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ABSTRACT
Background: Controversy exists over the disparate circulating
25-hydroxyvitamin D [25(OH)D] concentrations between black
and white Americans.
Objective: We sought to determine whether there are differences in
total and directly measured free 25(OH)D concentrations between
black and white American adults and how daily supplementation
with cholecalciferol changes these concentrations.
Design: Cross-sectional and longitudinal analyses were conducted with
the use of data from 2 placebo-controlled, randomized trials at 2 academic medical centers in the United States: CaDDM (Calcium and
Vitamin D in Type 2 Diabetes) and DDM2 (Vitamin D for Established
Type 2 Diabetes). A total of 208 subjects with pre- or well-controlled diabetes with a mean age of 59.1 y and mean body mass index (BMI; in
kg/m2) of 31.6 were randomly assigned to receive daily cholecalciferol
supplementation at 1 of 2 doses (2000 or 4000 IU) or a matching
placebo for 16 wk. We measured serum total 25(OH)D, vitamin
D–binding protein (DBP) by 2 different immunoassays (with the use of
monoclonal or polyclonal antibodies), parathyroid hormone, and albumin.
Free 25(OH)D concentration was directly measured and calculated.
Results: Blacks had lower total 25(OH)D concentrations than whites
[adjusted median: 20.3 ng/mL (95% CI: 16.2, 24.5 ng/mL) compared
with 26.7 ng/mL (95% CI: 25.2, 28.1 ng/mL), respectively; P =
0.026)], and a higher proportion of blacks had total 25(OH)D concentrations ,20 ng/mL (46% compared with 19%, respectively; P ,
0.001). Directly measured free 25(OH)D concentrations were lower
in blacks than in whites [adjusted median: 4.5 ng/mL (95% CI: 3.7,
5.4 ng/mL) compared with 5.7 ng/mL (95% CI: 5.4, 5.9 ng/mL),
respectively; P = 0.044] and were strongly correlated with total
25(OH)D without an effect of race. DBP was lower in blacks when
measured by the monoclonal but not the polyclonal antibody immunoassay. Cholecalciferol supplementation increased total and
measured free 25(OH)D concentrations proportionally to the dose
and without a difference between races.
Conclusions: The relation between free and total 25(OH)D did
not vary systematically by race in this multiracial population
with pre- or well-controlled diabetes. The results need to be
replicated in additional cohorts before concluding that the clinical assessment of vitamin D status in blacks and whites should
follow a single standard. The CaDDM and DDM2 trials were
registered at clinicaltrials.gov as NCT00436475 and NCT01736865,
respectively.
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INTRODUCTION

Observational studies have reported associations between low
concentrations of circulating 25-hydroxyvitamin D [25(OH)D]8
and increased risk of many common medical conditions, including
osteoporosis, diabetes, and cardiovascular disease (1, 2). However,
despite inconclusive results from randomized controlled trials
(3, 4) and disagreement among experts regarding what constitutes
“optimal” vitamin D concentrations (5, 6), supplementation with
vitamin D to reach and maintain elusive 25(OH)D targets has
become increasingly widespread in clinical practice.
Vitamin D status is assessed by measuring total 25(OH)D,
which includes the fraction that is bound to vitamin D–binding
protein (DBP) or albumin (w90% and w10%, respectively) and
the free nonprotein-bound form (w0.05%) (7). Consistent with
the concept of the free hormone hypothesis (8), it has been
postulated that circulating free 25(OH)D might be a better
marker of vitamin D status than total 25(OH)D. This possibility
is of particular importance because of some paradoxical clinical
correlates of vitamin D in relation to race. Specifically, it has
been consistently reported that black Americans have lower
1
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concentrations of total 25(OH)D than white Americans (6, 9)
largely because of reduced cutaneous biosynthesis (10). This
observation has led to blacks being diagnosed with vitamin D
deficiency at higher rates despite having a higher bone mineral
density and lower risk of fracture than whites, contrary to what
would be expected for low 25(OH)D concentrations (11–14).
Moreover, several associations between total 25(OH)D concentration and favorable nonskeletal clinical outcomes reported in
whites, such as diabetes and cardiovascular disease, were not
observed in blacks (2, 15, 16).
These findings suggest that measuring free 25(OH)D might
improve our understanding of the physiological and clinical
importance of vitamin D and any potential racial differences in
vitamin D status. In a large cross-sectional study, Powe et al. (17)
reported that despite having lower concentrations of total 25(OH)
D than whites, blacks had similar bioavailable (albumin-bound
plus free) 25(OH)D concentrations, which was attributed to reduced DBP concentrations in blacks. However, these results have
been questioned because bioavailable 25(OH)D was not directly
measured and because the formula used to calculate bioavailable
25(OH)D depended on an assay of DBP that may give falsely low
values in blacks (18–21). In a smaller case-control study by
Aloia et al. (22), directly measured free 25(OH)D was similar in
black and white postmenopausal women despite lower concentrations of total 25(OH)D in black women. In a post hoc analysis
by the same research group, measured free 25(OH)D reflected
changes in total 25(OH)D after cholecalciferol supplementation
in a cohort of predominantly postmenopausal white women (23).
The objectives of this study were to determine whether there
are differences in concentrations of total and directly measured
free 25(OH)D between black and white American adults and to
assess the degree to which daily supplementation with 2 different
doses of cholecalciferol changes these concentrations.

