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Abstract

:

Background: This study aimed to investigate the association between body composition (BC) specific parameters such as fat mass (FM) and lean body mass (LBM) and bone quality in obese and non-obese young Slovak adults (18–30 years) using bioelectrical impedance analysis and quantitative ultrasound while considering the factors of sex and obesity status; Methods: BC was evaluated using bioelectrical impedance analysis (InBody 770) and bone quality by the speed of sound (SOS) in radius using QUS (Sunlight MiniOmni) in 774 young Slovak young adults aged 18–30 years, categorized by sex and obesity status (body fat %, PBF, ≥28% for men and ≥20% for women); Results: In non-obese individuals, radial SOS correlated positively with FM parameters. Significant positive correlations with LBM, including skeletal muscle mass (SMM), were observed in non-obese men but not in women. Conversely, SOS correlated negatively with FM parameters in obese individuals, significantly only in women. The correlation of SOS with LBM in obese individuals was insignificant in both sexes. Age, visceral FM, FM in the arm, and vitamin D intake were identified as the main predictors of radial SOS in young adults, except in obese men. Conclusions: Findings indicate FM benefits bone tissue in non-obese individuals, while excessive adiposity deteriorates bone quality in obese individuals, necessitating tailored evaluations and interventions based on sex, obesity status, and specific predictors.
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1. Introduction


Maintaining the integrity of bone tissue is critical to its function and adaptability, particularly during skeletal growth. Behaviors associated with osteoporosis, such as physical inactivity and poor nutrition during childhood, adolescence, and young adulthood, can reduce peak bone mass and increase the risk of osteoporosis later in life [1]. A decrease in bone quantity, particularly bone mass and bone mineral density (BMD), increases the susceptibility of bones to deformity and fragility [2]. Over the last three decades, research has shown that bone quantity alone does not increase fracture rates [3,4]. Therefore, there is an increased interest in the factors that influence bone quality, including composition, structure, microdamage mechanisms, and remodeling processes. Clinical evaluation of bone fragility and fracture risk typically relies on the measurement of bone mineral density (BMD) using dual-energy X-ray absorptiometry (DXA). However, recent research indicates that DXA-derived BMD correlates poorly with fracture resistance in adults and children [3]. Multisite quantitative ultrasound (mQUS), a non-invasive diagnostic tool that measures the speed of sound (SOS) in the bone, is an alternative method for assessing bone health and predicting fracture strength. This technique has evolved significantly and offers advantages over DXA, such as affordability, portability, and the ability to target specific anatomical sites without ionizing radiation. Research suggests that mQUS can detect aspects of bone quality not captured by DXA, reflecting both bone density and qualitative properties, including elasticity and trabecular microarchitecture [5,6,7]. Therefore, mQUS can potentially assess bone health and integrity [6]. In particular, radius QUS is considered a reliable method in primary healthcare settings to assess fracture risk and to perform osteoporosis pre-screening [8,9,10]. The mQUS showed promise in predicting fractures in the radius of 10 to 12-year-olds, indicating its potential as a screening tool for bone fragility. Although it is not consistent with the whole body without head (WBLH) BMD measurements from the DXA [11], it remains a valuable resource. A recent meta-analysis by Fu et al. [12] confirmed these findings and showed an association between measured SOS and the risk of hip fractures, particularly in women.



Bone mass is influenced by many factors, with two main body components being the most important determinants: fat mass (FM) and lean body mass (LBM). LBM, which represents the total body weight excluding fat, is crucial for bone health [13,14]. Skeletal muscle, which makes up a large portion of the LBM, functions as an endocrine organ that secretes muscle factors, such as insulin-like growth factor 1, fibroblast growth factor 2, and brain-derived neurotrophic factor. These substances influence bone metabolism through interactions with osteoblasts and osteoclasts [15,16]. Although a recent systematic review and meta-analysis demonstrated a positive association between LBM and BMD [17], the impact on bone quality as defined by the SOS parameter remains unanswered.



Furthermore, the conclusions regarding the relationship between FM and bone tissue properties are still not clear. Mosca et al. [18] observed that high amounts of FM had a negative effect on bone mass, while Dolan et al. [19], who stratified the samples by age, found this negative effect only in individuals under 25 years of age. In contrast, the effect was positive in older people. This finding was also confirmed by Deng [17], who pointed out that body fat (%) appears to have a negative effect on bone formation in children and adolescents. In addition, a longitudinal study of adolescents aged 11–19 years found a negative effect of FM on cortical bone strength in boys [20]. Recent evidence suggests that FM may affect bone health through inflammation, oxidative stress, and the shared origin of adipocytes and osteoblasts from mesenchymal stem cell progenitors [21]. Other studies have also suggested that it is important to consider body fat distribution when assessing the effects of FM on bone mass, as subcutaneous and visceral fat in the abdominal region may have different effects on bone tissue [22,23].



Furthermore, it can be assumed that not only age category and sex are important determinants of the relationship between bone mass and body composition (BC) parameters, but that obesity also plays an important role. In a cohort of non-obese postmenopausal women over 60 years of age from China, total FM was positively associated with BMD, with an increase in BMD observed with increasing FM [24]. When analyzing obese and non-obese subgroups in the study by Kim et al. [25], the positive correlation between FM and BMD disappeared in obese adults. In addition, FM and BMD showed a negative correlation in premenopausal obese women. The authors concluded that FM is not beneficial in obese individuals and may even be detrimental to bone health. Later, Mosca et al. [18] pointed out that the higher the PBF, the lower the BMD in male adolescents with obesity. From this, the study concluded that the decrease in bone mass in overweight, obese, and extremely obese adolescents was influenced by an increase in PBF. We therefore suggest that these different results emphasize the importance of assessing bone quality and bone tissue properties differently in obese and non-obese individuals, depending on the level of FM.



There is evidence of a correlation between the amount of bone measured by DXA BMD and BC parameters. However, current research rarely focuses on investigating the effect of BC on bone tissue properties measured by mQUS SOS in young adults, so clear conclusions in this area are lacking. Current data only suggest a lower tibial SOS in female adolescents with higher adiposity [26]. Furthermore, there are currently no studies investigating the differential effects of BC on bone quality measured by SOS, specifically in obese and non-obese young adults. However, existing literature [27] suggests that there may be different associations between bone tissue and BC in adolescents with FM within and above normal limits. Therefore, this study aimed to explore the relationships between SOS (bone tissue parameter from the transaxial mQUS) and specific bioelectrical impedance analysis (BIA) parameters (e.g., FM and LBM), taking into account sex and obesity status. Adjustments for osteoporosis-related behavioral and lifestyle factors were also included in the regression analyses.




2. Materials and Methods


2.1. Participants


The study examined 994 Slovak young adults aged 18 to 30 years, with an average age of 21.61 ± 2.32 years. A non-random selection was made for the study from 2019 to 2023, and the participants volunteered for the examinations at the Biomedical Laboratory, Department of Anthropology, Comenius University, Bratislava, Slovakia. Participants’ data (name, date of birth, and sex) were collected, and each participant was assigned an ID number to ensure anonymity. Written informed consent was obtained in accordance with the guidelines of the Declaration of Helsinki, and the study was approved by the Ethics Committee of the Faculty of Natural Sciences, Faculty of Comenius University (approval number ECH19021). Exclusion criteria included chronic or acute diseases affecting bone tissue and osteoporosis (n = 157), such as thyroiditis, Crohn’s disease, liver problems, type 1 diabetes, eating disorders, epilepsy, cancer, celiac disease, and treatments affecting the bone tissue. The final sample of 774 people was, on average, 21.60 ± 2.32 years old, including 504 women (mean age 21.26 ± 2.19) and 270 men (mean age 22.23 ± 2.41) (Figure 1).




