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The Relationship of Physical Performance and Osteoporosis 
Prevention with Vitamin D in Older African Americans (PODA)

Ruban Dhaliwal, MD MPH1, Mageda Mikhail, MD2, Gianina Usera, MD2, Alexandra Stolberg, 
MD MPH2, Shahidul Islam, PStat®, MPH2, Louis Ragolia, PhD2, and John F. Aloia, MD2

1Endocrinology, Diabetes and Metabolism, State University of New York Upstate Medical 
University, New York

2Bone Mineral Research Center, Winthrop University Hospital, Mineola, New York

Abstract

Rationale—Vitamin D deficiency is associated with bone loss, poor muscle strength, falls and 

fracture. This information in older African Americans (AAs) is sparse.

Objective—The study of the relationship of Physical performance, Osteoporosis prevention with 

vitamin D in older African Americans (PODA) is a randomized, double-blind, placebo-controlled 

3-year trial examining the effect of vitamin D on bone loss and physical performance in older AA 

women.

Methods—260 healthy AA women aged >60 years were assigned to receive placebo or vitamin 

D3. Initial vitamin D3 dose was determined by the baseline serum 25OHD level, and adjusted 

further to maintain serum 25OHD between 30–69 ng/ml. Subjects with baseline 25OHD levels ≤8 

ng/ml or ≥26 ng/ml were excluded. Objective measures of neuromuscular strength [Short Physical 

Performance Battery (SPPB), grip strength and 6-minute walking distance (6MWD)] and bone 

mineral density (BMD) were obtained.

Results—SPPB gait speed, grip strength and 6MWD showed a significant positive correlation 

with free 25OHD. One pg/ml increase in free 25OHD predicted a 32% increase in the odds of 

having higher gait speed and a 1.42 lb increase in grip strength. No significant differences in BMI, 

BMD, muscle mass, grip strength, serum total 25OHD and free 25OHD were observed between 

groups. None of the measures of physical performance showed an association with baseline serum 

25OHD

Conclusions—This is the first study to show an association between free 25OHD and physical 

performance. These findings indicate a positive relationship of free 25OHD with gait speed and 

grip strength in older AA women. Further studies are needed to understand the role of free 

25OHD.
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1. Introduction

Vitamin D deficiency is prevalent in older adults [1]. The Institute of Medicine determined 

serum 25OHD ≥50 nmol/L as adequate for bone health in 97.5% of the population and 

recommended dietary allowance of vitamin D 600 IU/day for adults aged <70 years and 800 

IU/day for those >70 years [2]. The Endocrine Society suggested 25OHD level ≥75 nmol/L 

as sufficient and recommend higher vitamin D intake to achieve these levels [3]. Some 

studies indicate that 25OHD >80 nmol/L is necessary to prevent secondary 

hyperparathyroidism and related bone loss [4–6], and higher than recommended dose of 

vitamin D is required to prevent this rise in PTH [7–10]. Ethnic and genetic aspects have not 

been considered in either recommendations. Despite having lower serum 25OHD than 

Caucasian Americans (CAs), African Americans (AAs) have higher BMD and fewer 

fractures [11–13]. Adding to the complexity of this paradox is that 25OHD is not associated 

with BMD in AAs [13–15]. Strikingly, fracture rates increase with high 25OHD levels [16]. 

This evidence challenges the use of serum 25OHD as an appropriate biomarker for bone 

health in AAs.

Recent studies focus on the extraskeletal effects of vitamin D. The AHRQ concluded that 

evidence supports a link between serum 25OHD and falls [17]. Meta-analyses estimate a 

20% reduction in fall risk with vitamin D supplementation in older adults [18]. Emerging 

evidence also supports the role of vitamin D in physical performance and muscle strength 

[19–23]. The association between vitamin D deficiency, muscle weakness and poor balance 

likely underlies the relationship between low serum 25OHD and increased falls. Impaired 

lower extremity function itself is a major risk factor for frailty and loss of autonomy [24,25]. 

Age-associated decline in physical performance and concomitant bone loss can increase the 

risk of falls/fractures. Higher serum 25OHD is associated with greater muscle mass, 

improved extremity functioning and decreased risk of recurrent falls in older individuals 

[20,26–29]. Vitamin D may also play a role in chronic conditions that are prevalent with 

aging and lead to physical a nd functional decline [30,31].

Although an efficient calcium conservation and skeletal resistance to PTH facilitate a higher 

peak bone mass in AAs [32–34], the skeleton of older AAs is susceptible to the age-

associated rise in PTH [35–36]. Bone loss accelerates and bone turnover increases with 

aging in CAs and AAs. Trials of adequate calcium and vitamin D supplementation have 

demonstrated a decline in fractures in older CAs by reducing bone loss and falls as a result 

of improved physical performance [37–43]. The only fracture intervention trial to include 

older AAs used 400 IU/day of vitamin D, a dose unlikely to achieve the optimal vitamin D 

status for bone health [44]. Falls occur with same frequency in both populations and 

fractures are associated with higher mortality and morbidity in AAs [45,46]. In spite of this 

knowledge, no studies have examined the effect of vitamin D on physical performance and 

fall prevention in older AAs.
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In an exploratory study, we observed an increase in muscle strength and a reduction in bone 

turnover markers with vitamin D3 supplementation [47]. We hypothesized that vitamin D 

supplementation will reduce bone loss and improve physical performance in older AAs. 

Hence, we performed a randomized, double-blind, placebo-controlled vitamin D3 trial in 

older AA women. Here, we describe the baseline findings of this trial.

2. Study Design and Methods

2.1. Study Population

The Physical Performance, Osteoporosis Prevention and Vitamin D in older African 

Americans (PODA) Study is a prospective, randomized, double-blind, placebo controlled, 

three-year clinical trial of vitamin D3 supplementation in postmenopausal AA women older 

than 60 years of age. The trial was approved by the Institutional Review Board of Winthrop 

University Hospital. Ambulatory volunteers were recruited from Long Island and 

surrounding communities. African American ancestry of the participants was assessed by 

self-declaration that both parents and at least 3 of 4 grandparents were African American. 

Participants with 25OHD ≤ 8 ng/ml (20 nmol/L) and ≥ 26 ng/ml (65 nmol/L) at baseline 

were excluded from the study. Exclusion criteria also included metabolic bone disease, 

BMD at total hip below 2.5 standard deviation {using female reference ranges from the 

dual-energy x-ray absorptiometer (DXA) manufacturer}, history of osteoporotic fracture, 

previous treatment with bone active agents and any medication or chronic illness that affects 

bone metabolism, calcium or parathyroid disorder, and use of medications known to 

interfere with vitamin D metabolism.

ClinicalTrials.gov—The trial is registered at www.ClinicalTrials.gov as NCT01153568.

