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Background and Purpose

A high-altitude environment was known to have a negative effect on bone and lead to a higher incidence of hip fracture. However, the dependence of muscle composition on altitude is unclear. Thus, we aimed to compare muscle density and area in plateau and low altitude area and to determine the effect of the altitude on these outcomes.



Methods

Community dwelling adults over 60 years old living in Beijing (elevation 50 m; 300 subjects,107 men and 193 women) or Kunming (elevation 2000 m; 218 subjects,83 men and 135 women) for more than 10 years were enrolled. Quantitative CT was performed in all subjects and cross-sectional area and attenuation measured in Hounsfield units (HU) were determined for the trunk, gluteus, and mid-thigh muscles.



Results

Compared to Beijing, Kunming adults were slimmer (Beijing men vs Kunming men: 25.08 ± 2.62 vs 23.94 ± 3.10kg/m2, P=0.013; Beijing women vs Kunming women: 25.31 ± 3.1 vs 23.98 ± 3.54 kg/m2, P= 0.001) and had higher muscle density in the L2-trunk and gluteus maximus muscles after adjustment for age and BMI (L2-trunk muscles: Beijing men 29.99 ± 4.17 HU vs Kunming men 37.35 ± 4.25 HU, P< 0.0001; Beijing women 27.37 ± 3.76 HU vs Kunming women 31.51 ± 5.12 HU, P< 0.0001; Gluteus maximus muscle: Beijing men 35.11 ± 6.54 HU vs Kunming men 39.36 ± 4.39 HU, P= 0.0009; Beijing women 31.47 ± 6.26 HU vs Kunming women 34.20 ± 5.87 HU P=0.0375). Age was similar in both cohorts and no differences were observed in the gluteus medius and minimus muscle or the mid-thigh muscle, either in the area or density.



Conclusions

Compared with Beijing, the adults in Kunming had higher muscle density of the gluteus maximus and L2 trunk muscles, showing that living at a higher altitude might be beneficial to muscle quality.





Keywords: altitude, muscle density, muscle area, older adults, computed tomography



Introduction

Hip fractures are the most severe type of osteoporotic fracture and in an aging society have become a heavy public health burden. Recent studies based on large sample sizes have found that the incidence rate of hip fracture is associated with altitude, with higher altitude areas having higher hip fracture rates than lower altitude (1). The underlining mechanisms are still unknown, but hypoxia may play an important role. Hypoxic environments have been shown to influence body composition (eg. reductions in body weight, fat-free mass, fat mass, muscle mass, and/or body water) (2–4). Weight loss has been widely reported in hypoxic chamber experiments and after sojourns at high altitudes (5–7). Some studies have found that skeletal muscle mass decreased with increasing altitude as the hypoxic environment accelerated the decomposition of skeletal muscle and inhibited protein synthesis (8, 9). Muscle weakness is a key factor in the increased risk of falls and might also play a significant role in the increased risk of hip fracture (10, 11). Muscle density, which has been proved to be an important indicator for the evaluation of muscle function, correlates well with muscle strength and physical performance (12). However, few studies have explored the effects on skeletal muscle of hypoxic conditions at high altitude, and the existing findings are mostly based on bioimpedance analysis (BIA) or dual-energy X-ray absorptiometry (DXA) acquisition (8, 13). More precise techniques and data were needed for further validation.

Thus, this study aims to compare the muscle characteristics of people living in Beijing (elevation: 50 meters above sea level) and in Kunming (elevation: 2000 meters above sea level) by quantitative CT to explore the effect of altitude on muscle in middle-aged and older adults. We hypothesized that people in Kunming (high altitude) have poor muscle quality compared to the Beijing population (low altitude).



Materials and Methods


Study Participants

Independently living community-dwelling adults residing within the region of Beijing Jishuitan Hospital and the First People’s Hospital of Yunnan Province were recruited using convenience sampling, respectively. 300 subjects in Beijing (107 men and 193 women) were enrolled between March 2017 and July 2017, and 218 subjects in Kunming (83 men and 135 women) were enrolled between March 2021 and July 2021. All participants were aged 60 years or older and had been living in either Beijing or Kunming for at least 10 years. Exclusion criteria were as follows: 1. Inability to move independently; 2. Non-osteoporotic pathologic fractures; 3. Deformity of the lumbar spine and hip joint; 4. Tumors treated with radiotherapy or chemotherapy; 5. Patients with metallic implants in vivo; 6. Other serious or life-threatening diseases. The study was approved by the local ethics committees in Beijing and Kunming respectively [approval number: 201512-02 (Beijing) and KHLL2021-KY056 (Kunming)]. Informed consent was obtained from each participant.



CT Acquisition

Lumber, hip, and midthigh CT imaging together with a Mindways calibrated CT/QCT acquisition phantom (Mindways Software Inc, Austin, TX, USA) was performed for all study participants. CT scanner information was as follows: Kunming cohort: a third generation dual-source CT scanner (Siemens Force CT, Siemens Healthcare, Germany); Beijing cohort: Toshiba Aquilion CT scanner (Toshiba Medical Systems Division, Tokyo, Japan). All scans were acquired in the supine position. Scan parameters for all CT scans were 120 kVp, 150 mAs, slice thickness: 1.5mm, Pitch 1.5mm, 512 x 512matrix.



Muscle Assessments

The density and axial area of trunk muscle at the L2 level, left side of gluteus maximus muscle, gluteus minimus & medius muscle and mid-thigh muscle were each measured on a single slice. The criteria of measurement section position were as follows: 1. trunk muscle: at the level of the second lumbar vertebra transverse process; 2. left gluteus maximus muscle: at the level of greater trochanter of the femur gluteus; 3. left gluteus minimus & medius muscles: at the 3rd sacral (S3) level; 4. left mid-thigh muscles: at the level of 3cm below the lesser trochanter (Figure 1).




Figure 1 | The cross-sectional level of muscle measurement (A–D). Measurement of the trunk muscle at mid—L2 level (A); Measurement of the left gluteus medius and minimus muscle at the 3rd sacral (S3) level (B); Measurement of the left gluteus maximus at the level of the greater trochanter of the femur (C); Measurement of the left mid-thigh muscle group (D).



OsiriX software (Lite version 10.0.2; Pixmeo, Geneva, Switzerland) was used for muscle analysis. Firstly, The Dicom images of the participant were imported into Orisix software. Secondly, muscle segmentation was performed manually using the ‘pencil’ tool to outline muscle contours. Thirdly the ‘GrowRegion (2D/3D Segmentation)’ tool was used to semiautomatically select skeletal muscle regions within our preset HU intensity thresholds (-30 to150HU) (14). Within the resulting muscle region of interest (ROIs), a threshold of -29 HU was applied to distinguish muscle tissue from fat (15). Then the muscle CSA and density of the selected ROI were displayed on the screen. To minimize the resulting error caused by layer selection, all the muscle measurements were performed by the same investigator who had received professional training in CT muscle imaging before the analysis.

The HU values of water equivalent materials of the European spine phantom (ESP-128) were measured and used for the cross-calibration of muscle attenuations of the two CT scanners.



Statistical Analyses

All statistical analyses were conducted using SPSS (Version 22, IBM) and MedCalc (Version 18, MedCalc). Continuous variables were presented as mean ± standard deviation. Spearman correlation testing was used to analyze the correlation of muscle density with age and BMI. Independent t-test was selected for normal distribution data while the nonparametric test (Mann-Whitney U) was applicable to non-normal distribution data to compare muscle size and density between Beijing and Kunming participants. Comparisons among groups were performed using variance analysis and linear regression models. All models were adjusted for BMI and age. The area of the gluteus minimus & medius muscle was not included in the analysis, as the inconsistent measurement slices in the Beijing population introduced a 10% bias, which was described in a previous study (12). A P value of less than 0.05 indicated statistical significance.




Results


Basic Information and Muscle Difference Between Beijing and Kunming Group

Men and women in the Kunming and Beijing cohorts were well matched for age (Table 1). However, compared to the Kunming cohort, both men and women in the Beijing cohort had a statistically significantly higher BMI. Men in the Beijing cohort, but not the women, had a statistically larger waist circumference compared with the Kunming cohort. Unexpectedly, a higher muscle density in the gluteus maximus and L2-trunk muscles was observed in the Kunming group (gluteus maximus muscle: Beijing vs Kunming Pmen<0.0001, Pwomen=0.0002; L2-trunk muscles: Beijing vs Kunming Pmen<0.0001, Pwomen<0.0001) (Table 1).


Table 1 | Difference of variables between Beijing and Kunming group.





Effects of Age and BMI on Muscles

Muscle density and area were associated with age or/and BMI (Table 2). Except for the gluteus maximus muscle of the male Beijing group, muscle density was correlated with age. However, the gluteus minimus and mid-thigh muscle densities were not significantly associated with BMI. The density differences of L2 trunk muscle and gluteus maximus muscle between subgroups were significant, no matter whether the data were adjusted for age or BMI. A density difference of gluteus medius and minimus muscles between women was found after adjusting for both age and BMI (P=0.0116). In addition, we noticed that only the area of the gluteus maximus and mid-thigh muscle was significant after BMI adjustment between the muscle area comparison (PGmax-men = 0.0453; Pmidthigh-women = 0.0407). The specific adjustment results are shown in Table 3.


Table 2 | Correlation of variables with BMI and age.




Table 3 | Difference of variables between Beijing and Kunming after adjusted factors.





Age Stratified and Influence Factors Adjusted Results

To further explore age-related muscle degeneration, we stratified the analyses by age with a cut point of 70 years (Table 4). In the younger group, there was no difference in age between the Beijing and Kunming groups (P>0.05), but the BMI difference was statistically significant (Pmen=0.0148, Pwomen<0.0001). After age and BMI adjustment, the L2-trunk muscle density of the male and female Kunming groups was significantly higher than those of the Beijing population both in the younger and older groups (Padjusted< 0.0001). However, after adjustment for age and BMI the density difference in the gluteus maximus muscle disappeared in the younger women as well as the older men (younger women group: Padjusted = 0.0689; older men group: Padjusted =0.0667).


Table 4 | Difference of variables between Beijing and Kunming after age-stratified and variables adjusted.






Discussion

To our knowledge, this is the first study to compare the muscle characteristics (density and area) between people living in high- and low-altitude areas using quantitative CT scans. After adjustment for age and BMI, the density of L2-trunk muscle and gluteus maximus muscle in people living at high altitude (Kunming) were significantly higher. We also found that BMI decreased with the increased altitude. All the results above indicate that people living with higher attitude are slimmer and have better muscle quality. This critical finding may be valuable for the update of the international consensus statements of sarcopenia such as those from the Asian Working Group for Sarcopenia (AWGS) in 2019 and from the European Working Group on Sarcopenia in Older People (EWGSOP) in 2018 (16, 17). The role of CT or MRI to measure muscle size as a diagnostic criterion of sarcopenia has not been well specified. The associations of muscle mass and size with muscle function are weak. In this study we found the altitude affected the muscle density (muscle quality) but not the size, which high value the use of muscle quality by CT or MRI better characterizes muscle function and may assign a more domain role to CT and MR in the diagnosis of sarcopenia in treatment planning and monitoring response to treatment. The findings in our study provide evidence that muscle density assessed by CT imaging may be a sensitive screening tool for sarcopenia at different altitudes.

Recent data indicated that the incidence of hip fractures is associated with increased altitude (1). Muscle function is important in preventing falls and related osteoporotic fractures (10). To date, the relationship between muscle density or muscle size with attitude is still unclear. In our study, both for men and women, the muscle density of L2 trunk muscle and gluteus maximus muscle in the Kunming population was higher than that in Beijing, and those results were independent of BMI and age. However, no significant difference was observed in the muscle area. This density difference is believed to be associated with fatty infiltration of skeletal muscle., Muscle density in this study was measured by CT threshold segmentation. After removing the influence of fat infiltration in muscle space, factors such as fat infiltration in muscle cells and myoglobin concentration may be the main influencing factors affecting muscle density. A study by Chia et al. found that total body fat mass measured by DXA was significantly decreased and lean mass increased in ten young male swimmers after 3-weeks of training at an altitude of 2,300 m, while there was no change in body composition in eight male control subjects who resided at sea level for the same period (13). In addition, the total hemoglobin was simultaneously increased significantly in the skeletal muscle. Similar results were obtained in previous animal experiments (18). Based on the findings of previous studies, the decrease of fat content under hypoxia may be related to the following factors: 1) sympathetic power is significantly elevated under hypoxia, which might influence the regulation of body composition by altering blood distribution among adipose and muscle tissues. This change is followed by energy fuel redistribution and increased insulin delivery toward skeletal muscle (19); 2) hypoxic regulation of human skeletal muscle mitochondria. A study reported that mitochondrial volume density increased after twenty-eight days of acclimatization at 3,454 m (20). However, the current interpretation of the effect of hypoxia on skeletal muscle mitochondria is inconsistent or even contradictory and needs to be further clarified; 3) Effect of endocrine metabolism, particularly glucose homeostasis and lipid metabolism. Interestingly, studies found that individuals living at higher altitudes have lower fasting glycemia and better glucose tolerance compared with those who live near sea level (21). In short, contrary to our initial hypothesis, muscle density increases with altitude. Meanwhile, with an increase in altitude, bone mass decreases and fragility increases (1). The high incidence of hip fracture in the plateau area might be the consequence of muscle and bone interaction, but the specific regulatory mechanism is not clear. We hypothesize that the difference between the muscle measurements in Kunming and Beijing might be a self-protection compensation mechanism for the body to resist bone loss under the hypoxic environment. Further researches, however, are needed. Trunk muscle density was the most sensitive variable in our research. Compared to gluteus and mid-thigh muscles, the density of trunk muscle was a more sensitive parameter indicating that people living with higher attitude have better muscle quality, independent of BMI and age. This also indicated that the trunk muscle may be somewhat different from the other muscles in its response to hypoxia or underlying obesity, but the mechanism is unclear. A previous study showed similar results that hepatic steatosis predicted psoas muscle fat content independent of BMI (22). In addition, low trunk muscle density has proved to be associated with poor balance, lower and faster declines in functional capacity in older adults (23, 24). These results suggest that trunk muscle density may have potential value in future fat deposition assessment and sarcopenia diagnosis for the plateau area residents.

In this study, we observed the interesting finding of decreased BMI but no changes in muscle size with increased attitude, which indicated that people living in Beijing at low attitude have more fat depots in the body, and the male Beijing group showed a larger waist circumference as expected. De Carvalho et al. found that abdominal obesity was associated with accelerated muscle strength decline in men (25). His study may provide a strong reference for the interpretation of our findings. Tissue-specific lipid partitioning changes could lead to altering the distribution of fat in the body (26). The location of triglyceride (TG) storage has important metabolic consequences. Visceral fat was also found to be strongly associated with elevated triglycerides levels and fatty infiltration of muscle tissue (27, 28). Our findings show that high attitude impacts fat deposition, namely by decreasing the fat in the abdomen and intramyocellular lipids.

Bodyweight reduction is an inevitable consequence of chronic hypoxic exposure (5). In our study, people living at higher altitude were found to have lower BMI, consistent with the study of Ye et al. (8). Previous studies on the relationship between muscle and altitude mainly focused on the mass assessed by DXA or BIA but the results are inconsistent. Some reports showed that skeletal muscle mass decreases with increased altitude, while in others it was unchanged or increased (8, 13, 20). The variations of BMI may be the main reason for this discrepancy. The decrease of muscle mass with increased altitude in some studies may be caused the decrease in BMI. Meanwhile, due to the obvious influence of BMI, the muscle mass of different studies may not be directly compared. Furthermore, body mass by DXA or BIA may not fully reflect the underlying pathophysiology of muscle strength and related functional outcomes. These findings suggest that muscle mass may not be a appropriate index to evaluate the effect of hypoxia on muscles. Muscle strength and physical performance have come to be recognized as deserving more attention in the musculoskeletal field study (17, 29). Muscle density may be a better quantitative index in this case (12). Nevertheless, there remains a lack of research on muscle density and the corresponding reference density value in the hypoxia environment. This study was undertaken to provide a reference for further clinical research and mechanism exploration in this field.

This study has several limitations. A major limitation is a cross-sectional design and a limited sample size. Another limitation is the lack of evaluation of physical activity (PA) and local eating habits for both cohorts. However, the respective dietary habit surveys from Beijing and Kunming suggested the diet type and energy intake in the old population were not considered to be significant (30, 31). Moreover, previous studies showed that the PA differences were mainly concentrated between urban and rural areas and all subjects included in this study were elder urban residents (32, 33), so the differences in PA between the two groups of our study were hypothesized to be relatively small. Further, a large epidemiologic study in China found that the total average physical activity level was obviously lower for the 60 to79 years old population compared to young age groups (33), and the main types of PA were occupational PA (62%), followed by domestic PA (26%) and leisure-time PA (4%). The subjects in this study were over 60 years old and most of them were retired, the domestic and leisure time PA becoming the main part. A study showed 85.4% of the elderly (over 60 years) in China did not engage in leisure-time exercise (34). These results indicate that the PA difference between the two groups in this study might be small and may have little influence on interpreting the results in this study. What’s more, physical activity or exercise increases muscle size (35) which did not differ between Beijing and Kunming subjects. Thus, in our cohort, there was probably no significant difference in PA behaviors and eating habits between the two groups.



Conclusion

In conclusion, people living in the Yunnan plateau region have a higher density of L2-trunk muscle and gluteus maximus muscle compared with those living in a low altitude area such as Beijing. In addition, our study provides reference data for muscle density of the plateau population for the first time.
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Purpose

The etiology of age-related bone loss is less clear in men. This study is aimed to observe the variations of endogenous sex hormone concentrations with increasing of age in men, and investigate their relations to bone mass, marrow adiposity, and muscle adiposity.



Methods

A total of 199 community-dwelling Chinese men (aged 41 to 82 years) were included and measured of serum total estradiol, total testosterone, and follicle-stimulating hormone (FSH) concentrations by enzyme-linked immunosorbent assay (ELISA). Vertebral trabecular volumetric bone mineral density (vBMD) was measured by quantitative computed tomography for all participants, and vertebral marrow fat content and erector muscle fat content were quantified by Chemistry-shift-encoding magnetic resonance imaging in 62 participants.



Results

In this population, FSH concentration increased (p < 0.001) gradually with aging. Lower vBMD was independently associated with higher FSH concentration (β = -0.216, p < 0.001), but not with total estradiol or total testosterone. For each standard deviation increase in FSH there was a 50% higher risk of an individual having osteopenia or osteoporosis (vBMD < 120 mg/cm3). Marrow fat content and erector muscle fat content were greater in osteopenic and osteoporotic men, but there were no associations with sex hormones concentrations.



Conclusion

In summary, FSH but not total estradiol or total testosterone is related to vertebral trabecular vBMD in middle-aged and older Chinese men. Neither marrow adiposity nor muscle adiposity is associated with sex hormones.





Keywords: bone mineral density, marrow adiposity, muscle adiposity, follicle-stimulating hormone, men



Introduction

Although men do not experience a phase of accelerated bone loss similar to the menopause in women, their bone health status declines gradually with age (1). According to the World Health Organization (WHO) diagnostic standard using bone mineral density (BMD) measured by dual-energy X-ray absorptiometry (DXA), approximately 3-6% of men have osteoporosis and 28-47% have osteopenia, and the prevalence of osteoporosis rises to 19% in men who are aged 50 and older (2, 3). While it is established that the primary cause of menopausal-bone loss in women is driven by ovarian failure, in men, the etiology of age-related bone loss is less clear.

In men, sex steroids have an important role in the maintenance of bone strength, as demonstrated by the rapid reductions in bone density following androgen deprivation therapy (4). There is evidence of a small and progressive age-related decline in free testosterone, estradiol and to a lesser extent, progesterone (5, 6) and increases in luteinizing hormone, follicle-stimulating hormone (FSH) and sex hormone-binding globulin (SHBG) (7). However, research into the role of age-related sex hormone changes in the development of male osteoporosis has primarily focused on testosterone and estradiol. Endogenous testosterone levels have been related to bone turnover markers, BMD, and hip structural geometry in normal aging men (8–11). The actions of testosterone on the male skeleton are partly mediated by the aromatization of testosterone to estradiol, with estrogen deficiency also contributing to age-related bone loss in men, and there is cross-sectional and longitudinal evidence to suggest that bioavailable estradiol is more strongly associated with male BMD and fracture (10, 12, 13). Testosterone has been suggested to also play an indirect role in male skeletal health with aging by allowing for relative maintenance of balance and muscle strength in men compared to women (14). SHBG levels in men increase with age and influence the amount of hormone that is available to enter cells, and are predictive of vertebral fracture (15, 16) and/or lower bone density (17).

Relatively less attention has been directed toward the role of other sex steroids in male bone health, particularly of FSH. In women, a sharp rise in serum FSH during late perimenopause coincides with the most rapid rate of bone loss (18) and epidemiological data suggest that bone turnover markers and BMD in perimenopausal and early postmenopausal women are independent of serum estrogen, but negatively associated with FSH (19–21). However, the relationship between FSH and bone mass in men has not yet been fully explored.

Musculoskeletal fragility associated with sarcopenia (loss of muscle mass) and osteopenia (loss of bone mass) can result in fall and fracture. People are diagnosed with osteoporosis often combining with muscles weakness, and increased spine kyphosis leading vertebral fractures (22). Partial androgen deficiency may contribute to the age-related decrease in muscle mass and strength and to the higher risk of fall and fractures in elderly men (23, 24).

In the present cross-sectional study, we observed the variations of endogenous sex hormone concentrations with increasing of age, and investigated their relations to bone mass. Considering the potential roles of marrow adiposity and paravertebral muscle fragility in bone loss and vertebral fractures in old men which may be correlated with sex hormones, we furthermore explored the relationships between endogenous sex hormones concentrations and vertebral marrow fat content as well as paravertebral muscle fat content.



Methodology


Study Subjects

A total of 199 men aged from 41 and 82 years were recruited from a population study to investigate the degeneration of spine and knee (China Action on Spine and Hip study). All subjects were healthy adults who have lived in Beijing for more than 5 years, and the subjects with the following conditions were excluded: (1) spine or knee disorders due to congenital, tumor or tuberculosis; (2) a history of spine or knee injury or surgery; (3) suffering from other major diseases (such as infection, tumor, rheumatic immune disease, renal failure, coronary heart disease, stroke, and mental diseases) and taking bone metabolism regulating drugs; (4) heart pacemaker, coronary stent, orthopedic implants, and implant teeth; and (5) familial hereditary disease (25). The regional ethics committee approved the study and all participants provided signed, informed consent. The study was carried out in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki).

All participants received blood serum tests for the measurement of total estradiol, total testosterone and FSH, and a quantitative computed tomography (QCT) scan for the measurement of vertebral trabecular volumetric BMD (vBMD). Sixty-two participants received Chemistry-shift-encoding magnetic resonance imaging (CSE-MRI) (mDixon-MRI) scans for vertebral marrow fat content and erector muscle fat content.



QCT Scan and Measurements

We performed quantitative CT scan using a Toshiba CT scanner (Aquilion Prime ESX-302A; Toshiba Medical Systems Corporation, Otawara, Japan) with a five-rod calibration phantom (Model 3 phantom; Mindways Inc., Austin, TX, USA) placed beneath the subject and scanned simultaneously. The scanning parameters were as follows: 120kV, 187mAs, table height 120cm, 1 mm slice thickness, field of view (FOV) 500 mm. The scan range included 2 cm above L1 vertebra to 2 cm below L5 vertebra. Reconstruction parameters were standard algorithm, 1 mm section thickness and interval, and 400 mm display FOV.

The CT data were transferred to QCT workstation and analyzed using Mindways QCT PRO three-dimensional (3D) spine module software version 4.2. On the 3D reconstructed images, an elliptical cylinder region of interest (ROI) was individually placed in the central part of L2, L3, and L4 vertebral bodies. The ROIs contained the largest areas of the trabecular bone, but not included the cortical bone or basivertebral plexus. The values of vBMD of L2, L3, and L4 were automatically output. vBMD of lumbar spine was calculated as the mean value of vBMD of L2 to L4.



CSE-MRI Scan and Measurements

On the same day as the QCT examination, the participants underwent a multiecho 3D spoiled gradient-echo sequence, referred to as an mDixon-Quant study, by using a 3.0-T MRI system with a 32-channel torso body coil (Ingenia, Philips Healthcare, Best, the Netherlands). The mDixon-Quant sequence is a 3D-FFE sequence, and uses multiple acquired echoes to generate water, fat, T2*, R2*, and in-phase and oppose-phase images synthesized from the water-fat images. The scan parameters of the single breath-hold mDixon-Quant were as follows: repetition time, 9.1 ms; echo time 1, 1.33 ms; six echoes with echo time shift, 1.3 ms; FOV, 360 × 330 × 120 mm3; flip angle, 3°; voxel size, 2.5 × 2.5 × 3.0 mm3; sensitivity encoding, 2; number of signal average, 2; and scan time, 12.5 s.

The CSE-MRI dataset were processed with ISP version 7 software (Philips Healthcare, Best, the Netherlands). ROIs for marrow fat content measurement were drawn manually encompassing the largest region of the cancellous bone of vertebral bodies on central L2, L3, and L4 axial image eliminating the vertebral cortex, schmorl’s nodules or hemangiomas. Marrow fat content was calculated as the mean value of L2, L3, and L4 marrow fat contents. The fat content of erector muscle was measured on the same central L3 image. Clear cavities of fat at the periphery of the erector muscle visually identify the edge of the muscle.



Sex Hormone Analyses

For the assessment of endogenous hormone concentrations, a fasted, morning blood sample was taken from each participant on the same day as the imaging examinations. Blood was centrifuged, separated and refrigerated at -80°C until assay. Serum was sent to the laboratory at the Dopbio Biotechnology Co., Ltd for determination of testosterone, estradiol, and FSH concentrations.

Hormone assays were conducted by enzyme-linked immunosorbent assay (ELISA) using the MULTISKAN MK3 automated analyzer (Thermo Scientific, USA). Serum total estradiol concentrations were measured with a solid phase ELISA (DRG Estradiol ELISA, EIA-2693) based to the principle of competitive binding. Inter- and intra-assay coefficients of variation (CV) averaged 9.0% and 10.9%, respectively over the assay range. Serum FSH concentrations were measured with a two-step capture enzyme immunoassay test using constant amounts of two monoclonal antibodies (ALPCO FSH ELISA, 11-FSHHU-E01). One monoclonal antibody specific for FSH is immobilized onto the microplate and another monoclonal antibody specific for a different region of FSH is conjugated to horseradish peroxidase. Inter- and intra-assay CV averaged 4.2% and 5.2%, respectively. Total testosterone concentrations were determined with a competitive enzyme immunoassay (R&D Testosterone Parameter Assay Kit, KGE010). A monoclonal antibody specific for testosterone bounded to the goat anti-mouse antibody coated onto the microplate and then testosterone in a serum sample competed with a fixed amount of horseradish peroxidase-labeled testosterone for sites on the monoclonal antibody. Inter- and intra-assay CV averaged 3.3% and 6.2%, respectively.



Statistical Analysis

Data management and analyses were completed using SPSS version 22.0 (SPSS Inc., Chicago, IL, USA). Distributions of the variables were examined for departure from normality by the Shapiro-Wilk test. Data with normal distribution are presented as the mean ± standard deviation (SD), while data with skewed distribution are presented as the median (interquartile, IQR). For the inter-group comparisons, t test was used for normally distributed variables and Mann-Whitney U test was used for skewed variables. Multivariate linear regression analysis was performed to estimate the contributions of each sex hormone to vBMD, marrow fat content, and erector muscle fat content, with and without adjustments for age, BMI, and other sex hormones. According to the criteria suggested by the International Society for Clinical Densitometry in 2007 (26) and by the American College of Radiology in 2008 (27) for QCT, the thresholds of vBMD were < 120 mg/cm3 for osteopenia and < 80 mg/cm3 for osteoporosis. The odds ratios (ORs) and 95% confidence intervals (95% CI) of osteopenia/osteoporosis (defined as vBMD < 120 mg/cm3), higher marrow fat content (marrow fat content ≥ 45%), and higher muscle fat content (erector muscle fat content ≥ 10%) were calculated by logistic regression models with and without adjustments for age, BMI, and other sex hormones, in which sex hormone levels were fitted as continuous variables with results expressed in terms of per SD increase in hormone concentration.




Results

The general characteristics of the study participants are shown in Table 1. Participants were stratified into four sub-groups according to age, and the characteristics of each group and inter-group comparisons are also presented in Table 1. FSH concentrations were higher with increasing age (p < 0.001), but there were no age related differences in total estradiol concentration (p = 0.90). With aging, lumbar spine vertebral vBMD decreased (p < 0.001) and erector muscle fat content increased (p = 0.034) gradually. There were no significant age-related differences in marrow fat content (p = 0.574).


Table 1 | Demographic and biologic characteristics of 199 men overall, and of the men at different levels of age.



Further sub-group analysis was completed according to presence of osteopenia and osteoporosis (normal bone mass: vBMD ≥ 120 mg/mm3 and osteopenia/osteoporosis: vBMD < 120 mg/mm3) and of obesity (non-obesity: BMI < 25 kg/m2 and obesity: BMI ≥ 25 kg/m2), respectively, and inter-group comparisons are shown in Table 2. Participants who were osteopenic or osteoporotic had significantly higher FSH concentrations (p = 0.005), marrow fat content (p = 0.002), and erector muscle fat content (p = 0.003). Obese participants had significantly higher total testosterone concentrations (p = 0.004), but there were no differences in vBMD or fat content measurements.


Table 2 | Comparisons of demographic and biologic characteristics between the participants with normal bone mineral content and with decreased bone mineral content (osteopenia or osteoporosis), and between non-obese and obese participants.



Associations between sex hormone concentrations, vBMD, and fat content measurements are shown in Table 3. Lower vBMD was associated with higher FSH concentration (β = -0.216, p < 0.001), but not with total estradiol or total testosterone concentration (Table 3), after adjustment for age, BMI, and other sex hormones. Neither bone marrow fat content nor erector muscle fat content was associated with sex hormone concentrations after adjustment for age, BMI, and other sex hormones.


Table 3 | Multivariate linear regression analysis showing the factors determining vBMD and fat measurements.



Adjusted and non-adjusted logistic regression analysis found that for each SD increase in FSH there was a 50% higher risk of an individual having osteopenia or osteoporosis (Table 4). All the three sex hormones showed no significant contributions to the risk of higher marrow fat content or higher erector fat content after multivariate adjustment.


Table 4 | OR of osteopenia/osteoporosis, higher marrow fat, and higher muscle fat (erector muscle fat content ≥ 10%) per SD increase in FSH, estradiol, and testosterone concentrations in men.





Discussion

This study is the first to explore associations between sex hormones, bone density, marrow adiposity and muscle adiposity in community-dwelling middle and older aged men. In doing so, we found that high concentration of FSH, but not total testosterone or estradiol, was a risk factor for lower vBMD, osteopenia and osteoporosis. While marrow fat content and erector muscle fat content were greater in osteopenic and osteoporotic men, there were no associations with sex hormones concentrations.

Our primary finding was of significant associations between high FSH and low vertebral trabecular vBMD in men. There is accumulating evidence that FSH acts on bone through both direct and indirect mechanisms. First, FSH acts directly through the FSHR on osteoclast precursors to increase osteoclastogenesis by sensitizing MAP kinase, NF-κB, and Akt pathways, and blocking FSHRs or the β-subunit of FSH, can prevent bone loss in mice independent of estrogen (28). Second, FSH increases expression of the receptor activator of NF-κB (29) and indirectly stimulates osteoclastogenesis by releasing cytokines, namely IL-1β, TNF-α, and IL-6 in proportion to the surface expression of FSHR (21, 30). Elsewhere, in-vivo evidence regarding the relationship between FSH and bone mass in men is limited. Hsu B, et al. reported that lower levels of serum FSH were protective against bone loss and were negatively associated with incident fractures in a cohort of elderly men (31). In addition, Jing, et al. have demonstrated associations between FSH, lumbar spine BMD and osteoporosis in men with type 2 diabetes mellitus (32).

In this study, we found no associations between total estradiol, total testosterone and vertebral trabecular vBMD. Elsewhere, studies have supported estradiol as the crucial sex steroid for bone health in men, and others, provide evidence for testosterone and SHBG (8–11, 32–37). In elderly men, bioavailable estradiol has been found to be positively associated with BMD at multiple sites (8, 10, 11, 33–35), and higher bioavailable estradiol is suggested to be a protective factor for osteopenia (9). Total estradiol has also been reported to be a significant determinant of bone mass in elderly men (10, 24, 34, 36). In a study involving a diverse sample of men (Black, Hispanic, and White, aged 30 to 79 years), total and free estradiol showed larger positive correlations with BMD outcomes and correlations between estradiol levels and hip BMD were robust after multivariate-adjustment, whereas no correlation between total or free estradiol and lumbar spine BMD after multivariate-adjustment (8). In aging Chinese men, both bioavailable and total estradiol have been demonstrated with a positive association with both total hip and lumbar spine BMD after multivariate- or age-adjustment (32, 37). The bioavailable sex steroids comprise the fractions that are free or associated with albumin in the circulation (38), and it is these fractions that have rapid access to target tissues (39). The free fraction constitutes only 1-3% of the total circulating sex steroids (38). In contrast, the fraction bound to SHBG does not have free access to target tissue. As SHBG levels increase with age in men, measurement of total testosterone or estradiol levels does not accurately reflect the actual levels of these steroids available to tissue.

The evidence around the role of testosterone for bone health in elderly men is more conflicting, than the evidence for estradiol (9–11, 24, 34, 36). A study on American men aged 20–90 years found that men with free testosterone level at the lowest quartile were more likely to be osteopenic (9). A study by Van Den Beld et al. also found a positive and significant association between testosterone levels (total, free, and bioavailable fraction and androgen index) and proximal femoral BMD in older men (10). The Swedish Osteoporotic Fractures in Men (MrOS) Study discovered that free testosterone was an independent positive predictor of BMD in total body, total hip, femur trochanter, and arm but not in the lumbar spine (11). The Hong Kong MrOS study also found a positive and significant relationship between femoral and vertebral BMD and free testosterone in Chinese men aged 65 years and above (37). However, discrepancies exist among different studies, and some have reported no associations between bone health status in men and total testosterone (8, 9, 34), and studies have found that the relationship between testosterone and BMD is not consistent at different testing sites (35). The effects of testosterone can be exerted either directly through the androgen receptor or indirectly through aromatization to estrogens and further through estrogen receptor-α and/or –β (40). These sex steroid receptors are expressed in bone, and experimental animal studies, using sex steroid receptor-inactivated transgenic mouse model, have indicated that each of these three receptors mediate the site-specific skeletal effects of sex steroids (41, 42).

To date, most studies have been conducted using DXA measured BMD, which cannot separate trabecular from cortical bone. Trabecular bone is known to have a more rapid rate of age-related loss than cortical bone. This may diminish the sensitivity of DXA for assessing osteoporosis. QCT is a truly three dimensional technique for quantifying volumetric trabecular bone density that is not affected by spine degeneration and abdominal aortic calcification (43). Khosla et al, measured vBMD using QCT and showed that vertebral trabecular vBMD was significantly associated with bioavailable estradiol and bioavailable testosterone in the entire group of men (22 to 91 years) (33). After adjusting for age, bioavailable testosterone was more strongly associated with vertebral trabecular vBMD than bioavailable estradiol in the middle-aged men (40-59 years), while bioavailable estradiol was the best predictor of vBMD at most sites in the elderly men (≥ 60 years) (33).

In the current study, there were no associations between sex hormone concentrations and marrow fat content, despite evidence that marrow fat increases with age (44, 45). Mistry et al, have reported that marrow adiposity is negatively associated with both total estradiol and total testosterone in aging men (74 to 95 years of age) after adjusting for age and total percent fat (46). The possible reasons for the discrepancies with Mistry’s results may be firstly, the number size of this study (n = 62) was small and secondly, the participants in this study are much younger than those in Mistry’s study (61 years vs. 82.4 years). FSH receptor cDNA and protein have been identified on osteoclasts and mesenchymal stem cells (28). An animal study showed that both sham-operated and ovariectomized mice presented a decrease in marrow adipose volume after FSH antibody treatments (47). Our study did not find a significant association between marrow fat content and FSH concentration in this middle-aged to older male population, and furthermore, the increase of FSH was not a risk factor for higher marrow fat content.

In the context of muscle aging, it is important to remember that it is not just a decline in muscle mass which contributes to the deterioration of muscle function. Factors underpinning muscle quality come into play, including muscle composition, aerobic capacity and metabolism, fatty infiltration, insulin resistance, fibrosis and neural activation (48). Observational studies have shown that lean mass and strength are reduced in men with low testosterone levels (10, 23), and testosterone replacement increases lean mass in men with hypogonadism (49). In the present cross-sectional study, total testosterone concentration was detected with a weakly negative correlation with erector muscle fat content by unadjusted linear regression analysis, however, the correlation was insignificant after adjusting for age, BMI, total estradiol concentration, and FSH concentration. The increase of total testosterone for 1 SD was not a significant protective factor for higher erector muscle fat content (≥ 10%). Considering lean mass, muscle area, and muscle strength were preserved until gonadal steroid deficiency was more mark according to Finkelstein et al. (a testosterone level ≤ 200 ng per deciliter) (50), our results are not unexpected.

The main limitation of this study was the relative small sample size (n = 199), especially only 62 participants had MR measurements of marrow fat content and muscle fat content, and as a result, the relationships between sex hormones and MR-quantified marrow fat and muscle fat content may not be fully revealed. In addition, luteinizing hormone and SHBG were not measured, and therefore, free estradiol and free testosterone could not be calculated and investigated in this study. The smoking and drinking history were not obtained in this study, and therefore, neither multivariate linear regression analyses for the contributions of sex hormones to vBMD nor ORs of osteopenia/osteoporosis were adjusted for smoking and drinking.



Conclusion

FSH but not total estradiol or total testosterone is related to vertebral trabecular vBMD in middle-aged and older Chinese men. Neither marrow adiposity nor muscle adiposity is associated with total estradiol, total testosterone, or FSH.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary files. Further inquiries can be directed to the corresponding author.



