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Abstract

Context:  Questions regarding the superiority of free and bioavailable 25-hydroxyvitamin 
D [25(OH)D] in predicting health outcomes remain unresolved.
Objective: This study investigates the impact of vitamin D variables—total, bioavailable, 
or free 25(OH)D—on indices of bone and mineral metabolism, at baseline and in response 
to 2 vitamin D doses.
Design:  Our objectives are implemented as exploratory analyses on data collected in a 
1-year, double-blind, randomized controlled trial completed in July 2014.
Setting:  Participants were recruited from 3 major hospitals in an ambulatory setting.
Participants:  Participants were >65 years of age, overweight, and had a baseline serum 
25(OH)D between 10 and 30 ng/mL. A total of 221 participants completed the study.
Intervention:  Subjects were randomized to receive calcium and oral vitamin D3 (600 IU/
day or 3750 IU/day) supplementation.
Results:  Participants who received the higher vitamin D dose had levels that were 1.3- to 
1.4-fold higher than those taking the lower dose, for all variables (P value < 0.001). Serum 
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values of bioavailable and free 25(OH)D were associated with total 25(OH)D, with r values of 
0.942 and 0.943, respectively (P value < 0.001). Parathyroid hormone (PTH) was negatively 
associated with all vitamin D variables, with correlation coefficients ranging from −0.22 to 
−0.25, while calcium and bone turnover markers (carboxy-terminal collagen crosslinks and 
osteocalcin) did not. Only total 25(OH)D had a positive relationship with % change bone 
mineral density (BMD) at the femoral neck at 12 months, while only free and bioavailable 
25(OH) had a positive relationship with % change total body BMD at 12 months.
Conclusion:  Calculated free and bioavailable 25(OH)D do not appear to be superior to 
total 25(OH)D in predicting indices of bone health in an elderly population.

Key Words:  vitamin D, 25(OH)D, elderly, PTH, bone markers

The beneficial effect of vitamin D on bone metabolism, 
calcium homeostasis, and health is undisputed (1-3). 
Serum 25-hydroxyvitamin D [25(OH)D] is a fat-soluble 
hormone and is the precursor of the active metabolite 
1,25-dihydroxyvitamin D [1,25 (OH)2D], otherwise 
known as calcitriol. Due to its long half-life, serum 
25(OH)D best reflects vitamin D nutritional stores (4). 
Around 85% to 90% of vitamin D is tightly bound to the 
vitamin D binding protein (DBP), 10% to 15% is bound 
to albumin (a weaker carrier), and less than 1% is freely 
available (5). Although current guidelines recommend 
the measurement of total 25(OH)D to assess vitamin D 
status, there is increased interest in using other forms of 
25(OH)D, such as free 25(OH)D and bioavailable 25(OH)
D, which are defined as free and albumin bound 25(OH)
D (6, 7). The free and bioavailable 25(OH)D can be calcu-
lated using the total 25(OH)D, albumin, and DBP, or can 
be directly measured (8, 9).

The described relationship between serum total 25(OH)
D and various indices of mineral metabolism and outcomes, 
such as parathyroid hormone (PTH), bone mineral density 
(BMD), and fracture risk, has varied widely between studies 
due to variability in the populations studied (differing age 
categories, ethnicities, vitamin D nutritional status, assays 
used, and 25(OH)D forms assessed) (5, 10-14). It has been 
proposed that the free and bioavailable compounds might 
be more suitable predictors of vitamin D status. This is be-
cause they are more available for intracellular activation 
to the auto/paracrine metabolite, 1,25-dihydroxyvitamin D 
[1,25(OH)

2D], or for binding to the vitamin D receptor, 
relative to 25(OH)D (which is largely bound to DBP) (15, 
16). This paradigm applies to other steroid hormones such 
as thyroid hormones and sex steroids (17).

