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Abstract

Background/Objective: Vitamin D plays an important role in musculoskeletal health;
however, its association with skeletal muscle microvascular perfusion has not been clearly
defined using quantitative imaging techniques. To investigate the relationship between
serum 25-hydroxyvitamin D [25(OH)D] levels and skeletal muscle microvascularity using
an advanced ultrasound-based microvascular imaging method. Methods: In this cross-
sectional study a total of 141 healthy adults were stratified into two groups according
to serum 25(OH)D concentration (<20 ng/mL, n = 71; ≥20 ng/mL, n = 70). Ultra-Micro-
Angiography was used to quantitatively assess the vascular index (VI), while cross-sectional
area (CSA) measurements were obtained for the flexor carpi radialis, biceps brachii, and
tibialis anterior muscles. Group comparisons and receiver operating characteristic (ROC)
analyses were performed to evaluate the discriminative performance of microvascular
parameters. Results: CSA values did not differ significantly between the groups. In
contrast, VI values were significantly higher in participants with higher serum 25(OH)D
levels across all examined muscles (p < 0.001). Among the evaluated parameters, the biceps
brachii VI demonstrated excellent diagnostic performance in distinguishing between groups
(AUC = 0.992; optimal cut-off = 1.25). Conclusions: Serum 25(OH)D levels are strongly as-
sociated with skeletal muscle microvascularity independent of muscle size. These findings
demonstrate a strong association between serum 25-hydroxyvitamin D concentration and
skeletal muscle microvascularity and highlight the potential of ultra-micro-angiography as
a non-invasive imaging approach for detecting microvascular differences related to vitamin
D status.
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1. Introduction
Vitamin D is primarily produced in the skin upon exposure to ultraviolet (UV) radia-

tion, although it can also be obtained through dietary intake. Once synthesized or obtained
through diet, vitamin D is first hydroxylated in the liver, producing 25-hydroxyvitamin
D [25(OH)D]—the principal form present in circulation—and then further hydroxylated
in the kidney to yield the hormonally active 1,25-dihydroxyvitamin D [1]. Additionally,
25(OH)D can be locally activated to calcitriol by 1α-hydroxylase in many extra-renal tissues,
including skeletal muscle. According to the most recent published guidelines, serum con-
centrations of 25(OH)D below 20 ng/mL are defined as Vitamin D deficiency [1,2], whereas
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serum levels between 20 and 50 ng/mL are commonly regarded as an acceptable range
for musculoskeletal health in adults. Vitamin D deficiency has been associated with re-
duced muscle strength, impaired physical performance, and degenerative muscle changes,
particularly in elderly individuals and those with chronic systemic disease [1–7]. Beyond
its musculoskeletal effects, 25(OH)D is also involved in maintaining vascular integrity
and cardiovascular homeostasis. Low 25(OH)D levels have been linked to endothelial
dysfunction and impaired vascular reactivity, suggesting a potential role in microvascular
regulation [8–10].

Emerging evidence suggests that vitamin D may also exert direct biological effects
on the microvascular system through several molecular pathways. Vitamin D has been
shown to modulate endothelial nitric oxide synthase (eNOS) activity, increase nitric oxide
(NO) bioavailability, and influence vascular smooth muscle cell function, thereby improv-
ing vasodilation and microcirculatory responsiveness [11,12]. Experimental data further
suggest that vitamin D may influence angiogenic signaling pathways, supporting a role in
microvascular remodeling [13]. Within skeletal muscle, these pathways collectively support
the hypothesis that vitamin D may influence microvascular perfusion primarily through
modulation of endothelial function and angiogenic signaling rather than through direct
effects on muscle fiber structure.

The microvascular network is essential for oxygen delivery, metabolic support, and
contractile efficiency. Impaired microvascular perfusion contributes to early fatigabil-
ity, insulin resistance, and diminished exercise tolerance [14]. Thus, determinants of
microvascularity—including vitamin D status—may have substantial implications for
muscle health in both healthy and diseased populations.

Ultra Micro Angiography (UMA) is a novel Doppler ultrasound technique designed to
enhance the visualization of vascular structures on ultrasonography (US) without the use
of contrast agents. Compared with conventional Doppler, UMA employs a wall-filtering
algorithm capable of distinguishing slow tissue motion signals from blood flow signals,
thereby achieving greater sensitivity to low-velocity blood flow. This enhanced sensitivity
allows assessment of microvascular perfusion in settings where conventional Doppler
techniques are limited [15,16].

Recent advances in microvascular imaging techniques have expanded the application
of UMA in clinical and experimental research. Studies have demonstrated the capability of
UMA to detect small-caliber vessels with improved clarity, reduced motion artifacts, and
enhanced frame rates compared with conventional Doppler modalities [17,18].