2.2. Questionnaire


A standardized and validated questionnaire (modified WHO expert questionnaire from 2014—STEPwise approach to surveillance—instrument version 3.2 [28] in Slovak language) was used to collect baseline characteristics and sociodemographic information; the data collected were subjective in nature, as they were based on the perceptions, memories and judgments of the participants. Lifestyle variables were collected by self-report and personal interview. Data on smoking status, alcohol drinking, coffee consumption, sweetened beverage consumption, physical activity, calcium, and vitamin D intake were all collected by a “yes” or “no” question. To obtain more in-depth information on smoking, alcohol consumption, coffee drinking, and sweetened beverage consumption, a question on the frequency of consumption was asked with seven response categories: daily, 5–6 days per week, 3–4 days per week, 1–2 days per week, 1–3 days per month, less than once a month, and never. For further analysis, three categories of physical activity were defined based on the World Health Organization minimum activity guidelines for adults aged 18–64. Tier 0 includes individuals who do not meet the minimum guidelines, engage in less than 300 min per week of moderate activity or 150 min per week of vigorous activity, and only occasionally participate in activities, such as walking to work. Tier 1 includes individuals who engage in 150–300 min of moderate or 75–150 min of vigorous activity per week or more than 300 min of moderate or 150 min of vigorous activity per week, but only one to two times a week. Tier 2 included individuals who regularly engaged in more than 300 min of moderate or 150 min of vigorous activity per week and training approximately three times weekly [29]. The questions on physical activity were included in Step 1 of the STEPS Instrument, which distinguishes between moderate and vigorous activity.




2.3. Body Composition Analysis


The InBody 770 analyzer uses segmental multi-frequency bioelectrical impedance analysis to measure body composition by sending low-level electrical currents through the body and assessing the resistance in various tissues. It measures LBM and FM for total body, trunk, and arm both in percentage and kilograms, FFMI, FMI, phase angle, visceral FM in squared cm, PBF in percentage, as well as total body BCM, SMM, and FFM in kilograms in both sexes (Biospace Co., Seoul, Republic of Korea) as shown in validation studies with DXA, where a 98% correlation between the two techniques was achieved [30]. To obtain reliable results, the measurements were performed under controlled conditions. Participants rested in the morning without being physically active in the eight hours before the measurement, did not consume any significant amount of water or food in the three hours before the examination, stood barefoot on the pedal plate electrode, and held the hand electrode at a 15° angle to avoid contact between the arm and torso. The InBody 770 integrated scale measured the body weight to the nearest 0.1 kg.



The study sample was categorized by sex and obesity status (PBF ≥ 28 for women; PBF ≥ 20 for men) using the cutoff points provided by the InBody 770 analyzer in the data output. We used the PBF to define obesity instead of the traditional BMI. The PBF provides a more accurate assessment of obesity than BMI, which cannot distinguish between SMM and FM, potentially categorizing muscular individuals as overweight or obese and individuals with low muscle mass as healthy [31].




2.4. Anthropometric Analyses


Trained anthropologists have measured anthropometric data using internationally validated techniques [32]. Height was measured with a Sieber and Hegner anthropometer with an accuracy of 0.5 cm, with participants standing upright, feet together and barefoot. Hip and waist circumferences were measured with a tape measure (Seca, Hamburg, Germany). The participants stood upright with a relaxed abdomen, feet together, and arms crossed in front of their chest. The operator, standing in front of the proband, applied the tape measure to the narrowest part of the abdomen, taking care not to compress the tissue, and measured by standing on the proband’s right side. The measurements were taken at the end of normal exhalation. During the hip measurement, the subject also stood with arms crossed over the chest and feet together. The operator stood on the right side of the proband and placed a measuring tape on the maximum circumference of the buttocks. Body mass index (BMI) was calculated by dividing body weight in kilograms by the square of height in meters. The waist-to-hip ratio (WHR) was calculated by dividing the waist circumference by the hip circumference.




2.5. Radius Quantitative Ultrasound


Bone quality was assessed by quantitative ultrasonography (QUS) with a Sunlight MiniOmni device (BeamMed, Inc., Plantation, FL, USA). The hand-held probe probed the optimal measurement point in the distal third of the left radius (non-dominant), and three repeated measurements were performed to ensure accuracy. The device measured the speed of sound (SOS) through the radius, with higher SOS values indicating increased bone density and providing information on cortical thickness, microstructure, and elasticity of the bone. QUS is a nonionizing technology that measures the time between the transmission and reception of ultrasound pulses as they move beneath the bone surface. The probe head contains the transmitting and receiving crystals, which are positioned at a precise distance from each other. For cross-bone measurements, this distance is adjusted based on the thickness of the site. The transmitted pulse passes through soft tissue and enters the bone at a critical angle. This is defined by Snell’s laws, which dictate the wave refraction at the interface between soft tissue and bone. With this method, the influence of the tissue on the bone measurements is completely eliminated. This has been confirmed by tests with horses, in which the differences between the bone measurements with and without tissue were minimal. This results in highly precise and repeatable measurements, making the method ideal for monitoring disease progression and an effective screening tool.




2.6. Statistical Analysis


Statistical analyses were performed using Jamovi (version 2.3) and SPSS (version 20) for Windows, with a p-value < 0.05 considered statistically significant. Descriptive statistics and assessment of normality using the Kolmogorov–Smirnov test were performed for the study sample categorized by sex and obesity status. The means and standard deviations were calculated for continuous variables (age, SOS, BC, and anthropometric data) and percentages for categorical variables (behavioral and lifestyle data). Differences in categorical variables between non-obese and obese individuals were tested using Pearson’s chi-square test in contingency tables for both sexes. Statistical comparisons between the obese and non-obese groups in normally distributed continuous data were analyzed using the independent Sample T-test, whereas non-normally distributed continuous data were assessed using the Mann–Whitney U test in both sexes. Based on the normality assessment, Spearman or Pearson’s correlation was used to analyze the correlation between continuous variables. Forward linear regression analyses were used to examine the association between SOS and the following independent variables: age, smoking, alcohol and sweetened beverage consumption, coffee consumption, Ca and vitamin D intake, physical activity, BMI, PBF, FM (%) in the arm and trunk, and visceral FM. Only predictors with a p-value of less than 0.05 were associated with the SOS parameter.





3. Results


The baseline characteristics of the entire sample are shown in Table 1, which was initially divided into men and women and then into obese and non-obese groups, which was pre-planned given the literature on the topic. It encompasses the age, SOS bone parameter, anthropometric, and BC parameters. A statistically significant differences between obese and non-obese men were observed in the following anthropometric and BC variables: weight (kg), BMI, WHR, PBF, FM (kg), FM in the arm and trunk (kg, %), visceral FM (cm2), LBM in the arm and trunk (%) and phase angle (with a p-value of less than 0.001 for all parameters). Similar results were also found when comparing obese and non-obese women for the following variables: age, weight, BMI and WHR, PBF (p < 0.001; %), FM, FM in the arm and trunk, visceral F, FFM (p = 0.009; kg), FFMI, LBM (p < 0.001; kg), LBM in the arm, LBM in the trunk, SMM (p < 0.001; kg) and BCM. SOS averaged 4034 ± 113.98 m/s in non-obese men and 4024.7 ± 107.64 m/s in obese men (p = 0.550), whereas SOS values averaged 4071.3 ± 106.53 m/s in non-obese women and 4073.3 ± 102.76 m/s in obese women.



The analysis of the frequency of smokers, consumers of coffee, alcohol, and sweetened beverages, users of vitamin D and Ca supplements, and physically active individuals in obese and non-obese groups in both sexes is documented in Table 2. A statistically significant result was only observed for the lifestyle parameter, physical activity, in the male group, while, as expected, there were more regular exercisers (tier 1 and 2) in the non-obese group (54% vs. 26%). Among women, statistically significantly more smokers (28% vs. 16%) and less vitamin D and Ca consumers (24% vs. 34%, 8% vs. 16%, respectively) were analyzed in the obese women group. Finally, significantly more women in the non-obese group performed regular physical activity (tier 2) compared to the obese group (26% vs. 16%).