METHODS

Study population and interventions
Data used for this analysis were from 2 randomized controlled
trials: DDM2 (Vitamin D for Established Type 2 Diabetes;
NCT01736865) (24) and CaDDM (Calcium and Vitamin D in
Type 2 Diabetes; NCT00436475) (25). Because both trials had
a nearly identical study design with similar eligibility criteria,
similar populations [e.g., age, race, BMI, baseline 25(OH)D], and
both used cholecalciferol, we combined the results in certain
analyses. DDM2 was a 2-site randomized controlled trial (2013–
2015) that tested how 52 wk of cholecalciferol supplementation
(4000 IU/d) affected glycemic outcomes in overweight adults
aged 25–75 y and with a BMI (in kg/m2) of 25–40 with wellcontrolled type 2 diabetes (with or without metformin). Data
from the baseline and 16-wk visits of DDM2 are included in our
analyses. CaDDM was a single-site randomized controlled trial
(2007–2009) that tested how 16 wk of cholecalciferol (2000 IU/d)
and calcium (800 mg/d) supplementation in a 2 3 2 factorial
design affected glycemic outcomes in overweight adults (age,
$40 y; BMI, 25–40) at risk of type 2 diabetes as defined by glycemic
criteria. Because calcium supplementation does not affect the
25(OH)D response to vitamin D supplementation (26), the 2 vitamin
D groups from each trial were pooled and compared with the
no–vitamin D groups. Key exclusion criteria for both trials were

the use of supplements containing vitamin D at doses higher
than recommended by the Institute of Medicine (6), hyperparathyroidism, hypercalcemia, nephrolithiasis, chronic kidney
disease, conditions that may affect vitamin D metabolism (e.g.,
sarcoidosis, antiepileptic medications, glucocorticoids), and regular visits to tanning booths. Vitamin D intake at baseline was
self-reported. Participants who did not identify themselves as
black or white were excluded. Both trials were approved by the
Tufts Medical Center and Tufts University Health Sciences Institutional Review Boards. The DDM2 trial was also approved
by the University of Cincinnati Institutional Review Board. All
participants provided written informed consent.
Laboratory measurements
Frozen aliquots stored at 2808C and not previously thawed
were used for the assays. Measurements were made in a masked
fashion with paired samples (before and after intervention) included in the same analytic run to eliminate interassay variability.
Total 25(OH)D was measured by liquid chromatography–mass
spectrometry and certified through the National Institute of
Standards and Technology vitamin D quality assurance program
(interassay CV, 7%) (27). Albumin was measured by a Bromcresol
green dye-binding procedure (Abbott Diagnostics). Intact parathyroid hormone (PTH) was measured with the use of a 2-site sandwich chemiluminescent microparticle immunoassay with an
interassay CV of 3–6.4% (ARCHITECT; Abbott Diagnostics).
DBP was measured with the use of 2 different commercial
enzyme-linked immunoassays. One used a monoclonal antibody for capture and detection (R&D Systems; interassay CV,
5.1–7.4%); the other used polyclonal antibodies in a similar
format (DRG Instruments; interassay CV, 12.7%). Direct measurement of free 25(OH)D was made at Future Diagnostics
(interassay CV, 5.6–6.9%) and was based on a 2-step immunoassay procedure performed in a microtiter plate as previously
described (22, 23, 28). According to the manufacturer, the evidence that the assay measures free vitamin D was obtained from
enriching samples with either DBP or albumin, and in both cases
the measured concentration of free vitamin D decreased. We used
a method described by Bikle et al. (7) to calculate free 25(OH)D.
The relative concentration of measured free 25(OH)D to total
25(OH)D was obtained by dividing the free 25(OH)D (ng/mL)
by total 25(OH)D (ng/mL) and expressed as a percentage of
total 25(OH)D.
Statistical analyses
Descriptive statistics were used to determine the distribution of
data and to identify outliers. Baseline characteristics are expressed
as means 6 SDs for normally distributed variables; medians
(IQRs) for skewed, nonnormally distributed variables; and frequency for categorical variables. Group comparisons at baseline
used independent sample t tests for means, nonparametric KruskalWallis tests for medians, and chi-square tests for frequencies.
Bivariate correlations were examined with scatter plots and
correlation coefficients (Pearson for linear associations and
Spearman rank for nonlinear associations).
To adjust for potential confounding, group comparisons of
baseline vitamin D metabolites between blacks and whites were
assessed with the use of quantile regression methods to account
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for nonnormally distributed data (29). Adjusted medians and
95% CIs were estimated by fitting separate median regression
models for each group (30). Regression models contained terms
for age, sex, BMI, season at study entry, vitamin D intake, and
study (CaDDM or DDM2). Because recent vitamin D intake
may confound results, cross-sectional analyses also adjusted
for vitamin D intake. Group differences in adjusted medians
were assessed with P values calculated from 2-sample z tests.
We performed sensitivity analyses to examine 1) the potential impact of glucose intolerance on study outcomes by adjusting for baseline glycated hemoglobin and 2) the impact of
potentially influential observations by excluding participants
with very high total 25(OH)D concentrations ($50 ng/mL)
at baseline.
In the longitudinal analyses of the change in vitamin D metabolites after supplementation, mean differences and 95% CIs
between the vitamin D and placebo arms were estimated with the
use of linear regression models. Adjusted differences controlled for
baseline values, age, sex, BMI, season (31), and study (CaDDM or
DDM2). Model residuals were examined, and there were no violations of regression assumptions. Comparisons of the treatment
effect were assessed with P values calculated from 2-sample z tests.
Statistical analyses were performed with the use of SAS
version 9.4 (SAS Institute). Two-sided P values ,0.05 were
considered to indicate statistical significance. Because the study
tested post hoc hypotheses, analyses did not correct for a false
discovery rate, and longitudinal analyses were among participants with postbaseline data available.