Despite growing interest in vitamin D physiology and its systemic vascular effects,
there remains a notable gap in understanding how serum 25(OH)D concentration influ-
ences microvascular perfusion in skeletal muscle. To date, no previous study has directly
investigated the association between serum 25(OH)D concentration and skeletal muscle
microvascular perfusion using advanced ultrasound techniques specifically designed to
detect low-velocity microvascular flow.

Assessing skeletal muscle microvascularity in healthy adults may offer clinically
relevant insight into early, subclinical vascular changes associated with vitamin D status,
before the development of overt musculoskeletal or metabolic impairment. Therefore,
in this study, we aimed to quantitatively evaluate skeletal muscle microvascularity and
muscle area using ultrasound and Ultra Micro Angiography in healthy individuals stratified
according to serum 25(OH)D concentrations.
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2. Materials and Methods
2.1. Study Design and Participants

Following the approval of the university ethics committee (Approval No: 2025/45),
this cross-sectional study was conducted between March and June 2025. The study group
consisted of participants who presented to the physical therapy and ultrasound outpatient
clinics. The research protocol was developed in alignment with the ethical principles set
forth in the Declaration of Helsinki. Individuals were excluded from the study if they met
any of the following criteria: patients using medications that may cause rhabdomyolysis,
those with acute trauma, neuromuscular diseases, individuals engaged in high-intensity
physical activity or using drugs for muscle development, chronic disease (e.g., cardio-
vascular, metabolic, inflammatory, or neuromuscular conditions), pregnancy or lactation,
malignancy, or life-threatening conditions such as congenital heart disease. To minimize
seasonal variation, all measurements were performed between March and June, when
sunlight exposure is relatively stable in central Anatolia. None of the participants were
professional athletes or engaged in regular outdoor exercise. The first group consisted of
71 participants with 25(OH)D concentration below 20 ng/mL, while the second group in-
cluded 70 participants with 25(OH)D concentration ≥20 ng/mL. Serum 25-hydroxyvitamin
D concentrations were analyzed using a chemiluminescent immunoassay (Abbott Architect
i2000SR, Abbott Diagnostics, Abbott Park, IL, USA). Internal and external quality control
procedures were applied according to the manufacturer’s recommendations. Written in-
formed consent was obtained from all participants. At the time of enrollment, demographic
information, conventional ultrasound variables, and UMA data for all participants were
obtained from the Hospital Information System. A standardized enrollment workflow
minimized selection bias. A brief physical examination ensured the absence of recent
exertion-induced muscle fatigue. Body mass index (BMI), dominant extremity, and self-
reported sun exposure were recorded to ensure sample comparability.

2.2. Ultrasound Examination

All volunteers included in the study were examined by two independent radiologists
(with 9 and 18 years of professional experience, respectively), blinded to the participants’
medical history, surgical information, and clinical variables. Participants were recruited
using a consecutive sampling approach from individuals referred for routine ultrasound
examinations who met the inclusion criteria. Participants were instructed to avoid strenu-
ous activity for at least 24 h prior to imaging, and examinations were performed with the
muscles in a relaxed position at room temperature (22–24 ◦C). Grayscale ultrasound and
Ultra-Micro-Angiography (UMA) examinations were performed using a high-frequency
(14 MHz) linear array transducer (Mindray Resona I9, Mindray Medical Systems, Shen-
zhen, China). Imaging was conducted on the dominant extremities of the participants
in the supine normoanatomic position, and participants were instructed to remain still
to minimize motion artifacts. Copious coupling gel was applied to reduce subcutaneous
tissue-related variability. The transducer was positioned perpendicular to the thickest
mid-portion of the flexor carpi radialis (FCR), biceps brachii short head (BB), and tibialis
anterior (TA) muscles. Cross-sectional area (CSA) measurements and vascular index (VI)
values were obtained at these standardized locations using UMA (Figure 1). The vascular
index (VI) was calculated as the ratio of color pixels to the total number of pixels within the
selected region of interest (ROI), expressed as a percentage (VI = [color pixels/total pixels]
× 100). To avoid artifacts, the ultrasound probe was held steady for 3–5 s, and VI values
were recorded once UMA images stabilized. All grayscale ultrasound and UMA parameters
were standardized and kept identical for all participants. UMA settings—including pulse
repetition frequency (PRF), gain, frame rate, and wall filter thresholds—were held constant
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throughout the examinations. PRF was set at 600–800 Hz, the wall filter was set to the
lowest available level, and gain was optimized to avoid blooming artifacts, ensuring that
VI measurements reflected true microvascular signals rather than noise. In practice, PRF
was initially set at the lowest level allowing stable signal detection and was minimally
adjusted when necessary to avoid motion artifacts; all final PRF values remained within
the predefined 600–800 Hz range across participants. All UMA sensitivity settings, includ-
ing gain, pulse repetition frequency, and wall filter parameters, were fixed and identical
across participants and muscle groups, minimizing the likelihood that technical variabil-
ity or operator-dependent factors contributed to systematic inflation of vascular index
measurements. To ensure measurement reproducibility, all CSA and VI measurements
were performed twice and averaged. Inter- and intra-observer reliability was assessed in a
randomly selected subset of 20 participants, yielding excellent agreement (ICC: 0.91–0.96
for CSA and 0.88–0.94 for VI).

