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Abstract
Background—There remains little consensus on the link between vitamin D levels and muscle
mass or strength. We therefore investigated the association of serum 25-hydroxyvitamin D
(25(OH)D), 1,25-dihydroxyvitamin D (1,25(OH)2D), and parathyroid hormone (PTH) levels with
skeletal muscle mass and strength.

Methods—We studied 311 men (mean age, 56 yrs; range, 23-91 yrs) and 356 women (mean age,
57 yrs; range, 21-97 yrs) representing an age-stratified, random sample of community adults.
Multivariate linear regression models were used to examine the association of skeletal muscle
mass (by total body dual-energy x-ray absorptiometry) and strength (handgrip force and isometric
knee extension moment) with each of 25(OH)D, 1,25(OH)2D and PTH quartiles, adjusted for age,
physical activity, fat mass and season.

Results—We found no consistent association between 25(OH)D or PTH and any of our
measurements of muscle mass or strength, in either men or women. However, in subjects younger
than 65 years, there was a statistically significant association between low 1,25(OH)2D levels and
low skeletal mass in both men and women and low isometric knee extension moment in women,
after adjustment for potential confounders.

Conclusion—Modestly low 25(OH)D or high PTH levels may not contribute significantly to
sarcopenia or muscle weakness in community adults. The link between low 25(OH)D and
increased fall risk reported by others may be due to factors that affect neuromuscular function
rather than muscle strength. The association between low 1,25(OH)2D and low skeletal mass and
low knee extension moment, particularly in younger people, needs further exploration.
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Introduction
A moderate, but consistent association has been reported between low vitamin D levels and
diminished postural stability, poor functional performance and increased risk of falls (1-5).
Speculation that this is due to a beneficial effect of vitamin D on muscle is plausible since
human skeletal muscle is reported to have a receptor for 1,25 dihydroxyvitamin D
(1,25(OH)2D) (6), and genotypic variations for this receptor have been associated with
differences in muscle strength (7-10). Additionally, a reversible myopathy has been
observed in individuals with osteomaIacia (11,12). Nevertheless, there remains a lack of
consensus in the literature on the association between vitamin D metabolites and either
muscle mass or strength. Randomized clinical trials performed to date have yielded differing
conclusions on whether strength is improved with vitamin D supplementation (1,13-25).
Similarly, observational studies (26-43) examining this association have demonstrated
conflicting findings. These disparate results may reflect different baseline serum 25-
hydroxyvitamin D (25(OH)D) levels in the populations examined, different vitamin D
metabolites analyzed, or reliance on different strength assessments as outcome measures.
Moreover, most studies focused on elderly subjects, and there is limited information
regarding the effect of vitamin D on muscle mass or strength in younger adults.

Since vitamin D insufficiency is a major health problem in men and women of all ages (44),
a better understanding of the influence of vitamin D on muscle mass and strength in all
adults would be of clinical relevance. While the diagnosis of vitamin D deficiency is made
on the basis of serum 25(OH)D levels, 1,25(OH)2D is the biologically active metabolite and
the form of vitamin D reported to bind to receptors on human muscle tissue. Some have
suggested that parathyroid hormone (PTH) may influence muscle mass and strength,
independent of either 25(OH)D or 1,25(OH)2D levels (33). Therefore, in a age-stratified,
random sample of community adult men and women, we investigated the association of both
25(OH)D and 1,25(OH)2D, as well as PTH, with skeletal muscle mass and strength.

Methods
Study Subjects

Following approval by the Mayo Institutional Review Board and written informed consent,
we recruited subjects from an age-stratified, random sample of Rochester, Minnesota,
residents (45). This population is highly characteristic of the U.S. White population, but
Blacks and Asians are under-represented (46). The sample spanned ages from 21–97 yrs and
included 325 men and 375 women, 98% of whom were White, reflecting the ethnic
composition of the community. For this analysis, we excluded 33 subjects who had either
severe renal insufficiency (GFR<30 ml/min/1.73m2 (47)), untreated primary
hyperparathyroidism, or muscle weakness related to a known disorder (e.g., stroke, multiple
sclerosis, myasthenia gravis, etc.), were current corticosteroids users or were missing values
for both 25(OH)D and 1,25(OH)2D. Exclusions were based on self-reported information and
review of medical records. Thus, the final study sample included 311 men and 356 women.