Powe et  al refueled the debate by showing that the 
levels of bioavailable 25(OH)D were a better reflection of 
the similar PTH values and higher BMD seen in African 
Americans, despite lower total 25(OH)D compared to 
White Americans (18). Although the methods used have 
been challenged (19-22), and conclusions questioned since 

(23), the paper cast doubt on the reliability of total 25(OH)
D, and whether bioavailable or free forms should be meas-
ured instead. This is especially important in conditions that 
affect DBP, such as pregnancy (24), liver disease (25, 26), 
and genetic variations in the DBP gene that might affect 
total 25(OH)D measurements (9, 27). To date, the question 
still remains whether serum free and bioavailable 25(OH)
D might more consistently predict various skeletal (BMD 
and fractures) and extra-skeletal outcomes (cardiovas-
cular disorders, cancers, and insulin resistance) (28-31), 
than total serum 25(OH)D. In a recent 1-year randomized 
vitamin D trial, our group showed comparable effects of 
low-dose and high-dose vitamin D on indices of insulin re-
sistance (30) and on bone remodeling markers and percent 
change BMD (31) in elderly individuals, despite large dif-
ferences in achieved serum 25(OH)D levels. This raises the 
intriguing possibility that free or bioavailable 25(OH)D, 
rather than total levels, are the main predictors of vitamin 
D effects on health outcomes. We hypothesize that the lack 
of a difference in BMD response previously demonstrated 
at 12 months between the 2 doses (31) may be explained by 
comparable levels of the bioavailable and free 25(OH)D.

The objective of this study is to capitalize on data from 
our randomized vitamin D trial to test the above hypothesis 
and to investigate which of the vitamin D variables is the 
best predictor of indices of bone and mineral metabolism at 
baseline and in response to 2 doses of vitamin D.

Methods

Study design

Our objectives are implemented as exploratory analyses 
on data collected in a 1-year, double-blind, randomized 
controlled trial (RCT) (NCT01315366) investigating the 
impact of 2 doses of vitamin D on indices of insulin re-
sistance (30) and of bone and mineral metabolism (31) in 
elderly subjects. Participants were >65 years of age, over-
weight, ambulatory, and had a serum 25(OH)D between 
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10 and 30 ng/mL at screening. Individuals were excluded if 
they were diagnosed with diabetes mellitus, had impaired 
glucose tolerance and were on medication, had a chronic 
disease or major organ failure such as severe heart failure, 
liver or kidney failure (estimated glomerular filtration rate 
[eGFR] < 30 mL/min), had conditions or took medications 
known to affect bone metabolism, had a history of kidney 
stones, or had history of fragility fractures or an overall 
fracture risk >10% based on the FRAX Lebanon risk cal-
culator. A  total of 257 participants were enrolled in the 
trial, and 222 completed the 12-month follow-up period. 
Analyses were performed on the 221 individuals with 
data at 0, 6, and 12 months because 1 participant refused 
to share samples with other investigators. Recruitment, 
prescreening, and screening procedures were performed at 
3 centers (American University of Beirut Medical Center 
[AUBMC], St Joseph University Hospital, and Rafic Hariri 
Governmental University Hospital) between January 2011 
and July 2013, while enrollment and protocol implementa-
tion took place at AUBMC and the trial ended July 2014.

Study variables of interest

The vitamin D variables were not specified amongst pri-
mary nor secondary outcomes in the original RCT protocol. 
We present exploratory analyses of the variables of interest 
collected in the trial. These include total, bioavailable, and 
free 25(OH)D as well as total 1,25(OH)2D; indices of bone 
mineral metabolism, including calcium, parathyroid hor-
mone (PTH), and bone remodeling markers (osteocalcin 
and crosslaps [CTX]); and percentage change of BMD 
(lumbar spine, femoral neck, total hip, and total body), cal-
culated as follows:

Percent change BMD at 12 months

= [(BMD12 months − BMD0 months) /BMD0 months] × 100.

Intervention

All subjects received daily a total of 1000  mg elemental 
calcium and a total daily intake of vitamin D equivalent 
to 600 IU/day in the low-dose group and 3750 IU/d in the 
high-dose group. Compliance was >90%, for both calcium 
and vitamin D pills, for both treatment arms (31).