2.2. Study Design

Randomization of 260 healthy participants to vitamin D3 or placebo group was done through 

a computer-generated sequence. One-half of the subjects were randomly assigned to active 

vitamin D3 (n=130) and the other one-half to matching placebo (n=130). Treatment 

assignments in labeled sealed envelopes were provided to the research pharmacist by the 

study statistician. Subjects and investigators were blinded. Initial vitamin D3 dose was 

determined by a research pharmacist depending on the baseline serum 25OHD levels 

[investigators and participants were blinded]. If baseline 25OHD was 8–10 ng/ml (20–25 

nmol/L), participants were assigned 120 μg (4800 IU) daily dose; 90 μg (3600 IU) daily if 

baseline 25OHD was 10–20 ng/ml (25–50 nmol/L); or 60 μg (2400 IU) daily if baseline 

25OHD was 20–26 ng/ml (50–65 nmol/L). The vitamin D3 dose was adjusted further at 3-

month intervals to maintain the serum 25OHD level between 30–69 ng/ml (75–172 nmol/L). 

The blind was maintained by adjusting the placebo dose to match the distribution of dose 

changes in the active group (a double-dummy design).

2.3. Study Procedures

Objective measures of anthropometric, neuromuscular function, strength, and qualitative 

variables were obtained at baseline and 3-month intervals. Daily calcium intake was 

assessed by a food frequency questionnaire (Short Calcium Questionnaire 2002; NIH 
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Clinical Center). Calcium supplements, as calcium carbonate were provided to both the 

active and control group to ensure a total calcium intake of at least 1200 mg daily in divided 

doses with meals. Methods used for participant recruitment and retention in the study 

assisted in ensuring compliance with the study visits and procedures.

Information from study participants was obtained through several different means including 

a self-administered questionnaire, interviewer-administered questionnaire, and clinic 

examination. Numerous baseline assessments were made in order to have a comprehensive 

set of variables from study participants to relate to osteoporotic fracture risk in women or to 

the sequelae of fracture. These measurements are described in detail below and a 

comprehensive list of the individual measures obtained at baseline are provided in Table 1.

2.4. Outcome Measures

The primary goal of this study is to quantify the contribution of vitamin D3 on physical 

performance and BMD changes in older AA women. An additional outcome is the incidence 

of falls and fractures in response to vitamin D3.

Skeletal Measures—Bone mineral density measurement was performed at 6 month 

intervals at the total hip, non-dominant midradius, and anteroposterior spine with a DXA 

(model QDR 4500, version 9.80D; Hologic Inc., Waltham, Massachusetts).

Anthropometric Measures—All measures were taken at baseline by an examiner using 

standard equipment, including a Harpenden stadiometer and a digital Seca scale. Additional 

physical measures included pulse and seated blood pressure at the arm.

Physical Performance and Measures of Strength—Neuromuscular function was 

assessed by the Short Physical Performance Battery (SPPB), grip strength and 6-minute 

walking distance (6MWD) at baseline and every 6 months thereafter.

– The SPPB, developed by the National Institute on Aging for the Established 

Populations for Epidemiologic Studies of the Elderly was used to assess lower 

extremity physical performance [48–50]. SPPB consists of hierarchical balance tests 

(side-by-side, semi-tandem, tandem and single leg stands for 10 seconds each), two 

timed 4-meter walks to assess usual gait speed, and a chair stand test (timed 5 rises). 

Performance scores for each test and a summary score aggregating these assessments 

were calculated as per standard SPPB protocol. Each of the SPPB components has a 

maximum score of 4 points (total SPPB maximum score being 12), with higher 

scores indicative of better lower extremity performance. In this study, the Hawaii 

modification of the SPPB was administered. The Hawaii modification expands the 

original SPPB battery to make it more demanding to avoid a “ceiling effect.” In 

addition to producing its own score, the modified battery also allows for the 

calculation of a score for the traditional SPPB. Under this modification participants 

completed 10 repeated chair stand rises.

– Grip strength, an indicator of upper extremity muscle strength, was measured using 

a handgrip dynamometer (Jamar Dynamometer; Alimed Inc., Dedham, 

Massachusetts). Grip strength was measured in the dominant hand and the mean of 
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three measurements was recorded. The outcome was force generated (lb/in2), with 

higher values indicative of greater grip strength.

– Participants also completed a 6-minute walk (6MWD) to assess walking endurance. 

The outcome was total distance traveled in meters. The mean distance covered in six 

minutes of walking by healthy older adults is > 500 meters [51].

Lifestyle, medical, and nutritional factors—To examine the association between 

fracture risk and lifestyle and medical characteristics, numerous aspects of personal and 

medical history were assessed at baseline. Information obtained by self-administered 

questionnaire included level of education and marital status, medical history, medications, 

diet history, physical activity, fall and fracture history, tobacco use and alcohol consumption. 

Participants brought current prescription medications to each visit and the names and doses 

of all medications were recorded. Physical activity expenditure was assessed from the 

Community Healthy Activities Model Program for Seniors (CHAMPS) questionnaire [52]. 

Additional information on alcohol intake and physical activity was obtained using an 

interviewer-administered questionnaire. Alcohol intake was quantified in terms of usual 

drinks per day.

2.5. Laboratory Tests

Fasting blood samples were collected at baseline and at 3 monthly visits. Serum samples for 

measurement of 25OHD and vitamin D metabolites [25(OH)D2, 25(OH)D3, 24,25(OH)2D3, 

1,25(OH)2D2, and 1,25(OH)D3] were analyzed by the Department of Laboratory Medicine 

at the University of Washington (Seattle, Washington) using liquid chromatography-tandem 

mass spectrometry with deuterated internal standards for each analyte [53]. Concentrations 

of 25(OH)D2, 25(OH)D3, and 24,25(OH)2D3 were standardized to NIST SRM 972a [54]. 

The % CV of these assays in the specific ranges are as follows: 1,25(OH)D3: 7.95–10.40% 

CV at 18.1–47.8 pg/mL; 25(OH)D3: 3.54–4.41%CV at 9.5–32.3 ng/mL; 24,25(OH)2D3: 

5.17–7.42%CV at 1.3–4.6 ng/mL.

Serum free 25OHD was directly measured using ELISA based on a two-step immunoassay 

procedure (Future Diagnostics, Wijchen, The Netherlands) as previously described [55,56]. 

Markers of bone turnover and parathyroid hormone levels were measured in serum at 

baseline and at 6-month intervals. Intact PTH was measured by the Immulite 2000 Analyzer 

assay (Diagnostic Products Corporation, Los Angeles, California, inter-assay CV: 1.34%). 

Serum Bone alkaline phosphatase and serum C-Telopeptide of Type-1 collagen were 

measured by a one-step enzyme-linked immuno-absorbent assay (Micro Vue BAP, Quidel 

Corp., San Diego, California and Nordic Bioscience Diagnostics, Herlev, Denmark). The 

intra-assay CV of the bone alkaline phosphatase assay is 4–6% and the inter-assay CV is 5–

8%. The intra-assay CV of the CrossLap assay is 5.4%, and the inter-assay CV is 6.5%. 