The correlation analysis documented in Figure 2 revealed a significant positive correlation between SOS and the following parameters in non-obese men: LBM (kg; r = 0.15, p = 0.043), LBM in the trunk, FFM (r = 0.18, p = 0.015; kg), SMM (r = 0.17, p = 0.017; kg), BCM, BMI, FM (r = 0.19, p = 0.007; kg), FM in the trunk, FM in the arm (r = 0.15, p = 0.038; kg; r = 0.14, p = 0.048; %), visceral FM (r = 0.24, p < 0.001; cm2), FMI, body weight and height; this indicates that higher values of the above body composition variables are associated with better bone tissue quality. However, no significant correlation was observed between SOS and BC parameters in obese men. Nevertheless, it is worth noting that, with the exception of LBM % at the trunk, LBM % at the arm, FFMI, SMM (kg), BCM (kg), phase angle (°) and weight (kg), the correlation coefficient was negative in obese men; this means that lower values of these body composition parameters are associated with higher SOS values and thus better bone quality; specifically, the correlation between SOS and BMI (r = −0.05; kg/m2), WHR (r = −0.15), FM (r = −0.05; kg), FM in the trunk(r = −0.05; % and kg), FM in the arm (r = −0.05; kg; r = −0.06; %), PBF (r = −0.06; %), FMI (r = −0.03), FFM (r = −0.03; kg) and visceral FM (r = −0.07; cm2).



Similarly, in non-obese women, significant positive correlations were observed between SOS and FM in the trunk, arm (r = 0.12, p = 0.032; %), PBF (r = 0.13, p = 0.023; %), and FMI, suggesting that higher values of FM-associated parameters were found in women with higher SOS. The only significant negative correlation found was with height (r = −0.12, p = 0.038; cm); thus, individuals with a higher height had a lower SOS. In contrast, a significant negative correlation was observed between SOS and BC parameters in obese women, particularly FM (r = −0.16, p = 0.025; kg), FM in the trunk, FM in the arm (r = −0.16, p = 0.023; %; r = −0.15, p = 0.032; kg), FMI, visceral FM (r = −0.15, p = 0.028; cm2) and between SOS and anthropometric parameters such as weight and BMI (r = −0.16, p = 0.025; kg/m2); indicating lower bone quality in those with higher values of FM-associated parameters (Figure 3).



Linear regression analysis revealed significant predictors of SOS (m/s), adjusted for age and behavioral and lifestyle factors, in non-obese men, non-obese women, and obese women but not in obese men (Table 3). The Durbin–Watson test revealed no autocorrelation. Among non-obese men, age (p = 0.001; B = 11.613) and visceral FM (p = 0.003; B = 1.546; cm2) were significant predictors of SOS (m/s). The R2 value in the regression model with SOS (m/s) as the dependent variable was 0.110, emphasizing that the independent variables explained 11% of the variability in SOS (m/s) and confirmed the effects of age (y) and visceral FM (cm2). In obese men, none of the independent variables we selected—age, percentage of FM in the arm, vitamin D intake, and visceral FM—were significant predictors of SOS. In non-obese women, age (p < 0.001; B = 16.634), percentage of FM in the arm (p = 0.038; B = 0.637), and vitamin D intake (p = 0.043; B = 26.057) were significant predictors. The R2 value in the regression model with SOS (m/s) as the dependent variable was 0.156. The results indicated that the independent variables were responsible for 15.6% of the variation in SOS (m/s) and confirmed the impact of age, percentage of fat in the arms, and vitamin D consumption on SOS (m/s). Finally, in obese women, only age (p < 0.001; B = 13.463) and visceral FM (p = 0.014; B = −0.406; cm2) were significant predictors. The R2 value of the regression model, with SOS (m/s) as the dependent variable, was 0.105. Thus, the independent variable accounted for 10.5% of the variation in SOS (m/s) and corroborated the effect of age (y) and visceral FM (cm2). Notably, the B coefficient for visceral FM was positive in non-obese men, whereas it was negative in obese women, suggesting an inverse relationship in this group. However, other factors, including smoking status, alcohol consumption, coffee drinking, sweetened beverage consumption, physical activity, calcium intake, BMI, PBF, and FM, were not significant predictors in any category. These results emphasize the different effects of age and FM distribution on bone tissue quality in the different groups according to sex and obesity status.




4. Discussion


4.1. Fat Mass and Bone Tissue


The relationship between FM and bone health in the context of obesity is complex and multifaceted. In particular, visceral FM has been associated with lower BMD and higher fracture risk, which may be due to factors such as systemic inflammation and changes in bone-regulating hormone levels [21,33]. In detail, the negative effect of high visceral FM on bone tissue is likely due to its association with increased inflammatory cytokines, which alter bone metabolism, and its influence on circulating levels of specific adipokines such as E-selectin and adiponectin, which may mediate the negative relationship between visceral FM and BMD [34,35]. In addition, Wang et al. [36] discovered that visceral FM was related to decreased BMD in 320 Chinese women aged 19–86 years, supporting our results regarding the SOS parameter. According to a community-based study of 4865 men and women aged 45–70 years, higher visceral FM was associated with lower BMD, even in women with normal BMI (≤24.9 kg/cm2), suggesting that non-obese individuals are also affected by the negative effects of visceral FM on bone health [37], which is not consistent with our findings. Considering that our results showed an interesting trend of higher SOS with a higher amount of visceral fat in the non-obese.



The available literature provides mixed results. Some studies show an association between obesity and increased bone mineral density, suggesting that the effect of excess body fat on bone health may be site-specific and influenced by mechanical loading [33,38]. On the other hand, several previous studies have conversely shown that excessive accumulation of adipose tissue, particularly visceral fat, may negatively affect bones through inflammation, oxidative stress, and altered endocrine function [39,40].



Thus, the above data highlight the importance of controlling fat distribution to optimize bone tissue quality, particularly in obese individuals, and suggest that interventions should focus on reducing excess FM while considering the potential benefits of moderate fat content. The relationship between total FM and BMD varies across demographic categories, including age, ethnicity, and bone sites. In adults, the impact of FM on BMD appears to exhibit sex-specific differences [41]. In postmenopausal women, a positive correlation was observed between FM and BMD at various bone sites, including the spine, femur, and total body. This finding suggests that higher FM may be associated with higher BMD [42]. However, in older men, higher total adiposity correlates with lower cortical BMD, whereas a higher percentage of subcutaneous adipose tissue is associated with higher cortical and trabecular BMD [43].



Contrary to these findings, Yao et al. [44] showed that total body fat was positively associated with BMD in younger girls but inversely associated with BMD in older boys, with abdominal adiposity being associated with lower BMD in both older boys and girls. Yerges-Armstrong et al. [43] reported that different fat deposits may have different associations with bone mass, with total adiposity correlating with lower cortical BMD, while a higher percentage of subcutaneous adipose tissue is associated with higher cortical and trabecular BMD. Interestingly, Douchi [45] found that upper-body fat distribution rather than total adiposity was associated with lumbar spine BMD in premenopausal women, which may suggest a similar effect in non-obese young adults. In contrast, Hage et al. [46] found that trunk fat mass had no effect on BMD of the non-dominant arm in adolescent girls, which may indicate a different relationship between non-weight-bearing sites and weight-bearing sites, such as the hip.



In addition, a study of postmenopausal women in Malaysia found that total adiposity was inversely associated with total BMD. However, regional associations varied, and no differences were found between Malay, Chinese, and Indian ethnicities [47]. The lack of ethnic differences in the association between adiposity and BMD in a multi-ethnic cohort [47] suggests that this relationship may be consistent across different populations.



To summarise, obesity is thought to protect against osteoporosis. However, recent research has shown the detrimental effects of excessive visceral FM on bone tissue. This is supported by studies showing a negative correlation between visceral FM and BMD, regardless of total FM [35,48]. The exact mechanisms by which visceral adiposity affects bone health are not yet fully understood. Further research is needed to understand the interaction between adipose tissue and bone quality, particularly in the context of an increasingly obese population [21].