Measurements

Hormonal studies were performed at the Mayo Clinic 
Clinical Laboratories (Mayo Clinic, Rochester, Minnesota). 
Serum 25(OH)D was measured with the use of liquid chro-
matography–mass spectroscopy (LC-MS). PTH was meas-
ured by solid phase, 2-site immunoassay on the Siemens 

Immulite 2000 automated immunoassay system (Siemens 
Healthcare Diagnostics, Deerfield, IL). Routine chemistry 
tests including calcium, phosphorus, and creatinine were 
measured at the American University of Beirut (AUB) using 
the Roche Cobas 6000 auto-analyzer (Roche Diagnostics 
GmbH, Mannheim, Germany). DBP was measured using 
the radial immunodiffusion assay (32). Dual-energy x-ray 
absorptiometry measurements of the spine, hip, forearm, 
and total body BMD were made on a Hologic 4500A 
Horizon machine (Hologic, Bedford, MA, USA). Total body 
BMD was used as per recommendation of International 
Society of Clinical Densitometry (33). Precision estimates 
were based on duplicate scans obtained daily for each skel-
etal site. CTX and osteocalcin were measured by a 2-site 
immunoenzymatic sandwich assay on the Roche Cobas 
e411 (Roche Diagnostics, Indianapolis, IN 46250). Tests 
were done while participants were fasting. Intra-assay and 
inter-assay CVs were previously published (31).

Vitamin D calculation

Free and bioavailable 25(OH)D were calculated using the 
Bikle (5) and Vermeulen (34) equations obtained from Dr. 
Roger Bouillon’s laboratory (9). We proceeded with Bikle’s 
equation because the difference between these 2 equations 
was minimal (only in the second decimal point). Calculated 
free 25(OH)D using such equations yielded a good correl-
ation with direct measurement in sera from elderly men 
and children (35). The equation does not account for gen-
etic variation of DBP. However, the most common geno-
types have the same affinity for 25(OH)D (8). The units 
for bioavailable and free 25(OH)D used are μg/L and ng/L, 
corresponding to ng/mL and pg/mL, respectively. We have 
reported total, bioavailable, and free 25(OH)D in ng/mL 
using a conversion factor of 2.49 from nmol/L.

Data analysis

We analyzed the data using descriptive statistics, inde-
pendent t tests for continuous variables between arms and 
repeated ANOVA to compare means over time within treat-
ments arm. Results are expressed as means ± standard de-
viation (SD) or standard error (SE). To increase the power 
of the study, the 3 values of measurements performed at 
baseline, 6 months, and 12 months for each subject were 
treated as separate entries, with an overall total number of 
over 650 data points for each of the variables of interest. 
We applied the general linear model (GLM) with gener-
alized estimating equations to take into account the lack 
of independence for variables for each subject, and the re-
peated measures over time (0, 6, and 12 months) (36). The 
subject variable was the subject ID, and the within subject 
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variable was time (0, 6, and 12 months). The independent 
correlation matrix was used because it provided the best 
goodness of fit as assessed by Quasi-likelihood Information 
Criteria (QIC). The predictors were serum total 25(OH)D, 
free 25(OH)D, or bioavailable 25(OH)D levels, the factor 
was time, and the outcomes were PTH and indices of bone 
metabolism. We derived the partial correlation coefficient 
R, from the GLM using the following formula:

ρ̂PCC =
Z /

√
m»

(1+ Z2�m )

where Z = β̂�√
var(β̂)

Z is the maximum likelihood Wald statistic, and m is the 
number of participants. The values of total, bioavailable, 
and free 25(OH)D were also divided into quartiles, each 
quartile including an average of 164 subjects, and we per-
formed the same analyses with 25(OH)D expressed in 
quartiles. We implemented pairwise comparisons for PTH 
levels, by serum 25(OH)D quartile with the addition of 
age as part of the model, with Bonferroni correction for 
multiplicity of testing, using the same general linear model. 
Patients receiving vitamin D achieve maximal serum values 
that plateau within 8 weeks after start of supplementation 
(31, 37). We therefore also evaluated the relationship be-
tween 12-month serum 25(OH)D values and bone density 
at various skeletal sites by Pearson correlations.

We used SPSS version 25.0 (SPSS, Armonk, NY), and 
a P value < 0.05 was considered statistically significant. 
Considering the exploratory nature of our analyses, we did 
not adjust for multiple t testing.