Ethics Statement

The studies involving human participants were reviewed and approved by Beijing Jishuitan Hospital Ethics Committee. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

The first authorship of LX and QZ is of an equal rank. LX and QZ designed the study and prepared the first draft of the paper. KL, YZ, and YL contributed the experimental work and data collection. KH and LW edited the draft. CW was responsible of the statistical analysis of the data. XC supervised the study and paper organization. All authors revised the paper critically for intellectual content and approved the final version. All authors agree to be accountable for the work and to ensure that any questions relating to the accuracy and integrity of the paper are investigated and properly resolved.



Funding

This work was funded by the grants from the National Key Research and Development Program of China [No. 2020YFC2004902], the Beijing Hospitals Authority Clinical Medicine Development of Special Funding Support [No. ZYLX202107], the National Natural Science Foundation of China [No. 81771831, 2018], and the High Level Talents “Discipline backbone” Project of Beijing Jishuitan Hospital [No. XKGG2021123].



Acknowledgments

We thank our study participants for contributing their time and efforts. We wish to thank Dopbio Biotechnology for their technical supports in blood testing. We also thank National Natural Science Foundation of China for the fund support to this study.



References

1. Melton, LJ 3rd, Khosla, S, Achenbach, SJ, O'Connor, MK, O'Fallon, WM, and Riggs, BL. Effects of Body Size and Skeletal Site on the Estimated Prevalence of Osteoporosis in Women and Men. Osteoporos Int (2000) 11(11):977–83. doi: 10.1007/s001980070037

2. Looker, AC, Orwoll, ES, Johnston, CC Jr, Lindsay, RL, Wahner, HW, Dunn, WL, et al. Prevalence of Low Femoral Bone Density in Older U.S. Adults From NHANES III. J Bone Miner Res (1997) 12(11):1761–8. doi: 10.1359/jbmr.1997.12.11.1761

3. Melton, LJ 3rd, Atkinson, EJ, O’Connor, MK, O'Fallon, WM, and Riggs, BL. Bone Density and Fracture Risk in Men. J Bone Miner Res (1998) 13(12):1915–23. doi: 10.1359/jbmr.1998.13.12.1915

4. Daniell, HW, Dunn, SR, Ferguson, DW, Lomas, G, Niazi, Z, and Stratte, PT. Progressive Osteoporosis During Androgen Deprivation Therapy for Prostate Cancer. J Urol (2000) 163(1):181–6. doi: 10.1097/00005392-200001000-00043

5. Wu, IC, Lin, XZ, Liu, PF, Tsai, WL, and Shiesh, SC. Low Serum Testosterone and Frailty in Older Men and Women. Maturitas (2010) 67(4):348–52. doi: 10.1016/j.maturitas.2010.07.010

6. Walther, A, Philipp, M, Lozza, N, and Ehlert, U. The Rate of Change in Declining Steroid Hormones: A New Parameter of Healthy Aging in Men? Oncotarget (2016) 7(38):60844–57. doi: 10.18632/oncotarget.11752

7. Feldman, HA, Longcope, C, Derby, CA, Johannes, CB, Araujo, AB, Coviello, AD, et al. Age Trends in the Level of Serum Testosterone and Other Hormones in Middle-Aged Men: Longitudinal Results From the Massachusetts Male Aging Study. J Clin Endocrinol Metab (2002) 87(2):589–98. doi: 10.1210/jcem.87.2.8201

8. Araujo, AB, Travison, TG, Leder, BZ, and McKinlay, JB. Correlations Between Serum Testosterone, Estradiol, and Sex Hormone-Binding Globulin and Bone Mineral Density in a Diverse Sample of Men. J Clin Endocrinol Metab (2008) 93(6):2135–41. doi: 10.1210/jc.2007-1469

9. Paller, CJ, Shiels, MS, Rohrmann, S, Basaria, S, Rifai, N, Nelson, W, et al. Relationship of Sex Steroid Hormones With Bone Mineral Density (BMD) in a Nationally Representative Sample of Men. Clin Endocrinol (Oxf) (2009) 70(1):26–34. doi: 10.1111/j.1365-2265.2008.03300.x

10. van den Beld, AW, de Jong, FH, Grobbee, DE, Pols, HA, and Lamberts, SW. Measures of Bioavailable Serum Testosterone and Estradiol and Their Relationships With Muscle Strength, Bone Density, and Body Composition in Elderly Men. J Clin Endocrinol Metab (2000) 85(9):3276–82. doi: 10.1210/jcem.85.9.6825

11. Mellström, D, Johnell, O, Ljunggren, O, Eriksson, AL, Lorentzon, M, Mallmin, H, et al. Free Testosterone Is an Independent Predictor of BMD and Prevalent Fractures in Elderly Men: MrOS Sweden. J Bone Miner Res (2006) 21(4):529–35. doi: 10.1359/jbmr.060110

12. Khosla, S, Melton, LJ 3rd, Atkinson, EJ, and O'Fallon, WM. Relationship of Serum Sex Steroid Levels to Longitudinal Changes in Bone Density in Young Versus Elderly Men. J Clin Endocrinol Metab (2001) 86(8):3555–61. doi: 10.1210/jcem.86.8.7736

13. Mellström, D, Vandenput, L, Mallmin, H, Holmberg, AH, Lorentzon, M, Odén, A, et al. Older Men With Low Serum Estradiol and High Serum SHBG Have an Increased Risk of Fractures. J Bone Miner Res (2008) 23(10):1552–60. doi: 10.1359/jbmr.080518

14. Khosla, S, Melton, LJ 3rd, and Riggs, BL. The Unitary Model for Estrogen Deficiency and the Pathogenesis of Osteoporosis: Is a Revision Needed? J Bone Miner Res (2011) 26(3):441–51. doi: 10.1002/jbmr.262

15. Cawthon, PM, Schousboe, JT, Harrison, SL, Ensrud, KE, Black, D, Cauley, JA, et al. Sex Hormones, Sex Hormone Binding Globulin, and Vertebral Fractures in Older Men. Bone (2016) 84:271–8. doi: 10.1016/j.bone.2016.01.009

16. Vandenput, L, Mellström, D, Kindmark, A, Johansson, H, Lorentzon, M, Leung, J, et al. High Serum SHBG Predicts Incident Vertebral Fractures in Elderly Men. J Bone Miner Res (2016) 31(3):683–9. doi: 10.1002/jbmr.2718

17. Hsu, B, Seibel, MJ, Cumming, RG, Blyth, FM, Naganathan, V, Bleicher, K, et al. Progressive Temporal Change in Serum SHBG, But Not in Serum Testosterone or Estradiol, Is Associated With Bone Loss and Incident Fractures in Older Men: The Concord Health and Ageing in Men Project. J Bone Miner Res (2016) 31(12):2115–22. doi: 10.1002/jbmr.2904

18. Zaidi, M, Lizneva, D, Kim, SM, Sun, L, Iqbal, J, New, MI, et al. FSH, Bone Mass, Body Fat, and Biological Aging. Endocrinology (2018) 159(10):3503–14. doi: 10.1210/en.2018-00601

19. Sowers, MR, Greendale, GA, Bondarenko, I, Finkelstein, JS, Cauley, JA, Neer, RM, et al. Endogenous Hormones and Bone Turnover Markers in Pre- and Perimenopausal Women: SWAN. Osteoporos Int (2003) 14(3):191–7. doi: 10.1007/s00198-002-1329-4

20. Gallagher, CM, Moonga, BS, and Kovach, JS. Cadmium, Follicle-Stimulating Hormone, and Effects on Bone in Women Age 42–60 Years, NHANES III. Environ Res (2010) 110(1):105–11. doi: 10.1016/j.envres.2009.09.012

21. Cannon, JG, Cortez-Cooper, M, Meaders, E, Stallings, J, Haddow, S, Kraj, B, et al. Follicle-Stimulating Hormone, Interleukin-1, and Bone Density in Adult Women. Am J Physiol Regul Integr Comp Physiol (2010) 298(3):R790–8. doi: 10.1152/ajpregu.00728.2009

22. Hsu, WL, Chen, CY, Tsauo, JY, and Yang, RS. Balance Control in Elderly People With Osteoporosis. J Formos Med Assoc (2014) 113(6):334–9. doi: 10.1016/j.jfma.2014.02.006

23. Baumgartner, RN, Waters, DL, Gallagher, D, Morley, JE, and Garry, PJ. Predictors of Skeletal Muscle Mass in Elderly Men and Women. Mech Aging Dev (1999) 107(2):123–36. doi: 10.1016/s0047-6374(98)00130-4

24. Szulc, P, Claustrat, B, Marchand, F, and Delmas, PD. Increased Risk of Falls and Increased Bone Resorption in Elderly Men With Partial Androgen Deficiency: The MINOS Study. J Clin Endocrinol Metab (2003) 88(11):5240–7. doi: 10.1210/jc.2003-030200

25. Zhang, Y, Zhou, Z, Wu, C, Zhao, D, Wang, C, Cheng, X, et al. Population-Stratified Analysis of Bone Mineral Density Distribution in Cervical and Lumbar Vertebrae of Chinese From Quantitative Computed Tomography. Korean J Radiol (2016) 17(5):581–9. doi: 10.3348/kjr.2016.17.5.581

26. Engelke, K, Adams, JE, Armbrecht, G, Augat, P, Bogado, CE, Bouxsein, ML, et al. Clinical Use of Quantitative Computed Tomography and Peripheral Quantitative Computed Tomography in the Management of Osteoporosis in Adults: The 2007 ISCD Official Positions. J Clin Densitom (2008) 11(1):123–62. doi: 10.1016/j.jocd.2007.12.010

27. American College of Radiology. Reston, “ACR Practice Guide Line for the Performance of Quantitative Computed Tomogramphy (QCT) Bone Densitometry (Resolution33) (2008). Available at: http://www.acr.org/w/media/ACR/Documents/PGTS/guidelines/QCT.pdf.

28. Sun, L, Peng, Y, Sharrow, AC, Iqbal, J, Zhang, Z, Papachristou, DJ, et al. FSH Directly Regulates Bone Mass. Cell (2006) 125(2):247–60. doi: 10.1016/j.cell.2006.01.051

29. Cannon, JG, Kraj, B, and Sloan, G. Follicle-Stimulating Hormone Promotes RANK Expression on Human Monocytes. Cytokine (2011) 53(2):141–4. doi: 10.1016/j.cyto.2010.11.011

30. Iqbal, J, Sun, L, Kumar, TR, Blair, HC, and Zaidi, M. Follicle-Stimulating Hormone Stimulates TNF Production From Immune Cells to Enhance Osteoblast and Osteoclast Formation. Proc Natl Acad Sci USA (2006) 103(40):14925–30. doi: 10.1073/pnas.0606805103

31. Hsu, B, Cumming, RG, Seibel, MJ, Naganathan, V, Blyth, FM, Bleicher, K, et al. Reproductive Hormones and Longitudinal Change in Bone Mineral Density and Incident Fracture Risk in Older Men: The Concord Health and Aging in Men Project. J Bone Miner Res (2015) 30(9):1701–8. doi: 10.1002/jbmr.2493

32. Jing, Y, Wang, X, Yu, J, Wang, X, Zhou, Y, Tao, B, et al. Follicle-Stimulating Hormone and Estradiol are Associated With Bone Mineral Density and Risk of Fracture in Men With Type 2 Diabetes Mellitus. J Diabetes (2020) 12(6):426–37. doi: 10.1111/1753-0407.13011

33. Khosla, S, Melton, LJ 3rd, Robb, RA, Camp, JJ, Atkinson, EJ, Oberg, AL, et al. Relationship of Volumetric BMD and Structural Parameters at Different Skeletal Sites to Sex Steroid Levels in Men. J Bone Miner Res (2005) 20(5):730–40. doi: 10.1359/JBMR.041228

34. Khosla, S, Melton, LJ 3rd, Atkinson, EJ, O’Fallon, WM, Klee, GG, and Riggs, BL. Relationship of Serum Sex Steroid Levels and Bone Turnover Markers With Bone Mineral Density in Men and Women: A Key Role for Bioavailable Estrogen. J Clin Endocrinol Metab (1998) 83(7):2266–74. doi: 10.1210/jcem.83.7.4924

35. Venkat, K, Desai, M, Arora, MM, Singh, P, and Khatkhatay, MI. Age-Related Changes in Sex Steroid Levels Influence Bone Mineral Density in Healthy Indian Men. Osteoporos Int (2009) 20(6):955–62. doi: 10.1007/s00198-008-0765-1

36. Amin, S, Zhang, Y, Sawin, CT, Evans, SR, Hannan, MT, Kiel, DP, et al. Association of Hypogonadism and Estradiol Levels With Bone Mineral Density in Elderly Men From the Framingham Study. Ann Intern Med (2000) 133(12):951–63. doi: 10.7326/0003-4819-133-12-200012190-00010

37. Woo, J, Kwok, T, Leung, JC, Ohlsson, C, Vandenput, L, and Leung, PC. Sex Steroids and Bone Health in Older Chinese Men. Osteoporos Int (2012) 23(5):1553–62. doi: 10.1007/s00198-011-1552-y

38. Södergård, R, Bäckström, T, Shanbhag, V, and Carstensen, H. Calculation of Free and Bound Fractions of Testosterone and Estradiol-17 Beta to Human Plasma Proteins at Body Temperature. J Steroid Biochem (1982) 16(6):801–10. doi: 10.1016/0022-4731(82)90038-3

39. Manni, A, Pardridge, WM, Cefalu, W, Nisula, BC, Bardin, CW, Santner, SJ, et al. Bioavailability of Albumin-Bound Testosterone. J Clin Endocrinol Metab (1985) 61(4):705–10. doi: 10.1210/jcem-61-4-705

40. Riggs, BL, Khosla, S, and Melton, LJ 3rd. Sex Steroids and the Construction and Conservation of the Adult Skeleton. Endocr Rev (2002) 23(3):279–302. doi: 10.1210/edrv.23.3.0465

41. Sims, NA, Clément-Lacroix, P, Minet, D, Fraslon-Vanhulle, C, Gaillard-Kelly, M, Resche-Rigon, M, et al. A Functional Androgen Receptor Is Not Sufficient to Allow Estradiol to Protect Bone After Gonadectomy in Estradiol Receptor-Deficient Mice. J Clin Invest (2003) 111(9):1319–27. doi: 10.1172/JCI17246

42. Vidal, O, Lindberg, MK, Hollberg, K, Baylink, DJ, Andersson, G, Lubahn, DB, et al. Estrogen Receptor Specificity in the Regulation of Skeletal Growth and Maturation in Male Mice. Proc Natl Acad Sci U S A (2000) 97(10):5474–9. doi: 10.1073/pnas.97.10.5474

43. Xu, XM, Li, N, Li, K, Li, XY, Zhang, P, Xuan, YJ, et al. Discordance in Diagnosis of Osteoporosis by Quantitative Computed Tomography and Dual-Energy X-Ray Absorptiometry in Chinese Elderly Men. J Orthop Translat (2018) 18:59–64. doi: 10.1016/j.jot.2018.11.003

44. Kugel, H, Jung, C, Schulte, O, and Heindel, W. Age- and Sex-Specific Differences in the 1H-Spectrum of Vertebral Bone Marrow. J Magn Reson Imaging (2001) 13(2):263–8. doi: 10.1002/1522-2586(200102)13:2<263::aid-jmri1038>3.0.co;2-m

45. Griffith, JF, Yeung, DK, Ma, HT, Leung, JC, Kwok, TC, and Leung, PC. Bone Marrow Fat Content in the Elderly: A Reversal of Sex Difference Seen in Younger Subjects. J Magn Reson Imaging (2012) 36(1):225–30. doi: 10.1002/jmri.23619

46. Mistry, SD, Woods, GN, Sigurdsson, S, Ewing, SK, Hue, TF, Eiriksdottir, G, et al. Sex Hormones are Negatively Associated With Vertebral Bone Marrow Fat. Bone (2018) 108:20–4. doi: 10.1016/j.bone.2017.12.009

47. Liu, P, Ji, Y, Yuen, T, Rendina-Ruedy, E, DeMambro, VE, Dhawan, S, et al. Blocking FSH Induces Thermogenic Adipose Tissue and Reduces Body Fat. Nature (2017) 546(7656):107–12. doi: 10.1038/nature22342

48. Curtis, E, Litwic, A, Cooper, C, and Denison, E. Determinants of Muscle and Bone Aging. J Cell Physiol (2015) 230(11):2618–25. doi: 10.1002/jcp.25001

49. Page, ST, Amory, JK, Bowman, FD, Anawalt, BD, Matsumoto, AM, Bremner, WJ, et al. Exogenous Testosterone (T) Alone or With Finasteride Increases Physical Performance, Grip Strength, and Lean Body Mass in Older Men With Low Serum T. J Clin Endocrinol Metab (2005) 90(3):1502–10. doi: 10.1210/jc.2004-1933

50. Finkelstein, JS, Lee, H, Burnett-Bowie, SA, Pallais, JC, Yu, EW, Borges, LF, et al. Gonadal Steroids and Body Composition, Strength, and Sexual Function in Men. N Engl J Med (2013) 369(11):1011–22. doi: 10.1056/NEJMoa1206168




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Xu, Zhao, Li, Zhang, Wang, Hind, Wang, Liu and Cheng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 26 May 2022

doi: 10.3389/fendo.2022.792819

[image: image2]


Association of Paraspinal Muscle CSA and PDFF Measurements With Lumbar Intervertebral Disk Degeneration in Patients With Chronic Low Back Pain


Yilong Huang 1†, Ling Wang 2†, Xiaomin Zeng 13, Jiaxin Chen 1, Zhenguang Zhang 1, Yuanming Jiang 1, Lisha Nie 4, Xiaoguang Cheng 2* and Bo He 1*


1 Department of Medical Imaging, the First Affiliated Hospital of Kunming Medical University, Kunming, China, 2 Department of Radiology, Beijing Jishuitan Hospital, Beijing, China, 3 GE Healthcare, Magnetic Resonance Field Application Team, Chengdu, China, 4 GE Healthcare, Magnetic Resonance Research China, Beijing, China




Edited by: 

Giuseppe Guglielmi, University of Foggia, Italy

Reviewed by: 

Maria Pilar Aparisi Gomez, Auckland District Health Board, New Zealand

Wenmin Guan, Capital Medical University, China

*Correspondence: 

Bo He
 hebo_ydyy@qq.com

Xiaoguang Cheng
 xiao65@263.net


†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to 

Bone Research, a section of the journal Frontiers in Endocrinology


Received: 11 October 2021

Accepted: 21 April 2022

Published: 26 May 2022

Citation:
Huang Y, Wang L, Zeng X, Chen J, Zhang Z, Jiang Y, Nie L, Cheng X and He B (2022) Association of Paraspinal Muscle CSA and PDFF Measurements With Lumbar Intervertebral Disk Degeneration in Patients With Chronic Low Back Pain. Front. Endocrinol. 13:792819. doi: 10.3389/fendo.2022.792819



There is an interaction between the lumbar spine and paraspinal muscles, which may play a role in the development of intervertebral disc (IVD) degeneration and may affect CLBP. The study aims to assess the relationship between IVD degeneration and paraspinal muscle fat infiltration in CLBP patients by quantitative MR imaging, and to evaluate the influence of sex and age on CLBP muscle fat infiltration. Sixty CLBP patients (46.3 years ±17.0) and thirty-two healthy subjects (44.9 years ±17.6) were recruited for this study. 3.0 T MRI was used to perform the sagittal and axial T1, T2 of the lumbar spine, and axial paraspinal muscle IDEAL imaging at the L4/5 and L5/S1 levels. Proton density fat fraction (PDFF) of the multifidus and erector spinae at two IVD levels were measured. The Pfirrmann grades of IVD degeneration, Oswestry Disability Index (ODI), and Visual Analog Scale (VAS) were also evaluated. Compare the cross-sectional area (CSA) and PDFF of the paraspinal muscles between CLBP patients and healthy subjects, and analyze the relationship between the muscle PDFF and Pfirrmann grades, gender, and age of CLBP patients. Compared with healthy subjects, the CSA of the multifidus muscle in CLBP patients decreased (1320.2±188.1mm2 vs. 1228.7±191.0 mm2, p<0.05) at the L4/5 level, the average PDFF increased, (7.7±2.6% vs. 14.79±5.3%, 8.8±4.2% vs. 16.03±5.3%, all p<0.05) at both L4/5 and L5/S1 levels. The PDFF of paraspinal muscles were correlated with adjacent IVD degeneration, ODI and VSA in CLBP patients (all p<0.05). After using age and body mass index (BMI) as control variables, significance was retained (all p<0.05). Multiple regression analysis revealed sex and age also were significantly associated with multifidus PDFF (all p < 0.05). This study confirmed that the CSA decreased and the PDFF increased of the paraspinal muscles in CLBP patients. It reveals a significant correlation between the PDFF of CLBP paraspinal muscles and the grade of IVD degeneration. Sex and age are also important factors influencing CLBP paraspinal muscle infiltration.




Keywords: chronic low back pain, quantitative MRI, paraspinal muscles, fatty infiltration, lumbar intervertebral disk degeneration



Introduction

Low back pain (LBP) has become a global challenge with tremendous economic burden for society and public health systems (1, 2). The lifetime prevalence of LBP is reported to be as high as 84%, with chronic low back pain (CLBP) accounting for approximately 23% of LBP (3). Furthermore, more than 10% of patients with LBP develop severe disabilities (4). The diversity and complexity of etiology limit the prevention and treatment strategies of LBP. Intervertebral disc (IVD) degeneration refers to the physiological and pathological process of natural degeneration and aging of the IVD, in which structural damage causes the degeneration of the disc and the surrounding area (5). IVD degeneration is the basis of various clinical spinal diseases, for example, annulus tears, instability of the spine, degeneration in the facet joints, disc herniation, spinal stenosis and CLBP (5, 6). And IVD degeneration is usually considered as the leading cause of CLBP, especially at the L4-S1 level, but the treatments are mainly limited to partial symptomatic relief (7, 8).

The paraspinal muscles (multifidus, erector spinae, and psoas) are essential determinants of the structural stability and functions of the lumbar spine (9). Previous animal and human studies suggested that increased myoelectric activity and structural remodeling of muscles (e.g. muscle atrophy, fat infiltration, and fiber type changes) were associated with CLBP (10–14). Given the important role of paraspinal muscles on the lumbar spine, muscle lesions may worsen CLBP. It is crucial to study the interactions between paraspinal muscle changes and CLBP, but they are often underestimated. In addition, it is unclear whether the degeneration of the lumbar IVD is related to increased fatty infiltration within the paraspinal muscles in CLBP patients.

Previous studies had reported the muscle cross-sectional area (CSA) and fat content of the paraspinal muscles in CLBP patients (15–18). Based on anatomical imaging, the CSA variable of muscles is routinely preferred (19), which can be used as a structural measure of muscle hypertrophy or atrophy. The assessments of fat infiltration were mainly based on the decrease of CT attenuation values (14–16, 20, 21) or the increase of the relative signal intensity on the conventional MRI T1 and T2 images (17, 22, 23). There is no published literature on CLBP related to the intramuscular adipose tissue in CLBP study. In recent years, an advanced chemical shift encoding-based water-fat MRI has been used for non-invasive quantitative assessment of fat and water signals in various parts of the human body (24–26), such as available Iterative Decomposition of water and fat with Echo Asymmetry and Least Square Estimation (IDEAL-IQ). Proton density fat fraction (PDFF) outcomes can be obtained with high resolution and high accuracy from IDEAL-IQ (25). This method is considered to be a reliable measurement method comparable to MR spectroscopy (the gold standard method in vivo) for quantifying fat infiltration in muscles (27–29). Sollmann et al. showed that the PDFF measurement after paraspinal muscle segmentation is a potential biomarker for muscle changes in the future (30). Furthermore, Zhao and Patzelt et al. found a negative correlation between the PDFF of paraspinal muscles and the bone mineral density of the lumbar spine, and the progress and severity of tumor cachexia can be monitored through the PDFF of the paraspinal muscles (31, 32). Therefore, PDFF help accurately quantify the fat content, especially intramuscular lipids in the paraspinal muscles of CLBP, and further explore the relationship between IVD degeneration and paraspinal muscle remodeling in CLBP patients. Furthermore, results of previous studies reveal that a decrease in the multifidus CSA, a decrease of muscle density, and a decrease in the size of Type I and Type II/MHC-2X fibers and interstitial fibrosis in patients with intervertebral herniation. And the fat infiltration may be associated with these muscle changes (14, 33, 34). We hypothesized that paraspinal muscle CSA and fat content are changed in CLBP patients compared to healthy subjects, significantly, and are associated with the degeneration of the adjacent IVD.

The purpose of our study was to compare the CSA and PDFF of paraspinal muscles in patients with CLBP and healthy subjects using novel quantitative MRI, investigate the relationship between IVD degeneration and paraspinal muscle fat infiltration. Furthermore, we compared the age-related and sex-related changes in CSA and PDFF of the paraspinal muscles in patients with CLBP.



Materials and Methods


Participants

In this retrospective study, sixty patients with CLBP and thirty-two healthy subjects were selected in this study from January 2019 to December 2020 (46 males, 46 females; mean age: 45.82 years; age range: 24-72 years). Patients with CLBP and healthy subjects were matched for age and sex. Informed consent forms were signed by each participant, and ethical committee approval was obtained. The inclusion criteria were as follows: the untreated patient has symptoms of LBP for more than 3 months; Healthy subjects have no symptoms of LBP;BMI ranged from 18.5 to 23.9 kg/m2. The exclusion criteria were visceral LBP (such as urinary tract stones); spinal trauma, fracture, tumor, infection, deformity, spondylolisthesis, surgery, and other musculoskeletal diseases; pregnancy; and contraindications for MRI. Except that the subjects in the control group had no low back pain, the other inclusion and exclusion criteria were the same as those in the low back pain group. The control group did not have any clinical symptoms, and the other inclusion and exclusion criteria were identical to those described previously. The selected subjects also completed the Oswestry Disability Index (ODI) (35) and Visual Analog Scale (VAS) (36) to assess the level of back pain and dysfunction. The ODI covers 10 items (pain, lifting, walking, social life, personal care, sitting, standing, sleeping, travelling and sex life), and each scored from 0 to 5. Total ODI score = score of each item × 2, the total ODI score ranges from 0 to 100. A higher total ODI score reflects higher disability. According to the median age of the included participants, participants under 45 years old are classified as the young group, and 45 years old or older are classified as the elderly group. Table 1 shows the baseline clinical characteristics of the participants.


Table 1 | Comparison of clinical characteristics and CSA of paraspinal muscle between healthy subjects and CLBP patients.





MR Data Acquisition

All MRI experiments were performed using a 3.0T MR system (Discovery 750w, GE Healthcare, USA). A 32-channel the phased array spine coil was used for CLBP patients and healthy subjects. To reduce motion artifacts, an abdominal bandage was used to compress the abdomen and a wedge-shaped foam pad was placed under the lower limbs of participants in a standard supine position. MRI scanning for participants included sagittal T1-weighted imaging (T1), T2-weighted imaging (T2) of the lumbar spine, and axial T2, IDEAL-IQ of paraspinal muscles. The MRI protocols of participants are summarized in Table 2.


Table 2 | MRI scan parameters.





Image Analyses

All raw MR images were processed on a commercially available workstation (Advantage Windows 4.6, GE Medical Systems, USA). The degeneration degree of IVD at L4/5 and L5/S1 was assessed by two blinded experienced radiologists according to Pfirrmann grading system (I-V) by MRI T2 (37). The Pfirrmann grading system was divided into five grades to evaluate the homogeneity of intervertebral disc structure, signal strength, discrimination between nucleus and anulus, and disc height. When there was a disagreement, both radiologists discussed to achieve a consensus. Muscle cross-sectional area (CSA) and PDFF values of the bilateral paraspinal muscles were obtained on a region of interest (ROI) basis at the central level of L4/5 and L5/S1. The CSA and PDFF of the paraspinal muscles were measured at two-disc levels for each participant. The two radiologists manually delineated the shape of the bilateral multifidus and erector spinae (Figure 1). The muscle CSA was measured by manually delineating the ROI on the axial T2 images, then the same ROI was automatically copied by the workstation to the fat fraction map to obtain the PDFF value. The average of the two measurements was calculated and used for later analysis.




Figure 1 | Demonstration of paraspinal muscle segmentation. (A) The center level of the scan was at the midline of L5. (B) Processed PDFF maps of paraspinal muscles; (C) manual segmentation of paraspinal muscles, multifidus (red) and erector spinae (blue).





Statistical Analysis

SPSS 22.0 was performed for the statistical analysis. Mean ± SD was used to express data. Comparisons between patients with CLBP and healthy subjects were determined using the independent-sample t-test. Pearsons correlations and Spearman’s rank correlations were computed between paraspinal muscles CSA, PDFF and Pfirrmann grade, ODI, VSA. One-way analysis of variance (ANOVA) was employed for the comparisons among multiple groups, and Tukey’s multiple comparisons test was utilized for the post hoc test after ANOVA. Analysis of covariance was used with age as a covariate to ensure that there was no effect of age on the differences of muscle PDFF. The Cochran-Armitage trend test was used between Pfirrmann grade and other variables. A p-value <0.05 was reported statistically significant.




Result


Comparison of CSA and PDFF in the Paraspinal Muscle Between Healthy Subjects and Patients With CLBP

There were no differences in gender, age, height, weight, and BMI between healthy subjects and CLBP patients (Table 1). The inter-observer agreement of measured CSA and PDFF between two radiologists was good (ICC=0.964, p<0.001). The CSAs of the multifidus and erector spinae of CLBP were smaller than those of healthy subjects, but the difference was statistically significant only in the multifidus at the L4/5 level (p<0.05, Table 1). The PDFF maps showed that the paraspinal muscle PDFFs were increased in patients with CLBP (Figure 2). At the level of L4/5 and L5/S1, the multifidus and erector spinae PDFF of CLBP patients were significantly increased than those of healthy subjects, and the differences were statistically significant (all p <0.05, Figure 2).




Figure 2 | MRI PDFF of lumbar paraspinal muscle in patients with CLBP. (A) Patient with CLBP, Male, 29 years old, CLBP for 9 years, PDFF left multifidus = 10.9%, PDFF right multifidus =11.9%, PDFF left erector spinae =10.8%, PDFF right erector spinae = 10.1%. (B) Healthy Volunteer, male, 30 years old, PDFF left multifidus= 7.2%, PDFF right multifidus = 7.1%, PDFF left erector spinae = 5.1%, PDFF right erector spinae = 4.8%. (C, D) Bar chart of paraspinal muscle PDFF at L4/5 and L5/S1 levels. Data are reported as mean ± standard deviation of mean. ***p < 0.001.





Correlation Between Paraspinal Muscles CSA, PDFF and Pfirrmann Grade of IVDs

The multifidus CSA was weakly correlated to Pfirrmann grade of IVD degeneration (r=-0.265, p =0.004), but there was no significant correlation between the CSA of erector spinae and the Pfirrmann grade (r=-0.305, p =0.708). With the increase of Pfirrmann grade of IVDD, the PDFF values of the multifidus and erector spinae in CLBP patients gradually increased, in the order of Grade V>Grade IV>Grade III>Grade II>Grade I (Table 3). In the multifidus muscle, the PDFFs of Grade V and Grade IV were higher than that of Grade III and Grade II, and the difference was statistically significant (p<0.05, Table 3). There were differences in the age of CLBP patients with different Pfirrmann grades, but there was no statistically significant difference in BMI among the groups. After adjusting for age, comparing the multifidus and erector spinae PDFF among different Pfirrmann grades, the results showed that the PDFF of the high-grade Pfirrmann grade were higher than that of the low-grade Pfirrmann grade (Table 3). Figures 3 and 4 show the relationships between multifidus and erector spinae age-adjusted PDFF with Pfirrmann grade at the L4/5 and L5/S1 levels. There was a significant correlation (r = 0.717 and 0.744, all p < 0.05) between PDFF of MF and Pfirrmann grade at the IVD levels. In addition, the correlation between erector spinae PDFFs and Pfirrmann grade was lower than that of multifidus (r=0.651 and 0.658, all p <0.05). The Pfirrmann grade of IVD degeneration in the control group, 5, 44, 13, 2, 0 discs had Grade I- V, respectively.


Table 3 | Differences in PDFF and age-adjusted PDFF values of paraspinal muscles between different Pfirrmann grades of two intervertebral discs in CLBP patients ( ± s).






Figure 3 | Correlation between age-adjusted PDFF of paraspinal muscles and Pfirrmann grade. (A) Multifidus at L4/5 level; (B) Multifidus at L5/S1 level; (C) ES at L4/5 level; (D) ES at L5/S1 level. ES, erector spinae. Spearman’s Rank-Order Correlation was used.






Figure 4 | MRI PDFF of lumbar paraspinal muscles at different Pfirrmann grade of IVDs degeneration. (A, C) Sagittal T2 images of IVDs at L4/5 and L5/S1 levels. The Pfirrmann grade of IVDs degeneration from left to right are for G1, G2 G3, G4 and G5, respectively. (B, D) The PDFF of paraspinal muscles at L4/5 and L5/S1 levels. The mean PDFF at the L4/5 from up to bottom are for 9.1%, 10.5%, 14.2%, 16.3% and 22.3%, respectively. The mean PDFF at L5/S1 from up to bottom are for 10.8%, 12.1%, 14.0%, 16.5% and 24.0%, respectively.





Correlation Between Paraspinal Muscles CSA, PDFF and the ODI, VSA of Patients With CLBP

Table 4 shows the overall relationships between CSA, PDFF of paraspinal muscles and ODI, VSA of CLBP patients. There was a moderate correlation between PDFF, ODI and VSA, and higher than CSA.


Table 4 | Correlation analysis between CSA, PDFF of paraspinal muscles and ODI, VSA of CLBP patients.





Analysis of the Difference of CSA and PDFF Regarding Sex and Age

In healthy subjects and CLBP patients, male paraspinal muscle CSAs at the L4/5 and L5/S1 were larger than females, and the difference was statistically significant (Figure 5, all p <0.05). In addition, the CSAs of paraspinal muscles in female CLBP patients were lower than that of the healthy subjects, and the difference was statistically significant (Figure 5, all p <0.05). Regardless of male or female, the PDFFs of the paraspinal muscles showed a significant increase in the CLBP patients. And female CLBP patients were higher than males in the PDFFs at the level of L4/5 (Figure 5, all p<0.05). The paraspinal muscle CSAs of the old were slightly smaller than that of the young in the both healthy subjects and CLBP patients, but the difference was not statistically significant(Figure 6, all p>0.05). Whether the old group or young group, CLBP patients were significantly higher than healthy subjects in the PDFFs of the paraspinal muscles (Figure 6, all p<0.05). And the PDFFs of the paraspinal muscles of the elderly CLBP patients were higher than that of the young at the level of L4/5 (Figure 6, p<0.05).




Figure 5 | Difference of CSA and PDFF regarding sex. (A) CSA at L4/5 level; (B) CSA at L5/S1 level; (C) PDFF at L4/5 level; (D) PDFF at L5/S1 level. *p < 0.05, ***p < 0.001.






Figure 6 | Difference of CSA and PDFF regarding age. (A) CSA at L4/5 level; (B) CSA at L5/S1 level; (C) PDFF at L4/5 level; (D) PDFF at L5/S1 level. **p< 0.05, ***p < 0.001.





Multiple Linear Regression Analysis

Table 5 shows the multiple linear regression analysis of paraspinal muscle PDFFs. Age, gender, and Pfirrmann grade of IVDs were independent factors of multifidus FF value (p <0.05), and Pfirrmann grade of IVDs was an independent factor of erector spinae PDFF value (p <0.05).


Table 5 | Multiple linear regression analysis of PDFF of paraspinal muscles.






Discussion

Using quantitative MR imaging, our study showed that the paraspinal muscles atrophy and fat content increase in patients with CLBP compared to healthy subjects. And a significant correlation was observed between the degeneration of the lumbar spine IVD and the PDFF of adjacent paraspinal muscle in patients with CLBP. Furthermore, sex and age were also independently associated with the paraspinal muscle fat.

Compared with healthy subjects, the CSA of the paraspinal muscles of CLBP patients were decreased only in the multifidus muscle at the L4/5 level. Although the muscle CSA is the most studied, paraspinal muscle atrophy in CLBP remains controversial (38–40). Barker et al. used conventional MRI to compare the multifidus CSA of patients with unilateral pain CLBP, and the results showed that the multifidus CSA of the painful side was lower than that of the asymptomatic side (41). The strength of the paraspinal muscles measured during maximal isometric trunk flexion and trunk extension contractions is decreased in patients with CLBP (42). Some studies have found that muscle CSA was reduced but not significant (38). This may be related to changes in the composition of muscles. When muscle tissue is atrophy, fat infiltration occurs in the paraspinal muscles (29, 43). To some extent, due to the filling and replacement of adipose tissue, the overall muscle CSA has not changed significantly. Our findings in this study further support this view.

In our study, compared with the control group, the PDFF of the paraspinal muscles of CLBP patients was significantly increased. Yanik et al. quantified the fat content of multifidus muscle in patients with CLBP and asymptomatic subjects by conventional MRI, and the results were consistent with this study (33, 44, 45). On the basis of the previous research, we manually delineated the edge of the muscle as the ROI, and further applied the multi-echo Dixon method, which corrected the main magnetic field inhomogeneity effect, T2* effect, T1 effect and other confounding factors, in order to make the quantification of paraspinal muscle fat content is more accurate, better repeatability and reliability (46–48). In order to minimize the possible impact of the slightly differences in spatial resolutions of T2 and PDFF images, we selected the layers at the center of the L4/5 and L5/S1 intervertebral discs as much as possible to delineate the ROI of the paraspinal muscles. In addition, we artificially removed cases with obvious motion artifacts. In this study, we further found the correlation between PDFF and IVD degeneration is higher than correlations between CSA and IVD degeneration. It indicated that the paraspinal muscles of CLBP patients had muscle tissue atrophy and fat replacement.