 

Figure 1. Representative UMA images from participants with different serum 25(OH)D concentrations
(ng/mL). For each muscle, the vascular index (VI) represents the ratio of color pixels to the total
number of pixels within the ROI. (a) FCR muscle: 25(OH)D = 10 ng/mL, VI = 0.7. (b) BB muscle:
25(OH)D = 15 ng/mL, VI = 0.96. (c) TA muscle: 25(OH)D = 12 ng/mL, VI = 0.89. (d) FCR muscle:
25(OH)D = 41 ng/mL, VI = 2.2. (e) BB muscle: 25(OH)D = 37 ng/mL, VI = 2.1. (f) TA muscle:
25(OH)D = 29 ng/mL, VI = 1.38.

2.3. Statistical Analysis

Data analyses were carried out using IBM SPSS Statistics software, version 21.0 (IBM
Corp., Armonk, NY, USA). Normality of continuous variables was assessed using the
Kolmogorov–Smirnov test and visual inspection of distribution histograms. Non-normally
distributed numerical data were summarized as median (min–max), and categorical data
were expressed as counts and percentages. Group comparisons for categorical variables
(e.g., sex) were conducted using the Chi-square test, while age and vascular index (VI) com-
parisons were performed using the Mann–Whitney U test. Effect sizes for non-parametric
tests were calculated using the rank-biserial correlation to facilitate interpretation of clinical
relevance. Diagnostic accuracy was evaluated using receiver operating characteristic (ROC)
curve analysis. When the area under the curve (AUC) reached statistical significance,
the Youden index was used to determine the optimal cut-off value, which should be in-
terpreted with caution given the exploratory nature of the analysis and the absence of
external validation. Sensitivity and specificity were subsequently calculated. A two-tailed
p-value < 0.05 was considered statistically significant. The relationship between vascular
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index (VI) and serum 25-hydroxyvitamin D concentration was assessed using Spearman’s
rank correlation analysis. No a priori sample size calculation was performed; the sam-
ple size was determined by consecutive recruitment of eligible participants during the
predefined study period. An exploratory post hoc power analysis based on the observed
VI effect size suggested that the sample size (n = 141) provided more than 90% statistical
power at an alpha level of 0.05. Additionally, multivariable linear regression analyses were
performed to examine whether age, sex, body mass index, and muscle cross-sectional area
confounded the relationship between vascular index and serum 25(OH)D concentration.
To further address the potential confounding effect of age, multivariable linear regression
analyses were performed with vascular index as the dependent variable and age, sex, body
mass index, and muscle cross-sectional area entered simultaneously as covariates.

3. Results
Participants were stratified into two groups according to serum 25-hydroxyvitamin D

concentration (<20 ng/mL and ≥20 ng/mL). A total of 141 participants with a median age
of 28 years (range: 19–47) were included in the study. Table 1 presents the demographic
characteristics of the participants. There was no significant difference between the groups
in terms of sex distribution (p = 0.644); however, age differed significantly between the
groups (p < 0.001). To evaluate whether this age difference confounded the observed
microvascular findings, age-adjusted multivariable regression analyses were performed.
These analyses demonstrated that serum 25-hydroxyvitamin D concentration remained
independently associated with vascular index across all examined muscles (all p < 0.001),
and inclusion of age as a covariate did not materially alter the strength or significance of
the associations. Detailed regression coefficients are not shown, as adjustment did not
materially alter the unadjusted group comparisons. Detailed regression coefficients are not
presented, as covariate adjustment did not meaningfully change the direction, magnitude,
or statistical significance of the unadjusted group comparisons. The UMA-derived vascular
index (VI) values of the flexor carpi radialis, biceps brachii, and tibialis anterior muscles
differed significantly between the groups (Table 2, all p < 0.001). Figure 2 illustrates the
association between serum 25-hydroxyvitamin D concentration and vascular index across
all participants. The results of the receiver operating characteristic (ROC) analysis are
shown in Figure 3. Among the evaluated parameters, the VI of the biceps brachii muscle
demonstrated the highest discriminative performance between groups, with an AUC of
0.992 (p < 0.001). A cut-off value of 1.25 yielded a sensitivity of 95.7% and a specificity
of 97.2% (Table 3). Significant positive correlations were observed between serum 25-
hydroxyvitamin D concentration and vascular index values for all examined muscles
(Spearman’s ρ = 0.953 for FCR, 0.942 for BB, and 0.941 for TA; all p < 0.001). CSA values
showed minimal variation between groups and did not correlate with either VI or serum 25-
hydroxyvitamin D concentration, indicating that microvascular differences were independent
of muscle size. Adjustment for age did not materially alter the observed associations, and
sex-stratified analyses demonstrated similar trends in both males and females.

