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Abstract
Elderly people are prone to accidental falls and one of the main risk factor is considered muscle weakness. Several studies focused on muscle weakness and muscle morphology changes in the elderly that may be associated with vitamin D deficiency. The prevalence of vitamin D deficiency is higher than previously though representing an important issue for public health and prevention. There is an increased interest in vitamin D effects in skeletal muscle and imaging modalities are particularly involved in this field. In patients with vitamin D deficiency, ultrasound, computed tomography, densitometry and magnetic resonance imaging can efficiently describe changes in muscle morphology and size. Moreover, new imaging modalities, such as magnetic resonance imaging spectroscopy, may improve knowledge about the metabolic effects of vitamin D in skeletal muscle. In this narrative review we will discuss the role of skeletal muscle imaging in vitamin D-deficient individuals. The aim of this paper is to improve and encourage the role of radiologists in this field.
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Core tip: Elderly people are prone to accidental falls and many fractures sometimes due to vitamin D deficiency. In this narrative review we will discuss the role of skeletal muscle imaging in vitamin D-deficient individuals. The aim of this paper is to improve and encourage the role of radiologists in this field.
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INTRODUCTION
Elderly people are prone to accidental falls. Many factors are involved in falls risks such as visual impairment, neurological disorders, orthopaedic disabilities, and drug effects. More than 33% of people aged over 65 fall each year and this issue is closely related to muscle weakness[1]. It has been suggested that reduced muscle strength and weakness may be associated with vitamin D deficiency, which is common among elderly people[2]. Vitamin D deficiency in adults primarily affects bone, up to osteomalacia in severe cases, due to the combination of bone mineralization defects and resorption, the latter of which is a result of secondary hyperparathyroidism[3]. Vitamin D deficiency has also been associated with a decline in physical performance and loss of muscle strength and decreased muscle mass. Symptomatic myopathy can occur in osteomalacia, and a more subtle muscular impairment is often present in patients with moderate or mild vitamin D deficiency[4].
Beside the vitamin D skeletal and extraskeletal effects[5], there is an increased interest on vitamin D effects in skeletal muscle. Imaging modalities are particularly involved in this issue. Ultrasound, computed tomography, densitometry and magnetic resonance imaging can assess, with different physical principles the effects of vitamin D deficiency measuring changes in muscle morphology and size. Moreover, new imaging modalities, such as magnetic resonance imaging spectroscopy, may improve knowledge about metabolic effects of vitamin D in skeletal muscle at a microscopical level. In this narrative review we will discuss recent developments in skeletal muscle imaging among elderly people with vitamin D deficiency.

VITAMIN D AND SKELETAL MUSCLE
The role of vitamin D in bone health and mineral homeostasis has been well established. There is growing evidence that vitamin D exerts several effects in skeletal muscle, including enhanced muscle strength, function and performance in general. Cell culture models suggested muscle vitamin D role in calcium handling, proliferation and differentiation, protection against insulin-resistance and arachidonic acid mobilization[6]. Vitamin D probably exerts its effects both indirectly, through calcium and phosphate pathways, and directly via binding of 1,25-dihydroxyvitamin D (1,25D) to the vitamin D receptor (VDR), that seems to be expressed in skeletal muscle cells, even if this topic is still under research[5,6]. 
It has been supposed that the vitamin D relationship with muscle strength may influence the increasing risk of accidental falls in the elderly[6]. Vitamin D deficiency is associated with proximal muscle weakness and reduction in performance speed, probably related to selective muscle atrophy of type II muscle fibers[5,6]. Moreover, proximal muscle weakness in severe vitamin D deficiency may be caused by secondary hyperparathyroidism and consequent hypophosphatemia[5]. It has been reported that proximal myopathy and muscle pain in subjects with severe vitamin D deficiency resolve in most cases with vitamin D supplementation[7]. In addition, a recent systematic review focused on healthy adults reported that higher 25-hydroxyvitamin D (25D) levels may have a positive effect for increasing muscle strength and reducing the incidence of injuries, but further researches are needed to strengthen these hypotheses[8]. It has also been suggested an association between low levels of vitamin D and fibromyalgia, in particular among women, but more researches in this field are still needed [7].
Therefore, vitamin D role in skeletal muscle and its association with muscle weakness and falls are an active area of research supported by clinical, biochemical and imaging parameters. 

