebooks.com

Vitamin D deficiency: Causes & Treatment
C

as
tro

 L
D

Abbreviations: ACN: Acetonitrile; AD: Ampliflex™ Diene; ALTM: All-laboratory trimmed mean; APCI: Atmospheric 
pressure chemical ionization; CPBA: Competitive protein binding; CV: Coefficient of variation; DAD: Diode array 
detector; DBP: Vitamin D binding protein; DBS: Dried blood spots; DEQAS: International Vitamin D External 
Quality Assurance Scheme; FI: Flow-injection; GC: Gas chromatography; IAE: Immunoaffinity extraction; LC: 
Liquid chromatography; LLE: Liquid–liquid extraction; LLOQ: Lower limit of quantitation; NIST: National Institute 
of Technology; PTAD: 4-phenyl-1,2,4-triazole-3,5-dione; QqQ-MS: triple quad mass spectrometry detector; RIA: 
Radioimmunoassay; RRB: Radioreceptor binding; SIL-IS: Stable isotopically labeled internal standard; SPE: Solid-
phase extraction; SRM: Selected reaction monitoring; UV-B: Ultraviolet B

1. Vitamin D: Characteristics and Metabolism

 Vitamin D is a prohormone that comes in many forms, but the two major physiologically 
relevant ones are vitamin D3 (cholecalciferol) and vitamin D2 (ergocalciferol). Technically, 
vitamin D is classified among secosteroids in which one of the rings has been broken (Figure 
1). As derived from a steroid, the structure of vitamin D retains its numbering from its parent 
compound cholesterol: the 9,10 carbon–carbon bond of ring B is broken, as indicated by the 
inclusion of “9,10-seco” in the official nomenclature. The configuration of the double bonds 
are notated E for “entgegen” or trans, and Z for “zuzammen” or cis [1]. Thus, the official name 
of vitamin D3, by relation to cholesterol, is 9,10-seco (5Z,7E)-5,7,10(19) cholestatriene-3β-ol; 
while the official name of vitamin  D2 is 9,10-seco (5Z,7E)-5,7,10(19),22-ergostatetraiene-3β-
ol. The differences between both are a double bond between C22 and C23, and a methyl group 
on C24 for vitamin D2.

 

Vitamin D3, the naturally occurring form, originates from dermal synthesis by conversion of 
7-dehydrocholesterol, a precursor of cholesterol, into pre-vitamin D3 under ultraviolet UV-B 
radiation, on the plasmatic membrane of skin cells. This process is followed by fast thermal 
isomerization to vitamin D3 (Figure 2). Approximately 50% of pre-vitamin D is converted 
into vitamin D in 2 h, formed in the cell membrane and then transported to the extracellular 
space. From this, vitamin D is transported in blood bound mainly by the transporter vitamin D 
binding protein DBP to reach the liver. There, vitamin D-25-hydroxylasa of cytochrome P450 
produces the 25-hydroxylation in the liver to yield the main circulating form, 25(OH)D. D-25-
hydroxylasa is not strictly regulated in the liver; therefore, an increase of cutaneous production 
of vitamin D or its intake increase the level of circulating 25(OH)D —both 25(OH)D3 and 

Figure 1: Important nutritional forms of vitamin D.
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25(OH)D2. Therefore, the joint measure of both monohydroxylated vitamin D metabolites is 
used to determine the status of vitamin D. 

 

Further 1α-hydroxylation of 25(OH)D both in the kidney and extrarenal sites gives place to 
the hormonal form, 1,25(OH)2D, which mediates its pleiotropic effects through the ubiquitous 
vitamin D receptor that binds to vitamin D response elements in target genes to regulate their 
transcription [2]. 1,25(OH)2D has potent antiproliferative and cell differentiation-inducing 
activities in addition to its role in calcium homeostasis [3]. The inactivation of vitamin D is 
carried out by side chain oxidation by the mitochondrial 24-hydroxylase, which catalyzes 
the conversion of both 25(OH)D3 and 1,25(OH)2D3 into a series of 24- and 23-hydroxylated 
products targeted for excretion, culminating in the water-soluble biliary metabolite 26,23-
lactone and calcitroic acid [4]. C3-epimerization is a second biochemical pathway, via which 
the major vitamin D metabolites —25(OH)D2, 24,25(OH)2D3 and 1,25(OH)2D3— are converted 
to their respective epimeric forms and are further metabolized through the C-24 oxidation 
pathway [5].

 Even though 1,25(OH)2D is in fact the biologically active form of vitamin D, serum 
1,25(OH)2D provides no information about vitamin D status and is often normal or even 
elevated due to secondary hyperparathyroidism associated with vitamin D deficiency. On the 
contrary, 24,25(OH)2D3 is the major circulating dihydroxylatedvitamin D metabolite in human 
serum with concentrations between 0.7–40 nmol/L [6,7]. Serum 24,25(OH)2D3 concentrations 
show a strong positive correlation with serum 25(OH)D3 levels, and are approximately 10% of 
25(OH)D3 levels [7–14].

2. Analytical Aspects of Vitamin D

 This section involves subjects such as the clinical samples used for vitamin D 
determination, the stability of the most frequently used samples, half-life and normal levels in 

Figure 2: Activation and molecular pathways for vitamin D: integrative schematic synthesis, metabolism and molecular 
action.
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humans of vitamin D and its metabolites, main sources of vitamin D and supplements on this 
vitamin, as well as its role in human health.

2.1. Clinical samples for determination of vitamin D

 Biological matrices for determination of vitamin D and its metabolites in human include 
dried blood spots (DBS) [15–22], urine [23], saliva [24], cerebrospinal fluid [25], and mainly 
blood. 

 DBS collection is a minimally invasive sampling to obtain blood samples on cards 
or filter paper. Therefore, it is a practical way to screen for vitamin D deficiencies in large 
epidemiological studies or in at risk populations where venipuncture is impractical, including 
pediatric populations, rural clinics, and developing countries, or where blood volume is limited 
as in neonates [19]. Calibration of DBS analysis is difficult owing to the absence of blank 
samples in the case of endogenous analytes, and the fact that current reference analytics is 
performed using plasma or serum samples and not dried blood [20]. 

 Measurement of vitamin D in saliva is interesting from the perspective that it is likely to 
reflect the free, non-protein-bound hormone in plasma [26], and may serve as a better indicator 
of vitamin D status [27]. Concentrations of salivary 25(OH)D3, however, are at the picomolar 
ranges, less than one-thousandth of that in plasma, and require sensitive assay technology for 
measurement [28]. A good correlation was found between the serum and salivary 25(OH)D3 
levels [24]

 Urine is a more complicate sample for vitamin D analysis as most of its metabolites are 
conjugated; therefore, in addition to volume normalization, if required, sample preparation 
involves hydrolysis (usually catalyzed by β-glucuronidase, followed sometimes by 
derivatization). Ogawa et al. found the amount of 24,25(OH)2D3 in urine 2–3 times greater 
than that of 25(OH)D3, contrary to the 1:10 ratio of 24,25(OH)2D3 to 25(OH)D3 in serum [23]. 
Sulfate conjugated vitamin D metabolite 25(OH)D3 3-sulfate has also been found in human 
plasma at levels similar to or higher than that of 25(OH)D3 in adults or infants, respectively, 
but lower in preterm infants [29]. This conjugate has not been proven to have significant 
biological activity [30].

 Cerebrospinal fluid from multiple sclerosis patients was used to study the controversial 
information on the effect of vitamin D metabolites on the disease. The concentration of 
25(OH)D in this biofluid from the target patients was not significantly different as compared 
with patients with other inflammatory neurological diseases, but the cerebrospinal fluid/serum 
ratio was significantly lower in multiple sclerosis patients [25]. The authors of this study 
stated that the results they obtained do not support that 25(OH)D is actively transported to 
the cerebrospinal fluid, or that the cerebrospinal fluid or serum levels or their ratio exert a 
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major impact on multiple sclerosis activity. A comprehensive metabolomics study of vitamin 
D metabolites in multiple sclerosis patients has not been developed so far [31].

 Blood, either as serum or plasma is, with a high difference, the most used biofluid for 
clinical studies of vitamin D and its metabolites in such a way that the reference values for the 
status of vitamin D are established in one of them. 

 Blood (as serum or plasma) has been the clinical sample preferred by the authors’ 
research team for development of methods for determination of vitamin D and its metabolites. 
The team has worked on the metabolism of vitamin D since 1997, when metabolomics had not 
been defined as such omics discipline, and published 7 articles between 1997–1999 dealing 
with methods to improve the determination of vitamin D and metabolites using plasma as 
clinical sample [32–38]. Also a review on the state-of-the-art and trends on the determination 
of vitamin D [39] was published by the authors. Further studies on vitamin D metabolites 
developed by the research team (between 2007 and 2013) were based on serum as clinical 
sample, and mainly devoted to reduce the sample size, automation of sample preparation, 
improvement of sensitivity and cross-sectional studies  [40-48]. More recently, the team has 
developed a study on the suitability of serum or plasma for the determination of vitamin D and 
its key mono- and dihydroxymetabolites [49]. 

2.2. Stability of serum/plasma samples for analysis of vitamin D

 Vitamin D and its metabolites have traditionally been considered unstable compounds 
sensitive to light and temperature [50]; therefore, studies on their stability have been developed, 
but not in depth. A study published in 2004 was devoted only to the 25(OH)D metabolite, 
which was determined by a chemiluminescence immunoassay method in serum and plasma 
samples both fresh and frozen [51]. Comparison of the results showed p values greater than 
0.7, indicating no significant difference between fresh and frozen samples, the latter subjected 
to five freeze–thaw cycles; thus demonstrating that the samples did not need to be frozen if 
they are assayed within 5 days from sampling. The equivalent cross-reactivity of 25(OH)D2 
and 25(OH)D3 in the target immunoassay used was also demonstrated. Cross-reactivity to 
the dihydroxy vitamin D metabolites was accepted, but without clinical concern due to the 
approximately 1000-fold concentration difference between these metabolites and the 25(OH)
D in the circulation. As the authors stated, concentrations of 1,25(OH)2D at five times normal 
values would contribute less than 0.05 nmol/L to the measured 25(OH)D concentration. Thus, 
pathological 1,25(OH)2D concentrations would be expected to contribute less than 0.1% to the 
overall imprecision. A further study in serum involving only the 25(OH)D metabolite and RIA 
analysis showed stability of this compound at –25 ºC in storage between 6 and 24 years [52].

         In  a  more recent study on stability of the 25(OH)D metabolite in serum ,the levels determined 
by LC–MS/MS were compared with those obtained by conventional radioimmunoassay 
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(RIA) –no distinction between 25(OH)D3 and 25(OH)D2— [53]. Note that 1,25(OH)2D, less 
concentrate than the monohydroxy metabolites, was not determined. The values obtained by the 
RIA method exhibited a mean bias of about 8.35 ng/mL, most likely as a result of cross-reaction 
of the antibody with low-abundant metabolites, including 24,25(OH)2D3. Various preanalytical 
factors, such as long sample sitting prior to serum separation, repeated freeze–thaw cycles, and 
the presence of anticoagulants had no significant effects on the determinations.

 A more comprehensive stability study was developed by the authors’ team using serum 
and plasma samples subjected to: (1) room temperature, 25 ºC preserved from sunlight; (2) 
refrigeration, 6 ºC, and freezers, (3) at –20 ºC and, (4) at –80 ºC. The subsequent monitoring 
of vitamin D and its mono- and dihydroxymetabolites, the influence of freeze/thaw cycles on 
the stability of the target compounds, as well as the behavior of lyophilized serum and plasma 
have been the subject of the study [54].