Serum and urinary calcium were measured by O-cresolphthalein complex using automated 

equipment (Dimension-RXL, Dade, Delaware).

2.6. Data and Participant Safety

Study design, recruitment strategies, compliance, and data and participant safety were 

monitored semi-annually by a Data Safety and Monitoring Board appointed by the NIH. 
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Safety measures including a serum chemistry panel were performed at baseline and at each 

randomization visit. Most data and specimens were collated for later analysis. Participants 

were informed of the abnormal results of any available assessments. Women who had BMD 

measures that were unequivocally low (T score less than 2.5, using female reference ranges 

from the DXA manufacturer) were referred to their physician. In general, participants 

continued to receive their routine medical care during the study period.

2.7. Statistical Analysis

Block randomization was performed at baseline using a computer generated (SAS Proc 

Plan) randomization list. Subjects were assigned to one of the two groups: vitamin D3 

supplementation or placebo. Descriptive statistics (i.e. mean, median, standard deviation, 

first quartile and third quartile) were generated and presented as mean (±SD) or median (q1–

q3) as appropriate for continuous data and as proportion for categorical variables. Normality 

of distributions of clinical variables and laboratory markers was evaluated using visual 

observation of histograms and the Kolmogorov-Smirnov test. Differences of each continuous 

variable between groups were examined using the non-parametric Wilcoxon rank-sum test 

for non-normally distributed and two independent samples t-test for normally distributed 

variables. Variables were checked for outliers using Horn’s method using ‘Reference 

Intervals’ package in R. Analyses were performed with and without outliers but output 

remained similar, so full data were used. Fisher’s exact test was used to compare categorical 

variables between groups.

The relationships of clinical and demographics variables with serum free 25OHD and 

25OHD3 were examined using Pearson and Spearman correlation coefficients as 

appropriate. Scattered plots of continuous variables with non-parametric smoothed curve 

(LOESS) and linear regression lines as appropriate were used to evaluate degree and nature 

of the particular relationships. We presented the final figure using linear regression as the 

LOESS did not look different.

SPPB gait speed score ranged from 1 through 4. Only one patient had a score of 1 and was 

excluded for this analysis. We would need at least 10 observations for each category of 

dependent variable to fit a valid model [57]. A cumulative logistic regression model was 

developed using free 25OHD as the independent variable. Score test was used to evaluate the 

proportional odds assumptions. AIC and log likelihood criteria were used to test the model 

fit. Linear regression model was developed for grip strength using free 25OHD as the 

independent variable. Model assumptions were checked via residual analysis and graphic 

summaries.

Multivariable models for both gait speed score and grip strength were examined in order to 

adjust for potential confounders. Both models considered age, BMI, free 25(OH)D, 

25(OH)D3, 1,25(OH)2D3, PTH, and serum creatinine as the plausible predictors. In order to 

arrive at the final cumulative logistic regression model presented, AIC, log likelihood 

criteria and c-statistic were examined. For the final multiple linear regression model 

reported, an exhaustive search of the model space was conducted and models were ranked 

on the basis of their adjusted R2 values. Due to likely co-linearity between different 
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variables, the final models presented were considered representative of other equally 

informative models.

All calculations were performed using SAS software (version 9.4; SAS Institute, Cary, NC, 

USA) and R (http://www.Rproject.org). Results were considered statistically significant 

when P < 0.05.

3. Results

3.1. Comparisons of Baseline Characteristics

Selected baseline characteristics of the study population are presented in Table 1. The 

average age was 68.2 (65.4–72.5) years. Body mass index was similar between groups 

[overall 30 (26.5–34.1) kg/m2]. Most rated their health as good/excellent. Few were current 

smokers, although 21.5% in the active group and 23.8% in the placebo group had smoked 

previously. 43.1% in the active group and 34.6% in the placebo group reported no alcohol 

intake, while 55.4% and 63.9%, respectively, consumed at least 2 drinks per week. In the 

overall sample, no statistically significant relationship was detected between serum total 

25OHD concentration and BMI, calcium intake, BMD, muscle mass, percent body fat or 

measures of physical performance (SPPB balance, gait speed, chair stand score, SPPB total 

score, grip strength or 6MWD).

Median daily calcium intake including supplements was 842 (600-1142) mg/d in the vitamin 

D3 group and 827 (628-1185) mg/d in the placebo group. There were no significant 

differences in the mean BMD, muscle mass and percent body fat between the active and 

control group. The mean SPPB balance and gait speed, 10 chair stands time and grip 

strength were also similar in both groups. Participants randomized to the vitamin D3 group 

had a somewhat higher physical performance at baseline (as assessed by the mean SPPB 

total score and 6MWD) compared to the subjects in the placebo group [12 (10–12) vs. 11 

(10–12), P = 0.009 and 407 (357 – 453) vs. 387 (324 – 432), P = 0.015 respectively].

There were no significant differences in the mean values of serum total 25OHD (21.5 ± 6.5 

ng/l and 22.2 ± 6.9 ng/l) and free 25OHD (4.7 ± 1.2 pg/ml and 4.8 ± 1.3 pg/ml respectively) 

between groups of subjects. Between group PTH levels also showed no significant 

differences. In addition, the serum calcium, phosphorus and creatinine concentrations were 

normal.

3.2. Overall association between clinical outcomes and baseline characteristics

SPPB Gait speed score—Free 25OHD significantly predicted [OR (95% CI) 

=1.32(1.06–1.63), p=0.012] gait speed score in a cumulative logistic regression model. This 

suggests 32% increase in the odds of having higher gait speed score for one pg/ml increase 

in free 25OHD. This model was further adjusted for age, BMI, free 25OHD, 25(OH)D3, 

1,25(OH)2D3, PTH, and serum creatinine. Free 25OHD [adjusted OR=1.28(0.90–1.82)] did 

not predict gait speed in the adjusted model. The final model after an exhaustive model 

search based on AIC and log likelihood criteria included age [OR=0.91(0.86–0.95)] and 

BMI [OR=0.93(0.89–0.97)].
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Grip Strength—Free 25OHD significantly predicted grip strength in a linear regression 

model (R-Square=0.02, F=5.22, regression coefficient [β] = 1.52, p=0.023) suggesting 1.52 

lb increase in grip strength for one pg/ml increase in free 25OHD. Adjusted multivariable 

model considered age, BMI, free 25(OH)D, 25(OH)D3, 1,25(OH)2D3, PTH, and serum 

creatinine as the potential explanatory variables. After an exhaustive model search based on 

R-square values, the final model (R-Square=0.12, F=11.21, p<.0001) included age (β= 

−0.69, p<.0001), BMI (β =0.30, p=0.023), and Free 25OHD (β=1.42, p=0.031) as the 

independent predictors of grip strength. Adjusted for age and BMI, one pg/ml increase in 

free 25OHD increases grip strength by 1.42 lb. Figure 1 depicts relationship between grip 

strength and free 25OHD. Serum total 25OHD concentration did not relate to grip strength.

