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Abstract

Summary In this cross-sectional study of 80 young adults, 25(OH)D deficiency (< 20 ng/mL) was associated with lower
SWE-measured muscle elasticity (FCR, BB, and TA), and reduced fingertip pinch strength. When women and men were
evaluated separately, muscle elasticity values were lower in the low 25(OH)D group in both sexes. Muscle elasticity showed
strong correlations with 25(OH)D and accurately discriminated deficiency (AUC 0.935-0.957) in this young cohort.
Background Vitamin D is a key biological regulator in maintaining bone mineralization and muscle function by regulating
calcium and phosphorus metabolism, promoting muscle protein synthesis, and supporting muscle cell growth and
differentiation.
Aim To assess muscle elasticity using shear-wave elastography (SWE) in young adults with low and adequate 25-
hydroxyvitamin D [25(OH)D] and explore the diagnostic usefulness of SWE in distinguishing 25(OH)D deficiency.
Design A cross-sectional study.
Setting Physical Medicine and Rehabilitation and Radiology Departments in the Selcuk University Faculty of Medicine
Hospital.
Population Eighty participants (18–45 years) were included in two groups regarding 25(OH)D levels.
Methods Participants with serum 25(OH)D levels( < 20 ng/mL and those with ≥ 20 ng/mL) were classified as Groups
I(n= 40) and II(n= 40). Muscle elasticity of flexor carpi radialis (FCR), short head of biceps brachii (BB), and tibialis
anterior (TA) was measured using SWE (kPa).
Results Group I consisted of 21 women and 19 men, while Group II consisted of 22 women and 18 men. The groups were
similar in demographic characteristics, physical activity, and SF-36 scores. FCR-kPa, BB-kPa, and TA-kPa were lower in
Group I (p < 0.001). When women and men were evaluated separately, FCR, BB, and TA muscle elasticity values were
significantly lower in both sexes in the low 25(OH)D group (all p < 0.001). Fingertip pinch strength was lower in the
dominant and non-dominant hands in Group I (p= 0.001; p= 0.023). AUC values for predicting 25(OH)D deficiency were
FCR: 0.94 (cut-off 23.5 kPa), BB: 0.957 (26.5 kPa), and TA: 0.935 (23.75 kPa). Serum 25(OH)D showed a strong positive
correlation with elasticity measurements (r= 0.870–0.916; p < 0.001).
Conclusion Low 25(OH)D levels were found to be associated with lower elasticity values, as measured by SWE, in FCR,
BB, and TA muscles in women and men.

Keywords Muscle elasticity ● Pain ● Physical function ● Quality of life ● Shear-wave elastography ● 25(OH)D deficiency

Introduction

Vitamin D, a key biological regulator in maintaining bone
mineralization and muscle function by regulating calcium
and phosphorus metabolism [1], promotes muscle protein
synthesis and supports muscle cell growth and
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differentiation [2]. In the study by Bass et al. it was revealed
that disruption of vitamin D signaling leads to muscle
atrophy by disrupting the regulation of protein synthesis and
gene expression in muscle cells [3]. In the study, the
researchers reported that VDR suppression decreased the
cross-sectional area of fast-twitch Type IIb muscle fibers
and led to muscle atrophy. These findings support the
possible mechanisms underlying the muscle loss observed
in 25-hydroxyvitamin D [25(OH)D] deficiency [3]. Addi-
tionally, vitamin D regulates calcium homeostasis in ske-
letal muscle through both genomic and non-genomic
mechanisms, and vitamin D has been reported to improve
muscle contraction by promoting calcium transport in the
sarcoplasmic reticulum [4, 5]. It is suggested that impaired
calcium uptake resulting from 25(OH)D deficiency alters
muscle contraction kinetics, prolonging the relaxation phase
and contributing to muscle weakness [5]. 25(OH)D defi-
ciency is defined as serum 25(OH)D < 20 ng/mL (50 nmol/
L) under the guidelines by the Endocrine Society [6].

However, given the relationship between 25(OH)D and
skeletal muscle mass and functional performance, findings
from clinical human studies are quite heterogeneous. In
various community-based cohorts, generally weak, often
insignificant, and inconsistent associations have been stated
between dietary vitamin D intake or serum 25(OH)D levels
and performance tests, such as muscle mass, hand grip
strength, and walking speed [7]. Therefore, evaluating the
effects of 25(OH)D on muscle function solely through mass
or functional tests may not fully reflect the alterations in
underlying tissue characteristics.