Recently, much attention has focused on lumbar IVD degeneration in CLBP patients and it is related to the Oswestry Disability Index (41, 49). Paraspinal muscle may play an important role in elucidating and treating lumbar spine dysfunction and spinal imbalance (50, 51). Indeed, we found significant correlations between IVD degeneration of the lumbar spines and the PDFF of adjacent paraspinal muscles in our cohort. Sato et al. revealed that muscle CSA changes were more correlated with pressure pain sensitivity in CLBP patients (52). This difference may be related to the different pain measurement methods we use. Furthermore, the multifidus muscle is more significantly affected. The anatomical relationships between the multifidus muscle and lumbar spine would be relevant to this interpretation. In the lumbar spine, the multifidus muscle is the most developed and important. The multifidus contributes to side bending (tilting) and rotation (twisting) (53). Compared with the erector spinae, the multifidus muscle is more closely related to the lamina and spinous process (54). And the multifidus is a short muscle which makes it more local and prone to changes at the L4/5 and L5/S1levels. The stability of the spine is reduced after CLBP, and muscle changes may be used as a compensatory strategy to cause long-term paraspinal muscle fatigue. When the muscle is decompensated, it will promote the recurrence or exacerbation of CLBP (55). This underlines the importance of the muscles PDFF in the context of IVD degradation. The increased fat infiltration in the paraspinal muscles may be related to the inflammatory disorders found in the multifidus muscles of patients with degenerative spine (56). In animal experiments, James et al. found an increase in macrophages and TNF in the multifidus muscle of a sheep model of IVD degeneration (57). The increased inflammation is likely to be an important factor in promoting fat infiltration of skeletal muscle (58). At the same time, we found that the level of pain and dysfunction in CLBP patients were higher, but the direct relationship between IVD degeneration, paraspinal muscle remodeling, pain, and dysfunction still needs further exploration.

In this study, we account for the potential effects of sex, age, and BMI on muscle fat. In the normal population, males have a larger CSA of paraspinal muscles and lower fat content than females. This is consistent with the results of previous studies (59). We found that both males and females with CLBP have muscle fat infiltration. And it seems to be more pronounced in females, the underlying mechanism is the decline in muscle performance caused by hormone deficiency after menopause in women (43, 60). Age is an important factor in the fat infiltration of paraspinal muscles. Our results show that paraspinal muscle fat increases with age (59, 61), indicating that paraspinal muscle are gradually deteriorating, even in healthy individuals. Therefore, it is necessary to consider the relationship between paraspinal muscles and spinal degeneration with age as a covariate. The PDFFs of the paraspinal muscles in both young and old CLBP patients were significantly increased, the increase was more significant in the elderly. This may be related to the poorer basic muscle strength and performance of the elderly. Fat infiltration of paravertebral muscles in CLBP patients can only be supported if age and sex effects are fully clear. In this study, through the ODI scale test, we observed that the activity level of CLBP patients was reduced. Hodges and Goubert et al. believes that pain leads to disuse muscle atrophy caused by reduced multifidus muscle activity (45, 62). But several previous researches conclude that as to the assumption that patients with CLBP suffer from disuse and physical deconditioning empirical evidence is still lacking (63, 64). In future studies, the activity level of CLBP patients deserves further consideration.

There are several limitations of this study. First, cross-sectional design with relatively small subjects is considered the main limitation. Subsequent longitudinal cohort studies are warranted to further investigate and confirm the relationship between IVD degeneration and paraspinal muscle fat infiltration. Furthermore, the current intervertebral degeneration grading system is qualitative and subjective, and a quantitative method is a better choice. Moreover, the L4/5 and L5/S1 IVDs are regarded as the level of interest because they are the most degradable levels. However, it is unclear whether the paraspinal muscles at the level of the L1-4 IVDs have changed. The post-processing software used in this study can obtain the PDFF of muscle, but not the PDFF of muscle tissue. So, the intermuscular and intramuscular fat cannot be completely distinguished in this study. At last, it will be interesting to further explore the distribution of fat in the paraspinal muscles and clearly quantify the levels of lipids within and outside muscle cells.

Using quantitative MRI to measure CSA and PDFF, this study confirmed the changes in CSA and PDFF of the paraspinal muscles in CLBP patients and found a significant correlation between lumbar IVD degeneration and the PDFF of paraspinal muscles. Sex and age are important factors also considered influencing factors for the paraspinal muscles in CLBP patients. Our findings clearly highlighted the assessment of fat content within paraspinal muscles in CLBP patients and might trigger a paradigm shift in the intervention strategy to CLBP. Paraspinal muscle fat infiltration should also be evaluated as treatment outcome, and its use as a treatment endpoint for therapies should be further investigated.
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Background and purpose

To investigate the image quality and accurate bone mineral density (BMD) on quantitative CT (QCT) for osteoporosis screening by deep-learning image reconstruction (DLIR) based on a multi-phantom and patient study.



Materials and methods

High-contrast spatial resolution, low-contrast detectability, modulation function test (MTF), noise power spectrum (NPS), and image noise were evaluated for physical image quality on Caphan 500 phantom. Three calcium hydroxyapatite (HA) inserts were used for accurate BMD measurement on European Spine Phantom (ESP). CT images were reconstructed with filtered back projection (FBP), adaptive statistical iterative reconstruction-veo 50% (ASiR-V50%), and three levels of DLIR(L/M/H). Subjective evaluation of the image high-contrast spatial resolution and low-contrast detectability were compared visually by qualified radiologists, whilst the statistical difference in the objective evaluation of the image high-contrast spatial resolution and low-contrast detectability, image noise, and relative measurement error were compared using one-way analysis of variance (ANOVA). Cohen’s kappa coefficient (k) was performed to determine the interobserver agreement in qualitative evaluation between two radiologists.



Results

Overall, for three levels of DLIR, 50% MTF was about 4.50 (lp/cm), better than FBP (4.12 lp/cm) and ASiR-V50% (4.00 lp/cm); the 2 mm low-contrast object was clearly resolved at a 0.5% contrast level, while 3mm at FBP and ASiR-V50%. As the strength level decreased and radiation dose increased, DLIR at three levels showed a higher NPS peak frequency and lower noise level, leading to leftward and rightward shifts, respectively. Measured L1, L2, and L3 were slightly lower than that of nominal HA inserts (44.8, 95.9, 194.9 versus 50.2, 100.6, 199.2mg/cm3) with a relative measurement error of 9.84%, 4.08%, and 2.60%. Coefficients of variance for the L1, L2, and L3 HA inserts were 1.51%, 1.41%, and 1.18%. DLIR-M and DLIR-H scored significantly better than ASiR-V50% in image noise (4.83 ± 0.34, 4.50 ± 0.50 versus 4.17 ± 0.37), image contrast (4.67 ± 0.73, 4.50 ± 0.70 versus 3.80 ± 0.99), small structure visibility (4.83 ± 0.70, 4.17 ± 0.73 versus 3.83 ± 1.05), image sharpness (3.83 ± 1.12, 3.53 ± 0.90 versus 3.27 ± 1.16), and artifacts (3.83 ± 0.90, 3.42 ± 0.37 versus 3.10 ± 0.83). The CT value, image noise, contrast noise ratio, and image artifacts in DLIR-M and DLIR-H outperformed ASiR-V50% and FBP (P<0.001), whilst it showed no statistically significant between DLIR-L and ASiR-V50% (P>0.05). The prevalence of osteoporosis was 74 (24.67%) in women and 49 (11.79%) in men, whilst the osteoporotic vertebral fracture rate was 26 (8.67%) in women and (5.29%) in men.



Conclusion

Image quality with DLIR was high-qualified without affecting the accuracy of BMD measurement. It has a potential clinical utility in osteoporosis screening.





Keywords: bone mineral density, osteoporosis, deep learning iterative reconstruction, Catphan 500, European Spine Phantom



1 Introduction

The elderly men and postmenopausal women had a high incidence rate of osteoporosis and related vertebral fracture (1). Vertebral fracture, especially thoracolumbar osteoporotic compression fracture, often occurs in the mid-thoracic (T7-8) and thoracolumbar spine (T12-L1) (2, 3). Bone mineral density (BMD) obtained from quantitative computed tomography (QCT) is a volumetric measure of vertebral trabecular bone with high sensitivity and accuracy for predicting bone strength and fracture risk (4–6). QCT not only reduces the influence of overlying ribcage (2) but also prevents severe spinal degeneration and vascular calcification without requiring the oral contrast agent and body position (5) compared with dual-energy X-ray absorptiometry (DXA). QCT is superior to DXA in BMD measurement for early screening of osteoporosis. However, a high level of radiation exposure delivered to patients with QCT limits its further clinical application (6). Recently, the combination of low-dose CT (LDCT) and lumbar QCT has been initiated by the China Health Big Data (China Biobank) project for opportunistic screening of osteoporosis and lung cancer simultaneously in terms of reducing radiation dose, repeated scan, patient time, and additional costs. Wu et al. (5) described the study protocol of the combination of QCT with LDCT. Inherently, Cheng et al. (7) conducted a multicenter population-based cohort study with QCT to determine the prevalence of osteoporosis in China.

Unfortunately, image noise increased obviously after reducing radiation dose, while image quality decreased significantly, particularly in the spine (5), contributing to an inevitable decrease in diagnostic performance. An iterative reconstruction (IR) algorithm is introduced to reduce image noise and preserve image quality between radiation risk and diagnostic performance (8, 9). But many IR algorithms can change the magnitude of the image noise and texture details and may cause an adverse impact on the detection of low-contrast lesions, particularly at high strength levels (10–12).

Currently, a new-generation deep-learning image reconstruction (DLIR) (TrueFidelity, GE Healthcare) was proposed to improve the CT image quality. It utilizes deep neural networks that consist of layers of mathematical equations, with millions of connections and parameters to generate CT images, and is designed with a fast reconstruction speed for routine CT use, even in acute care settings. And it consists of three selectable reconstruction strength levels (low, medium, and high) to control the amount of noise reduction corresponding to clinical applications and radiologist preference (13).

To assess the image quality of LDCT, accurate BMD measurement, and the performance of DLIR for image quality at ultralow-dose level, Li et al. (14) systemically evaluated the physical image quality on Catphan 500 phantom. Results indicated that the CT number linearity was unbiasedly contributing to accurate BMD quantification. DLIR performed better than iterative model reconstruction (IMR, level 2) at 0.25 and 0.75 mGy, but they didn’t evaluate the accuracy of BMD value on European Spine Phantom (ESP). Therefore, on the basis of Li et al.’s experiment, our study aimed to evaluate CT image quality and accurate BMD measurement on the Catphan 500 phantom and ESP and patient study using DLIR algorithm in comparison to 50% adaptive statistical iterative reconstruction-veo (ASiR-V 50%) and filtered back projection (FBP) reconstruction algorithms.



2 Materials and methods

This prospective study was strictly adhered to HIPAA Privacy Rule and approved by the ethics committee of the First Affiliated Hospital of Zhengzhou University and Beijing Jishuitan Hospital. The China Biobank project is a multicenter cohort study and has been registered with the US clinical trials database (https://clinicaltrials.gov/ct2/show/NCT03699228; trial identifier: NCT03699228). Our hospital is one of the collaborating hospitals and provided the patient cohort for this study. The informed consent of the patients was all obtained.

Data acquisitions were obtained from Catphan 500 phantom (Phantom Laboratory, Salem, NY, USA) and ESP (No. 145, Germany ORM company), as well as patients on Revolution CT (GE Healthcare, WI, USA) from April 2020 to June 2021. The weekly air calibration and monthly QA were performed by qualified technologists before data acquisitions and BMD measurement throughout the whole study using the Model 3 synchronous QA phantom. To reduce the uncertainty of measurements, data acquisitions were scanned 10 consecutive times separately on Catphan 500 and ESP without repositioning.


2.1 Catphan 500 Phantom

The Catphan 500 phantom consists of 4 modules, including CTP401, CTP528, CTP515, and CTP486 modules. The module CTP528, CTP515, and CTP486 were selected to evaluate the high-contrast spatial resolution, low-contrast detectability, and image noise, respectively (15).



2.2 European Spine Phantom

ESP consisted of water-equivalent plastic made of epoxy resin and 3 cylindrical inserts of artificial vertebrae with nominal trabecular BMD values of L1 (50.5mg/cm3), L2 (100.6mg/cm3), and L3 (199.2mg/cm3), which are equivalent to water and bone solid compartments that simulate lumbar spine of the human body (16).



2.3 Study participants

A total of 716 patients (300 women and 416 men, age, 62.4 ± 7.2 years, range, 55-78 years) who derived from the China Biobank Study were prospectively enrolled in our hospital during March and June 2021 (Table 1). The exclusion criteria included: patients aged below 50 years old; patients with the use of oral corticosteroids or anti-osteoporotic medication such as vitamin D supplementation; and patients with metal implants in the upper abdominal.


Table 1 | Summary of data acquisitions at two phantoms and clinical setting of patient.





2.4 Scan protocol

Data acquisitions were obtained with a fixed tube voltage of 120 kV. And the tube current was set to yield a volume CT dose index (CDTIvol) at 2 ultralow-dose levels of 0.25 and 0.75mGy. Images were reconstructed using FBP, ASiR-V50% and DLIR (level, low, medium, and high) with a standard kernel (Table 1).



2.5 Data measurement and image evaluation

High-contrast spatial resolution, low-contrast detectability, and image noise are the standard image quality parameters of CT system.


2.5.1 High-contrast spatial resolution

High-contrast spatial resolution indicates the capability of a CT system to differentiate the small high-contrast objects (15). The module CTP528 is used to measure the high-contrast spatial resolution via subjective and objective evaluation. For subjective evaluation, two radiologists with 6 and 8 years of radiological experience visually assess the 21 lp/cm high-resolution gauges by adjusting the window width (WW) and window level (WL) until resolving the highest number of visible line pairs. For objective evaluation, the MTF curve that represents the imaging capability of CT system for different frequency components is used to distinguish the line pairs to decimal level, and analyze the curve trend in the low- and high-frequency ranges (15).



2.5.2 Low-contrast detectability

Low-contrast detectability determines the capability to distinguish different lesions with a minor density difference (17). The The module CTP515 consists of 3 groups supra-slice targets at the contrast levels of 1%, 0.5%, and 0.3% with the diameter of 15, 9, 8, 7, 6, 5, 4, 3, and 2 mm, respectively. The low-contrast detectability is estimated by the nominal contrast level of 1.0% (15). Two radiologists independently and blindly adjusted the WW and WL to identify the smallest supra-slice target diameter and performed a direct side-by-side comparison (18).



2.5.3 Image noise

Image noise represents the standard deviation of CT values within an ROI in the uniform phantom image (15). The noise power spectrum (NPS) is used to calculate the noise characterization, and the NPS curve reflects the variation of image intensity over high-contrast resolution frequency (19). The CTP489 module is an image uniformity module that is cast from uniform material with the CT number within 2% of water density (-25~25HU). Five circular regions of interest (ROIs) with radii of 5-6mm were cropped in the central and peripheral sites of the image (clock positions 12, 3, 6, and 9). The image uniformity was measured by the deviation of the minimum and maximum CT number values between central and peripheral sites and recommended within ±4HU (15, 20).



2.5.4 Bone mineral density measurement

CT images were transferred to a dedicated QCT PRO BMD workstation (Mindways QCT PRO workstation). All QCT analyses were performed by professionally trained radiologists using Mindways QCT PRO software (3D spine function version 6.10, Mindways software Inc., Austin, TX, USA) and conducted by a Mindways QCT-PRP operator’s manual (21).

Firstly, start the QCT PRO software, click on the 3D Spine Analysis module button, and select the L1, L2, and L3 HA inserts to analyze. Then, click the rotation tab, drag the yellow crosshair to the center of L1, L2, and L3 on the sagittal image, rotate them until it resembles a vertical box, mark the middle of them on the coronal images, and correlate to the corresponding axial images. Finally, set 3 ROIs at L1, L2, and L3 with the circular area of about 2/3 in the entire axial image and slice thickness of 9 mm, click the report tab, and calculate the BMD of L1, L2, and L3. Unless obvious errors occurred in the measurement process, workstation software were processed for automatic analysis, including automatic functions, automatic detection of boundaries, and automatic generation of ROIs throughout the whole operation.



2.5.5 Accurate bone mineral density quantification

The accuracy of the BMD value on QCT is evaluated by calculating the measurement error for each HA insert. Measurement error is defined as a deviation between the measured HA and true HA concentration (units: mg/cm3). Relative measurement error reflects the accuracy error in proportion to true HA concentration (16, 22). The precision error is used to interpret significant changes in BMD and expressed as the percentage coefficient of variation (%CV) (23).

 

 

 



2.5.6 Qualitative image analysis

Two radiologists independently and blindly assess the image quality of CT images using a point-based Likert scale (Table 2) (19). Patient information and examination details were anonymized, images were presented in a random order, and radiologists were allowed to freely scroll or zoom the images and adjust the WW/WL. Consensus reading was used when there was any disagreement between two radiologists.


Table 2 | Grading scale of the qualitative image analysis.





2.5.7 Quantitative image analysis

The circular ROIs with radii of 7 mm were manually drawn on the lung, air, liver parenchyma, and right side of the paraspinal muscle in five image sets to measure the mean CT value and SD in Hounsfield units (HU).

Lung measurements were obtained from the lower lung lobes toward the periphery, liver measurements from the liver parenchyma avoiding large vessels and biliary tree, air measurements were defined as the SD of air external and anterior to the patient at the sternomanubrial junction, and muscle measurements were measured at the right side of the paraspinal muscle of the posterior margin of the L2 vertebra. The SD of air and muscle were considered as image noise for chest and abdomen (8, 24).

 

 

where ROIorgan and ROIbackground refer to the mean CT value of the lung, liver parenchyma, air, and paraspinal muscle, respectively; SDorgan and SDbackground are image noise determined as SD in the lung, liver parenchyma, air, and muscle, respectively.




2.6 Statistical analysis

All statistical analyses were performed using SPSS 20 software (IBM Corp., Armonk, NY, USA). The MTF and NPS curves were calculated with MATLAB R2018b (MathWorks, Natick, MA, USA). The continuous variables were expressed as mean ± SD. Subjective evaluation of the image high-contrast spatial resolution and low-contrast detectability were compared visually by qualified radiologists, whilst the statistical difference of objective evaluation of the image high-contrast spatial resolution, low-contrast detectability, image noise, and relative measurement error were compared using one-way analysis of variance (ANOVA) and Bonferroni correction. Friedman test was used to perform the qualitative evaluation. Cohen’s kappa coefficient (k) was used to determine the interobserver agreement between two radiologists. A Kappa value of 0.21-0.40 was defined as poor, 0.41-0.60 as moderate, 0.61-0.80 as substantial, and 0.81-1.00 as excellent. A P<0.05 was considered as statistically significant.




3 Results


3.1 High-contrast spatial resolution


3.1.1 Subjective evaluation

In general, the high-resolution bars were clearly separable at 6 lp/cm, but started blurring at 7 or 8 lp/cm, the resolving power was all high-qualified (Figures 1, 2). The bars of the three levels of DLIR at 0.25mGy were comparable to those of ASiR-V50% at 0.75mGy. There were no statistically significant differences in slice thickness and scan type (P>0.05).




Figure 1 | High-contrast images in helical mode reconstructed with FBP (a, f), ASiR-50% (b, g), and DLIR (L/M/H) (c, h; d, i; e, j) at 0.25mGy and 0.75mGy with a slice thickness of 1.25mm (A) and 5mm (B), respectively. CT, computed tomography; FBP, filtered back projection; ASiR-50%, adaptive statistical iterative reconstruction-veo 50%; DLIR(L/M/H), deep-learning image reconstruction, level low, medium, and high; mGy, milligray.






Figure 2 | High-contrast images in axial mode reconstructed with FBP (a, f), ASiR-50% (b, g), and DLIR at three levels (L/M/H) (c, h; d, i; e, j) at 0.25mGy and 0.75mGy with a slice thickness of 1.25mm (A) and 5mm (B), respectively. CT, computed tomography; DLIR(L/M/H), deep-learning image reconstruction, level low, medium, and high; mGy, milligray; ASiR-50%, adaptive statistical iterative reconstruction-veo 50%.





3.1.2 Objective evaluation

The MTF values of FBP and ASiR-V50% at 50%MTF were ≤ 4.00lp/cm or less, while that of DLIR at three levels was at 4.50lp/cm. The resolving power at 10%MTF (6.78 ± 0.40 lp/cm) was generally similar to the subjective evaluation results, which showed no significant difference from that at 5%MTF. Thus, it could be used to evaluate the high-contrast spatial resolution of the CT system (Figures 3, 4). The differences were not significant in slice thickness and scan type (P>0.05). The MTF value of DLIR (three levels) at 0.25mGy was comparative to that of FBP but slightly better than that of ASiR-V50% at 0.75mGy.




Figure 3 | MTF curves in helical mode reconstructed with FBP, ASiR-V50%, and DLIR (L/M/H) at 0.25mGy (A) and 0.75mGy (B). CT, computed tomography; FBP, filtered back projection; ASiR-50%, adaptive statistical iterative reconstruction-veo 50%; DLIR(L/M/H), deep-learning image reconstruction, level low, medium, and high; mGy, milligray.






Figure 4 | MTF curves in axial mode reconstructed with FBP, ASiR-50%, and DLIR (L/M/H) at 0.25mGy (A) and 0.75mGy (B). CT, computed tomography; DLIR(L/M/H), deep-learning image reconstruction, level low, medium, and high; mGy, milligray; ASiR-50%, adaptive statistical iterative reconstruction-veo 50%.






3.2 Low-contrast detectability

All CT images were visualized at a fixed window setting (WW/WL, 70/100 HU) (Figures 5, 6). In general, the 3 mm low-contrast object at a 0.5% contrast level was clearly resolved, the 2 mm low-contrast object could be resolved for DLIR at three levels, and the diameters were all less than 5mm, which confirmed that the images were qualified (25). In respect of low-contrast detectability, DLIR-M and DLIR-H were superior to ASiR-V50%, DLIR-L was comparable to ASiR-V50% and better than FBP, and DLIR (three levels) at 0.25mGy was comparable to ASiR-V50% at 0.75mGy. Although DLIR were clearer as the strength level, slice thickness, and radiation dose increased, there was a slightly significant difference in scan type (P>0.05).




Figure 5 | Low-contrast detectability images in helical mode reconstructed with FBP (a, f), ASiR-50% (b, g), and DLIR(L/M/H) (c, h; d, i; e, j) at 0.25mGy and 0.75mGy with a slice thickness of 1.25mm (A) and 5mm (B), respectively. CT, computed tomography; FBP, filtered back projection; ASiR-50%, adaptive statistical iterative reconstruction-veo 50%; DLIR(L/M/H), deep-learning image reconstruction, level low, medium, and high; mGy, milligray.






Figure 6 | Low-contrast detectability images in axial mode reconstructed with FBP (a, f), ASiR-50% (b, g), and DLIR(L/M/H) (c, h; d, i; e, j) at 0.25mGy and 0.75mGy with a slice thickness of 1.25mm (A) and 5mm (B), respectively. CT, computed tomography; DLIR(L/M/H), deep-learning image reconstruction, level low, medium, and high; mGy, milligray; ASiR-50%, adaptive statistical iterative reconstruction-veo 50%.





3.3 Image noise

In general, as the strength level decreased and the radiation dose increased, the noise level decreased while the peak frequency of the NPS curve increased (Figures 7, 8). DLIR-M and DLIR-H achieved a lower noise level than FBP and ASiR-V50%, whilst DLIR-L was comparative to ASiR-V50%. The peak frequency of the NPS curve was higher at 0.75mGy than at 0.25mGy, and those of DLIR (three levels) at 0.25mGy and ASiR-V50% at 0.75mGy were comparable. Increasing the radiation dose, the NNPS curve of FBP and ASiR-V50% indicated a rightward in the peak frequency. As the strength level increased and radiation dose decreased, the NNPS curve of DLIR at three levels presented a leftward shift in the peak frequency and showed a similar shape with only a slight frequency shift under all scan protocols (Figures 7, 8).




Figure 7 | The curves of NPS and NNPS in helical mode reconstructed with FBP, ASiR-V50%, and DLIR (L/M/H) at 0.25mGy (A, B, E, F) and 0.75mGy (C, D, G, H) with a slice thickness of 1.25mm (A–D) and 5mm (E–H). NPS, noise power spectrum; NNPS, normalized noise power spectrum; HU, Hounsfield units; FBP, filtered back projection; ASiR-50%, adaptive statistical iterative reconstruction-veo 50%; DLIR(L/M/H), deep-learning image reconstruction, level low, medium, and high; mGy, milligray.






Figure 8 | The curves of NPS and NNPS in axial mode reconstructed with FBP, ASiR-V50%, and DLIR (L/M/H) at 0.25mGy (A, B, E, F) and 0.75mGy (C, D, G, H) with a slice thickness of 1.25mm (A–D) and 5mm (E–H). NPS, noise power spectrum; NNPS, normalized noise power spectrum; HU, Hounsfield units; FBP, filtered back projection; ASiR-50%, adaptive statistical iterative reconstruction-veo 50%; DLIR(L/M/H), deep-learning image reconstruction, level low, medium, and high; mGy, milligray.





3.4 Accuracy of bone mineral density

Measured BMD of L1, L2, and L3 was slightly lower than that of nominal HA inserts (45.8, 95.9, 194.9 versus 50.2, 100.6, 199.2mg/cm3, respectively). The measurement error for L1, L2, and L3 HA inserts was 4.9, 4.1, and 5.1mg/cm3, with a relative measurement error of 9.84%, 4.08%, and 2.60%, respectively. Coefficients of variance for the L1, L2, and L3 HA inserts were 1.51%, 1.41%, and 1.18%. There were no statistically significant differences among L1, L2, and L3 under all scan protocols (P>0.05). The accuracy of BMD value varied greatly with FBP but little with DLIR in L1, L2, and L3, and BMD in L1 varied mostly compared with L2 and L3 (Figure 9).




Figure 9 | Accuracy deviation of bone mineral density in L1, L2, and L3 with ESP. Error bars standard deviation indicated the relative accuracy error (%) of 3 nominal HA concentrations (ESP, No.145; L1, 50.2; L2, 100.6; L3, 199.2 mg/cm3 HA) for helical (A, B) and axial (C, D) scan type. The relative measurement errors and coefficient of variation of L1, L2, and L3 were fell within the range of 4-15%, indicating no statistically significant differences among L1, L2, and L3 at different scan protocols (P>0.05). ESP, European Spine Phantom; HA, calcium hydroxyapatite; FBP, filtered back projection; ASiR-V50%, adaptive statistical iterative reconstruction-veo 50%; DLIR(L/M/H), deep-learning image reconstruction, level low, medium, and high; mGy, milligray.





3.5 Basic characteristics with participants

Of the 716 patients including 300 women and 416 men, with an age of 62.40 ± 7.20 (50-97) years, a body weight 63.07 ± 10.82 (45.00-76.50) kg, a height of 1.66 ± 0.69 (1.55-1.78) m, and BMI of 23.05 ± 3.58 (16.65-26.93) kg/m2 were recruited. The prevalence of osteoporosis was found in 74 (24.67%) women and 49 (11.79%) men, while osteoporotic vertebral fracture rate was observed in 26 (8.67%) women and 22 (5.29%) men (Table 3).


Table 3 | Demographic characteristics of patient study.





3.6 Qualitative image analysis

DLIR-M and DLIR-H were scored significantly better than ASiR-V50% in image noise (4.83 ± 0.34, 4.50 ± 0.50 vs 4.17 ± 0.37), image contrast (4.67 ± 0.73, 4.50 ± 0.70 vs 3.80 ± 0.99), small structure visibility (4.83 ± 0.70, 4.17 ± 0.73 vs 3.83 ± 1.05), image sharpness (3.83 ± 1.12, 3.53 ± 0.90 vs 3.27 ± 1.16), and artifacts (3.83 ± 0.90, 3.42 ± 0.37 vs 3.10 ± 0.83). There were statistically significant differences among DLIR-L, DLIR-M, and DLIR-H in all image quality metrics (P<0.001) (Figure 10 and Table 4). The interobserver agreement between two radiologists showed an excellent agreement with a kappa value of 0.852.




Figure 10 | Unenhanced CT images of a 67-year-old female for osteoporotic vertebral fracture in the L3 vertebrae. CT images were reconstructed with FBP (A, F), ASiR-V50% (B, G), DLIR-L (C, H), DLIR-M (D, I) and DLIR-H (E, J) with a slice thickness of 1.25mm at 0.75 mGy. The L3 vertebrae body was shown as a severe collapse in sagittal images (arrow), and the vertebral compression appearance was presented in axial images (arrow). The BMD values of FBP, ASiR-V50%, DLIR-L, DLIR-M and DLIR-H were 72.49, 72.74, 71.68, 70.11 and 69.24 mg/cm3 for L1 vertebrae, 67.33, 69.11, 70.25, 65.38, 68.49 mg/cm3 for L2 vertebrae, 62.08, 45.92, 49.57, 52.21, 50.93mg/cm3 for L3 vertebrae, respectively. CT, computed tomography; FBP, filtered back projection; ASiR-V50%, adaptive statistical iterative reconstruction-veo 50%; DLIR(L/M/H), deep-learning image reconstruction, level low, medium, and high; mGy, milligray; BMD, bone mineral density.




Table 4 | The qualitative image analysis.





3.7 Quantitative image analysis

The overall image quality, CT value, image noise, CNR, and image artifacts were outperformed for DLIR compared with ASiR-V50% and FBP (P<0.001), whilst it was not a statistically significant difference between DLIR-L and ASiR-V50% (P>0.05). As radiation dose and strength level increased, image noise significantly decreased, CNR obviously increased, whilst CT value showed no significant difference (Table 5).


Table 5 | Quantitative image analysis in patient study.






4 Discussion

In our study, we systematically evaluated the image quality, accurate BMD measurement, and clinical applicability of QCT with DLIR based on multi-phantom and patient studies. Results indicated great clinical importance without requiring any additional equipment and patient time, repeated CT scan, radiation dose, and additional costs. To our knowledge, it is the first systemic study to research the application of BMD measurements at an ultralow-dose level. QCT can be utilized for further opportunistic screening of osteoporosis, osteoporotic fracture, or other clinical applications (e.g., health check-ups) in China or worldwide countries accessing to CT easily than DXA (7).

Our results are consistent with Li et al. (15) findings on Catphan 500. For three levels of DLIR, MTF value at 50%MTF was about 4.50lp/cm, better than those for FBP (4.12 lp/cm) and ASiR-V50% (4.00 lp/cm). The 2 or 3 mm low-contrast object was clearly resolved at a 0.5% contrast level or at FBP and ASiR-V50%. Abdullah et al. (16) reported that the 50%MTF value and smallest size of objects were about 0.41 lp/cm and 3mm with ASiR-V (level: 40% and 60%), slightly lower than 4.50lp/cm and 2mm with DLIR. It showed an obviously lower NPS peak frequency and noise level, and a shift towards a lower spatial frequency in NNPS curve. As the strength level increased, the peak and spatial frequency of NPS curves with DLIR were decreased, which is consistent with a study reported by Greffier et al. (26). DLIR has been developed to reduce radiation dose and maintain image quality without changing the image texture or affecting the anatomical and pathological structures (13). And it can decrease the low-frequency noise component to improve low-contrast detectability for soft tissues ranging from 50 to 200 HU in abdominal CT (27), while maintaining the high-contrast spatial resolution of detailed structures, such as sharp edges and vessel boundaries at a low-dose level.

For image analysis in patients, DLIR-M and DLIR-H were scored better than ASiR-V50% in image noise, image contrast, small structure visibility, image sharpness, and artifacts. As radiation dose and strength level increased, image noise significantly decreased, CNR obviously increased, whilst CT value showed no significant difference (P>0.05). Results indicated that DLIR had better overall image quality than ASiR-V50%. Our finding was in accordance with Singh et al. (28) and Kim et al. (29)’s study that both obtained with relatively small sample sizes, but revealed a better significance due to the large patient cohort. Several studies suggested that DLIR was scored significantly better in overall image quality than different strengths of ASiR-V (level: 30%, 40%, and 50%) (24, 29) and comparable to ASiR-V (level: 70%, 100%) (30, 31).

Three HA inserts of 50.2-199.2 mg/cm3 provided a range of trabecular BMD mimicking the physiological range of BMD seen in all age groups (32). The relative measurement error of L1, L2, and L3 was 9.84%, 4.08%, and 2.60%, respectively. Coefficients of variance for the L1, L2, and L3 HA inserts were 1.51%, 1.41%, and 1.18%. Those all falling within the range of 4-15% and meeting the clinical BMD measurement requirements (4, 32, 33). The largest and smallest deviations were found in L3 and L1, respectively. As the BMD value decreased, the relative measurement error increased significantly; especially with BMD less than 100.2 mg/cm3, thus more attention should be paid to osteoporosis patients when evaluating the risk of osteoporotic fractures. Wu et al. (4) investigated the repeatability and accuracy of QCT measurement of BMD by low-mAs with iterative model reconstruction (IMR) algorithm based on phantom level and showed the maximum deviation of accuracy was 11% for L1, 4% for L2, and 6% for L3. In contrast, our study demonstrated that the accuracy of BMD at L1 and L3 was improved with DLIR in comparison to IMR (2), indicating that DLIR may potentially improve the low-contrast detectability and maintain the high-contrast spatial resolution. However, further studies should be implemented to verify whether DLIR can makes the images more homogeneous in terms of CT numbers. Consistent with our findings, Wang et al. (6) observed an excellent accuracy with 3 HA inserts ranging from 3.7% to 5.9%. Zhao et al. (16) found that the mean trabecular BMD measurement of 3 HA inserts were 2.4%, 2.1%, and 0.5% at L1, L2, and L3 for forty different systems on ESP, indicating a smaller measurement error than our study.

For patients aged over 50 years, the prevalence rate of osteoporosis was 24.67% in women and 11.79% in men, and it was comparable to 29.1% in women but more than twice in men by DXA, and similar to 29.0% in women and 13.5% in men by QCT reported by Cheng et al. (7). The prevalence rate of osteoporotic fracture was 8.67% in women and 5.29% in men, which was significantly lower than 17.3% in women and 17% in men for more than 14000 subjects in Shanghai conducted by Gao et al. (34). Conversely, a study in Norway enrolled 2887 participants demonstrated a higher prevalence rate of vertebral fracture 11.8% in women and 13.8% in men (35). The difference in osteoporotic fracture between DXA and QCT may be attributed to the patient cohort mostly obtained from the health check-up participants for osteoporosis screening, thus further studies should be performed to assess the fracture risk of QCT in multiple participants.

There are some limitations to be highlighted. Firstly, the results acquired with QCT should be further compared with DXA corresponding to the prevalence of osteoporosis. Secondly, a longitudinal study should be further performed to verify the clinical utility of DLIR algorithms in osteoporosis screening. Thirdly, we didn’t evaluate the risk factors of osteoporosis, such as age, BMI, smoking, and fragility fracture history.

In conclusion, image quality with DLIR was high-qualified without affecting the accuracy of BMD measurement. It may provide a great clinical utility in osteoporosis screening.
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Background

Chronic kidney disease (CKD) has a significant negative impact on bone health. Bone marrow is an essential component of bone, mainly composed of trabecular bone and fat. The IDEAL-IQ sequence of MRI allows indirect quantification of trabecular bone mass by R2* and direct quantification of bone marrow fat content by FF map, respectively.



Objective

Our objective was to explore the association of CKD severity with bone marrow using IDEAL-IQ and whether mineral and bone metabolism markers alter this association.



Method

We recruited 68 CKD patients in this cross-sectional research (15 with CKD stages 3-4, 26 with stage 5, and 27 with stage 5d). All patients underwent lumbar spine IDEAL-IQ, BMD, and several bone metabolism markers (iPTH, 25-(OH)-VitD, calcium and phosphorus). Multiple linear regression analysis was used to examine the association of CKD severity with MRI measurements (R2* and FF).



Results

More severe CKD was associated with a higher R2* value [CKD 5d versus 3-4: 30.077 s-1 (95% CI: 12.937, 47.217), P for trend < 0.001], and this association was attenuated when iPTH was introduced [CKD 5d versus 3-4: 19.660 s-1 (95% CI: 0.205, 39.114), P for trend = 0.042]. Furthermore, iPTH had an association with R2* value [iPTH (pg/mL): 0.033 s-1 (95% CI: 0.001, 0.064), P = 0.041]. Besides, FF was mainly affected by age and BMI, but not CKD.



Conclusions

The bone marrow R2* value measured by IDEAL-IQ sequence is associated with CKD severity and iPTH. The R2* of IDEAL-IQ has the potential to reflect lumbar bone changes in patients with CKD.
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Introduction

Chronic kidney disease (CKD) affects 8-16% of the world’s population, with the global all-age prevalence growing by 29.3% from 1990 to 2017 (1, 2). CKD has a significant negative impact on bone health (3, 4). CKD-mineral and bone disorder (CKD-MBD) is the most common complication of CKD, a bone metabolic disease characterized by systemic bone, biochemical, and cardiovascular abnormalities that affect most patients from moderate to severe CKD (5, 6). Currently, clinicians can only roughly assess bone abnormalities in CKD patients based on clinical symptoms and commonly used clinical bone metabolism markers, including parathyroid hormone (PTH), vitamin D, phosphorus (P), and calcium (Ca) (7). This makes it important to find other clinically feasible methods to assess bone abnormalities in CKD.

Unlike primary osteoporosis (decrease in both trabecular and cortical bone), CKD patients always have secondary hyperparathyroidism, especially in end-stage patients (8). As PTH increases, trabecular and cortical bone behave differently (increases and decreases, respectively) (9, 10). In our previous study, we explored the changes of cortical porosity in patients with different stages of CKD (11). Trabecular bone (TB), which accounts for merely 20% of the total bone but two-thirds of the total bone surface area, shows greater metabolic activity than cortical bone (12). Moreover, TB is the main load-bearing bone of the vertebral body. Therefore, it is of great significance to study the changes of TB. Although it is challenging to obtain magnetic resonance imaging (MRI) signals of TB directly, it is possible to identify it indirectly. Studies have shown that bone marrow matrix in contact with TB exhibits an elevated transverse relaxation rate (R2*) because of local field inhomogeneities where mineralized matrix interfaced with it (13–15). The R2* value is approximately linearly related to TB density (16, 17), and increases as the interface area between TB and bone marrow matrix increases (13, 18). Therefore, R2* can indirectly quantify TB.

Besides TB, bone marrow fat (BMF) is an essential research topic of imaging studies on metabolic bone diseases since it is associated with the pathogenesis of bone loss (19). According to some research, BMF and TB density have a competitive relationship (20, 21). Only several studies have aimed at the association between CKD severity and BMF changes, but none of them included dialysis patients (22, 23). Dialysis is a key predictor of bone abnormalities in CKD patients (24), so it is essential to include them in the study.