4. Discussion

This is the first study to show an association between free 25OHD and physical 

performance. In this first report from the PODA Study, we found a significant positive 

relationship of free 25OHD with the SPPB gait speed, grip strength and 6MWD at baseline. 

An increase in free 25OHD predicted an increase in grip strength (after adjusting for age and 

BMI) and in the odds of having higher gait speed score (in an age adjusted model). None of 

the measures of physical performance (SPPB gait speed, SPPB total score, 10 chair stand 

time, grip strength and 6MWD) or muscle mass were influenced by the baseline total 

25OHD in the overall cohort analysis or in the two randomization groups. This is in 

concordance with previous studies in other populations [58–60]. Studies that reported a 

positive association between total 25OHD and physical performance in older adults also 

included individuals deficient in vitamin D, unlike our study population [20,59–62].

We noted an inverse correlation between BMI and free 25OHD. This could be due to the 

higher vitamin D binding protein (VDBP) concentrations reported in higher weight 

individuals compared to normal-weight individuals and hence the lower free hormone 

concentration. VDBP coding gene polymorphisms may also play a role in VDBP 

concentrations at higher body weights [63,64]. However, we used a direct measurement of 

free 25OHD, a more accurate method compared to the calculated measurement based on 

VDBP. We previously confirmed that total 25OHD measurements may not precisely reflect 

biological activity in AAs [65]. In this study, we noted no relationship between total 25OHD 

and BMI. It is possible that free 25OHD is a stronger biomarker than total 25OHD.

Any new proposed biomarker for vitamin D status must not only reflect vitamin D exposure 

but also be related to outcomes such as calcium absorption, PTH levels, BMD, fracture, 

falls, physical performance or muscle strength. The literature on free 25OHD and functional 

markers of vitamin D status has emerged in the recent years and is inconclusive thus far, 

except for the associations with PTH. In our previous studies, we found no advantage of 

measuring free 25OHD over total 25OHD both at baseline and in response to vitamin D 

intake. We also found no advantage of measuring free over total 25OHD in assessing the 

response of calcium absorption, PTH and bone turnover markers [56]. In this study, we 

noted an inverse relationship of PTH with both total and free 25OHD, but there was no 

association between BMD and total or free 25OHD levels. This is in agreement with the 

findings of our previous study in AAs [13–15]. Other studies have also found no correlations 
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between BMD and total and bioavailable 25OHD concentrations in AAs, whereas a positive 

correlation was noted in CAs [66,67].

In contrast to clinical studies, preclinical data are more consistent. In a study comparing 

mice ingesting vitamin D2 to mice ingesting vitamin D3, the total 25OHD levels were 

comparable, but the free 25OHD level [all 25OHD2] was higher in the mice on vitamin D2 

due to the lower affinity of VDBP for 25OHD2 [68]. Free 25OHD was associated with 

increased bone volume density and increased numbers of osteoclasts and osteoblasts in the 

mice on the vitamin D2, suggesting that free 25OHD level may be a better indicator than 

total 25OHD for the effects of vitamin D on bone metabolism.

Physical performance is the result of many factors affecting muscle mass and strength over 

the life span. Notwithstanding the high reliability of the assay we used for direct 

measurement of free 25OHD, measured 25OHD levels (free or total) are subject to 

fluctuations due to various dynamic indices including recent sun exposure, diet, 

gastrointestinal disease, and the quality of antibody used to bind the free 25OHD. It is 

possible that our observation of association of free 25OHD and physical performance is a 

random finding. However, free 25OHD was related to both measures of lower extremity 

strength (gait speed and 6MWD) and one measure of upper extremity strength (grip 

strength). Studies suggest a direct effect of vitamin D on muscle function [22,23]. A 

plausible mechanism underlying the association of free 25OHD and physical performance is 

that vitamin D maintains muscle integrity in older adults by preventing intramuscular fat 

accumulation [69]. Vitamin D exerts its effect on muscle via VDRs [22,23]. Therefore, it can 

be postulated that higher concentration of bioavailable (free) 25OHD results in upregulation 

of VDR in skeletal muscle and increases transportation of calcium and phosphorus into 

muscle cells [70]. Similarly, high free 25OHD may also promote de novo protein synthesis 

in muscle, particularly of type II fibers, an established effect of calcitriol in studies in older 

adults [71,72].

Impaired muscle function may even precede the appearance of biochemical signs of bone 

disease during vitamin D deficiency [19]. A decline in physical performance combined with 

age related bone loss can lead to an increase in the incidence of falls and fractures in older 

adults. Higher serum 25OHD concentrations have been associated with lower risk of falls in 

older adults [17,18]. Cross-sectional studies suggest positive association between serum 

25OHD and physical performance and strength among older adults [21,27,62] while data 

from longitudinal studies are conflicted. Some studies showed no relationship and other 

studies noted greater declines in physical performance with vitamin D deficiency [20,37–

43,58,61,73]. Further studies are needed to understand the role of free 25OHD in physical 

performance in older adults.

Although AAs have lower serum 25OHD than CAs, older AAs are underrepresented in the 

studies investigating extraskeletal benefits of vitamin D. The focus of Institute of Medicine 

2010 recommendations was the healthy population rather than disease related conditions and 

evidence was found to be insufficient to recommend intake for outcomes beyond bone 

health. Whether serum 25OHD concentration ≥ 50 nmol/L, deemed as adequate by the 

Institute of Medicine, or serum 25OHD concentration ≥ 75 nmol/L, proposed as optimal by 
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the Endocrine Society, is effective in achieving extraskeletal benefits of vitamin D in this 

population is also unknown. The PODA trial is designed to examine these associations in 

older healthy vitamin D sufficient AA women.

Our study has strengths and some limitations. This randomized trial includes a placebo 

control group. We took into consideration covariables that are known confounders (age, 

BMI). In older individuals, other variables, such as chronic diseases, may influence the 

measured outcomes other than serum 25OHD. Our study cohort includes relatively healthy 

participants. Results from this study may not be extrapolated to men, women of other ethnic 

groups or to those with chronic conditions. Our study population is vitamin D sufficient 

according to the serum 25OHD concentration ≥ 50 nmol/L recommended by the Institute of 

Medicine. We also ensured adequate daily calcium intake. Due to the absence of 

confounding from hypovitaminosis D at baseline, this population represents an ideal cohort 

to study the effect of higher serum 25OHD concentrations on physical performance and falls 

in older healthy African American population.

5. Conclusion

Baseline findings of the PODA Study suggest the usefulness of free 25OHD as a predictor of 

physical performance in aging African American women. Although this finding could be a 

random finding, the association of free 25OHD with measures of both upper and lower 

extremity performance lends support to further examination of the role of serum free 

25OHD in physical performance to prevent frailty and fracture in older adults. Longitudinal 

dose response studies that use standardized, reproducible assessments of physical 

performance and muscle strength are needed to define target serum 25OHD level and 

optimal vitamin D intake for extraskeletal outcomes.

