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Background: The associations of vitamin D deficiency with various clinical conditions high-
lighted the importance of vitamin D testing. Currently, clinicians measure only the total
25-hydroxyvitamin D [25(OH)D] concentration, regardless of its bioavailability. We aimed
to determine the effect of vitamin D-binding protein (VDBP) on 25(0OH)D bioavailability.

Methods: Serum samples were collected from 60 healthy controls, 50 pregnant women,
and 50 patients in intensive care units (ICUs). Total 25(0H)D was quantified by liquid chro-
matography with tandem mass spectrometry, and VDBP levels were determined by using
an ELISA kit (R&D Systems, USA). The bioavailable 25(0H)D levels were calculated by
using total 25(0OH)D, VDBP, and albumin concentrations.

Results: In comparison with healthy controls, the total 25(OH)D concentration was signifi-
cantly lower in ICU patients (median, 11.65 vs 18.25 ng/mL; P<0.00001), but no signifi-
cant difference was noted between pregnant women (18.25 ng/mL) and healthy controls.
The VDBP level was significantly lower in ICU patients (95.58 vs 167.18 pg/mL, P=0.0002)
and higher in pregnant women (225.01 vs 167.18 pg/mL, P=0.008) compared with heal-
thy controls. Nonetheless, the calculated bioavailable 25(0OH)D levels of ICU patients and
pregnant women were significantly lower than those of healthy controls (1.97 and 1.93
ng/mL vs 2.56 ng/mL; P=0.0073 and 0.0027).

Conclusions: A single marker of the total 25(0OH)D level is not sufficient to accurately eval-
uate vitamin D status, especially in pregnant women. In cases where VDBP concentrations
may be altered, VDBP measurements and bioavailable 25(0H)D calculations may help to
determine vitamin D status accurately.
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INTRODUCTION

Humans can acquire vitamin D from exposure to sunlight and
dietary intake. Acquired vitamin D is metabolized in the liver, re-
sulting in 25-hydroxyvitamin D [25(0H)D] [1, 2]. Most (85-90%)
of the circulating 25(0H)D is tightly bound to vitamin D-binding
protein (VDBP), with a smaller amount (10-15%) loosely bound
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to albumin. Less than 1% of circulating vitamin D exists in a free
unbound form [3-5]. The fraction not bound to VDBP (free and
albumin-bound forms) is considered bioavailable 25(0H)D [3].
VDBP, a 58-kDa protein, is produced in the liver and circu-
lates in plasma. VDBP levels increase by up to 50% in a high-
estrogen state, such as pregnancy, and decrease in certain dis-
ease states, such as severe hepatic disease [6-9]. Moreover,
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VDBP has a high rate of polymorphism, and differences in affin-
ity for 25(0OH)D have been reported [10].

Vitamin D deficiency is defined as a serum 25(0H)D concen-
tration less than 20 ng/mL (50 nmol/L) [2, 11]. Several studies
have shown that vitamin D deficiency correlates with various
clinical conditions and parameters, including osteoporosis, car-
diovascular diseases, autoimmune diseases, schizophrenia, sur-
gical outcomes, and cancer risk [12-19]. Nonetheless, the cau-
sality is still unproven. Because vitamin D bioavailability is linked
to various conditions, accurate assessment of vitamin D status
has become important for effective treatment.

Currently, most clinicians determine total 25(0OH)D levels as a
measure of the reservoir of vitamin D. However, the exact bio-
availability of vitamin D is not known by this method. Our aim
was to test whether VDBP quantification and calculation of bio-
available vitamin D are helpful in the assessment of vitamin D
status in patients likely to have altered VDBP levels, including
pregnant women and patients in intensive care units (ICUs).

METHODS

1. Clinical samples

This was a prospective study conducted in Konkuk University
Hospital, Seoul, Korea. Serum samples were collected from 160
patients between March and September 2014. The 160 enrolled
patients were categorized as healthy controls (n=60), ICU pa-
tients (n=50), or pregnant women (n=50) [8]. The healthy con-
trols were defined as people who visited a health care institution
only for the health screenings and did not have any symptoms.
All the ICU patients included in this study had been admitted
for postoperative care only. Pregnant women who had no medi-
cal problems were recruited, and those with twins or triplets were
excluded. Shao et al [20] discovered the significant difference
in parathyroid hormone and calcium levels between early and
late stages of pregnancy. To evaluate the differences by pregnancy
stage, the group of pregnant women was subdivided into two
subgroups; 1st and 2nd/3rd trimesters. In all three groups, pa-
tients who had other medical problems or took medications were
excluded. Table 1 shows the demographics of the three study
groups. This study was approved by the Institutional Review
Board of the Konkuk University Medical Center (KUH1200040).