MRI has been receiving widespread attention because of its non-invasive and non-radiation quantification of tissues. The iterative decomposition of water and fat with the echo asymmetry and least-squares estimation quantitation (IDEAL-IQ) sequence of MRI is a new water-fat separation algorithm developed from the IDEAL technology, which is a well-established clinical sequence with fast scanning time and no special post-processing. This sequence can generate fat fraction (FF) and R2* map in one scan (25, 26). Compared to traditional MRI techniques used to detect fat, this sequence further corrects common biases known in tissue fat measurement, including main magnetic field (B0) inhomogeneity, T1 effect, and T2* effect (27). It improves the water-fat separation from qualitative to quantitative. The FF map can directly measure the fat content in the tissue (i.e., liver and bone marrow) without further calculation (28, 29). The R2* map can also explain the inhomogeneity of the T2* effect/field, which is often used in liver iron assessment, such as liver iron overload and liver fibrosis (30, 31). Therefore, considering the imaging principle and the output results, this sequence shows excellent potential for investigating CKD bone marrow composition changes.

Besides, CKD patients are often combined with secondary hyperparathyroidism, vitamin D deficiency, and calcium and phosphorus metabolism disorders (5). And studies show that many bone metabolism markers, including PTH, are associated with abnormal cortical bone density, TB density, abnormal bone microstructure, and fracture (32).Therefore, we included several bone metabolism markers recommended by the KDIGO (Kidney Disease: Improving Global Outcomes) guidelines for the initial evaluation CKD-MBD (i.e., intact PTH (iPTH), 25-hydroxyvitamin D (25-(OH)-VitD), corrected calcium (cCa), phosphate (P)) and areal bone mineral density (aBMD) measured by dual-energy X-ray absorptiometry (DXA) (33, 34). Among them, PTH remains the best alternative biomarker for CKD-MBD (35). The aBMD is widely used in osteoporosis, but it is controversial in CKD, which deserves further study.

Our objective was to explore the association of CKD severity with bone marrow using IDEAL-IQ and whether mineral and bone biochemical parameters alter this association.



Materials and methods


Subjects

The cross-sectional study was approved by the Medical Ethics Committee of Tongji Hospital, TJ-IRB20210108. Before the study, we obtained the written informed consent from all subjects. We registered the study on ClinicalTrials.gov as NCT04564924. Patients were recruited in the Department of Nephrology of Tongji Hospital from September 2020 to May 2021. All subjects were ambulatory and over 18 years old. The inclusion criteria were hospitalized patients diagnosed with CKD stages 3-5d. The exclusion criteria included taking drugs known to affect bone metabolism (e.g., steroid hormones, oral glucocorticoids, salmon calcitonin, and bisphosphonates); disease known to affect bone metabolism (e.g., hyperthyroidism, diabetes, rheumatic immunity disease, osteomalacia, rickets, scurvy, Paget’s disease, acromegaly, treatment with radiotherapy or chemotherapy, history of malignant tumors, fractures within six months, lumbar trauma surgery, motor neuron disease, scoliosis, and anorexia nervosa); and general MRI contraindications (e.g., cochlear implant, claustrophobia, pacemaker, and IUD). 68 patients were included in the final study population. Among them, 15 subjects were in CKD stages 3-4, 26 were in stage 5, and 27 were on maintenance hemodialysis (5d) at least three months. The flow chart of patient inclusion and exclusion was shown in Figure 1.




Figure 1 | Flow chart of patient inclusion and exclusion.





MRI scanning

The study was carried out on a 3.0 T clinical scanner (Signa Pioneer, GE Healthcare, USA), the lumbar spine was scanned in a sagittal position using a spine coil while patients were placed in a supine position. Routine MRI sequences (T1 FSE, T2 FRFES, and T2 FLEX) were used to assess lumbar pathological findings, such as neoplastic lesions, compression fractures, lipomas, etc. Routine MRI parameters were provided in Supplementary Material 1. Besides routine sequences, the IDEAL-IQ sequence scan parameters were set as TE, minimum; TR, 8.4 ms; NEX, 2; Freq.FOV, 24 cm; flip angle, 4˚; slice thickness, 3 mm; in-plane spatial resolution, 1.5 mm × 1.5 mm; bandwidth, 83.33 kHz; and scan time, 2 minutes 24 seconds. FF and R2* maps were automatically generated after scanning.



Vertebral bone marrow quantification

The IDEAL-IQ imaging data (FF and R2* map) were analyzed using ImageJ (National Institutes of Health). All assessments were performed independently by two musculoskeletal radiologists with 3 and 5 years of experience, respectively, who were blinded to the clinical and DXA results. Similar to the lumbar DXA measurement, only the L1-L4 vertebrae were manually segmented. The ROIs were drawn on the mid-sagittal plane and the two para-mid-sagittal planes on the FF map and then copied to the R2* map. And the averages of all ROIs of FF and R2* were calculated respectively. ROIs were needed to avoid focal fatty degenerations, motion artifacts, the cortical bone of the vertebrae, vertebral discs, and the venous plexus. The ROI size could be adjusted based on the area of the vertebral body. Figure 2 shows the example of ROIs.




Figure 2 | Representative IDEAL-IQ images and ROI of the lumbar spine (from L1 to L4).





Laboratory analysis

Early morning fasting blood samples were drawn to evaluate serum markers. Laboratory tests were collected within one week before the MRI scan. Routine biochemical parameters including serum alkaline phosphatase (ALP), P, cCa, and creatinine (Cr) were determined using standard methods. Based on serum Cr, the estimated glomerular filtration rate (eGFR) was calculated through the CKD-EPI formula (36). The iPTH was measured on the Cobas e602 (Elecsys, Roche Diagnostics, Mannheim, Germany) using an electrochemiluminescence immunoassay (ECLIA). The 25-(OH)-VitD was analyzed by a chemiluminescence immunoassay on the Liaison XL (DiaSorin, Italy). The inter- and intra-assay coefficients of variation (CV) of iPTH and 25-(OH)-VitD were less than 4.31% and 7.87%, respectively. The minimum detection limit of iPTH and 25-(OH)-VitD were 1.20 pg/ml and 4 ng/ml, respectively. The normal ranges were as follows: iPTH, 15-65 pg/ml; 25-(OH)-VitD, lack < 12 ng/ml, insufficient 12-20 ng/ml, sufficient ≥ 20 ng/ml.



Dual-energy X-ray absorptiometry

One week after MRI examination, the aBMD of the lumbar spine (from L1 to L4) was evaluated by DXA (Prodigy Lunar scanner, GE Healthcare, Waukesha, WI, USA).



Statistical analysis

Data were presented as frequency (%) for categorical variables and mean ± standard deviation (SD) for continuous variables. The linear trends of baseline characteristics among three CKD groups (CKD stages 3-4, 5, and 5d) were acquired using Chi-squared statistics and one-way analysis of variance appropriately. Pearson’s and Spearman’s correlation analysis was performed to calculate the correlation between MRI measurements (FF and R2*) with demographics and other indicators respectively, according to Shapiro-Wilk Normality Test. The criteria for the Pearson r or Spearman ρ: higher than 0.8, strong correlation; 0.3-0.8, moderate correlation; lower than 0.3, weak correlation.

The association of CKD groups with MRI measurements was examined by multiple linear regression analysis. Firstly, an unadjusted model was established. Secondly, the model was adjusted for age, sex, and BMI. Finally, we added the significant indicators based on the correlation analysis mentioned above to the adjusted model. P for trends were calculated by treating CKD groups as ordered categorical variable (CKD 3-4 = 0, CKD 5 = 1, CKD 5d = 2). CKD groups were treated as unordered categorical variable in other linear regression analysis. The above three models were used to evaluate the association between CKD groups and MRI measurements, and whether adding indicators with significant correlations to the model could affect this association.

Finally, interobserver agreement between the two observers on parameter measurements was analyzed by calculating the interclass correlation coefficients (ICCs).

The R software (version 4.1.2) was performed for all statistical analyses. A two-tailed P <0.05 meant statistically significant.




Results


Baseline characteristics

Comparisons of demographics, bone metabolism markers, aBMD, and MRI measurements among CKD groups were presented in Table 1. More severe CKD patients had significantly higher BMI, P, iPTH, and R2* values. There was no significant difference in sex, age, ALP, cCa, aBMD, 25-(OH)-VitD, or FF.


Table 1 | Baseline characteristics among three groups (CKD 3-4, 5, and 5d).





Correlation analysis

FF only showed positive correlation with age (Spearman ρ = 0.373, P = 0.002) and BMI (Pearson r = 0.400, P < 0.001), while no correlation with other indicators. R2* was positively correlated with iPTH (Spearman ρ = 0.351, P = 0.003). There was no significant correlation between R2* with age, BMI and other indicators (Table 2).


Table 2 | Correlation analysis of MRI measurements (FF and R2*) with demographics and clinical characteristics.





Linear regression analysis

The association of CKD groups with FF presented no statistical significance both in unadjusted and adjusted models, whereas two covariates presented significant effect in the adjusted model [age (year): 0.269% (95% confidence interval [CI]: 0.060%, 0.477%), P = 0.013; BMI (kg/m2): 1.371% (95% CI: 0.442%, 2.301%), P = 0.004] (Table 3).


Table 3 | Association of CKD groups with FF (%) in unadjusted and adjusted models.



In the multiple linear regression models of CKD with R2*, CKD groups was positively associated with R2*, with a significant gradient in the unadjusted model [CKD 5d versus 3-4: 27.875 s-1 (95% CI: 11.331, 44.419), P for trend < 0.001]. After adjusting for age, sex, and BMI, the association remained [CKD 5d versus 3-4: 30.077 s-1 (95% CI: 12.937, 47.217), P for trend < 0.001]. Furthermore, no covariate presented a significant effect in the adjusted model (Table 4).


Table 4 | Association of CKD groups with R2* (s-1) in unadjusted and adjusted models.



After introducing iPTH into the adjusted model, all the variance inflation factor (VIF) values were less than 5 suggesting that no multicollinearity existed. Interaction effects of CKD groups and iPTH were not statistically significant. We found that the association of CKD groups with R2* was attenuated but still significant [CKD 5d versus 3-4: 19.660 s-1 (95% CI: 0.205, 39.114), P for trend = 0.042]. At the same time, the regression coefficient of iPTH was statistically significant [iPTH (pg/mL): 0.033 s-1 (95% CI: 0.001, 0.064), P = 0.041], suggesting that iPTH was still associated with R2* after adjusted age, sex, BMI, and CKD groups (Table 5).


Table 5 | Association of R2* (s-1) with CKD groups and iPTH in the adjusted model.





Interobserver agreement

The ICCs for R2* and FF was 0.965 (95% CI: 0.944 -0.978) and 0.958 (95% CI: 0.933-0.974), respectively.




Discussion

We investigated the association between CKD severity and lumbar bone marrow FF and R2* values. We found R2* was associated with CKD and iPTH, independent of age or BMI. In contrast, FF was mainly affected by age and BMI, but not CKD in our study. Despite the growing recognition of the importance of bone marrow composition in bone biomechanics, there are still few studies on bone marrow in CKD patients.

The underlying mechanism of the association between CKD severity and BMF content is not fully understood. We found that although FF was little affected by CKD severity, it was significantly affected by age and BMI, which was consistent with other studies. Veldhuis et al. (19) found a constant increase in BMF with age in healthy adults. Cohen et al. (37) found that obese individuals had a higher rate of bone marrow obesity compared with overweight and healthy subjects measured with bone biopsy. Similar results were found in older and young men, as well as post- and pre-menopausal women (38–41). This reminds us that when studying the changes in BMF caused by metabolic diseases, we need to strictly control the effects of age and BMI to avoid getting wrong conclusions. In the few two imaging studies on lumbar BMF in patients with CKD (22, 23), a small sample study found that vertebral BMF in CKD stages 3b-4 (n=8) was 13.8% higher than healthy controls (n=8); another study found that vertebral BMF in eGFR < 45 mL/min/1.73m2 (n=58) was 3.7% higher than eGFR > 60 mL/min/1.73m2 (n=297). Both studies suggest that patients with CKD tended to have increased BMF compared to healthy controls. However, among the CKD patients in our study, BMF did not increase significantly when CKD severity increased. Probably because they compared CKD patients with healthy people, whereas our study subjects were all CKD patients, the cohort structure was different. Therefore, in patients with severe CKD, BMF may have reached a plateau and will not increase significantly with disease progression.

In this study, we found that bone marrow R2* value was higher in more severe CKD, and adjustment of iPTH attenuated the original association between CKD groups and R2*. This means that changes in R2* are associated with both CKD and iPTH. This may be related to end-stage CKD trabecular sclerosis. Trabecular sclerosis has long been regarded as a feature of MBD, and is more pronounced in patients with uremia. Although this increase does not imply an increase in bone strength, as irregular TB may lose its appropriate connectivity and 3D structure (42, 43). Meanwhile, there is strong indirect evidence that secondary hyperparathyroidism is a major cause, as this condition always occurs with CKD progression (8, 9). This may be related to the anabolic action of PTH on TB (8). The best explanation for PTH to induce bone anabolism in TB is that it promotes osteoblast survival and/or osteoblastogenesis (44). In the CKD, bone is regarded as one of the classical targets of PTH because PTH1R (PTH 1 receptor) is expressed in osteoclasts, osteocytes, and osteoblasts (45). PTH excess usually has an anabolic action on TB and a catabolic action on cortical bone. The reasons for this differential effect of PTH on trabecular and cortical bone are not fully understood (9, 44). However, since adjusting iPTH only attenuated the association but did not make it disappear, suggesting that there were other factors in CKD that impair bone health. Previous studies have shown that abnormalities such as chronic metabolic acidosis and chronic inflammation caused by CKD can also impair bone health (46).

There was no significant difference in aBMD among the three groups and no significant correlation between aBMD and R2*. We consider the main reason is that the aBMD is the projection of a 3D structure on a 2D plane, so it can’t distinguish between cortical and trabecular bone (47). MBD is strongly influenced by PTH. As PTH increases, trabecular and cortical bone behave differently (increases and decreases, respectively) (9, 10). In short, the increased trabecular BMD can mask the reduced cortical BMD, thus giving an inconsistent result with the actual bone disease. Therefore, the lack of correlation between the aBMD and R2* values of the lumbar spine may reflect the technical limitations of DXA, not a lack of correlation between the true trabecular BMD and R2* values.

Besides, 25-(OH)-VitD did not tend to decrease with more severe CKD stages. The possible reason for this is that most patients were supplemented with vitamin D. Studies reveal that exogenous vitamin D supplementation can increase 25-(OH)-VitD (24). Therefore, it is limited for 25-(OH)-VitD to evaluate bone metabolism in CKD.

The advantages of this study include: (1) IDEAL-IQ is a sequence that has already been used in clinical applications and provides convenient quantification of bone marrow components; (2) This study included more comprehensive bone metabolism markers at one time; (3) The exclusion criteria were strictly established in this study to exclude patients related to diseases or drugs that may affect bone metabolism, making results more reliable. However, this study also has some limitations: (1) This study is exploratory cross-sectional and cannot determine a causal association between CKD severity and bone marrow, therefore more prospective studies are required; (2) We didn’t include many other factors that affect bone, such as chronic inflammation, chronic metabolic acidosis, and premature hypogonadism.

In conclusion, the bone marrow R2* value measured by IDEAL-IQ sequence is associated with CKD severity and iPTH. The R2* of IDEAL-IQ has the potential to reflect lumbar bone changes in patients with CKD.
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Purpose

To investigate the relationship of muscle atrophy and fat infiltration around the hip joint with areal bone mineral density (aBMD) in each subregion of the proximal femur.



Materials and methods

In total, 144 participants (66 women and 78 men) were examined by quantitative computed tomography (QCT), and areal bone mineral density (aBMD) of the femoral neck (FN), trochanter (TR), and intertrochanter (IT) of the proximal femur were obtained. The cross-sectional area (CSA) and proton density fat fraction (PDFF) of the gluteus maximus (G.MaxM), gluteus medius (G.MedM), gluteus minimus (G.MinM), and iliopsoas (IliopM) were obtained via magnetic resonance imaging (MRI) using the mDIXON-Quant sequence. A multivariate generalized linear model was used to evaluate the correlation of the CSA and PDFF of muscles with aBMD in all subregions of the proximal femur.



Results

The FN integral (Int) aBMD was significantly associated with the G.MaxM CSA (men: P = 0.002; women: P = 0.008) and PDFF (men: P < 0.001; women: P = 0.047). Some muscle indexes were related to the FN aBMD in males or females, including the CSA of G.MedM, G.MinM, and IliopM as well as the PDFF of IliopM and G.MinM. Associations of hip muscle parameters with the TR Int aBMD in both males and females were observed, including G.MaxM CSA (men: P < 0.001; women: P = 0.028) and G.MaxM PDFF (men: P = 0.031; women: P = 0.038). Other muscle indexes, including G.MedM and IliopM, were related to the TR aBMD, mainly affecting the aBMD of TR cortical (Cort) and TR Int. The IT Int aBMD and IT Cort aBMD showed significant correlation with the muscle indexes of G. MaxM, IliopM, and G.MedM, including the PDFF and CSA in males and females. Further, more indicators of the G.MedM and IliopM correlated with the TR and IT aBMD compared to the FN aBMD.



Conclusions

The CSA of gluteus muscles and iliopsoas had a positive association with the aBMD in the proximal femur, and the PDFF of gluteus muscles and iliopsoas had a negative correlation with the aBMD in the proximal femur. In addition, there was an interaction of the proximal femur aBMD with the muscle size and fatty infiltration of hip muscles.





Keywords: muscle cross-sectional area, water/fat imaging, quantitative computed tomography (QCT), proximal femur, bone mineral density (BMD)



Introduction

Osteoporosis is characterized by the absence of trabeculae and cortical bone, which can be diagnosed on the basis of low bone mineral density (BMD). Bone and muscle are closely related in embryogenesis, growth, and aging, and the interaction between bone and muscle is not only based on the mechanical loads and physical forces generated by muscle contraction but also on endocrine factors (1, 2). With the increase of age, osteoporosis is often accompanied by sarcopenia, which has been shown to be associated with low BMD (3, 4). Many studies have demonstrated that changes in bone mass are closely associated with changes in muscle mass. A positive correlation exists between bone and muscle, with a higher lean body mass associated with increased BMD and vice versa (5–7). Fatty infiltration of muscle and bone is known to contribute to sarcopenia and osteoporosis, most likely related to the negative impact of the secretion of inflammatory cytokines by both bone marrow and body fat in a process known as lipotoxicity (8, 9). Osteoporosis is the most important risk factor for fragility fractures, and osteoporotic fragility fracture of the hip is one of the most common fracture types. Reduced muscle mass and function leads to falls and a higher rate of hip fractures. Osteoporosis and reduced skeletal muscle mass are important risk factors for brittle hip fractures in the elderly (10, 11). Most previous studies have independently assessed muscle and fatty infiltration based on dual energy X-ray absorptiometer (DXA), while the direct relationship of muscle size and intramuscular adipose tissue with the proximal femur BMD has not been elucidated.

The modern Dixon technique uses water/fat separation magnetic resonance imaging (MRI) based on chemical shift, which quantifies intramuscular adipose tissue and shows good consistency with magnetic resonance spectroscopy (MRS) (12). However, MRI not only visualizes the anatomical structure but also quantifies the proton density fat fraction (PDFF) with good spatial resolution, short acquisition time, and accurate fat quantification (13, 14). Computed tomography X-ray absorptiometry (CTXA) is a QCTPro (Mindways Inc., Austin, TX) scanning analysis module, which generates two-dimensional (2D) images from three-dimensional (3D) images of the proximal femur region of interest (ROI) and evaluates the areal BMD (aBMD) of integral (Int), trabecular (Trab), and cortical (Cort) bone by region (femoral neck, FN; trochanter, TR; intertrochanter, IT) (15). In contrast to DXA, quantitative computed tomography (QCT) distinguishes cortical bone from trabecular bone. For the measurement of aBMD in the proximal femur, QCT aBMD has good consistency with DXA (16, 17).

To investigate the relationship between muscle atrophy and fatty infiltration around the hip joint and aBMD in the proximal femur, we used a six-echo chemical shift encoded water-fat MRI (mDIXON-Quant, Philips Healthcare) to assess the muscle PDFF representing the proportion of adipose tissue in muscle and the cross-sectional area (CSA) representing muscle volume around the hip joint. QCT was used to calculate the aBMD of the proximal femur. In this prospective cross-sectional study, we examined the correlation of PDFF and CSA of the gluteus maximus (G.MaxM), gluteus medius (G.MedM), gluteus minimus (G.MinM), and iliopsoas muscle (IliopM) with the QCT assessment of the aBMD of FN, TR, and IT, respectively, in middle-aged and elderly subjects.



Materials and methods


Study participants

Participants who were subjected to examination of the proximal femur aBMD were recruited from the physical examination center of our hospital. The study was approved by the Ethics Committee of The Third Hospital of Hebei Medical University. Informed consent was obtained for each participant. The inclusion criteria were as follows: 1) at least 30 years old and in good health; and 2) no MRI contraindications, such as cardiac pacemaker and claustrophobia. The exclusion criteria were as follows: 1) hip tumor; 2) a history of trauma and stunting; 3) previous hip surgery; 4) previous or current use of steroid hormones, calcitonin, estrogen, and other drugs affecting bone metabolism; and 5) diseases that limit activity and function (Figure 1).




Figure 1 | Flow chart of the patient population included in the present study.





MRI examination

All hip MRI examinations were performed on the same 3.0T MR scanner (Ingenia CX, Phillips, Amsterdam, Netherlands) using a 32-channel torso coil. The MRI sequence parameters of water/fat based on chemical shift coding (mDIXON Quant, Philips Healthcare) were as follows: axial = fast field echo (FFE); repetition time (TR) = 8 ms; echo time (TE) 1 = 1.15 ms; echo spacing = shortest; field of view = 400 × 267 × 325 mm; matrix size = 376 × 299; voxel = 2.5 × 1.5 × 3.0 mm; slice thickness = 5 mm; flip angle = 3°; number of signal averaged (NSA) = 1; and acquisition time = 48 s. Six echoes were used for the quantification of PDFF. All MR images were reviewed and analyzed by a radiologist (XSZ).

All muscle measurements were performed by the same investigator (XSZ) with more than 2 years of experience who was unaware of the aBMD results. The MR images of water/fat based on chemical shift coding were transferred to the post-processing workstation (InterlliSpace™ Portal, ISP, Philips), and PDFF maps were automatically generated. Seven fat peaks were modeled and T2* corrected. The CSA and PDFF of muscles were measured at the maximum CSA level on the axial fat fraction maps. The G.MaxM at the level of the lower margin of the fourth sacral vertebra and the G.MedM at the level of the first sacral vertebra were analyzed. The G.MinM and IliopM at the level of 0.5 - 1.5 cm at the upper acetabulum margin were analyzed. Free-hand drawn ROIs were separately placed in the axial view of the right sides of the G.MaxM, G.MedM, G.MinM, and IliopM on the fat fraction maps. Each ROI was drawn along the margin of the muscle and outlined muscle contours (Figure 2). The PDFF and CSA of G.MaxM, G.MedM, G.MinM, and IliopM were obtained directly. After completing ROI delineation, the PDFF and CSA of G.MaxM, G.MedM, G.MinM, and IliopM were directly obtained from the fat fraction map. Approximately 3 min were required to draw all the ROIs of hip muscles for each subject.




Figure 2 | The ROI drawn freehand was placed at the maximum CSA of the fat fraction plot on the axial map of the right gluteus maximus (G.MaxM), gluteus medius (G.MedM), gluteus minimus (G.MinM), and iliopsoas muscle (IliopM). Each ROI was plotted along the edge of the muscle to obtain the PDFF and CSA as shown in the pseudocolor and FF maps of G.MaxM (A ,D), G.MedM (B, E), G.MinM, and IliopM (C, F).



In addition, 20 subjects’ images were randomly selected from the entire data set to evaluate the intra- and inter-reader reliability by a second radiologist (JFL) with more than 2 years of experience. For evaluating the consistency and reliability of different observers, intraclass correlation coefficient (ICC) was determined as follows: ICC < 0.4, poor consistency; 0.4 < ICC < 0.75, moderate consistency; and ICC > 0.75, good consistency. For the bilateral test, a test level of α = 0.05 was used. Good intra-observer (intra-class correlation coefficients, ICC 0.889–0.978, P < 0.001) and moderate inter-observer (ICC 0.693–0.971, P < 0.001) agreements of the muscle measures were found.



QCT examination

CT scans of subjects’ hip joints were performed on a 64-row Siemens Somatom Definition CT scanner (Siemens, Erlangen, Germany) with a Mindways calibrated body model (Mindways Software Inc., Austin, Texas, USA). The acquisition parameters were as follows: 120 kV; 217 mAs; pitch of 1.2; reconstruction slice thickness of 1 mm; reconstruction field of view 50 cm; and medium reconstruction kernel (B40f). The scanning range was 1 cm above the femoral head to 3 cm below the lesser trochanter. The subjects’ knees were flat, and their feet were rotated inwards to reduce overlap between the proximal femur and the acetabulum on the 2D projected image. This study analyzed hip CT scans using the commercial QCTPro (Mindways Inc., Austin, Texas, USA) CTXA module. Three standard DXA hip ROIs were generated, namely, FN, TR, and IT, and DXA equivalent aBMD results of each ROI were obtained. The FN ROI was a narrow frame 10 or 15 mm wide to avoid the overlap between the acetabulum and FN in 2D projection images (Figure 3). In the present study, the World Health Organization (WHO) BMD criteria for osteoporosis were used as follows: osteoporosis was defined by a BMD T-score of -2.5 or less at the FN or total hip; osteopenia was defined by a BMD T-score between -1.0 and -2.5 at the FN or total hip; and normal was defined by a BMD T-score of -1 or more at the FN or total hip.




Figure 3 | aBMD measurement. QCTPro CTXA was used to analyze the aBMD of the proximal femur, including the FN, TR, and IT (A, B).





Statistical analyses

Statistical analyses were performed using SPSS Statistics (IBM, version 26) with a significance level of 0.05. For data with normal distribution, the two independent samples t-test was used for comparison between men and women. For data with non-normal distribution, the two-sample Mann-Whitney U test was used to analyze the differences between men and women. The analysis was stratified by sex due to differences in underlying pathological mechanisms of changes in aBMD, muscle CSA, and PDFF between men and women. Generalized multiple linear regression was used to analyze the relationship of the aBMD (dependent variable) of the FN, TR, and IT with the PDFF and CSA of the G.MaxM, G.MedM, G.MinM, and IliopM. To improve various muscle indexes were measured and transferred using sex-specific SD, respectively. Age and BMI were used as correction factors.




Results


Study sample characteristics

In total, 144 healthy subjects were included for analysis as shown in Table 1. There were 78 males, including 33 subjects with normal BMD, 33 subjects with osteopenia, and 12 subjects with osteoporosis, and there were 66 females, including 20 subjects with normal BMD, 22 subjects with osteopenia, and 24 subjects with osteoporosis. Men had higher a CSA in the G.MaxM (4372.21 vs. 3463.33 mm2), G.MedM (2997.23 vs. 2269.58 mm2), G.MinM (1149.31 vs. 811.15 mm2), and IliopM (1697.37 vs. 1020.38 mm2) than women (P < 0.05). The PDFF of the G.MaxM (17.86 vs. 21.53%) and IliopM (8.69 vs. 11.15%) in men was lower than that in women (P < 0.05). Women also had a higher PDFF in the G.MedM (14.65 vs. 13.92%) and G.MinM (11.67 vs. 10.41%) in men, but there was no statistical difference (P > 0.05). Women had a lower aBMD at some sites, including the FN Trab (0.20 vs. 0.23 g/cm2), FN Int (0.62 vs. 0.67 g/cm2), TR Cort (0.32 vs. 0.36 g/cm2), TR Trab (0.16 vs. 0.31 g/cm2), TR Int (0.47 vs. 0.67 g/cm2), IT Cort (0.52 vs. 0.78 g/cm2), IT Trab (0.25 vs. 0.29 g/cm2), and IT Int (0.78 vs. 1.05 g/cm2) compared to men (P < 0.05), but there was no statistical difference for the FN Cort (0.42 vs. 0.45 g/cm2, P > 0.05).


Table 1 | Clinical characteristics of the subjectsb.





FN aBMD

The adjusted beta coefficients and 95% confidence interval (CI) of the FN aBMD sites (FN Int, FN Trab, and FN Cort aBMD) with continuous muscle indexes per sex-specific standard deviation (SD) increase are shown in Table 2 and Table 3. The FN Int aBMD was significantly associated with the G.MaxM CSA (men: P = 0.002; women: P = 0.008) and PDFF (men: P < 0.001; women: P = 0.047). There were associations between the FN Cort aBMD and the CSA of G.MaxM (men: P = 0.002; women: P = 0.002) and G.MaxM PDFF (men: P < 0.049; women: P = 0.003). In men, 0.194 and -0.196 g/cm2 of FN Int aBMD increased with one SD increase of G.MedM area (95% CI, 0.018, 0.370; P = 0.031) and PDFF of IliopM (95% CI, -0.348, -0.045; P = 0.011), but this significance was not observed in women. The FN Cort aBMD negatively correlated with the IliopM PDFF in men (β, -0.240; 95%CI, -0.442, 0.037; P = 0.020) and G.MinM PDFF in women (β, -0.329; 95%CI, -0.599, -0.058; P = 0.017). Associations between the FN Trab aBMD and the CSA of G.MinM (P = 0.018) and IliopM (P = 0.008) were found only in women.


Table 2 | Generalized multiple linear standardized regression coefficients and 95% CIs between the aBMD of the FN and various muscle indexesa,b,c in males.




Table 3 | Generalized multiple linear standardized regression coefficients and 95% CIs between the aBMD of the FN and various muscle indexesa,b,c in females.





TR aBMD

The results of generalized linear models for the associations between the TR aBMD and muscle indexes are presented in Table 4 and Table 5. Some muscle indexes were related to the TR Int aBMD in both men and women, including the G.MaxM CSA (men: P < 0.001; women: P = 0.028) and G.MaxM PDFF (men: P = 0.031; women: P = 0.038). In addition to the above correlation with the TR Int aBMD, associations with the G.MaxM CSA were found for the TR Cort aBMD (P = 0.002) and TR Trab aBMD (P = 0.001) in men but not in women. Moreover, the G.MedM CSA was also correlated with the TR Int aBMD (P < 0.001), TR Cort aBMD (P = 0.047), and TR Trab aBMD (P = 0.017) in men. In women, 0.404 and -0.199 g/cm2 of the TR Int aBMD increased with one SD increase of IliopM CSA (95% CI, 0.204, 0.603; P < 0.001) and IliopM PDFF (95% CI, -0.382, -0.016; P = 0.033), but this significance was not found in men. Other muscle indexes were related to the TR aBMD in women, including the IliopM CSA (P = 0.004) to TR Cort aBMD, the G.MaxM PDFF (P = 0.014) to TR Cort aBMD, and the IliopM PDFF (P = 0.001) to TR Trab aBMD.


Table 4 | Generalized multiple linear standardized regression coefficients and 95% CIs between the aBMD of the TR and various muscle indexesa,b,c in males.




Table 5 | Generalized multiple linear standardized regression coefficients and 95% CIs between the aBMD of the TR and various muscle indexesa,b,c in females.





IT aBMD

Table 6 and Table 7 show the results from the multivariate generalized linear models, assessing the associations of the IT aBMD with eight muscle indexes, including the CSA and PDFF of the G. MaxM, G.MedM, G.MinM, and IliopM. The IT Int aBMD showed a significant association with the G. MaxM CSA (men: P = 0.005; women: P < 0.001), G. MaxM PDFF (only women, P = 0.041), IliopM CSA (only men, P = 0.007), IliopM PDFF (men: P = 0.001; women: P = 0.003), G.MedM CSA (only women, P < 0.001), and G.MedM PDFF (only women, P = 0.038). Associations with the IT Cort aBMD were found for the G.MaxM CSA in men (P = 0.014), G.MedM CSA in women (P = 0.022), IliopM CSA in men (P = 0.039), G.MedM PDFF in women (P = 0.010), and IliopM PDFF in women (P = 0.001). No significance was found for the IT Trab aBMD (all P > 0.05).


Table 6 | Generalized multiple linear standardized regression coefficients and 95% CIs between the aBMD of the IT and various muscle indexesa,b,c in males.




Table 7 | Generalized multiple linear standardized regression coefficients and 95% CIs between the aBMD of the IT and various muscle indexesa,b,c in females.






Discussion

The innovation of this study lies in the independent analysis of the relationship of the PDFF and CSA of the muscles around the hip joint with proximal femur aBMD. The present study is the first to demonstrate that both the CSA and PDFF in the muscles around the hip joint are associated with proximal femur aBMD, suggesting that muscle size and fat infiltration in this area influence the proximal femur aBMD. We applied MR-Dixon technology to quantify muscle adipose content, which quantifies muscle adipose tissue, including intramuscular and intermuscular adipose tissue, with high resolution.

The cellular origins of fatty accumulation in muscle arise through several different pathways. One direct route is via the accumulation of lipid within myofibers themselves, which is known as intramuscular fat. Another pathway is an accumulation of adipocytes within skeletal muscle, which is known as intermuscular fat (18). Conventional T1-weighted MRI only assesses visible adipose tissue in T1-weighted images, but it is unable to assess small lipid concentrations in localized muscular regions (19). Chemical shift-based water/fat separation methods, including Dixon techniques and the iterative decomposition of water and fat with echo asymmetry and least-squares estimation (IDEAL), overcome the limitations of conventional T1-weighted imaging by allowing high spatial resolution for quantification of adipose tissue in localized regions, including intramuscular and intermuscular lipids. In addition, to obtain true proximal femur aBMD, we used QCT, which has been demonstrated to have good consistency with DXA.

Muscle CSA or muscle thickness, as a simple and practical muscle volume estimation method, has been widely used as an indirect indicator of muscle strength (20, 21). As for the selection of muscle level, the CSA around the muscle abdomen decreases to the greatest extent due to disuse, while the CSA around the muscle end does not significantly change (22, 23). Therefore, to better evaluate the changes of CSA in the muscles around the hip joint, we selected the maximum CSA of the muscle (similar to the muscle abdomen) as the evaluation level. The present study showed that the CSA of the G.MaxM was positively correlated with the aBMD of all subregions of the proximal femur and that it mainly affects the Int aBMD and Cort aBMD of the FN, TR, and IT. The present study also found that the CSA of the IliopM and G.MedM was positively associated with the Int aBMD and Cort aBMD of the TR and IT. Moreover, the cortical shell of long bones is crucial for fracture prevention because it is the main compressive and flexural resistant structure of bone (24, 25). Therefore, the present results suggested that the CSA of the G.MaxM, IliopM, and G.MedM is a protective factor against proximal femoral fractures by influencing proximal femoral aBMD, especially cortical aBMD. The increase in soft tissue thickness mainly dependent on the CSA of muscles in the proximal femur reduces the risk of fracture by reducing the force applied to the femur during lateral falls (26–28), supporting our view from another aspect.

The interaction between bone and muscle is mainly realized by mechanical stimulation and secreted bioactive factors. Mechanical tension caused by muscle initiates osteogenic activity, and both osteoblasts and osteocytes respond to mechanical stimulation. Mechanical transduction also induces cascades of biochemical signals, including the production of hormones and growth factors, which affect the coupling process of bone formation and bone resorption (29). As an indicator of muscle strength, muscle CSA partly reflects the mechanical tension between muscle and bone, suggesting that mechanical stimulation between muscle and bone may be one of the mechanisms by which the CSA of muscle affects the aBMD in the proximal femur. The G.MaxM is the main and strongest muscle of the hip joint, providing the greatest power for the movement of the hip joint and also affecting the aBMD of most regions in the proximal femur. It is possible that the CSA of the IliopM and G.MedM mainly affects the BMD of the TR and IT through mechanical stimulation of muscle attachment.

Fatty infiltration of skeletal muscle is an important manifestation of skeletal muscle aging, which reflects the decrease of skeletal muscle function and muscle strength (30, 31). Previous studies have found that BMD loss is correlated with decreased muscle mass, strength, and function, which is mainly manifested as lean muscle loss and fat infiltration (3, 13). The present results showed that the PDFFs of several muscles were negatively associated with the aBMD of subregions of the proximal femur as follows: the G.MaxM was negatively associated with the aBMD of the FN, TR, and IT; the G.MedM was negatively associated with the aBMD of the TR and IT; and the IliopM was negatively associated with the aBMD of the FN, TR, and IT. Lu (32) found that the lipid infiltration of the G.MaxM and mid-thigh muscle is associated with the aBMD of the proximal femur, which agreed with the present study. Intramuscular fat infiltration impairs the ability of the skeletal muscle to produce normal protein, resulting in decreased insulin sensitivity. Impaired normal protein synthesis leads to reduced muscle strength and muscle atrophy (18, 33). Therefore, muscle fat infiltration in the buttocks reduces the mechanical stimulation to the bone at this site, resulting in a decrease in the BMD of the proximal femur, suggesting that fatty infiltration of muscle negatively affects aBMD at the proximal femur. Moreover, increased fat content of the gluteal muscles contributes to reduced lower extremity performance, conferring increased risk of loss of mobility, falls, and skeletal fractures (34), which is consistent with a previous study showing that reducing muscle fat infiltration and improving muscle strength significantly reduces fracture risk (35, 36).

The present study showed that more indicators of the G.MedM and IliopM correlated with the aBMD of the TR and IT than the aBMD of the FN. Decreased BMD in different areas of the proximal femur may lead to different types of osteoporotic fractures, such as FN fractures or intertrochanteric fractures. It has been reported that the BMD of the TR and IT in the IT fracture group is lower than that in the FN fracture group (37, 38). Wang et al. (36) found that intertrochanteric aBMD is a better predictor of hip fracture than the FN and total hip aBMD, indicating that intertrochanteric aBMD has a better correlation with hip fractures. Thus, increased CSA and decreased PDFF in the G.MedM and IliopM may be protective factors for intertrochanteric fractures. Physical activity and regular exercise reduce muscle fat content, increase muscle CSA, and enhance bone strength, which reduces the risk of hip fractures (18, 39).