SKELETAL MUSCLE IMAGING
Muscle imaging is complex and presents unique anatomical and morphological challenges, which require a continuous integration of dynamic, physiologic, and functional capabilities of modern imaging techniques. The optimal use of US and MR imaging in various muscle disorders, including muscle strains and tears, delayed onset muscle soreness, myositis ossificans, muscle hernia, acute and chronic exertion compartment syndromes, inflammatory and infectious diseases, tumours and non-neoplastic masses is crucial to obtain the best information clinically useful. The value of computed tomography (CT), ultrasound (US), magnetic resonance imaging (MRI) in each muscle disorder has to weighted up to take advantage of strengths and weaknesses of the each technique and to understand the appropriate place of modern imaging in the clinical management of patients with muscle disease[9,10].
It is known that US, MRI, and CT are widely used with different purposes to visualize the normal anatomy of the musculo-skeletal system. However, in recent years, new and technologically advanced imaging techniques have been introduced for both clinical and research purposes to study the muscular anatomy from a physiological and microscopical point of view. For example, elastography has been introduced to assess the elastic properties of tendons and muscles. Using MRI, diffusion tensor imaging (DTI) has been introduced to study the architecture of the skeletal muscle. The DTI technique is based on the measurement of the apparent diffusion of water in a (biological) tissue. It is concluded that DTI fiber directions resemble fascicle directions visible in high-resolution images very well. Indeed, on DTI images it is possible to observe and study specific features of the skeletal muscle such as the pennate insertion on the aponeuroses and the pennation angle[9,10]. DTI has the potential to be introduced in biomechanical research on skeletal muscle function. The imaging evaluation of skeletal muscle is often performed on ultrasound. The use of small-sized probes working in general at high frequencies (frequency band 7–15 MHz) is suitable for very superficial muscles. On the other hand, if a large and deep muscle should be evaluated, for example, at the level of the lower limb it should be better to use low-frequency probes with high penetration of the US-beam (frequency band 3.5–10 MHz). It is important to remember that to depict the normal anatomy of a large wide muscle, such as the biceps femoris and the sartorius, it is possible to use an extended field-of-view which is an option frequently available on the majority of US machines currently available. The advantage of US over MRI is that the muscle may be studied ‘‘in vivo’’ in a relaxed status and during contraction.

STUDYING THE RELATIONSHIP BETWEEN VITAMIN D AND MUSCLES WITH CLINICAL IMAGING 
Changes in muscle morphology in patients with severe vitamin D deficiency have been reported in literature. In the elderly, muscular atrophy with fatty infiltration is associated with vitamin D deficiency. Muscle trophism can be evaluated with clinical imaging modalities. In particular, to study the skeletal muscle with diagnostic imaging several modalities may be used: US, CT, dual-energy X-ray absorptiometry (DEXA) and MRI. The cross-sectional area (CSA) of a muscle is normally used to evaluate muscle size and volume. Moreover, CSA is directly related to muscle strength[11]. MRI and CT can both assess CSA and muscle composition with different physical principles. US has a limited field-of-view: this limitation hampers direct measurement of CSA of large muscles due to insufficient visualization of the whole muscle bulk[11]. US, MRI and CT can assess the presence of higher skeletal fat content than in normal muscles. Fatty replacement may present as a focal process or as a diffuse change involving one group of muscle of the entire skeletal muscle, as largely demonstrated for dystrophic muscle diseases[12]. Table 1 shows the prevalence of selective complete fatty degeneration and atrophy of the thigh muscles as recorded in our clinical practice and as demonstrated in literature[4]. This review has been focused on vitamin D deficiency and skeletal muscle, and it will not discuss the huge literature about skeletal muscle diseases.
We will discuss the role of each modality in assessing skeletal muscle in vitamin D-deficient patient. Research studies in literature frequently refers to skeletal muscle and sarcopenia, a syndrome with loss of skeletal muscle mass and strength that occurs in the elderly[13]. In severe vitamin D deficient patients imaging of skeletal muscle may overlap with that of sarcopenia.