Table 1. Demographic and muscle characteristics of participants (n = 141) (values expressed as
median (min–max) and mean ± SD).

25(OH)D Concentrations < 20 ng/mL 25(OH)D Concentrations > 20 ng/mL p-Value

Gender (female), n (%) * 44/71 (62.0) 46/70 (65.7) 0.644

Age, (years) ** 24 (19–47) 33 (20–46) <0.001

Muscle CSA
(Female) **

FCR 400 mm2 (359–422) 402 ± 17 399 mm2 (364–452) 406 ± 22 0.904

BB (short head) 422 mm2 (401–445) 430 ± 18 424 mm2 (407–482) 438 ± 24 0.762

TA 400 mm2 (361–422) 409 ± 20 400 mm2 (365–432) 412 ± 21 0.728
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Table 1. Cont.

25(OH)D Concentrations < 20 ng/mL 25(OH)D Concentrations > 20 ng/mL p-Value

Muscle CSA
(Male) **

FCR 444 mm2 (416–478) 448 ± 22 440 mm2 (424–480) 452 ± 26 0.637

BB (short head) 476 mm2 (455–508) 482 ± 21 475 mm2 (456–518) 489 ± 27 0.331

TA 452 mm2 (423–484) 462 ± 24 443 mm2 (425–484) 458 ± 28 0.597

* Chi-Square Tests, data are presented as counts, with percentages in brackets; ** Mann–Whitney U test, data
are presented as median (minimum-maximum). 25(OH)D: 25-hydroxyvitamin D. CSA: Cross Sectional Area
BB: biceps brachii, FCR: Flexor carpi radialis, TA: Tibialis anterior. CSA values are presented in mm2 and represent
the anatomical cross-sectional area of each muscle.

Table 2. Comparison of UMA parameters of FCR, BB, TA muscles according to the 25(OH)D
concentrations (n = 141).

25(OH)D Concentrations <
20 ng/mL

25(OH)D Concentrations >
20 ng/mL p-Value

FCR 0.90 (0.50–1.20) 1.50 (1.10–2.40) <0.001

BB (short head) 1.00 (0.60–1.30) 1.70 (1.20–2.70) <0.001

TA 0.90 (0.50–1.20) 1.40 (1.10–2.20) <0.001
Mann–Whitney U test, data are presented as median (minimum-maximum). 25(OH)D: 25-hydroxyvitamin D.
BB: biceps brachii, FCR: flexor carpi radialis, TA: tibialis anterior.

Figure 2. Scatter plots demonstrating the positive linear correlation between serum 25(OH)D concen-
tration (ng/mL) and vascular index (VI) values of the flexor carpi radialis (FCR) (a), biceps brachii
(BB) (b), and tibialis anterior (TA) (c) muscles. Spearman correlation coefficients were r = 0.953,
r = 0.942, and r = 0.941, respectively (all p < 0.001).
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Figure 3. Receiver operating characteristic (ROC) curves showing the discriminative perfor-
mance of the ultra-micro-angiography–derived vascular index (VI) of the flexor carpi radialis
(FCR), biceps brachii (BB), and tibialis anterior (TA) muscles for serum 25-hydroxyvitamin D
concentrations < 20 ng/mL and ≥20 ng/mL. The diagonal line indicates no discriminative ability.

Table 3. ROC analysis results of UMA parameters for muscles.

AUC (95% CI) p-Value Cut-Off Sensitivity Specificity

FCR 0.983 (0.968–0.997) <0.001 ≥1.15 97.1 87.3

BB (short head) 0.992 (0.984–1) <0.001 ≥1.25 95.7 97.2

TA 0.988 (0.976–1) <0.001 ≥1.15 94.3 94.4
AUC: Area under the curve, 95% CI: 95% confidence interval.