2.3. Half-life and levels of vitamin D metabolites in humans

 The parent sterol vitamin D has a half-life close to 24 h [55], relatively short as compared 
with 25(OH)D, which has a half-life of 2–3 weeks [56,57]. Therefore, 25(OH)D measurement 
is a better indicator of vitamin D storage, whether obtained from sunlight (UV exposure) or 
dietary sources. The most potent physiologically active circulating metabolite produced by 
humans is 1,25(OH)2D, which has a half-life of 4–8 h [58–60]. While 25(OH)D circulates at 
the nmol/L concentrations, 1,25(OH)2D is present at the pmol/L concentrations; at a 1000-fold 
lower concentration than 25(OH)D (with the reference interval for healthy adults being 38–
134 pmol/L [61]), which means that this dihydroxymetabolite represents the greater challenge 
in assay development. 

 The levels of vitamin D metabolites that define normal, abnormal or pathological 
values in adult humans are established with respect to the circulating form. There is virtually 
unanimous agreement that a serum level of 25(OH)D less than 30 nmol/L defines vitamin D 
deficiency, but there are different opinions regarding the 25(OH)D levels that define vitamin 
D insufficiency which may differ from 50 nmol/L [62] to 75 nmol/L [63]. The Institute of 
Medicine recommends that deficiency corresponds to <30 nmol/L, and places a person risk 
relative to bone health; 30–50 nmol/L places some, but not all, persons at risk for inadequacy, 
which can be considered as insufficiency; while sufficiency (adequate) is established for ≥50 
nmol/L that meets the needs of 97.5 % of the population. About 1 billion people worldwide 
are estimated to have 25(OH)D levels of less than 75 nmol/L [64]. The Institute of Medicine 
also states that levels higher than 75 nmol/L are not consistently associated with increased 
benefit [65]. Table 1 summarizes the levels of both vitamin D and 25(OH)D as expressed by 
K. Poongkodi [66] including extreme values.
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It has also been proposed that free or bio-available 25(OH)D provides a better assessment 
of vitamin D sufficiency than total 25(OH)D [27]. Free or bio-available 25(OH)D can be 
calculated taking measured DBP and albumin into account [67] or can be directly measured 
by immunoassay [68]. The 24,25(OH)2D3 to 25(OH)D3 ratio may also be a predictor of serum 
25(OH)D3 response to vitamin D3 supplementation [11,14,69]. 

 Differentiation between the concentration of 25(OH)D and its epimer 3-epi-25(OH)
D in infants is of interest in this population as studies in up to 1 year of age have shown 
significant 3-epi-25(OH)D concentrations as high as 200 nmol/L with relative contribution to 
total 25(OH)D as high as 55% [70–76]. This behavior can be attributed to either transference 
of the epimer in the utero or to postnatal formation.

2.4. Sources of and supplementation with vitamin D

 Vitamin D is derived from two major sources in humans, with approximately 80–90% 
produced on the skin resulting in cholecalciferol (D3), and the other 20% is derived from 
dietary sources, which can be animal cholecalciferol (D3) or plant derived ergocalciferol (D2). 
The latter originates from the yeast and plant sterol ergosterol and is obtained from diet or 
supplements.

 Small amounts of vitamin D can also be obtained by nutritional intake of either vitamin 
D3 or by foods fortified with vitamin D2. Both forms undergo a substrate-dependent liver 
hydroxylation to 25-hydroxyvitamin D [25(OH)D2 and 25(OH)D3], as stated in Figure 2.The 
perceived conception that vitamin D supplementation can prevent, improve or cure chronic 
disorders has caused over the last years a massive rise in demand for measurement of 25(OH)
D in blood as surrogate marker of vitamin D status.

 There is much interest in intermittent dosing for patient convenience, and long term 
adherence, but caution is warranted when using supraphysiological bolus doses as these may 
be counterproductive leading to transient vitamin D intoxication in the immediate post-dosing 
period [77–79] or adverse effects in the longer term [80,81]. There are not conclusive results 

Table 1. Levels of vitamin D and 25(OH)D which define normal, abnormal and pathological values in serum from 
human adults [66].

Status 25(OH)D, ng/mL Vitamin D, nmol/L

Severe Deficiency <10 <25

Deficiency <20 <50

Insufficiency 21 – 29 50 – 74

Sufficiency 30 – 100 75 – 250

Optimal 30 – 60 75 – 150

Toxic >150 >375
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on vitamin D supplementation. Thus, interventional studies on vitamin D supplementation 
(1.200 IU vitamin D per day) in patients with Parkinson disease showed no conclusive results 
when compared with individuals who received placebo during the same period [82]. On the 
contrary, 5 studies of vitamin D supplementation in rodents on the effect of vitamin D therapy on 
substantianigra dopamine neurons resulted in: one study with a significantly higher dopamine 
level and two a significantly higher concentration of the enzyme promoting conversion to 
dopamine (tyrosine hydroxylase), in the substantianigra of the vitamin D supplemented 
rodent group [83–85]. One of these studies also demonstrated that oxidative injury of the 
substantianigra was significantly lower after vitamin D supplementation [83]. This result 
was in line with another study reporting higher neuronal survival in the substantianigra when 
1,25(OH)2D was injected [86]. However, very high concentrations of 1,25(OH)2D enhanced 
neurotoxity, as also found in Klotho-insufficient mice that resemble human aging and exhibit 
abnormal levels of serum 1,25(OH)2D caused by abnormally high vitamin D metabolism in the 
kidney [86,87]. 

 In infant studies, vitamin D supplementation (2.000 IU/day) in the first year of life 
increased the risk of developing atopy, allergic rhinitis, and asthma late in life [88].

2.5. The role of vitamin D and its metabolites in human health

 Over the past decade, more than 1600 studies have been conducted on vitamin D, 
and more than half of them are cohort or observational studies demonstrating an association 
between deficits in vitamin D and a litany of acute and chronic disorders (cardiovascular 
disease, cancer, diabetes, fractures, depression and respiratory tract infections, to name a few) 
[89]. These findings have fueled the hypothesis that vitamin D supplementation—a widely 
available, low-cost and mostly harmless intervention—might treat or even prevent these 
disorders. Association, however, is not causation.

 At present, evidence supports vitamin D supplementation to help prevent fractures 
(particularly if given with calcium), and possibly to prevent falls and slightly reduce mortality 
(particularly in older patients [>70 years of age]). No other effects have been proven. For many 
other conditions, the evidence for vitamin D supplementation is plagued by the use of small, 
poor-quality trials. Lastly, testing of 25(OH)D levels in the general population is not necessary, 
and very high doses should be avoided.

 Clinical interest in Vitamin and its purported roles not only in calcium and bone metabolism 
but in several other medical conditions (diabetes, cardiovascular disease, multiple sclerosis, 
cancer, psychiatric disorders, neuro-muscular disease) has led to a surge in laboratory requests 
for 25(OH)D and 1,25(OH)2D measurement, but also their ratio and ratios of other vitamin D 
metabolites. The search for vitamin D metabolites-based biomarkers that could be associated 
to given diseases is other of the open fields for interesting research, which the authors’ team 
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has contributed. First, a proper use of the metabolomics in the field of vitamin D as diseases 
biomarkers started with the publication of a review on “the analytical process to search for 
metabolomics biomarkers“, to establish the basis for use of the proper analytical steps in each 
case [90]. Other contributions have constituted calls of attention on the unclarified action of 
the different metabolites of vitamin D on multiple sclerosis and the role of metabolomics to 
clarify the vitamin D–multiple sclerosis relationship [31,91]. 

3. Sample Preparation for Determination of Vitamin D and its Metabolites

3.1. Sample preparation

 Sample preparation for determination of vitamin D in the clinical field has been the 
workhorse of most analytical chemists working in this field, who have looked for interferents 
removal, automation and preconcentration steps to decrease sample volume as much as possible, 
increase sensitivity, selectivity and the number of analytes to be determined, and shorten the 
analysis time. Therefore, traditional sample preparation steps have consisted of:

(1) Deproteination or removal of protein and related macromolecules, a common step in 
dealing with serum or plasma samples. The step involves mixing equal volumes of sample and 
precipitant reagent such as acetonitrile (ACN) [92–98], ammonium sulfate [99,100] or ethanol 
[101,102]. This is the only preparation step prior to selective quantitation (e.g., RIA). 

(2) Saponification, mainly used with samples containing high contents of lipids such as infant 
formulae [102,103], enriched milk [104–107], eggs [108], fish oil [108–111] or margarine 
[112]. This step substitutes deproteination and is followed by liquid–liquid  extraction (LLE). 
Saponification and subsequent removal of lipids involve losses of vitamin D and its metabolites 
by dragging; losses that have been traditionally evaluated by a recovery study using radioactive 
isotopes. 

(3) LLE constitutes an alternative to the two previous sample preparation steps. It can be 
simple or multiple LLE. The most general manual procedure has been that of Bligh and Dyer 
[113].

(4) Solid-phase extraction (SPE), used since the earliest methods for quantitation of vitamin 
D and its metabolites, underwent a remarkable expansion with commercialization of SPE 
cartridges, which virtually substituted manual column packing. 

 The improvement of sample preparation achieved by SPE can be summarized in: 
lower amount of neutral lipids in the extract as compared with LLE; higher protection of the 
equipment used for subsequent individual separation (LC or GC) or by direct quantitation by 
competitive protein binding (CPBA) radioreceptor binding (RRB) or RIA; effective decrease 
in costs in terms of cartridges and solvents; high preconcentration factors by final elution 
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with small eluent volumes; and, availability for selective separation of the analytes based on 
polarity differences.

 Nevertheless, SPE also involves some drawbacks such as: necessity for calibration 
procedures to minimize the variability among commercial cartridges; potential introduction of 
contaminants that can remain in the sorbent and might be eluted in subsequent steps; excess 
of confidence in the cleanup capacity of the procedures, with absence of checking and control 
steps.

(5) Liquid chromatography preparation as step previous to individual chromatographic 
separation. Molecular exclusion [114,115], solid–liquid partitioning either by normal [116–
118] or reverse-phase chromatography [114,119,120] or a combination of them [115,119,120] 
have been used prior to RIA [121] or CPBA [94]. 

 An overview of the contributions to sample preparation for determination of vitamin D 
and its metabolites by the authors’ research team are as follows:

 A first contact of the authors’ team by the last decade of the XX century with its new 
research line on vitamin D was to improve a previous sample preparation SPE procedure for 
plasma found in the literature [122]. Keeping protein precipitation by ACN, the SPE step 
was improved by more efficient mixtures used for washing and elution from two subsequent 
cartridges (Bond-Elut C18 and  Bond-Elut silica)[32]. A drastic decrease of interferents (a 
cleaner LC–UV-chromatogram) that allowed the determination of 24,25(OH)2D, 1,25(OH)2D, 
in addition to 25(OH)D, the only determined in the previous procedure [122]. 

 An on-line coupling of a flow-injection (FI) manifold to the loop of the injection valve 
of an LC–UV detector arrangement allowed partial automation of the SPE step by locating a 
C18 minicolumn in the loop of the FI injection valve and selecting sequential passage through 
it of conditioning solution, sample, washing solution, and eluant [33]. The continuous method 
provided as main advantages a single and miniaturized SPE (smaller amount of sorbent), 
reusability of the minicolumn, drastic preconcentration factor and simple automation. The 
method thus developed was improved by a more effective protein precipitation by changing 
ACN to isopropanol, then compared advantageously with an RIA method for 25(OH)D [34]. 
The use of an aminopropyl-silica sorbent and the same continuous arrangement showed the 
following advantages provided by this polar sorbent instead of the nonpolar C18 sorbent [35]: 
lower detection and quantitation limits and better CV % values and recoveries than the previous 
methods. A new application of the arrangement allowed the determination of vitamins D2, D3, 
K1 and K3, and also the 25(OH)D3, 24,25(OH)2D3 and 1,25(OH)2D3 metabolites [36]. Other 
improvements involved an LLE step prior to SPE and the same continuous system, including 
postcolumn derivatization and changing the UV-chromatographic detector to a conventional 
fluorimetric detector (sensitivity increased about 50 times with respect to previous methods) 



11

Vitamin D deficiency: Causes & Treatment

[37], or a laser-induced fluorescence detector (sensitivity 10 times higher than with the 
conventional fluorimetric detector) [38]. 