4.2. Fat-Free Mass and Bone Tissue


In the four groups studied (obese and non-obese women and men), a significant positive correlation between SOS in the radius and LBM parameters was observed only in non-obese men, emphasizing the positive effect of lean mass on bone quality. In particular, total LBM, LBM in the trunk, SMM, and BCM were all positively correlated with SOS, supporting the notion that lean mass contributes to bone tissue quality in non-obese men. In contrast, radial SOS was negatively correlated with LBM in obese men, suggesting that SOS tends to decrease with higher LBM; however, the correlation was not significant. However, the differential effect of LBM on bone tissue between obese and non-obese men suggests that lean mass favors bone quality more in the absence of high-fat mass. Furthermore, the correlation of SOS with most LBM-associated parameters in women was insignificantly negative in both the obese and non-obese groups.



Our results in men are consistent with those of previous studies that showed a positive association between LBM and bone tissue characteristics. For example, LBM significantly predicted SOS in young Chinese adults [49]. The existence of an interaction between bone and muscle was also evidenced by the bone loss due to SMM decline investigated in the study by Chen et al. [50], who found that the reduction of bone mass in the limbs of older adults was positively associated with loss of skeletal muscle. In addition, the study reported that individuals with a low skeletal muscle mass index (SMI) had a higher prevalence of osteoporosis and lower bone mass at various sites than the control group. Interestingly, Chen et al. [50] focused on the correlation between bone mass and SMM in older adults, while Taniguchi et al. [51] also supported the notion of an association between osteoporosis and SMM loss, particularly in community-dwelling older women. However, Taniguchi et al. [51] found no significant association between osteoporosis and muscle strength, suggesting that the loss of muscle mass rather than muscle strength may be more closely related to bone density. Boot et al. [52] reported that peak BMD and peak LBM are reached in late adolescence to early adulthood, with a significant association between BMD and fracture risk, suggesting that LBM may play a role in bone strength. Patalong-Wójcik et al. [53] also found a significant association between muscle strength, which is closely related to LBM, and bone mineralization in young adult women. Finally, Zhu et al. [54] showed that handgrip strength, which is an indicator of muscle mass, is strongly correlated with LBM and moderately correlated with BMD. However, it is important to note that although these studies show a positive correlation, the relationship between LBM and bone tissue characteristics may be complex and influenced by various factors such as age, sex, and health status. For example, Li et al. [16] pointed out that the diabetic subgroup did not show the same robust association as other subgroups, and Arden and Spector [55] suggested that the genetic component of BMD is not significantly reduced after adjustment for lean mass and muscle strength, suggesting that other genetic factors may also play a role in determining BMD.



Literature indicates that LBM positively influences bone density and strength through endocrine interactions between muscle and bone, muscle contraction, and physical activity, including specific exercise regimens, which are closely related to mechanical bone stress [56,57,58]. Mechanical loading has recently been considered as the main factor influencing bone strength, as the muscles associated with bones produce small levers that require significant pressure to generate torque. The mechanical loading from these forces stresses the bones [59,60]. Moreover, muscle strength, which is closely related to LBM, has been found to be directly related to BMD, suggesting that the interaction between muscle and bone is mediated by both mechanical and endocrine pathways [57]. Recent studies have proposed the bone-muscle unit hypothesis, according to which skeletal muscle influences bone formation and density through mechanical loading, which primarily promotes osteocyte signaling pathways [61,62]. These pathways involve both cellular and molecular activities, including the production of circulating components such as osteocalcin, the hormone produced exclusively by mature osteoblasts and osteocytes, which plays a role in bone calcification [63]. Additionally, the relationship between muscle strength and BMD appears to be influenced by sex and age, with variations observed in response to hormonal treatments in transgender individuals [64] and in the context of age-related hormonal changes [65]. The results of these studies demonstrate a positive association between lean body mass and bone tissue characteristics, particularly BMD. This relationship is observed in different populations and suggests that LBM is an important determinant of bone health. However, the complexity of the relationship requires further investigation to fully understand the underlying mechanisms and the influence of other factors.




4.3. Study Limitations


The main limitation of this study was its cross-sectional design, which prevented causal inference. The demographic composition of the participants may affect the generalizability of the results, although this is also an advantage, as the majority of participants were young and healthy, minimizing the influence of confounding factors such as comorbidities or menopause in women, which could affect the quantity and quality of bone tissue in older individuals. Self-reported environmental factors, such as physical activity, alcohol consumption, calcium intake, and vitamin D, are subjective and may not be adequately accounted for. This study also lacked comprehensive dietary data, detailed information on dietary supplementation, and blood levels of calcium and vitamin D, which could shed light on whether the observed associations were mediated by diet quality and specific nutrients. In addition, the sample size, particularly among men, was a limitation. However, further studies are required to confirm these findings. Finally, measuring BMD, FM, and LBM at a single time point could not account for long-term changes; therefore, a longitudinal study is required to better understand these interactions over time.





5. Conclusions


Our study indicates that in non-obese individuals, higher levels of FM are associated with better bone tissue quality, as shown by the positive correlations between FM and SOS. Conversely, in obese individuals, particularly in obese women, excessive adiposity has a negative effect on bone quality, as evidenced by significant negative correlations between FM and SOS. This suggests that the influence of FM on bone quality varies greatly depending on the level of adiposity. Furthermore, our results emphasize the positive role of LBM in improving bone health in men, especially in non-obese men, in whom LBM, SMM, and BCM correlated positively with SOS. However, these positive effects were not found in obese men, where no significant correlations between LBM and SOS were observed. Regression analysis revealed that age and visceral FM were significant predictors of SOS in both non-obese men and obese women, albeit with opposite effects, with visceral FM positively predicting SOS in non-obese men but negatively predicting SOS in obese women. In non-obese women, the percentage of FM in the arm and vitamin D intake were also found to be significant predictors of SOS, emphasizing the need for sex- and obesity-specific interventions to maintain or improve bone quality. These findings underscore the importance of tailored approaches to assess and improve bone tissue quality, particularly considering the differential effects of FM and LBM depending on obesity status and sex. Future research should focus on exploring additional factors, such as lifestyle and dietary habits, which could further influence bone health outcomes in different populations.







Author Contributions


Conceptualization, L.V., D.F. and S.S.; methodology, L.V.; formal analysis, S.S., L.V. and P.Š.; investigation, S.S., L.V., D.F. and A.H.; resources, L.V., D.F. and R.B.; data curation, S.S., L.V., D.F. and A.H.; writing—original draft preparation, S.S.; writing—review and editing, L.V., P.Š., A.H. and D.F.; visualization, L.V. and S.S; supervision, L.V. and R.B.; project administration, L.V.; funding acquisition, L.V. and D.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Cultural and Educational Grant Agency (KEGA 046UK-4/2023) of the Ministry of Education, Science, Research and Sport of the Slovak Republic.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethics Committee of the Faculty of Natural Sciences of Comenius University (approval number ECH19021).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The research data are not shared.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Cooper, C.; Westlake, S.; Harvey, N.; Javaid, K.; Dennison, E.; Hanson, M. Review: Developmental Origins of Osteoporotic Fracture. Osteoporos. Int. 2006, 17, 337–347. [Google Scholar] [CrossRef] [PubMed]

	



Weaver, C.M.; Gordon, C.M.; Janz, K.F.; Kalkwarf, H.J.; Lappe, J.M.; Lewis, R.; O’Karma, M.; Wallace, T.C.; Zemel, B.S. The National Osteoporosis Foundation’s Position Statement on Peak Bone Mass Development and Lifestyle Factors: A Systematic Review and Implementation Recommendations. Osteoporos. Int. 2016, 27, 1281–1386. [Google Scholar] [CrossRef]

	



Docaj, A.; Carriero, A. Bone Health: Quality versus Quantity. J. Pediatr. Orthop. Soc. N. Am. 2024, 7, 100054. [Google Scholar] [CrossRef]

	