RESULTS

Participant characteristics
Participant flow through the trials is depicted in Supplemental
Figure 1. The 208 participants analyzed had a mean age of 59.1 y,
BMI of 31.6, and median total 25(OH)D concentration of 26.0
ng/mL (Tables 1 and 2). Twenty-six percent had a total 25(OH)D
concentration ,20 ng/mL (termed vitamin D insufficiency) (6). Selfreported median vitamin D intake was 300 IU/d (approximately

half from supplements). Within each trial, the placebo and vitamin
D groups were well balanced at baseline (Supplemental Table 1).
Specific differences between the 2 trials (e.g., age, sex) reflect
differences in some inclusion criteria and site location, whereas
others (e.g., season of study entry) are likely caused by chance
and were adjusted in the analyses.
Comparison at baseline
Compared with whites, black participants (27% of the cohort)
were younger, and this group also had a different sex distribution
and season at study entry (Table 1). Self-reported vitamin D
intake was similar between races. Unadjusted median total
25(OH)D concentration was lower in blacks than in whites
[22.0 ng/mL (IQR: 14.0–32.1 ng/mL) compared with 26.8 ng/mL
(IQR: 22.0–31.0 ng/mL), respectively; P = 0.011], and a higher
proportion of blacks had vitamin D insufficiency (46% compared with 19%, in whites; P , 0.001) (Table 2). Racial differences in total 25(OH)D concentration persisted after
adjustment [adjusted median: 20.3 ng/mL (95% CI: 16.2, 24.5
ng/mL) in blacks compared with 26.7 ng/mL (95% CI: 25.2,
28.1 ng/mL) in whites; P = 0.026]. Unadjusted concentrations
of directly measured free 25(OH)D were also lower in blacks
than in whites, and racial differences persisted after adjustment
[median: 4.54 ng/mL (95% CI: 3.72, 5.37 ng/mL) in blacks
compared with 5.66 ng/mL (95% CI: 5.40, 5.92 ng/mL) in
whites; P = 0.044] (Table 2). Directly measured free 25(OH)D
was strongly correlated with total 25(OH)D in the entire cohort
(r = 0.82; P , 0.001) and among blacks (r = 0.87; P , 0.001)
and whites (r = 0.77; P , 0.001) (Figure 1). Measured free
25(OH)D as a fraction of the total 25(OH)D concentration was
similar between races (Table 2).
DBP measured by the monoclonal antibody method (m-DBP)
was lower in blacks than in whites in unadjusted analyses, and
differences persisted in adjusted analyses [adjusted median: 109
mg/L (95% CI: 90, 129 mg/L) compared with 220 mg/L (95%
CI: 207, 232 mg/L); P , 0.001] (Table 2). DBP measured by
the polyclonal antibody method (p-DBP) did not differ by
race in unadjusted or adjusted analyses [adjusted median:

TABLE 1
Baseline characteristics of study participants overall and according to race1
Characteristic

Overall (n = 208)

Blacks (n = 57)

Whites (n = 151)

Age, y
Women, % (n)
BMI, kg/m2
Season at study entry, % (n)
January–March
April–June
July–September
October–December
Vitamin D intake, IU/d
From diet + supplements
Diet only
Albumin, g/dL

59.1 6 8.6
39.4 (82)
31.6 6 3.6

56.3 6 7.8
50.9 (29)
31.2 6 3.8

60.2 6 8.6
35.1 (53)
31.7 6 3.6

26.9
25.5
21.6
26.0

24.6
29.8
31.6
14.0

27.8
23.8
17.9
30.5

1

2

(56)
(53)
(45)
(54)

300 (149–542)3
170 (120–278)
4.0 (3.8–4.2)

(14)
(17)
(18)
(8)

306 (147–533)
210 (106–308)
4.0 (3.8–4.1)

P value
0.004
0.038
NS
0.035

(42)
(36)
(27)
(46)

297 (149–544)
168 (122–268)
4.0 (3.8–4.2)

NS
NS
NS

Race was self-reported. P values of group differences (blacks compared with whites) for continuous variables were
analyzed with the use of independent sample t tests for means and nonparametric Kruskal-Wallis tests for medians.
Proportions were analyzed with the use of chi-square tests. Percentages may not total 100 because of rounding.
2
Mean 6 SD (all such values).
3
Median; IQR in parentheses (all such values).
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TABLE 2
Vitamin D metabolites at baseline according to race1
Adjusted median (95% CI)2

Unadjusted median (IQR)
Overall (n = 208)

Black (n = 57)

White (n = 151)

P3

Black (n = 57)

White (n = 151)

P4

Total 25(OH)D, ng/mL
26.0 (19.4–31.3)
22.0 (14.0–32.1)
26.8 (22.0–31.0)
0.011 20.3 (16.2, 24.5)
26.7 (25.2, 28.1)
0.026
Total 25(OH)D ,20 ng/mL, 26.0 (54)
45.6 (26)
18.5 (28)
,0.001
—
—
—
% (n)
Directly measured free
5.45 (4.17–6.76)
4.88 (3.40–6.26)
5.73 (4.54–6.84)
0.006 4.54 (3.72, 5.37)
5.66 (5.40, 5.92)
0.044
25(OH)D, pg/mL
Measured free 25(OH)D
0.022 (0.019–0.026) 0.023 (0.02–0.026) 0.021 (0.019–0.025)
NS
0.024 (0.021, 0.026) 0.022 (0.021, 0.023)
NS
as % total 25(OH)D
Calculated free 25(OH)D,5
pg/mL
Monoclonal assay
9.17 (7.28–12.55) 11.89 (8.57–17.09) 8.84 (7.23–11.22) ,0.001 11.83 (9.05, 14.61)
8.88 (8.36, 9.40)
0.080
Polyclonal assay
9.14 (6.88–11.43)
7.75 (5.99–11.68) 9.52 (7.63–11.41)
0.008 8.32 (6.74, 9.90)
9.41 (8.85, 9.96)
NS
Vitamin D–binding protein,
mg/L
Monoclonal assay
194 (133–247)
105 (82–154)
212 (172–254)
,0.001 109 (90, 129)
220 (207, 232)
,0.001
Polyclonal assay
199 (174–235)
195 (176–234)
199 (173–235)
NS
192 (173, 211)
201 (192, 209)
NS
PTH, pg/mL
54.9 (43.6–69.5)
60.9 (46.3–85.1)
52.5 (42.8–65.3)
0.065
58.8 (47.5, 70.0)
51.2 (47.8, 54.6)
NS
1

CaDDM, Calcium and Vitamin D for Diabetes Mellitus; DDM2, Vitamin D for Established Type 2 Diabetes; PTH, parathyroid hormone; 25(OH)D,
25-hydroxyvitamin D.
2
Estimated from race-stratified quantile regression models adjusted for age, sex, BMI, season, vitamin D intake, and study (CaDDM or DDM2).
3
P values of group differences (black vs. white) for continuous variables were analyzed with the use of nonparametric Kruskal-Wallis tests for medians.
Proportions were analyzed with the use of chi-square tests.
4
P values of group differences (black vs. white) for continuous variables are based on 2-sample z tests.
5
Based on the method described by Bikle et al. (7).