However, recent developments in sonoelastography have
made it possible to quantitatively evaluate the elastic
properties of tissues [8]. Shear-wave elastography (SWE) is
a sonoelastography method that measures the elastic prop-
erties of soft tissues by evaluating the particle displacement
created in the tissue by an acoustic wave through an ultra-
sound transducer [9] and, in recent years, has been widely
utilized to evaluate many musculoskeletal diseases,
including muscle and tendon pathologies [10–13]. In pre-
vious studies, while the relationship between 25(OH)D and
muscle health was evaluated through parameters such as
muscle thickness, fat tissue characteristics, muscle strength,
physical performance, and muscle fiber cross-sectional area,
muscle elasticity was not directly examined [3, 14]. To our
knowledge, the relationship between 25(OH)D deficiency
and muscle elasticity assessed by SWE has yet to be suf-
ficiently investigated, suggesting that more detailed and
quantitative studies are required to investigate the effects of
25(OH)D deficiency on the mechanical properties of muscle
tissues.

Therefore, the present study primarily aims to compare
the elasticity values of the flexor carpi radialis (FCR), short
head of biceps brachii (BB), and tibialis anterior (TA)

muscles, measured by SWE, in young adults with low and
sufficient 25(OH)D levels, and to reveal possible bio-
mechanical differences associated with 25(OH)D defi-
ciency. Also, our secondary objectives are to examine the
relationships between muscle elasticity parameters, hand
grip and thumb pinch strength, lower extremity gait per-
formance, generalized pain area and pain intensity, physical
activity level, and quality of life (QoL), and to evaluate their
potential diagnostic value in differentiating 25(OH)D
deficiency.

Material and Method

Design of study and ethical approval

This cross-sectional study was conducted in collaboration
with the Department of Physical Medicine and Rehabilita-
tion and the Department of Radiology of a tertiary hospital.
Approval was obtained from the Local Ethics Committee of
the Medical Faculty at Selcuk University (Registration
number and date:2024/577-11/21/2024). Written informed
consent was obtained from all participants, and the study
was conducted under the principles of the Helsinki
Declaration.

Participants

According to the a priori power analysis, the target sample
size was set at 40 participants per group. Consecutively
recruited participants who met the inclusion and exclusion
criteria were enrolled, and recruitment was terminated when
40 participants were reached in each group. Serum 25(OH)
D levels were measured as part of routine clinical evaluation
at the relevant outpatient clinic, and results from blood
samples taken in the morning following an overnight fast
within the last five days were used in the study. All parti-
cipants’ samples were evaluated using the chemilumines-
cence immunoassay method in the same biochemistry
laboratory, using the same analysis system [Beckman
Coulter UniCel DxI 800 Access immunoassay analyzer
(USA)] and commercial kits from the same manufacturer.
Under 25(OH)D levels, those with <20 ng/mL were cate-
gorized as the low 25(OH)D group (Group I, n= 40), and
those with ≥ 20 ng/mL were categorized as the sufficient
25(OH)D group (Group II, n= 40) [6, 15]. Then the
patients were evaluated with an ultrasound.

Exclusion criteria

Patients with neuromuscular disorders, using medications
causing rhabdomyolysis, with a history of acute trauma, and
those with thyroid and parathyroid dysfunction, chronic
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kidney and liver failure, those who received vitamin D
supplementation within the last 3 months, and those with
rheumatological and dermatological diseases were excluded
from the study.

Demographic data

Demographic characteristics of patients, such as age, sex,
height, weight, body mass index (BMI), marital status,
smoking status, educational level, comorbidities, and pro-
fessional data, were recorded.

Measurements of muscle elasticity

The FCR, BB, and TA muscles were selected because they
are representative upper- and lower-extremity muscles
commonly engaged during activities of daily living. The
medical history of all patients and healthy volunteers was
examined by two blinded and independent radiologists,
unaware of their clinical parameters, each with nine and 18
years of experience. Participants were instructed to avoid
strenuous activities for at least 24 h before imaging.
Grayscale and SWE examinations were performed using a
US device equipped with a high-frequency (14MHz) linear
array transducer (Mindray Resona I9, Mindray Medical
Systems, Shenzhen, China). Imaging was performed in the
supine normoanatomical position of patients on their
dominant extremity, and participants were instructed to
remain immobile to avoid artifacts; additionally, ample
coupling gel was applied to minimize subcutaneous soft
tissue variations; the transducer was placed perpendicular to
the midline of the thickest portion of the FCR, BB, and TA
muscles, and the cross-sectional area of the FCR, BB, and
TA muscles was measured from their midline portions.
Then, three different measurements were taken from the
midline of the muscles, and the average of the region of
interest values was used to obtain SWE and kPa (kilo-
pascals) values (Fig. 1). The US probe was held still for 3-
5 seconds to prevent artifacts, and after the SWE images
were fixed, the images were saved to the archive. Gray-scale
US and SWE parameters were the same for all participants.