 Almost all subsequent developments of the team in this research line during the XXI 
century have involved commercial automated high-pressure SPE stations (Prospekt1, Prospekt2 
or Symbiosis Pharma, all from Spark-Holland) on-line connected to the chromatograph in 
such a way that the mobile phase acts as eluent, thus inserting in the chromatographic column 
the total amount of the compounds retained in the CN cartridge. The first contribution —for 
determination of 25(OH)D3, 24,25(OH)2D3 and 1,25(OH)2D3 — involved a first manual LLE 
step followed by the SPE step by Prospekt1 and the final LC–DAD (diode array detector) step. 
A cleaner chromatogram, better reproducibility and shorter analysis time were thus achieved 
[40]. A subsequent development allowed total automation of the method by the use of a 
robotic workstation to develop the LLE step. In this way vitamins A and E, and the 25(OH)D3, 
24,25(OH)2D3 metabolites were determined (the wavelength of maximum absorption for each 
analyte was selected taking advantage of the DAD) [41]. A further application allowed vitamins 
A and E, and the 25(OH)D3, 24,25(OH)2D3 metabolites to be determined in the normality 
range of these compounds in healthy individuals within the 18–80 year-old interval [42]. 
Avoidance of the LLE step and use of the serum sample mixed with 0.5 mL of ACN containing 
sodium dodecyl sulfate allowed direct insertion in the Prospekt1 system and chromatographic 
separation–DAD determination of fat soluble vitamins A, D2, D3, α- and δ-tocopherol, and 
25(OH)D3 in 20 min [43].

 A key improvement of the methods for the target compounds was achieved by change 
the DAD to a triple quad mass spectrometry (QqQ-MS) detector. The first application of this 
detector, always coupled to LC equipment, involved manual sample preparation consisting 
of protein precipitation with methanol, LLE with hexane, evaporation of the extractant 
and reconstitution of the residue with methanol prior to injection in the chromatograph for 
separation of vitamins A, K1, K2, D2, D3 and E (as α- and δ-tocopherol), and the 25(OH)
D2, 25(OH)D3, and 1,25(OH)2D3 metabolites [44]. The use of the commercial SPE station 
Prospekt2 on-line connected to the LC–QqQ-MS arrangement allowed to work with only 0.2 
mL of serum sample injected (after protein precipitation) into the sample loop of the SPE 
station provided with Hysphere cartridges automatically conditioned. The analysis time was 
20 min [45]. The features of the method made feasible its application to cross-sectional studies 
[47,48]. The most recent innovation in the equipment for sample preparation used by the 
authors’ team was substitution of the Prospekt 2 by the Symbiosis Pharma model, designed 
for high sampling throughput with samples maintenance at 4 ºC, with subsequent in depth 
optimization of volumes and times for the equilibration, sorption and elution steps [49].
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3.2. Derivatization

 Derivatization steps based on dehydration [123–126], cycloaddition [127–130], 
silanization [116–118,131,132], or charge-transfer complex formation [133] have been 
implemented as a pre- or postcolumn step in either LC or GC. 

(1) Dehydration reactions occur by exposure of vitamin D and its metabolites to high temperature. 
The non-specific reaction produces B-ring cyclation to yield pyro and isopyro isomers. The 
number of isomeric structures thus produced significantly complicates subsequent individual 
separation and identification. Cyclation constitutes a hard limitation for development of 
methods involving GC. Selective cyclation to obtain given products [122] or more thermostable 
products by isotachysterol formation [134–136] has been reported as a step prior to GC–MS 
[122].

(2) Diels–Alder cycloaddition contributes to enhancing sensitivity and selectivity in the 
determination of vitamin D and its metabolites, a reaction that can be developed by very 
different reagents and has been implemented both in pre- and postcolumn location in LC–MS 
methods [119,127–130].

(3) Silanization reactions have been used to minimize unspecific adsorption of vitamin D and 
its metabolites in GC mainly owing to the presence of hydroxyl groups on these molecules. A 
number of silane-derivatives have been used with this aim [93–100,137–139].

(4) Charge transfer-complex formation has also been implemented, mainly for the determination 
of vitamin D in pharmaceuticals [133].

 Derivatization reactions have been applied by the authors’ research team, always in 
poscolumn location, with the aim of increasing sensitivity as the necessary selectivity was 
supplied by LC separation. A Diels–Alder reaction using 4-phenyl-1,2,4-triazole-3,5-dione 
(PTAD) formed an adduct with maximum absorption at 337 nm, which increased the sensitivity 
5-times with respect to the method without derivatization [36]. A dehydration method favored 
by a strong-acid medium was also postcolumn developed which improved fluorimetric detection 
(with conventional [37] or laser-induced detectors [38]). 

3.3. Sample volume

 The sample volume of either serum or plasma required for determination of vitamin 
D metabolites has experienced a spectacular decrease thanks to the improvement of sample 
preparation steps, and increased sensitivity of the detectors used (mainly MS detectors). Thus, 
the isotope dilution-mass fragmentography assay for 1,25(OH)2D published in 1979 [140] 
required 20 mL of serum subjected to LLE with a chloroform–methanol mixture after addition 
of [26-2H3]-1,25(OH)2D3, and purification by LC. Then, the metabolite in the purified material 
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was converted into the trimethylsilyl derivative and analyzed by GC–MS. The lower limit of 
quantitation (LLOQ) was 13 pmol/L (5 pg/mL), with a CV of 5%; but the large sample volume 
limited the general applicability of the assay. The evolution of analytical equipment and sample 
preparation devices led to a method published in 2010, based on LC–MS/MS [141] by which 
both 1,25(OH)2D2 and 1,25(OH)2D3 could be measured in 30 µL of sample. An LLOQ for 
1,25(OH)2D3 of 15 ng/L (36 pmol/L), a CV of 5–15 % across physiological concentrations, 
and a total run time per sample of 30 min supported the excellent features of the method. 
Sample preparation involved a complex on-line process using a perfusion column, followed by 
a chain of two monolithic columns to clean and enrich the sample prior to LC–MS/MS analysis 
without derivatization. A recently published method uses a 20 µL serum sample volume for 
determination of four vitamin D metabolites —viz. 25(OH)D3, 3-epi-25(OH)D3, 25(OH)D2, 
and 24,25(OH)2D3; with LOQ of 0.091, 0.020, 0.013, and 0.024 ng/mL, respectively. The very 
long sample preparation process involved SPE on wells plates, incubation, evaporation, and 
derivatization for 1 h prior to injection into the LC–MS/MS system [53]. 

 In the studies developed by the authors’ research team the maximum sample volume used 
was 2 mL [32–38,40,41], then reduced to 1 mL after exhaustive optimization [42,44,46], and to 
0.5 mL by eliminating the LLE step [43], and, finally 0.2 mL when the Prospekt2 workstation 
was used. In our more recent research the sample volume has been 240 µL in all instances as a 
compromise between the required sensitivity for determination of the more diluted metabolites 
and the possibility of obtaining samples from patients in critical state [49,142,143].

3.4. Analysis time 

 A sometimes crucial analytical parameter as analysis time is very difficult to be deduced 
from most of the publications on this subject. A number of published methods for determination 
of vitamin D and its metabolites only specific the time required for the chromatographic–
detection step, despite obtainment of the analytical sample [144] has involved deproteination, 
centrifugation, LLE, evaporation of the extractant to dryness one or several times, derivatization 
with enough completion requiring 1 h or even more, etc.  

 In the recent research developed by the authors, once the method for determination of 
vitamin D and its metabolites was enough validated for massive application, the time required 
for analysis was 15 min, achieved by overlapping of the chromatographic–detection steps of 
one sample with the SPE of the next [49,142,143]. The only pretreatment after sample thawing 
is centrifugation/filtration prior to location in the thermostated autosampler.

4. Methods for Determination of Vitamin D and its Metabolites  

 Methods for vitamin D metabolite measurement can be divided into two main groups: 
immunochemical methods and those based on liquid chromatography separation, mainly with 
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MS detection.

4.1. Immunoassay methods

 Immunoassays dominate 25(OH)D testing (90%) in clinical laboratories and have evolved 
from laborious manual RIA formats to fully automated assays on random access analyzer 
platforms. These automated immunoassays are mainly based on a competitive principle (Ab 
or protein binding formats) but recently, a promising sandwich assay based on the metatype 
antibody principle has become available [145,146]. Automated immunoassays seem attractive 
for reasons of high throughput capabilities. However, they have some major shortcomings 
such as limited sensitivity and dynamic range, difficulties in DBP displacement, non equimolar 
detection of 25(OH)D2 and 25(OH)D3, interferences from heterophilic antibodies, and from gel 
and clot activator in blood collection tubes [147], lack of adequate standardization, and cross-
reactivity towards other major circulating vitamin D metabolites, 24,25(OH)2D3 being the most 
abundant. Particularly, in specific populations with altered DBP status, as in dialysis patients, 
intensive care unit patients and in pregnancy, immunoassays show remarkable differences 
when compared to LC–MS/MS which have been attributed to inefficient release of 25(OH)D 
from DBP [148–150].

 Immunoassay manufacturers correct for 24,25(OH)2D3 cross-reactivity in a fixed 
manner, which may lead to overcorrection, and to falsely low 25(OH)D as a result, in patients 
with lowered 24,25(OH)2D3 levels, as in chronic kidney disease [151,152]. 

 The  most commonly used methods for 1,25(OH)2D3 quantitation are competitive RIA 
with 125I as the radio-label, or enzyme immunoassays that require extensive sample purification to 
minimize contribution of other vitamin D metabolites [153]. In vitamin D intoxication, elevated 
levels of 25(OH)D can interfere with 1,25(OH)2D3 measurement using RIA owing to 25(OH)
D cross-reactivity of the 1,25(OH)2D antibody [154–156]. More recently, fully automated 
chemiluminescence immunoassays that accurately and precisely measure 1,25(OH)2D have 
become available. They show good correlation with well validated LC–MS/MS assays [157–
162]. 

 An area of concern in relation to immunoassays is the variability in the detection of 
25(OH)D2. Some assays claim to have 100% cross-reactivity with exogenously added 25(OH)
D2 and 25(OH)D3 and are therefore equipotent for the measurement of the two metabolites. 
Other assay manufacturers admit to lower cross-reactivity with exogenous 25(OH)D2 (75% 
[kit insert from IDS, Boldon, UK], 52% [product insert from Abbott, North Chicago, IL]), 
while some assays were specifically designed to measure only 25(OH)D3 (product insert from 
Roche, Indianapolis, IN). Reports have confirmed the variability of commercial immunoassays 
to detect 25(OH)D2 [163–166]. 
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 Immunoassay remains the predominant mode of measurement for 25(OH)D, although 
problems with equimolar recovery of the D2 and D3 metabolites remain an issue.

 Almost all immunoassays show a high cross-reactivity with 24,25(OH)2D, which 
increases in concentration with increasing sun exposure; and as 25(OH)D increases and/or 
is metabolized to 1,25(OH)2D, this provides an increased supply of the two substrates for the 
24-hydroxylase enzyme. Concentrations in the region of 10–15 nmol/L have been recorded for 
24,25(OH)2D in serum using GC–MS [167], with reported circulation levels of 10–15% that 
of 25(OH)D.