The present study found that the PDFF in the hip muscle was negatively correlated with the aBMD in the proximal femur and that the CSA was positively correlated with the aBMD. Skeletal muscle fat infiltration and muscle atrophy coexist with age, which may be due to the different forms of dysfunction in skeletal muscle fibers and the distribution of muscle fiber types in different functional muscle tissues (40, 41). The accumulation of intramuscular lipid with aging is not homogenous across different fiber types. Type I fibers are oxidative slow-twitch fibers that contain high intramuscular lipid content and many mitochondria. In contrast, type II fibers are glycolytic fast-twitch fibers that have low intramuscular lipid content and low aerobic capacity. Type I fibers tend to accumulate more intramuscular lipids with age in human subjects than fast-twitch oxidative fibers (42). The number and degree of atrophy of type II muscle fibers in skeletal muscle of patients with osteoporosis are greater than that of type I muscle fibers, and a significant correlation between the degree of type II myofiber atrophy and proximal femoral BMD has been reported in previous studies (43). The downregulation of IGF-1/PI3K/Akt activity that occurs in osteoporosis may lead to muscle atrophy. Moreover, because IGF-1/PI3K/Akt activity controls glucose uptake in skeletal muscle, the downregulation of this activity may affect mainly glycolytic fibers (type II) due to their capacity of utilizing glucose to produce energy (43, 44). With age, muscles rich in type II fiber atrophy more and accumulate less lipids than muscles rich in type I fiber.

There were several limitations to this study. First, because this study was a cross-sectional study, we were unable to explore the longitudinal relationship between muscle and the proximal femur aBMD. Second, the study population consisted of middle-aged and elderly non-hip disease individuals from one center, which may limit the generalization of the results to other ethnic groups and other age groups. Third, due to the small number of participants in this study, the differences between male and female indicators were not further discussed. Studies with larger samples are needed to further compare the differences between men and women as well as to obtain additional evidence for the relationship between the muscles around the hip joint and the BMD of the proximal femur. Finally, the lack of data on physical activity and muscle strength may reduce the interpretation of the findings.

In conclusion, the CSA of the gluteus muscle and iliopsoas muscle has a positive association with the proximal femur aBMD, and the PDFF of the gluteus muscle and iliopsoas muscle has a negative correlation with the proximal femur aBMD. A better understanding of the relationship of the PDFF and CSA of the muscle with the proximal femur BMD will help provide a better understanding of the prevention of osteoporosis and related complications. Therefore, the CSA and PDFF of the gluteus muscle and iliopsoas muscle may be important factors and clinically significant targets for the treatment of osteoporosis.
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Introduction

Musculoskeletal system gradually degenerates with aging, and a hypoxia environment at a high altitude may accelerate this process. However, the comprehensive effects of high-altitude environments on bones and muscles remain unclear. This study aims to compare the differences in bones and muscles at different altitudes, and to explore the mechanism and influencing factors of the high-altitude environment on the skeletal muscle system.



Methods

This is a prospective, multicenter, cohort study, which will recruit a total of 4000 participants over 50 years from 12 research centers with different altitudes (50m~3500m). The study will consist of a baseline assessment and a 5-year follow-up. Participants will undergo assessments of demographic information, anthropomorphic measures, self-reported questionnaires, handgrip muscle strength assessment (HGS), short physical performance battery (SPPB), blood sample analysis, and imaging assessments (QCT and/or DXA, US) within a time frame of 3 days after inclusion. A 5-year follow-up will be conducted to evaluate the changes in muscle size, density, and fat infiltration in different muscles; the muscle function impairment; the decrease in BMD; and the osteoporotic fracture incidence. Statistical analyses will be used to compare the research results between different altitudes. Multiple linear, logistic regression and classification tree analyses will be conducted to calculate the effects of various factors (e.g., altitude, age, and physical activity) on the skeletal muscle system in a high-altitude environment. Finally, a provisional cut-off point for the diagnosis of sarcopenia in adults at different altitudes will be calculated.



Ethics and dissemination

The study has been approved by the institutional research ethics committee of each study center (main center number: KHLL2021-KY056). Results will be disseminated through scientific conferences and peer-reviewed publications, as well as meetings with stakeholders.



Clinical Trial registration number

http://www.chictr.org.cn/index.aspx, identifier ChiCTR2100052153.
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Introduction

Osteoporosis has become a public health concern with the rate of aging in the global population increasing (1). Identifying the risk factors for osteoporosis could help prevent the condition’s development. Environmental factors (such as altitude, sunlight, and temperature) have been proposed to influence bone mineral density (2). Basu M et al. found proximal phalanx bone impairment in healthy males who migrated from an altitude of 3542m to an extreme altitude (5400–6700m) in India where they stayed for 4 months (3). A Chinese study reported that people living in Tibet have lower spine bone mass compared with people who live at low altitudes (4). An animal experiment also showed that bone mass was significantly and negatively affected by exposure to a high-altitude environment. With the increase in altitude (1850~5450m), negative changes in the morphometric and geometric properties of the femur were observed (5). The loss of bone mass and/or decrease in bone density is the main manifestation of osteoporosis. As expected, several studies based on large sample sizes have found that highlanders have a higher risk of osteoporosis (6) and are more likely to suffer hip fractures (7–9). The above research results may be related to the mechanism that high altitude-induced hypoxia may stimulate the secretion of many hormones that have affected bone mineral metabolisms (3, 10). For example, activities of bone-specific alkaline phosphatase and 25(OH) vitamin D were both found to decrease significantly in the high-altitude area (3). Notably, the relationship between high altitude and bone status is still insufficient. Existing studies are also limited by their designs for certain people and/or small sample sizes. In particular, some studies only included narrow-altitude ranges (about 100~200 m), which restricts effective comparisons between distinct altitudes. This can sometimes lead to conflicting results (9, 11). A reasonable and wider range of elevation comparison design can contribute to explore the effect of hypoxia on bone and reveal the potential effective threshold. So far, no studies have been conducted in China on the prevalence of osteoporosis in the general population in high-altitude areas. More studies, especially longitudinal cohort studies, are essential to investigate the prevalence of osteoporosis and the potential risk factors for bone mass loss in the plateau area.

Hypoxia causes complex angio-adaptive and endocrine adaptations in skeletal muscle, resulting in the growth, stabilization, or regression of muscle capillaries as well as changes in blood biochemical markers (e.g., significant reductions in plasma leptin and homocysteine, insulin, and C-reactive protein) (12, 13). High-altitude hypoxic environments have been demonstrated to influence a person’s body composition (e.g., reductions in body weight, fat-free mass, fat mass, muscle mass, and/or body water) (14–17). Studies have been conducted on the relationship between altitude and muscle or body function, particularly in sports training. Altitude hypoxia training has become a popular means to increase endurance athletes’ performance for decades (18–22). What’s more, current research indicates that chronic intermittent hypoxic–hyperoxic periods exposure at rest is beneficial for older patients with cardiovascular and metabolic diseases or cognitive impairment to improve physical and cognitive performance and reduce cardiometabolic risk factors (23). Despite much research in this area to date, the results are highly controversial as intraindividual and interindividual variabilities (24, 25). More studies are needed to confirm and extend the evidence.

The loss of muscle mass, strength, and/or physical function is often referred to as sarcopenia, which is closely related to adverse clinical outcomes (15–17). Sarcopenia will have a major impact on the Asian aging population (26). The diagnosis of sarcopenia is also highly variable due to race, measurement methods, and living environments (27, 28). High-altitude hypoxia is considered to be able to facilitate sarcopenia and fat distribution (26, 29, 30). Chinese studies indicated that the incidences of sarcopenia in the high-altitude population (altitude>3500m and altitude at 2260m) were significantly higher than those in the plain population (26, 31). Specific cutoff values established according to altitudes for sarcopenia in the plateau populations seem more reasonable. However, very limited relevant studies are available. The assessment of muscle mass is a crucial element in diagnosing sarcopenia. Bioelectrical impedance analysis (BIA) or dual X-ray absorptiometry (DXA) were the most commonly used methods in the past. Nevertheless, the correlation of muscle mass with muscle strength, and more generically, with muscle function is low, and this discrepancy may be partially related to the presence of fatty infiltration (32, 33). The recent European Working Group on Sarcopenia in Older People recently replaced “low muscle mass” with “low muscle strength” as a primary determinant of sarcopenia (34) implying that muscle mass based on DXA and BIA may not be sufficient in the detection of sarcopenia and that methods with higher sensitivity in sarcopenia screening are warranted. Skeletal muscle area based on segmentation technology and muscle density measured by quantitative computed tomography (QCT) were considered to be more promising in the assessment of sarcopenia (35–37). However, the sarcopenia definition based on CT assessments of muscle size and density is lacking.

The musculoskeletal system operates as a finely coordinated unit, interconnected not only by mechanical aspects but also by humoral factors. Muscle seems to possess the “upper hand” in its relationship with bone (38). Muscle loading induces a range of biomechanical signals necessary for bone growth and remodeling. Also, osteoporosis or fractures will lead to muscle atrophy and muscle mass reduction (38). Indeed, several muscles and bone-derived hormones (e.g., leptin, insulin, GH/IGF-1, myostatin, FGF2, and sexual steroids) are under active investigation to better explain the complex cross-talk and discrete hormonal influences between muscle and bone (38). Therefore, simultaneous assessment of bone and muscle may help gain a more complete picture of disease prevention and treatment in a certain area.

High altitude is generally defined as an altitude higher than 1500m above sea level, which is further classified into three grades: high altitude (1500-3500m); ultra-high altitude (3500-5500m); and very high altitude (>5500 meters) (39). The main environmental stressor associated with high altitude is decreasing atmospheric oxygen pressure. Other environmental stressors include low temperatures, humidity, and increased ultraviolet radiation (40). The impact of altitude on the musculoskeletal system is diverse and contingent upon the altitude in question. Existing studies are limited by their designs for comparison between two altitudes (26, 41). As a result, studies at different altitudes cannot be directly compared. Multi-altitude control studies can comprehensively depict the changes in the musculoskeletal system at different altitudes.

As a province with an altitude fluctuation ranging from less than 100 meters to more than 3,000 meters, Yunnan province has a particular advantage in the study of the effects of altitude on osteoporosis and sarcopenia. This study is a multi-center cohort study in 12 regions where the altitude fluctuations range from 50 to 3500 meters. The primary aims of this study are listed as follows: Firstly, to compare the baseline prevalence of osteoporosis and sarcopenia in the over-50-year-old population at different altitudes and establish a provisional cut-off point based on QCT for the diagnosis of sarcopenia in adults according to altitude. Secondly, the bone and muscle characteristics of people at different altitudes are compared, such as bone density, muscle mass, muscle density, and biological indicators. Thirdly, follow up for 5 years and compare the incidence of adverse events (fall, osteoporosis fracture, death, etc) at different altitudes. The secondary study aims to explore the effect and mechanism of a high-altitude environment on the skeletal muscle system.



Methods and analysis

This longitudinal cohort study aims to investigate the prevalence of osteoporosis and sarcopenia in Yunnan Province. Multicenter control at different altitudes can give insight into how altitude affects bone and muscle.


Study design

The sarcopenia and osteoporosis study in Yunnan province (SOY study, Trial registration number: ChiCTR2100052153) is a multicenter, prospective, cohort study. The study protocol consists of three main steps: recruitment, a baseline visit, and five years follow-up visit (Figure1).




Figure 1 | Flow chart of study design and procedures. SPPB, short physical performance battery. The analysis outcomes included: the changes in muscle size, density, and fat infiltration in different muscles, the decrease in BMD, the muscle function impairment, and the osteoporotic fracture incidence during a five-year follow-up period.





Recruitment strategy

The enrolment of potential subjects is assessed by investigators at each clinical center according to the inclusion and exclusion criteria. Each subject will sign an informed consent form before officially entering the study. The subjects of the SOY study are enrolled in 12 centers at different altitudes (Figure 2). The inclusion criteria are that participants should be aged over 50 years old and living at the research site for more than 10 years. Exclusion criteria were as follows: a. Inability to stand or walk independently; b. Deformity of the lumbar spine and hip joint; c. Tumors treated with radiotherapy or chemotherapy; d. Patients with metallic implants in vivo; e. Other serious or life-threatening diseases (e.g. severe stroke). Recruitment will start in August 2022 except for the main study center the First People’s Hospital of Yunnan Province in which recruitment started in April 2021. Baseline visits and follow-up details are shown in Table 1.




Figure 2 | Recruitment centers and specific altitude.




Table 1 | Items and procedures of the study at baseline and each follow-up.



Ethical approval for the cohort study is obtained from the ethics committee of each study center [Main study center-The First People’s Hospital of Yunnan Province No. KHLL2021-KY056]. The study is conducted by ethical principles according to the Declaration of Helsinki. Radiation safety and protection measures are strictly implemented throughout the study. Informed consent is obtained from each participant at the nearest participating imaging center.



The estimation of sample size

The sample size necessary for this study is set at 4000. The overall prevalence of osteoporosis at the femoral neck in adults aged above 50 years was reported to be 16%, or even up to 30% in postmenopausal women (29, 42). The overall prevalence of sarcopenia was reported to range from 5.5% to 25.7% (30). Thus, the number of 4000 is set to get the estimated overall prevalence of osteoporosis to be within 5% of the prevalence in the real world and considering the attrition rate of about 10%. This number is also needed to detect a significant difference (at least 5%) in prevalence proportions between the highest level of altitude and the lowest one. This number is also needed to detect significant results from the prospective cohort (survival analysis) with a two-tailed level of significance of 5% and statistical power of 80% when a risk factor for osteoporotic fracture is assumed to exist in 20% of participants at baseline and to increase a background fracture risk of 6% by 50% during the 5-year follow-up period. The SPSS 26.0 software (IBM, Armonk, NY, United States) will be chosen. The level of significance desired for this study is α=0.05, with a power level of β=0.2.



Baseline visit

The demographic information, anthropomorphic measures, questionnaires, muscle strength assessment, short physical performance battery (SPPB), collection of blood samples, and imaging assessments (QCT and/or DXA, US) are scheduled to be conducted on each participant.

Detailed demographic measures include age, biological age calculated based on somatic variables (43), gender, ethnicity, residence, education, occupational status, daily physical questionnaire (IPAQ), eating habits (e.g. tea intake, vegans, red meat/white meat intake/both), fall risk screening, fracture history (time/frequency/fracture site), alcohol intake, smoking history, medical history (calcium/vitamin D/hormone), menopausal age, fall history (time, frequency, location), disease history (rheumatoid arthritis/secondary osteoporosis).

Anthropomorphic measures consist of height, weight, waist, and maximum calf circumference. The SARC-F questionnaire will be used to predict potential persons with sarcopenia at risk for poor functional outcomes (described below Table 2).


Table 2 | SARC-F questionnaire.



Muscle strength assessment with HGS. HGS of the dominant hand will be measured using a Jamar dynamometer (Jamar, Los Angeles, CA), two attempts with a 30-second interval between them were recorded in kilograms, and the maximum value will be chosen for further analysis.

A short physical performance battery (SPPB) includes a 4m gait speed (GS), a five-times repeated chair sit-to-stand (STS) and a balance test (semi-tandem, full-tandem, and single-leg stand time) will be recorded.

Blood sample collection is mainly for laboratory examination, such as hepatic and renal function, 25(OH)D, BGP, PTH, Calcium, biochemical markers of bone turnover, biochemical markers of bone metabolism, leptin, insulin, GH/IGF-1, myostatin, FGF2, and sex steroids.

Imaging assessments include abdomen quantitative computed tomography (QCT), dual-energy X-ray absorptiometry (DXA), and appendicular limb ultrasound. Evaluation indicators include muscle density, muscle size, intermuscular fat size, BMD (measured by QCT and/or DXA), and whole-body composition analysis. The trunk muscle, gluteus muscle, and appendicular limb muscle are the object muscles being evaluated. The BMD values (mg/cm3) of the L1 and L2 vertebral bodies are measured according to the QCT protocol (44)  (Figure 3). The spinal vBMD was represented by the average vBMD value of L1–L2. In each subject, abdominal CT scans with a Mindways calibrated QCT acquisition phantom (Mindways Software Inc, Austin, TX, USA). For cross-calibration, a single European Spine Phantom (ESP-122) will be scanned at all centers before scanning the subjects.




Figure 3 | Dual-energy X-ray absorptiometry (DXA) and computed tomography (CT) assessments. (A): the whole body DXA scan for body composition analysis, mainly for the evaluation of muscle and fat mass. (B): Areal BMD was calculated by the DXA scan of the lumbar spine and left hip. (C)~(F): Muscle assessments with QCT including muscle density, muscle area, and intermuscular fat area. (C): Measurement of trunk muscle at mid-L2 level; (D): Measurement of cross-sectional area and mean computed tomography values of the gluteus maximus muscle at the level of the greater trochanter of the femur; (E): Measurement of the gluteus medius and minimus muscle at the third sacral level; (F): Measurement of the middle thigh muscle level. The muscle region is represented by the area highlighted in red. The area of intramuscular fat infiltration is obtained by subtracting the area of red ROI from the area of green ROI with the threshold segmentation method.



Notably, QCT is a required item for all research centers.



Follow-up visit

A 5-year follow-up will be conducted to evaluate the changes in muscle size, density, and fat infiltration in different muscles, the decrease of BMD, muscle function impairment, and osteoporotic fracture incidence. Details of the assessments of the follow-up visits are shown in Table 1.



The diagnosis criteria of osteoporosis

The diagnostic criteria of osteoporosis for QCT, recommended by the International Society for Clinical Densitometry in 2007 (45) and the American College of Radiology in 2008 (46), are used to classify the subjects as normal if average vBMD >120 mg/cm3, osteopenia if vBMD between 120 and 80 mg/cm3, and osteoporosis if vBMD <80 mg/cm3.



The diagnosis criteria of sarcopenia

According to the 2019 consensus update on sarcopenia diagnosis and treatment of the Asian working group for sarcopenia (AWGS 2019), the new diagnosis of sarcopenia was low muscle mass accompanied by low muscle strength or low physical performance. AWGS 2019 also defines persons with low muscle mass, low muscle strength, and low physical performance as having “severe sarcopenia” (30).

The specified cutoffs for each diagnostic component were as followed: low muscle strength was defined as handgrip strength < 28 kg for men and <18 kg for women; criteria for low physical performance were 6-m walk<1.0 m/s, short physical performance battery(SPPB) score ≤ 9, or 5-time chair stand test ≤ 12 seconds. Muscle mass assessment was retained the original cutoffs for height-adjusted: dual-energy X-ray absorptiometry<7.0 kg/m2 in men and <5.4 kg/m2 in women; and bioimpedance<7.0 kg/m2 in men and <5.7 kg/m2 in women.



Data management

All data will be transferred to the First People’s Hospital of Yunnan Province for analysis and quality control. The study data will be collected and managed in a database created using Epidata 3.1. Through this database, all questionnaire contents can be digitized to prepare for further classification, comparison, and statistical analysis, such as activity, diet habits, medication history, etc. All muscle function evaluations, imaging scans, and measurements were performed according to the unified standards of the study. All investigators taking care of data collection will be trained before the project begins.



Statistical analysis

Baseline cross-sectional analysis between sarcopenia/osteoporosis and altitude will be conducted, including the prevalence, imaging parameters, SPPB, and blood sample indexes of skeletal muscle. The 5-year follow-up data will focus on comparing the rate of skeletal muscle degradation at different altitudes and the incidence of adverse events such as falls and fractures during the follow-up period. One-way ANOVA will be used to compare the research results between different altitudes. Multiple linear and logistic regression analyses were conducted to calculate the effects of various factors (e.g., altitude, age, and physical activity) on the skeletal muscle system in a high-altitude environment. Cox proportional hazards models were used to calculate the strength of BMD, muscle density, and muscle mass to predict the risk of major osteoporotic fractures. Provisional cutoff points based on QCT were defined for the variables used to screen for sarcopenia or osteoporosis using the 20th percentile of their population distributions.




Discussion

Osteoporosis and sarcopenia are highly prevalent in older adults. Studies have shown that osteoporosis and hip fractures are more common in high-altitude areas. However, the extent to which altitude affects bones, or how, is not yet clear. There are few studies on muscle at high altitudes, and the results are inconsistent at different study altitudes. So, it is necessary to make a systematic comparison at multiple altitudes. What’s more, the current diagnostic criteria for osteoporosis are relatively well-established, but there are still many uncertainties about the diagnostic criteria for sarcopenia. Many researchers are trying to propose more suitable diagnostic criteria for sarcopenia (47, 48). But so far, there is no specific diagnostic cut-off value for sarcopenia for residents at high altitudes.

To the best of our knowledge, this is the first multicenter cohort study with multiple altitude levels. The 5-year follow-up study design enables us to compare the changes of bone and muscle not only horizontally in time, but also longitudinally at different altitudes. This makes it possible to better describe the relationship between the skeletal muscle system and altitude environment, then put forward a more objective and reasonable explanation for the situation in which existing research results are inconsistent or even opposite due to different study altitudes (26, 41).

As far as we know, this is also the first study to assess bone and muscle at multiple altitudes simultaneously. Analysis of musculoskeletal interactions can provide valuable information about how the altitude environment affects the body.

In conclusion, this study will make an important contribution to the understanding of the health status of bone and muscle at different altitudes in Yunnan. The relationship between the musculoskeletal system and altitude can be more comprehensively discussed because of the availability of multiple altitude data sets. The study will provide essential data for developing individualized diagnostic criteria for sarcopenia in Yunnan and help to establish altitude-specific intervention and treatment strategies.


Strengths and limitations of this study

The strengths of this study were listed as follows: Firstly, this is the first multicenter cohort study about bone and muscle characteristics of adults at different altitudes and would provide valuable reference data for adults aged over 50 years in plateau areas.

Secondly, the 5-year follow-up design provides longitudinal comparative data. Detailed changes and potential relationships in bone mass and muscle characteristics of older adults in high-altitude hypoxia environments can be dynamically recorded for further analysis. QCT and/or DXA measurements can provide more accurate assessment means of osteoporosis and sarcopenia diagnosis.

By the way, the limitations of this study are deserving of attention. Firstly, there is potential for high dropout rates of older adult participants due to physical decline or death. Secondly, external validation is lacking in this study.
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Background and purpose

Weight loss and muscle mass loss are common in patients with chronic obstructive pulmonary disease (COPD). Muscle density and fat infiltration based on CT images may be more sensitive than muscle mass by DXA in the assessment of sarcopenia for COPD patients. However, the age-related changes of cross-sectional trunk muscle compositions based on lung CT scans are still unknown. Thus, we aimed to investigate over time the change in muscle density, size, and fat deposition of L1-level trunk muscles in patients with COPD.



Materials and methods

129 male COPD patients with a second chest CT scan (from 2013-2019 to 2014-2020) were enrolled. The CT images at first and second CT scans are analyzed by OsiriX software. Trunk muscles at the level of the 1st lumbar vertebrae were selected for analysis. Attenuation of lumbar vertebrae 1 was also measured from chest CT images. The pulmonary function values were calculated based on forced expiratory volume in 1 second (FEV1) and forced vital capacity (FVC).



Results

The mean age of the 129 patients with COPD was 69.7 years. The durations of COPD of this cohort were from 8-17 years. The mean area and density of L1 trunk muscles were 85.5 cm2 and 36.4 HU. At baseline, muscle area and density and vertebral density were negatively associated with age (p<0.0001), while the intermuscular fat area and the fat infiltration ratio were not significantly associated with age (p>0.05). The per-year loss of trunk muscle area was 2.83 cm2 (p<0.0001) which accounts for 3.3% decrease per year, and the per-year decrease of trunk muscle density was 2.41 HU (p<0.0001) which accounts for 6.6% decrease per year. The per-year increase of intermuscular fat in trunk muscles was 0.57 cm2 (p=0.006) which accounts for 11.1% increase per year. The bone density loss was 5.63 HU/per year (p<0.0001).



Conclusion

Men with COPD had accelerated muscle loss as well as increased fat infiltration. Compared to muscle quantity loss, the decline in muscle quality is much larger, indicating the importance of relevant interventions focusing on improving muscle quality.





Keywords: chronic obstructive pulmonary disease, L1-trunk muscle, muscle size, muscle density, change



Introduction

Chronic obstructive pulmonary disease (COPD) is the fourth leading cause of death worldwide and is often characterized by chronic inflammation and extrapulmonary changes that impair quality of life and physical activity (1). Thus, weight loss and muscle mass loss are common in patients with COPD (2), and the risk of developing sarcopenia in COPD patients is increasing, with a prevalence ranging from 15% to 55% (3). Furthermore, sarcopenia appears to negatively affect clinical outcomes related to function and health in patients with COPD (4). Therefore, early detection of sarcopenia might be critical to better designing therapeutic interventions like pulmonary rehabilitation.

Skeletal muscle mass is usually measured by dual energy X-ray absorptiometry (DXA) and bioelectrical impedance analysis (BIA). Unlike DXA/BIA, which only measures muscle quantity, CT measures both muscle quantity (e.g., muscle cross-sectional area [CSA] or muscle index) and muscle quality (e.g, muscle attenuation or fat infiltration) (5). CT-based muscle metrics show promise in predicting the risk of osteoporotic fracture (6–8) and hip refracture (9), as well as the mortality (10–12). Muscle density and fat infiltration may be more sensitive than muscle mass by DXA in the assessment of sarcopenia for COPD patients.

In clinical practice, routine lung CT is often performed in COPD patients to help characterize COPD phenotypes and screen for lung cancer (13). Therefore, compared with DXA, the use of lung CT might offer the opportunity to routinely assess the sarcopenia in COPD patients. However, the age-related changes of cross-sectional trunk muscle compositions based on lung CT scans are still unknown, which impedes the understanding of the relationships between muscle metrics and COPD.

In this retrospective follow-up cohort study, by using state-of-the-art imaging, we aimed to investigate over time the change in muscle density, size, and fat deposition of L1-level trunk muscles in patients with COPD. We also aimed to explore the relations among muscle measurements, duration of COPD, and pulmonary function.



Materials and methods


Participants

The retrospective study was approved by the Institutional Review Board of Xiangya Hospital, and the informed consent from the patients was waived. We searched both the medical record and the PACS for all patients who met the following inclusion criteria: a male aged 50 years or older with a diagnosis of COPD according to the Global Initiative for Chronic Obstructive Lung Disease (GOLD) criteria (14) between Jan 1, 2013, and Dec 31, 2019; two diagnostic chest CT scans with an interval time of at least 3 months. This yielded 129 male patients with a second chest CT scan (from 2013-2019 to 2014-2020).

Patients with other conditions that cause sarcopenia including chronic liver disease, end stage renal disease, and active cancer were excluded. Bronchial asthma, interstitial pneumonia, or bronchiectasis, thoracic or upper lumbar vertebrae degenerative disease or history of operation on the vertebrae, without a second chest CT scan were also excluded.



CT scans

CT imaging was performed with two CT scanners (Aquilion one 320, Toshiba, Tokyo, Japan; SOMATOM Definition, Siemens, Erlangen, Germany). All patients were scanned in the supine position during deep inspiration without intravenous contrast. The two scans of most COPD patients were performed on a same scanner to avoid the inter-scanner differences. Scan parameters were 120kVp, auto current setting based on BMI, 1mm slice thickness, 50 cm field of view, and 512×512 matrix in spiral and standard reconstructions.



Muscle and bone measurements

The DICOM images of COPD patients at first and second CT scans are analyzed by OsiriX software (Lite version 10.0.2, Pixmeo, Geneva, Switzerland) which was downloaded from http://www.osirix-viewer.com/, and was previously assessed as a user-friendly image analysis software package for the Apple Mac OS. All muscle measurements were acquired by one of the investigators who, in preparation for the measurements, received training in chest CT imaging assessments focusing on trunk muscle morphology. For practice purposes, a sample of about 20 images was analyzed with the OsiriX software application prior to the beginning of the measurement study. Trunk muscles at the level of the 1st lumbar vertebrae were selected for analysis. Using the ‘pencil’ tool to outline the muscles as ROIs. Then open the ‘growing’ window, -29 to 150 HU as the threshold to segment muscle tissue from fat (Figures 1A, B). The area and mean CT values were displayed in the Segmentation preview box. The pre-segmentation ROI was defined as “Muscle Fat”, and the area of pre-segmentation ROI minus the area of segmented muscle was the fat area (intermuscular fat).




Figure 1 | Muscle measurements at two screening chest CTs in 66-year-old man with COPD. (A) refers to L1 level CT image of 1st CT scan with the measurement of trunk muscle density (31.9 HU) and size (140.7 cm2). (B) refers to L1 level CT image of 2nd CT scan performed 3 years after the initial one with the measurement of trunk muscle density (26.1 HU) and size (114.8 cm2).



Attenuation of lumbar vertebrae 1 (L1) was also measured by the same investigator with the OsiriX software application from chest CT images. A circular region of interest (ROI) was drawn at the mid-vertebral body, avoiding the cortical bone and the posterior internal vertebral venous plexus.



Pulmonary function testing and other covariates

The pulmonary function values were calculated based on forced expiratory volume in 1 second (FEV1) and forced vital capacity (FVC) by using standardized equipment (MasterScreen, JAEGER/Carefusion, Hoechberg, Germany).

Demographic and anthropometric covariates included age, height, weight, duration of COPD. Health-related covariates included hemoglobin, mean hemoglobin concentration, mean corpuscular hemoglobin, white blood cell count, red blood cell count, platelet distribution width, mean platelet volume.



Statistical analysis

Baseline characteristics were described with mean ± standard deviation for continuous variables and frequency and percent for categorical variables. Generalized linear models were used to study the association of muscle indexes with age, duration of disease, and pulmonary function. Moreover, we assessed the impact of COPD duration, age, and pulmonary function on muscle indexes by categorizing participants with COPD using 10 years, age using 70 years, and FEV1% using 40 as the cut-off value. Comparisons were made by two-sample t-test or Wilcoxon Signed Rank tests for continuous variables.

A two-sided P value less than 0.05 was considered statistically significant. All analyses were performed using SAS 9.4.




Results


Baseline parameters

The demographic data and baseline measurements were shown in Table 1. The mean age of the 129 patients with COPD was 69.7 years. The durations of COPD of this cohort were from 8-17 years. The mean area and density of L1 trunk muscles were 85.5 cm2 and 36.4 HU, and the mean bone attenuation of L1 was 113.8 HU. This COPD cohort had a mean FEV1 of 40.3%. The blood routine examinations of this cohort were normal.


Table 1 | Characteristics of study participants at baseline (N=129).





Associations of muscle and bone indexes with age, duration of COPD and pulmonary function

At baseline, Figure 2A shows that muscle area and density and vertebral density were negatively associated with age (p<0.0001), while the intermuscular fat area and the fat infiltration ratio were not significantly associated with age (p>0.05). The duration of COPD was only negatively associated with muscle area (p=0.0011), but was not associated with muscle and vertebral density (Figure 2B). Figure 2C shows that FEV1, % was not significantly associated with any measurement.




Figure 2 | Correlation between baseline muscle and bone indexes with age (A), duration of disease (B), and pulmonary function (C).



The per-year changes in muscle and bone indexes were not significantly associated with age, duration of COPD and FEV1, % (Figures 3A–C).




Figure 3 | Correlation between per-year change in muscle and bone indexes with age (A), duration of disease (B), and pulmonary function (C).





Per-year changes of muscle metrics

Table 2 shows the absolute changes and per year changes in muscle and bone indexes between the two CT scans for the male COPD patients. The per-year loss of trunk muscle area was 2.83 cm2 (p<0.0001) which accounts for 3.3% decrease per year, and the per-year decrease of trunk muscle density was 2.41 HU (p<0.0001) which accounts for 6.6% decrease per year. The per-year increase of intermuscular fat  area in trunk muscles was 0.57 cm2 (p=0.006) which accounts for 11.1% increase per year. For male COPD patients, the bone density loss was 5.63 HU/per year (p<0.0001). For the subgroup analysis, the group aged under 70 years had a higher intermuscular fat area (0.98 cm2) increase per year compared to that of the group aged over 70 years (0.09 cm2). However, the difference of muscle fat infiltration per year between two age groups was border significant (p=0.04). The COPD duration and the pulmonary function had no effect on the per-year change of all muscle indexes (Table 3).


Table 2 | Per-year Change in muscle and bone indexes in COPD patients.




Table 3 | Per-year change in muscle indexes in subgroups.






Discussion

To the best of our knowledge, our findings first demonstrated the rate of decline in muscle size and density in older COPD patients, and we discovered that older male COPD patients had accelerated loss of muscle size and density, as well as increased intermuscular fat deposits. Our results also indicate that compared to muscle quantity decreased, the rate of muscle quality loss is doubled, implying that the interventions for sarcopenia of COPD patients should be focused on muscle quality.

In the last decade, there has been a rapid increase in the use of CT measured muscle CSA and density in the evaluation of sarcopenia, especially for opportunistic applications. A recent review showed that the total abdominal wall muscles are mostly favored for muscle CSA and density measurements, and measuring trunk muscle in an axial slice is the best standard for CT-based calculation of total body muscle mass (15). Further, a recent opportunistic use of CT study demonstrated that the L1 trunk muscle measurement allows sarcopenia assessment using both chest and abdominal CT scans (11), which indicates our outcomes could generate the potential yield of opportunistic CT screening of sarcopenia for COPD patients.

The decline rate of muscle mass in older adults was reported as approximately 0.51%, which is much lower than that of muscle strength, which was 2.5 to 4% in a year (16). The cross-sectional results showed that muscle mass decreased less than 0.5% per year in both genders when compared the young adults (18 to 45 years old) and the elderly (65 years old or over) (16). However, our results indicated that the muscle size loss in older male patients with COPD was 3.3% in a year, which is much higher than older adults without COPD.

Inflammation is the main feature of chronic obstructive pulmonary disease. Usually, the inflammatory response of COPD patients is not limited to the lungs but is also accompanied by systemic chronic inflammation (1). Systemic chronic inflammatory responses can lead to sarcopenia in COPD patients (1). On the other hand, sarcopenia was found to be associated with increased levels of systemic inflammation in COPD patients (17). In addition to the inflammation effect, physical inactivity caused by COPD is also a critical trigger for muscle loss as inactivity results in disuse-atrophy (3). Thus, in our study, the muscle loss of COPD patients was much larger than the numbers in the reports with normal elderly men without COPD.

The observations of larger declines of muscles, especially the muscle density, are meaningful because previous reports have demonstrated reduced attenuation in the range of 3–6 HU among people with strength deconditioning and low back pain (18, 19). Furthermore, the 2.41 HU decrease in COPD men per year is parallel to a 15% decrease over four decades in a previous report (20). Notably, the mean value (36.9HU) of muscle density in our study was adjacent to the myosteatosis diagnostic cut points (from ≤22.0 HU to ≤44.4 HU) for muscle attenuation in cancer patients (12). L1 trunk muscle density may be a potential risk factor for mortality in patients with COPD as other reports (14, 21).

Insight of the muscle size and density decreases and increased fat infiltration observed among male COPD patients in this study is also important to recognize the potential for intervention strategies that could be implemented to mitigate these detriments to muscle health. A study ever showed that muscle quality is more impaired in COPD patients with sarcopenia (22). Our results might indicate the importance of a rapid increase in muscle quality favoring a combination of resistance and aerobic exercises as commonly applied in pulmonary rehabilitation. Exercise training programs are of high importance, and it is a limitation of our study that we did not assess routine physical activity and exercises in this cohort.


Limitations

Our study has several limitations. First, not all participants were stable COPD patients. Some of them came to our hospital for the second CT scan because of the aggravating COPD for in-hospital treatments. Second, we did not perform a detailed assessment of physical function, which may have added to a better understanding of the causes of accelerated loss of muscle in COPD patients. Third, we did not collect information about smoking history, which is known to affect muscle loss (23). Forth, the inflammation related information is not available in this study. One cause of the COPD related muscle loss is the inflammation status of the COPD patients.

In conclusion, COPD men had accelerated muscle loss and increased muscle fat infiltration. Compared to muscle size loss, the decline in muscle density was much larger, indicating the importance of relevant interventions focusing on improving muscle quality.
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Purpose

To assess abdominal fat deposition and lumbar vertebra with iterative decomposition of water and fat with echo asymmetry and least-squares estimation (IDEAL-IQ) and investigate their correlation with menopausal status.



Materials and Methods

Two hundred forty women who underwent routine abdominal MRI and IDEAL-IQ between January 2016 and April 2021 were divided into two cohorts (first cohort: 120 pre- or postmenopausal women with severe fatty livers or without fatty livers; second cohort: 120 pre- or postmenopausal women who were obese or normal weight). The fat fraction (FF) values of the liver (FFliver) and lumbar vertebra (FFlumbar) in the first group and the FF values of subcutaneous adipose tissue (SAT) (FFSAT) and FFlumbar in the second group were measured and compared using IDEAL-IQ.



Results

Two hundred forty women were evaluated. FFlumbar was significantly higher in both pre- and postmenopausal women with severe fatty liver than in patients without fatty livers (premenopausal women: p < 0.001, postmenopausal women: p < 0.001). No significant difference in the FFlumbar was observed between obese patients and normal-weight patients among pre- and postmenopausal women (premenopausal women: p = 0.113, postmenopausal women: p = 0.092). Significantly greater lumbar fat deposition was observed in postmenopausal women than in premenopausal women with or without fatty liver and obesity (p < 0.001 for each group). A high correlation was detected between FFliver and FFlumbar in women with severe fatty liver (premenopausal women: r=0.76, p<0.01; postmenopausal women: r=0.82, p<0.01).



Conclusion

Fat deposition in the vertebral marrow was significantly associated with liver fat deposition in postmenopausal women.





Keywords: magnetic resonance imaging, subcutaneous fat, severe fatty liver, postmenopausal women, fat fraction



Introduction

Osteoporosis is characterized by reduced bone density, increased bone fragility, and susceptibility to fracture. The reduced bone density occurring in individuals with osteoporosis is associated with an increase in vertebral bone marrow fat deposition (1, 2). Age is associated with changes in the musculoskeletal system. Substantial decreases in skeletal muscle function and bone density occur with aging (3, 4).The yellow bone marrow gradually replaces the red bone marrow in the vertebral body with increasing age (3, 5). Estrogen is another important factor affects bone composition. A reduction in estrogen levels promotes bone loss and the development of osteoporosis (6). Thus, osteoporosis is common in elderly individuals, especially in postmenopausal women (7). Furthermore, accumulating evidence has shown that postmenopausal women have increased abdominal adiposity, including subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT), compared to premenopausal women (8, 9). According to recent studies, abdominal adiposity is associated with osteopenia and osteoporosis (10, 11). Proinflammatory cytokines, such as tumor necrosis factor-α and interleukin-6, secreted by VAT are known to promote bone metabolism and resorption (12). Non-alcoholic fatty liver disease (NAFLD) is a multiple-system disease that is strongly associated with abdominal obesity (13), and VAT may cause NAFLD (14). Preliminary evidence also suggests that NAFLD may be associated with a decrease in bone mineral density (15). However, the relationship between vertebral bone marrow fat and abdominal adiposity, especially SAT and liver fat, remains unknown. And the possible contribution of abdominal adiposity to osteoporosis in postmenopausal women has not been well characterized.