192 mg/L (95% CI: 173, 211 mg/L) compared with 201 mg/L
(95% CI: 192, 209 mg/L)] (Table 2). There was no correlation between m-DBP and p-DBP (r = 0.03).
Unadjusted calculated free 25(OH)D was higher in blacks than
in whites when m-DBP was used in the calculation but was
lower in blacks than in whites when p-DBP was used (Table 2).
Regardless of the method used, racial differences in calculated
free 25(OH) were not statistically significant after adjustment

(Table 2). Calculated free 25(OH)D when m-DBP was used
overestimated measured free 25(OH)D concentration, especially
in blacks (Figure 2).
Concentrations of PTH tended to be higher in blacks than in
whites in unadjusted analyses, but there was no statistical significance after adjustment (Table 2). PTH concentration was
inversely correlated with total 25(OH)D in the entire cohort
(r = 20.19; P = 0.007) and among blacks (r = 20.27; P ,
0.039) but not among whites (r = 20.10; P = 0.224). PTH was
inversely correlated with measured free 25(OH)D in the entire
cohort (r = 20.28; P , 0.001), in blacks (r = 20.26; P =
0.052), and in whites (r = 20.27; P = 0.001).
The results did not change in sensitivity analyses after
adjusting for baseline hemoglobin A1c. Of the 6 participants
with a high baseline total 25(OH)D (.50 ng/mL), 4 were black.
Self-reported median vitamin D intake among these outliers
was .2-fold than that of the entire cohort (630 compared with
300 IU/d). When these 6 participants were excluded, results
were essentially unchanged, but statistical significance was
strengthened for all analyses (results not shown).
Effects of vitamin D supplementation

FIGURE 1 Relation between total and directly measured free 25(OH)D
according to race. Total 25(OH)D is expressed as ng/mL; free 25(OH)D
is expressed as pg/mL. Blacks, n = 57; whites, n = 151. 25(OH)D,
25-hydroxyvitamin D.

Participant retention was 96% for CaDDM and 92% for DDM2
(Supplemental Figure 1). All participants that withdrew did so for
personal reasons. The supplements were well tolerated. One participant in each trial discontinued the study pills for personal reasons.
Supplementation with cholecalciferol increased total and
measured free 25(OH)D concentrations proportionally to the
dose (Table 3) and without a difference between races (Figure
3). Compared with placebo, total 25(OH)D concentration increased more after supplementation with 4000 than with 2000
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FIGURE 2 Relation between calculated and directly measured free 25(OH)D according to race and whether the monoclonal (left panel) or polyclonal
(right panel) assay for vitamin D–binding globulin was used to calculate free 25(OH)D. Free 25(OH)D is expressed as pg/mL. Blacks, n = 57; whites, n = 151.
25(OH)D, 25-hydroxyvitamin D.

IU cholecalciferol [adjusted mean change: 23.0 ng/mL (95%
CI: 19.6, 26.4 ng/mL) compared with 12.9 ng/mL (95% CI:
10.2, 15.6 ng/mL), respectively; P , 0.001 for comparison
between doses] (Figure 3, Table 3). Measured free 25(OH)D
also increased more with the higher dose [6.04 pg/mL (95%
CI: 5.14, 6.93 pg/mL) for 4000 IU compared with 3.48 pg/mL
(95% CI: 2.90, 4.06 pg/mL) for 2000 IU; P , 0.001]. The
change in measured free 25(OH)D was strongly correlated (r $
0.79; P , 0.001) with the change in total 25(OH)D in both
races at each dose (Figure 4). After cholecalciferol supplementation, the relative concentration of measured free 25(OH)D
to total 25(OH)D did not change (Table 3).
Changes in calculated free 25(OH)D after vitamin D supplementation, whether estimated via m-DBP or p-DBP, paralleled the
changes in measured free 25(OH)D (Supplemental Table 2).
DBP, regardless of the immune assay used, did not change after
supplementation (Supplemental Table 2).
PTH declined after cholecalciferol supplementation, but the
change was not statistically significant (Table 3). The change
in PTH was inversely proportional to the change in total
25(OH)D (r = 20.22; P = 0.002) and in measured free 25(OH)D
(r = 20.17; P = 0.017). There was no significant effect of race
on these correlations.