Results

Baseline characteristics of study subjects

Baseline characteristics of the participants are outlined in 
Table 1. A little over half (55%) of the participants were 
women. Briefly, subjects were 71.1 ± 4.7 years of age and 
had a mean body mass index (BMI) of 30.2 ± 4.5  kg/
m2. There were no differences in age, BMI, calcium and 
vitamin D supplementation, dietary calcium intake, serum  
25(OH)D, BMD, or any other biochemical, skeletal, and 
hormone levels across treatment arms in the overall group, 
and in the subgroups divided by gender (31). At baseline, 
118 participants (53%) had total 25(OH)D values below 
20 ng/mL. There was no gender difference in total 25(OH)
D value distribution, as previously published (31).

Response to vitamin D supplementation

There was an increase in total, bioavailable, and free 
25(OH)D levels at 12 months (P < 0.001) with both low-
dose and high-dose supplementation. Subjects who received 
the higher vitamin D dose (3750 IU) had higher serum levels 
of all 3 serum 25(OH)D variables at 12 months compared 
with those who were supplemented with a low vitamin D 
dose (600 IU) (P < 0.001) (Fig. 1). Total 25(OH)D increased 
from 20.06 (6.92) ng/mL to 25.96 (6.88) ng/mL after low-
dose supplementation, and from 20.65 (7.89) to 36 (9.73) 
ng/mL after high-dose supplementation. Bioavailable 
25(OH)D increased from 2.14 (0.8) to 2.75 (0.88) μg/L 
after low-dose, and from 2.14(0.84) to 3.56 (1.25) μg/L, 
after high-dose supplementation. Free 25(OH)D increased 

Table 1.  Baseline Characteristics of Study Subjects

Overall (N = 221) Female (N = 122) Male (N = 99)

Age, years 71 ± 4.7 69.9 ± 3.7 72.4 ± 5.5
BMI, kg/m2 30.2 ± 4.5 31.5 ± 4.9 28.7 ± 3.3
Total 25(OH)D, ng/mL 20.4 ± 7.4 21.1 ± 8.2 19.5 ± 6.3
Vitamin D binding protein, mg/L 284.6 ± 34.9 289.83 ± 36.4 278.1 ± 32.1
Albumin (g/L) 44.1 ± 2.9 44.2 ± 3.2 44.1 ± 2.6
Bioavailable 25(OH)D (Biklea), μg/L 2.1 ± 0.8 2.2 ± 0.9 2.1 ± 0.7
Bioavailable 25(OH)D (Vermeulena), μg/L 2.2 ± 0.8 2.2 ± 0.9 2.1 ± 0.7
Free 25(OH)D (Biklea), ng/L 5.4 ± 2.0 5.5 ± 2.2 5.2 ± 1.7
Free 25(OH)D (Vermeulena), ng/L 5.4 ± 2.0 5.5 ± 2.3 5.3 ± 1.7
PTH, pg/mL 68 ± 32.6 68.1 ± 31.1 67.8 ± 34.4
Calcium, mg/dL 9.5 ± 0.4 9.5 ± 0.4 9.4 ± 0.4
Calcium or vitamin D supplementation, N (%) 22 (10%) 21 (17.2%) 1 (1%)
Creatinine, mg/dL 0.8 ± 0.2 0.7 ± 0.1 0.9 0.2
eGFRb, mL/min/1.73m2 81.34 ± 13.1 83.2 ± 12.8 79 ± 13.1

Abbreviations: 25(OH)D, 25-hydroxyvitamin D; BMI, body mass index; eGFR, estimated glomerular filtration rate; PTH, parathyroid hormone.
*Values are expressed as mean ± SD
aValues were derived from the Bikle equation using a spreadsheet supplied by the laboratory of Dr. Roger Bouillon (9).
beGFR was estimated using the CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) equation. (GFR = 141 * min(Scr/κ,1)α * max(Scr/κ, 1)-1.209 * 
0.993Age * 1.018 [if female] * 1.159 [if black])
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from 5.33 (1.87) to 6.86 (2.07) ng/L after low-dose, and 
from 5.38 (2.14) to 8.92 (3.15) ng/L, after high-dose sup-
plementation. The values of bioavailable and free 25(OH)
D were associated with total 25(OH)D (P < 0.001), with an 
estimated r value of 0.942 and 0.943, respectively (Fig. 2).