Assessment of physical function

Physical function was assessed with the determination of
grip strength, lower extremity performance, and physical
activity level.

Grip strength

Dominant hand grip strength was measured with a manual
hydraulic hand dynamometer (Baseline®) [16]. Dominant
and non-dominant grip strengths of the patients were

evaluated separately. Each participant was tested while
sitting with shoulder adduction, elbow 90° flexion, and
forearm in a neutral position, and each measurement was
repeated three times with one-minute intervals, and the
average value was used in the analysis [17]. Then, the
measured strength was recorded in kilograms/force.

Thumb muscle strength measurements of the patients
were performed using “Mechanical pinch strength (Base-
line®)” by evaluating dominant and non-dominant thumb
muscle strengths separately. Lateral (LPS), palmar (PPS),
and fingertip (TPS) muscle strength assessments were
implemented in the same position. The measurements were
done three times at 10-second intervals, and the average
value was used in the study. The measured strengths were
recorded in kilograms/force [18, 19].

Performance of lower extremities

During the 6-meter walking time, participants were asked to
walk six meters at a normal pace, and to calculate the
walking time over a distance of six meters, the average time
of two trials was recorded in seconds [20].

Assessment of physical activity level

To assess physical activity levels through the International
Physical Activity Questionnaire (IPAQ-Long Form), for
which the validity and reliability were tested in Turkish
[21], participants were asked about the duration and fre-
quency of walking, moderate, and vigorous physical
activity performed in the last seven days. These durations
were multiplied by the relevant MET (Metabolic Equiva-
lent) values to calculate the total physical activity level
(MET–minutes/week), and based on the obtained scores,
participants were divided into three categories: low physical
activity ( < 600 MET-min/week), moderate physical activity
(600-3000 MET–min/week), and high physical activity
( > 3000 MET-min/week).

Assessment of pain

Pain Drawing

Participants were asked to mark painful areas and indicate
the intensity of pain in each area using a grading system of
symbols (X=mild, XX=moderate, XXX=severe, and
XXXX=unbearable pain) on a standard body diagram,
including 45 anatomical regions [22, 23]. These 45 anato-
mical regions were grouped into 13 main regions: head,
neck, shoulder girdle, upper extremities, back, lower back,
forearm, hip, thigh, lower extremities, chest, abdomen, and
feet, and for each main region, pain frequency and intensity
were analyzed separately.
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Measurement of quality of life

Short Form Health Survey (SF-36) This scale, for which the
validity and reliability of the Turkish version were estab-
lished [24], was developed to assess the QoL of individuals.
SF-36 consists of a total of 36 items and eight sub-dimen-
sions: physical function, physical role limitation, emotional
role limitation, body pain, social functioning, mental health,
vitality (energy level), and general health perception. Scores
obtained from each subscale range from 0 to 100, and
higher scores indicate better health status.

Statistical Analysis The sample size was calculated using
G*Power (v.3.1.9.7) with the assumptions of α= 0.05,
power= 0.90, and Cohen’s d= 0.80 for the two-tailed
independent t-test, and ≥34 (total ≥ 68) were found to be
required for each group. The sample size was exceeded by
including 40 individuals in each group (total 80), and suf-
ficient statistical power was achieved by considering a
possible loss of 10–15%.
All statistical analyses were performed using the

Statistical Package for Social Sciences (SPSS) for Win-
dows, version 22.0 (IBM Corp., Armonk, NY, USA). The
distribution characteristics of continuous variables were
analytically evaluated using the Shapiro–Wilk test. Con-
tinuous variables exhibiting a normal distribution were
summarized as mean ± standard deviation; those not
normally distributed were summarized as median
(25th–75th percentile), and categorical variables were
presented as numbers and percentages.
Demographic and clinical characteristics were compared

between 25(OH)D groups, both in the entire sample and

separately for women and men. Continuous variables were
presented as median (25th–75th percentile), and groups
were compared using the Mann–Whitney U test. Fisher’s
exact test was used to compare two-category variables, and
the Fisher–Freeman–Halton exact test was used to compare
three-category IPAQ physical activity level.
To assess the potential impact of sex-related differences

on muscle elasticity measured by SWE, analyses were
conducted separately for women and men. While the
variables with normal distribution were compared using
the independent samples t-test, those with non-normal
distribution were compared using the Mann–Whitney U
test. Additionally, the multivariate analysis of covariance
(MANCOVA) was performed to evaluate the independent
effects of 25(OH)D status and sex on muscle elasticity
measured by SWE. FCR-kPa, BB-kPa, and TA-kPa were
included in the model as dependent variables. While
25(OH)D status and sex were included as fixed factors,
age and BMI were included as covariates. The 25(OH)D
status × sex interaction term was added to the model to
assess whether 25(OH)D status showed an effect on muscle
elasticity measured by SWE in terms of sex difference. The
magnitude of the difference between women and men was
also assessed using Cohen’s d.
Unadjusted comparisons between groups in terms of

handgrip strength, pinch strength, 6-meter walk time, and
pain outcomes were performed using the Mann–Whitney U
test in the total sample. Each outcome variable was then
analyzed using a separate two-factor ANCOVA model
where 25(OH)D status and sex were fixed factors, age and
BMI were covariates, and the 25(OH)D status × sex
interaction was included. Simple effect analyses with