Subjects were interviewed in accordance with a standard protocol to collect demographic,
clinical and lifestyle data. At that time, each subject also underwent anthropometric
assessment, which included measurement of height to the nearest 0.1 cm and weight in light
clothes without shoes to the nearest 0.1 kg. Total fat mass (kg) was measured by total body
dual-energy x-ray absorptiometry (DXA) scan (Lunar Prodigy, Madison, WI; CV, 2.6%).
Caloric expenditure estimates, for physical activity status, were based on body weight,
duration of activity and published MET values (48). Fasting serum blood samples were
obtained between 0800-0900h. All samples were stored at −70°C until analyzed.
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Vitamin D and PTH Measurements
Serum 25(OH)D was measured by radioimmunoassay (RIA) (DiaSorin, Stillwater, MN;
interassay CV, <14%), as was serum 1,25(OH)2D (DiaSorin, Stillwater, MN; CV, < 16%).
Serum PTH was measured using a two-site immunoassay for intact PTH (Diagnostic
Products Corporation, Los Angeles, CA; interassay CV, < 13%).

Muscle Mass Measurements
Total lean body mass (kg) was determined by DXA (CV, 1.6%). We estimated total skeletal
muscle mass (SM, kg) as described by Wang et al. (49) by determining appendicular lean
mass (kg) of the “arms” plus “legs” regions of the whole body scan and, assuming that this
figures represents 75% of total SM, multiplying the result by 1.33.

Muscle Strength Measurements
Isometric handgrip force was assessed quantitatively with a dynamometer (NK DIGIT-Grip
Device; NK Biotechnical Corp., Minneapolis, MN). Handgrip strength was defined as the
highest single force recorded (±0.98N) during three trials with a 1-2 minute rest period
between each. Isometric knee extension force was measured in the upright seated position
using a custom-built dynamometer chair with an ankle strap connected to a force transducer.
Subjects’ chest, waist and thigh were stabilized to isolate the quadriceps muscle group, and
knee angle was standardized to 90 degrees of flexion using an inclinamometer placed along
the tibia. Using their non-dominant leg, unless prior injury or pain necessitated testing the
opposite leg, subjects were instructed to maximally extend their knee until a peak force was
achieved (approximately 3-5 seconds) during three trials, with a 1-2 minute rest period in
between (50). The maximum knee extension force was defined as the highest single force
recorded (±0.98N). To calculate knee extension moment, force was then multiplied by tibia
length, measured from the DXA scan (51). The reproducibility of the tibia length
measurements was 0.98. We also examined normalized knee extension moment, dividing
knee extension moment by the product of total lean body mass and height (52,53).

Statistical Analyses
Given differences in muscle strength between men and women, we stratified analyses by
sex. However, quartiles of 25(OH)D, 1,25(OH)2D and PTH were created based on men and
women combined so comparable vitamin D metabolite and PTH levels could be studied for
each sex. Multivariable linear regression models were used to calculate the least-squares
(LS) means of muscle mass and strength measures by 25(OH)D, 1,25(OH)2D and PTH
quartiles after adjusting for age, height, physical activity, season of the baseline visit and fat
mass, and tests for trend were used to evaluate the significance of these models. We
performed identical analyses in men and women below and above the age of 65 years to
explore whether findings were consistent between young and old.

In addition, we fit generalized additive models for 25(OH)D, 1,25(OH)2D and PTH
separately, predicting muscle mass and strength variables, adjusted for covariates, and
allowing 25(OH)D, 1,25(OH)2D and PTH, respectively, to vary using a loess function;
results from these models were then plotted.

All analyses were performed using SAS version 9 (SAS Institute, Cary, NC) and Splus
(TIBCO Corporation, Palo Alto, CA).

Results
We studied 311 men (mean ± SD age, 56 ±19 yrs; range, 22-93 yrs) and 356 women (mean
age, 57 ±18 yrs; range, 21-97 yrs). The proportion of participants who had their serum
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25(OH)D, 1,25(OH)2D and PTH measured between November and February was 23% in
men and 44% in women.