MRI methods are the most accurate noninvasive techniques for quantifying body fat and bone marrow fat. MR spectroscopy is the most commonly used method to examine quantitative fat measurements (16). However, it has drawbacks, such as a long scan time, small imaging range, and substantial postprocessing, which may be impractical in some clinical settings (17, 18). Iterative decomposition of water and fat with echo asymmetry and least-squares estimation (IDEAL-IQ) imaging is a new method that steadily separates fat and water using three asymmetric echo times and the three-point Dixon method. In IDEAL-IQ, an iterative least-squares decomposition algorithm is employed to solve for a fat fraction map, a water fraction map, and an R2* map simultaneously (17, 18). By incorporating an R2* map into the algorithm, IDEAL-IQ accounts for T2* effects/field inhomogeneity and yields a proton density fat fraction that is not confounded by iron overload (19–21). IDEAL-IQ has been reported to accurately quantify hepatic fat deposition with good correlations observed between hepatic MR spectroscopy and liver biopsy (22–24). It was also used to measure the fat content in other organs and tissues, such as the pancreas, kidney, and bone marrow, in individuals with NAFLD (25, 26). IDEAL-IQ has been considered a valuable tool for providing information on fat content in clinical settings.

Therefore, using IDEAL-IQ as the noninvasive imaging methodology, we aimed to investigate the correlation between SAT, NAFLD, and vertebral bone marrow fat in a population of middle-aged females and investigate the correlations between fat deposits and menopausal status.



Materials and methods


Subjects

A total of 2360 middle-aged females (age range, 45 - 55 years old) who had received an abdominal MRI from January 2016 to April 2021 presented for a medical examination. The final data were acquired retrospectively from 240 middle-aged female subjects (age range, 45 – 55 years old; mean age, 48.50 ± 3.54 years old). Our institutional research ethics committee approved this study (02-005-01), and written informed consent was obtained from all study participants.

Our study consisted of two cohorts of patients, and each cohort included four groups. Propensity score matching was used to choose patients at a 1:1 ratio for the two cohorts’ patients, followed by subgrouping. The patient selection flowchart is shown in Figure 1. Women were categorized as postmenopausal if they had no menstrual cycle in the previous 12 months, whether owing to natural cessation or hysterectomy and/or oophorectomy (27). The first part of our study included the following four groups: premenopausal women without NAFLD (liver fat content is less than 5%) (28), premenopausal women with severe NAFLD (liver fat content is greater than 28%) (28), postmenopausal women without NAFLD, and postmenopausal women with severe NAFLD. Thirty patients were included in each group, and we quantitatively measured the fat deposition in the lumbar vertebra and liver of patients from each group. Patients with diabetes; obesity; cirrhosis; vertebral body injury; metabolic or autoimmune diseases; hormone therapy; insufficiency of the heart, liver, or kidney; or more than 2 concurrent comorbidities were excluded from the first cohort. The second cohort of patients in our study included the following four groups: premenopausal women with normal weight (body mass index, [BMI] 18- < 25 kg/m2) (29), premenopausal women with obesity (BMI > 30 kg/m2) (29), postmenopausal women with normal weight, and postmenopausal women with obesity (BMI > 30 kg/m2). Thirty patients were included in each group, and the fat deposition in the lumbar vertebra and subcutaneous fat were measured quantitatively. Patients with NAFLD; diabetes; cirrhosis; vertebral body injury; metabolic or autoimmune diseases; hormone therapy; insufficiency of the heart, liver, or kidney; or more than 2 concurrent comorbidities were excluded from the second cohort.




Figure 1 | Flowchart of the patient selection process.



Of the 1180 consecutive patients in the first cohort, 1060 were excluded due to diabetes (n = 275), obesity (n = 360), cirrhosis (n = 240), vertebral body injury (n = 45), metabolic or autoimmune diseases (n = 65), hormone therapy (n = 30), insufficiency of the heart, liver or kidney (n = 15), or the presence of more than 2 concurrent comorbidities (n = 30). Accordingly, 120 women (mean age ± standard deviation, 49.50 ± 4.95 years old; range, 45 - 55 years old) were finally included in the first cohort. Of the 1180 consecutive patients in the second cohort, 1060 were excluded due to NAFLD (n = 370), diabetes (n = 250), cirrhosis (n = 230), vertebral body injury (n = 50), metabolic or autoimmune diseases (n = 75), hormone therapy (n = 35), insufficiency of the heart, liver or kidney (n = 10), or the presence of more than 2 concurrent comorbidities (n = 40). Accordingly, 120 women (mean age ± standard deviation, 49.00 ± 2.83 years old; range, 45 - 55 years old) were finally included in the second cohort. Significant differences in the mean age were not observed among the four groups (30 patients in each group) in the first or second cohorts of our study (Tables 1, 2).


Table 1 | Clinicopathologic characteristics of 120 patients in the first cohort.




Table 2 | Clinicopathologic characteristics of 120 patients in the second cohort.





Magnetic resonance imaging

This study was performed using a 3.0 T MRI scanner (Discovery 750 and Signa Architect, GE Healthcare, Milwaukee, Wisconsin, USA) equipped with a 32-channel, phased-array torso coil by two radiologists. Before scanning, patients were trained to hold their breath for > 20 s at the end of expiration. Prior to IDEAL, the routine sequences, liver acquisition with volume acceleration and fast spin–echo T2-weighted images (T2WI) with fat saturation of the abdomen were recorded. The detailed acquisition parameters are shown in Supplementary Material and listed in Supplementary Table 1.

The IDEAL-IQ sequence was used on the abdomen in the axis plane. The following six groups of images were obtained once the IDEAL sequence was scanned: in-phase image, out-of-phase image, pure water image, pure fat image, fat fraction (FF) map, and R2* relaxation rate image. The adipose contents of the fat infiltration regions were directly measured using the FF map, and the measurements represent the percentage of fat content in the local bone mass, SAT, and liver.



Image analysis

The IDEAL datasets were transferred to the workstation and processed using Functool 6.3.1 software (GE Healthcare, Milwaukee, Wisconsin, USA). Two radiologists independently evaluated the MRI studies. For the quantitative analysis of the FF values of the liver (FFliver), the radiologists independently placed three circulars (20 mm diameter) regions of interest (ROIs) in the liver on a plane passing through the main portal vein division: (1) in the right lobe of the liver (segment 6), (2) in segment 4 of the liver and (3) in the left lobe of the liver (segment 2/3). All ROIs were placed in the liver, avoiding major vessels, ligaments, and bile ducts, ensuring that each ROI was surrounded by liver parenchyma. Subcutaneous fat was defined as adipose tissue measured from the abdominal muscle wall to the skin. For the quantitative analysis of the FF values of SAT (FFSAT), box-shaped ROIs were placed on the left, middle, and right levels of the anterior abdominal subcutaneous fat in the upper abdomen. The ROIs were approximately 20 mm3. For the quantitation of FF values of the lumbar vertebra (FFlumbar), box-shaped ROIs were placed on each lumbar vertebra at the upper, middle, and lower levels (L1–L4) on the axial FF map, which avoids tumor diseases, bone island, Schmorl’s node, etc. in the vertebral body. The ROIs were approximately 20 mm3. Each area was measured 3 times, and the mean value was calculated. The liver fat content is less than 5% in the normal population and greater than 28% in patients with severe NAFLD (29).



Statistical analysis

All the data are presented as the means ± standard deviations, and a P value of less than 0.05 was considered significant. Differences in FFliver, FFSAT, and FFlumbar were analyzed using t tests with Bonferroni’s correction or the Mann–Whitney U test. The correlation coefficients were calculated by Spearman rank between the FFliver, FFSAT, and FFlumbar. The interobserver consistency of the FF values (independently determined by two radiologists) was evaluated using the Bland–Altman analysis and the intraclass correlation coefficient (ICC). One author analyzed all data using GraphPad Prism 9 software (GraphPad Software Inc., San Diego, CA, USA).




Results

The images of all patients were clear and usable. The interobserver consistency of the FFlumbar in the first cohort of patients was analyzed by constructing a Bland–Altman plot (Figure 2), and the 95% limits of agreement were -0.11 to 0.11, -0.06 to 0.06, -0.06 to 0.07, and -0.04 to 0.05, respectively. For the quantitative measurement of FFlumbar in premenopausal without NAFLD group and premenopausal with severe NAFLD group, interobserver agreement was high (ICC = 0.91, 0.93; 95% confidence interval (CI) 0.90–0.93, 0.91–0.95), and intraobserver agreement was also high (ICC = 0.92, 0.92; 95% CI 0.91–0.94, 0.90–0.94). The Bland–Altman analysis and ICC showed that the two radiologists had good consistency in the measured values.




Figure 2 | Bland–Altman plots of ROI-based FF values for the lumbar vertebra were obtained from two observations of the first cohort (A–D), showing excellent correlations, a negligible bias, and 95% limits of agreement of approximately ± 0.113 or less. ROI, region of interest, FF, fat fraction.



Examples of fat deposition in patients without NAFLD and severe NAFLD before or after menopause in the first part are shown in Figure 3. The mean FFlumbar and the FFliver were measured separately in the four groups and are summarized in Table 3. In premenopausal women and postmenopausal women, the FFlumbar were higher in patients with severe NAFLD than in patients without NAFLD (premenopausal women: 50.95 ± 6.03 vs. 41.58 ± 6.37, p < 0.001, t = 5.85; postmenopausal women: 68.11 ± 6.49 vs. 57.48 ± 7.38, p < 0.001, t = 5.92). Additionally, in patients with severe NAFLD or without NAFLD, the FFlumbar were higher in postmenopausal women than in premenopausal women (severe NAFLD: 68.11 ± 6.49 vs. 50.94 ± 6.03, p < 0.001, t = 10.62; without NAFLD: 57.48 ± 7.38 vs. 41.58 ± 6.37, p < 0.001, t = 8.93). Significant differences in the FFlumbar were observed between patients without NAFLD and with severe NAFLD in both premenopausal and postmenopausal women (Figures 4A, B). A high correlation was detected between FFlumbar and the FFliver in women with severe NAFLD (premenopausal women: r = 0.76, p < 0.01; postmenopausal women: r = 0.82, p < 0.01) (Table 4; Figures 4C–F). The correlation between FFlumbar and the FFliver was better in postmenopausal women with severe NAFLD than in premenopausal women with severe NAFLD.




Figure 3 | Images of premenopausal and postmenopausal women without NAFLD or with severe NAFLD (A) a 47 years old premenopausal woman without NAFLD; (B) a 45 years old premenopausal woman with severe NAFLD; (C) a 55 years old postmenopausal woman without NAFLD; and (D) a 57 years old postmenopausal woman with severe NAFLD). The fat deposition was visible by the decrease in the signal in the axial conventional T1-in phase and out-of-phase images of the mDIXON-Quant sequence and was measured in the fraction map of the IDEAL-IQ sequence. The example showed that fat deposition in a lumbar vertebra (arrows) increased after menopause in patients without NAFLD or with severe NAFLD (arrowheads). IDEAL-IQ, iterative decomposition of water and fat with echo asymmetry and least-squares estimation.




Table 3 | The fat fraction values of the lumbar vertebra and liver in the first cohort.






Figure 4 | The violin plot analyzing the fat fraction values for the liver fat content (A) and lumbar fat content (B) in four groups (premenopausal women without NAFLD, premenopausal women with severe NAFLD, postmenopausal women without NAFLD, and postmenopausal women with severe NAFLD; 30 subjects in each group) confirmed that the lumbar fat content of patients with severe NAFLD more than that without NAFLD before menopause (p < 0.01) and after menopause (p < 0.01). The correlation plots for the correlations between FFlumbar and the FFliver (C–F) The correlation between FFlumbar and the FFliver in premenopausal (C) or postmenopausal (E) women without NAFLD was no different. A high correlation was detected between FFlumbar and the FFliver in women with severe NAFLD (premenopausal women: r = 0.76, p < 0.01; postmenopausal women: r = 0.82, p < 0.01) (D, F).



Examples of fat deposition in obese patients and normal-weight patients in the second cohort before or after menopause are shown in Figure 5. The mean FFlumbar and the FFSAT were measured separately in the four groups and are summarized in Table 5. Both in premenopausal women and postmenopausal women, no significant difference in the FFlumbar was observed obese patients and in normal-weight patients (premenopausal women: 44.15 ± 4.73 vs. 41.17 ± 5.49, p = 0.113, t = 5.18; postmenopausal women: 61.39 ± 6.75 vs. 57.15 ± 6.83, p = 0.092, t = 6.42). Postmenopausal women had higher FFlumbar than premenopausal women, regardless of the presence of obesity (obese: 61.39 ± 6.75 vs. 42.98 ± 4.73, p < 0.001, t = 12.23; normal weight: 57.15 ± 6.83 vs. 41.17 ± 5.49, p < 0.001, t = 9.99). Significant differences in the FF values of lumbar vertebra were observed between premenopausal women and postmenopausal women, but not between patients with obesity or without obesity (Figures 6A, B). No statistically significant correlation was found between the FFlumbar and the FFSAT in this cohort (Table 4; Figures 6C-F).




Figure 5 | Images of premenopausal and postmenopausal women with obesity or normal weight patients (A) a 46 years old premenopausal woman with normal weight; (B) a 44 years old premenopausal woman with obesity; (C) a 53 years old postmenopausal woman with normal weight; and (D) a 56 years old postmenopausal woman with obesity). Fat deposition in subcutaneous sites (arrowheads) and lumbar vertebrae (arrows) was visible and was measured in the fraction map and pseudocolor images of the IDEAL-IQ sequence. Examples showed that fat deposition in the lumbar vertebra increased after menopause in both obese patients and normal-weight patients. IDEAL-IQ, iterative decomposition of water and fat with echo asymmetry and least-squares estimation.




Table 4 | The correlation coefficients between the FFliver, FFSAT, and FFlumbar.






Figure 6 | The violin plot analyzing fat fraction values for a subcutaneous site (A) and lumbar vertebra (B) in four groups (premenopausal women with normal weight, premenopausal women with obesity (BMI > 30 kg/m2), postmenopausal women with normal weight, and postmenopausal women with obesity (BMI > 30 kg/m2); 30 subjects in each group) confirmed that there is no statistical difference between the lumbar fat content of obese patients and that of normal-weight patients before menopause (p = 0.11) and after menopause (p = 0.09), and the subcutaneous fat content in the obese patients more than that in normal weight subjects (p < 0.01). BMI = body mass index. The correlation plots for the correlations between FFlumbar and the FFSAT (C–F) The correlation between FFlumbar and the FFSAT in premenopausal or postmenopausal women without or with obesity was no different (C–F).




Table 5 | The fat fraction values of lumbar vertebra and subcutaneous fat in the second cohort.





Discussion

Our study focused on the association between abdominal adipose tissue and vertebral marrow fat in middle-aged women using the IDEAL-IQ methodology. Our analyses indicated that the vertebral marrow fat content was increased in postmenopausal women and that liver fat deposition potentially aggravated this situation. However, no statistically significant correlation was observed between vertebral marrow fat and subcutaneous fat deposition.

Traditionally, adipose tissue was postulated to exert a protective effect on bone. Researchers have speculated that this protective effect may be due to the stimulation of bone formation by the high mechanical load associated with overweight and obesity (11). However, a recent study showed that different local fat compartments are responsible for different metabolic effects and different effects on bone (30, 31). Wang et al. indicated that SAT has no relation to bone mineral density (BMD) in Chinese women < 55 years old (32). In contrast, Melissa et al. revealed that VAT and SAT had inverse associations with BMD in obese adolescent girls, with SAT exhibiting positive associations and VAT showing negative associations (33). In our study, SAT had no correction with vertebral marrow fat in postmenopausal women. Our results are consistent with a study of older Chinese women (32). However, the results are different from studies of obese adolescent girls (30, 33). This difference is probably because the population age in our study was much older than that in the studies of young girls, and the estrogen level of the population in our study was much lower than that in young girls.

NAFLD is strongly associated with abdominal obesity and metabolic disturbances (13). Preliminary data also suggest that NAFLD may be associated with other common and chronic debilitating conditions, particularly low BMD (14, 34). Our study found that liver fat deposition potentially aggravated vertebral marrow fat content in postmenopausal women. Adipose-modulated biochemical signals may explain some associations between fat mass and bone metabolism. Adipose tissue secretes various inflammatory cytokines and hormones, such as tumor necrosis factor-α and interleukin-6. These inflammatory cytokines promote osteoclast differentiation and activation and inhibit osteoclast apoptosis (34, 35). NAFLD may participate in bone metabolism via the systemic release of multiple proinflammatory, procoagulant, pro-oxidant and profibrogenic mediators and/or via the direct effect on hepatic and systemic insulin resistance (35, 36). The previousstudy also reported a positive correlation between hepatic fat content and bone marrow fat content in children with known or suspected NAFLD (37). However, the correlation in our study was much higher than that in this previous study. This difference is probably due to the subjects enrolled were not the same. In our study, subjects were over 45 years old which was much older than that in the previous. Besides, the patients with severe NAFLD were enrolled in our study. Estrogen level and varying degrees of NAFLD severity may be the reason for the above results.

Osteoporosis is characterized by a low BMD and progressive deterioration of the bone microarchitecture. The fat content in bone marrow is negatively correlated with BMD because the lost bone mass in the vertebral space is infilled with fatty bone marrow (38, 39). Therefore, the increase in vertebral marrow fat may reflect the progression of osteoporosis. Our findings are consistent with previous studies revealing that the menopause transition is associated with increased central adiposity (6, 36, 40) and confirmed a higher incidence of osteoporosis in postmenopausal women than in premenopausal women.

Our study has several limitations. First, our study was a retrospective cross-sectional study. As a cross-sectional study, we are unable to establish a causal relationship between liver fat and vertebral marrow fat. A further longitudinal prospective study with a large sample size is warranted to validate the current findings. Second, we were unable to control for the potential factors affecting bone loss and vertebral marrow fat deposition, such as dietary calcium intake or vitamin D supplementation. Third, this study did not focus on the thickness or volume of subcutaneous fat but on the percentage of fat in subcutaneous fat (mainly composed of fat and water). Finally, our study population included only middle-aged women, and our findings cannot be extrapolated to young women or the male skeleton. This approach limits the generalizability of the results but should not affect the internal validity.



Conclusions

This study describes a precise and noninvasive IDEAL-IQ technology to measure the fat content of vertebral marrow, SAT, and liver in pre- or postmenopausal women. FFlumbar was significantly higher in postmenopausal women than in premenopausal women. FFlumbar was higher in patients with severe NAFLD than in patients without NAFLD, but FFlumbar was not significantly different between obese patients with subcutaneous fat deposition and normal-weight patients, indicating that fat deposition in the vertebral marrow was significantly associated with liver fat deposition in postmenopausal women with severe NAFLD. Furthermore, our findings support the hypothesis that liver fat deposition is relative to vertebral fat deposition (which may cause osteoporosis) in postmenopausal women.
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Background and purpose

Sarcopenia is highly prevalent (28.5–40.3%) in patients undergoing hemodialysis and leads to poor clinical outcomes. However, the association between muscle quality and sarcopenia in patients receiving hemodialysis remains unclear. Therefore, we aimed to explore the association between muscle cross-sectional area (CSA) and proton-density fat-fraction (PDFF) in patients with sarcopenia undergoing hemodialysis.



Methods

Seventy-six patients undergoing hemodialysis for > 3 months were enrolled. Their handgrip strength (HGS), short physical performance battery (SPPB) performance, and appendicular skeletal muscle mass index (ASMI) were measured. Sarcopenia was defined using the Asian Working Group for Sarcopenia 2019 consensus update. All patients underwent quantitative magnetic resonance imaging. CSA and PDFF were measured for the thigh, trunk, and gluteus muscles.



Results

The prevalence of probable, confirmed, and severe sarcopenia in this study was 73.7%, 51.3%, and 22.4%, respectively. Older age (OR: 1.061, P < 0.003); lower body mass index (BMI) (OR: 0.837, P = 0.008), albumin (OR: 0.765, P = 0.004), prealbumin (OR: 0.987, P = 0.001), predialysis blood urea nitrogen (BUN) (OR: 0.842, P < 0.001), predialysis creatinine (OR: 0.993, P < 0.001), phosphorus (OR: 0.396, P = 0.047); lower CSA of the thigh (OR: 0.58, P = 0.035), third lumbar (L3) trunk (OR: 0.37, P = 0.004), gluteus minimus and medius (OR: 0.28, P = 0.001), and gluteus maximus (OR: 0.28, P= 0.001); and higher PDFF of the thigh (OR: 1.89, P = 0.036) and L3 trunk (OR: 1.71, P = 0.040) were identified as sarcopenia risk factors. The gluteus minimus and medius CSA was lower in patients with sarcopenia than in those without after adjusting for age and BMI (OR: 0.37, P = 0.017). Higher thigh (P = 0.031) and L3 trunk (P = 0.006) muscle PDFF were significantly associated with lower HGS. Furthermore, higher thigh (P = 0.011) and L3 trunk (P = 0.010) muscle PDFF were also inversely correlated with lower ASMI.



Conclusion

Our findings demonstrate the high prevalence of sarcopenia and myosteatosis in patients undergoing hemodialysis and might trigger a paradigm shift in intervention strategies for patients receiving hemodialysis.
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1 Introduction

Sarcopenia is characterized by a gradual decline in physical performance, strength, and skeletal muscle mass (1, 2). It has a prevalence of between 28.5% and 40.3% in patients receiving hemodialysis (3–7) and results in poor clinical outcomes (7–9). The complex pathophysiology of sarcopenia may be exacerbated by metabolic acidosis, oxidative stress, accumulated uremic toxins, inflammation, insulin resistance, malnutrition, protein restriction, decreased appetite, myostatin overexpression, ubiquitination, and physical inactivity (10). Therefore, sarcopenia is a major problem in patients undergoing hemodialysis.

Skeletal muscle mass is the largest component of human free adipose tissue (11). Muscle quality refers to both micro- and macroscopic changes in muscle architecture and composition, and to the amount of function delivered per unit mass of muscle (12). The loss of skeletal muscle mass is one criterion for sarcopenia (1). Moreover, despite the minimal loss in skeletal muscle mass, skeletal muscle function can be drastically reduced with aging (13). This discrepancy may be partially caused by fatty infiltration, which is an aspect of muscle quality. Most studies on sarcopenia in patients undergoing hemodialysis have measured muscle mass using bioelectrical impedance analysis (BIA) (5, 8). However, while BIA is an easy and inexpensive method, it cannot distinguish fat in muscle individually and can therefore not be used to measure muscle fat infiltration (14), usually known as muscle quality. Therefore, whether muscle fat infiltration, namely myosteatosis, exists in patients undergoing hemodialysis remains unclear. Computerized tomography (CT) is an imaging modality that evaluates fat indirectly based on X-ray attenuation (15, 16). However, as CT attenuation values are affected by a variety of factors, including iron, copper, glycogen, fibrosis, and edema, fat quantification is bound to be inaccurate (15). CT scanners manufactured by different vendors demonstrate inherent variations in attenuation values (17). This variability can lead to a platform dependent measurement of fat content, and is thus an important limitation of CT. What is more, participants are exposed to radiation during measurements.

Previous studies (18, 19) suggest that assessing muscle quantity is more important than quantifying muscle mass in the general population. Muscle quantity can be assessed by measuring proton-density fat-fraction (PDFF) using the multi-echo Dixon technique. Recently, assessing fat and water contents has become possible in various body parts through an advanced chemical shift encoding-based water-fat separate magnetic resonance imaging (MRI) approach without invasive quantitative methods (20–22). As a reliable method for quantifying muscle fat infiltration, this method is similar to MR spectroscopy (the “gold” standard) (23, 24); furthermore, the reproducibility of findings produced with this method is high (25).This indicates that PDFFs calculated using the multi-echo Dixon technique accurately reflect fat content.

Typical anatomical locations for skeletal muscle measurements based on computed tomography (CT) are the thigh, hip, and trunk. Additionally, the size and density of the abdominal and thigh muscle bundles are well-established parameters used in cancer studies (26). However, no studies are available on how these muscles contribute to strength and physical performance in patients receiving hemodialysis. Furthermore, no literature has been published on sarcopenia associated with intramuscular adipose tissue in patients undergoing hemodialysis.

Therefore, this study aimed to identify the prevalence of sarcopenia and myosteatosis in patients undergoing hemodialysis and to explore associations among muscle CSA, myosteatosis, and muscle function. We also aimed to identify the clinical and imaging risk factors for sarcopenia in patients undergoing hemodialysis.



2 Materials and methods



2.1 Study participants

This study was conducted from February 2022 to September 2022. Seventy-six patients undergoing hemodialysis at Beijing Jishuitan Hospital were included. Patients were eligible for inclusion if they were > 18 years of age, had undergone hemodialysis for at least 3 months, three times weekly, on Mondays, Wednesdays, and Fridays, or Tuesdays, Thursdays, and Saturdays, with each session lasting for 3.5–4 h. Exclusion criteria included cognitive or physical disabilities that prevented full participation (e.g., mental retardation, blindness, use of a wheelchair, hand disability, amputated limbs); comorbid medical conditions (e.g., malignant tumors, active inflammatory diseases, pregnancy) or muscular, neuromuscular, or neurologic disorders (e.g., Alzheimer’s or Parkinson’s disease); or antipsychotic medication and corticosteroids use.

This study was conducted in accordance with the principles of the Declaration of Helsinki. The study protocol was reviewed and approved by the Beijing Jishuitan Hospital Ethics Committee (approval number: 202112-11-01). All participants or their legal representatives provided written informed consent. The analyses presented here were based on baseline data taken from a larger, registered trial that can be assessed here: ClinicalTrialsRegistry.gov (NCT05242055).



2.2 Clinical and biological parameters

The following clinical variables were recorded: age, sex, cause of renal disease, and dialysis vintage. Anthropometric variables recorded were height, post-dialysis weight, and BMI (dry weight (kg)/height (m)²). The following biological variables were recorded: hemoglobin, serum albumin (bromocresol green method), prealbumin, predialysis blood urea nitrogen (BUN), predialysis creatinine, serum phosphorus, serum bicarbonate, highly sensitive C-reactive protein (hs-CRP; by nephelometry), and dialysis efficacy (Kt/V urea; serum urea was assessed before and after dialysis sessions to calculate urea Kt/V according to the formula of Daugirdas (27)). Laboratory measurements were performed immediately before initiating the Monday or Tuesday hemodialysis session, which was scheduled exactly 68 h after the previous session (i.e., Friday or Saturday). Blood samples were obtained from the central venous catheter, arteriovenous fistula, or graft.



2.3 Diagnosis of sarcopenia



2.3.1 Muscle mass

Muscle mass was measured using dual-energy X-ray absorptiometry (DXA) (28). Each patient underwent whole-body DXA scanning (GE Lunar Corp, Madison, WI, USA; software version enCORE-17) at 20–24 h after completing the dialysis session (4). Appendicular skeletal mass (ASM) was calculated as the sum of lean soft tissue from the arms and legs (29). ASM/height2 (kg/m2) was calculated as the relative ASMI. The Asian Working Group for Sarcopenia (AGWS) 2019 criteria for low muscle mass (low ASMI) in sarcopenia diagnosis are as follows: < 7.0 kg/m2 and < 5.4 kg/m2 in men and women, respectively (1).



2.3.2 Muscle strength

Muscle strength was assessed based on handgrip strength (HGS) using a Jamar J00105 hydraulic handheld dynamometer. More precisely, HGS was measured in each hand alternately before and after hemodialysis. First, the patient’s arms were placed on armrests while they sat upright in a chair. Next, the elbow of the arm holding the dynamometer was bent at 90° against the patient’s side.

Subsequently, patients were instructed to squeeze the dynamometer’s handle as hard as possible for approximately 3 seconds (30). The highest values of the four trials were recorded. Reduced muscle strength was defined as an HGS measurement of < 28 kg in men and < 18 kg in women (1).



2.3.3 Muscle function

Muscle function was assessed using five-times chair stand time and the SPPB (short physical performance battery), while physical performance was measured the day before the start of the dialysis session. The SPPB assesses lower-body function, including strength, balance, and mobility (31). The SPPB comprises three subtests: five-times repeated chair sit-to-stand [STS time], gait speed [GS], and balance. The balance subtest consisted of three parts, with increasing difficulty levels: unaided feet-together stand, semi-tandem stand, and full-tandem stand. The patients were timed until they moved for 10 seconds. GS was assessed while patients walked 4 meters at their usual pace, with a stationary start. The average time of the two trials was recorded. Patients were asked to fold their arms across their chest and perform five chair stands as quickly as possible to assess their STS time. There were three subtests, each with a score between 0 and 4, and a total score ranging from 0 to 12. Higher SPPB scores indicate better physical function (7). The AWGS 2019 recommends an SPPB total score ≤9 or a five-time STS ≥ 12 seconds as the cut-off for low physical performance (1).



2.3.4 Definition of sarcopenia status

AWGS 19 criteria were adopted for diagnosing sarcopenia (1). First, possible sarcopenia is defined as reduced muscle strength or poor muscle function. Confirmed sarcopenia is defined as reduced low muscle mass and poor muscle function (low STS or SPPB) or low muscle strength. Lastly, severe sarcopenia is characterized by low muscle mass, low strength, and poor muscle function. Supplementary File S1 shows the details of this classification.




2.4 Magnetic resonance data acquisition

On the same day as the DXA examination, the participants underwent a multi-echo 3D spoiled gradient-echo sequence (q-Dixon) for fat fraction quantification using a 3.0-T MRI system (MAGNETOM VIDA, Siemens Healthcare GmbH, Erlangen, Germany). The MRI scanning protocol for participants included axial 2-pt and 6-point (q-Dixon) Dixon scanning of the lumbar spine and thigh. Two-point Dixon scanning was used to obtain a high-resolution anatomical structure, while the q-Dixon scan generated a water image, fat image, T2* map, and PDFF. The total scan time for each patient was 116 seconds. Supplementary File S2 summarizes the MRI protocols.



2.5 Image analyses

The CSA and fat content of the thigh muscles, trunk muscle at the L3 level, gluteus minimus/medius muscle (G. Med/MinM), and gluteus maximus muscle (G. MaxM) were measured. Muscle edges can be visually identified by clear cavities of fat in the muscle. Position criteria for the measurement section are as follows: A) left thigh muscles: 3 cm below the lesser trochanter; B) trunk muscle at the level of the L3 vertebral transverse process; C) left G. Med/MinM muscles at the S3 level; and D) left G.MaxM at the level of the greater trochanter of the femur (Figure 1, Supplementary File S3 show the names of all evaluated muscles).




Figure 1 | Demonstration of muscle segmentation. Measurement of the left thigh muscle group at the level 3 cm below the lesser trochanter (A); measurement of the trunk muscle at the level of the third lumbar vertebra transverse process (B); measurement of the left gluteus medius and minimus muscles at the third sacral (S3) level (C); measurement of the left gluteus maximus muscle at the level of the greater trochanter of the femur gluteus (D).



ITK-SNAP software (Lite version 3.8.0) (32) was used for manual segmentation of the muscle to obtain the muscle area described above. The segmentation was created by a research staff member blinded to participant outcomes. First, DICOM images of the patients were imported into the ITK-SNAP software. Second, muscle labels were measured by manually delineating the region-of-interest (ROI) on the axial T2 images to obtain the CSA value. Once drawn, a radiologist verified the label location and extent to ensure segmentation accuracy. Third, to obtain the PDFF value, the workstation automatically copied the ROI to the fat-fraction map. Finally, the CSA and PDFF of the muscles were automatically calculated using ITK-SNAP software based on measurements taken at the same level in each patient (32).



2.6 Statistical analysis

Analyses were performed using the Statistical Package for Social Sciences software (version 21.0; SPSS Inc., Chicago, IL, USA). Statistical significance was set at P < 0.05.

Statistical modelling was restricted to confirmed sarcopenia. Continuous variables are presented as either the mean ± standard deviation (SD) or the median and interquartile range. Normality was assessed using the Shapiro–Wilk normality test. Variables were compared between the sarcopenia and non-sarcopenia groups using two-sample t-tests or the Mann–Whitney U test. Categorical variables are expressed as absolute (n) and relative frequency (%). Fisher’s exact test was used to analyze categorical variables regarding the primary cause of disease. Other categorical variables were analyzed using chi-square tests. The odds ratios (ORs) and 95% confidence intervals (95% CIs) of non-sarcopenia/sarcopenia were calculated using logistic regression models with and without adjustments for the potential risk factors, with CSA and PDFF levels fitted as continuous variables and results expressed in per-SD increase. Furthermore, the contribution of CSA and PDFF to skeletal muscle mass, strength, and muscle function, with and without adjustments for age, BMI, albumin, predialysis BUN, predialysis creatinine, and phosphorus, was estimated through multivariate linear regression.




3 Results



3.1 Participant characteristics and prevalence of sarcopenia in patients undergoing hemodialysis

Among the 76 patients on maintenance hemodialysis, 56 (73.7%), 39 (51.3%), and 17 (22.4%) had probable, confirmed, and severe sarcopenia, respectively, according to the AWGS definition. Table 1 summarizes the baseline characteristics of the 76 patients undergoing hemodialysis. Mean age was 61.8 ± 14.35 years, and 51 (67.1%) participants were male. The causes of end-stage kidney disease included diabetes mellitus (36.8%), chronic glomerulonephritis (22.4%), hypertension nephrosclerosis (25%), and other nephropathies (15.7%). A low ASMI, low HSG, slow five-time STS, and low SPPB scores were observed in 64.5%, 48.7%, 50%, and 60.5% of all patients, respectively.


Table 1 | Characteristics of the hemodialysis patients in the sarcopenia and the non-sarcopenia group.





3.2 Risk factors for sarcopenia in patients undergoing hemodialysis

Table 1 shows differences in hemodialysis status between the patients with sarcopenia and those without. Patients with sarcopenia were older (P < 0.001); had a lower BMI (P = 0.005), weight (P = 0.001), height (P = 0.048), ASM (P < 0.001), ASMI (P < 0.001), HGS (P < 0.001), SPPB score (P < 0.001), albumin (P = 0.001), prealbumin (P = 0.001), predialysis BUN (P < 0.001), predialysis creatinine (P < 0.001), phosphorus (P = 0.042), thigh muscle CSA (P = 0.028), L3 trunk muscle CSA (P = 0.015), G. Med/MinM CSA (P < 0.001), and G. MaxM CSA (P < 0.001); they also exhibited a higher dialysis vintage in Supplementary File S5 (P = 0.002), and a higher PDFF of the thigh muscle (P = 0.001), L3 trunk muscle (P = 0.033) and G. MaxM (P = 0.015).

Supplementary File S4 shows the risk factors for sarcopenia in patients receiving hemodialysis. Older age (OR: 1.061, P < 0.003); lower BMI (OR: 0.837, P = 0.008), albumin (OR: 0.765, P = 0.004), prealbumin (OR: 0.987, P = 0.001), BUN (OR 0.842, P < 0.001), predialysis creatinine (OR: 0.993, P < 0.001), and phosphorus (OR: 0.396, P = 0.047); and a higher PDFF of the thigh muscle (OR: 1.89, P = 0.036) and the L3 trunk muscle (OR: 1.71, P = 0.040) were identified as sarcopenia risk factors.



3.3 Associations of the CSA and PDFF with sarcopenia in patients undergoing hemodialysis

Logistic regression showed that muscle CSA and PDFF were significant predictors of sarcopenia among patients undergoing hemodialysis in this study, as shown in Supplementary File S5 and Figure 2. Except for the PDFF of G.MaxM and G. Med/MinM, the CSA and PDFF of the other muscles correlated with sarcopenia. For a per-SD increase in the CSA of G. Med/MinM, the OR for sarcopenia was 0.371 (95% CI: 0.164–0.839) in a multivariable model adjusted for age and BMI.




Figure 2 | Association of muscle measurements with sarcopenia in hemodialysis patients. P < 0.05 was considered statistically significant. CI, confidence interval; L3 trunk, third lumbar trunk; G.Med/MinM, gluteus medius and minimus muscles; G.MaxM, gluteus maximus muscle; PDFF, proton-density fat-fraction. circle = significant; square = non-significant.





3.4 Association of the CSA and PDFF with muscle function measures

Tables 2–4 present the simple and multiple linear regression analyses of CSA and PDFF concerning HGS, SPPB score, and ASMI, respectively. In the unadjusted model (model 1), the muscle CSA and PDFF were significantly associated with HGS. Except for the L3 trunk muscle CSA, the CSA and PDFF of the other muscles were significantly associated with the SPPB score. Additionally, the CSA and PDFF of the other muscles were significantly associated with ASMI, excluding the G. Med/MinM PDFF and G. MaxM PDFF. After adjustments for age, BMI, albumin, predialysis BUN, predialysis creatinine, and phosphorus (model 5), a lower HGS was associated with lower thigh muscle CSA (ß = 0.267, P = 0.018) and G. Med/MinM CSA (ß = 0.280, P < 0.020), and a higher PDFF of the thigh muscle (ß = -0.209, P = 0.031) and L3 trunk muscle (ß =-0.287, P = 0.006). However, the muscle CSA and PDFF were not associated with the SPPB score after adjustments for age, BMI, albumin, predialysis BUN, predialysis creatinine, and phosphorus (model 5). Contrary to the SPPB results, in model 5, a lower ASMI was associated with a lower CSA of the thigh muscle (ß = 0.364, P = 0.001), L3 trunk muscle (ß = 0.428, P < 0.001), G. Med/MinM (ß = 0.342, P = 0.003), and G. MaxM (ß = 0.315, P = 0.004). Moreover, a lower ASMI was also associated with a higher PDFF of the thigh muscle (ß = -0.236, P = 0.011) and L3 trunk muscle (ß = -0.259, P = 0.010).