Relationship between vitamin D variables with 
indices of mineral and bone metabolism

Serum total, bioavailable, and free 25(OH)D were all nega-
tively correlated with PTH (P < 0.001). The correlation 
coefficients were very similar and ranged from −0.22 to 

−0.25. Similarly, this translated into a consistent trend for 
a negative relationship between mean PTH level and mean 
25(OH)D level stratified by the quartiles of all 3 variables 
(Fig. 3). Mean PTH values were 1.27- to 1.29-fold higher 
in the first quartile, as compared with the fourth quartiles 
of each of the total, bioavailable, and free vitamin D vari-
ables (P < 0.001). Conversely, 1,25(OH)2D did not show 
any significant relationship with PTH, calcium, or bone 
remodeling markers (data not shown).

Serum total, bioavailable, and free 25(OH)D levels 
were not correlated with serum calcium levels nor 
with indices of bone remodeling: CTX and osteocalcin. 

Figure 1.  Total 25(OH)D (2-A) and bioavailable and free 25(OH)D (2-B) levels at 0, 6, and 12 months divided by vitamin D supplementation with high 
dose and low dose. Asterisk (*) placed between 6 months and 12 months values indicate significant difference between high-dose and low-dose sup-
plementation. There was a significant increase of total (ng/mL), bioavailable (μg/L), and free 25(OH)D (ng/L) at 6 and 12 months compared to values 
at baseline using repeated-measures ANOVA within each treatment arm.

Figure 2.  Relationship between total 25(OH)D (ng/mL) with free (ng/L) or bioavailable 25(OH)D (μg/L). The values of bioavailable and free 25(OH)D 
were significantly associated with total 25(OH)D (P value < 0.001), with estimated r2 values of 0.887 and 0.889, respectively.
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There was no correlation between serum total, bioavail-
able, and free 25(OH)D and BMD, when correlated 
with each other, both at study entry and at 12  months 
(at the end of the study). The only relationship between 
the different vitamin D variables at 12 months and per-
cent change BMD (spine, hip, total body) was between 
serum total 25(OH)D, but not the free or bioavailable 
forms, and percentage change BMD at the femoral neck 
(R2 = 0.021, Y = 0.059X–1.28, P = 0.033). There was a 
significant relationship between bioavailable (R2 = 0.022, 
Y = 0.353X–0.729, P = 0.029) and free (R2  =  0.025, 
Y = 0.154X–0.834, P = 0.018), but not total 25(OH)D 
and total body BMD.

Discussion

In this RCT, vitamin D supplementation at a dose of 3750 
IU/day resulted in serum levels of total, bioavailable, and 

free 25(OH)D, that were 1.28- to 1.38-fold higher than 
levels reached with 600 IU/day dose. This revokes the re-
mote possibility that the comparable BMD reached at 
12 months with the 2 doses (31) could be explained by a 
lack of difference in serum values of the free or bioavailable 
25(OH)D. Serum values of bioavailable and free 25(OH)D 
were strongly associated with total 25(OH)D, and none of 
the variables was a better predictor of serum levels of PTH 
or bone remodeling markers. Only serum total 25(OH)D 
correlated with percent increments in femoral neck BMD 
at 12 months.

The increments in serum levels of free or bioavailable 
25(OH)D noted in our trial are consistent with those from 
previous studies, although they may differ in absolute levels 
attained or fold increase compared with baseline values 
(10, 27, 35, 38, 39). Table 2 summarizes results from sev-
eral randomized trials, examining the impact of vitamin D 
supplementation on indices of mineral metabolism, with 

Figure 3.  The relationship between serum PTH and 25 (OH)D expressed as A, total 25(OH)D; B, bioavailable 25(OH)D; and C, free 25(OH)D, each div-
ided into their respective quartiles. Asterisk (*) indicates significantly lower PTH levels in fourth quartile of serum total, bioavailable, and free 25(OH)
D compared with the first quartile.
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an N > 200. Only 1 reports postsupplementation levels in 
free 25(OH)D. There was a substantial increase in free 
25(OH)D from 2.9 and 3.0 at t = 0 to 10.3  ng/mL and 
10.22 ng/mL (converted units) at 12 months on 4800 IU/
day, in African American and Caucasian women, respect-
ively (38). The 3-fold proportional increment may in part 
be explained by the lower baseline serum vitamin D levels 
and interestingly was identical in the 2 ethnic groups. An 
incremental increase from 1.3 to 7.1 pg/mL with meas-
ured free, and 1.9 to 2.8 ng/mL with bioavailable 25(OH)
D variables, was reported with a dose of 2000 IU/day at 
10 weeks postsupplementation (39).