Fig. 1 Representative SWE images from participants with different
serum 25(OH)D concentrations (ng/mL). a FCR muscle: 25(OH)
D= 10 ng/mL, kPa= 20.35. b BB muscle: 25(OH)D= 13 ng/mL,
kPa= 23.25. c TA muscle: 25(OH)D= 12 ng/mL, kPa= 22.21.

d FCR muscle: 25(OH)D= 29 ng/mL, kPa= 28.90. e BB muscle:
25(OH)D= 39 ng/mL, kPa= 37.42. f TA muscle: 25(OH)D= 33 ng/
mL, kPa= 32.52. BB Biceps brachii, FCR Flexor carpi radialis, SWE
Shear-wave elastography, TA Tibialis anterior
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Bonferroni correction were used to compare 25(OH)D
groups within each sex. The relationships between serum
25(OH)D and variables were evaluated using Pearson’s
correlation for normally distributed variables and Spear-
man’s correlation for non-normally distributed variables.
The analyses of receiver operating characteristic (ROC)
curves were performed to evaluate the diagnostic perfor-
mance of muscle elasticity parameters in distinguishing
25(OH)D deficiency and to determine the most appropriate
cut-offs. To identify the independent determinants of
muscle elasticity, multiple generalized linear model ana-
lyses were carried out by including potential confounders
such as age, sex, BMI, serum 25(OH)D level, muscle cross-
sectional area, and IPAQ physical activity levels; in all
analyses, a two-tailed p < 0.05 was considered statistically
significant.

Results

In the present study, including a total of 80 participants [43
women (53.8%) and 37 men (46.2%)], median 25(OH)D
levels were measured as 12.4 (10.0–16.0) ng/mL in Group I
and 25.0 (22.0–30.0) ng/mL in Group II. The demographic
and clinical characteristics of the participants are presented
in Table 1, both for the total sample and by sex. Except for
the expected difference in serum 25(OH)D levels, no sig-
nificant differences were found between the two groups in
terms of demographic and clinical characteristics in the total
sample. In subgroup analyses by sex, the median age of
women participants in Group I was significantly higher than
in Group II (p= 0.020). Marital status distribution differed
between the 25(OH)D groups in both women (p= 0.005)
and men (p= 0.045). In contrast, within the women and
men subgroups, no significant differences were found
between the two 25(OH)D groups in terms of BMI,
smoking, working in a physically active occupation, pre-
sence of additional diseases, and IPAQ physical activity
level (all p > 0.05) (Table 1).

Considering muscle elasticity measurements, FCR-kPa,
TA-kPa, and BB-kPa values were significantly lower in
Group I (all p < 0.001) (Table 2). However, no significant
difference was observed between the groups in terms of
muscle cross-sectional area (all p > 0.05).

Given the separate evaluations between women and men,
muscle elasticity values measured by SWE were found to be
significantly lower in Group I compared to Group II in both
women and men. FCR-kPa, BB-kPa, and TA-kPa values in
both sexes were all significantly lower in Group I, compared
to Group II (all p < 0.001). In contrast, muscle cross-
sectional area values showed no significant difference
between the 25(OH)D groups in each sex. Based on these
findings, the MANCOVA analysis was performed toT
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evaluate the independent and combined effects of 25(OH)D
status and sex on muscle elasticity.

In the age- and BMI-adjusted MANCOVA model, the
25(OH)D status was found to have a significant multivariate
effect on muscle elasticity parameters measured by SWE
(Pillai’s trace= 0.691, F= 53.691, p < 0.001, partial
η²= 0.691). Sex also showed a significant multivariate
effect on muscle elasticity parameters (Pillai’s trace=
0.352, F= 13.009, p < 0.001, partial η²= 0.352), and the
FCR-kPa, BB-kPa, and TA-kPa values were higher in men
than in women. Based on raw averages, these differences
were 3.03 kPa for FCR-kPa, 3.38 kPa for BB-kPa, and
2.91 kPa for TA-kPa. Given the magnitude of the difference
between sexes through Cohen’s d, moderate-to-large effect
sizes were found at 0.86 for FCR-kPa, 0.77 for BB-kPa, and
0.80 for TA-kPa. However, partial eta-squared (η²) was
used as the primary effect size indicator in evaluating the
sex effect within the model.