25-HYDROXYVITAMIN D
The mean serum 25(OH)D level was 23.0 ± 8.2 ng/mL in men and 22.1 ± 10.0ng/mL in
women. The proportion of subjects with vitamin D deficiency (levels < 20 ng/mL) (44, 54)
was 42% (37% in men; 45% in women). Severe vitamin D deficiency (< 10 ng/mL) was
present in only 4.5% (2.6% in men; 6.2% in women), while the proportion with 25(OH)D ≥
30 ng/mL was 18% (17% in men; 19% in women).

While we had too few men and women with 25(OH)D levels below 10 ng/ml (8 men and 22
women) to perform any robust analyses on whether very low 25(OH)D levels were
associated with lower skeletal muscle mass or strength measures, we have provided a plot of
skeletal muscle mass, handgrip force and knee extension moment by age and have indicated
on these plots men and women with levels of 25(OH)D < 10 ng/ml (see Figure 1).

Table 1 shows baseline characteristics by 25(OH)D quartiles. Both men and women in
quartiles with lower 25(OH)D levels tended to have significantly lower 1,25(OH)2D levels,
higher BMI, body fat mass and PTH levels and a higher proportion were assessed during the
winter. Women, but not men, with lower levels of 25(OH)D tended to be significantly older.
In neither sex was 25(OH)D associated with any measure of muscle mass or muscle
strength, even after adjustment for age, physical activity, season, and total body fat mass
(Table 1). The results for knee extension force were similar to those seen with knee
extension moment (data not shown).

Among subjects under 65 years of age (202 men and 225 women), the mean serum
25(OH)D was 23.6 ± 8.8 ng/mL in men and 22.8 ± 10.6 ng/mL in women. In both
unadjusted and adjusted models, no association was observed between 25(OH)D and most
muscle mass or strength measurements in men or women, with the exception that low
skeletal muscle mass in women was significantly associated with lower quartiles of
25(OH)D after adjustment for potential confounders (LS means from lowest to highest
quartile: 20.30, 20.75, 20.90, 21.45 kg, p-value for trend =0.008).

In those aged 65 years or older (109 men and 131 women), the mean serum 25(OH)D level
was 22.0 ± 7.1 ng/mL in men and 20.8 ± 8.8 ng/mL in women. No significant associations
were observed in men. In women, following adjustment for potential confounders, low
levels of 25(OH)D was associated with higher handgrip force only (LS means from lowest
to highest quartile: 217.24, 214.89, 205.37, 190.01 N, p = 0.011).

Using the loess regression plots (Figure 2), we did not visually identify any other cutoff
levels for serum 25(OH)D that could be associated with lower muscle mass or strength, even
when stratified by age (data not shown).

1,25-DIHYDROXYVITAMIN D
The mean serum 1,25(OH)2D level was 40.8 ± 13.3 pg/mL in men and 38.4 ± 15.0 pg/mL in
women. Baseline characteristics by 1,25(OH)2D quartiles are presented in Table 2. Both
men and women in the lower quartiles of 1,25(OH)2D tended to be significantly older, have
significantly higher body fat mass and significantly lower levels of 25(OH)D.

Although in unadjusted models, men with lower quartiles of 1,25(OH)2D had significantly
lower isometric knee extension moment and normalized moment, this association was no
longer observed following adjustment for potential confounding variables. In women, lower
quartiles of 1,25(OH)2D tended to be significantly associated with lower skeletal muscle
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mass, handgrip force, and knee extension moment and normalized moment in unadjusted
models. This association between 1,25(OH)2D and skeletal muscle mass, as well as knee
extension moment, remained significant even after adjustment for potential confounders
(Table 2). The findings for knee extension force were similar to those seen with knee
extension moment (data not shown).