2. Study design
Each serum sample was aliquoted into two tubes and stored at

-80°C until they could be analyzed for VDBP and total 25(0OH)D.
Concentrations of VDBP were measured by using Human Vita-
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Table 1. Patient demographics for the three study groups

Healthy ICU patients Pregnant r
controls (N=50) women Pvalue
(N=60) B (N=50)
Female (N, %) 36 (60) 16 (32) 50 (100) <0.0001
Age (yr)* 461113 573150  326+36  <0.0001
Albumin (g/dL)* 42+03 3.7+0.6 31+05  <0.0001

*Values were presented as mean +standard deviation; 'P values were calcu-
lated by the Mann-Whitney test for age and albumin concentrations and the
Fisher’s exact test for the number of female.

Abbreviation: ICU, intensive care unit.

min D BP Quantikine ELISA kit (R&D Systems, Minneapolis, MN,
USA) according to the manufacturer’s protocol. The 25(0H)D2
and 25(0OH)D3 concentrations were measured by using liquid
chromatography with tandem mass spectrometry (LC-MS/MS).
LC-MS/MS was regarded as a reference method and was per-
formed at a College of American Pathologists-accredited labora-
tory. The D2 and D3 values were added up to determine total
25(0H)D. The coefficients of variation of D2 and D3 measured
by LC-MS/MS were as follows; D2: 4.2% for a low level, 3.8%
for a high level; D3: 4.0% for a low level, 3.5% for a high level.
Serum albumin levels were measured by using an enzymatic
colorimetric method with a TBA-200FR (Toshiba, Tokyo, Japan).
The levels of bioavailable 25(0OH)D were calculated from total
measured 25(0H)D, VDBP, and serum albumin concentrations
by using the following equations [4, 81:

Bioavailable 25(0H)D
= free 25(0H)D + albumin bound 25(0H)D
= free 25(0H)D X (1 + K pumin X Albumin)

—b +Vb? — 4ac
2a
a = Kyppp X Kap X Albumin + Kypgp

free25(0H)D =

b = Kypgp X DBP — Kypgp X 25(0H)D + K, X Albumin + 1
—25(0H)D

a
I

3. Statistical analysis

Data were expressed as median [interquartile range] or mean =+
standard deviation. Total 25(0OH)D, VDBP, and calculated bio-
available 25(0OH)D were compared among healthy controls, ICU
patients, and pregnant women by using the Kruskal-Wallis test
with post hoc pairwise comparisons. To compare total 25(0H)D,
VDBP, and calculated bioavailable 25(0H)D by gestational stage,
the Mann-Whitney test was used. For categorical variables, the
Fisher's exact test was used. Statistical analysis was performed
by using the Analyse-it software, version 3.90.5 (Analyse-it Soft-
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Fig. 1. Comparison of total 25-hydroxyvitamin D [25(0H)D], vitamin D binding protein (VDBP), and calculated bioavailable 25(0OH)D in the
three study groups. (A) The total 25(0H)D level in intensive care unit (ICU) patients (median, interquartile range: 11.65, 7.86-14.87 ng/
mL) was significantly lower than that in healthy controls (18.25, 13.48-23.78 ng/mL) or in pregnant women (18.25, 13.98-25.24 ng/mL).
(B) The VDBP level in pregnant women (225.01, 130.24-422.92 pg/mL) was significantly higher, and the VDBP level in ICU patients
(95.58, 61.15-167.34 pg/mL) was significantly lower than that in healthy controls (167.18, 105.99-257.70 pg/mL). (C) The calculated bio-
available 25(0OH)D levels of ICU patients (1.97, 1.48-3.15 ng/mL) and pregnant women (1.93, 1.03-3.41 ng/mL) were significantly lower
than those in healthy controls (2.56, 1.95-4.22 ng/mL). P values were calculated by the Mann-Whitney test. Two dashed lines denote vita-
min D deficiency and severe vitamin D deficiency. The arrowheads and dots represent the outside value (>1.5x interquartile ranges) and
far-out value (>3 x interquartile ranges), respectively. The horizontal lines represent maximum and minimum values, except for the outside

value and far-out value.
Abbreviation: ICU, intensive care unit.

ware Ltd., Leeds, UK) and MedCalc software, version 15.2.2
(MedCalc Software bvba, Ostend, Belgium). Differences with P
values less than 0.05 were considered statistically significant.