 Concerns have been raised about a possible contribution to 1,25(OH)2D measurement 
from other 1α-hydroxylated metabolites [168], and cross-reactivity for 1,25(OH)2D3 26,23-
lactone, 1,24,25(OH)3D3, and 1,25,26(OH)3D3 has been demonstrated in both the Diasorin and 
IDS assays [169].

 There  have been major advances in semi automation and full automation of immunoassays 
utilizing nonradioactive tracers, which have been incorporated into both specialist-dedicated 
immunoassay systems. 

4.2. Methods involving chromatographic separation

 Liquid chromatography–tandem MS (LC–MS/MS) is regarded as the gold standard 
method for measurement of serum 25(OH)D concentrations due to its inherent analytical 
sensitivity and specificity [170–174], but the approach is equally powerful to detect other 
relevant vitamin D metabolites as well, either in single or multiple analyte format. The 
simultaneous measurement of vitamin D metabolites may provide better understanding of 
vitamin D metabolism in health and disease and predict which metabolite, or even combination 
of metabolites, may be the best indicators of vitamin D status.

 Chromatography-based methods for vitamin D metabolite analysis are less susceptible 
to matrix effects than immunoassays. LC separations with subsequent detection, either by 
molecular absorption or molecular emission, have now largely been replaced by LC–MS/
MS. This last approach has the advantage of selectivity, accuracy, and precision in analytical 
measurements as well as multiplexing capabilities, features that often greatly exceed those of 
immunoassays. LC–MS/MS is an approach that requires relatively expensive hardware and 
technical expertise operating in a batch-wise. Accurate and sensitive measurement requires 
optimization of many steps including sample preparation, calibration, chromatographic 
separation mode, choice of internal standard, ionization and transition selection for mass 
spectrometric detection [175]. Among the various ionization modes, ESI and APCI are the 
most commonly used techniques in MS vitamin D analysis, with minor use of atmospheric 
pressure ionization. There are reportedly over 50 vitamin D metabolites [176], apart from 
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numerous chemically synthesized analogs [177] and these must also be considered potential 
sources of assay interference. Most of the existing LC–MS/MS methods have adequate 
sensitivity for the measurement of 25(OH)D3, 25(OH)D2 and their respective C3-epimers, but 
the improvement in sensitivity required to include measurement of other relevant vitamin D 
metabolites that circulate at much lower concentrations is not always possible.This is the case 
with quantitation of 1,25(OH)2D, which is present in serum at extremely low concentrations. 
The co-existence of many other higher abundant vitamin D metabolites that can interfere in 
1,25(OH)2D measurement constitutes an additional drawback. The LC–MS/MS platform has 
allowed development of methods of choice for 1,25(OH)2D3 analysis as it generates a higher 
selectivity in measurement when compared to immunoassays. Still, the accurate quantification 
of 1,25(OH)2D3 by LC–MS/MS is a challenge because of its low serum concentrations and lack 
of ionizable polar groups that result in poor ionization efficiency in ESI and APCI. Furthermore, 
specific care is needed to avoid potential interference from other dihydroxylated vitamin D 
metabolites, such as (3-epi) 24,25(OH)2D3, 23,25(OH)2D3, 25,26(OH)2D3 and 4β,25(OH)2D3, 
as they have the same molecular masses and fragmentation patterns. To enhance the detection 
response of the poorly ionizable compounds, derivatization strategies have been employed, 
mostly using Cookson-type triazoline-diones to react with the diene moiety of vitamin D, 
which enhances stability across the diene, and lends polar side chains to enhance ionization 
[9,178–182]. In some cases, mobile phase additives for adduct formation, such as ammonium, 
lithium or methylamine, have been used in order to further improve ionization efficiency [141, 
182,183]. Recently, a new, commercially available reagent (Ampliflex™ Diene —AD—, AB 
Sciex, USA) was developed for derivatizing 1,25(OH)2D that results in a 10-fold higher signal-
to-noise ratio compared to PTAD [184]. The reaction product is optimized for MS/MS analysis 
due to its quaternary amine functional group and activated dienophile moiety. In contrast to 
PTAD, the fragmentation of the AD-1,25(OH)2D3 product is limited to several defined peaks 
with the quantifying SRM product containing the entire 1,25(OH)2D structure, which results 
in different m/z values for the 1,25(OH)2D3 and 1,25(OH)2D2 product ions. This is beneficial in 
preventing isobaric cross talk between the two analytes. Also, the AD-1,25(OH)2D metabolite 
products are more polar, but remain soluble in organic solvents. This hydrophilic property of 
the derivatization reaction products allows for the use of more rapid LC separation techniques 
[184]. Improvements in sample preparation have come from inmunoaffinity extraction(IAE) 
allowing analyte enrichment and removal of isobaric interferences and matrix effects present 
in patient serum [181,182,185]. 

 The evolution of the chromatographic methods, mainly based on the type of the 
coupled detector, for determination of vitamin D and its metabolites can be shown through 
the contributions of the authors’ research team. As commented before, the first methods were 
based on LC–conventional molecular absorption detector with no innovation in the separation–
detection step, but in sample preparation [32–36]. Keeping the same chromatographic 
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separation, improvement by post-column derivatization and use of a conventional fluorimetric 
detector [37] or a laser-induced fluorescence detector [38] was achieved. The coupling of a 
DAD to the LC [40–43] avoided the derivatization step and provided similar sensitivity with 
drastic reduction of sample volume and automation of sample preparation [43], as a prelude of 
the optimization and application of the LC–MS/MS platform [44–48]. 

 All the previous contributions of the authors’ group established the basis for the recent 
improvements on sample collection and preparation [142], on stability of the target compounds 
[54], the use of SIL-ISs to support quantitative analysis and DEQAS samples for external 
validation of the method [49], and incorporation of two-dimensional LC to MS/MS for inclusion 
of the C3-epimer-25(OH)D in the analysis of vitamin D metabolites [143]. Thus, the way for 
massive application of the final method to the determination of the target compounds in serum 
or plasma samples from different cross-sectional and longitudinal studies was paved [186].

4.3. The use of SIL-ISs and validation in LC–MS methods to improve the determination 
of vitamin D metabolites

 SIL-ISs are essential for compensating for ionization suppression or enhancement effects 
and correction of extraction losses during sample preparation.

 Isotope dilution-electrospray LC–MS/MS methods performed on ‘‘bench top’’ analyzers 
became popular in the mid-2000s with protein precipitation of the sample, LLE, short run 
times, and computer processing of chromatograms contributing to higher throughput and ease 
of use in the determination of vitamin D and its metabolites [187,188]. Deuterated 25(OHD2 
and D3 internal standard material improves accuracy and verifies recovery, thereby reducing 
the problem of ion suppression [189]. 

 Isotope dilution LC–MS/MS is currently considered the gold standard method for 
25(OH)D measurement, being able to simultaneously quantitate 25(OH)D2 and 25(OH)D3, 
with summation of the two values resulting in total 25(OH)D. A review of the International 
Vitamin D External Quality Assurance Scheme (DEQAS) results for the LC–MS/MS group 
highlights the spread of results generated by these methods. While the majority of the methods 
(70–75 %) are positively biased against the all-laboratory trimmed mean (ALTM), some are 
close to the mean (15–20%) or negatively biased depending on the 25(OH)D concentration 
measured (5–10%). There has also been concern raised regarding the presence of the 3-epi-
25OHD epimer of 25(OH)D, which, because of the achiral nature of LC–MS/MS, cannot be 
separated from 25(OH)D by the majority of current methods. The presence of an epimer may 
increase the total 25(OH)D concentration measured by LC–MS/MS methods compared to 
immunoassays.

 In 2009, the National Institute of Technology (NIST) released SRM 2972, ethanolic 
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25(OH)D3 and 25(OH)D2 calibration solutions to improve standardization of vitamin D 
assays. SRM 2972 has now been replaced by SRM 2972a 25(OH)D calibration solutions, 
which contain two ethanolic solutions of 25(OH)D3 as well as single solutions of 25(OH)D2 
and 3-epi-25(OH)D3 [190]. 

5. Foreseeable/Desirable Future of Vitamin D Analysis

 Since vitamin D and its metabolites have been found to be related to many acute and 
chronic biological disorders (cardiovascular diseases, cancer, diabetes, fractures, depression 
and respiratory tract infections, among others) their analysis has become of great interest. 
Generally, the total and free concentrations of vitamin D metabolites are estimated but 
free circulating metabolites are technically more complex to quantitate owing to their low 
concentration. In addition, diseases associated with vitamin D deficiency are usually related to 
concentrations even lower than normal levels.

 One of the major advantages of  LC–MS/MS assays is the capability of measuring 
multiple vitamin D metabolites simultaneously. While most current LC–MS/MS methods 
offer good results for relatively abundant vitamin D metabolites such as 25(OH)D, they do not 
provide the same performance for dihydroxymetabolites such as 1,25(OH)2D2 or 24,25(OH)2D2.
This situation should change in the future by focusing the development/improvement of the 
methods on achieving more sensitive and selective quantitation [174].

 Another critical aspect of great interest deals with the wide range of compounds resulting 
from vitamin D metabolism. The present evidences of the relationship between a number 
of biological disorders and the concentration, or concentration ratios, of low concentrated 
metabolites make mandatory their accurate determination to establish the suspected influence 
of given metabolites on the biological state of the organism with respect to the disease [50].
Either the intake of the given metabolites or the modification of the metabolic pathways to 
increase their concentration in the patient could be a medium-term objective after the short-
term development of the appropriate analytical methods for their accurate measurement.

6. References

1. Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley DA, Heaney RP, et al. Evaluation, treatment, and 
preventionof vitamin D deficiency: an Endocrine Society clinical practice guideline. J Clin Endocrinol Metab. 2011; 96: 
1911–1930.

2. Jones G, Strugnell SA, De Luca HF. Current understanding of the molecular actions of vitamin D. Physiol Rev. 1998; 
78: 1193–1231.

3. Di Rosa M, Malaguarnera M, Nicoletti F, Malaguarnera L. Vitamin D3: a helpful immuno-modulator. Immunology 
2011; 134: 123–139.

4. Jones G. Metabolism and biomarkers of Vitamin D. Scand J Clin Lab Invest. 2012; 72: 7–13.



19

Vitamin D deficiency: Causes & Treatment

5. Kamao M, Tatematsu S, Hatakeyama S, Sakaki T, Sawada N, Inouye K, et al.C-3 epimerization of vitamin D3 
metabolites and further metabolism of C-3 epimers: 25-hydroxyvitamin D3 is metabolized to 3-epi-25-hydroxyvitamin 
D3 and subsequently metabolized through C-1alpha or C-24 hydroxylation. J Biol Chem. 2004; 279: 15897–15907.

6.Baecher S, Leinenbach A, Wright JA, Pongratz S, Kobold U, Thiele R. Simultaneous quantification of four vitamin 
D metabolites in human serum using high performance liquid chromatography tandem mass spectrometryfor vitamin D 
profiling. Clin Biochem. 2012; 45: 1491–1496. 

7. Kaufmann M, Gallagher JC, Peacock M, Schlingmann KP, Konrad M, DeLuca HF, et al. Clinical utility of simultaneous 
quantitation of 25-hydroxyvitamin D and 24,25-dihydroxyvitamin D by LC–MS/MS involving derivatization with 
DMEQ-TAD. J Clin Endocrinol Metab. 2014; 99: 2567–2574.

8. Berg AH, Powe CE, Evans MK, Wenger J, Ortiz G, Zonderman AB, et al. 24,25-dihydroxyvitamin D3 and vitamin D 
status of community-dwelling black and white Americans. Clin Chem. 2015; 61: 877–884.

9. Aronov PA, Hall LM, Dettmer K, Stephensen CB, Hammock BD. Metabolic profiling of major vitamin D metabolites 
using Diels-Alder derivatization and ultra-performance liquid chromatography–tandem mass spectrometry. Anal Bioanal 
Chem. 2008; 391: 1917–1930.

