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Abstract

The field of vitamin D assay technology has progressed significantly over the past four decades.
Further, the clinical utility of these measurements have moved from esoteric into mainstream clinical
diagnosis. This movement has been fueled by the realization that vitamin D is involved in bodily
systems beyond skeletal integrity. The clinical assay techniques for circulating 25(OH)D and 1,25
(OH),D have progressed away from competitive-protein binding assay (CPBA’s) that utilize tritium
reporters to radioimmunoassay (RIA’s) that utilize both 1125 and chemiluminescent reporters. These
advances have allowed direct serum analysis of 25(OH)D in an automated format that provides a
huge sample throughput. Detection of circulating 25(OH)D can also be achieved utilizing direct high
performance liquid chromatographic (hplc) or liquid chromatography coupled with mass
spectrometry (LC-MS) techniques. These methods are accurate, however, they require expensive
equipment and restrict sample throughput in the large clinical laboratory. Direct serum detection of
1,25(0OH),D is unlikely to occur for many reasons as a sample pre-purification will always be
required. However, a semi-automated chemiluminescent detection system with automated sample
preparation is in final development for the determination of circulating 1,25(OH),D. These advances
will allow both 25(OH)D and 1,25(0OH),D to be detected in an accurate, rapid fashion to meet the
clinical demands we see emerging.
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Introduction

One of the major factors responsible for the explosion of knowledge related to vitamin D
metabolism and its relation to clinical disease was the introduction of competitive protein
binding assays (CPBA) for 25(OH)D [1] and 1,25-dihydroxyvitamin D [2]. These CPBA’s
were introduced more than three decades ago and were based on assessing circulating 25(0OH)
D or 1,25(0OH),D using the vitamin D-binding protein (DBP) or chick intestinal receptor,
respectively, as the primary binding agents. Both of these assays used 3H-labeled compounds
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as reporters. Although these CPBA’s were valid, they were also relatively cumbersome,
especially the 1,25(0OH),D procedure.

Through the years assays for both of these metabolites have advanced. Some advances have
been for the better, some have not. These methodologies include radioimmunoassay (RIA),
enzyme-linked immunoassay (ELISA), high-performance liquid chromatography (hplc),
liquid chromatography coupled with mass spectrometry (LC-MS), and finally random access
automated assay (RAAA) based on chemiluminescence assay technology. These various
techniques will be discussed.

The Assay of 25(0OH)D

The most abundant vitamin D metabolite in the circulation is 25(OH)D. 25(OH)D also serves
as the indicator of nutritional vitamin D status [3]. The C,5 hydroxylation of vitamin D occurs
primarily in the liver under the control of a microsomal P450, CYP2R1 [4,5].

The major problem in measuring 25(OH)D is attributable to the molecule itself. 25(OH)D is
probably the most hydrophobic compound that is measured by protein binding assay (PBA)
which constitutes CPBA or RIA. Couple this aqueous insolubility with the fact that it exists in
two forms, 25(OH)D5, and 25(0OH)D3, and you have a formidable analytical problem. The
lipophilic nature of 25(OH)D renders it especially vulnerable to matrix effects in any PBA.
Matrix effects would be caused by something present in the sample assay tubes that are not
present in the standard assay tubes. These matrix effect substances are usually lipid but in the
newer direct assays it could be anything contained in the serum or plasma sample. The matrix
factors simply change the ability of the binding agent, antibody or binding protein to associate
with 25(OH)D in the sample or standard in an equal fashion. When this occurs, it markedly
diminishes the validity of the assay. These solubility issues are not a big factor if one chooses
to use a physical detection method for 25(OH)D such as hplc or LC-MS. However, these
techniques have their own specific problems that will be discussed later.

Competitive Protein Binding Assays

The first valid CPBA for measuring circulating 25(OH)D was introduced more than three
decades ago by the late Dr. John Haddad, Jr., and was based on using the vitamin D-binding
protein (DBP) as a primary binding agent and 3H-25(OH)D5 as a reporter [1]. The Haddad
CPBA method gained widespread use and greatly contributed to our understanding of vitamin
D metabolism. Although this CPBA was valid, it was relatively cumbersome due to organic
extraction, nitrogen drying and preparative chromatography of the sample prior to assay. This
assay was fine for the research laboratory but did not meet the requirements for a high
throughput clinical laboratory. As a result, the quest for assay simplification began. The goal
of the second generation of CPBA’s for circulating 25(OH)D was to eliminate chromatographic
sample purification as well as individual sample recovery using 3H-25(0OH)D5 This type of
assay was introduced by Belsey, et al. in 1974 [6]. However, the Belsey assay could never be
validated due to matrix problems originating from ethanolic sample extraction. In the late 70’s
these “direct” non-chromatic CPBA’s for 25(OH)D are basically history at the present time
with the exception of the Nichols Advantage Automated Chemiluminescent 25(OH)D CPBA

[71.