Table 2 | Independency of muscle measurements and handgrip strength.




Table 3 | Independency of muscle measurements and SPPB score.




Table 4 | Independency of muscle measurements and ASMI.






4 Discussion

In this study, we identified probable, confirmed, and severe sarcopenia in 73.7%, 51.3%, and 22.4% of patients undergoing hemodialysis, respectively. Older age; lower BMI, albumin, prealbumin, predialysis BUN, predialysis creatinine, and phosphorus levels; lower CSA of the thigh muscle, L3 trunk muscle, G. Med/MinM, and G. MaxM; and a higher PDFF of the thigh and L3 trunk muscle were identified as sarcopenia risk factors. G. Med/MinM CSA was higher in those without sarcopenia after adjusting for age and BMI. The lower thigh and G. Min/Med muscle CSA, as well as the higher thigh and L3 trunk muscle PDFF, were associated with lower HGS after adjustments for known risk factors. Moreover, a higher thigh and L3 trunk muscle PDFF inversely correlated with a lower ASMI.

In a recent meta-analysis including studies with 692 056 participants, the prevalence of sarcopenia in the general population was approximately 10.0%–27.0% (33). Because of the co-existence of factors such as uremic toxins, insulin resistance, or oxidative stress in patients with renal failure (34), they are more likely to develop sarcopenia. Shu et al. (7) recently published a meta-analysis showing that the sarcopenia prevalence was 28.5% (95% CI: 22.9–34.1%) and varied from 25.9% (I2 = 94.9%, 95% CI: 20.4–31.3%; combined criteria) to 34.6% (I2 = 98.1%, 95% CI: 20.9–48.2%; low muscle mass alone) in patients receiving hemodialysis almost two times the prevalence observed in patients without chronic kidney disease (CKD). Interestingly, we found similar results. The prevalence of confirmed sarcopenia in our study was 51.3%, based on the AWGS (2019) definition, and the prevalence of sarcopenia in our patients receiving hemodialysis was higher than that in patients undergoing hemodialysis in previous studies (7). This difference may be due to the following reasons: First, the populations selected differed (hospitalized and outpatients). Second, different instruments were used to assess muscle mass (DXA, bioelectrical impedance analysis, magnetic resonance imaging, and body composition monitors). DXA is the “gold” standard, and other detection methods may overestimate muscle mass due to overhydration in patients undergoing hemodialysis (35). Third, the difference may be due to the large variability in diagnostic criteria, such as those propsed by the European Working Group on Sarcopenia in Older People, the AWGS, the Foundation for the National Institutes of Health Sarcopenia Project, and the International Working Group on Sarcopenia.

The pathogenesis of sarcopenia remains unclear, and only a few reports have discussed the pathogenesis of sarcopenia in patients receiving hemodialysis. To identify the risk factors of sarcopenia in such patients, we categorized our sample into two groups, one with sarcopenia and one without. Our analyses show that older age was a risk factor for sarcopenia in our patients undergoing hemodialysis, which is consistent with previous results in the general population as well as in patients receiving hemodialysis (4, 6), and may be related to alpha motor neuron loss caused by aging (36). Furthermore, we found that a higher BMI and predialysis BUN and higher serum albumin, prealbumin, and phosphate levels were sarcopenia-protective factors in our patients receiving hemodialysis. These results are in agreement with previous findings reported in the literature (4, 5, 9). The reduction in the abovementioned indicators is reflective of poor oral intake, malnutrition, and poor nutritional status (37), which may result in reduced protein synthesis and muscle weakness (38). Therefore, it is appropriate to implement precise nutritional measures for patients undergoing hemodialysis.

A low predialysis creatinine level was found as a risk factor for sarcopenia in patients undergoing hemodialysis in our study. This marker is influenced by muscle mass (6, 9). We identified that the primary cause of the disease was diabetic nephropathy, which was significantly associated with sarcopenia in our patients receiving hemodialysis, in agreement with the literature (38, 39).

Some studies have found no statistically significant association between dialysis vintage and sarcopenia (5, 6, 9). However, a lower dialysis vintage was associated with sarcopenia in our study. We considered the following reason as the cause for this finding: most of our patients had a low dialysis vintage (in 71% of cases, the dialysis vintage was < 12 months); therefore, the dialysis-related indicators may not have had time to develop. Previous studies have reported that sarcopenia in patients receiving hemodialysis is mainly associated with hs-CRP (39), hemoglobin (6), and Kt/V (38). No correlations were found between these indicators and sarcopenia, which may be due to the limited sample as well as to the fact that patients with good control of the above indicators were under dialysis care and receiving a pharmacological intervention.

An individual’s muscle quality can be measured by both micro- and macro-scale changes in muscle architecture and composition, as well as by muscle function per unit of muscle mass (12).. Various imaging techniques, including CT and MRI, have been used to assess muscle quality in study settings, including the measurement of fat infiltration and muscle attenuation (40, 41). There is a strong association between fatty infiltration in the muscles and reduced muscle function (18). Several pathways contribute to the accumulation of fatty acids in muscles, and the accumulation of lipids within myofibers, also known as intramuscular fat, is one direct route. Adipocytes, which accumulate within the skeletal muscle as intermuscular fat, represent another pathway (42). Here, we used MR Dixon technology to quantify the amount of muscle adipose tissue, including intramuscular and intermuscular adipose tissue.

In addition to assessing the traditional risk factors for sarcopenia in patients undergoing hemodialysis, we evaluated new muscle measurements, such as CSA and PDFF. To our knowledge, no previous study has compared CSA and PDFF findings between patients with and without sarcopenia using quantitative MRI scans in those receiving hemodialysis. Using quantitative MRI, our study showed that muscle CSA reduction (thigh muscle, L3 trunk muscle, G.MaxM, and G. Med/MinM) and PDFF increase (thigh muscle, L3 trunk muscle, and G.MaxM) were influencing factors of sarcopenia in patients undergoing hemodialysis. Further analysis using binary logistic regression showed that the muscle CSA reduction (thigh muscle, L3 trunk muscle, G.MaxM, and G.Med/MinM) and PDFF increase (thigh muscle, L3 trunk muscle, and G.MaxM) were risk factors for developing sarcopenia. Our analyses demonstrate that the CSA reduction of G.MaxM and G.Med/MinM independently predicted sarcopenia, even after adjusting for age and BMI. Studies conducted as part of the Health ABC project have also shown age-related decreases in thigh muscle density or increased fatty infiltration in the thigh muscle (43), which may explain why some indicators were not statistically significant after age adjustments. After adjustments for age, BMI, albumin, predialysis BUN, predialysis creatinine, and phosphorus, muscle CSA and PDFF were not significantly associated with sarcopenia, which may partially be explained by low power due to the limited sample size, or by direct effects of chronic kidney disease on muscle function.

The assessment of muscle quality is expected to guide treatment decisions. Therefore, we assessed muscle measurements (CSA and PDFF) and muscle characteristics (muscle mass, strength, and function). We found that low muscle CSA and high PDFF were risk factors for lower muscle strength. After full adjustments for age, BMI, and other laboratory risk factors, CSA reduction (thigh muscle, L3 trunk muscle, and G.MaxM) and PDFF increase (thigh muscle, L3 trunk muscle, and G.Med/MinM) were also identified as risk factors for lower muscle strength. Some previous studies have reached similar conclusions, and muscle strength can be indirectly measured using muscle volume (26, 44, 45). However, Wang et al. (18) found no associations between HGS and midthigh muscle variables (neither muscle area nor density).

Our study suggests that CSA reduction (G. Med/MinM and G.MaxM) and PDFF increase (thigh muscle, L3 trunk muscle, G. Med/MinM, and G.MaxM) are also risk factors for lower muscle function. Particularly, after adjusting for BMI, CSA reduction (G. Med/MinM and G.MaxM) and PDFF increase (thigh muscle, L3 trunk muscle, G. Med/MinM, and G.MaxM) were identified as risk factors for lower muscle function. Our results confirm that muscle CSA and PDFF are important parameters for detecting lower muscle function, which is in line with other studies (16, 46). The fat fraction in the thigh muscle was associated with performance in a timed up-and-go test after adjusting for muscle area in controlled acromegaly (47). Moreover, older adults with low trunk muscle density are more likely to have poor balance and exhibit faster declines in functional capacity (16). Anderson et al. (16) found no association between L2 trunk muscle volume and the SPPB score, as well as between L2 trunk muscle density and the SPPB score, which is inconsistent with our results. Our findings show that only the G. Med/MinM CSA predicted lower muscle function after adjusting for age and BMI. Additionally, we identified low G. Med/MinM CSA as the most sensitive indicator of lower muscle function. Other studies reported similar results: Andrew et al., for example, found that normal gait is largely influenced by the G. Med/Min muscles of the hip (48). The G. Med/MinM, which is known as the “rotator cuff of the hip,” inserts into the greater trochanter of the femur. It maintains balance by acting as an abductor and rotator of the hip during normal walking (49). Similarly, a recent study found that stair climbing, sitting up and standing down, and walking are associated with smaller gluteus muscles (50). Therefore, the G. Med/MinM may be a key muscle group to focus on in future studies.

This study has some limitations. First, since this was a single-center study conducted in China, the results may not be generalizable to other patient populations and countries. Second, this study had a cross-sectional design, which prevented us from analyzing causal relationships between sarcopenia and muscle measurements (CSA and PDFF) in hemodialysis patients. Third, a limited patient sample was enrolled in this study, and some indicators were not found to influence sarcopenia, which may have been due to the resulting low power. Fourth, as image registration was not applied in this study, the absolute values of the cross-sectional area could have been affected by slight changes in image orientation. Fifth, some potentially relevant information was not collected, such as details on peripheral vascular disease, physical activity, nutritional status, and some muscle-affecting medicines (e.g., those belonging to the statin family). Therefore, a multicenter study with a larger sample size would be beneficial in evaluating this issue in the future.

In conclusion, our findings demonstrate the value of fat content assessments within skeletal muscles in patients with sarcopenia undergoing hemodialysis and might trigger a paradigm shift in intervention strategies for sarcopenia. In the future, assessments of muscle fat infiltration and muscle CSA may help guide treatment choices (i.e., precise nutritional exercise interventions) and monitor treatment responses.
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Context

Circulating adipokines and ghrelin affect bone remodeling by regulating the activation and differentiation of osteoblasts and osteoclasts. Although the correlation between adipokines, ghrelin, and bone mineral density (BMD) has been studied over the decades, its correlations are still controversial. Accordingly, an updated meta-analysis with new findings is needed.





Objective

This study aimed to explore the impact of serum adipokine and ghrelin levels on BMD and osteoporotic fractures through a meta-analysis.





Data sources

Studies published till October 2020 in Medline, Embase, and the Cochrane Library were reviewed.





Study selection

We included studies that measured at least one serum adipokine level and BMD or fracture risk in healthy individuals. We excluded studies with one or more of the following: patients less than 18 years old, patients with comorbidities, who had undergone metabolic treatment, obese patients, patients with high physical activities, and a study that did not distinguish sex or menopausal status.





Data extraction

We extracted the data that include the correlation coefficient between adipokines (leptin, adiponectin, and resistin) and ghrelin and BMD, fracture risk by osteoporotic status from eligible studies.





Data synthesis

A meta-analysis of the pooled correlations between adipokines and BMD was performed, demonstrating that the correlation between leptin and BMD was prominent in postmenopausal women. In most cases, adiponectin levels were inversely correlated with BMD. A meta-analysis was conducted by pooling the mean differences in adipokine levels according to the osteoporotic status. In postmenopausal women, significantly lower leptin (SMD = -0.88) and higher adiponectin (SMD = 0.94) levels were seen in the osteoporosis group than in the control group. By predicting fracture risk, higher leptin levels were associated with lower fracture risk (HR = 0.68), whereas higher adiponectin levels were associated with an increased fracture risk in men (HR = 1.94) and incident vertebral fracture in postmenopausal women (HR = 1.18).





Conclusions

Serum adipokines levels can utilize to predict osteoporotic status and fracture risk of patients.





Systematic review registration

https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42021224855, identifier CRD42021224855.





Keywords: adipokines, ghrelin, bone mineral density, fracture risk, meta-analysis





Introduction

Bones, the support system our body and protectors of internal organs, and adipose tissue, the largest endocrine tissue in the body, are closely related to nutrient metabolism and energy storage. Obesity plays a protective role in bone mineral density (BMD) (1, 2). However, a low body weight is a major risk factor for osteoporotic low-energy fractures (3, 4). Therefore, body mass index (BMI) obtained by diving body weight (in kilograms) by height (in meters) squared is included as a variable in the Fracture Risk Assessment Tool to calculate the fracture risk over 10 years (5). In contrast to previous reports, a high prevalence of obesity has been found in postmenopausal women with osteoporotic fractures (6).

Mesenchymal stem cells (MSCs) are pluripotent progenitor cells that mainly differentiate into adipocytes, osteoblasts, and chondroblasts (7). These three cell lineages differentiate from MSCs by common regulatory factors, such as hormones and cytokines, which determine their proliferation as well. Increased adiposity in the bone marrow of osteoporotic patients supports a link between bone and fat (8). Additionally, adipokines that include leptin, adiponectin, resistin, and visfatin are secreted from adipose tissue and affect bone metabolism, supporting the link between fat and bone (9, 10). Although not produced from adipose tissue, ghrelin, a type of growth hormone secretagogue, also affects lipid metabolism and regulates bone homeostasis (11, 12).

A meta-analysis was previously conducted on the correlation between blood concentrations of adipokines and ghrelin and BMD. The meta-analysis revealed that adiponectin had the inverse correlation with BMD (r = -0.14 to -0.4), independent of fat mass, BMI, and menopausal status. And leptin had the correlation with BMD (r = 0.1 to 0.33) (13). The relationship between the blood concentration of adipokines, bone density, and osteoporotic fractures has been studied extensively in the past 10 years. In particular, several studies have been conducted on the correlation between resistin and BMD measured at various sites, indicating that it has recently been in the spotlight as a biomarker for BMD (14–17). In addition, studies on the association between BMD and leptin or adiponectin have been conducted. Hence, we performed an updated meta-analysis on the impact of serum adipokines on BMD and osteoporotic fractures. According to our analysis, BMD was correlated with serum leptin level and was inversely correlated with serum adiponectin level in postmenopausal women. Furthermore, the fracture risk was predicted to be higher with a lower serum leptin level and higher serum adiponectin level. Serum adipokines levels can utilize to predict osteoporotic status and fracture risk of patients.





Methods

This review was prospectively registered in PROSPERO (CRD42021224855) and followed the guidelines of the preferred reporting items for systematic reviews and meta-analyses.




Search strategy

We searched the literature that was published from April 2010 to October 2020 using Medline, Embase, and the Cochrane Library. To identify studies that assessed the association between adipokines and BMD values, we searched the online databases with the following keywords: (‘adipokine’ OR ‘leptin’ OR ‘adiponectin’ OR ‘resistin’ OR ‘visfatin’ OR ‘ghrelin’) AND (‘bone density’ OR ‘osteoporosis’ OR ‘absorptiometry’ OR ‘fractures’). All searches were restricted to articles on human patients published in English.





Inclusion criteria

Articles that met the following inclusion criteria were evaluated: 1) original studies that performed measurements on humans; 2) articles written in English; 3) studies that included measurement of BMD or fracture risk and at least one of the adipokines or ghrelin levels in serum; 4) studies that included BMD measured using dual-energy X-ray absorptiometry.

Studies with the following criteria were excluded: 1) patients less than 18 years old; 2) patients with comorbidities; 3) obese patients; 4) patients treated with metabolism medications (calcium and vitamin D excluded); 5) patients with high physical activities (such as an athlete); 6) did not distinguish sex or menopausal status in BMD (or fracture risk)-adipokine (or ghrelin) correlation.





Data extraction

Two researchers independently checked the entire search, selection, and extraction processes. To resolve disagreements on matters related to the eligibility of studies or data extraction, a discussion was held between the two researchers or a counsel with a third researcher was included.

We filtered out conference abstracts, reviews, letters, and editorials from the list of studies. We then screened the remaining articles by confirming the title and abstract. After screening the articles, we examined the full text of the selected studies and categorized patients according to sex, menopausal status, assessed BMD site, and measured adipokines or ghrelin.

Finally, we extracted the following data from eligible studies: authors, year of publication, patients’ mean age, sex, menopausal status, osteoporotic status, fat mass, BMI, body weight, height, number of patients, method, site, score of BMD evaluation, method and serum level of each adipokines or ghrelin assessment, and correlation and multivariable regression of BMD with adipokines or ghrelin.





Risk of bias in individual studies

We assessed the risk of bias for the individual cohort studies using the Newcastle-Ottawa scale (18). We used the modified version of the Newcastle-Ottawa scale to assess cross-sectional studies (19). The authors (SL, JHK) independently performed the risk of bias assessment in the included studies and confirmed the quality of evidence. The assessment results are presented in Supplementary Tables S1, S2
.





Publication bias

We determined whether there was a potential publication bias in the studies using funnel plots. Furthermore, we estimated the asymmetry of funnel plots using Egger’s regression test when a group included more than three studies.





Certainty assessment

We assessed the certainty of evidence through the Grading of Recommendations, Assessment, Development, and Evaluations (GRADE) framework. This framework initiates with confirming the study design and then evaluating eight domains: risk of bias, indirectness, inconsistency, imprecision, publication bias, large effect, plausible confounding, and dose-response gradient. After assessing all the noted domains, the quality of evidence is classed as high, moderate, low, or very low (20).





Statistical analyses

A meta-analysis of the pooled correlations between adipokines or ghrelin and BMD was conducted using the inverse of variance method. Furthermore, a random effects model was used in this study. Fisher’s z-transformation converted the non-adjusted (simple) correlation coefficients to calculate the pooled correlation coefficients (pooled r), 95% confidence interval (CI), and P value. We quantified statistical heterogeneity among the included studies by calculating the Q and I2 statistics (21). The pooling correlation meta-analysis and quality assessment of studies were executed using the ‘meta’ (22) and ‘dmetar’ (23) packages in R.

We also conducted a meta-analysis by pooling the mean differences in hormone levels according to osteoporotic status using the RevMan 5.0.1.8 software (Nordic Cochrane Center, Copenhagen, Denmark). Results reported in median and interquartile quartile range were converted to estimate the mean and standard deviation according to previously described methods (24). Standardized mean differences (SMD) were calculated for continuous outcome data (method of the inverse of the variance). Publication bias was determined to assess asymmetry using funnel plots.






Results




Selection and characteristics of studies

The search process for the primary studies is shown in the flowchart in Figure 1. In the updated search, 1,126 studies, excluding duplicates, were identified through a database search. A total of 1079 studies were excluded from the assessment based on their title and abstract. The full text of the remaining 57 studies was assessed, and 10 studies were excluded because they did not meet the inclusion criteria; thus, 47 studies were selected for the meta-analysis. Of the 59 studies included in the previous meta-analysis, 57 were included in our study, excluding two abstracts (13). Two abstracts were excluded because they overlapped with the published literature or were inaccessible. Finally, 104 studies were included in this study (14–17, 25–124). The pooled correlation analysis included 11,960 participants (4,790 men, 1,392 premenopausal women, and 5,778 postmenopausal women) across 48 studies. The mean age of participants was 56.6 years for men, 36.3 years for premenopausal women, and 62.8 years for postmenopausal women. The mean BMI was 25.85 kg/m2, 21.36 kg/m2, and 25.12 kg/m2 for men, premenopausal women, and postmenopausal women, respectively. The mean BMD in lumbar spine site was 1.12 g/cm2, 1.11 g/cm2, and 0.92 g/cm2 for men, premenopausal women, and postmenopausal women, respectively. The mean BMD in femoral neck site was 0.91 g/cm2, 1.02 g/cm2, and 0.77 g/cm2 for men, premenopausal women, and postmenopausal women, respectively. The mean BMD in total body was 1.04 g/cm2, 1.15 g/cm2, and 1.00 g/cm2 for men, premenopausal women, and postmenopausal women, respectively.




Figure 1 | Flow chart depicting the search strategy employed to determine eligible studies.







Correlations between serum adipokine and ghrelin levels and BMD

We conducted a pooled correlation analysis on the selected studies according to sex, menopausal status, and BMD site (Table 1). The funnel plot for each adipokine, ghrelin, and BMD site is shown in Supplementary Figure S1. To verify the symmetry of each plot, we performed Egger’s test (Table 2). A publication bias was found in the correlation between total hip BMD and leptin levels in men; however, no publication bias was detected in other studies. The certainty of the evidence was determined by assessing the eight domains for the outcome of correlations of adipokine levels and BMD. Because all included studies are observational studies, GRADE defaults to low, and some are downgraded to very low due to the risk of bias and inconsistency (Supplementary Table S3).


Table 1 | Pooled correlations between adipokines or ghrelin level and BMD according to sex and menopausal status.




Table 2 | Summarized results of the Egger’s test.



Over the past decade, many studies have been published on the correlation between adipokine levels and BMD. Several studies have also examined the correlation between leptin and BMD in postmenopausal women, as well as the impact of pre- and post- menopause on adiponectin. A decade ago, only few studies on resistin were conducted; however, since then several new studies for all groups have been performed. Although there are new findings for ghrelin, these could not be used for the meta-analysis because the correlation was not analyzed (Supplementary Figure S2).

In postmenopausal women, leptin level was positively correlated with BMD at the lumbar spine, total hip, femoral neck, and total body (r = 0.18 to 0.29). In addition, the correlation was more robust in postmenopausal women than in other cohorts. In premenopausal women, the correlation was significant at three the sites other than the femoral neck site (r = 0.08 to 0.28). Although the leptin level and BMD correlation at total hip, femoral neck, and total body sites was significant in men (r = 0.09 to 0.12), the correlation coefficients were slightly lower than those in the other two groups (14–16, 36, 38, 43, 46–48, 55, 59, 60, 62, 67, 68, 72, 76, 78, 82, 84, 85, 87–89, 91, 92, 94, 98, 100, 106, 111, 113, 114, 118, 120, 123, 124).

In men and postmenopausal women, adiponectin and BMD at all sites showed a significant inverse correlation (men: r = -0.16 to -0.35, postmenopausal women: r = -0.16 to -0.23). In premenopausal women, adiponectin and BMD correlation was only significant at the femoral neck (r = -0.13) and total body (r = -0.25) sites (15, 16, 30, 33, 44, 50, 60, 62, 66, 68, 72, 79, 84, 85, 89, 90, 94, 95, 110, 112, 120, 124).

Based on the above results, correlations between resistin (14–17, 72, 89, 94, 120) or ghrelin levels (50, 62, 77, 89, 116) and BMD were not statistically significant at any sites.

As the correlations between adipokines and BMD adjusted by body weight or BMI were reduced compared to non-adjusted correlations (125), we examined the data of both non-adjusted and adjusted correlations using body weight, BMI, or fat mass (Table 3). The correlations between leptin and BMD were generally weakened or became insignificant after adjustment for anthropometric measures, and these phenomena were distinct in postmenopausal women as well as men. However, even though the inverse correlation between adiponectin and BMD weakened even after adjustment, most studies still revealed that the correlation was significant. Although the correlations were weakened for resistin, they remained significant in postmenopausal women (lumbar spine and femoral neck) (120). Studies examining the correlation between visfatin and BMD showed a significant correlation with only total hip in men (r = 0.18) and lumbar spine in postmenopausal women (r = 0.113). However, after adjustment for anthropometric measures, all correlations of visfatin and BMD weakened (94, 112, 120).


Table 3 | Non-adjusted and adjusted correlations between adipokines or ghrelin levels and BMD according to sex and menopausal status.



We further performed subgroup analysis by geographical populations. In men, pooled correlation coefficients (r) of leptin with BMD were higher in Europe (r = 0.12 to 0.27) populations than in other regions (r = -0.12 to 0.11). Correlations of adiponectin with BMD differed by region but did not appear consistently. Correlations of resistin and ghrelin with BMD were slightly stronger in Europe (resistin: r = -0.05 to -0.31; ghrelin: r = 0.04 to 0.25) than in other areas (resistin: r = -0.03 to -0.08; ghrelin: r = -0.08 to 0.12) (Supplementary Table S4). In premenopausal women, the correlation between entire groups did not appear tendency by region (Supplementary Table S5). In postmenopausal women, correlations of leptin with BMD were weaker in Asia (r = 0.07 to 0.25) than in other regions (r = 0.14 to 0.44). Correlations of adiponectin with BMD were similar in all areas. Interestingly, correlations of resistin with BMD were positive in Europe (r = 0.15 to 0.31) and were not in Asia (r = -0.02 to -0.40). Correlations of ghrelin with BMD were more robust in Europe (r = -0.10 to -0.22) than in other regions (r = -0.05 to 0.05) (Supplementary Table S6).





Associations between adipokine and ghrelin levels and BMD

Regression analyses between BMD and adipokines or ghrelin levels were performed in 42 studies (Supplementary Tables S7, S8) (15–17, 26, 28, 29, 33, 35–37, 43, 45, 48, 59–62, 64, 66, 68, 70, 72, 76, 77, 79, 82, 89, 92, 94, 99, 107, 110, 112, 114–118, 120, 122–124).

Multiple regression analyses were performed to determine the variable, including adiponectin, which significantly correlated with the BMD value. A significant inverse correlation between BMD and adiponectin levels was found in 10 of the 16 studies (28, 60, 62, 64, 66, 68, 94, 117, 120, 124). One study that included men revealed that there was a inverse association between lumbar spine (β = -0.163), total hip (β = -0.148), and total body (β = -0.178) BMD and adiponectin levels (94). Three studies that included premenopausal women revealed a inverse association between lumbar spine (β = -0.283; -0.01), femoral neck (β = -0.01), and total body (β = -0.152; -0.01; -0.26) and adiponectin levels (60, 64, 68). Six studies that included postmenopausal women, revealed a inverse association between lumbar spine (β = -0.006; -0.103; B = -2.684), femoral neck (β = -0.27; -0.047; -0.445), total hip (β = -0.112; B = -2.247), total forearm (β = -0.125; B = -2.167), and total body (β = -0.105, -0.385, B = -2.54), and adiponectin level (28, 62, 66, 117, 120, 124). However, no such association was found in six studies (16, 33, 70, 72, 110, 112).

The results of studies examining the association between leptin and BMD are heterogeneous. In men, only one study revealed a positive association (total hip: β = 0.097) (99), and all other study results were not significant or demonstrated a inverse association (43, 45, 76, 82, 89, 94, 107, 123). For women, only two studies with premenopausal women (37, 59) and four studies with postmenopausal women (36, 62, 118, 123) revealed a positive association, whereas the others revealed no significance or a inverse association (16, 28, 35, 43, 48, 60, 70, 92, 99, 114, 117, 122, 124). By adjusting leptin levels by body composition-related variables, the association between leptin and BMD was either weakened, disappeared, or even inverted.

Three studies investigated the association between resistin and BMD (15, 17, 28), and only one found an association (total body BMD of postmenopausal women: β = 0.31) (15). Of the three studies (26, 62, 77) that examined the association between ghrelin and BMD, only one found an association (total hip BMD of young women: β = -0.31) (62).

Collectively, the impact of plasma adipokines or ghrelin levels on BMD would be weak and might be confounded by other body composition parameters.





Associations between adipokine and ghrelin levels and BMD changes

The potential of adipokines or ghrelin to predict BMD changes was assessed in five cohort studies (29, 32, 45, 49, 63).

Araneta et al. reported that adiponectin was not associated with bone loss in men and postmenopausal women (29). According to Barbour et al., adiponectin was associated with hip BMD changes in the highest tertile women (Mean annualized % change = -0.67%) compared to in the lowest tertile (Mean annualized % change = -0.43%) after adjusting for age, race, BMI, diabetes, baseline hip aBMD, and weight change. Leptin was not associated with BMD changes in either men or women (32). Crabbe et al. investigated the correlation between leptin and total hip and forearm BMD changes in older men; however, their results were not statistically significant (45). Fuggle et al. investigated the association between lumbar spine and femoral neck BMD changes with leptin and adiponectin, but they found no association (49). Jürimäe et al. investigated the association between BMD changes and adipokine levels in postmenopausal women, and found a positive association between total body (β = 0.001) and femoral neck (β = 0.001) BMD reduction and leptin, and an inverse association between lumbar spine BMD reduction (β = -0.002) and adiponectin (63).

Based on these results, plasma adipokines or ghrelin levels had a weak or no association with the prediction of BMD changes.





Differences in adipokines or ghrelin levels in patients according to osteoporosis status

A total of 12 studies on the level of adipokines or ghrelin according to the diagnosis of osteoporosis were included (Table 4) (16, 38, 41, 50, 66, 69, 84, 87, 95, 108, 109, 119). The meta-analysis results for leptin levels in postmenopausal women are shown in Figure 2A. Nine studies for leptin involving 757 participants, revealed a high heterogeneity (P < 0.001, I2 = 94%). In postmenopausal women, leptin levels were significantly lower in the osteoporosis group than in the normal BMD group (SMD = -0.88, 95% CI = -1.55, -0.21, P = 0.01). There were two studies on leptin levels according to the presence or absence of osteoporosis in men; however, there was no significant difference between the two groups (SMD = -0.10, 95% CI = -0.39, 0.20, P = 0.52; I2 = 0%, P = 0.72). The five studies on adiponectin involved 527 postmenopausal participants, and revealed a significantly higher adiponectin level in osteoporotic women with high heterogeneity (SMD = 0.94, 95% CI = 0.17, 1.71, P = 0.02; I2 = 95%, P < 0.001) (Figure 2B). As shown in Figure 2C, three studies on resistin involved 314 postmenopausal women. No significant difference in resistin levels was observed between the osteoporotic and control groups in postmenopausal women (SMD = -0.30, 95% CI = -1.06, 0.45, P = 0.43; I2 = 90%, P < 0.001). All adipokine levels in premenopausal women and adiponectin or resistin levels in men were insufficient for meta-analysis. For other adipokines or ghrelin, insufficient data were available for a meta-analysis.


Table 4 | Differences in adipokines or ghrelin levels according to osteoporosis status.






Figure 2 | Forest plot depicting the differences in adipokine levels according to osteoporosis status in postmenopausal women (A) Leptin, (B) adiponectin, and (C) resistin.







Correlation between adipokines or ghrelin levels and fragile osteoporotic bone fracture

Three studies reported an association between adipokines or ghrelin levels and the prevalence of vertebral fractures. Prevalent vertebral fracture was observed in 15–35% of participants (85, 108, 118). Two studies demonstrated an inconsistent association between leptin or adiponectin levels and prevalence of vertebral fracture, and one of the two studies was included in a previous meta-analysis. No data were available for other adipokines or ghrelin. Leptin level was positively correlated with the percentage of fat mass. Furthermore, only leptin levels predicted the presence of vertebral fractures in the logistic regression model (odds ratio [OR] = 0.642, 95% CI = 0.429, 0.960; p = 0.031) (118). By contrast, serum leptin level was not associated with fracture risk (OR = 1.006, 95% CI = 0.989, 1.023; p = 0.495) adjusted for age, years since menopause, fat-related parameters, and lifestyle variables (108). The pooled OR for leptin was 0.84 (95% CI = 0.55, 1.30; p = 0.43) (108, 118). Serum adiponectin level was associated with the above-adjusted fracture risk but was not statistically significant (OR = 1.034, 95% CI = 0.998, 1.071; p = 0.06) (108).

A total of six prospective cohort studies reported the association between adipokines and incident fractures (29, 31, 58, 79, 85, 102), and three new articles were included. Three studies reported a relationship between leptin and fracture outcomes (31, 85, 102). Two studies showed inconsistent fracture risk in postmenopausal women; one study with men found no association with fracture risk according to serum leptin levels (31, 85). In a cohort study with an average follow up of 6.5 years, higher leptin levels resulted in lower fracture rates based on an unadjusted model in postmenopausal women (high tertile hazard ratio [HR] = 0.68, middle tertile HR = 0.74; p = 0.009); however, in the adjusted model for age, race, and BMI, the association of leptin levels and fracture rates was attenuated (high tertile HR = 0.98, middle tertile HR = 0.86; p = 0.794) (31). Nakamura et al. showed that lower serum leptin levels were a significant risk factor for incident long-bone fractures (HR = 0.70; 95% CI = 0.50, 0.96) adjusted for age, body weight, hip BMD, prevalent fracture, osteoporosis treatment, serum albumin, calcium, and adiponectin (85). In a study that analyzed men and women together, the high tertile group with serum leptin levels showed lower fracture risk than the low tertile groups after adjusting for factors (age, sex, menopausal status, body weight, social status, smoking, alcohol consumption, physical activity, diabetes, and creatinine) (102). The HR was 0.25 (95% CI = 0.09, 0.74; p = 0.01 for trend).

For adiponectin, five studies reported a relationship between adiponectin and fracture outcomes (29, 31, 58, 79, 85). Three of the four studies found an association with fracture risk in men (29, 31, 58, 79), and two studies showed inconsistent fracture risk in postmenopausal women according to serum adiponectin levels (31, 85). Michaelsson et al. found that despite the inverse association between adiponectin and BMD, adiponectin did not increase fracture risk in men (adjusted HR = 0.97, 95% CI = 0.86, 1.10; p > 0.05) (79). A community-based longitudinal study followed up fracture data from 277 of 284 men with serial measures, where 21 (7.6%) had at least one vertebral fracture (29). Adiponectin was independently associated with vertebral fractures only in men. The adjusted OR was 1.13 (95% CI: 1.08, 1.23; p = 0.009). Fracture data from 251 of the 261 women with serial measures, revealed that 48 (19.1%) women had a vertebral fracture but no association with adiponectin. Based on a 7.4-years (average, 5.2 years) follow up with the MrOS Sweden cohort of 999 men (58), 150 men (15%) had fractures, with spine fracture being the most common. Adiponectin was associated with a significantly higher incidence of fracture in participants (HR/SD = 1.46; 95% CI = 1.23, 1.72), which was maintained after multivariate adjustment variables for age, time, total hip BMD, general health, and previous fracture (HR = 1.30; 95% CI = 1.09, 1.55). Barbour et al. (31) reported that the fracture rates per 1000 person-years were 27.5 and 14.0 for women and men, respectively, based on a mean follow up of 6.5 years. Adiponectin was significantly associated with fracture risk in men with the highest adiponectin level quartile compared to the lowest quartile (HR = 1.94; 95% CI = 1.20, 3.16) adjusted for age, race, BMI, education, weight change, and total hip BMD. However, no association was found between adiponectin levels and fracture risk in women (HR = 0.98; 95% CI = 0.67, 1.43). Nakamura et al. reported that higher serum adiponectin levels were a significant independent risk factor for incident vertebral fractures in postmenopausal women. The HR of serum adiponectin was 1.18 (95% CI 1.02–1.37, after adjusting for age, body weight, lumbar BMD, prevalent fracture, osteoporosis treatment, serum albumin, calcium, and leptin) (85).






Discussion

We performed an updated meta-analysis on the effects of serum adipokines or ghrelin levels on BMD and fracture risk in healthy adults. Our meta-analysis revealed that postmenopausal women with osteoporosis had significantly lower serum leptin concentrations and higher serum adiponectin concentrations than those in postmenopausal women with normal BMD. Accordingly, the osteoporotic status can be predicted using serum concentrations of leptin and adiponectin in postmenopausal women. In a previous meta-analysis, serum adiponectin levels were not significantly associated with femoral neck BMD in postmenopausal women; however, in this study, BMD values from the lumbar spine, total hip, femoral neck, and total body in postmenopausal women showed a positive correlation with leptin level and a inverse correlation with adiponectin level, which was statistically significant. The correlations between serum leptin or adiponectin concentrations and BMD values from various sites in men and premenopausal women were almost similar to those of the previous meta-analysis, which demonstrated that femoral neck BMD in men and leptin or adiponectin showed significant correlations, and total body BMD in premenopausal women was significantly correlated with adiponectin level. After adjusting for anthropometric measures, the adiponectin concentrations showed a significant correlation with the BMD value; however, leptin concentrations were not significantly correlated most studies. Although serum resistin concentration did not significantly correlate with the BMD values in the pooled analysis, two studies demonstrated a significant inverse correlation with the lumbar spine BMD values in both postmenopausal women and men, even after adjusting for anthropometric measures (17, 89). Although leptin levels and prevalent vertebral fractures in one study were previously reported to be significant (118), the OR value in the pooled analysis with another study was not significant (108, 118).

Among the 39 pooled analyses listed in Table 1, 13 studies showed high heterogeneity. We attempted to reduce this heterogeneity by reducing the influence of confounders to more accurately determine the effect of adipokines on bone. To rule out the effects of comorbidities or treatments, we only included studies in which healthy participants were enrolled. To diminish this confounding effect, a pooled analysis based on adjusting for anthropometric measures is required. However, due to the lack of individual data, the results could only be compared within each enrolled study; these results are presented in Table 3.

Publication bias, which could have had a most severe impact on the meta-analysis results, was analyzed using the asymmetry of funnel plots and Egger’s test. Fortunately, only one publication bias was found when the relationship between total hip BMD and leptin in men was pooled and analyzed. A significant correlation was found between serum leptin and total hip BMD values, analyzed by using pooled correlation. Therefore, the publication bias could be corrected through additional research.

The bone–fat interaction is quite complex, and the precise mechanism has not been elucidated (126). Osteoblasts and adipocytes that make up bone and fat, respectively, originate from the same progenitor called MSCs (7). Therefore, the relationship between bone marrow fat and bone density is inversely proportional to each other (42, 48). The ratio of bone marrow fat increases during menopause, aging, and chronic renal failure, indicating a decrease in bone density and an increase in fracture risk (127). Therefore, it is necessary to study the interaction of ghrelin, which is related to hunger or appetite, or various adipokines mainly produced in adipocytes with osteocytes, osteoblasts, and osteoclasts.

Osteoporosis is a disease in which bone quality deteriorates, and the quantity decreases, which increases the risk of fractures (5). The incidence of osteoporosis is rapidly increasing with the increase in life expectancy. Failure to prevent subsequent fractures in osteoporosis patients leads to an exponential increase in morbidity and mortality (127). Furthermore, osteoporosis has recently emerged as a serious public health concern (128). To prevent, diagnose, treat, and manage osteoporosis, biomarkers are needed. Vitamin D, osteocalcin, and procollagen type 1 N-terminal propeptide are known representative biomarkers (104). Various studies are being conducted to identify additional biomarkers or therapeutic targets, including adipokines and ghrelin (129, 130).