Acknowledgments

We are grateful to Dr. Andrew N. Hoofnagle and Dr. Jack M. Guralnik, MD PhD for their valuable input. We thank 
the study participants and staff at the Bone Mineral Research Center for their contribution. This research was 
funded by the National Institute of Aging [R01-AG032440-05] and the Office of Dietary Supplements. All authors 
had final approval of the submitted and published versions.

Abbreviations

1,25OHD 1,25-dihydroxyvitamin D

25OHD 25-hydroxyvitamin D

BMD bone mineral density

BMI Body Mass Index

DXA Dual-energy X-ray Absorptiometry

VDBP Vitamin D Binding Protein

IU international units

PTH parathyroid hormone

Dhaliwal et al. Page 10

Contemp Clin Trials. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SPPB Short Physical Performance Battery

References

1. Looker AC, Pfeiffer CM, Lacher DA, et al. Schleicher RL, Picciano MF, Yetley EA. Serum 25-
hydroxyvitamin D status of the US population: 1988–1994 compared with 2000–2004. Am J Clin 
Nutr. 2008; 88(6):1519–27. [PubMed: 19064511] 

2. Ross, AC., Taylor, CL., Yaktine, AL., et al. Institute of Medicine Committee to Review Dietary 
Reference Intakes for Vitamin D and Calcium. Dietary Reference Intakes for Calcium and Vitamin 
D. Washington, DC: National Academy Press; 2011. 

3. Holick MF, Binkley NC, Bischoff-Ferrari HA, et al. Evaluation, treatment, and prevention of 
vitamin D deficiency: an Endocrine Society clinical practice guideline. J Clin Endocrinol Metab. 
2011; 96(7):1911–30. [PubMed: 21646368] 

4. Chapuy MC, Preziosi P, Maamer M, et al. Prevalence of vitamin D insufficiency in an adult normal 
population. Osteoporos Int. 1997; 7(5):439–43. [PubMed: 9425501] 

5. Guillemant J, Le HT, Maria A, et al. Wintertime vitamin D deficiency in male adolescents: effect on 
parathyroid function and response to vitamin D3 supplements. Osteoporos Int. 2001; 12(10):875–9. 
[PubMed: 11716192] 

6. Vieth R, Ladak Y, Walfish PG. Age-related changes in the 25-hydroxyvitamin D versus parathyroid 
hormone relationship suggest a different reason why older adults require more vitamin D. J Clin 
Endocrinol Metab. 2003; 88(1):185–91. [PubMed: 12519850] 

7. Chapuy MC, Arlot ME, Duboeuf F, et al. Vitamin D3 and calcium to prevent hip fractures in the 
elderly women. N Engl J Med. 1992; 327(23):1637–42. [PubMed: 1331788] 

8. Lips P, Graafmans WC, Ooms ME, et al. Vitamin D supplementation and fracture incidence in 
elderly persons: a randomized, placebo-controlled clinical trial. Ann Intern Med. 1996; 124(4):400–
6. [PubMed: 8554248] 

9. Dawson-Hughes B, Harris SS, Krall EA, et al. Effect of calcium and vitamin D supplementation on 
bone density in men and women 65 years of age or older. N Engl J Med. 1997; 337(10):670–6. 
[PubMed: 9278463] 

10. Bischoff-Ferrari HA, Willett WC, Wong JB, et al. Fracture prevention with vitamin D 
supplementation: a meta-analysis of randomized controlled trials. J Amer Med Assoc. 2005; 
293(18):2257–64.

11. Aloia JF, Vaswani JK, Yeh J, et al. Risk for osteoporosis in black women. Calcif Tissue Int. 1996; 
59(6):415–23. [PubMed: 8939764] 

12. Barrett-Connor E, Siris ES, Wehren LE, et al. Osteoporosis and fracture risk in women of different 
ethnic groups. J Bone Miner Res. 2005; 20(2):185–94. [PubMed: 15647811] 

13. Aloia JF. African Americans, 25-hydroxyvitamin D, and osteoporosis: a paradox. Am J Clin Nutr. 
2008; 88(2):545S–50S. [PubMed: 18689399] 

14. Hannan MT, Litman HJ, Araujo AB, et al. Serum 25-hydroxyvitamin D and bone mineral density 
in a racially and ethnically diverse group of men. J Clin Endocrinol Metab. 2008; 93(1):40–6. 
[PubMed: 17986641] 

15. Gutierrez OM, Farwell WR, Kermah D, et al. Racial differences in the relationship between 
vitamin D, bone mineral density, and parathyroid hormone in the National Health and Nutrition 
Examination Survey. Osteoporos Int. 2011; 22(6):1745–53. [PubMed: 20848081] 

16. Cauley JA, Danielson ME, Boudreau R, et al. Serum 25-hydroxyvitamin D and clinical fracture 
risk in a multiethnic cohort of women: the Women’s Health Initiative (WHI). J Bone Miner Res. 
2011; 26(10):2378–88. [PubMed: 21710614] 

17. Cranney A, Horsley T, O’Donnell S, et al. Effectiveness and safety of vitamin D in relation to bone 
health. Evid Rep Technol Assess. 2007; (158):1–235.

18. Bischoff-Ferrari HA, Dawson-Hughes B, Willett WC, et al. Effect of Vitamin D on falls: a meta-
analysis. J Amer Med Assoc. 2004; 291(16):1999–2006.

19. Glerup H, Mikkelsen K, Poulsen L, et al. Hypovitaminosis D myopathy without biochemical signs 
of osteomalacic bone involvement. Calcif Tissue Int. 2000; 66(6):419–24. [PubMed: 10821877] 

Dhaliwal et al. Page 11

Contemp Clin Trials. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



20. Wicherts IS, Van Schoor NM, Boeke AJ, et al. Vitamin D status predicts physical performance and 
its decline in older persons. J Clin Endocrinol Metab. 2007; 92(6):2058–65. [PubMed: 17341569] 

21. Houston DK, Cesari M, Ferrucci L, et al. Association between vitamin D status and physical 
performance: the InCHIANTI study. J Gerontol A Biol Sci Med Sci. 2007; 62(4):440–6. [PubMed: 
17452740] 

22. Bischoff HA, Borchers M, Gudat F, et al. In situ detection of 1,25-dihydroxyvitamin D3 receptor in 
human skeletal muscle tissue. The Histochemical Journal. 2001; 33(1):19–24. [PubMed: 
11352397] 

23. Ceglia L, Harris SS. Vitamin D and its role in skeletal muscle. Calcif Tissue Int. 2013; 92(2):151–
62. [PubMed: 22968766] 

24. Cummings SR, Nevitt MC. Non-skeletal determinants of fractures: the potential importance of the 
mechanics of falls. Study of Osteoporotic Fractures Research Group. Osteoporos Int. 1994; 
4(suppl 1):67–70.