4. Discussion
In this cross-sectional study, we evaluated the relationship between serum 25-

hydroxyvitamin D concentration and skeletal muscle microvascular perfusion and demon-
strated that muscle vascularity was significantly higher in participants with serum 25(OH)D
concentrations ≥ 20 ng/mL. Importantly, no significant differences were observed be-
tween the groups in terms of muscle cross-sectional area, suggesting that the observed
differences in microvascularity were not driven by structural muscle changes. Although
numerous studies have reported the effects of vitamin D on skeletal muscle, demonstrat-
ing this relationship using an imaging-based approach provides additional and comple-
mentary evidence. The assessment of skeletal muscle microvascularity using imaging
techniques—particularly a dynamic method such as Ultra-Micro-Angiography—offers
several advantages. UMA is a non-invasive technique capable of visualizing low-velocity
microcirculatory flow in real time and can detect subtle changes in muscle vascularity that
may not be apparent with conventional imaging modalities. Moreover, UMA is relatively
inexpensive, safe, and widely applicable. The ability of UMA to quantitatively assess
low-velocity microcirculatory flow provides a novel perspective on vitamin D–related
physiological alterations that have traditionally been inferred indirectly through biochemi-
cal markers or functional assessments. From a methodological perspective, the relatively
narrow range of CSA values observed in our study likely reflects the strict exclusion of
athletes, individuals with chronic systemic disease, and participants with recent strenu-
ous physical activity, as well as the relatively young and homogeneous study population.
This controlled design may explain the limited inter-individual variability in muscle size
and supports the interpretation that microvascular differences occurred independently of
muscle morphology.
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The UMA technique is a recently developed ultrasound modality designed to assess
slow-flow hemodynamics in microvessels. Owing to its high-resolution imaging capability,
it provides enhanced sensitivity relative to traditional Doppler sonography. Technically,
UMA employs unfocused wave imaging and advanced wall-filtering algorithms, which im-
prove the sensitivity of Doppler ultrasound in detecting microvessels and optimize imaging
performance. In addition, flow quantification can be performed using the vascular index
(VI), which represents the ratio of points with flow signals to all points in the examined
area [15,16]. In the literature, UMA has been reported to be effective in demonstrating
microvascularity in renal lesions, infarctions, and renal failure [15,19]. Moreover, a limited
number of studies have demonstrated its use in evaluating the liver in biliary atresia, the
bowel in inflammatory bowel disease, and the synovium in rheumatoid arthritis, suggesting
that UMA may contribute to the assessment of microvascularity [16,20,21]. In the present
study, we evaluated microvascularity in selected muscle groups using UMA and found
a relationship between 25(OH)D concentration and VI values. The strong interobserver
consistency observed in our measurements further demonstrates that UMA is not only
sensitive but also highly reproducible in musculoskeletal applications, highlighting its
feasibility for broader clinical use.

Vitamin D functions as a steroid hormone essential for mineral metabolism—particularly
calcium and phosphorus—and for sustaining normal bone and muscle physiology [1].
Vitamin D is obtained through sunlight exposure, diet, and supplementation [22]. Vitamin
D influences muscle tissue via genomic and non-genomic mechanisms, both of which are
regulated by receptors located on or within muscle fibers. Some molecular studies have
demonstrated that Vitamin D influences muscle cell differentiation, intracellular calcium
utilization, and genomic activity [4]. Furthermore, a recent systematic review focusing on
healthy adults indicated that higher 25(OH)D concentration may have beneficial effects
on increasing muscle strength and reducing injury incidence. Additionally, numerous
studies have shown that Vitamin D deficiency is associated with reduced grip strength
and impaired muscle performance [4,5,23,24]. Our findings extend these observations
by suggesting that the musculoskeletal effects of vitamin D may be mediated, at least in
part, through alterations in skeletal muscle microvascular perfusion. Unlike functional test
outcomes, vascular index (VI) values represent a quantitative microvascular parameter that
may reflect early, subclinical physiological changes. This may explain why significant dif-
ferences in VI were observed between groups despite the absence of measurable differences
in muscle cross-sectional area. Conceptually, microvascular alterations may represent an
earlier and more sensitive physiological response to variations in vitamin D status, whereas
structural changes in muscle size are likely to occur later and require prolonged or more
severe deficiency. All ultrasound measurements were performed using fixed and identical
sensitivity settings across participants, reducing the likelihood that the strength of the
observed associations was driven by technical artifacts. Given the cross-sectional design
of the study, these findings should be interpreted as associations rather than evidence of
direct physiological effects or causal mechanisms.