10. Hanson C, Jones G, Lyden E, Kaufmann M, Armas L, Anderson-Berry A. Vitamin D metabolism in the premature 
newborn: a randomized trial. Clin Nutr. 2015; 35: 835–841.

11. Wagner D, Hanwell HE, Schnabl K, Yazdanpanah M, Kimball S, Fu L, et al.The ratio of serum 24,25-dihydroxyvitamin 
D3 to 25-hydroxyvitamin D3 is predictive of 25 hydroxyvitamin D3 response to vitamin D3 supplementation. J Steroid 
BiochemMol Biol. 2011; 126: 72–77.

12. Edouard T, Husseini A, Glorieux FH, Rauch F. Serum 24,25-dihydroxyvitamin D concentrations in osteogenesis 
imperfecta: relationship to bone parameters. J Clin Endocrinol Metab. 2012; 97: 1243–1249.

13. Kobold U. Approaches to measurement of vitamin D concentrations – mass spectrometry. Scand J Clin Lab Invest 
Suppl. 2012; 243: 54–59.

14. Cashman KD, Hayes A, Galvin K, Merkel J, Jones G, Kaufmann M, et al. Significance of serum 24,25-dihydroxyvitamin 
D in the assessment of vitamin D status: a double-edged sword? Clin Chem. 2015; 61: 636–645.

15. Eyles D, Anderson C, Ko P, Jones A, Thomas A, Burne T, et al. A sensitive LC/MS/MS assay of 25OH vitamin D3 
and 25OH vitamin D2 in dried blood spots. Clin Chim Acta2009; 43: 145–151.

16. Ogawa S, Ooki S,Morohashi M, Yamagata K, Higashi T. A novel Cookson-type reagent for enhancing sensitivity 
and specificity in assessment of infant vitamin D status using liquid chromatography/tandem mass spectrometry. Rapid 
Commun Mass Spectrom. 2013; 27: 2453–2460.

17. Ogawa S, Kittaka H, Shinoda K, Ooki S, Nakata A, Higashi T. Comparative evaluation of new Cookson-type 
reagents for LC/ESI-MS/MS assay of 25-hydroxyvitamin D3 in neonatal blood samples. Biomed Chromatogr. 2016; 
30: 938–945.

18. Heath AK, Williamson EJ, Ebeling PR, Kvaskoff D, Eyles DW, English DR. Measurements of 25-hydroxyvitamin D 
concentrations in archived dried blood spots are reliable and accurately reflect those in plasma. J Clin Endocrinol Metab. 
2014; 99: 3319–3324.

19. Larkin EK, Gebretsadik T, Koestner N, Newman MS, Liu Z, Carroll KN, et al. Agreement of blood spot card 
measurements of vitamin D levels with serum, whole blood specimen types and a dietary recall instrument. PLoS ONE 
2011; 6: e16602.

20. Hoeller U, Baur M, Roos FF, Brennan L, Daniel H, Fallaize R, et al. Application of dried blood spots to determine 
vitamin D status in a large nutritional study with unsupervised sampling: The Food4Me project. Br JNutr. 2016; 115: 
202–211.



20

Vitamin D deficiency: Causes & Treatment

21. Newman MS, Brandon TR, Groves MN, Gregory WL, Kapur S, Zava DT. A liquid chromatography/tandem mass 
spectrometry method for determination of 25-hydroxy vitamin D2 and 25-hydroxy vitamin D3 in dried blood spots: a 
potential adjunct to diabetes and cardiometabolic risk screening. J Diabetes Sci Technol. 2009; 3: 156–162.

22. Higashi T, Suzuki M, Hanai J, Inagaki S, Min JZ, Shimada K, et al. A specificLC/ESI-MS/MS method for 
determination of 25-hydroxyvitamin D3 in neonatal dried blood spots containing a potential interfering metabolite, 
3-epi-25-hydroxyvitamin D3. J Sep Sci. 2011; 34: 725–732.

23. Ogawa S, Ooki S, Shinoda K, Higashi T. Analysis of urinary vitamin D3 metabolites by liquid chromatography/
tandem mass spectrometry with ESI-enhancing and stable isotope-coded derivatization. Anal Bioanal Chem. 2014; 406: 
6647–6654.

24. Higashi T, Shibayama Y, Fuji M, Shimada K. Liquid chromatography–tandem mass spectrometric method for the 
determination of salivary 25-hydroxyvitamin D3: a noninvasive tool for the assessment of vitamin D status. Anal Bioanal 
Chem. 2008; 391: 229–238.

25. Holmøy T, Moen SM, Gundersen TA, Holick MF, Fainardi E, Castellazzi M,et al. 25-hydroxyvitamin D in 
cerebrospinal fluid during relapse and remission of multiple sclerosis. MultScler. 2009; 15: 1280–1285.

26. Gröschl M. Current status of salivary hormone analysis. Clin Chem. 2008; 54: 1759–1769.

27. Chun RF, Peercy BE, Orwoll ES, Nielson CM, Adams JS, Hewison M. VitaminD and DBP: the free hormone 
hypothesis revisited. J Steroid Biochem Mol Biol. 2014; 144: 132–137.

28. Fairney A, Saphier PW. Studies on the measurement of 25-hydroxy vitamin D in human saliva. Br J Nutr. 1987; 57: 
13–25.

29. Higashi T, Goto A, Morohashi M, Ogawa S, Komatsu K, Sugiura T, et al.Development and validation of a method 
for determination of plasma 25-hydroxyvitamin D3 3-sulfate using liquid chromatography/tandem mass spectrometry. 
J Chromatogr B AnalytTechnol Biomed Life Sci. 2014; 969: 230–234.

30. Nagubandi S, Londowski JM, Bollman S, Tietz P, Kumar R. Synthesis and biological activity of vitamin D3 3 beta-
sulfate. Role of vitamin D3 sulfates in calcium homeostasis. J Biol Chem. 1981; 256: 5536–5539.

31. Luque-Córdoba D, Luque de Castro MD. Metabolomics: A potential way to know the role of vitamin D on multiple 
sclerosis. J Pharm Biomed Anal. 2017; 136: 22–31.

32. Ortiz-Boyer F, Fernández-Romero JM, Luque de Castro MD, Quesada JM. Improved procedure for the dual cartridge 
cleanup of hydroxyvitamin D3 metabolites in plasma. J LiqChrom&RelTechnol. 1998; 21: 503–518. 

33. Ortiz-Boyer F, Fernández-Romero JM, Luque de Castro MD, Quesada JM. Continuous cleanup/preconcentration 
procedure of hydroxyvitamin D3 metabolites in plasma as an alternative to batch solid-phase extraction. J Chromatogr 
B 1997; 696: 43–51.

34. Ortiz-Boyer F, Fernández-Romero JM, Luque de Castro MD, Quesada JM. Quantitation of circulating hydroxyvitamin 
D3 in human plasma by a continuous cleanup/concentration procedure prior to HPLC–UV detection. Clin Chim Acta 
1998; 274: 139–149.

35. Ortiz-Boyer F, Fernández-Romero JM, Luque de Castro MD, Quesada JM. Aminopropyl-silica as an advantageous 
alternative to nonpolar sorbents for continuous cleanup/preconcentration of vitamin D3 metabolites. Chromatographia 
1998; 47: 367–372.

36. Ortiz-Boyer F, Fernández-Romero JM, Luque de Castro MD, Quesada JM. Determination of vitamins D2, D3, 
K1 and K3 and some hydroxy metabolites of vitamin D3 in plasma using a continuous clean-up–pre concentration 
procedure coupled on-line with liquid chromatography–UV detection. Analyst 1999; 124: 401–406.

37. Ortiz-Boyer F, Fernández-Romero JM, Luque de Castro MD, Quesada JM. Determination of vitamin D3 



21

Vitamin D deficiency: Causes & Treatment

hydroxymetabolites in plasma at the sub-part per trillion levels using on-line cleanup/preconcentration and HPLC–
fluorimetric post-column derivatisation. Talanta 1999; 50: 57–66.

38. Ortiz-Boyer F, Fernández-Romero JM, Luque de Castro MD, Quesada JM. Enhanced sensitivity by laser-induced 
fluorescence for the determination of calcitriol and other vitamin D3 metabolites in plasma. Chromatographia 1999; 50: 
399–406. 

39. Luque de Castro MD, Fernández-Romero JM, Ortiz-Boyer F, Quesada JM. Determination of vitamin D3 metabolites: 
state-of-the-art and trends. J Pharm Biomed Anal. 1999; 20: 1–17.

40. Mata-Granados JM, Caballo-López A, Luque de Castro MD, Quesada JM. Automated method for the determination 
of vitamin D3 hydroxymetabolites in serum. Anal Bio Anal Chem. 2003; 377: 287–292.

41. Mata-Granados JM, Luque de Castro MD, Quesada JM. Fully automated method for the determination of 24,25(OH)2 
and 25(OH) D3 hydroxyvitamins, and vitamins A and E in human serum by HPLC. J Pharm Biomed Anal. 2004; 35: 
575–582.

42. Quesada JM, Mata-Granados JM, Luque de Castro MD. Automated method for the determination of fat-soluble 
vitamins in serum. J Steroid Biochem Mol Biol. 2004; 89–90: 473–477.

43. Mata-Granados JM, Quesada JM, Luque de Castro MD. Fully automatic method for the determination of fat soluble 
vitamins and vitamin D metabolites in serum. Clin Chim Acta 2009; 403: 126–130.

44. Priego-Capote F, Jiménez JR, Mata-Granados JM, Luque de Castro MD. Identification and determination of fat-
soluble vitamins and metabolites in human serum by liquid chromatography/triple quad rupole mass spectrometry with 
multiple reaction monitoring. Rapid Commun Mass Spectrom. 2007; 21: 1745–1754.

45. Mata-Granados JM, Ferreiro-Vera C, Luque de Castro MD, Quesada-Gómez JM. Determination of the principal 
metabolites of vitamin D in blood by means of on-line solid phase extraction with liquid chromatography–tandem mass 
spectrometry. Rev Osteoporos Metab Miner. 2010; 2: 55–61.

46. Mata-Granados JM, Luque de Castro MD, Quesada-Gómez JM. Inappropriate serum levels of retinol, α-tocopherol, 
25 hydroxyvitamin D3 and 24, 25 dihydroxyvitamin D3 levels in healthy Spanish adults: Simultaneous assessment by 
HPLC. Clin Biochem. 2008; 41: 676–680.

47. Mata-Granados JM, Vargas-Vasserot J, Ferreiro-Vera C, Luque de Castro MD, Guerrero-Pavón R, Quesada-Gómez 
JM. Evaluation of vitamin D endocrine system (VDES) status and response to treatment of patients in intensive care 
units (ICUs) using an on-line SPE–LC–MS/MS method. J Steroid Biochem Mol Biol. 2010; 121: 452–455.

48. Mata-Granados JM, Cuenca-Acevedo R, Luque de Castro MD, Sosa M, Quesada-Gómez JM. Vitamin D deficiency 
and high serum levels of vitamin A increase the risk of osteoporosis evaluated by Quantitative Ultrasound Measurements 
(QUS) in postmenopausal Spanish women. Clin Biochem. 2010; 43: 1064–1068.

49. Mena-Bravo A, Ferreiro-Vera C, Priego-Capote F, Maestro MA, Mouriño A, Quesada-Gómez JM, Luque de Castro 
MD. Quantitative analytical method to evaluate the metabolism of vitamin D. Clin Chim Acta 2015; 442: 6–12.

50. Müller MJ, Volmer DA. Mass spectrometric profiling of vitamin D metabolites beyond 25-hydroxyvitamin D. Clin 
Chem. 2015; 61: 1033–1048.