Heaney, R.P. Is the Paradigm Shifting? Bone 2003, 33, 457–465. [Google Scholar] [CrossRef] [PubMed]

	



Kaufman, J.J.; Einhorn, T.A. Perspectives: Ultrasound Assessment of Bone. J. Bone Miner. Res. 1993, 8, 517–525. [Google Scholar] [CrossRef] [PubMed]

	



Weiss, M.; Koren-Michowitz, M.; Segal, E.; Ish-Shalom, S. Monitoring Response to Osteoporosis Therapy With Alendronate by a Multisite Ultrasound Device. J. Clin. Densitom. 2003, 6, 219–224. [Google Scholar] [CrossRef] [PubMed]

	



Dane, C.; Dane, B.; Cetin, A.; Erginbas, M. The Role of Quantitative Ultrasound in Predicting Osteoporosis Defined by Dual-Energy X-ray Absorptiometry in Pre- and Postmenopausal Women. Climacteric 2008, 11, 296–303. [Google Scholar] [CrossRef] [PubMed]

	



Gnudi, S.; Malavolta, N.; Ripamonti, C.; Caudarella, R. Ultrasound in the Evaluation of Osteoporosis: A Comparison with Bone Mineral Density at Distal Radius. Br. J. Radiol. 1995, 68, 476–480. [Google Scholar] [CrossRef] [PubMed]

	



Njeh, C.F.; Saeed, I.; Grigorian, M.; Kendler, D.L.; Fan, B.; Shepherd, J.; McClung, M.; Drake, W.M.; Genant, H.K. Assessment of Bone Status Using Speed of Sound at Multiple Anatomical Sites. Ultrasound Med. Biol. 2001, 27, 1337–1345. [Google Scholar] [CrossRef]

	



Oral, A. The Ability of Calcaneal and Multisite Quantitative Ultrasound Variables in the Identification of Osteoporosis in Women and Men. Turk. J. Phys. Med. Rehabil. 2019, 65, 203–215. [Google Scholar] [CrossRef]

	



Rebocho, L.M.; Cardadeiro, G.; Zymbal, V.; Gonçalves, E.M.; Sardinha, L.B.; Baptista, F. Measurement Properties of Radial and Tibial Speed of Sound for Screening Bone Fragility in 10- to 12-Year-Old Boys and Girls. J. Clin. Densitom. 2014, 17, 528–533. [Google Scholar] [CrossRef]

	



Fu, Y.; Li, C.; Luo, W.; Chen, Z.; Liu, Z.; Ding, Y. Fragility Fracture Discriminative Ability of Radius Quantitative Ultrasound: A Systematic Review and Meta-Analysis. Osteoporos. Int. 2021, 32, 23–38. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.; Kwon, H.; Heo, B.-K.; Joh, H.-K.; Lee, C.M.; Hwang, S.-S.; Park, D.; Park, J.-H. The Association between Fat Mass, Lean Mass and Bone Mineral Density in Premenopausal Women in Korea: A Cross-Sectional Study. Korean J. Fam. Med. 2018, 39, 74. [Google Scholar] [CrossRef]

	



Bierhals, I.O.; Dos Santos Vaz, J.; Bielemann, R.M.; De Mola, C.L.; Barros, F.C.; Gonçalves, H.; Wehrmeister, F.C.; Assunção, M.C.F. Associations between Body Mass Index, Body Composition and Bone Density in Young Adults: Findings from a Southern Brazilian Cohort. BMC Musculoskelet Disord. 2019, 20, 322. [Google Scholar] [CrossRef] [PubMed]

	



Gomarasca, M.; Banfi, G.; Lombardi, G. Myokines: The Endocrine Coupling of Skeletal Muscle and Bone. In Advances in Clinical Chemistry; Elsevier: Amsterdam, The Netherlands, 2020; Volume 94, pp. 155–218. ISBN 978-0-12-820801-4. [Google Scholar]

	



Li, L.; Zhong, H.; Shao, Y.; Zhou, X.; Hua, Y.; Chen, M. Association between Lean Body Mass to Visceral Fat Mass Ratio and Bone Mineral Density in United States Population: A Cross-Sectional Study. Arch. Public Health 2023, 81, 180. [Google Scholar] [CrossRef] [PubMed]

	



Deng, K.-L.; Yang, W.-Y.; Hou, J.-L.; Li, H.; Feng, H.; Xiao, S.-M. Association between Body Composition and Bone Mineral Density in Children and Adolescents: A Systematic Review and Meta-Analysis. Int. J. Environ. Res. Public Health 2021, 18, 12126. [Google Scholar] [CrossRef]

	



Mosca, L.N.; Goldberg, T.B.L.; da Silva, V.N.; da Silva, C.C.; Kurokawa, C.S.; Bisi Rizzo, A.C.; Corrente, J.E. Excess Body Fat Negatively Affects Bone Mass in Adolescents. Nutrition 2014, 30, 847–852. [Google Scholar] [CrossRef] [PubMed]

	



Dolan, E.; Swinton, P.A.; Sale, C.; Healy, A.; O’Reilly, J. Influence of Adipose Tissue Mass on Bone Mass in an Overweight or Obese Population: Systematic Review and Meta-Analysis. Nutr. Rev. 2017, 75, 858–870. [Google Scholar] [CrossRef]

	



Glass, N.A.; Torner, J.C.; Letuchy, E.M.; Burns, T.L.; Janz, K.F.; Eichenberger Gilmore, J.M.; Schlechte, J.A.; Levy, S.M. Does Visceral or Subcutaneous Fat Influence Peripheral Cortical Bone Strength During Adolescence? A Longitudinal Study. J. Bone Miner. Res. 2018, 33, 580–588. [Google Scholar] [CrossRef]

	



Shapses, S.A.; Pop, L.C.; Wang, Y. Obesity Is a Concern for Bone Health with Aging. Nutr. Res. 2017, 39, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Yan, D.; Hou, X.; Chen, P.; Sun, Q.; Bao, Y.; Hu, C.; Zhang, Z.; Jia, W. Association of Adiposity Indices with Bone Density and Bone Turnover in the Chinese Population. Osteoporos. Int. 2017, 28, 2645–2652. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, Z.; Xu, H. Gender-Specific Body Composition Relationships between Adipose Tissue Distribution and Peak Bone Mineral Density in Young Chinese Adults. BioMed Res. Int. 2020, 2020, 6724749. [Google Scholar] [CrossRef] [PubMed]

	



Fan, J.; Jiang, Y.; Qiang, J.; Han, B.; Zhang, Q. Associations of Fat Mass and Fat Distribution With Bone Mineral Density in Non-Obese Postmenopausal Chinese Women Over 60 Years Old. Front. Endocrinol. 2022, 13, 829867. [Google Scholar] [CrossRef] [PubMed]

	



Kim, W.; Chung, S.G.; Kim, K.; Seo, H.G.; Oh, B.-M.; Yi, Y.; Kim, M.J. The Relationship between Body Fat and Bone Mineral Density in Korean Men and Women. J. Bone Miner. Metab. 2013, 32, 709–717. [Google Scholar] [CrossRef] [PubMed]

	



Holmes, B.L.; Ludwa, I.A.; Gammage, K.L.; Mack, D.E.; Klentrou, P. Relative Importance of Body Composition, Osteoporosis-Related Behaviors, and Parental Income on Bone Speed of Sound in Adolescent Females. Osteoporos. Int. 2010, 21, 1953–1957. [Google Scholar] [CrossRef]

	



Bim, M.A.; Pinto, A.D.A.; Angelo, H.C.C.D.; Gonzaga, I.; Guimarães, A.C.D.A.; Felden, É.P.G.; Carvalho, W.R.G.D.; Hind, K.; Pelegrini, A. Relationship between Body Composition and Bone Mass in Normal-Weight and Overweight Adolescents. PeerJ 2022, 10, e14108. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization WHO STEPwise Approach to Surveillance (STEPS). Available online: https://www.who.int/publications/m/item/standard-steps-instrument (accessed on 29 July 2024).