RESULTS

ICU patients had total 25(0H)D levels (median, interquartile
range: 11.65, 7.86-14.87 ng/mL; Sl unit, nmol/L; conversion
factor, 2.496) that were significantly lower than those of healthy
controls (18.25, 13.48-23.78 ng/mL; P<0.0001) and pregnant
women (18.25, 13.98-25.24 ng/mL; P<0.0001; Fig. 1A). The
VDBP level of pregnant women (225.01, 130.24-422.92 pg/mL)
was significantly higher than that of healthy controls (167.18,
105.99-257.70 pg/mL, P=0.008), while the VDBP level of ICU
patients (95.58, 61.15-167.34 pg/mL, P=0.0002) was signifi-
cantly lower than that of healthy controls (Fig. 1B). Finally, the
calculated bioavailable 25(0OH)D levels in ICU patients (1.97,
1.48-3.15 ng/mL, P=0.0073) and pregnant women (1.93, 1.03-
3.41 ng/mL, P=0.0027) were significantly lower than those in
healthy controls (2.56, 1.95-4.22 ng/mL; Fig. 1C).

In pregnant women, the total 25(0OH)D levels were not signifi-
cantly different between the 1st trimester and the 2nd and 3rd
trimesters (1st trimester: 18.20, 15.07-23.87 ng/mL, 2nd and
3rd trimesters: 18.30, 13.75-25.70 ng/mL; Fig. 2A). In contrast,
VDBP levels during the 2nd and 3rd trimesters were significantly
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higher than those in the 1st trimester (1st trimester: 102.20,
84.75-259.90 pg/mL, 2nd and 3rd trimesters: 273.65, 163.75-
453.98 pg/mL, P=0.0033; Fig. 2B). Thus, the calculated bio-
available 25(0OH)D level in the 2nd and 3rd trimesters of preg-
nancy was significantly lower than that in the 1st trimester (1st
trimester: 4.19, 2.09-5.67 ng/mL, 2nd and 3rd trimesters: 1.73,
0.90-2.43 ng/mL, P=0.0031; Fig. 2C).

DISCUSSION

Correlations between vitamin D deficiency and a variety of clini-
cal conditions have been reported in numerous studies [11-18].
Vitamin D deficiency is defined as total 25(0OH)D concentration
less than 20 ng/mL, regardless of its bioavailability. Because
VDBP levels can be altered by changes in estrogen levels or by
hepatic diseases, the actual vitamin D status may have a differ-
ent relation with the total 25(0OH)D concentration in patients with
abnormal VDBP level [6, 7, 9, 21, 22]. However, there are no
studies on the calculated bioavailable 25(0H)D levels in preg-
nant women and ICU patients with changed VDBP level. In this
study, we evaluated the clinical utility of calculated bioavailable
25(0H)D from VDBP measurements for estimation of vitamin D
status in ICU patients without hepatic diseases, in pregnant wo-
men, and in healthy controls.

The mean total 25(OH)D concentration of the healthy control
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Fig. 2. Comparison of total 25-hydroxyvitamin D [25(OH)D], vitamin D-binding protein (VDBP), and calculated bioavailable 25(0H)D by
gestational stage. (A) Total 25(0OH)D levels were not significantly different between the 1st and 2nd and 3rd trimesters (median, interquar-
tile range: 1st trimester: 18.20, 15.07-23.87 ng/mL; 2nd and 3rd trimesters: 18.30, 13.75-25.70 ng/mL). (B) VDBP levels during the 2nd
and 3rd trimesters were significantly higher than those during the 1st trimester (1st trimester: 102.20, 84.75-259.90 yg/mL, 2nd and 3rd
trimesters: 273.65, 163.75-453.98 pug/mL). (C) The calculated bioavailable 25(0H)D level in the 2nd and 3rd trimesters was significantly
lower than that in the 1st trimester (1st trimester: 4.19, 2.09-5.67 ng/mL; 2nd and 3rd trimesters, 1.73, 0.90-2.43 ng/mL). P values were
calculated by the Mann-Whitney test. Two dashed lines denote vitamin D deficiency and severe vitamin D deficiency. The arrowheads and
dots represent the outside value (>1.5x interquartile ranges) and far-out value (>3 x interquartile ranges), respectively. The horizontal

lines represent the maximum and minimum values, except for the outside value and far-out value.