DISCUSSION

In this analysis of samples from 2 clinical trials, concentrations
of directly measured free 25(OH)D were lower in black than in
white Americans in direct proportion to total 25(OH)D concentration, whereas calculated free 25(OH)D concentrations in
blacks compared with whites were disparate depending on the
type of immunoassay used to measure DBP. Daily supplementation with cholecalciferol increased measured free 25(OH)D
in proportion to the dose given, in parallel to the change in total
25(OH)D, and without any difference by race.
Nearly all of 25(OH)D circulates bound to DBP (w90%) and
other serum proteins (10%), with only a small fraction (w0.05%)

circulating in the free (unbound) state (7). The role of DBP is
presumed to be the maintenance of circulating vitamin D and
modulation of the bioavailability, activation, and end-organ responsiveness of the hormone and its metabolites (32). Variations
in the blood concentration and binding characteristics of DBP
resulting from conditions such as weight change, pregnancy, or
liver disease can affect the free fraction of 25(OH)D (7, 28, 33,
34). In addition, common polymorphisms in the DBP gene produce variant proteins with different binding affinities for vitamin
D, and the prevalence of these polymorphisms varies by race (20,
35–37). Blacks tend to carry the higher-affinity form of DBP,
whereas whites more frequently have the lower-affinity DBP
forms. Our finding of a lower DBP concentration in blacks than in
whites when using the monoclonal antibody immunoassay is
consistent with other studies (17, 20, 22, 38). However, this assay
has been criticized as giving falsely lower values in blacks because
the monoclonal antibody differentiates against a DBP variant
(Gc1F) that is more common in blacks (18–20, 39). Therefore, an
immunoassay that uses polyclonal antibodies may be preferred
when assessing differences in DBP by race. With the use of such
an assay, p-DPB concentrations did not differ between the 2 races.
These results are supported by a recent study (20) that showed that
concentrations of DBP determined by liquid chromatography–
tandem mass spectrometry were similar to those obtained with the
polyclonal immunoassay. Discordant DBP measures, dependent on the type of immunoassay used, have been noted previously (22).
Calculated free of bioavailable (albumin-bound plus free)
25(OH)D has been reported not to differ between blacks and whites
despite total 25(OH)D being lower in blacks (17, 22, 38). This
observation has been attributed to the lower DBP concentration
but higher-affinity DBP genotype in blacks. This mechanism has
been proposed as being protective against the manifestations of
vitamin D deficiency in black Americans and, therefore, that
assessing free 25(OH)D might be a better cross-racial biomarker
of vitamin D status than total 25(OH)D (17, 22). In the study by
Powe et al. (17), which reported lower bioavailable 25(OH)D in
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TABLE 3
Effects of cholecalciferol on vitamin D metabolites1
CaDDM

Placebo (n = 45)
Total 25(OH)D, ng/mL
Baseline
Week 16
Change from baseline
Unadjusted difference from placebo
Adjusted difference from placebo5
P value6
Measured free 25(OH)D, pg/mL
Baseline
Week 16
Change from baseline
Unadjusted difference from placebo
Adjusted difference from placebo5
P value6
Measured free total 25(OH)D, %
Baseline
Week 16
Change from baseline
Unadjusted difference from placebo
Adjusted difference from placebo5
P value6
Intact PTH, pg/mL
Baseline
Week 16
Change from baseline
Unadjusted difference from placebo
Adjusted difference from placebo5
P value6

24.8 6 7.23
18.1 6 7
26.8 6 5.6

5.25 6 1.59
4.54 6 1.64
20.79 6 1.07

0.021 6 0.004
0.026 6 0.008
0.005 6 0.007

61.5 6 24.8
62.1 6 22.7
1.5 6 20.8

DDM2

2000 IU/d cholecalciferol
(n = 46)

Placebo (n = 59)

24.4 6 7.7
30.7 6 8.1
6.3 6 9.4
13.1 (9.8, 16.4)4
12.9 (10.2, 15.6)
,0.001

27.8 6 12.1
27.7 6 11.5
20.3 6 6.7

4.82 6 1.57
7.63 6 1.79
2.83 6 1.78
3.62 (2.99, 4.25)
3.48 (2.9, 4.06)
,0.001

6.45 6 3.07
6.17 6 2.54
20.4 6 1.95

0.021 6 0.006
0.026 6 0.006
0.005 6 0.006
0.001 (20.002, 0.003)
0 (20.002, 0.003)
NS

0.024 6 0.006
0.023 6 0.004
20.001 6 0.006

66.7 6 27.1
59 6 23.6
28.1 6 19.7
29.7 (218.3, 21.1)
27.2 (214.9, 0.6)
0.068

57.8 6 24.9
56.9 6 22.6
22.1 6 15.1

4000 IU/d cholecalciferol
(n = 58)
26.2 6 10.5
49.1 6 12.1
22.7 6 11.8
23 (19.4, 26.6)
23 (19.6, 26.4)
,0.001
5.79 6 2.02
11.71 6 3.17
5.86 6 3.06
6.26 (5.29, 7.24)
6.04 (5.14, 6.93)
,0.001
0.023 6 0.006
0.024 6 0.005
0 6 0.007
0.002 (20.001, 0.004)
0.001 (0, 0.003)
NS
53 6 20.9
47.2 6 18.3
25.1 6 16.7
23 (29.0, 3.1)
24.4 (29.8, 1.1)
NS