	



McKay, A.K.A.; Stellingwerff, T.; Smith, E.S.; Martin, D.T.; Mujika, I.; Goosey-Tolfrey, V.L.; Sheppard, J.; Burke, L.M. Defining Training and Performance Caliber: A Participant Classification Framework. Int. J. Sports Physiol. Perform. 2022, 17, 317–331. [Google Scholar] [CrossRef]

	



Hurt, R.T.; Ebbert, J.O.; Croghan, I.; Nanda, S.; Schroeder, D.R.; Teigen, L.M.; Velapati, S.R.; Mundi, M.S. The Comparison of Segmental Multifrequency Bioelectrical Impedance Analysis and Dual-Energy X-ray Absorptiometry for Estimating Fat Free Mass and Percentage Body Fat in an Ambulatory Population. J. Parenter. Enter. Nutr. 2021, 45, 1231–1238. [Google Scholar] [CrossRef]

	



Wong, J.C.; O’Neill, S.; Beck, B.R.; Forwood, M.R.; Khoo, S.K. Comparison of Obesity and Metabolic Syndrome Prevalence Using Fat Mass Index, Body Mass Index and Percentage Body Fat. PLoS ONE 2021, 16, e0245436. [Google Scholar] [CrossRef]

	



Lohman, T.G.; Roche, A.F.; Martorell, R. (Eds.) Anthropometric Standardization Reference Manual; Human Kinetics Books: Champaign, IL, USA, 1988; ISBN 978-0-87322-121-4. [Google Scholar]

	



Savvidis, C.; Tournis, S.; Dede, A.D. Obesity and Bone Metabolism. Hormones 2018, 17, 205–217. [Google Scholar] [CrossRef]

	



Russell, M.; Mendes, N.; Miller, K.K.; Rosen, C.J.; Lee, H.; Klibanski, A.; Misra, M. Visceral Fat Is a Negative Predictor of Bone Density Measures in Obese Adolescent Girls. J. Clin. Endocrinol. Metab. 2010, 95, 1247–1255. [Google Scholar] [CrossRef]

	



Bredella, M.A.; Misra, M.; Miller, K.K.; Klibanski, A.; Gupta, R. Trabecular Structure Analysis of the Distal Radius in Adolescent Patients with Anorexia Nervosa Using Ultra High Resolution Flat Panel Based Volume CT. J. Musculoskelet Neuronal Interact 2008, 8, 315. [Google Scholar]

	



Wang, L.; Wang, W.; Xu, L.; Cheng, X.; Ma, Y.; Liu, D.; Guo, Z.; Su, Y.; Wang, Q. Relation of Visceral and Subcutaneous Adipose Tissue to Bone Mineral Density in Chinese Women. Int. J. Endocrinol. 2013, 2013, 378632. [Google Scholar] [CrossRef]

	



Zhu, K.; Hunter, M.; James, A.; Lim, E.M.; Cooke, B.R.; Walsh, J.P. Relationship between Visceral Adipose Tissue and Bone Mineral Density in Australian Baby Boomers. Osteoporos. Int. 2020, 31, 2439–2448. [Google Scholar] [CrossRef]

	



Braun, T.; Schett, G. Pathways for Bone Loss in Inflammatory Disease. Curr. Osteoporos. Rep. 2012, 10, 101–108. [Google Scholar] [CrossRef]

	



Janicka, A.; Wren, T.A.L.; Sanchez, M.M.; Dorey, F.; Kim, P.S.; Mittelman, S.D.; Gilsanz, V. Fat Mass Is Not Beneficial to Bone in Adolescents and Young Adults. J. Clin. Endocrinol. Metab. 2007, 92, 143–147. [Google Scholar] [CrossRef]

	



Sheu, Y.; Cauley, J.A. The Role of Bone Marrow and Visceral Fat on Bone Metabolism. Curr. Osteoporos. Rep. 2011, 9, 67–75. [Google Scholar] [CrossRef] [PubMed]

	



Hilton, C.; Vasan, S.K.; Neville, M.J.; Christodoulides, C.; Karpe, F. The Associations between Body Fat Distribution and Bone Mineral Density in the Oxford Biobank: A Cross Sectional Study. Expert Rev. Endocrinol. Metab. 2022, 17, 75–81. [Google Scholar] [CrossRef] [PubMed]

	



Kirilova, E.; Kirilov, N.; Vladeva, S. Association between Body Fat and Bone Mineral Density in Postmenopausal Women through Radiofrequency Echographic Multi Spectrometry. In Proceedings of the Annual European Congress of Rheumatology, Madrid, Spain, 12–15 June 2019; p. 1889. [Google Scholar]

	



Yerges-Armstrong, L.M.; Miljkovic, I.; Cauley, J.A.; Sheu, Y.; Gordon, C.L.; Wheeler, V.W.; Bunker, C.H.; Patrick, A.L.; Zmuda, J.M. Adipose Tissue and Volumetric Bone Mineral Density of Older Afro-Caribbean Men. J. Bone Miner. Res. 2010, 25, 2221–2228. [Google Scholar] [CrossRef]

	



Yao, W.; Luo, J.; Ao, L.; Cheng, H.; Lu, S.; Liu, J.; Lu, K.; Mi, J.; Yang, Y.; Liu, L. Association of Total Body Fat and Fat Distribution with Bone Mineral Density among Children and Adolescents Aged 6–17 Years from Guangzhou, China. Eur. J. Pediatr. 2022, 182, 1115–1126. [Google Scholar] [CrossRef]

	



Douchi, T. Relationship between Body Fat Distribution and Bone Mineral Density in Premenopausal Japanese Women. Obstet. Gynecol. 2000, 95, 722–725. [Google Scholar] [CrossRef] [PubMed]

	



El Hage, R.; Jacob, C.; Moussa, E.; Baddoura, R. Site-Specific Effects of Trunk Fat Mass on Bone Mineral Density in a Group of Adolescent Girls. Sci. Sports 2012, 27, 175–179. [Google Scholar] [CrossRef]

	



Bihun, H.; Abdullah, N.; Abdul Murad, N.A.; Chin, S.F.; Arifin, A.S.K.; Khuzaimi, A.N.; Karpe, F.; Lewington, S.; Carter, J.; Bragg, F.; et al. Body Fat Distribution and Bone Mineral Density in a Multi-Ethnic Sample of Postmenopausal Women in The Malaysian Cohort. Arch. Osteoporos. 2024, 19, 73. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.H.; Choi, H.J.; Kim, M.J.; Shin, C.S.; Cho, N.H. Fat Mass Is Negatively Associated with Bone Mineral Content in Koreans. Osteoporos. Int. 2012, 23, 2009–2016. [Google Scholar] [CrossRef] [PubMed]

	



Ding, Z.; Chen, Y.; Xu, Y.; Zhou, X.; Xu, Y.; Ma, Z.; Sun, Y. Impact of Age, Gender, and Body Composition on Bone Quality in an Adult Population From the Middle Areas of China. J. Clin. Densitom. 2018, 21, 83–90. [Google Scholar] [CrossRef]

	



Chen, L.; Wu, J.; Ren, W.; Li, X.; Luo, M.; Hu, Y. The Relationship between Skeletal Muscle Mass and Bone Mass at Different Sites in Older Adults. Ann. Nutr. Metab. 2023, 79, 256–262. [Google Scholar] [CrossRef] [PubMed]

	



Taniguchi, Y.; Makizako, H.; Kiyama, R.; Tomioka, K.; Nakai, Y.; Kubozono, T.; Takenaka, T.; Ohishi, M. The Association between Osteoporosis and Grip Strength and Skeletal Muscle Mass in Community-Dwelling Older Women. Int. J. Environ. Res. Public. Health 2019, 16, 1228. [Google Scholar] [CrossRef]

	