For subjects < 65 years, the mean serum 1,25(OH)2D was 43.4 ± 12.5 pg/mL for men and
41.2 ± 16.1 pg/mL for women. After adjustment for potential confounders, there was an
association between lower quartiles of 1,25(OH)2D and lower skeletal muscle mass in both
men (LS means from lowest to highest quartile: 33.38, 35.55, 35.48, 35.65 kg, p = 0.041)
and women (LS means from lowest to highest quartile: 20.28, 20.67, 20.71, 21.71 kg, p =
0.001), but lower knee extension moment (LS means from lowest to highest quartile: 96.88,
101.98, 104.67, 108.30 Nm, p = 0.018), as well as force (data not shown; p = 0.026) in
women only. No other significant associations were observed.

Considering subjects ≥ 65 years or older, the mean serum 1,25(OH)2D was 36.0 ± 13.3 pg/
mL for men and 33.7 ± 11.4 pg/mL for women. In men, but not women, lower quartiles of
1,25(OH)2D were associated with significantly higher levels of skeletal muscle mass (LS
means from lowest to highest quartile: 30.21, 29.49, 28.86, 27.39 kg, p < 0.001) and higher
hand grip force (LS means from lowest to highest quartile: 368.66, 363.57, 344.47, 334.09
N, p = 0.037) after adjustment for potential confounders. No other significant associations
were observed.

From our plots (Figure 3) and taking into account confidence limits, we did not visually
identify any other cutoff levels for serum 1,25(OH)2D that could be associated with lower
muscle mass or strength, even when we stratified by age (data not shown).

PTH
The mean serum PTH level was 3.9 ± 1.8 pmol/L in men and 3.6 ±1.6 pmol/L in women.
Baseline characteristics by PTH quartiles are presented in Table 3. Men with higher
quartiles of PTH levels tended to be significantly older, have lower levels of 25(OH)D and a
higher proportion were assessed in the winter. Women with higher PTH tended to be
significantly older, have lower levels of 25(OH)D and have significantly higher BMI and fat
mass.

In unadjusted models, higher quartiles of PTH tended to be significantly associated with
lower skeletal muscle mass, handgrip force and knee extension moment and normalized
moment in men, but only with lower knee extension moment in women (Table 3). However,
in both sexes, after adjustment for confounders, particularly age, there was no longer a
significant association between PTH levels and any of the muscle mass or strength variables.
The results for knee extension force were similar to those seen with knee extension moment
(data not shown).

In subjects < 65 years, the mean serum PTH was 3.5 ± 1.4 pmol/L in men and 3.4 ± 1.6
pmol/L in women. In neither sex was there an association between PTH and any
measurement of muscle mass or strength, either in unadjusted or adjusted models (data not
shown).

In subjects ≥ 65 years, the mean serum PTH was 4.6 ± 2.2 pmol/L in men and 3.9 ± 1.7
pmol/L in women. In women only, and both before and after adjustment for potential
confounding variables, lower quartiles of PTH tended to be significantly associated with
lower levels of handgrip force (LS means from lowest to highest quartile: 195.58, 203.28,
204.87, 223.46 N, p = 0.006) and lower normalized knee extension moment (LS means from
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lowest to highest quartile: 0.132, 0.140, 0.147, 0.148, p = 0.028). There was a similar trend
for lower knee extension moment and force, but results were not statistically significant (p =
0.237 and p = 0.120, respectively).

We again did not identify any other cutoffs for serum PTH that could be associated with
lower muscle mass or strength (Figure 4), even when stratified by age (data not shown).

Discussion
Although the 25(OH)D metabolite is considered the barometer for vitamin D status (54), we
found no consistent association between serum 25(OH)D and any of our measurements of
skeletal muscle mass or strength, even after adjustment for potential confounders, and
despite the fact that 42% were vitamin D deficient. Moreover, when visually examining the
loess regression plots to assess for alternative cutoffs, rather than the quartiles used in
analyses, we did not see any other threshold levels that seemed to be associated with low
muscle mass or strength. Only in women younger than age 65 years did we observe lower
skeletal muscle mass to be associated with lower 25(OH)D levels, and differences were
small. However, in men and women over the age of 65 years, we found no trend towards
lower muscle mass or strength with lower 25(OH)D levels. Instead, there was a trend for
higher grip strength among older women with lower 25(OH)D levels.