51. Ersfeld DL, Sudhaker Rao D, Jean-Jacques B, James L, Sackrison J, Miller AB, et al. Analytical and clinical validation 
of the 25 OH vitamin D assay for the LIASON® automated analyzer. Clin Biochem. 2004; 37: 867–874.

52. Agborsangaya C, Toriola AT, Grankvist K, Surcel HM, Holl K, Parkkila S, et al. The effects of storage time and 
sampling season on the stability of serum 25-hydroxy vitamin D and and rostenedione. Nutr Cancer 2009; 62: 51–57.

53. Satoh M, Ishige T, Ogawa S, Nishimura M, Matsushita K, Higashi T, et al. Development and validation of the 
simultaneous measurement of four vitamin D metabolites in serum by LC–MS/MS for clinical laboratory applications. 



22

Vitamin D deficiency: Causes & Treatment

Anal Bioanal Chem. 2016; 408: 7617¬–7627.

54. Mena-Bravo A, Calderón-Santiago M, Luque de Castro MD, Priego-Capote F. Stability study for analysis of vitamin 
D and metabolites in human serum by liquid chromatography coupled to tandem mass spectrometry. Sent to J Chromatogr 
B for publication. 2018.

55. Clemens TL, Adams JS, Nolan JM, Holick MF. Measurementof circulating vitamin D in man. Clin ChimActa  1982; 
121:301–308.

56. Barragry JM, France MW, Corless D, Gupta SP, Switala S, Boucher BJ, et al. Intestinal cholecalciferol absorption in 
the elderly and in younger adults. Clin Sci Mol Med. 1978; 55:213–220.

57. Clemens TL, Zhou XY, Myles M, Endres D, Lindsay R. Serum vitamin D2 and vitamin D3 metabolite concentrations 
and absorption of vitamin D2 in elderly subjects. J Clin Endocrinol Metab. 1986; 63: 656–660.

58. Gallacher SJ, Cowan RA, Fraser WD, Logue FC, Jenkins A,Boyle IT. Acute effects of intravenous 1 alpha-
hydroxycholecalciferol on parathyroid hormone, osteocalcin and calcitriolin man. Eur J Endocrinol. 1994; 130: 141–
145.

59. Jones G. Pharmacokinetics of vitamin D toxicity. Am J Clin Nutr. 2008; 88:582S–586S.

60. Papapoulos SE, Clemens TL, Sandler LM, Fraher LJ, Winer J,O’Riordan JL. The effect of renal function on changes 
incirculating concentrations of 1,25 dihydroxycholecalciferol after an oral dose. Clin Sci (Lond) 1982; 62: 427–429.

61. Hollis BW, Assessment and interpretation of circulating 25-hydroxyvitamin D and 1,25-dihydroxyvitamin D in the 
clinical environment, Rheum Dis Clin North Am. 2012; 38: 29–44.

62. Ross AC, Manson JE, Abrams SA, Aloia JF, Brannon PM, Clinton SK, et al. The 2011 report on dietary reference 
intakes for calcium and vitamin D from the Institute of Medicine: what clinicians need to know. J Clin Endocrinol 
Metab. 2011; 96: 53–58.

63. Kushnir MM, Ray JA, Rockwood AL, Roberts WL, La’ulu SL, Whittington JE, et al. Rapid analysis of 25-
hydroxyvitamin D2 and D3 by liquid chromatography–tandem mass spectrometry and association of vitamin D and 
parathyroid hormone concentrations in healthy adults. Am J Clin Pathol. 2010; 134: 148–156.

64. Holick MF. Vitamin D deficiency in 2010: health benefits of vitamin D and sunlight: a D-bate. Nat Rev Endocrinol. 
2011; 7: 73–75.

65. Institute of Medicine. Dietary Reference Intakes for Calcium and Vitamin D. Washington, DC. 2011.

66. Poongkodi K. Causes and treatment of vitamin D deficiency. In: Vitamin D deficiency: Causes & Treatment. 
Unpublished manuscript 2018.

67. Powe CE, Evans MK, Wenger J, Zonderman AB, Berg AH, Nalls M, et al. Vitamin D-binding protein and vitamin 
D status of black Americans and white Americans. N Engl J Med. 2013; 369: 1991–2000.

68. Aloia J, Mikhail M, Dhaliwal R, Shieh A, Usera G, Stolberg A, et al. Free 25(OH)D and the vitamin D paradox in 
African Americans. J Clin Endocrinol Metab. 2015;100: 3356–3363.

69. Stubbs JR, Zhang S, Friedman PA, Nolin TD. Decreased conversion of 25-hydroxyvitamin D3 to 24,25-
dihydroxyvitamin D3 following cholecalciferol therapy in patients with CKD. Clin J Am Soc Nephrol. 2014; 9: 1965–
1973.

70. Singh RJ, Taylor RL, Reddy GS, Grebe SK. C-3 epimers can account for a significant proportion of total circulating 
25-hydroxyvitamin D in infants, complicating accurate measurement and interpretation of vitamin D status. J Clin 
Endocrinol Metab. 2006; 91: 3055–3061.

71. Van den Ouweland JM, Beijers AM, Van Daal H. Fast separation of 25-hydroxyvitamin D3 from 3-epi-25-



23

Vitamin D deficiency: Causes & Treatment

hydroxyvitamin D3 in human serum by liquid chromatography–tandem mass spectrometry: variable prevalence of 
3-epi-25-hydroxyvitamin D3 in infants, children, and adults. Clin Chem. 2011; 57: 1618–1619.

72. Bailey D, Perumal N, Yazdanpanah M, Al Mahmud A, Baqui AH, Adeli K, et al. Maternal-fetal-infant dynamics of 
the C3-epimer of 25-hydroxyvitamin D. Clin Biochem. 2014; 47: 816–822.

73.Yazdanpanah M, Bailey D, Walsh W, Wan B, Adeli K. Analytical measurementof serum 25-OH-vitamin D3, 25-OH-
vitamin D2 and their C3-epimers by LC–MS/MS in infant and pediatric specimens. Clin Biochem. 2013; 46: 1264–
1271.

74.Strathmann FG, Sadilkova K, Laha TJ, Lesourd SE, Bornhorst JA, Hoofnagle AN, et al. 3-epi-25 hydroxyvitamin D 
concentrations are not correlated with age in a cohort of infants and adults. Clin Chim Acta 2012; 413: 203–206.

75. Granado-Lorencio F, Muñoz García-Heras L, Blanco-Navarro I, Pérez-Sacristán B. Assessment of 3-epi-25-OH-D3 in 
preterm and full term infant samples and its relationship to demographic, anthropometric and biochemical determinants. 
Clin Biochem. 2014; 47: 853–856.

76. Goldman MM, Viec KV, Caulfield MP, Reitz RE, McPhaul MJ, Clarke NJ. The measurement of 3-epimer 25-
hydroxyvitamin D by mass spectrometry in clinical specimens detects inconsequential levels in adult subjects. J Investig 
Med. 2014; 62: 690–695.

77. Vieth R. Vitamin D supplementation, 25-hydroxyvitamin D concentrations and safety. Am J Clin Nutr. 1999; 69: 
842–856.

78.Vieth R. Vitamin D toxicity, policy, and science. J Bone Miner Res. 2007; 22: V64–V68.

79. Heaney RP, Armas LA. Quantifying the vitamin D economy. Nutr Rev. 2015; 73: 51–67.

80. Durup D, Jørgensen HL, Christensen J, Schwarz P, Heegaard AM, Lind B. A reverse J-shaped association of all-
cause mortality with serum 25-hydroxyvitamin D in general practice: the CopD study. J Clin Endocrinol Metab. 2012; 
97: 2644–2652.

81. Sanders KM, Stuart AL, Williamson EJ, Simpson JA, Kotowicz MA, Young D, et al. Annual high-dose oral vitamin 
D and falls and fractures in older women. A randomized controlled trial. JAMA 2010; 303: 815–822.

82. Suzuki M, Yoshioka M, Hashimoto M, Murakami M, Noya M, Takahashi D, et al. Randomized,double-blind, 
placebo-controlled trial of vitamin D supplementationin Parkinson disease. Am J Clin Nutr. 2013; 97: 1004–1013.

83. Lin AM, Fan SF, Yang DM, Hsu LL, Yang CH. Zinc-induced apoptosis in substantianigra of rat brain: Neuroprotection 
by vitamin D3. Free Radic Biol Med. 2003; 34: 1416–1425.

84. Dean ED, Mexas LM, Capiro NL, McKeon JE, DeLong MR, Pennell KD, et al. 25-Hydroxyvitamin D depletion 
does not exacerbateMPTP-induced dopamine neuron damage in mice. PLoS One. 2012; 7: e39227.

85. Wang JY, Wu JN, Cherng TL, Hoffer BJ, Chen HH, Borlongan CV, et al. Vitamin D3 attenuates 6-hydroxydopamine-
induced neurotoxicity in rats. Brain Res. 2001; 904: 67–75.

86. Shinpo K, Kikuchi S, Sasaki H, Moriwaka F,Tashiro K. Effect of 1, 25-dihydroxyvitamin D3 on cultured mesencephalic 
dopaminergic neurons to the combined toxicity caused by L-buthioninesulfoximine and 1-methyl-4-phenylpyridine. J 
Neurosci Res. 2000; 62: 374–382.

87. Kosakai A, Ito D, Nihei Y, Yamashita S, Okada Y, Takahashi K, et al. Degeneration of mesencephalicdopaminergic 
neurons in Klotho mouse related to vitamin D exposure. Brain Res. 2011; 1382: 109–117.

88. Hypponen E, Sovio U, Wjst M, Patel S, Pekkanen J, Hartikainen AL, et al. Infantvitamin D supplementation and 
allergic conditions in adulthood: northern Finland birth cohort 1966. Ann N Y Acad Sci. 2004; 1037: 84–95.

89. Autier P, Boniol M, Pizot C, Mullie P. Vitamin D status and ill health: asystematic review. Lancet Diabetes Endocrinol. 



24

Vitamin D deficiency: Causes & Treatment

2014; 2: 76–89.

90. Luque de Castro MD, Priego-Capote F. The analytical process to search for metabolomics biomarkers. J Pharm 
Biomed Anal. 2017; 147: 341–349.

91. Luque de Castro MD. Could metabolomics clarify the multiple sclerosis – vitamin D metabolites relationship? J 
Mult Scler. 2016; 3: 1710–1711.

92. Trafford DJH, Coldwell RD, Makin HLJ. Gas chromatography—mass spectrometry in the investigation of on-column 
dehydration of steroid hormones during gas–liquid chromatography. J Pharm Biomed Anal. 1991; 9: 1095–1105.

93. Hummer L, Nilas L, Tjellesen L, Christiansen C. A selective and simplified radioimmunoassay of 25-hydroxyvitamin 
D3. Scand J Clin Lab Invest. 1984; 44: 163–167.

94. Rhodes CJ, Claridge PA, Traffordand DJH, Makin HLJ. An evaluation of the use of Sep-Pak C18 cartridges for the 
extraction of vitamin D3 and some of its metabolites from plasma and urine. J Steroid Biochem. 1983; 19: 1349–1354.

95. Mawer EB, Hann JT, Berry JJL, Davis M. Vitamin D metabolism in patients intoxicated with ergocalciferol. Clin 
Sci. 1985; 68: 135–141.

96. Saggese G, Bertelloni S, Baroncelli GI. Radioreceptor 25-hydroxyvitamin D and 1,25-dihydroxyvitamin D assay 
using ultrafine stationary phases in HPLC step. G Ital Chim Clin. 1986; 11: 177–182.

97. Mawer EB, Hann JT. Rapid automated HPLC assay for recalcitriol and calcidiol using trans-calcidiol as an ultra-
violet-absorbing internal standard. J Chromatogr B 1987; 59: 305–316.