Boot, A.M.; De Ridder, M.A.J.; Van Der Sluis, I.M.; Van Slobbe, I.; Krenning, E.P.; De Muinck Keizer-Schrama, S.M.P.F. Peak Bone Mineral Density, Lean Body Mass and Fractures. Bone 2010, 46, 336–341. [Google Scholar] [CrossRef] [PubMed]

	



Patalong-Wójcik, M.; Golara, A.; Zając, K.; Sokołowska, A.; Kozłowski, M.; Tołoczko-Grabarek, A.; Krzyścin, M.; Brodowska, A.; Janiec, A.; Myszka, A.; et al. Influence of Muscle Mass and Strength on Bone Mineralisation with Consideration of Sclerostin Concentration. Biomedicines 2023, 11, 1574. [Google Scholar] [CrossRef]

	



Zhu, M.; Hamzah, S.H.; Lim, B.-H.; Chao, T.; Wu, J.; Lin, C.-P.; Chang, C.-Y.; Feng, W.-H.; Chen, P.-W.; Hsieh, C.-C.; et al. Bone Mineral Density And Muscle Mass Determine Handgrip Strength Only When Multiple Tests Are Performed: 312 Board #128 May 27 10:30 AM–12:00 PM. Med. Sci. Sports Exerc. 2020, 52, 70. [Google Scholar] [CrossRef]

	



Arden, N.K.; Spector, T.D. Genetic Influences on Muscle Strength, Lean Body Mass, and Bone Mineral Density: A Twin Study. J. Bone Miner. Res. 1997, 12, 2076–2081. [Google Scholar] [CrossRef] [PubMed]

	



Pelegrini, A.; Bim, M.A.; Alves, A.D.; Scarabelot, K.S.; Claumann, G.S.; Fernandes, R.A.; De Angelo, H.C.C.; Pinto, A.D.A. Relationship Between Muscle Strength, Body Composition and Bone Mineral Density in Adolescents. J. Clin. Densitom. 2022, 25, 54–60. [Google Scholar] [CrossRef] [PubMed]

	



Pimenta, L.D.; Massini, D.A.; Santos, D.D.; Siqueira, L.O.D.C.; Sancassani, A.; Santos, L.G.A.D.; Guimarães, B.R.; Neiva, C.M.; Pessôa Filho, D.M. Women’s femoral mass content correlates to muscle strength independently of lean body mass. Rev. Bras. Med. Esporte 2019, 25, 485–489. [Google Scholar] [CrossRef]

	



Alkahtani, S.; Aljaloud, K.; Yakout, S.; Al-Daghri, N.M. Interactions between Sedentary and Physical Activity Patterns, Lean Mass, and Bone Density in Arab Men. Dis. Markers 2019, 2019, 5917573. [Google Scholar] [CrossRef] [PubMed]

	



Frost, H.M. Bone’s Mechanostat: A 2003 Update. Anat. Rec. A. Discov. Mol. Cell. Evol. Biol. 2003, 275A, 1081–1101. [Google Scholar] [CrossRef] [PubMed]

	



Woo, S.L.; Kuei, S.C.; Amiel, D.; Gomez, M.A.; Hayes, W.C.; White, F.C.; Akeson, W.H. The Effect of Prolonged Physical Training on the Properties of Long Bone: A Study of Wolff’s Law. J. Bone Jt. Surg. Am. 1981, 63, 780–787. [Google Scholar] [CrossRef]

	



Bonewald, L. Use It or Lose It to Age: A Review of Bone and Muscle Communication. Bone 2019, 120, 212–218. [Google Scholar] [CrossRef] [PubMed]

	



Tagliaferri, C.; Wittrant, Y.; Davicco, M.-J.; Walrand, S.; Coxam, V. Muscle and Bone, Two Interconnected Tissues. Ageing Res. Rev. 2015, 21, 55–70. [Google Scholar] [CrossRef]

	



Levinger, I.; Jerums, G.; Stepto, N.K.; Parker, L.; Serpiello, F.R.; McConell, G.K.; Anderson, M.; Hare, D.L.; Byrnes, E.; Ebeling, P.R.; et al. The Effect of Acute Exercise on Undercarboxylated Osteocalcin and Insulin Sensitivity in Obese Men. J. Bone Miner. Res. 2014, 29, 2571–2576. [Google Scholar] [CrossRef]

	



Scharff, M.; Wiepjes, C.M.; Klaver, M.; Schreiner, T.; T’Sjoen, G.; Den Heijer, M. Change in Grip Strength in Trans People and Its Association with Lean Body Mass and Bone Density. Endocr. Connect. 2019, 8, 1020–1028. [Google Scholar] [CrossRef]

	



Green, D.J.; Chasland, L.C.; Yeap, B.B.; Naylor, L.H. Comparing the Impacts of Testosterone and Exercise on Lean Body Mass, Strength and Aerobic Fitness in Aging Men. Sports Med.-Open 2024, 10, 30. [Google Scholar] [CrossRef] [PubMed]








[image: Applsci 14 07319 g001] 





Figure 1. Flow diagram of the inclusion criteria and exclusion criteria. 
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Figure 2. Correlation of anthropometric and body composition parameters with SOS in men. * Marks statistical significance p < 0.05. ** Marks statistical significance p < 0.01. Abbreviations: LBM, Lean Body Mass; FFMI, Fat-Free Mass Index; FFM, Fat-Free Mass; SMM, Skeletal Muscle Mass; BCM, Body Cell Mass; FM, Fat Mass; PBF, Percent Body Fat; FMI, Fat Mass Index; WHR, Waist to Hip Ratio; BMI, Body Mass Index; r, correlation coefficient. 
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Figure 3. Correlation of anthropometric and body composition parameters with SOS in women. * Marks statistical significance p < 0.05. Abbreviations: LBM, Lean Body Mass; FFMI, Fat-Free Mass Index; FFM, Fat-Free Mass; SMM, Skeletal Muscle Mass; BCM, Body Cell Mass; FM, Fat Mass; PBF, Percent Body Fat; FMI, Fat Mass Index; WHR, Waist to Hip Ratio; BMI, Body Mass Index; r, correlation coefficient. 
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Table 1. Baseline sex and obesity-specific SOS, anthropometric, and body composition characteristics of the study sample.
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Men

	
Women




	

	
Non-Obese

(N = 190)

	
Obese

(N = 80)

	
p

	
Non-Obese

(N = 296)

	
Obese

(N = 208)

	
p




	

	
Mean

	
SD

	
Mean

	
SD

	

	
Mean

	
SD

	
Mean

	
SD

	






	
Age (y)

	
22.15

	
2.44

	
22.43

	
2.34

	
0.313 b

	
21.02

	
2.11

	
21.60

	
2.27

	
0.003 *b




	
Weight (kg)

	
74.27

	
10.50

	
87.79

	
16.29

	
<0.001 *a

	
55.36

	
6.54

	
68.60

	
12.18

	
<0.001 *a




	
Height (cm)

	
180.87

	
7.34

	
180.28

	
7.28

	
0.546 a

	
167.02

	
6.14

	
166.24

	
5.99

	
0.158 a




	
BMI (kg/m2)

	
22.66

	
2.49

	
26.88

	
4.16

	
<0.001 *a

	
19.80

	
1.90

	
24.73

	
3.87

	
<0.001 *b




	
WHR

	
0.80

	
0.05

	
0.82

	
0.05

	
<0.001 *a

	
0.73

	
0.05

	
0.74

	
0.06

	
<0.001 *b




	
PBF (%)

	
13.5

	
3.62

	
25.9

	
5.52

	
<0.001 *a

	
22.2

	
3.75

	
34.5

	
5.20

	
<0.001 *a




	
FM (kg)

	
10.12

	
3.34

	
23.37

	
9.94

	
<0.001 *b

	
12.39

	
2.95

	
24.11

	
7.85

	
<0.001 *b




	
FM arm (%)

	
66.64

	
32.11

	
255.70

	
229.61

	
<0.001 *b

	
79.53

	
19.24

	
184.15

	
87.58

	
<0.001 *b




	
FM arm (kg)