Radioimmunoassay

In the mid 1980’s a non-chromatographic RIA for circulating 25(OH)D was introduced [8].

The antibody was raised against an antigen that would generate an antibody that was co-specific
for 25(0OH)D, and 25(0OH)D3 [8]. The extraction method involved the use of acetonitrile which
allowed for the simple non-chromatographic quantification of total circulating 25(OH)D. This
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assay was further modified in to incorporate a 12°I-labeled reporter and calibrators in a serum
matrix [9]. This assay was commercialized by DiaSorin Corporation (Stillwater, MN) and as
of today it is still widely utilized. ELISA’s for 25(OH)D also exist and although they are
available commercially from IDS LTD [10] and ALPCO [11], they have not been well
described and have not gained much commercial acceptance.

Automated Instrumentation Methodology

Nichols Institute Diagnostics (San Clemente, CA) and DiaSorin Corporation (Stillwater, MN)
have both introduced methods for the direct (no extraction) quantitative determination of 25
(OH)D in serum or plasma utilizing competitive chemiluminescence technology. These assays
on the surface appear quite similar but they are not.

The Nichols Institute platform is called The Advantage® System. This instrument is similar to
the Liaison System, however, the assay is very different. The Nichol’s Advantage 25(0OH)D
assay utilizes the human DBP as a competitive binder instead of an antibody. Dispite the
manufacturers claims of 100% cross reactivity with 25(0OH)D, it appears that this assays has
trouble measuring 25(OH)D; reliably [12].

The DiaSorin Liaison® platform utilizes a specific antibody to 25(OH)D that is coated onto
magnetic particles (solid phase). The tracer D is linked to an isoluminol derivative. During the
incubation of sample, 25(OH)D is dissociated from its binding protein and competes with the
labeled vitamin D for binding sites on the antibody. This procedure has been published
elsewhere in detail [13]. Further, it has gained wide acceptance and is utilized in most large
clinical laboratories in the U.S. The sample throughput is 180 samples per hour.

Direct Detection Methodology

Direct detection methodology for the determination of circulating 25(OH)D include both hplc
[14-16]and LC-MS procedures [17]. The HPLC methods offer the advantage of separating
and detecting 25(OH)D5 and 25(0OH)D3. The HPLC followed by UV detection methods are
highly repeatable and in general is considered the gold standard method. However, these
methods can be cumbersome and sample throughput is slow as well as possessing its own set
of unique problems. It is not suited for a high capacity clinical lab.

LC-MS has recently been revitalized as a viable method to assess circulating 25(OH)D [17].

When properly performed it is a very accurate testing method. However, the equipment is very
expensive and throughput cannot match that of the automated instrumentation format. Recently
LC-MS and RIA comparisons have proven to be excellent [17]. One problem that LC-MS has
is its relative inability to discriminate between 25(0OH)D3 and its inactive isomer 3-epi-25(OH)
D3, which has been shown to be especially troublesome in the circulation of newborn infants
(Singh, 2006, personal communications).

The Assay of 1,25(0OH),D

Of all the steroid hormones, 1,25(0OH),D represented the most difficult challenge to the
analytical biochemist with respect to quantitation. 1,25(OH),D circulates at pmol
concentrations (too low for direct UV or MS quantitation), is highly lipophilic and its precursor,
25(0H)D, circulates at nmol levels. The development of a simple, rapid assay for this
compound has proven to be a daunting task.

Radioreceptor Assays

The first radioreceptor assay (RRA) for 1,25(0OH),D was introduced in 1974 [2]. Although this
initial assay was extremely cumbersome, it did provide invaluable information with respect to
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vitamin D homeostasis. This initial RRA required a 20 ml serum sample, which was extracted
using Bligh-Dyer organics. The extract had to be purified by three successive chromatographic
systems, and chickens had to be sacrificed and the vitamin D receptor (VDR) harvested from
their intestines. By 1976, the volume requirement for this RRA had been reduced to a 5 ml
sample and sample pre-purification had been modified to include hplc [18,19]. However, the
sample still had to be extracted using a modified Bligh-Dyer procedure and then pre-purified
on Sephadex LH-20. Chicken intestinal VDR was still utilized as a binding agent.

A major advancement occurred in 1984 with the introduction of a radically new concept for
the RRA determination of circulating 1,25(0OH),D [20]. This new RRA utilized solid-phase
extraction of 1,25(0OH),D from serum along with silica cartridge purification of 1,25(0OH),D.
As a result, the need for hplc sample pre-purification was eliminated. Also, this assay utilized
VDR isolated from calf thymus, which proved to be quite stable and thus had to be prepared
only periodically. Further, the volume requirement was reduced to 1 ml of serum or plasma.
This assay opened the way for any laboratory to measure circulating 1,25(0OH),D. This
procedure also resulted in the production of the first commercial kit for 1,25(0H),D
measurement. This RRA was further simplified in 1986 by decreasing the required
chromatographic purification steps [21].