Epidemiological data from U.S. cohorts have demonstrated that lower serum 25(OH)D
concentrations are associated with an increased risk of peripheral arterial disease [25–28]. Vi-
tamin D appears to exert a beneficial effect on arterial blood pressure through the negative
regulation of the renin–angiotensin system [27]. Several animal and human studies have
reported that Vitamin D supplementation may accelerate vascular repair by increasing the
number of angiogenic myeloid cells and other factors, as well as by improving endothelial
function [9,10,29,30]. Vitamin D modulates vascular homeostasis by stimulating endothelial
nitric oxide synthase (eNOS) expression and activity, which in turn augments nitric oxide
generation. This mechanism supports vasodilation and may contribute to the prevention of
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vascular disorders, including erectile dysfunction [13,27,31,32]. Consistent with its vascular
effects, vitamin D deficiency has also been associated with a greater likelihood of erectile
dysfunction in clinical studies [33,34]. Taken together, these findings provide a biological
context for the observed association between lower serum 25(OH)D concentrations and
reduced skeletal muscle microvascular perfusion in the present study. The strong correla-
tions observed across all examined muscle groups further suggest that vitamin D–related
effects on skeletal muscle microvascularity may be mediated through systemic endothelial
pathways rather than localized muscle-specific mechanisms.

Structural muscle abnormalities, including atrophy and fatty replacement, have been
associated with vitamin D deficiency and are readily detectable by cross-sectional imag-
ing techniques. Magnetic resonance imaging findings have confirmed the presence of
such degenerative changes in patients with insufficient vitamin D levels [35]. According
to the findings of Visser et al., dual-energy X-ray absorptiometry (DEXA)-based assess-
ments revealed that subjects whose serum 25(OH)D concentration was below 25 ng/mL
presented with decreased skeletal muscle mass [36]. Quantitative muscle measurements
by US have been shown to be a potential alternative for assessing disease severity and
progression in various neuromuscular disorders. Additional advantages of US include
real-time imaging, low cost, rapid application, and the absence of ionizing radiation [4].
Studies conducted in patients with multiple organ failure and sepsis have demonstrated
significant muscle degeneration using US [6,37]. Although many studies have reported
reduced muscle performance in Vitamin D deficiency, a limited number of studies including
healthy participants without comorbidities—where skeletal muscle thickness was evalu-
ated by US—have shown no significant association between muscle thickness and 25(OH)D
concentration [5,7]. Consistent with these findings, our analysis of healthy individuals
without comorbidities revealed no statistically significant variation in muscle thickness
between subgroups defined by serum 25(OH)D concentration (<20 ng/mL vs. ≥20 ng/mL).
However, UMA measurements of muscle vascularity demonstrated significantly higher
perfusion in the group with 25(OH)D concentration > 20 ng/mL. This finding aligns with
the concept that microvascular alterations often precede measurable structural changes
in muscle tissue. These effects may be related to the beneficial influence of vitamin D
on endothelial function and its role in promoting vasodilatory mediators such as nitric
oxide. Notably, no significant differences in muscle vascularity were observed among
participants with serum 25(OH)D concentrations ≥ 50 ng/mL. This observation may repre-
sent a hypothesis-generating finding suggesting a potential plateau effect, rather than a
definitive threshold, and should be interpreted cautiously given the cross-sectional design
of the study. Future studies incorporating vitamin D supplementation trials, longitudi-
nal monitoring, and exercise-induced perfusion protocols may help determine whether
microvascular perfusion improves directly in response to corrected vitamin D status.

This study has several limitations. First, the cross-sectional design does not allow
causal interpretation of the relationship between serum 25-hydroxyvitamin D concentration
and skeletal muscle microvascularity. Second, although the sample size was adequate for
the primary analyses, a multicenter or longitudinal design could provide more robust
evidence by evaluating changes in vascular index over time. Additionally, classification
of participants was based on a single serum 25-hydroxyvitamin D measurement, which
may not fully capture long-term vitamin D status and could contribute to residual misclas-
sification. The study population consisted of relatively young and healthy adults, which
may have reduced inter-individual heterogeneity. Finally, UMA-derived vascular index
provides an indirect assessment of microvascular perfusion; although measurement condi-
tions were highly standardized, ultrasound-based parameters inherently carry some degree
of technical variability. In addition, although imaging parameters were standardized to
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ensure consistency, the use of fixed sensitivity settings across different muscle groups and
body compositions may have introduced a degree of systematic measurement bias, which
should be considered when interpreting the absolute magnitude of vascular index values.
Importantly, key determinants of vitamin D status and muscle perfusion, including habitual
sun exposure and physical activity, were assessed solely by self-report and not quantified
using standardized or validated questionnaires, which may have resulted in residual con-
founding. Because sun exposure and physical activity were assessed only by self-report
and not quantified using standardized instruments, these variables were not included
as covariates in the multivariable regression models. Although multivariable regression
analyses indicated that age, sex, body mass index, and muscle cross-sectional area did not
materially alter these associations, residual systemic confounding cannot be fully excluded
and should be considered when interpreting the strength of the observed correlations.
Future studies incorporating functional assessments and longitudinal follow-up may offer
deeper insight into the clinical relevance of these findings. Nevertheless, the consistency
of vascular index measurements across three anatomically distinct muscle groups and the
strong correlations observed support the robustness of the detected associations.