P value2

,0.001

,0.001

NS

NS

1
Participants without postbaseline values (4 in the CaDDM trial and 9 in the DDM2) were excluded from the analyses. In the CaDDM trial, 5 additional
participants did not have serum albumin measured; therefore, free 25(OH)D could not be calculated. CaDDM, Calcium and Vitamin D for Diabetes Mellitus;
DDM2, Vitamin D for Established Type 2 Diabetes; PTH, parathyroid hormone; 25(OH)D, 25-hydroxyvitamin D.
2
Based on 2-sample z tests for the difference in adjusted mean differences between trials.
3
Mean 6 SD (all such values).
4
Mean; 95% CI in parentheses (all such values).
5
Results are from linear regression models adjusted for age, sex, race, BMI, season of blood draw, and baseline value of the outcome variable.
6
Based on the adjusted difference in change from baseline between active intervention (each vitamin D dose) and matching placebo.

blacks than whites, the formula used to calculate bioavailable
25(OH)D included a genotype-specific DBP affinity constant and
DBP values from the monoclonal immunoassay. Because this
assay gives lower values in blacks (20), the study’s conclusions
have been questioned (18, 19). Two other studies (22, 38) that
reported no difference in calculated bioavailable 25(OH)D between blacks and whites also used the monoclonal assay to
measure DBP but did not use a genotype-specific affinity constant. Thus, both the assay method and the type of affinity
constant used have considerable impacts on the estimates of free
vitamin D. Our results demonstrate this starkly in that unadjusted
calculated free 25(OH)D, with the use of a nongenotype-specific
affinity constant, was higher in blacks when m-DBP was used in
the calculation but lower than whites when p-DBP was used.
Consistent with prior studies (22, 28), calculated free 25(OH)D,
when m-DBP was used, overestimated the directly measured free
25(OH)D concentration, especially in blacks.
The challenge of the disparate, assay-dependent results in
DBP concentration and the inherent limitations of the assumptions that enter the indirect estimation of free 25(OH)D

can be circumvented by directly measuring free 25(OH)D. We
found measured free 25(OH)D concentrations to be lower in
blacks than in whites and to strongly correlate with total 25(OH)D
in both races. The proportionality of free to total 25(OH)D
indicates a relatively stable free fraction across the population,
consistent with the free hormone hypothesis. Our results are in
direct contrast with the study by Aloia et al. (22), who used the
same assay we used to measure free 25(OH)D and found no
difference in free 25(OH)D concentrations between black and
white postmenopausal women. However, it is notable that this
group also noted a strong correlation between free and total
25(OH)D. There is no obvious explanation for the discordant
effects of race on free 25(OH)D in the study by Aloia et al. and
ours. One possibility is the difference in populations and study
design. Aloia et al. included women only and used a propensity score based only on age and BMI to match the 2 races.
Our study included both sexes and conducted analyses that
adjusted for additional important covariates, such as season
at study entry and vitamin D intake. Another factor might
be the heterogeneity of the cohort studied by Aloia et al.,
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FIGURE 3 Change in total (upper panels) and directly measured free (lower panels) 25(OH)D after supplementation by dose (left panels, 2000 IU/d; right
panels, 4000 IU/d) and race (black or white). Total 25(OH)D is expressed as ng/mL; free 25(OH)D is expressed as pg/mL. The P values for intervention effect
by race were obtained from stratified regression models. The box indicates the IQR. The circle within the box indicates the mean value, and the vertical line
indicates the median value. Whiskers indicate the maximum (or minimum) observation below (or above) 1.5 times the IQR. Circles above (or below) whiskers
indicate outliers. *P , 0.01 for comparisons between vitamin D and placebo groups. CaDDM, Calcium and Vitamin D for Diabetes Mellitus; DDM2, Vitamin
D for Established Type 2 Diabetes; 25(OH)D, 25-hydroxyvitamin D.