In our study, bioavailable and free 25(OH)D were sig-
nificantly associated with total 25(OH)D with an r value 
of 0.942 and 0.943, respectively, findings comparable to 
others. In children, Simpson et al recently showed that total 
25(OH)D correlated strongly with calculated free 25(OH)
D, r = 0.89, while the association with directly measured 
free 25(OH)D was slightly weaker = 0.69 (35). Smith et al 
showed a correlation of r = 0.73 between measured free 
25(OH)D and total 25(OH)D (38).

PTH is a key marker of bone metabolism, which swiftly 
increases in response to low vitamin D stores, best as-
sessed through serum total 25(OH)D level (4, 12, 40, 41). 
We report a consistent inverse relationship between total, 
bioavailable, and free 25(OH)D with PTH levels, with cor-
relation coefficients from −0.22 to −0.25 for the 3 variables. 
Although negative correlations were similarly reported in 
other trials, the association was not examined in any of 
them for all 3 variables concomitantly, and its strength was 
only documented in 1 trial, Table 2). The relationship does 
not seem to be dependent on age, with a reported r between 
calculated free 25 (OH) D and PTH of −0.17 in subjects 
60 years of age (27) with a similar correlation in individ-
uals with a mean age of 35 (42).

We found no relationship between any of the variables 
with calcium, and many studies support the same conclu-
sion (39, 43, 44). However, in one randomized double-blind 
vitamin D3 trial conducted in older adults, Schwartz et al 
showed a weak positive correlation between calcium 
and total and free measured 25(OH)D, and negligible r2 
(r2 = 0.08 and 0.07, respectively) (10). Similarly, we did not 
find any significant relationship between total, bioavail-
able, or free 25(OH)D and osteocalcin and crosslaps. Yao 
et al showed a positive relationship between bioavailable 
25(OH)D and calcium (r = 0.22, P < 0.001) (45). Shwetz 
et al also showed that total 25(OH)D did not correlate with 
levels of bone-specific alkaline phosphatase, osteocalcin, 
CTX, or procollagen type 1 N-terminal pro-peptide 
(P1NP), either at baseline or at follow-up (46). Conversely, 
a positive correlation was shown between both total and 
free 25(OH)D and serum C-terminal telopeptides of type 

I collagen, but not P1NP, in an 8-week vitamin D RCT (39). 
The limited number of studies examining the relationship 
between total, bioavailable, and free 25(OH)D, with bone 
turnover markers, do not indicate any difference between 
the 3 variables. They are, however, not sufficient to deduce 
any definitive conclusions.

In this trial, we did not show any difference between the 
2 vitamin D doses in BMD at 12 months at the spine or 
hip, but subtotal body BMD was higher with the high dose 
(31). Similarly, an RCT investigating the effect of vitamin D 
supplementation on BMD in older individuals showed no 
difference between doses of 400, 800, or 1600 IU/day (47). 
On additional analyses, we demonstrate a weak but signifi-
cant relationship between 25(OH)D and percent change 
BMD at femoral neck only (R2  =  0.021, P = 0.033), and 
only mild significant correlation between the free and bio-
available 25(OH)D and the total body BMD at 12 months. 
The correlation between total, but not free and bioavailable 
25(OH)D, with percent change BMD at the femoral neck 
was modest at best and may reflect the amount of variance 
of the relevant variables. The same applies for the observed 
correlations between the free and bioavailable 25(OH)
D and not total 25(OH)D with total body (but not spine 
and hip). The VITamin D and OmegA-3 TriaL (VITAL) 
RCT showed no relationship between total 25(OH)D and 
percent change of peripheral quantitative computed tom-
ography (48) after supplementation with vitamin D doses 
ranging from 400 to 4800 IU/day. While few observational 
studies reported a positive association between bioavail-
able and/or free 25(OH)D and BMD (49), including a study 
including young Lebanese women (50), we are unaware of 
any RCT that assessed the relationship between bioavail-
able or free vitamin D and percent change in BMD, after 
vitamin D supplementation. Furthermore, the relevance of 
the correlations between the free and bioavailable 25(OH) 
D forms and total body BMD (which is not routinely meas-
ured) to clinical applications, is unclear at this point.