Ultrasound
Using US it has been shown that quantitative muscle ultrasound is a potential alternative for assessment of disease severity and progression in several muscular diseases. The main findings in muscular diseases are increased echo intensity, reflecting increased infiltration of fat or fibrous tissue in muscles, and decreased muscle thickness, indicative of atrophy. Additional advantages of US are high discriminating ability, low cost, fast execution, and non-x-ray dependent nature. Structural abnormalities quantified with ultrasound may reflect muscle function or strength[14-16]. Moreover, US has been proposed as a reliable method for monitoring the extent of sarcopenia measuring muscle thickness, especially of musculus vastus medialis and musculus intermedius[11]. 
However, muscular ultrasound has been shown to have several disadvantages regarding the reliability of the results in terms of intra- and inter- observer agreement (Tagliafico et al[9], personal communication).
Ultrasound elastography assesses tissue stiffness before and after compression[17]. Until now, there are limited data about the use of elastography to assess normal and pathologic skeletal muscle. However, it is likely that fatty infiltration of a muscle determines global reduce stiffness, as suggested in studies on inflammatory myositis[17]. 
There are no significant radiological studies about US assessment of skeletal muscle in individuals with vitamin D deficiency. We encourage research studies using US because this modality has the advantage of being available even at bedside, cheap and easily repeatable. 

Computed tomography and densitometry (DEXA) 
Regarding CT it has been shown that radiological measures of bone health measured with quantitative CT were not affected by persisting low vitamin D levels[18]. Non-enhanced CT scan of the pelvis demonstrated that the fat content varied among the hip muscles, with an antero-posterior gradient from the hip flexors to the hip extensors. This gradient increased after fifty years of age. Higher fat content was associated with poorer performance on physical tests, even after adjustment for the CSA of the muscle. Figure 1 shows cross-sectional TC of thigh muscles in a patient with vitamin D deficiency. Higher fat content was also associated with greater age, higher body-mass index, and lower physical activity[19]. This data has been supported by the data on muscle of the thigh and Vitamin D deficiency[4]. Using very sophisticated and new techniques it has been found that the characteristic increase in osteoid-covered surfaces in vitamin D–deficient bone hampers remodelling of the remaining mineralized bone tissue. Using spatially resolved synchrotron bone mineral density distribution analyses and spectroscopic techniques, the bone tissue within the osteoid frame has a higher mineral content with mature collagen and mineral constituents, which are characteristic of aged tissue[20]. A recent cross-sectional study demonstrated a positive correlation between 1,25D levels and total skeletal muscle mass as measured on DEXA among subjects younger than 65 years[21]. This was supported by greater isometric knee extension moment in women with higher 1,25D levels. However, no association was found between 25D levels and muscle mass or strength or in those over 65 years of age. Among 26 subjects with chronic kidney disease, thigh muscle cross-sectional area on MRI correlated significantly with a model including 1,25D levels, calcium levels, and daily physical activity. Functional parameters assessing gait and proximal musculature also independently correlated with 1,25D[7,21].