5. Conclusions
In conclusion, serum 25-hydroxyvitamin D concentration was associated with skeletal

muscle microvascularity, as assessed by quantitative ultrasound imaging. The observed
relationship between vitamin D status and microvascular perfusion suggests that adequate
vitamin D levels may contribute to improved muscle perfusion and metabolic support.
UMA provides a dynamic, non-invasive approach for evaluating microvascular alterations
related to vitamin D status and may serve as a valuable tool in future musculoskeletal
research. Given its accessibility, cost-effectiveness, and sensitivity to early microcirculatory
changes, UMA may represent a complementary imaging modality for assessing muscle
health in both research and clinical settings. Prospective studies incorporating functional
outcomes and vitamin D supplementation protocols are warranted to further clarify the
temporal and causal relationships underlying these observations.
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Abbreviations

AUC Area Under the Curve
BB biceps brachii
CT Computed Tomography
DEXA Dual-Energy X-Ray Absorptiometry
FCR Flexor Carpi Radialis
MRI Magnetic Resonance Imaging
NO Nitric Oxide
ROC Receiver Operating Characteristic
SMI Superb Microvascular Imaging
UMA Ultra Micro Angiography
US Ultrasound
UV Ultraviolet
TA tibialis anterior
VI Vascular Index
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19. Ogorevc, N.; Slak, P.; Nikšić, S.; Novljan, G.; Fister, P.; Plut, D. Contrast-Enhanced Ultrasound (CEUS) and Ultra-Microangiography
(UMA) in Critically Ill Children with Acute Kidney Injury. Children 2024, 11, 1205. [CrossRef]

20. Aziz, M.U.; Eisenbrey, J.R.; Deganello, A.; Zahid, M.; Sharbidre, K.; Sidhu, P.; Robbin, M.L. Microvascular Flow Imaging:
A State-of-the-Art Review of Clinical Use and Promise. Radiology 2022, 305, 250–264. [CrossRef]

21. Deng, L.; Qi, X.; Wang, G.; Wang, L.; Liu, S. The diagnostic value of ultra-microangiography for biliary atresia. Quant. Imaging
Med. Surg. 2025, 15, 1784–1792. [CrossRef]

22. Holick, M.F. The vitamin D deficiency pandemic: Approaches for diagnosis, treatment and prevention. Rev. Endocr. Metab. Disord.
2017, 18, 153–165. [CrossRef]

23. Cipriani, C.; Pepe, J.; Piemonte, S.; Colangelo, L.; Cilli, M.; Minisola, S. Vitamin d and its relationship with obesity and muscle.
Int. J. Endocrinol. 2014, 2014, 841248. [CrossRef]

24. Ceglia, L. Vitamin D and its role in skeletal muscle. Curr. Opin. Clin. Nutr. Metab. Care 2009, 12, 628–633. [CrossRef] [PubMed]
25. Sokol, S.I.; Srinivas, V.; Crandall, J.P.; Kim, M.; Tellides, G.; Lebastchi, A.H.; Yu, Y.; Gupta, A.K.; Alderman, M.H. The effects of

vitamin D repletion on endothelial function and inflammation in patients with coronary artery disease. Vasc. Med. 2012, 17,
394–404. [CrossRef]

26. Yiu, Y.F.; Yiu, K.H.; Siu, C.W.; Chan, Y.H.; Li, S.W.; Wong, L.Y.; Lee, S.W.; Tam, S.; Wong, E.W.; Lau, C.P.; et al. Randomized
controlled trial of vitamin D supplement on endothelial function in patients with type 2 diabetes. Atherosclerosis 2013, 227, 140–146.
[CrossRef]

27. Pál, É.; Ungvári, Z.; Benyó, Z.; Várbíró, S. Role of Vitamin D Deficiency in the Pathogenesis of Cardiovascular and Cerebrovascular
Diseases. Nutrients 2023, 15, 334. [CrossRef] [PubMed]

28. Melamed, M.L.; Muntner, P.; Michos, E.D.; Uribarri, J.; Weber, C.; Sharma, J.; Raggi, P. Serum 25-hydroxyvitamin D levels and the
prevalence of peripheral arterial disease: Results from NHANES 2001 to 2004. Arterioscler. Thromb. Vasc. Biol. 2008, 28, 1179–1185.
[CrossRef]

29. Wong, M.S.; Delansorne, R.; Man, R.Y.; Svenningsen, P.; Vanhoutte, P.M. Chronic treatment with vitamin D lowers arterial blood
pressure and reduces endothelium-dependent contractions in the aorta of the spontaneously hypertensive rat. Am. J. Physiol.
Heart Circ. Physiol. 2010, 299, H1226–H1234. [CrossRef]