25. Fried LP, Tangen CM, Walston J, et al. Frailty in older adults: evidence for a phenotype. J Gerontol 
A Biol Sci Med Sci. 2001; 56(3):M146–M156. [PubMed: 11253156] 

26. Visser M, Deeg DJ, Puts MT, et al. Low serum concentrations of 25-hydroxyvitamin D in older 
persons and the risk of nursing home admission. Am J Clin Nutr. 2006; 84(3):616–22. [PubMed: 
16960177] 

27. Dhesi JK, Bearne LM, Moniz C, et al. Neuromuscular and psychomotor function in elderly 
subjects who fall and the relationship with vitamin D status. J Bone Miner Res. 2002; 17(5):891–7. 
[PubMed: 12009020] 

28. Bischoff HA, Stahelin HB, Dick W, et al. Effects of vitamin D and calcium supplementation on 
falls: a randomized controlled trial. J Bone Miner Res. 2003; 18(2):343–51. [PubMed: 12568412] 

29. Snijder MB, Van Schoor NM, Pluijm SM, et al. Vitamin D status in relation to one-year risk of 
recurrent falling in older men and women. J Clin Endocrinol Metab. 2006; 91(8):2980–5. 
[PubMed: 16684818] 

30. Holick MF. Vitamin D deficiency. N Engl J Med. 2007; 357(3):266–81. [PubMed: 17634462] 

31. Fried LP, Guralnik JM. Disability in older adults: evidence regarding significance, etiology, and 
risk. J Am Geriatr Soc. 1997; 45(1):92–100. [PubMed: 8994496] 

32. Aloia JF, Vaswani A, Ma R, et al. Body composition in normal black women: the four-
compartment model. J Clin Endocrinol Metab. 1996; 81(6):2363–9. [PubMed: 8964878] 

33. Kritchevsky SB, Tooze JA, Neiberg RH, et al. Hydroxyvitamin D, parathyroid hormone, and 
mortality in black and white older adults: the health ABC study. J Clin Endocrinol Metab. 2012; 
97(11):4156–65. [PubMed: 22942386] 

34. Paik JM, Farwell WR, Taylor EN. Demographic, dietary, and serum factors and parathyroid 
hormone in the National Health and Nutrition Examination Survey. Osteoporos Int. 2012; 23(6):
1727–36. [PubMed: 21932115] 

35. Cauley JA, Lui LY, Stone KL, et al. Longitudinal study of changes in hip bone mineral density in 
Caucasian and African-American women. J Am Geriatr Soc. 2005; 53(2):183–9. [PubMed: 
15673339] 

36. Tracy JK, Meyer WA, Flores RH, et al. Racial differences in rate of decline in bone mass in older 
men: the Baltimore men’s osteoporosis study. J Bone Miner Res. 2005; 20(7):1228–34. [PubMed: 
15940377] 

37. Bischoff-Ferrara HA, Giovannucci E, Willett WC, et al. Estimation of optimal serum 
concentrations of 25-hydroxyvitamin D for multiple health outcomes. Am J Clin Nutr. 2006; 
84(1):18–28. [PubMed: 16825677] 

38. Latham NK, Anderson CS, Lee A, et al. A randomized, controlled trial of quadriceps resistance 
exercise and vitamin D in frail older people: the Frailty Interventions Trial in Elderly Subjects 
(FITNESS). J Am Geriatr Soc. 2003; 51(3):291–9. [PubMed: 12588571] 

39. Zhu K, Austin N, Devine A, et al. A randomized controlled trial of the effects of vitamin D on 
muscle strength and mobility in older women with vitamin d insufficiency. J Am Geriatr Soc. 
2010; 58(11):2063–8. [PubMed: 21054285] 

Dhaliwal et al. Page 12

Contemp Clin Trials. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



40. Flicker L, MacInnis RJ, Stein MS, et al. Should older people in residential care receive vitamin D 
to prevent falls? Results of a randomized trial. J Am Geriatr Soc. 2005; 53(11):1881–8. [PubMed: 
16274368] 

41. Law M, Withers H, Morris J, et al. Vitamin D supplementation and the prevention of fractures and 
falls: results of a randomized trial in elderly people in residential accommodation. Age Ageing. 
2006; 35(5):482–6. [PubMed: 16641143] 

42. Pfeifer M, Begerow B, Minne HW, et al. Effects of a long-term vitamin D and calcium 
supplementation on falls and parameters of muscle function in community -dwelling older 
individuals. Osteoporos Int. 2009; 20(2):315–22. [PubMed: 18629569] 

43. Beaudart C, Buckinx F, Rabenda V, et al. The effects of vitamin D on skeletal muscle strength, 
muscle mass, and muscle power: a systematic review and meta-analysis of randomized controlled 
trials. J Clin Endocrinol Metab. 2014; 99(11):4336–45. [PubMed: 25033068] 

44. Jackson RD, LaCroix AZ, Gass M, et al. Calcium plus vitamin D supplementation and the risk of 
fractures. N Engl J Med. 2006; 354(7):669–83. [PubMed: 16481635] 

45. Faulkner KA, Cauley JA, Zmuda JM, et al. Ethnic differences in the frequency and circumstances 
of falling in older community-dwelling women. J Am Geriatr Soc. 2005; 53(10):1774–9. 
[PubMed: 16181179] 

46. Jacobsen SJ, Goldberg J, Miles TP, et al. Race and sex differences in mortality following fracture 
of the hip. Am J Public Health. 1992; 82(8):1147–50. [PubMed: 1636840] 

47. Kyriakidou-Himonas M, Aloia JF, Yeh JK. Vitamin D supplementation in postmenopausal black 
women. J Clin Endocrinol Metab. 1999; 84(11):3988–90. [PubMed: 10566638] 

48. Guralnik JM, Simonsick EM, Ferrucci L, et al. A short physical performance battery assessing 
lower extremity function: Association with self-reported disability and prediction of mortality and 
nursing home admission. J Gerontol. 1994; 49(2):M85–94. [PubMed: 8126356] 

49. Curb JD, Ceria-Ulep CD, Rodriguez BL, et al. Performance-based measures of physical function 
for high-function populations. J Am Geriatr Soc. 2006; 54(5):737–42. [PubMed: 16696737] 

50. Guralnik JM, Ferrucci L, Simonsick EM, et al. Lower-extremity function in persons over the age of 
70 years as a predictor of subsequent disability. N Engl J Med. 1995; 332(9):556–61. [PubMed: 
7838189] 

51. Enright PL, McBurnie MA, Bittner V, et al. The 6-min walk test: a quick measure of functional 
status in elderly adults. Chest. 2003; 123(2):387–98. [PubMed: 12576356] 

52. Paffenbarger RS, Hyde RT, Wing AL, et al. Physical activity, all-cause mortality, and longevity of 
college alumni. N Engl J Med. 1986; 314(10):605–13. [PubMed: 3945246] 

53. Laha TJ, Strathmann FG, Wang Z, et al. Characterizing antibody cross-reactivity for 
immunoaffinity purification of analytes prior to multiplexed liquid chromatography-tandem mass 
spectrometry. Clin Chem. 2012; 58(12):1711–6. [PubMed: 22968104] 

54. Hoofnagle AN, Laha TJ, de Boer IH. Recalibration of 24,25-Dihydroxyvitamin D3 Results Based 
on NIST Standard Reference Material 972a. Am J Kidney Dis. 2016; 67(5):812–3.