Our findings related to 25(OH)D levels and muscle are in line with some cross-sectional
studies (26,33,34,39,42,43) but not with others (27,28,30-32,35-37), however methodologies
varied widely among these studies. For example, most cross-sectional studies that found a
significant association between low 25(OH)D levels and low muscle mass or strength were
conducted outside the United States, so whether genetics, latitude or other environmental
factors contributed to these differences is unclear. Furthermore, a higher proportion of these
studies focused on institutionalized elderly subjects, and there was a tendency to see lower
baseline serum 25(OH)D levels among studies reporting significant positive associations
when compared with null studies. Similar differences were also noted between clinical trials
where supplemental vitamin D was associated with higher muscle strength
(15,16,19,22,23,25), compared with those trials that did not find such an association
(14,17,18,20,21,24). Indeed, a recent systematic review of randomized controlled trials
suggested that vitamin D supplementation did not have a significant effect on muscle
strength in vitamin D replete adults, although it might have a role in adults with vitamin D
deficiency (55). Most of the trials featured short follow-up periods (up to six months) or
studied muscle strength as a secondary endpoint.

By contrast, in subjects under age 65 years, we found that lower levels of 1,25(OH)2D were
associated with lower skeletal muscle mass in both men and women and lower knee
extension force and moment in women, even after adjustment for potential confounders. In
additional exploratory analyses, we examined whether moderate renal insufficiency
(GFR<60 ml/min/1.73m2) could account for these results, but it did not explain our findings.
These results are intriguing since 1,25(OH)2D is the active form of vitamin D, and receptors
for 1,25(OH)2D have been reported in human skeletal muscle (6), although a recent study
has now challenged this observation (56). Nevertheless, this reinforces the need to further
explore our findings since the differences we identified in muscle mass and strength across
quartiles were small and not consistent through all measurements of muscle strength.
Furthermore, upon examining the loess regression plots, we did not find any clear threshold
for 1,25(OH)2D below which muscle mass or strength was lower. To our knowledge, our
study is the first to investigate the association between 1,25(OH)2D and muscle mass. Only
one other cross-sectional study found a statistically significant, albeit modest, association
between low 1,25(OH)2D and low muscle strength [30], whereas others have found no
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significant association with strength (29,32). In a randomized controlled trial in ambulatory
elderly subjects, the administration of 0.5μg of 1,25(OH)2D for 6 months did not improve
leg extension strength, although the dose used may not have been adequate since serum
1,25(OH)2D levels did not increase significantly in the treatment group (13).

A few studies have examined the association between PTH and muscle mass or strength, and
these results are also inconsistent (26,27,31,33,40,41). Only one study found a statistically
significant association between high PTH levels and low muscle strength independent of
25(OH)D, and they examined elderly subjects recruited from a falls clinic (33). Following
adjustment for potential confounders, we did not find high PTH levels to be associated with
lower muscle mass or strength measurements in either men or women. Instead, we observed
lower levels of PTH to be significantly associated with low handgrip force and low
normalized knee extension moment in women who were 65 years or older.

Our study has limitations insofar as results are based upon cross-sectional data, and we
acknowledge that confirmation of our findings would require a longitudinal study design.
However, we have studied a community-based sample of men and women, both young and
old, and examined the role of two main vitamin D metabolites, 25(OH)D and 1,25(OH)2D,
along with PTH, on muscle mass and strength. We do not know the duration subjects were
at the 25(OH)D levels measured, and a relatively long period of vitamin D deficiency may
be necessary to impair muscle strength (11, 57). Also, few subjects in our cohort had very
low levels of 25(OH)D (4.5% < 10 ng/mL), limiting statistical power to detect an effect of
severe vitamin D deficiency. A reversible myopathy has been observed in individuals with
osteomalacia (11, 12), so very low levels of 25(OH)D, particularly of long duration, may
still have an effect on muscle that could not be evaluated in our cohort. Tissue levels of
vitamin D may be more important with respect to muscle mass or strength than the serum
levels assessed here, although there is now controversy on whether skeletal muscle even
possess receptors for vitamin D (56). Season may not only influence serum 25(OH)D levels
relating to sun exposure, but could influence muscle mass and strength due to a potentially
more sedentary lifestyle in winter or colder months. In additional exploratory analyses using
different methods to adjust for season, our results remained similar. Finally, our
observations in older subjects of an inverse relation between vitamin D metabolites with
some muscle mass and strength measurements are challenging to interpret. We did note that
subjects belonging to the highest vitamin D quartiles were more likely to be taking vitamin
D supplements, compared to the lowest quartiles. Whether they were recommended vitamin
D supplements because they were weak remains a possibility, but we cannot confirm this
hypothesis since we do not know the indication for supplementation or the duration of use.
Interestingly, a recent study in elderly women suggested there may be a U-shaped relation of
25(OH)D with frailty (which included low grip strength, among other factors, in the
definition of frailty) (58). Thus, our observations may instead reflect that higher vitamin D
levels are not necessarily beneficial to muscle mass or strength in the elderly.