	
0.43

	
0.21

	
1.67

	
1.51

	
<0.001 *b

	
0.80

	
0.20

	
1.83

	
0.89

	
<0.001 *b




	
FM trunk (%)

	
109.98

	
44.50

	
267.85

	
94.23

	
<0.001 *b

	
101.56

	
29.38

	
211.85

	
67.14

	
<0.001 *b




	
FM trunk (kg)

	
5.03

	
2.10

	
12.23

	
4.54

	
<0.001 *a

	
5.72

	
1.70

	
11.83

	
3.82

	
<0.001 *b




	
FMI

	
3.09

	
0.99

	
7.15

	
2.89

	
<0.001 *b

	
4.44

	
1.03

	
8.71

	
2.73

	
<0.001 *b




	
FFM (kg)

	
63.88

	
8.80

	
63.94

	
8.76

	
0.958 a

	
42.84

	
4.81

	
44.09

	
6.15

	
0.009 *a




	
FFMI

	
19.56

	
2.00

	
19.75

	
1.80

	
0.477 a

	
15.35

	
1.25

	
16.06

	
1.48

	
<0.001 *a




	
LBM (kg)

	
60.73

	
8.39

	
60.84

	
7.95

	
0.928 a

	
40.45

	
4.51

	
41.96

	
5.34

	
<0.001 *a




	
LBM arm (%)

	
105.64

	
10.62

	
98.00

	
9.49

	
<0.001 *a

	
96.04

	
8.26

	
93.68

	
10.15

	
0.004 *a




	
LBM arm (kg)

	
3.57

	
0.70

	
3.53

	
0.63

	
0.641 a

	
1.93

	
0.35

	
2.14

	
0.42

	
<0.001 *a




	
LBM trunk (%)

	
103.90

	
5.87

	
97.56

	
5.67

	
<0.001 *a

	
100.63

	
4.79

	
95.64

	
4.97

	
<0.001 *a




	
LBM trunk (kg)

	
28.00

	
3.75

	
28.04

	
3.62

	
0.941 a

	
18.35

	
2.07

	
19.63

	
2.60

	
<0.001 *a




	
SMM (kg)

	
36.62

	
5.62

	
36.37

	
5.00

	
0.739 a

	
23.39

	
2.87

	
24.29

	
3.33

	
<0.001 *a




	
Visceral FM (cm2)

	
40.12

	
17.21

	
101.58

	
42.93

	
<0.001 *b

	
51.27

	
13.20

	
110.63

	
42.31

	
<0.001 *b




	
BCM (kg)

	
42.25

	
5.79

	
42.15

	
5.49

	
0.888 a

	
27.85

	
3.13

	
28.87

	
3.66

	
<0.001 *a




	
Phase (°)

	
6.41

	
0.61

	
6.04

	
0.55

	
<0.001 *a

	
5.16

	
0.50

	
5.18

	
0.45

	
0.609 b




	
SOS (m/s)

	
4034

	
119.82

	
4024.7

	
107.64

	
0.550 a

	
4071.3

	
106.53

	
4073.3

	
102.76

	
0.840 a








* Marks statistical significance p < 0.05. a Indicates normal data distribution according to Kolmogorov–Smirnov. b Indicates non-normal data distribution according to Kolmogorov–Smirnov. Abbreviations: SD, Standard Deviation; BMI, Body Mass Index; WHR, Waist to Hip Ratio; PBF, Percent Body Fat; FM, Fat Mass; FFM, Fat-Free Mass; FMI, Fat Mass Index; FFMI, Fat-Free Mass Index; LBM, Lean Body Mass; SMM, Skeletal Muscle Mass; BCM, Body Cell Mass; SOS, Speed of Sound.













 





Table 2. Baseline sex and obesity-specific behavioral and lifestyle characteristics of the study sample.






Table 2. Baseline sex and obesity-specific behavioral and lifestyle characteristics of the study sample.





	

	
Men

	

	
Women

	




	

	
Non-Obese

	
Obese

	

	
Non-Obese

	
Obese

	




	

	
%

	
%

	
p  a

	
%

	
%

	
p  a






	
Smoking

	
26

	
28

	
0.771

	
16

	
28

	
0.001 *




	
Alcohol

	
92

	
88

	
0.233

	
91

	
92

	
0.605




	
Coffee

	
73

	
62

	
0.064

	
79

	
179

	
0.869




	
Sweetened beverages

	
88

	
91

	
0.471

	
85

	
90

	
0.070




	
Vit. D intake

	
28

	
21

	
0.255

	
34

	
24

	
0.019 *




	
Calcium intake

	
16

	
15

	
0.870

	
16

	
8

	
0.005 *




	
PA, tier 0

	
29

	
47

	
<0.001 *

	
54

	
66

	
0.012 *




	
PA, tier 1

	
17

	
27

	
20

	
18




	
PA, tier 2

	
54

	
26

	
26

	
16








* Marks statistical significance p < 0.05. p a value of statistical significance (χ2 test). Abbreviations: Vit., vitamin; PA, physical activity; tier 0, individuals who do not meet the minimum guidelines, engage in less than 300 min of moderate or 150 min of vigorous activity per week, and participate in occasional activities, such as walking to work; tier 1, individuals who engage in 150–300 min of moderate or 75–150 min of vigorous activity per week or more than 300 min of moderate or 150 min of vigorous activity per week, but only one to two times a week; tier 2, individuals who regularly engage in more than 300 min of moderate or 150 min of vigorous activity per week and training approximately thrice weekly.













 





Table 3. Association of SOS with FM—associated parameters in various body segments after adjustment for age, behavioral, and lifestyle factors.
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Dependent Variables

	
Predictors

	
Unstandardized B

	
Standardized ꞵ

	
95% CI for B

	
SE for B

	
p

	
R2

	
Adjusted R2

	
Durbin–Watson

	
T






	
Non-obese men

	




	
SOS (m/s)

	
Age

	
11.613

	
0.233

	
4.624–18.602

	
3.542

	
0.001 *

	
0.110

	
0.099

	
1.828

	
0.994




	
Visceral FM

	
1.546

	
0.218

	
0.550–2.543

	
0.505

	
0.003 *

	
0.994




	

	
The least significant variables: smoking status, alcohol consumption, coffee drinking, sweetened beverages consumption, physical activity, Ca intake, vitamin D intake, BMI, PBF, FM in the trunk (%), and FM in the arm (%)




	
Non-obese women

	




	
SOS (m/s)

	
Age

	
16.634

	
0.328

	
11.034–22.234

	
2.845

	
<0.001 *

	
0.156

	
0.147

	
1.715

	
0.937




	
FM arm, %

	
0.637

	
0.115

	
0.037–1.238

	
0.305

	
0.038 *

	
0.967




	
Vitamin D

	
26.057

	
0.116

	
0.815–51.299

	
12.824

	
0.043 *

	
0.910




	

	
The least significant variables: smoking status, alcohol consumption, coffee drinking, sweetened beverages consumption, physical activity, Ca intake, vitamin D intake, BMI, PBF, FM in the trunk (%), and visceral FM




	
Obese women

	




	
SOS (m/s)

	
Age

	
13.463

	
0.296

	
7.469–19.457

	
0.296

	
<0.001 *

	
0.114

	
0.105

	
1.708

	
1.000




	
Visceral FM

	
−0.406

	
−0.166

	
−0.728–0.084

	
−0.166

	
0.014 *

	
1.000




	

	
The least significant variables: smoking status, alcohol consumption, coffee drinking, sweetened beverages consumption, physical activity, Ca intake, vitamin D intake, BMI, PBF, FM in the trunk (%), and FM in the arm (%)








Note: * Marks statistical significance p < 0.05. Abbreviations: B, beta coefficient; CI, Confidence Interval; p, value of statistical significance (linear regression analysis, forward method); R2, coefficient of determination; SE, Standard Error; SOS, speed of sound; T, tolerance (collinearity statistics), BMI, Body Mass Index; PBF, Percent Body Fat; FM, Fat Mass.
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