which was composed of participants from 4 different trials
(40–42), including 1 with participants who had X-linked
hypophosphatemia (40).
There was no change in DBP concentration after 4 mo daily
cholecalciferol, as previously reported (43). Cholecalciferol
supplementation increased total 25(OH)D concentration in
proportion to the dose, consistent with prior studies (23, 31, 44,
45). The change in measured free 25(OH)D was strongly correlated with the change in total 25(OH)D across both doses and
races. A recently published study reported similar changes in
measured free 25(OH)D after 8 wk cholecalciferol supplementation, but the study included only postmenopausal, predominantly white women (23). The similar effects of vitamin D
supplementation on free and total 25(OH)D in blacks and whites
in our study demonstrate that there is no systematic racial

difference in the absorption of cholecalciferol or bioavailability
of vitamin D metabolites. It is important to note that because DBP
concentrations did not change, there appears to be no major differences in the relative balance between free and total 25(OH)D
between blacks and whites, as evidenced by the lack of change in
the ratio of measured free to total 25(OH)D. Our findings do not
support the existence of compensatory mechanisms to protect
blacks against the manifestations of vitamin D deficiency (17)
and are in line with the hypothesis that black Americans have
lower concentrations of 25(OH)D than white Americans because
of reduced cutaneous biosynthesis resulting from a dark skin
color and decreased sun exposure (10, 46). Furthermore, absorption and metabolism of vitamin D appears to be the same in
blacks and whites and, therefore, different cutoffs for 25(OH)D
by race are not justified (45).
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FIGURE 4 Correlation between the change in measured free and total 25(OH)D after cholecalciferol supplementation (left panel, 2000 IU/d; right panel,
4000 IU/d). Total 25(OH)D is expressed as ng/mL; free 25(OH)D is expressed as pg/mL. Blacks, n = 57; whites, n = 151. CaDDM, Calcium and Vitamin D for
Diabetes Mellitus; DDM2, Vitamin D for Established Type 2 Diabetes; 25(OH)D, 25-hydroxyvitamin D.

Beyond vitamin D homeostasis, there may also be racial differences in PTH sensitivity and calcium economy. PTH concentrations are generally higher in blacks than in whites (14, 17, 22,
47) and inversely proportional to total 25(OH)D in a nonlinear
fashion in both races. In our study, baseline PTH concentrations did
not differ by race because few participants had total 25(OH)D
concentrations below which PTH starts to rise, which occurs at
w15 ng/mL in blacks and w23 ng/mL in whites (14, 47). PTH
was inversely correlated with total 25(OH)D and measured free
25(OH)D. These findings are in agreement with Schwartz et al.
(28) but contradict 2 studies by Aloia et al. (22, 23) that reported
no significant correlation between PTH and measured free 25
(OH)D with the use of the same assay to measure free 25(OH)D.
Not surprisingly, PTH did not change considerably in response to
supplementation because the end-of-study total 25(OH)D concentration, which correlates with PTH, remained relatively high in
the placebo groups. The change in PTH did correlate inversely
with the change in total 25(OH)D and measured free 25(OH)D.
The results suggest that both free and bound fractions of 25(OH)
D are relevant for PTH regulation, consistent with both the free
hormone hypothesis and the megalin pathway, which allows
certain cells to acquire 25(OH)D by receptor-mediated endocytosis of the DBP-25(OH)D complex (48, 49).
This study has several strengths, such as the inclusion of both
sexes, information on vitamin D intake, measurement of DBP by 2
different assays, direct measurement of free 25(OH)D, inclusion of
2 different doses of cholecalciferol, and analyses that adjusted for
important covariates. We measured DBP and albumin before and
after supplementation, which provides improved estimates of
change in calculated free 25(OH)D. There are also some limitations. The cohort was composed of overweight people with earlystage well-controlled diabetes or at risk of diabetes; however,
glucose intolerance did not affect results. Although total 25(OH)D
concentration was lower in blacks than whites, absolute concentration

in blacks was higher than prior reports, and the difference between races was not as large as previously reported (47), which
reflects contemporary clinical practice. We calculated free
25(OH)D with the use of a nongenotype-specific binding affinity
constant; however, this allowed us to directly compare our results
with other studies (22, 28, 38, 43).
In conclusion, in a multiracial population with prediabetes or
well-controlled diabetes, directly measured free 25(OH)D
concentration was lower in blacks than in whites in direct
relation to total 25(OH)D concentration, whereas supplementation increased measured free 25(OH)D concentrations in
both races and in direct proportion to changes in total 25(OH)
D. These findings, which need to be replicated in additional
cohorts, suggest that both total and free 25(OH)D are indicative
of vitamin D status, that either could be used to assess the
response to supplementation, and that these relations hold
independent of race. Our findings reinforce previous cautions
about the use of calculated free 25(OH)D because of variability
resulting from the method for measuring DBP and assumptions
of binding affinity.
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