group was 19.26 ng/mL, and 36 of 60 individuals in this group
(60%) received a diagnosis of vitamin D deficiency. This result
suggests that vitamin D deficiency is common among city dwell-
ers, even in the presumably healthy population without appar-
ent diseases. The mean VDBP level of the group of ICU patients
was significantly lower than that of the healthy control group.
This result suggests that VDBP production may be reduced dur-
ing postoperative care, even in the absence of hepatic disease.

Heijboer et al [8] discovered decreased VDBP levels in ICU
patients, compared with healthy individuals. In the present study,
ICU patients also showed median total 25(0H)D and VDBP lev-
els that are significantly lower than those in the control group in-
dividuals. Depending on the degree of VDBP downregulation,
bioavailable 25(0OH)D concentrations may increase or decrease,
theoretically. As a result, total 25(0H)D is not sufficient as a sin-
gle marker of vitamin D status.

The pregnant group showed a median total 25(0OH)D level
comparable to that of the healthy control group. Nonetheless, the
calculated bioavailable 25(0H)D level in pregnant women was
significantly lower than that in healthy controls (Fig. 1). These
results suggest that vitamin D deficiency may be overlooked in
pregnant women, if only the total 25(0OH)D level is measured.
Moreover, the possibility of misdiagnosis would be higher during
the 2nd and 3rd trimester, as the bicavailable 25(0H)D decrea-
ses (Fig. 2).

There are some limitations in this study. First, the difference
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in affinity of VDBP for 25(0H)D, which results from genetic vari-
ations, was not taken into account in our calculation of 25(0H)
D bioavailability [8, 9, 22]. Second, patients with hepatic dis-
eases were not included. Third, the reference range for the cal-
culated bioavailable 25(0H)D was not established. Fourth, there
were statistically significant differences in age, gender, and al-
bumin levels among our groups (Table 1). Because young age
and female sex are associated with high VDBP levels [23, 24]
and the bioavailable 25(0H)D calculation includes the albumin
level, our results on the differences in VDBP levels and in the
calculated bioavailable 25(0OH)D levels among the groups could
be affected by these differences in characteristics of the study
subjects. Nonetheless, the calculated bioavailable 25(0H)D may
reflect the status of VDBP levels and the albumin levels in each
patient; therefore, calculated bioavailable 25(0OH)D could be
used to assess vitamin D status accurately in the patients with
altered VDBP levels or albumin levels. Fifth, the concentration
of VDBP can be measured only by an ELISA kit, making com-
mercial application potentially challenging. Sixth, we could not
measure the levels of calcium, parathyroid hormone, and creati-
nine because of sample volume limitations. It should be noted
that Shao et al [20] found significantly higher parathyroid hor-
mone and lower calcium levels at the late pregnancy stage (32.01
+3.45 weeks) in comparison with the early pregnancy stage
(16.09+2.65 weeks). This result seems to be consistent with
the relatively prominent vitamin D deficiency in women at the
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late stage of pregnancy. Seventh, we could not verify the VDBP
concentration by a second method. Because the median value
of VDBP concentration (167.18 pg/mL) in the healthy controls
(composed of Asian people in our study) was found to be simi-
lar to that in American Blacks (mean+SE: 168+3 ug/mL) in
another study [22], and allele frequencies of the VDBP (GC)
polymorphism in keratinized (yellowish) skin type are closer to
those in pigmented (black) than those in fair-skinned popula-
tions [25], we assumed that there were no major errors in VDBP
measurement. Because quantification of VDBP and free 25(0H)
D is widely available to practitioners in current clinical practice,
further studies and the assays/calculations improvements should
be performed to address the above limitations.

In conclusion, a single marker of total 25(0H)D levels has
long been used to evaluate vitamin D status in patients. This
measure, however, is not sufficient to accurately evaluate a pa-
tient’s vitamin D status, especially that of pregnant women. In
cohorts of patients with altered VDBP concentrations, such as
pregnant women or ICU patients, VDBP testing and bioavailable
25(0H)D calculations would provide a more accurate assess-
ment of vitamin D status.
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