Furthermore, the 25(OH)D status × sex interaction was
found to be significant at the multivariate level (Pillai’s
trace= 0.132, F= 3.662, p= 0.016, partial η²= 0.132);
however, in univariate analyses, this interaction was not
significant separately for FCR-kPa, BB-kPa, or TA-kPa.
These findings indicate that the association between the low
25(OH)D status and decreased muscle elasticity is present
in both sexes, and the group effect is not significantly sex-
dependent in terms of individual muscles.

While grip and lateral/palmar pinch strengths were found
to be similar between the groups, fingertip pinch strength
was significantly lower in both the dominant and non-
dominant hands in the low 25(OH)D group (p= 0.001 and
p= 0.023, respectively) (Table 3). However, no difference
was found between the two groups in terms of the 6-meter
walking time (Table 3). Additionally, given IPAQ physical
activity levels, no significant difference was also detected
between the two groups in terms of physical activity levels
(p= 0.669). Given the assessment of pain in body regions,
the total number of pain areas (p= 0.038) and the total pain
intensity score (p= 0.002) were significantly higher in the
low 25(OH)D group (Table 3). In age- and BMI-adjusted
sex-specific analyses, the total pain intensity score was
lower in women with 25(OH)D levels ≥20 ng/mL
(p= 0.017); no significant differences were found in other
strength and gait parameters. In men, the group with
25(OH)D levels ≥ 20 ng/mL had higher dominant and
nondominant fingertip pinch strengths (p= 0.013 and
p= 0.004, respectively), and a lower total pain intensity
score (p= 0.001). No significant differences were found in
other outcome variables (Table 3). However, the 25(OH)D
status × sex interaction was not statistically significant in
any of the evaluated outcome variables (all p > 0.05).
Therefore, the differences observed in the sex-specific
analyses were not interpreted as a sex-specific relationship.T
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Among the QoL subscale scores of SF-36, the scores for
physical function (p= 0.344), difficulties in physical role
(p= 0.708), emotional role (p= 0.955), social functioning
(p= 0.623), pain (p= 0.639), vitality (p= 0.311), mental
health (p= 0.740), and general health (p= 0.277) showed
no significant differences between the two groups.

In the ROC curve, indicating the diagnostic performance
of FCR-kPa values in predicting 25(OH)D deficiency, AUC
was calculated as 0.94 [95% confidence interval (CI):
0.892–0.988; p < 0.001], and the sensitivity of 82.5% and
specificity of 93% were found at a cutoff value of 23.5 kPa.
For BB-kPa, however, AUC was found to be 0.957 (95%
CI: 0.917–0.997; p < 0.001), and at a threshold value of
26.5 kPa, the sensitivity and the specificity were determined
to be 87.5 and 90%, respectively. In the ROC analysis
performed for TA-kPa, AUC was 0.935, with a CI of
0.884–0.986 at a cutoff value of 23.75 kPa, and the sensi-
tivity and specificity rates were calculated as 85 and 90%,
respectively (Fig. 2).

In the Spearman correlation analysis, significant and
strong positive relationships were revealed between 25(OH)
D levels and muscle elasticity measurements, and 25(OH)D
levels showed a strong positive correlation with FCR-kPa
(r= 0.880; p < 0.001). Similarly, the relationship between
25(OH)D level and BB-kPa was also quite strong
(r= 0.916; p < 0.001), and a strong positive correlation was
found between TA-kPa and 25(OH)D level (r= 0.870;
p < 0.001). Given the evaluations performed separately
between women and men, strong and positive correlations

were determined between serum 25(OH)D levels and
muscle elasticity values measured by SWE in both sexes.
Among women, strong positive correlations were found
between serum 25(OH)D levels and FCR-kPa (r= 0.931,
p < 0.001), BB-kPa (r= 0.930, p < 0.001), and TA-kPa
(r= 0.863, p < 0.001). In men, strong positive correlations
were also found between serum 25(OH)D levels and FCR-
kPa (r= 0.848, p < 0.001), BB-kPa (r= 0.897, p < 0.001),
and TA-kPa (r= 0.887, p < 0.001).

Generalized linear models were established to evaluate
the independent determinants of FCR-kPa, BB-kPa, and
TA-kPa. In all models, age, sex, BMI, category of physical
activity, and serum 25(OH)D level were evaluated as
determining variables. The area variable of the relevant
muscle was also included in each muscle model, and the
overall fit of the models was found to be acceptable (all
omnibus likelihood ratio tests p < 0.001). Multicollinearity
was assessed among the independent variables, and the
variance inflation factor (VIF) values were < 5 for all
variables.