98. Cilliers JJL, Van-Niekerk PJ, Opperman LA, Ross FP, Sly MR. Determination of serum 25-hydroxyvitamin-D3 by 
HPLC using 25-hydroxyvitamin-D2 as an internal standard. J Micronutr Anal. 1987; 3: 285–293.

99. Juskova V, Wildtova V, Pacovsky V. Determination of 1,25-dihydroxyvitamin D3 in plasma using thin-layer 
chromatography and modified competitive protein binding assay. J Chromatogr A 1984; 290: 107–112.

100. Hollis BW, Frank NE. Solid phase extraction system for vitamin D and its major metabolites in human plasma. J 
Chromatogr B 1985; 343: 43–49.

101. Blanco-Gomis D, Escotet-Arias VJ, Fidalgo-Alvarez LE, Gutiérrez-Alvarez MD. Simultaneous determination of 
vitamins D3, E and K1 and retinylpalmitate in cattle plasma by liquid chromatography with a narrow-bore column. J 
Chromatogr B 1994; 660: 49–55.

102. Mawer EB, Berry JL, Cundall JP, Still PE, White A. Radioimmunoassay using a monoclonal antibody that is 
equipotent for ercalciriol and calcitriol (1, 25-dihydroxy vitamin D2 and D3. Clin Chim Acta 1990; 190: 199–209.

103. Johnsson H, Hessel H. High performance liquid chromatographic determination of cholecalciferol (vitamin D3) in 
food: a comparison with a bioassay method. Int J Vitam Nutr Res. 1987; 57: 357–365.

104. Indyk H, Woolard DC. Powders and infant formulas by HPLC. J Micronutr Anal. 1985; 1: 121–141.

105. Careri M, Lugari MT, Mangia A, Manini P, Spagnoli S. Identification of vitamins A, D and E by particle beam 
liquid chromatography–mass spectrometry. J Anal Chem. 1995; 351: 768–776.

106. Delgado-Zamarreño M, Sánchez-Pérez A, Gómez-Pérez MC, Hernández-Méndez JS. Directly coupled sample 
treatment–high-performance liquid chromatography for on-line automatic determination of liposoluble vitamins in 
milk. J Chromatogr. 1995; 694: 399–406.

107. Mattila P, Piironen V, Backman C, Asunmaa A, Uusi-Rauva E, Koivistinen P. Determination of vitamin D3 in egg 
yolk by high-performance liquid chromatography with diode array detection. J Food Compos Anal. 1992; 5: 281–290.

108. Mattila P, Piironen V, Uusi-Rauva E, Koivistoinen P. Cholecalciferol and 25-hydroxycholecalciferol contents in 



25

Vitamin D deficiency: Causes & Treatment

fish and fish products. J Food Compos Anal. 1995; 8: 232–243.

109. Indyk H, Woollard DC. The determination of vitamin D in supplemented milk powders by HPLC. NZJ Dairy Sci 
Technol. 1985; 20: 19–28.

110. Meydani SN, Shapiro AC, Meydani M, Macauley JB, Blumberg JB. Effect of age and dietary fat (fish, corn and 
coconut oils) on tocopherol status of C57BL/6Nia mice. Lipids. 1987; 22: 345–350.

111. Johannsen FH. A generally applicable method for the determination of the D-vitamins cholecalciferol (D3) or 
ergocalciferol (D2). Landwirtsch Forsch. 1987; 40: 32–40.

112. Van Niekerk PJ, Smit SCC. The determination of vitamin D in margarine by high performance liquid chromatography. 
JAOCS. 1980; 57: 417–421.

113. Bligh EC, Dyer WJA. A rapid method of total lipid extraction and purification. Can J Biochem Physiol 1959; 37: 
911–917.

114.  Shimada K, Mitamura K, Mukouyama M, Okura T, Sagaya K. Separation and characterization of  25-hydroxyvitamin 
D3 3-sulfate in human plasma by high-performance liquid chromatography. J Chromatogr Sci. 1995; 33: 82–85.

115.  Lawson DEM, Douglas J, Lean M, Sedrani S. Estimation of vitamin D3 and 25-hydroxyvitamin D3 in muscle and 
adipose tissue of rats and man. Clin Chim Acta 1986; 157: 175–181.

116. Coldwell RD, Trafford DJH, Makin HLJ. Improved chromatograhic determination of 25-hydroxyvitamins D2 and 
D3. Clin Chem. 1985; 31: 1919–1920.

117. Coldwell RD, Trafford DJH, Varley MJ, Kirk DN, Makin HLJ. Measurement of 25-hydroxyvitamin D2, 25-
hydroxyvitamin D3, 24,25-dihydroxyvitamin D2 and 25,26-dihydroxyvitamin D2 in a single plasma sample by mass 
fragmentography. Clin Chim Acta 1989; 180: 157–168.

118. Shimada K, Nakatani I, Saito K, Mitamura K. Separation and characterization of monoglucuronides of vitamin 
D3 and 25-hydroxyvitamin D3 in rat bile by high-performance liquid chromatography. Biol Pharm Bull. 1996; 19: 
491–494.

119. Vreeken RJ, Honing M, Van-Baar BLM, Ghijsen RT, De-Jong GJ, Brinkman UAT. On-line post-column Diels–
Alder derivatization for the determination of vitamin D3 and its metabolites by liquid chromatography/thermospray 
mass spectrometry. Biol Mass Spectrom. 1993; 22: 621–632.

120. Kaune R, Harmeyer J. The quantitative determination of vitamin D3 and its metabolites in plasma. Biol Chem 
Hoppe-Seyler 1986; 367: 1135–1140.

121. Scharla S, Schmidt-Gayk H, Reichel H, Mayer E. A sensitive and simplified radioimmunoassay for 1,25-
dihydroxyvitamin D3. Clin Chim Acta 1984; 142: 325–338.

122. Coldwell, RD, Trafford DJH, Makin HLJ. Mass fragmentographic assay for 25-hydroxyvitamin D in plasma 
without derivatization: enhanced sensitivity for metabolites of vitamins D2 and D3 after pre-column dehydration. J 
Mass Spectrom. 1995; 30: 348–356.

123. Higashi T, Awada D, Shimada K. Simultaneous determination of 25-hydroxyvitamin D2 and 25-hydroxyvitamin 
D3 in human plasma by liquid chromatography–tandem mass spectrometry employing derivatization with a Cookson-
type reagent. Biol Pharm Bull. 2001; 24: 738–743.

124. Trafford DJH, Seamark DA, Turnbull H, Makin HLJ. High-performance liquid chromatography of  25-
hydroxyvitamin D2 and 25-hydroxyvitamin D3 in human plasma: use of isotacysterols and a comparison with gas 
chromatography–mass spectrometry. J Chromatogr B. 1981; 226: 351–360.

125. Shimizu M, Iwasaki Y, Ishida H, Yamada S. Determination of 25-hydroxyvitamin D3 in human plasma using a non-



26

Vitamin D deficiency: Causes & Treatment

radioactive tetranorvitamin D analogue as an internal standard. J Chromatogr B 1995; 672: 63–71.

126. Iwata T, Yamaguchi M, HanazonoH, Imazato Y, Nakamura M, Ohkura Y. Determination of vitamin D3 and 25-
hydroxyvitamin D3 in sera by column-switching high performance liquid chromatography with fluorescence detection. 
Anal Sci. 1990; 6: 361–366.

127. Shimizu M, Gao Y, Aso T, Nakatsu K, Yamada S. Fluorometric assay of 25-hydroxyvitamin D3 and 
24R,25dihydroxyvitamin D3 in plasma. Anal Biochem. 1992; 204: 258–264.

128. Yeung B, Vouros P, Reddy GS. Characterization of vitamin D3 metabolites using continuous-flow fast atom 
bombardment tandem mass spectrometry and high-performance liquid chromatography. J Chromatogr A 1993; 645: 
115–123.

129. Shimizu M, Kamachi S, Nishii Y, Yamada S. Synthesis of a reagent for fluorescence-labeling of vitamin D and its 
use in assaying vitamin D metabolites. Anal Biochem. 1991; 194: 77–81.

130. Yeung B, Vouros P, Reddy GS. Derivatization of vitamin D metabolites for analysis by capillary HPLC–tandem 
mass spectrometry. Am Lab. 1994; 26: 12–16.

131. Halket JM, Ganschow I, Lisboa BP. Gas chromatographic–mass spectrometric properties of boronate esters of 
24R,25-dihydroxycholecalciferol. J ChromatogrA 1980; 192: 434–440.

132. Komuro S, Nakatsuka I, Yoshizake A, Iba K. Quantitative determination of F6-1,25(OH)2 vitamin D3 in human 
serum by gas chromatography/mass spectrometry with high-resolution selected ion monitoring. Bio Mass Spectrom. 
1994; 23: 33–38.

133. Sánchez-Pérez A, Gallego-Matilla MJ, Hernández-Méndez JS. A sensitive spectrophotometric method for the 
determination of vitamin D3 using the charge-transfer spectra of vitamin D3-iodine complex. Anal Lett. 1993; 26: 
721–731.

134. Nair PP, Bucana C, De León D, Turner DA. Gas chromatographic studies of vitamins D2 and D3. Anal Chem. 
1965; 37: 631–636.

135. Seamark DA, Trafford DJH, Makin HLJ. A new procedure for the formation of isotachysterol derivatives of 
subnanomole quantities of ergocalciferol, cholecalciferol and its metabolites prior to gas liquid chromatography. J 
Steroid Biochem. 1980; 13: 1057–1063.

136. Verloop A, Koevoet AL, van Moorselaar R, Havinga E. Studies on vitamin D and related compounds IX: Remarks 
on the iodine-catalyzed isomerisations of vitamin D and related compounds. Recl Trav Chim Pyas-Bas. 1959; 78: 
1004–1014.

137. Seamark DA, Trafford DJH, Makin HLJ. The estimation of vitamin D and some metabolites in human plasma by 
mass fragmentography. Clin Chim Acta 1980; 106: 51–62.

138. Holmberg I, Kristiansen T, Sturen M. Determination of 25-hydroxyvitamin D3 in serum by high performance 
liquid chromatography and isotope dilution–mass spectrometry. Scand J Clin Lab Invest. 1984; 44: 275–282.

139. Coldwell RD, Trafford DJH, Makin HLJ, Varley MJ, Kirk DN. Specific mass fragmentograh pic assay for 25,26-
dihydroxyvitamin D in human plasma using a deuterated internal standard. J Chromatogr B. 1985; 39: 289–302.

140. Bjorkhem I, Holmberg I, Kristiansen T, Pedersen JI. Assayof 1,25-dihydroxy vitamin D3 by isotope dilution–mass 
fragmentography. Clin Chem.1979; 25: 584–588.

141. Casetta B, Jans I, Billen J, Vanderschueren D, Bouillon R. Development of a method for the quantification of 
1-alpha, 25(OH)2-vitamin D3 in serum by liquid chromatographytandem mass spectrometry without derivatization. Eur 
J Mass Spectrom. 2010; 16: 81–89.



27

Vitamin D deficiency: Causes & Treatment

142. Mena-Bravo A, Priego-Capote F, Luque de Castro MD. Study of blood collection and sample preparation for 
analysis of vitamin D and its metabolites by liquid chromatography–tandem mass spectrometry. Anal Chim Acta. 2015; 
879: 69–76.

143. Mena-Bravo A, Priego-Capote F, Luque de Castro MD. Two-dimensional liquid chromatography coupled to 
tandem mass spectrometry for vitamin D metabolite profiling including the C3-epimer-25-monohydroxyvitamin D3. J 
Chromatogr A. 2016; 1451: 50–57.