Our findings are not necessarily inconsistent with results from a systematic review that
showed that supplemental vitamin D might improve physical function (2) or a recent meta-
analysis of randomized controlled trials showing that supplemental vitamin D modestly
reduces the risk of falls among older individuals (3). It may be that vitamin D affects
coordinative muscle function more than strength or mass, in which case the potential
protective role of vitamin D on falls would be through improvement on balance and not
muscle strength per se. An improvement in neuromuscular coordination through vitamin D
supplementation is conceivable in light of the presence of 1,25(OH)2D receptors in both the
animal and human nervous system, namely in the spinal cord and cerebellum (59-61), as
well as the in vitro and in vivo induction of nerve growth factor synthesis by vitamin D
derivatives (62). Furthermore, results from some epidemiological studies seem to show a
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relatively consistent association between vitamin D and functional performance and postural
stability (4,5,17,18,33,34,57), supporting the hypothesis that vitamin D insufficiency may
affect balance more than strength. We did not measure muscle function in our study, but
others have suggested that the relationship between vitamin D and functional performance
and postural stability may be independent from muscle strength (33,34,63).

In conclusion, in an age stratified community-based sample of both young and older adults,
we found in younger subjects, especially women, a statistically significant association
between low 1,25(OH)2D and low skeletal mass as well as low knee extension moment,
which needs to be explored further. Importantly, we found no consistent association between
modestly low 25(OH)D or high PTH levels with either low muscle mass or strength,
particularly in older men and women. Modest levels of vitamin D deficiency may not
significantly contribute to sarcopenia or muscle weakness in adult men and women from the
general community and other reasons should be sought. Furthermore, the associations
reported between vitamin D supplementation or 25(OH)D levels and fall risk may be due to
factors that affect neuromuscular function, rather than muscle strength per se, and warrant
further investigation.
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Figure 1.
Skeletal muscle mass, handgrip force and isometric knee extension moment for 311 men
(panels A-C) and 356 women (panels D-F), representing an age-stratified random sample of
the community, plotted by age. Men and women with 25-hydroxyvitamin D levels below 10
ng/ml are represented using solid circles.
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Figure 2.
Skeletal muscle mass, handgrip force and isometric knee extension moment, adjusted for
potential confounders (solid circles), and 95% confidence interval (open circles), for 311
men (panels A-C) and 356 women (panels D-F), representing an age-stratified random
sample of the community, by 25(OH) D levels. All were adjusted for age, physical activity,
season and fat mass, and skeletal muscle mass was additionally adjusted for height.
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Figure 3.
Skeletal muscle mass, handgrip force and isometric knee extension moment, adjusted for
potential confounders (solid circles), and 95% confidence interval (open circles), for 311
men (panels A-C) and 356 women (panels D-F), representing an age-stratified random
sample of the community, by 1,25(OH)2 D levels. All were adjusted for age, physical
activity, season and fat mass, and skeletal muscle mass was additionally adjusted for height.
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Figure 4.
Skeletal muscle mass, handgrip force and isometric knee extension moment, adjusted for
potential confounders (solid circles), and 95% confidence interval (open circles), for 311
men (panels A-C) and 356 women (panels D-F), representing an age-stratified random
sample of the community, by PTH levels. All were adjusted for age, physical activity,
season and fat mass, and skeletal muscle mass was additionally adjusted for height.
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