55. Schwartz JB, Lai J, Lizaola B, et al. A comparison of direct and calculated free 25(OH) Vitamin D 
levels in clinical populations. J Clin Endocrinol Metab. 2014; 99(5):1631–7. [PubMed: 24483159] 

56. Aloia J, Dhaliwal R, Mikhail M, et al. Free 25(OH)D and Calcium Absorption, PTH, and Markers 
of Bone Turnover. J Clin Endo Metab. 2015; 100(11):4140–5.

57. Allison, PD. Logistic Regression Using SAS® system: Theory and Application. Cary, NC: SAS 
Institute Inc; 1999. Chun R, Peercy B, Orwoll E, et al. Vitamin D and DBP: the free hormone 
hypothesis revisited. J Steroid Biochem Mol Biol. 2014; 144:132–7. [PubMed: 24095930] 

58. Annweiler C, Beauchet O, Berrut G, et al. Is there an association between serum 25-
hydroxyvitamin D concentration and muscle strength among older women? Results from baseline 
assessment of the EPIDOS study. J Nutr Health Aging. 2009; 13(2):90–5. [PubMed: 19214335] 

59. Houston DK, Tooze JA, Neiberg RH, et al. 25-hydroxyvitamin D status and change in physical 
performance and strength in older adults: the Health, Aging, and Body Composition Study. Am J 
Epidemiol. 2012; 176(11):1025–34. [PubMed: 23118104] 

60. Verreault R, Semba RD, Volpato S, et al. Low serum vitamin d does not predict new disability or 
loss of muscle strength in older women. J Am Geriatr Soc. 2002; 50(5):912–7. [PubMed: 
12028180] 

Dhaliwal et al. Page 13

Contemp Clin Trials. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



61. Dam TT, von Mühlen D, Barrett-Connor EL. Sex-specific association of serum vitamin D levels 
with physical function in older adults. Osteoporos Int. 2009; 20(5):751–60. [PubMed: 18802657] 

62. Bischoff-Ferrari HA, Dietrich T, Orav EJ, et al. Higher 25-hydroxyvitamin D concentrations are 
associated with better lower-extremity function in both active and inactive persons aged > or =60 
y. Am J Clin Nutr. 2004; 80(3):752–8. [PubMed: 15321818] 

63. Karlsson T, Osmancevic A, Jansson N, et al. Increased vitamin D-binding protein and decreased 
free 25(OH)D in obese women of reproductive age. Eur J Nutr. 2014; 53(1):259–67. [PubMed: 
23604494] 

64. Walsh JS, Evans AL, Bowles S, et al. Free 25-hydroxyvitamin D is low in obesity, but there are no 
adverse associations with bone health. Am J Clin Nutr. 2016; 103(6):1465–71. [PubMed: 
27169839] 

65. Aloia J, Mikhail M, Dhaliwal R, et al. Free 25 (OH) D and the vitamin D paradox in African 
Americans. J Clin Endocrinol Metab. 2015; 100(9):3356–63. [PubMed: 26161453] 

66. Powe CE, Evans MK, Wenger J, et al. Vitamin D-binding protein and vitamin D status of black 
Americans and white Americans. N Engl J Med. 2013; 369(21):1991–2000. [PubMed: 24256378] 

67. Li C, Chen P, Duan X, et al. Bioavailable 25(OH)D but Not Total 25(OH)D Is an Independent 
Determinant for Bone Mineral Density in Chinese Postmenopausal Women. EBioMedicine. 2017; 
15:184–92. [PubMed: 27919752] 

68. Chun RF, Hernandez I, Pereira R, et al. Differential Responses to Vitamin D2 and Vitamin D3 Are 
Associated with Variations in Free 25-Hydroxyvitamin D. Endocrinology. 2016; 157(9):3420–30. 
[PubMed: 27399876] 

69. Scott D, Sanders KM, Ebeling PR. Vitamin D, muscle function, and falls in older adults: does 
reduced deposition of intramuscular adipose tissue influence the relationship? J Clin Endocrinol 
Metab. 2013; 98(10):3968–70. [PubMed: 23966239] 

70. Ceglia L, Niramitmahapanya S, da Silva Morais M, et al. A randomized study on the effect of 
vitamin D3 supplementation on skeletal muscle morphology and vitamin D receptor concentration 
in older women. J Clin Endocrinol Metab. 2013; 98(12):E1927–35. [PubMed: 24108316] 

71. Ziambaras K, Dagogo-Jack S. Reversible muscle weakness in patients with vitamin D deficiency. 
West J Med. 1997; 167(6):435–9. [PubMed: 9426489] 

72. Sorensen OH, Lund B, Saltin B, et al. Myopathy in bone loss of ageing: improvement by treatment 
with 1 alpha-hydroxycholecalciferol and calcium. Clin Sci (Lond). 1979; 56(2):157–61. [PubMed: 
477197] 

73. Stockton KA, Mengersen K, Paratz JD, et al. Effect of vitamin D supplementation on muscle 
strength: a systematic review and meta-analysis. Osteoporos Int. 2011; 22(3):859–71. [PubMed: 
20924748] 

Dhaliwal et al. Page 14

Contemp Clin Trials. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Relationship between Free 25OHD and Grip Strength
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Table 1

Demographics and Baseline Characteristics

Active
(N=130)

Placebo
(N=130)

Overall
(N=260)

P-value1

Demographics and behavioral

 Age (years)† 67.8 (65.1 – 71.5) 69.0 (65.4 – 73.4) 68.2 (65.4 – 72.5) 0.251

 BMI (kg/m2)† 30.2 (26.4 – 34.6) 30.0 (26.8 – 33.9) 30.1 (26.6 – 34.1) 0.867

 Calcium intake (mg)† 842.0 (600 – 1142) 826.5 (628.0 – 1185) 828.0 (614.0 – 1164) 0.857

Smoking History, n (%) 0.805

  Present 7(5.4) 5(3.9) 12 (4.6)

  Past 28 (21.5) 31 (23.8) 59 (22.7)

  Never 95 (73.1) 94 (72.3) 189 (72.7)

Alcohol History, n (%) 0.323

  Present 72 (55.4) 83 (63.9) 155(59.6)

  Past 2 (1.5) 2(1.5) 4(1.5)

  Never 56 (43.1) 45(34.6) 101(38.9)