30. Wong, M.S.; Delansorne, R.; Man, R.Y.; Vanhoutte, P.M. Vitamin D derivatives acutely reduce endothelium-dependent contractions
in the aorta of the spontaneously hypertensive rat. Am. J. Physiol. Heart Circ. Physiol. 2008, 295, H289–H296. [CrossRef] [PubMed]

31. Molinari, C.; Uberti, F.; Grossini, E.; Vacca, G.; Carda, S.; Invernizzi, M.; Cisari, C. 1α,25-dihydroxycholecalciferol induces nitric
oxide production in cultured endothelial cells. Cell. Physiol. Biochem. 2011, 27, 661–668. [CrossRef]

32. Sorenson, M.; Grant, W.B. Does vitamin D deficiency contribute to erectile dysfunction? Dermato-Endocrinology 2012, 4, 128–136.
[CrossRef]

33. Farag, Y.M.K.; Guallar, E.; Zhao, D.; Kalyani, R.R.; Blaha, M.J.; Feldman, D.I.; Martin, S.S.; Lutsey, P.L.; Billups, K.L.; Michos,
E.D. Vitamin D deficiency is independently associated with greater prevalence of erectile dysfunction: The National Health and
Nutrition Examination Survey (NHANES) 2001–2004. Atherosclerosis 2016, 252, 61–67. [CrossRef] [PubMed]

34. Talib, R.A.; Khalafalla, K.; Cangüven, Ö. The role of vitamin D supplementation on erectile function. Turk. J. Urol. 2017, 43,
105–111. [CrossRef]

35. Tagliafico, A.S.; Ameri, P.; Bovio, M.; Puntoni, M.; Capaccio, E.; Murialdo, G.; Martinoli, C. Relationship between fatty degen-
eration of thigh muscles and vitamin D status in the elderly: A preliminary MRI study. Am. J. Roentgenol. 2010, 194, 728–734.
[CrossRef] [PubMed]

36. Visser, M.; Deeg, D.J.; Lips, P. Low vitamin D and high parathyroid hormone levels as determinants of loss of muscle strength and
muscle mass (sarcopenia): The Longitudinal Aging Study Amsterdam. J. Clin. Endocrinol. Metab. 2003, 88, 5766–5772. [CrossRef]

37. Campbell, I.T.; Watt, T.; Withers, D.; England, R.; Sukumar, S.; Keegan, M.A.; Faragher, B.; Martin, D.F. Muscle thickness,
measured with ultrasound, may be an indicator of lean tissue wasting in multiple organ failure in the presence of edema. Am. J.
Clin. Nutr. 1995, 62, 533–539. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/diagnostics16030369

https://doi.org/10.15403/jgld-5495
https://www.ncbi.nlm.nih.gov/pubmed/38944869
https://doi.org/10.3348/kjr.2020.1166
https://www.ncbi.nlm.nih.gov/pubmed/33569931
https://doi.org/10.1186/s40644-024-00663-1
https://doi.org/10.3390/children11101205
https://doi.org/10.1148/radiol.213303
https://doi.org/10.21037/qims-24-1586
https://doi.org/10.1007/s11154-017-9424-1
https://doi.org/10.1155/2014/841248
https://doi.org/10.1097/MCO.0b013e328331c707
https://www.ncbi.nlm.nih.gov/pubmed/19770647
https://doi.org/10.1177/1358863X12466709
https://doi.org/10.1016/j.atherosclerosis.2012.12.013
https://doi.org/10.3390/nu15020334
https://www.ncbi.nlm.nih.gov/pubmed/36678205
https://doi.org/10.1161/ATVBAHA.108.165886
https://doi.org/10.1152/ajpheart.00288.2010
https://doi.org/10.1152/ajpheart.00116.2008
https://www.ncbi.nlm.nih.gov/pubmed/18487433
https://doi.org/10.1159/000330075
https://doi.org/10.4161/derm.20361
https://doi.org/10.1016/j.atherosclerosis.2016.07.921
https://www.ncbi.nlm.nih.gov/pubmed/27505344
https://doi.org/10.5152/tud.2017.76032
https://doi.org/10.2214/AJR.09.3130
https://www.ncbi.nlm.nih.gov/pubmed/20173152
https://doi.org/10.1210/jc.2003-030604
https://doi.org/10.1093/ajcn/62.3.533
https://www.ncbi.nlm.nih.gov/pubmed/7661114
https://doi.org/10.3390/diagnostics16030369

	Introduction 
	Materials and Methods 
	Study Design and Participants 
	Ultrasound Examination 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