In the FCR-kPa model, the overall effect was significant
(likelihood ratio χ² (7)= 122.6, p < 0.001). In the model,
sex and serum 25(OH)D level were independently asso-
ciated with FCR-kPa; age (B=−0.004; p= 0.910), BMI
(B= 0.007; p= 0.860), and FCR area (B=−0.006;
p= 0.579) were not significant. Regarding sex, men had a
mean FCR-kPa value that was 2.28 kPa higher than that in
women. (B= 2.280; 95% CI 0.99–3.57; p= 0.001). A
strong positive association was observed between serum
25(OH)D levels and FCR-kPa (B= 0.349; 95% CI
0.303–0.395; p < 0.001). This coefficient indicated that
clinically, every 10-unit increase in 25(OH)D levels corre-
sponded to approximately a 3.5-unit increase in FCR-kPa.
IPAQ physical activity levels demonstrated a tendency for
FCR-kPa to be higher in the high-activity group, compared
to the low-activity group; however, this relationship was
borderline significant (B= 1.064; 95% CI −0.06–2.19;
p= 0.063), and there was no significant difference between
the moderate- and low-active groups (B= 0.444; 95%
CI −0.44–1.33; p= 0.325).

In the BB-kPa model, the overall effect was significant
(likelihood ratio χ²(6)= 139.8; p < 0.001). In this model,
sex, IPAQ physical activity levels and serum 25(OH)D
level were remarkable as independent determinants; age
(B= 0.044; p= 0.261) and BMI (B= 0.023; p= 0.593)
showed no significant relationship with BB-kPa. The BB-
kPa value in men was found to be 1.95 kPa higher than in
women (B= 1.950; 95% CI 1.06–2.84; p < 0.001), and
there was a strong and positive association between serum
25(OH)D level and BB-kPa (B= 0.450; 95% CI
0.400–0.501; p < 0.001). In the group with a high level of
IPAQ physical activity, the BB-kPa value was found to be
higher, compared to the group with a low activity level

Fig. 2 ROC curves for FCR-kPa, BB-kPa, and TA-kPa values. BB
Biceps brachii, FCR Flexor carpi radialis, kPa Muscle elasticity value
(kilopascals), ROC Receiver operating characteristic curve, TA
Tibialis anterior. ROC curves used for FCR-kPa, BB-kPa, and TA-kPa
measurements to predict 25(OH)D deficiency. Sensitivity and speci-
ficity values for the areas under the curve and cut-off values are given
in the text

Osteoporosis International



(B= 1.322; 95% CI 0.10–2.54; p= 0.034). The difference
between the moderate- and low-activity groups was not
statistically significant (B= 0.725; 95% CI 0.24–1.69;
p= 0.140).

In the TA-kPa model, the overall effect was also found
to be significant (likelihood ratio χ²(6)= 123.5; p < 0.001).
Consistent with other models, sex and serum 25(OH)D
level were strong and independent predictors of TA-kPa,
and age (B ≈ 0.000; p= 0.989) and BMI (B= 0.015;
p= 0.695) were not significant. Men had an average of
1.73 kPa, higher TA-kPa values than women (B= 1.729;
95% CI 0.91-2.55; p < 0.001). Serum 25(OH)D levels
showed a strong association with TA-kPa (B= 0.356; 95%
CI 0.310–0.403; p < 0.001), indicating that every 10-unit
increase in 25(OH)D levels could be associated with
approximately a 3.6-unit increase in TA-kPa. The group
with high IPAQ physical activity levels tended to
demonstrate higher TA-kPa values, compared to the low-
activity group; however, while there was a borderline
significant correlation between the IPAQ physical activity
levels and TA-kPa values (B= 1.102; 95% CI −0.03-2.23;
p= 0.055), the moderate activity group showed a sig-
nificant positive correlation, compared to the low-activity
group (B= 1.120; 95% CI 0.23-2.01; p= 0.014).

Discussion

In this cross-sectional study, it was shown that the elasticity
values of the FCR, BB, and TA muscles measured by SWE
in young adults with low 25(OH)D levels were lower both
in the total sample and in the women and men subgroups. In
analyses adjusted for age and BMI, 25(OH)D status and sex
were independently associated with muscle elasticity. The
25(OH)D status × sex interaction, although significant at the
multivariate level, was not significant in analyses of indi-
vidual muscles; Therefore, it was considered that the rela-
tionship between low 25(OH)D and reduced muscle
elasticity was found in both sexes, but did not show a clear
and consistent sex-specific effect. In secondary outcomes,
total pain intensity was higher in both sexes in the low
25(OH)D group, while the decrease in fingertip pinch
strength remained significant only in men; however, as there
was no significant 25(OH)D status × sex interaction, this
result was not interpreted as a men-specific relationship.
Additionally, serum 25(OH)D level showed a strong posi-
tive correlation with muscle elasticity measurements, while
SWE parameters showed high performance in distinguish-
ing low 25(OH)D levels.