144. Luque de Castro MD, Priego-Capote F. Analytical Applications of Ultrasound. Elsevier: Amsterdam. 2007.

145. Saleh L, Mueller D, von Eckardstein A. Analytical and clinical performance of the new Fujirebio 25-OH vitamin 
D assay, a comparison with liquid chromatography–tandem mass spectrometry (LC–MS/MS) and three other automated 
assays. ClinChem Lab Med. 2015; 54: 617–625.

146. Cavalier E, Lukas P, Bekaert AC, Peeters S, Le Goff C, Yayo E, et al. Analyticaland clinical evaluation of the new 
Fujirebio Lumipulse G non-competitive assay for 25(OH)-vitamin D and three immunoassays for 25(OH)D in healthy 
subjects, osteoporotic patients, third trimester pregnant women, healthy African subjects, hemodialyzed and intensive 
care patients. Clin Chem Lab Med. 2015; 54: 1347–1455.

147. Yu S, Cheng X, Fang H, Zhang R, Han J, Qin X, et al. 25OHD analogues and vacuum blood collection tubes 
dramatically affect the accuracy of automated immunoassays. Sci Rep. 2015; 5: 14636.

148. Cavalier E, Lukas P, Crine Y, Peeters S, Carlisi A, Le Goff C, et al. Evaluationof automated immunoassays for 
25(OH)-vitamin determination in different critical populations before and after standardization of the assays. Clin Chim 
Acta. 2014; 431: 60–65.

149. Heijboer AC, Blankenstein MA, Kema IP, Buijs M. Accuracy of 6 routine 25-hydroxyvitamin D assays: influence 
of vitamin D binding protein concentration. Clin Chem. 2012; 58: 543–548.

150.Depreter B, Heijboer AC, Langlois MR. Accuracy of three automated 25-hydroxyvitamin D assays in hemodialysis 
patients. Clin Chim Acta2013; 415: 255–260.

151. Bosworth CR, Levin G, Robinson-Cohen C, Hoofnagle AN, Ruzinski J, Young B, et al. The serum 24, 25-
dihydroxyvitamin D concentration, a marker of vitamin D catabolism, is reduced in chronic kidney disease. Kidney Int. 
2012; 82: 693–700.

152. de Boer IH, Sachs MC, Chonchol M, Himmelfarb J, Hoofnagle AN, Ix JH,et al. Estimated GFR and circulating 24, 
25-dihydroxyvitamin D3 concentration: a participant-level analysis of 5 cohort studies and clinical trials. Am J Kidney 
Dis. 2014; 64: 187–197.

153. Seiden-Long I, Vieth R. Evaluation of a 1,25-dihydroxyvitamin D enzyme immunoassay. Clin Chem. 2007; 53: 
1104–1108.

154. Hawkes CP, Schnellbacher S, Singh RJ, Levine MA. 25-Hydroxyvitamin D can interfere with a common assay for 
1,25-dihydroxyvitamin D in vitamin D intoxication. J Clin Endocrinol Metab. 2015; 100: 2883–2889.

155.Ketha H, Wadams H, Lteif A, Singh RJ. Iatrogenic vitamin D toxicity in aninfant–a case report and review of 
literature. J Steroid Biochem Mol Biol. 2015; 148: 14–18.

156. Araki T, Holick MF, Alfonso BD, Charlap E, Romero CM, Rizk D, et al.Vitamin D intoxication with severe 
hypercalcemia due to manufacturing and labeling errors of two dietary supplements made in the United States. J Clin 
Endocrinol Metab. 2011; 96: 3603–3608.

157.van Helden J, Weiskirchen R. Experience with the first fully automated chemiluminescence immunoassay for the 
quantification of 1alpha, 25-dihydroxy-vitamin D. Clin Chem Lab Med. 2015; 53: 761–770.

158.Valcour A, Zierold C,  Podgorski AL,  Olson GT,  Wall JV, DeLuca HF, et al. A novel, fully-automated, 



28

Vitamin D deficiency: Causes & Treatment

chemiluminescent assay for the detection of 1, 25-dihydroxyvitamin D in biological samples. J Steroid Biochem Mol 
Biol. 2015; 164: 120–126.

159. Hussein H, Ibrahim F, Boudou P. Evaluation of a new automated assay for the measurement of circulating 1,25-
dihydroxyvitamin D levels in daily practice. Clin Biochem. 2015; 48: 1160–1162

160. Miller N, Gruson D. Implementation of automated testing for 1,25-dihydroxyvitamin D: return of experience from 
a core-laboratory. Clin Biochem. 2015; 49: 298–301.

161. Denimal D, Lemaire-Ewing S, Duvillard L. Performance of a new 1,25-dihydroxyvitamin D fully automated assay 
on IDS-iSYS system. Clin Biochem. 2015; 48: 1209–1210.

162. Souberbielle JC, Cavalier E, Delanaye P, Massart C, Brailly-Tabard S, Cormier C, et al. Serum calcitriol 
concentrations measured with a new direct automated assay in a large population of adult healthy subjects and in various 
clinical situations. ClinChimActa. 2015; 451: 149–153.

163. Glendenning P, Taranto M, Noble JM, Musk AA, Hammond C,Goldswain PR, et al.Current assays overestimate 25-
hydroxyvitamin D3 and underestimate 25-hydroxyvitamin D2 compared with HPLC: need for assay-specific decision 
limits and metabolite-specific assays. Ann Clin Biochem. 2006; 43: 23–30.

164. Binkley N, Krueger D, Lensmeyer G. 25-hydroxyvitamin D measurement, 2009: a review for clinicians. J Clin 
Densitom. 2009; 12: 417–427.

165. Binkley N, Krueger DC, Morgan S, Wiebe D. Current status of clinical 25-hydroxyvitamin D measurement: an 
assessment of between-laboratory agreement. Clin Chim Acta 2010; 411:1976–1982.

166. Carter GD, Carter R, Jones J, Berry J. How accurate are assays for 25-hydroxyvitamin D? Data from the International 
Vitamin D External Quality Assessment Scheme. Clin Chem. 2004; 50: 2195–2197.

167. Coldwell RD, Trafford DJ, Makin HL, Varley MJ, Kirk DN. Specific estimation of 24,25-dihydroxyvitamin D in 
plasma by gas chromatography–mass spectrometry. Clin Chem. 1984; 30: 1193–1198.

168. Hollis BW. 1,25-Dihydroxyvitamin D3–26,23-lactone interferes in determination of 1,25-dihydroxyvitamin D by 
RIA after immunoextraction. Clin Chem. 1995; 41:1313–1314.

169. Hollis BW, Kamerud JQ, Kurkowski A, Beaulieu J, Napoli JL. Quantification of circulating 1,25-dihydroxyvitamin 
D by radio immunoassay with 125I-labeled tracer. Clin Chem. 1996; 42: 586–592.

170. van den Ouweland JM, Vogeser M, Bächer S. Vitamin D and metabolites measurement by tandem mass spectrometry. 
Rev Endocr Metab Disord. 2013; 14: 159–184.

171. El-Khoury JM, Reineks EZ, Wang S. Progress of liquid chromatography–massspectrometry in measurement of 
vitamin D metabolites and analogues. Clin Biochem. 2011; 44: 66–76.

172.Gathungu RM, Flarakos CC, Reddy GS, Vouros P. The role of mass spectrometry in the analysis of vitamin D 
compounds. Mass Spectrom Rev. 2013; 32: 72–86.

173. Higashi T, Shimada K, Toyo’oka T. Advances in determination of vitamin D related compounds in biological 
samples using liquid chromatography–mass spectrometry: a review. J Chromatogr B 2010; 878: 1654–1661.

174.Volmer DM, Mendes LR, Stokes CS. Analysis of vitamin D metabolic markers by mass spectrometry: current 
techniques, limitations of the “gold standard”method, and anticipated future directions. Mass Spectrom Rev. 2015; 34: 
2–23.

175. Vogeser M, Seger C. Pitfalls associated with the use of liquid chromatography-tandem mass spectrometry in the 
clinical laboratory. Clin Chem. 2010; 56: 1234–1244.

176. Bouillon R, Okamura WH, Norman AW. Structure-function relationships in the vitamin D endocrine system. 



28

Vitamin D deficiency: Causes & Treatment

Endocr Rev. 1995; 16: 200–257.

177. Brown AJ, Slatopolsky E. Vitamin D analogs: therapeutic applications and mechanisms for selectivity. Mol Aspects 
Med. 2008; 29: 433–452.

178. Duan X, Weinstock-Guttman B, Wang H, Bang E, Li J, Ramanathan M, et al.Ultrasensitive quantification of serum 
vitamin D metabolites using selective solid-phase extraction coupled to microflow liquid chromatography andisotope-
dilution mass spectrometry. Anal Chem. 2010; 82: 2488–2497.

179. Wang Z, Senn T, Kalhorn T, Zheng XE, Zheng S, Davis CL, et al. Simultaneous measurement of plasma vitamin 
D3 metabolites, including 4beta, 25-dihydroxyvitamin D3, using liquid chromatography–tandem mass spectrometry. 
Anal Biochem. 2011; 418: 126–133.

180. Ding S, Schoenmakers I, Jones K, Koulman A, Prentice A, Volmer DA. Quantitative determination of vitamin D 
metabolites in plasma using UHPLC–MS/MS. Anal Bioanal Chem. 2010; 398: 779–789.

181.Strathmann FG, Laha TJ, Hoofnagle AN. Quantification of 1alpha, 25-dihydroxy vitamin D by immunoextraction 
and liquid chromatography–tandemmass spectrometry. Clin Chem. 2011; 57: 1279–1285.

182. Yuan C, Kosewick J, He X, Kozak M, Wang S. Sensitive measurement of serum 1α, 25 dihydroxyvitamin D by 
liquid chromatography–tandem massspectrometry after removing interference with immunoaffinity extraction. Rapid 
Commun Mass Spectrom. 2011; 25: 1241–1249.

183. Kissmeyer AM, Sonne K. Sensitive analysis of 1α, 25-dihydroxyvitamin D3 in biological fluids by liquid 
chromatography–tandem mass spectrometry. J Chromatogr A. 2001; 935: 93–103.

184. Hedman CJ, Wiebe DA, Dey S, Plath J, Kemnitz JW, Ziegler TE. Developmentof a sensitive LC/MS/MS method 
for vitamin D metabolites: 1,25dihydroxyvitamin D2 & 3 measurement using a novel derivatization agent. J Chromatogr 
B. 2014; 953–954: 62–67.

185. Mahlow J, Bunch DR, Wang S. Quantification of 1,25-dihydroxyvitamin D2 and D3 in serum using liquid 
chromatography–tandem mass spectrometry. Methods Mol Biol. 2016; 1378: 291–300.

186. Maunsell Z, Wright DJ, Rainbow SJ. Routine isotope dilution liquid chromatography–tandem mass spectrometry 
assay for simultaneous measurement of the 25-hydroxy metabolites of vitamins D2 and D3. Clin Chem. 2005; 51:1683–
1690.

187. Tsugawa N, Suhara Y, Kamao M, Okano T. Determination of 25-hydroxyvitamin D in human plasma using high-
performance liquid chromatography–tandem mass spectrometry. Anal Chem. 2005; 77: 3001–3007.

188.Vogeser M, Kyriatsoulis A, Huber E, Kobold U. Candidate reference method for the quantification of circulating 
25-hydroxyvitaminD3 by liquid chromatography–tandem mass spectrometry.Clin Chem. 2004; 50: 1415–1417.

189. Annesley TM. Ion suppression in mass spectrometry. Clin Chem. 2003; 49:1041–1044.

190. Bedner M, Lippa KA. 25-Hydroxyvitamin D isomerizes to pre-25-hydroxyvitamin D in solution: considerations 
for calibration in clinical measurements. Anal Bioanal Chem. 2015; 407: 8079–8086.