MRI
By our group it has been shown that fatty degeneration of thigh muscles detected on MRI was associated with vitamin D deficiency and impaired balance and gait. Selective complete fatty degeneration of single muscles was observed[4]. These data are also supported by previous studies on muscle biopsy specimens[4]. 
Fatty replacement and atrophy can be evaluated with MRI using a scoring system from 0 to 3 (grade 0 = normal appearance; grade 3 = severe changes)[4]. For illustration, Figure 2 shows MRI of two different grade of fatty atrophy involving thigh muscle in patients with vitamin D deficiency. The hypothesis that arose was that atrophy of skeletal muscle fibers and their replacement by fat tissue are the anatomic basis for the impairment in muscular performance described in older vitamin D–deficient people[4]. It may supposed that fatty substitution related to vitamin D deficiency may be the result of the lack of the known trophic effects of vitamin D on skeletal muscle cells[4]. If the thigh muscles are affected, the lack of enough muscular bulk may hamper balance and gait. Clinical scores were concordant with this observation. Concerning technical MRI protocols we suppose that a standard, patient-friendly protocol, including T1 and T2 weighted sequences may be sufficient for the follow-up of elderly people with potential vitamin D deficiency. In another study of 366 older patients receiving magnetic resonance imaging (MRI) of one shoulder for the investigation of potential rotator cuff injury, a correlation between higher fatty infiltration of rotator cuff muscles and lower serum levels of 25D was reported[22]. After multivariate linear regression analysis, this association remained statistically significant in two muscle groups (i.e., supraspinatus and infraspinatus muscles) but only among those whose MRI also demonstrated a full-thickness rotator cuff tear (228 patients).
Conventional MRI shows distribution pattern of fatty degeneration and it can be used for disease monitoring after treatment. Moreover, MRI allows standardize image protocols that can be useful to engage diagnostic or monitoring multi-centric trials. 
New MRI sequences such as diffusion, perfusion and spectroscopy may improve the role of MRI in muscular evaluation of vitamin D role. In particular, spectroscopy (MRS) may provide metabolic information on the musculoskeletal system. Phosphorus-31 magnetic resonance spectroscopy (31P-MRS) is a noninvasive technique that allows observation of mithocondrial function and oxidative phosphorylation in vivo. Based on the hypothesis that a suboptimal mitochondrial function may lead to myopathy in vitamin D-defiecient subjects, a recent study used 31P-MRS to observe that cholecalciferol therapy in vitamin D-deficient subjects improved both mitochondrial oxidative function and symptoms of myopathy and fatigue[23]; this result represented a direct sign of a link between vitamin D and mithocondria in skeletal muscle. Therefore, MRS lead to improve knowledge about vitamin D effects on skeletal muscle. 

CONCLUSION
Many studies examined the specific effects of vitamin D on muscle function and physical performance. However, a very important review stated that comparing these studies is made very difficult by the variety of outcome measures used to assess muscle function[7]. We believe that including the role of diagnostic imaging to study the anatomy of skeletal muscle and not only its function may add new insights into vitamin D and muscle relationships. It has been suggested an association between vitamin D deficiency and structural muscle changes such as atrophy and fatty infiltration, both of which can be detected with cross-sectional imaging[12]. However, there are several confounders as, for example, disuse, drug use and denervation. Moreover, skeletal muscle is a highly metabolic tissue that respond not only to vitamin D effects, but to a variety of hormones and factors including, but not limited to, IL-6, brain-derived neurotrophic factor, insulin, glucocorticoidis, thyroid hormones[7]. Each factor and hormone contributes and influences muscle differentiation, metabolism and function, through well known and emerging mechanisms[7]. In addition, one of the main topic is that imaging modalities can’t yet differ between extracellular fat and intracellular fat, of important pathophysiological significance[7]. 
On the other hand, imaging modalities permit to monitor muscle changes in size and tissue architecture. Moreover, new imaging modalities such as MRS may improve the knowledge about the direct effects of vitamin D on skeletal muscle.
In conclusion, we believe that the use of diagnostic imaging should be strongly encouraged to have radiological outcomes added to clinical and biochemical outcomes. Additional studies are needed to determine the exact role of imaging in the care of patients with vitamin D deficiency. 
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Figure 1 Cross-sectional computed tomography at the level of the middle thigh showing fatty degeneration and atrophy of skeletal muscles in a vitamin D-deficient patient.
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Figure 2 Magnetic resonance imaging of two different grades of fatty degeneration and atrophy involving thigh muscle in patients with vitamin D deficiency. A: Grade 1 (less than 30% of the volume of muscles involved); B: Grade 2 (30%-60% of the volume of muscles compromised).
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Table 1 Percentage of selective atrophy of thigh muscle in patients with vitamin D deficiency: Our clinical records
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Note that the Gracilis muscle and the Sartorius muscle are spared.  
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