In previous studies, it was emphasized that the
mechanical properties of muscles can differ according to
sex. In the study in which healthy young adults were
assessed with SWE by Lee et al., elasticity values in the

rectus femoris, biceps femoris, TA, and medial gastro-
cnemius muscles were reported to be higher in men than in
women [25]. Similarly, Zhang et al. also showed that the
elasticity of medial and lateral gastrocnemius muscles was
higher in adult men than in adult women [26]. In our study,
the higher FCR-kPa, BB-kPa, and TA-kPa values in men
are consistent with those reported in the literature. However,
in the low 25(OH)D group, the elasticity values of all three
muscles investigated in our study were significantly lower
in both women and men. Additionally, in age- and BMI-
adjusted analyses, the independent effects of 25(OH)D
status and sex on muscle elasticity support the idea that the
association between low 25(OH)D and decreased muscle
elasticity exists, independent of sex.

In previous studies, predictive investigations, mostly
based on US or mechanical measurements, which examine
the relationship between 25(OH)D status and the morpho-
logical and biomechanical properties of muscle and sur-
rounding soft tissues, have been reported. In various studies
evaluating adult individuals, subcutaneous fat tissue thick-
ness was demonstrated to be higher in peripheral regions,
such as the forearm, arm, thigh, and trochanteric region, in
groups with 25(OH)D deficiency through conventional US
[14, 27]. These findings suggest that there may be sig-
nificant changes in peripheral body composition in 25(OH)
D deficiency. On the other hand, it has been emphasized
that one of the main mechanisms accompanying these
morphological changes in 25(OH)D deficiency is proximal
muscle atrophy, especially the loss of fast-twitch Type II
muscle fibers. Thus, in histopathological studies, atrophy
has been shown in Type II skeletal muscle fibers in adults
[28]. It has been suggested that these structural changes may
negatively affect the mechanical properties of the muscle,
such as elasticity and force production.

It has been revealed that not only the thickness but also
the mechanical properties of muscle tissue can be affected
by 25(OH)D status [29, 30], and in another study performed
elderly individuals using MyotonPRO, it was stated that
increased elasticity was detected only in certain proximal
muscles (nondominant quadriceps and hamstring) in the
25(OH)D -sufficient group, but muscle tone and tissue
rigidity parameters showed no significant differences con-
cerning 25(OH)D levels, and the diagnostic value of these
biomechanical measurements in predicting 25(OH)D defi-
ciency was limited [31]. Although revealing the relationship
of muscle biomechanics to 25(OH)D, these findings suggest
that the methods used may have several limitations in terms
of sensitivity and measurement depth. Therefore, the
capacity of SWE to measure muscle elasticity objectively
and reproducibly provides a significant methodological
advantage [32, 33]. However, no study directly evaluating
the effect of 25(OH)D deficiency on muscle elasticity using
SWE-based measurements has been encountered, based on
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the literature. We consider that the current study, focusing
on the evaluation of muscle elasticity with SWE, provides a
unique contribution to the literature by going beyond
morphological measurements and presenting the parameters
of quantitative muscle stiffness sensitive to 25(OH)D status.

Evidence on the effects of vitamin D supplementation on
muscle strength and physical performance is heterogeneous.
In the study by Houston et al., although serum 25(OH)D
levels with 2000 IU/day cholecalciferol treatment for
12 months in individuals aged 65-89 years with low func-
tional capacity were significantly increased, no additional
gain was revealed, compared to placebo in measures, such
as leg muscle strength, hand grip strength, Short Physical
Performance Battery score, Timed Up and Go and short-
distance walking performance [34]. In contrast, Gupta et al.
reported statistically significant but relatively small absolute
increases in hand grip strength, lower extremity muscle
strength, and 6-m walking time in a randomized controlled
trial conducted in young adults with 25(OH)D deficiency
[35]. In a retrospective, propensity score-matched study
conducted in middle-aged and elderly individuals by Qi
et al., as well as a statistically significant increase in both
hand grip strength and hand pinch strength over time in the
group receiving vitamin D supplementation, a certain
degree of improvement was also witnessed in the control
group due to health training and lifestyle interventions [36].
When these findings are considered together, it is seen that
the relationship between 25(OH)D levels and muscle
function can vary depending on age, baseline functional
capacity, comorbidity, degree of deficiency, and end-point
muscle strength used. Our study, however, is a cross-
sectional study performed in relatively young adults without
significant muscle weakness and examines the relationship
between current 25(OH)D levels and concomitant muscle
characteristics, but not the response to vitamin D supple-
mentation. Unlike the studies by Gupta, Qi, and Houston,
our assessment of muscle elasticity using SWE in addition
to classic hand grip and pinch strength measurements
allowed us to detect subclinical biomechanical changes
associated with 25(OH)D deficiency before global muscle
strength and walking performance deteriorated. Therefore,
in contrast to the limited strength/performance changes
reported in supplementation studies, the significant differ-
ence in muscle elasticity observed in our study is an
expected finding, consistent with the design differences of
the studies.