As good as the calf thymus RRA for 1,25(0OH),D was, it still possessed two serious
shortcomings. First, VDR had to be isolated from thymus glands. Second, because the VDR
is so specific for its legend, only 3H-1,25(OH),D3 could be used as a reporter, eliminating the
use of a 1251 or chemiluminscent reporter. This was a major handicap, especially for the
commercial laboratory.

Radioimmunoassay

In 1978, the first RIA for 1,25(0OH),D was introduced [22]. Although it was an advantage not
to have to isolate the VDR as a binding agent, this RIA was relatively nonspecific, so the
cumbersome sample preparative steps were still required. Over the next 18 years all RIA’s
developed for 1,25(0OH),D suffered from the same shortcomings. In 1996, we developed the
first significant advance in 1,25(OH),D quantification in a decade [23]. This RIA incorporated
and 125|-reporter, as well as standards in an equivalent serum matrix, so individual sample
recoveries were no longer required. The sample purification procedure is the same one
previously used for the rapid RRA procedure [21]. This assay has 100% cross-reactivity
between 1,25(0H),D, and 1,25(0H),D3 and is FDA-approved for clinical diagnosis in
humans.

Another 125]-based RIA for 1,25(0OH),D is also commercially available from IDS Ltd. The
basis of this kit is a selective immunoextraction of 1,25(0OH),D from serum or plasma with a
specific monoclonal antibody bound to a solid support. This antibody is directed toward the
H-hydroxylated A ring of 1,25(0OH),D [24]. This assay procedure has never been published in
detail so critical evaluation is difficult. We concluded that this immunoextraction procedure
was highly specific for the 1-hydroxylated forms of vitamin D. However, we also believe that
this procedure overestimates circulating 1,25(0OH),D levels. Evidence of this overestimation
is evident in a recent publication which shows a correlation of circulating 25(OH)D and 1,25
(OH),D at physiologic levels [25] indicating that 25(OH)D maybe interfering with the assay.

ELISA’s for circulating 1,25(0OH),D determinations do exist commercially from
Immunodiagnostik and IDS.. However, their performance has never been published in detail.
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Deciding on an assay platform

Several factors need to be considered when deciding on which platform to utilize. If assay are
performed on an infrequent basis, establishing an in house assay utilizing an hplc procedure
would be preferable to purchasing commercial kits. A recent study suggested that the
commercial Kits give more variable results when performed by inexperienced users [26].
Utilizing the hplc methods one can monitor the performance of standards in real time and
recovery estimates are essential, making troubleshooting more straightforward. For
laboratories needing higher throughput, one of the commercially available RIA, ELISA or
instrumentation methods would be more appropriate. When considering commercially
available procedures, one needs to be sure that there is equal recognition of the Vitamin D,
and Vitamin D3 forms. Several of the commercial assay discriminate in some manner against
the vitamin D5 forms, which can lead to underestimation of the vitamin D status of patients
being treated with Vitamin D,. Also, if an RIA or ELISA better suits the needs of the laboratory,
the results of these assays should correlate closely with result from the physical chemical “gold
standard” methods of hplc or mass spectrometry. There have been a few reports with head-to-
head comparison of the different methodologies. A recent report suggested that the current
assays for 25(OH)D, including the DiaSorin and IDS RIAs and the Nichols
Chemoluminescense assays, may overestimate the 25(OH)D3 and underestimate the 25(0OH)
D, concentrations when compared to their in house hplc method [27]. However. other reports
suggest that the the DiaSorin RIA and DiaSorin Liason methods correlated very closely with
LC-MS/MS results and does not distinguish between 25(OH)D, and 25(0OH)D3 [17]. A recent
study reported by DEQAS at the 13™ Workshop on vitamin D monitored the ability of several
assays platforms to recovered added 25(OH)D, and 25(0OH)Ds. The recovery of the 25(0OH)
D, and 25(OH) D3 for the different platforms were as follows: DiaSorin RIA; 82,1% and 83.3%;
DiaSorin Liason, 81.4% and 88.6%; IDS RIA, 54.2% and 29.1%; IDS OCTEIA, 78.8% and
56.4%; Nichols Advantage, 58.9% and 46.4%; HPLC 112% and 97.1%I LC/MS, 111.5% and
118.1%. The study organizers concluded that the IDS RIA and Nichols assay gave
unexpectedly low recoveries. The final choice of which method to use will depend in large part
on the equipment and expertise available in the laboratory. A with many assays the accuracy
and repeatability depends in large part on the experience and capabilities of the individual
performing the assay.
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