Careful scrutiny of the methodology of previous studies 
might explain some, but not all, of the differing results. 
Most studies started with comparable vitamin D and PTH 
levels, used similar assays to detect free, bioavailable, and 
total 25(OH)D and PTH, and used similar equations for 
calculated 25(OH)D values (Bikle’s or Vermeulen’s equa-
tion). However, even similar assays can lead to differing 
values that should be interpreted with caution if no calibra-
tion to international standards is ensured (4). In addition, 
values of directly measured free vitamin D are lower than 
obtained with calculations (23, 24, 51), while maintaining 
a strong correlation with each other (r = 0.80-0.83 for free 
and bioavailable 25(OH)D forms) (23). The direct meas-
urement of free 25(OH)D is also not without limitations 
(7). It can be affected by ethnicity, DBP genotypes (23), and 
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the type of antibody used (monoclonal versus polyclonal 
(52)). Furthermore, variability in several predictors of base-
line levels of 25(OH)D forms, their relationship with min-
eral indices, and response to supplementation, may explain 
differences between studies. These include ethnic, genetic, 
demographic, and lifestyle factors, as well as type and 
duration of supplementation (10, 27, 42, 53-56). Directly 
measured free 25(OH)D correlated more strongly with 
PTH compared to calculated free 25(OH)D (24, 51, 57).

Our study may have some limitations, such as not having 
directly measured free 25(OH)D. However, as mentioned 
earlier, even the measured free 25(OH)D has its own limita-
tion with its lack of standardization. To increase the power 
of our analyses, and increase the range of vitamin D values 
obtained, we used 3 observations from each subject, before 
and at 6 and 12 months postsupplementation. We, however, 
accounted for repeated measures and lack of independence 
in the specific general linear model chosen (36). Therefore, 
correlations obtained herein are not exactly comparable 
to those obtained in other studies but nevertheless are very 
comparable in direction and strength of association. The 
calculations at different time points are dependent on the 
vitamin D binding protein and albumin that were only meas-
ured at baseline. However, concentrations of DBP and al-
bumin were previously shown to appear to be stable over 
12 months (51). Our study included overweight individuals, 
with a mean age of 71  years, known to have lower total 
and free 25(OH)D (58) as well as higher PTH values com-
pared with nonobese controls (59). PTH levels also increase 
by approximately 5% for each 10-year increase in age (60). 
However, although our findings may not be generalizable 
across age ranges, our cohort is typical of the population of 
interest for adverse musculoskeletal outcomes.

Indeed, our study has several other strengths. It con-
comitantly investigates relationships between the different 
25(OH)D forms, under baseline conditions, in a population 
with a mean 25(OH)D of 20.4 ng/mL (Table 1), which is 
comparable to many other elderly cohorts. Over half (53%) 
of study subjects, had serum 25(OH) below the desirable 
level of 20 ng/mL (50 nmol/L) (13, 14). We systematically 
investigate the relationship between these different 25(OH)
D forms in response to vitamin D supplementation, with 
doses of vitamin D that are comparable to the Institute of 
Medicine (IOM) recommended doses for the low dose, and 
the upper tolerable level for the high dose (14). It is also 
unique, as it investigates multiple indices of bone and min-
eral metabolism and BMD.

In conclusion, our study provides evidence for the lack 
of any advantage from measuring free or bioavailable over 
total 25(OH)D in assessing indices of bone health in an eld-
erly population free of end-stage kidney or liver disease. It 
confirms findings from other large trials. Studies are needed 

to establish whether there is an additional value in measuring 
bioavailable and free 25(OH)D in populations where DBP 
and albumin are at risk of alteration, particularly in pregnant 
women, patients with liver failure, and possibly children (24, 
61). However, the most recent study in children also revealed 
no added benefit of measuring free or bioavailable 25(OH)D 
(35). Finally, additional studies are needed to determine the 
accuracy of calculated and measured free and bioavailable 
25(OH)D, as well as establish their normal range of refer-
ence, using international calibration standards.
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