It is suggested that the prevalence and severity of chronic
musculoskeletal pain may be higher in individuals with
25(OH)D deficiency, compared to those with adequate
25(OH)D levels [37]. In age- and BMI-adjusted sex-specific
analyses, lower 25(OH)D levels were associated with
higher total pain intensity in both sexes, while men also had
lower dominant and non-dominant fingertip pinch strengths.

However, the lack of a significant 25(OH)D status × sex
interaction in ANCOVA models for pain and muscle
strength outcomes does not support a clear sex-specific
effect for these outcomes. While suggesting a possible
relationship between 25(OH)D levels and pain intensity and
some specific strength measures, these findings should not
be considered a causal or generalizable outcome due to the
cross-sectional study design and the limited sample size of
the subgroups created according to sex. The fact that no
difference was found between SF-36 pain subscale scores
suggests that 25(OH)D may be associated with distribution
and intensity of pain; however, the reflection of the defi-
ciency on overall health-related QoL may depend on more
complex and multifactorial determinants.

One of the most striking clinical findings of our study is
that the AUC values in the ROC curves obtained for FCR-
kPa, BB-kPa, and TA-kPa ranged from 0.94 to 0.96, and
that cut-off values distinguishing 25(OH)D deficiency
(25(OH)D < 20 ng/mL) with high sensitivity and specificity
were identified for all three muscles. This level of diag-
nostic performance suggests that muscle elasticity mea-
surements used to measure 25(OH)D deficiency, beyond
being merely a research tool, could be considered a com-
plementary monitoring method.

Furthermore, even when the effects of potential con-
founders such as age, BMI, physical activity level, and
muscle cross-sectional area were statistically controlled in
multivariate generalized linear models established for FCR-
kPa, BB-kPa, and TA-kPa, it is noteworthy that serum
25(OH)D levels and sex remained independently and
strongly associated with muscle elasticity parameters. This
finding supports that the observed elasticity differences are
not solely dependent on body composition or physical
activity level, but 25(OH)D status may also be an inde-
pendent determinant of muscle biomechanics.

Our study is one of the pioneering studies to quantita-
tively evaluate the effects of 25(OH)D deficiency on muscle
biomechanics. The use of a comparative control group and
the consideration of clinical characteristics that may affect
the outcome, such as age, sex, BMI, and physical activity
level, in the statistical analyses strengthen the internal
validity of the findings. The fact that our samples were
limited to individuals between 18 and 45 years of age
allowed us to specifically observe the effect of 25(OH)D by
eliminating age-related muscle changes. The fact that sex-
specific analyses were performed and 25(OH)D x sex
interaction evaluated is one of the strengths of our study, as
these analyses demonstrate that the observed relationship
cannot be explained solely by the inherent differences in
elasticity between men and women.

However, our study also has some limitations. The fact
that the study was conducted in a single tertiary care center
and on a sample of young adults may limit the
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generalizability of the study to different age groups and
community-based populations. Although planned pro-
spectively, the cross-sectional design does not allow the
study to establish the causality of the relationship between
25(OH)D levels and muscle elasticity and functional mar-
kers, nor does it allow for the reflection of this relationship
on long-term clinical outcomes. The fact that muscle elas-
ticity measurements were performed only on three selected
muscles on the dominant side and with the same device may
limit the generalization to other muscle groups and different
laboratory conditions. Additionally, time spent outdoors
and sun exposure were not directly measured; therefore, the
potential contribution of lifestyle-related ultraviolet expo-
sure to serum 25(OH)D status could not be evaluated
separately by sex. Furthermore, all US examinations were
evaluated by consensus by two radiologists, but the lack of
calculating the inter-observer agreement statistics (e.g.,
kappa coefficient) is another limitation of our study.

Conclusion

In conclusion, our study is among the pioneering studies
quantitatively revealing the relationship between 25(OH)D
deficiency and muscle elasticity parameters in young adults
and evaluating the predictability of 25(OH)D deficiency
with muscle elasticity measurements through USG. We
consider that our findings need to be confirmed, and their
implications should be better clarified for clinical practice
with larger sample sizes, multicenter studies, and preferably
longitudinal designs, including different age groups.
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