Physical Performance and Activity

 SPPB Balance Score† 4 (4 – 4) 4 (4 – 4) 4 (4 – 4) 0.948

 SPPB Gait Speed Score† 4 (3 – 4) 4 (3 – 4) 4 (3 – 4) 0.312

 SPPB 5 Chair Stand Score† 4 (3 – 4) 3 (2 – 4) 4 (3 – 4) 0.002

 SPPB Total Score† 12 (10 – 12) 11 (10 – 12) 11 (10 – 12) 0.009

 10 Chair stand time (seconds)† 23.0 (18.6 – 27.7) 24.2 (19.4 – 28.5) 23.5 (19.1 – 28.2) 0.191

 Grip Strength (lb/in2) 64.7 ± 13.4 61.9 ± 13.9 63.3 ± 13.7 0.100

 Caloric expenditure/week, kcal/wk† 3637 (2352 – 5166) 3092 (1912 – 4908) 3392 (2064 – 4963) 0.202

 6-minute walking distance (meters)† 407.0 (357.0 – 453.0) 387.0 (324.0 – 432.0) 396.0 (347.0 – 444.0) 0.015

Bone Density

 Hip total BMD (g/cm2) 0.919 ± 0.130 0.935 ± 0.134 0.927 ± 0.132 0.329

 T-score total femur −0.185 ± 1.065 −0.054 ± 1.096 −0.120 ± 1.080 0.329

 Femoral neck BMD (g/cm2)† 0.767 (0.694 – 0.9) 0.805 (0.718 – 0.9) 0.785 (0.707 – 0.9) 0.109

 Wrist 1/3 BMD (g/cm2) 0.689 ± 0.067 0.692 ± 0.075 0.691 ± 0.071 0.684

 Spine BMD (g/cm2) 1.005 ± 0.162 1.023 ± 0.171 1.014 ± 0.167 0.396

 Whole body total BMD (g/cm2)† 1.127 (1.076 – 1.2) 1.156 (1.070 – 1.2) 1.138 (1.070 – 1.2) 0.222

 Whole body muscle mass (g)† 44885 (40629 – 50305) 44129 (40412 – 49323) 44549 (40546 – 49560) 0.502

 Arms muscle mass (g)† 4544 (4132 – 5173) 4304 (3854 – 4953) 4435 (3970 – 5071) 0.063

 Legs muscle mass (g)† 14700 (13278 – 16733) 14860 (13167 – 16752) 14821 (13208 – 16752) 0.860

 Append. Muscle Mass/Height2 (kg/m2)† 7.8 (7.1 – 8.5) 7.7 (7.2 – 8.4) 7.8 (7.1 – 8.5) 0.696

 Total percent body fat 40.4 ± 5.0 41.3 ± 5.0 40.8 ± 5.0 0.151
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Active
(N=130)

Placebo
(N=130)

Overall
(N=260)

P-value1

Laboratory

 Free 25OH Vitamin D (pg/ml) 4.7 ± 1.2 4.8 ± 1.3 4.7 ± 1.3 0.565

 25(OH)D3, ng/ml 21.5 ± 6.5 22.2 ± 6.9 21.8 ± 6.7 0.352

 1,25(OH)2D3, pg/ml 52.4 ± 13.7 52.6 ± 15.4 52.5 ± 14.6 0.926

 24,25(OH)2D3, ng/ml 1.4 ± 0.6 1.5 ± 0.7 1.4 ± 0.6 0.107

 PTH (pg/ml)† 56.1 (41.0 – 73.6) 56.4 (39.5 – 73.8) 56.2 (39.8 – 73.8) 0.977

 Serum Ca (mg/dl)† 9.5 (9.3 – 9.8) 9.5 (9.3 – 9.8) 9.5 (9.3 – 9.8) 0.943

 Serum Cr (mg/dl)† 0.8 (0.7 – 0.9) 0.7 (0.6 – 0.9) 0.8 (0.6 – 0.9) 0.472

 Serum P (mg/dl)† 3.5 (3.2 – 3.8) 3.5 (3.2 – 3.8) 3.5 (3.2 – 3.8) 0.732

1
For continuous data, p-values are from Wilcoxon rank-sum test for non-normally distributed variables and two independent samples t-test for 

normally distributed variables. For categorical variables, p-values are from Fisher’s exact test.

†
Not normally distributed; IQR=Inter-quartile range (first quartile – third quartile); SD=Standard Deviation; Normally distributed variables were 

presented as mean ±SD and not normally distributed variables were presented as median (IQR).
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Table 2

Correlations with Free 25OHD and Total 25OHD3

Free 25(OH)D pg/ml 25OHD3 ng/ml

Variable Rho P value Rho P value

Age (years)† −0.16 0.009 0.12 0.052

BMI (kg/m2)† −0.17 0.006 −0.03 0.679

Calcium intake (mg)† 0.08 0.229 0.03 0.585

SPPB Balance Score† 0.03 0.634 −0.05 0.463

SPPB Gait Speed Score† 0.16 0.009 0.02 0.751

SPPB 5 Chair Stand Score† 0.01 0.814 −0.04 0.477

SPPB Total Score† 0.08 0.177 −0.04 0.556

Grip Strength (lb/in2) 0.14 0.023 0.05 0.441

10 Chair stand time† −0.06 0.365 0.02 0.693

6-minute walking distance (meters)† 0.14 0.026 0.02 0.725

Caloric expenditure/week, kcal/wk† 0.06 0.357 0.04 0.522

Hip total BMD (g/cm2) −0.04 0.549 0.02 0.799

T-Score total femur −0.04 0.549 0.02 0.799

Femoral neck BMD (g/cm2)† 0.01 0.904 0.02 0.781

Wrist 1/3 BMD (g/cm2) −0.03 0.685 −0.07 0.263

Spine BMD (g/cm2) −0.10 0.105 −0.08 0.196

Whole body total BMD (g/cm2)† −0.01 0.890 −0.09 0.169

Whole body muscle mass (g)† −0.05 0.421 −0.05 0.402

Arms muscle mass (g)† −0.06 0.326 −0.06 0.321

Legs muscle mass (g)† −0.05 0.454 −0.08 0.217

Append. Muscle Mass/Height2 (kg/m2)† −0.10 0.129 −0.08 0.231

Total percent body fat −0.09 0.134 0.04 0.541

Free 25OH Vitamin D (pg/ml) 1.00 0.65 <.0001

25(OH)D3, ng/ml 0.65 <.0001 1.00

1,25(OH)2D3, pg/ml −0.06 0.313 0.15 0.016

24,25(OH)2D3, ng/ml 0.72 <.0001 0.80 <.0001

PTH (pg/ml)† −0.13 0.043 −0.16 0.013

Serum Ca (mg/dl)† 0.04 0.505 0.10 0.106

Serum Cr (mg/dl)† 0.08 0.176 0.08 0.216

Serum P (mg/dl)† −0.09 0.156 0.00 0.964

1
P-values and rhos are reported from Spearman Correlation Coefficients analysis for non-normally distributed variables and Pearson for normally 

distributed variables.
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†
Not normally distributed
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