Resistin, a novel adipokine, is expected to serve as a biomarker for osteoporosis diagnosis or a therapeutic target (17, 30, 130). Therefore, many resistin-related studies were included in our meta-analysis. Many studies have been conducted on the effects of adipokines, especially resistin, on bone health over the past 10 years; however, no correlation was found, or insufficient data were available for meta-analysis. Nevertheless, as mentioned above, serum resistin level may have an inverse relationship with the lumbar BMD value in healthy adult men; this notion should be verified in future studies.

Studies on the correlation between visfatin level and BMD have been conducted as studies have shown that visfatin is involved in bone homeostasis and inflammation and regulates glucose metabolism associated with bone metabolism (129). However, the number of studies still needs to be increased, and there is no consistency between studies.

Our study has some limitations. Although age is a confounding factor for our analysis, we could not separate groups by detailed age due to the lack of studies. In the case of women, many studies considered menopause, so it was possible to analyze to some extent according to age roughly by dividing the group into pre and postmenopause. However, in the case of men, only some studies are separated by age. Especially, data on young men were insufficient. Although there were no significant differences in measured adipokine concentrations by adipokine source and assay approaches, their influence could not be completely ruled out. Despite these limitations, this study has several advantages. Our analysis included more studies for leptin, adiponectin, and resistin than the previous analysis. Especially, correlation studies for resistin and BMD in pre and postmenopausal women were newly added current meta-analysis. Moreover, we added data synthesis for adipokine levels in patients according to osteoporotic status. Furthermore, we confirmed publication bias in the entire group and assessed the quality of original studies. Therefore, our analysis reinforced the data quality and reliability of than previous analysis.

In conclusion, our results suggest that leptin is correlated with BMD, and adiponectin is inversely correlated with BMD. In addition, osteoporotic patients had lower leptin levels and higher adiponectin levels than the normal control. Osteoporosis patients are increasing worldwide (128). Using the serum adipokine level as an indicator, a bone density test at an appropriate time can help diagnose osteoporosis. Furthermore, an appropriate diagnosis can help improve the prognosis of many osteoporosis patients by starting treatment at the right time (131).
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BMI, body mass index; Obese-pre, Premenopausal with obese; Normal weight-pre, Premenopausal with normal weight; Obese-post, Postmenopausal with obese; Normal weight-post,
Postmenopausal with normal weight.
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NAFLD; Without NAFLD-pre, Premenopausal without NAFLD; Severe NAFLD-post, Postmenopausal with severe NAFLD; Without NAFLD-post, Postmenopausal without NAFLD.
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Follicle-stimulating hormone Estradiol Testosterone
Unadjusted MV adjusted® Unadjusted MV Adjusted® Unadjusted MV Adjusted?
B B B B B B
Volumetric bone mineral density -0.349* -0.216* 0.017 0.014 -0.027 -0.018
Marrow Fat Content 0.181 0.164 -0.087 -0.099 -0.011 0.052
Erector Muscle Fat Content 0.114 -0.006 -0.140 -0.119 -0.248* -0.145

"Adjusted for age, BMI and mutual adjustment for other sex hormones;
*Indicates 0.01 < p < 0.05, and *indicates p < 0.01.
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Follicle-stimulating hormone

Unadjusted OR

(95% Cl)
Osteopenia/Osteoporosis 1.895"*
(1.299-2.762)
higher marrow fat 1.374
content (> 45%) (0.859-2.199)
higher erector muscle fat 1.124
content (> 10%) (0.717-1.761)

MV adjusted® OR

(95% CI)

1.509"
(1.015-2.242)
1.186
(0.695-2.024)
0994
(0.561-1.760)

Estradiol

Unadjusted OR MV adjusted® OR

(95% CI) (95% ClI)
0.886 0.853
(0.669-1.172) (0.618-1.179)
0.867 0.801
(0.485-1.550) (0.407-1.575)
0.803 0715
(0.421-1.529) (0.332-1.538)

Testosterone

Unadjusted OR

(95% Cl)

0.983
(0.743-1.299)
0580
(0.289-1.166)
0475
(0.215-1.051)

MV adjusted® OR
(95% CI)

0.881
(0.629-1.234)
0.702
(0.332-1.484)
0.524
(0.220-1.247)

“Adjusted for age, BMI and mutual adjustment for other sex hormones.

*Indicates 0.01 < p < 0.05, and *indicates p < 0.01.
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Non-sarcopenia Sarcopenia
Characteristics
n=37 n=39
Age, years 61.8 (14.35) 56.46 (13.85) 66.87 (12.12) 0.001
Sex (male), n (%) 51 (67.1%) 28 (75.6%) 23 (58.9%) 0.121
Dialysis vintage, Mo 8.00 (4.00-20.5) 10.00 (7.00-48.50) 6.00 (4.00-9.00) 0.002
Primary cause of disease
Diabetic nephropathy, n (%) 28 (36.8%) 9 (24.3%) 19 (48.7%) 0.014
Chronic glomerulonephritis, n (%) 17 (22.4%) 2 (32.4%) 5 (12.8%) 0.037
Hypertensive nephrosclerosis n (%) 19 (25%) 9 (24.2%) 10 (25.6%) 0.553
Polycystic kidney disease, n (%) 4 (5.3%) 2 (5.4%) 2 (5.1%) 0.672
Interstitial nephritis, n (%) 3 (3.9%) 2 (5.4%) 1 (2.6%) 0.48
Lupus nephritis, n (%) 2 (2.6%) 0 (0%) 2(5.1%) 0.26
Obstructive nephropathy, n (%) 3 (3.9%) 3 (8.1%) 0 (0%) 0.111
Anthropometry measures
‘Weight, kg 63.75 (13.40) 68.96 (12.32) 58.81 (12.61) 0.001
Height, cm 165.54 (9.22) 167.68 (8.31) 163.51 (9.68) 0.048
BMI, kg/m? 23.15 (3.96) 2443 (3.45) 21.94 (4.07) 0.005
Skeletal muscle measures
ASM, kg 18.19 (14.03,21.17) 2031 (17.30,23.19) 15.14 (11.89,21.32) 0.004
ASMI 6.01 (1.09) 6.77 (0.85) 5.30 (0.76) <0.001
Male 7.14 (0.51) 551 (0.71) <0.001
Female 559 (0.57) 4.99 (0.74) 0.036
Handgrip strength, kg 23.86 (11.15) 29.81 (10.99) 18.22 (7.99) <0.001
Male 33.75 (8.98) 21.54 (8.04) <0.001
Female 17.56 (6.97) 13.44 (5.07) 0.102
Slow 5- time chair stand test, n (%) 46 (60.5%) 2 (59.5%) 24 (61.5%) 0.853
Low SPPB score, n (%) 38 (50.0%) 8 (21.6%) 30 (76.9%) <0.001
Laboratory data
Hemoglobin, g/L 106.16 (18.71) 107.92 (16.23) 104.49 (20.87) 0.425
Albumin, g/L 36.18 (3.56) 37.51 (2.17) 34.92 (2.13) 0.001
prealbumin, mg/L 268.33 (80.57) 302.76 (59.25) 235.68 (85.078) <0.001
Predialysis BUN (mmol/L) 2232 (6.27) 25.13 (5.90) 19.66 (5.45) <0.001
Predialysis Creatinine(umol/L) 811.09 (302.00) 997.41 (256.00) 634.34 (228.17) <0.001
Phosphorus, mmol/L 1.63 (0.53) 1.75 (0.51) 1.51 (0.54)
Bicarbonate, mmol/L 21.42 (3.02) 21.07 (0.17) 21.76 (0.77) 0.321
hs-CRP, mg/L 2.38 (1.28,5.83) 2.03 (1.20-5.85) 2.72 (1.59-5.81) 0.199
KV 1.41 (0.24) 1.37 (0.26) 1.44 (0.23) 0.208
‘ Muscle measurement by MRI
‘ Thigh muscle CSA (mm?) 8559.82 (1656.81) 8985.42 (1650.33) 8156.05 (1579.2) 0.028
i L3 trunk muscle CSA (mm?) 9493.45 (8299.73,10094.9) 9592.4 (9019.55,11920.6) 9409.13 (8082.2,9649.52) 0.015
G.Med/MinM CSA (mm?) 2979.33 (2584.15,3204.6) 3012.73 (2926.76,3860.15) 2952.08 (2025,2989.15) <0.001
G.MaxM CSA (mm?) 2799.33 (2514.94,3153.68) 2862.09 (2761.07,3607.03) 2773.42 (2171.34,2827.91) <0.001
Thigh muscle PDFF (%) 10.56 (8.61,11.94) 9.92 (7.65,10.94) 11.29 (10.28,13.76) 0.001
L3 trunk muscle PDFF (%) 13.51 (3.05) 10.13 (3.95) 12.13 (35.95) 0.033
G.Med/MinM PDFF (%) 14.39 (14.39,15.56) 14.23 (10.92,15.81) 14.47 (14.02,15.47) 0.257
G.MaxM PDFF (%) 15.47(13.65,16.09) 14.68(11.28,15.92) 15.73(15.09,16.59) 0.015

Data are expressed as numbers, percentages, mean + standard deviation, or median (interquartile range).For the comparisons between groups, t-tests were used for normally distributed and the
Mann-Whitney U test for skewed variables. Fisher’s exact test was used to analyze categorical variables regarding the primary cause of disease. Other categorical variables were analyzed using chi-
square tests. Values of P < 0.05 are marked in bold.

BMI, body mass index; ASM, appendicular skeletal muscle mass; ASMI, ASM index (ASM/height2); SPPB, short physical performance battery; BUN, blood urea nitrogen; hs-CRP, high-sensitive
C-reactive protein; Kt/V, dialysis efficacy; L3 trunk, third lumbar trunk; G.Med/MinM, gluteus medius and minimus muscles; G.MaxM, gluteus maximus muscle; CSA, muscle cross-sectional
area; PDFF, proton-density fat-fraction.
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Measurement model 3 model 5
p p

Thigh muscle CSA (mm?) 0.503 <0.001 0.483 <0.001 0433 <0.001 0382 0.001 0267 0.018
L3 trunk muscle CSA (mm?) 0518 <0.001 0504 <0.001 0448 <0.001 0402 0.001 0227 0062
G.Med/MinM CSA (mm?) 0.552 ‘ <0.001 0.543 [ <0.001 0.490 | <0.001 0.4547 <0.001 0280 0.020
G.MaxM CSA (mm?) 0383 0.001 0349 0.005 0304 0.007 0221 0079 0079 0500
Thigh muscle PDFF (%) -0.381 0.001 0372 0.001 0317 0.004 -0.300 0.005 0209 0.031
L3 trunk muscle PDFF (%) -0.443 <0.001 -0.447 <0.001 -0.353 0.003 -0.344 0.003 0287 0.006
G.Med/MinM PDEFF (%) -0.325 0.004 -0.337 0.002 -0.202 0.100 0.203 0.086 0.187 0073
G.MaxM PDFF (%) -0.351 0.002 -0.378 ‘ 0.001 -0.259 0.024 -0.281 0.011 0.194 0053

B is the regression coefficient. Values of P < 0.05 are marked in bold.

L3 trunk, third lumbar trunk; G.Med/MinM, gluteus minimus and medius muscle; G.MaxM, gluteus maximus muscle; CSA, muscle cross-sectional area; PDFF, proton-density fat-fraction.
model 1, unadjusted; model 2, adjusted for BMI; model 3, adjusted for age; model 4, adjusted for age and BMI; model 5, adjusted for age, BMI, albumin, predialysis BUN, predialysis creatinine,
and phosphorus.
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SPPB score

Measurement model 1 model 2 model 3 model 4 model 5
p B B p p

Thigh muscle CSA (mm?) 0.165 0.161 0.150 0236 0.015 0888 0.064 0593 0.128 | 0279

L3 trunk muscle CSA (mm?) 0.194 0.097 0.185 0.146 0.036 0744 0.045 0712 0.170 | 0.171

G.Med/MinM CSA (mm?) ‘ 0365 0.001 0388 0.002 0242 0.024 0213 0.076 0087 | 0488
7 G.MaxM CSA (mm?) 0250 0.0317 0258 I 0.0487 0.116 0286 0047 0.706 | 0.064 | 0.595

Thigh muscle PDFF (%) | -0.254 0.029 0251 0.032 -0.154 0.145 0.144 0.172 0.074 | 0.460

L3 trunk muscle PDFF (%) -0.284 0.014 0286 0.014 -0.078 0502 0072 0536 0.068 | 0.535

G.Med/MinM PDEFF (%) -0321 0.005 -0.331 0.004 -0.126 0.280 -0.131 0257 <0.121 | 0258

G.MaxM PDFF (%) 0318 0.006 0331 0.004 0.172 0.117 0.183 0.093 <0.161 | 0.116

B is the regression coefficient; The values of P < 0.05 were marked in bold.

L3 trunk, third lumbar trunk; G.Med/MinM,gluteus minimus and medius muscle; G.MaxM, gluteus maximus muscle; CSA, muscle cross-sectional area; PDFF, proton-density fat-fraction.
model 1, Unadjusted. model 2, Adjusted for BML. model 3, Adjusted for age. model 4, Adjusted for age and BML model 5, Adjusted for age, BMI, albumin, predialysis BUN, predialysis creatinine,
and phosphorus.
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ASMI (kg/m?)

Measurement model 3
P

Thigh muscle CSA (mmz) 0.550 <0.001 0.414 <0.001 0.573 <0.001 0.407 <0.001 0.364 0.001
L3 trunk muscle CSA (mm?) 0.635 <0.001 0.509 <0.001 0674 <0.001 0525 <0.001 0428 <0.001
G.Med/MinM CSA (mmz) 0.602 <0.001 I 0.471 <0.001 0.622 <0.001 0.468 <0.001 0.342 0.003
G.MaxM CSA (mm?) 0.569 <0.001 0.420 <0.001 ; 0587 <0.001 0411 <0.001 0315 0.004
Thigh muscle PDFF (%) 0.363 0.001 0341 <0.001 0.356 0.002 0.321 0.001 0236 0.011
L3 trunk muscle PDFF (%) -0.305 0.007 -0.313 0.001 -0.323 0.012 -0.303 0.005 -0.259 0.010
G.Med/MinM PDEFF (%) -0.221 0.056 -0.246 0.012 -0.216 0.098 0.218 0.048 0.193 0.055
G.MaxM PDFF (%) -0.193 0.095 -0.248 0.012 -0.176 0.154 0218 0.036 0.156 0.109

B is the regression coefficient. Values of P < 0.05 are marked in bold.

L3 trunk, third lumbar trunk; G.Med/MinM, gluteus minimus and medius muscle; G.MaxM, gluteus maximus muscle; CSA, muscle cross-sectional area; PDFF, proton-density fat-fraction.
model 1, unadjusted. model 2, adjusted for BMI model 3, adjusted for age. model 4, adjusted for age and BML model 5, adjusted for age, BMI albumin, predialysis BUN, predialysis creatinine,
and phosphorus.
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BeiJing Men
Age BMI

KunMing Men

Age BMI

BeiJing Women
Age BMI

KunMing Women

Age BMI

-0.12 (0.22); -0.35 (%)
-0.21 (%; 0.39 (**)
-0.30 (; -0.13 (0.17)
-0.31 (*); 0.44 (*)

G.MaxM density (HU)
G.MaxM area (cm?)

Midthigh muscle density (HU)
Midthigh muscle area (cm?)

G.Med/MinM density (HU) -0.34 (**); -0.13 (0.17)
L2 trunk muscle density (HU) -0.32 (**); -0.17 (0.09)
L2 trunk muscle area (cm?) -0.28 (*); 0.57 (*9)

Data presented as correlation coefficient R and (P value)'P <.05 **P <.001.

-0.32 (*); -0.238 (*)
-0.20 (0.07);-0.10 (0.36)
-0.22 (*); -0.02 (0.86)
-0.21 (0.06); 0.006 (0.96)
-0.31 (;-0.17 (0.12)
-0.34 (*); -0.17 (0.13)
-0.31 (*); 0.008 (0.94)

The values of P < 0.05 were marked in bold.

-0.28 (**); -0.27 (**)
-0.15 (0.04); 0.51 (**)
-0.36 (*; -0.10 (0.18)

-0.34 (**); 055 (**)
-0.36 (*4);-0.08 (0.26)

0.3 (*); -0.23 (*)
0.2 (*); 0.54 (**)

-0.28 (¥); -0.29 ()
-0.08 (0.38); 0.51 (**)
-0.25 (*); -0.16 (0.06)

-0.23 (*); 0.45 (**)
-0.48 (**); -0.12 (0.16)

-0.34 (**); -0.38 (**)

-0.18 (*); 0.42 ()
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G.MaxM density G.MaxM area Midthigh density ~Midthigh area G.Med/MinM density L2 trunk muscle density L2 trunk muscle area

(HU) (cm?) (HU) (cm?) (HU) (HU) (cm?)
Adjusted age factor
BJM- P<0.0001 P=0.3431 P=1 P=0.1108 P=1 P<0.0001 P=0.5117
KMM
BJW- P=0.0006 P=0.4202 P=1 P=0.7357 P=0.0769 P<0.0001 P=0.1526
KMwW
Adjusted BMI factor
BJM- P=0.0001 P=0.0453 P=1 P=0.5913 P=1 P<0.0001 P=0.4415
KMM
BJW- P=0.0134 P=0.1722 P=1 P=0.0407 P=0.1613 P<0.0001 P=0.5956
KMwW
Adjusted age and BMI factors
BJM- P=0.0009 P=0.1239 P=1 P=0.3019 P=1 P<0.0001 P=0.8350
KMM
BJW- P=0.0375 P=0.2590 P=1 P=0.1020 P=0.0116 P<0.0001 P=0.8197
KMwW

Data presented as (mean + SD) BJM, Beijing Men; BJW., Beiiing Women; KMM, Kunming Men; KMW, Kunming Women. The values of P < 0.05 were marked in bold.
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Mean Value ( + SD)/Median (IQR)®

All age < 50 yrs 50 < age < 60 yrs 60 < age < 70 yrs age > 70 yrs P value®
(n =199) (n=35) (n=51) (n=75) (n=38)
Age (years) 61 46 56 64 72 <0.001
(52, 68) (44, 47) (52, 58) (61, 67) (71, 75)
BMI (kg/m?) 24.8 23.1 25.4 25.6 24.85 + 4.14 0.062
(22.4,28.9) (217, 25.3) (22.8,29.8) (22.6, 34.4)
Follicle-stimulating hormone (IU/L) 10.87 9.02 + 3.60 10.70 11.09 13.42 <0.001
(7.52, 16.55) (6.42, 16.48) (7.67, 16.39) (9.03, 26.39)
Estradiol (pg/mL) 32.66 30.24 34.94 30.06 39.10 0.90
(19.62, 51.24) (15.97, 62.37) (19.84, 53.14) (20.58, 50.44) (19.31, 46.83)
Testosterone (ng/mL) 7.90 5.50 8.55 +4.16 9.54 + 4.69 7.20 0.017
(4.98, 11.18) (3.50, 8.33) (4.82, 9.68)
Volumetric bone mineral 115.07 + 32.51 139.07 + 24.11 122,69 + 23.49 111.64 + 32.31 89.52 +31.15 <0.001
density (mg/mm®)
Marrow Fat Content (%)* 44.67 + 823 39.84 + 6.97 44.90 +7.28 45.09 + 9.28 46.91 0.574
(45.16, 47.06)
Erector Muscle Fat Content (%)* 8.44 + 4.63 5.57 7.74 £ 3.62 8.46 + 4.25 12.67 +6.97 0.034
(3.04, 5.57)

“For marrow fat content and erector muscle fat content measurements, number of the whole study sample group and of each group stratified by age with an interval of 10 years was as
follow: 62 for all, 5 for the group aged no more than 50 years, 15 for the group aged between 50 to 60 years, 35 for the group aged between 60 to 70 years, and 7 for the group aged over
70 years, respectively;

PContinuous variables were tested by the Shapiro-Wilk test: normally distributed variables are presented as mean= SD, while skewed variables are presented as the median (first-
fourth quartiles);

°For the comparisons among the groups stratified by age, t test was used for normally distributed variables and Mann-Whitney U test was used for skewed variables.
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Females

Variables IT Int aBMD (g/cm?) IT Cort aBMD (g/cm?) IT Trab aBMD (g/cm?)
CSA (mm?) B (95% CI) P B (95% CI) P B (95% CI) P
G.MaxM 0.363(0.160, 0.567) <0.001 0.177(-0.117, 0.471) 0.238 0.069(-0.296, 0.435) 0.711
G.MedM 0.338(0.155, 0.522) <0.001 0.309(0.044, 0.574) 0.022 0.135(-0.195, 0.465) 0.424
G.MinM 0.092(-0.049, 0.233) 0.200 0.161(-0.043, 0.364) 0.122 0.176(-0.077, 0.430) 0.173
lliopM 0.086(-0.074, 0.245) 0.292 -0.030(-0.260, 0.200) 0.797 0.175(-0.112, 0.461) 0.232
PDFF(%)

G.MaxM -0.190(-0.372, -0.008) 0.041 -0.016(-0.279, 0.248) 0.907 -0.288(-0.616, 0.040) 0.085
G.MedM -0.249(-0.484, -0.014) 0.038 -0.445(-0.784, -0.105) 0.010 -0.060(-0.483, 0.362) 0.780
G.MinM 0.120(-0.035, 0.275) 0.129 0.194(-0.030, 0.418) 0.090 0.008(-0.271, 0.287) 0.955
lliopM -0.220(-0.366, -0.074) 0.003 -0.342(-0.553, -0.131) 0.001 0.048(-0.214, 0.311) 0.719

PDFF, proton density fat fraction; CSA, cross-sectional area; G.MaxM, gluteus maximus muscle; G.MedM, gluteus medius muscle; G.MinM, gluteus minimus muscle; IliopM, iliopsoas
muscle; aBBMD, areal bone mineral density; IT, intertrochanter; Int, integral; Trab, trabecular; Cort, cortical. *Adjusted for age and body mass index (BMI). *The bold type indicates statistical
difference (P < 0.05). °B for standard deviance increase of continuous muscle variables.
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Mean Value ( + SD)/Median (IQR)®

Normal bone mass Osteopenia/ Pvalue® power BMI<25kg/m> BMI>25kg/m®> P value® power
(VBMD > 120 mg/mm?) Osteoporosis
(n=92) (VBMD < 120 mg/mm®) (n=105) (n=94)
(n=107)
Age (vears) 58 65 <0.001 1 60 61 0227 0301
(47, 61) (58, 70) (50, 69) (57, 67)
BMI (kg/m?) 24.4 25.1 0410 0.220 222 29.2 <0.001 1
(22.4, 27.5) (22.3,30.0) (20.8,23.7) (26.3, 36.8)
Follicle-stimulating hormone 9.35 11.45 0005  0.933 10.95 10.80 0565  0.088
(Iu/L) (6.94, 13.7) (7.97,19.4) (7.67,17.15) (7.10, 16.23)
Estradiol (pg/mL) 31.8 34.19 0615  0.131 34.70 29.99 0619 0.064
(19.43, 52.95) (19.62, 49.72) (18.06, 52.38) (20.50, 48.53)
Testosterone (ng/mL) 7.81 7.97 0933 0052 6.61 9.17 0004 0720
(4.98, 10.85) (4.85,11.38) (4.73,9.68) (5.33,12.38)
Volumetric bone mineral 138.42 94.17 <0001 1 11773+ 3440  11211+3017 0341 0024
density (mg/mm?) (128.38, 155.42) (77.86, 107.89)
Marrow Fat Content (%)° 40.74 +7.83 4716 +7.56 0002  0.838 42.08 44.49 827 0938  0.062
(39.78, 52.10)
Erector Muscle Fat Content 6.31+4.11 979+ 4.47 0003 0843  8.79+546 8.35+ 4.44 0685 0299

(%)

“For marrow fat content and erector muscle fat content measurements, number of those with normal bone mineral content, those with decreased bone mineral content (osteopenia/
osteoporosis), those of non-obesity (BMI < 25), and those of obesity (BMI > 25) was 24, 38, 13, and 49, respectively;

®Continuous variables were tested by the Shapiro-Wilk test: normally distributed variables are presented as mean= SD, while skewed variables are presented as the median (first-fourth quartiles);
°For the comparison between normal bone mineral content and osteopenia/osteoporosis and the comparison between non-obesity (BMI < 25) and obesity (BMI = 25), t test was used for
normally distributed variables and Mann-Whitney U test was used for skewed variables.
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Younger group[60~70]

Age (years)

BMI (kg/m?)

G.MaxM density (HU)
G.MaxM area (cm?)
G.Med/MinM density (HU)
Midthigh muscle density (HU)
Midthigh muscle area (cm?)
L2 trunk muscle density (HU)
L2 trunk muscle area (cm?)
The older group(>70years)
Age (years)

BMI (kg/m?)

G.MaxM density (HU)
G.MaxM area (cm?)
G.Med/MinM density (HU)
Midthigh muscle density (HU)
Midthigh muscle area (cm?

L2 trunk muscle density (HU)

L2 trunk muscle area (cm?)

Beijing men
N=73
65.67 + 3.01
25.40 + 2.65
35.52 +6.71
44.29 + 8.01
43.46 + 4.06
46.67 + 3.48
127.37 + 22.93
30.90 + 4.09
129.43 + 17.25
N=34
78.0 + 3.84
24.37 £ 2.44
34.24 £6.18
40.57 £ 7.11
41.15 + 342
44.68 + 3.65
116.34 + 18.43

28.03 + 3.68

118.32 + 17.50

Kunming men
N=58
64.84 + 3.17
24.03 + 3.27
4017 + 4.37
45.87 +7.17
44.21 + 3.53
47.05 +2.07
122.76 + 18.44
38.13 + 4.08
129.60 + 20.98
N=25
74.96 + 3.85
23.74 +2.72
37.48 + 3.88
41.88 +7.32
41.80 + 4.08
45.46 + 3.27
113.62 + 18.29

35.53 + 4.13

116.32 + 14.58

P/P, value

P=0.12
P=0.0148
P< 0.0001

P, = 0.0005

3638

Pa=0.1068

2686

Pa=0.7337

7384

P, = 0.8827

P=0.073

P, =0.4905
P< 0.0001

P,=<0.0001
P =0.8784
Pa =0.4249

P=0.0028
P=0.39

.8109
P=0.4075
P, =0.7323
P=0.2025
P, =0.5807
P=0.7706
P, =0.4735
P<0.0001
P, <0.0001
P=0.83
P, =0.2749

Beijing Women
N=142

64.77 £ 3.01
25.53 + 3.20
32.52 + 6.16
37.89 + 6.05
41.99 + 4.04
4417 £ 3.76
95.96 + 14.50
28.13 £ 3.55
92,61 +13.41
N=51
75.80 + 3.21
24.69 + 2.64
28.55 + 5.64
35.53 + 6.65
38.69 + 4.21
41.59 + 3.45
85.57 +11.58

25.27 + 3.54

84.08 + 11.36

Kunming Women

N=103
64.27 +3.18
23.08 + 3.68
35.00 + 5.44
37.17 £ 6.29
41.22 £3.92
44.55 + 2.96
94.94 + 12.82
32.37 +4.58
89.47 +11.98

N=32
75.34 + 3.87
24.55 + 3.95

31.622 + 6.52
35.79 + 5.64
37.14 + 4.81
42,62 +3.42
87.62 +13.54

28.72 +5.79

86.10 + 11.46

Data presented as (mean + SD) P-value: unadjusted P-value; P, value: age and BMI adjusted P-value. The values of P < 0.05 were marked in bold.

P/P, value

P, =0.0141
P=0.7011
Py = 0.8330
P=0.5687
P, 0.0900
P< 0.0001
P, <0.0001
P =0.0021
P, =0.9195

P=0.33
P=0.97

P, = 0.0297
P=0.6233
P, =0.8999

P=0.1633
P, =0.4279
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Participants Recruitment

Inclusion: aged over 50 years old and living Exclusion criteria: a. inability to stand or walk independently; b. deformity of

in the research site more than 10 years the lumbar spine and hip joint; ¢. tumors were treated with radiotherapy or
chemotherapy:; d. patients with metallic implants in vivo; ¢. other serious or life-

threatening diseases.

( Baseline visit
Muscle Strength SPPB Blood Imaging
Assessment Samples Assessment
v
S-years-follow up

Questionnaires

Information

Measures

Demographic tmhmpomomhic

—

‘ Analysis outcomes ’
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Beijing Jishuitan Hospital (50m)
<100m

Hekou People's Hospital (80m)
500~1000m Xishuangbanna Dai Autonomous Prefecture Hospital (600m)

Southern Central Hospital of Yunnan Province (1300m)

1000~1500m
The People's Hospital of Wenshan (1200m)

Main study center-The First People's Hospital of Yunnan Province (1900m)

SOY Study Centers

Anning First People's Hospital (1800)
1500~2000m

Qujing Second People's Hospital of Yunnan Province (1900m)

The First People's Hospital of Zhaotong (1700m)

Dali Autonomous PrefecturePeople's Hospital (2100m)

2000~2500m

Nujiang People's Hospital (2400m)

>3000m Diqing Tibetan Autonomous Prefecture People's Hospital (3500m)
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Females

Variables FN Int aBMD (g/cm?) EN Cort aBMD (g/cm?) FN Trab aBMD (g/cm?)
CSA (mm?®) B (95% CI) P B (95% CI) P B (95% CI) P
G.MaxM 0.435(0.116, 0.754) 0.008 0.551(0.196, 0.905) 0.002 0.079(-0.279, 0.437) 0.664
G.MedM -0.033(-0.321, 0.255) 0.823 -0.217(-0.538, 0.103) 0.183 0.175(-0.148, 0.498) 0287
G.MinM 0.164(-0.057, 0.385) 0.147 0.015(-0.231, 0.260) 0.908 0.299(0.051, 0.547) 0.018
TliopM 0.049(-0.201, 0.299) 0.702 -0.079(-0.357, 0.199) 0.578 0.378(0.098, 0.658) 0.008
PDFF(%)

G.MaxM -0.290(-0.577, -0.004) 0.047 -0.477(-0.795, -0.159) 0.003 0.002(-0.319, 0.322) 0992
G.MedM 0.075(-0.294, 0.444) 0.689 0.261(-0.149, 0.671) 0211 0.129(-0.284, 0.542) 0541
G.MinM -0.232(-0.476, 0.011) 0.061 -0.329(-0.599, -0.058) 0.017 -0.211(-0.484, 0.062) 0.130
TliopM -0.024(-0.253, 0.205) 0.836 -0.044(-0.299, 0.211) 0.735 0.235(-0.022, 0.492) 0073

PDFF, proton density fat fraction; CSA, cross-sectional area; G.MaxM, gluteus maximus muscle; G.MedM, gluteus medius muscle; G.MinM, gluteus minimus muscle; IliopM, iliopsoas
muscle; aBMD, areal bone mineral density; N, femoral neck; Int, integral; Trab, trabecular; Cort, cortical. *Adjusted for age and body mass index (BMI). ®The bold type indicates statistical
difference (P < 0.05). °B for standard deviance increase of continuous muscle variables.





OPS/images/fendo.2022.990487/table4.jpg
Males
Variables
CSA (mm’)

G.MaxM
G.MedM
G.MinM
lliopM
PDFF(%)
G.MaxM
G.MedM
G.MinM
lliopM

TR Int aBMD (g/cm?)

B (95% CI)

0.473(0.275, 0.672)
0.047(-0.128, 0.222)
-0.168(-0.333, -0.003)
-0.028(-0.173, 0.116)

-0.197(-0.375, 0.018)
-0.444(-0.650, -0.238)
0.132(-0.017, 0.282)
-0.034(-0.185, 0.116)

P

<0.001
0.600
0.046
0.702

0.031
<0.001
0.083
0.654

TR Cort aBMD (g/cm?)

B (95% CI)

0.422(0.149, 0.695)

0.090(-0.150, 0.331)
-0.147(-0.373, 0.080)
0.032(-0.167, 0.230)

-0.139(-0.384, 0.107)
-0.274(-0.557, 0.009)
0.032(-0.174, 0.238)
-0.055(-0.262, 0.153)

P

0.002
0.462
0.205
0.756

0.268
0.047
0.761
0.606

TR Trab aBMD (g/cm?)

B (95% CI)

0.441(0.183, 0.700)
-0.028(-0.256, 0.200)
-0.017(-0.232, 0.198)
-0.027(-0.215, 0.161)

-0.217(-0.450, 0.015)
-0.328(-0.596, -0.060)
0.176(-0.019, 0.371)
-0.020(-0.217, 0.176)

P

0.001
0.812
0.876
0.780

0.066
0.017
0.078
0.841

PDFF, proton density fat fraction; CSA, cross-sectional area; G.MaxM, gluteus maximus muscle; G.MedM, gluteus medius muscle; G.MinM, gluteus minimus muscle; IliopM, iliopsoas
muscle; aBMD, areal bone mineral density; TR, trochanter; Int, integral; Trab, trabecular; Cort, cortical. *Adjusted for age and body mass index (BMI). "The bold type indicates statistical
difference (P < 0.05). °B for standard deviance increase of continuous muscle variables.
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Females

Variables TR Int aBMD (g/cmz) TR Cort aBMD (g/ cm?) TR Trab aBMD (g/cmz)
CSA(mm?) B(95% CI) P B(95% CI) P B(95% CI) P
G.MaxM 0.286(0.031, 0.541) 0.028 0.192(-0.102, 0.487) 0201 -0.256(-0.672, 0.160) 0.227
G.MedM 0.033(-0.197, 0.263) 0779 0.036(-0.231, 0.302) 0794 0.348(-0.027, 0.724) 0.069
G.MinM -0.075(-0.252, 0.101) 0.403 -0.177(-0.381, 0.027) 0.090 -0.094(-0.382, 0.194) 0173
TliopM 0.404(0.204, 0.603) <0.001 0.340(0.109, 0.571) 0.004 -0.206(-0.119, 0.532) 0214
PDFF(%)

G.MaxM -0.241(-0.470, 0.013) 0.038 -0.331(-0.595, -0.067) 0.014 0.267(-0.106, 0.639) 0.161
G.MedM 0.066(-0.229, 0.360) 0662 0.310(-0.030, 0.651) 0.074 0.074(-0.406, 0.554) 0.763
G.MinM -0.050(-0.244, 0.144) 0615 -0.121(-0.346, 0.104) 0.291 -0.221(-0.538, 0.096) 0.173
TliopM -0.199(-0.382, -0.016) 0.033 -0.139(-0.350, 0.073) 0.199 -0.493(-0.791, -0.194) 0.001

PDEF, proton density fat fraction; CSA, cross-sectional area; G.MaxM, gluteus maximus muscle; G.MedM, gluteus medius muscle; G.MinM, gluteus minimus muscle; IliopM, iliopsoas
muscle; aBMD, areal bone mineral density; TR, trochanter; Int, integral; Trab, trabecular; Cort, cortical. *Adjusted for age and body mass index (BMI). ®The bold type indicates statistical
difference (P < 0.05). B for standard deviance increase of continuous muscle variables.
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Males

Variables IT Int aBMD (g/cm?) IT Cort aBMD (g/cm?) IT Trab aBMD (g/cm?)
CSA (mm?) B (95% CI) P B (95% CI) P B (95% CI) P
G.MaxM 0.319(0.096, 0.542) 0.005 0.317(0.065, 0.568) 0.014 0.008(-0.328, 0.344) 0.964
G.MedM 0.142(-0.055, 0.339) 0.158 0.192(-0.030, 0.414) 0.091 -0.041(-0.337, 0.256) 0787
G.MinM -0.077(-0.262, 0.109) 0417 -0.177(-0.386, 0.032) 0.097 0.168(-0.112, 0.447) 0240
IliopM 0.224(0.061, 0.386) 0.007 0.193(0.009 0.376) 0.039 0.096(-0.149, 0.340) 0.443
PDFF(%)

G.MaxM -0.091(-0.291, 0.110) 0375 -0.036(-0.262, 0.190) 0.755 -0.071(-0.373, 0.231) 0645
G.MedM -0.102(-0.333, 0.130) 0389 -0.062(-0.323, 0.199) 0.643 -0.244(-0.593, 0.104) 0.169
G.MinM 0.107(-0.061, 0.276) 0212 0.060(-0.130, 0.250) 0.537 0.117(-0.136, 0.371) 0364
IliopM -0.296(-0.466, -0.127) 0.001 -0.315(-0.506, -0.123) 0.001 -0.105(-0.360, 0.151) 0422

PDFF, proton density fat fraction; CSA, cross-sectional area; G.MaxM, gluteus maximus muscle; G.MedM, gluteus medius muscle; G.MinM, gluteus minimus muscle; IliopM, iliopsoas
muscle; aBMD, areal bone mineral density; IT, intertrochanter; Int, integral; Trab, trabecular; Cort, cortical. *Adjusted for age and body mass index (BMI). “The bold type indicates statistical
difference (P < 0.05). B for standard deviance increase of continuous muscle variables.
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The middle-aged female subject (age range, 45-55 years old) presenting for medical examination
who had received abdominal MRI from January 2016 to April 2021 n = 2360

l

The first cohort n = 1180

Diabetes n =275

Obesity n =360

Cirrhosis n =240

Vertebral body injury n =45

selected
Metabolic or autoimmune diseases n = 65
Hormone therapy n = 30

Insufficiency of the heart, liver, or kidney n =15

More than 2 concurrent comorbidities n = 30

Premenopausal
women without

NAFLD
n=30

Premenopausal
women with
severe NAFLD
n=30

Postmenopausal | | Postmenopausal Premenopausal

women without women with women with
NAFLD severe NAFLD normal weight
n =30 n =30 n =30

Premenopausal
women with

obesity (BMI > 30)

n =30

The second cohort n = 1180

NAFLD n =370

Diabetes n =250

Cirrhosis n =230

Vertebral body injury n =50

selected
Metabolic or autoimmune diseases n =75

Hormone therapy n =35

Insufficiency of the heart, liver, or kidney n =10

More than 2 concurrent comorbidities n =40

Postmenopausal | | Postmenopausal
women with women with
normal weight obesity (BMI > 30)

n =30 n=30
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Age, yrs

Height, cm

Weight, kg

Duration of disease, yrs
Muscle and bone indexes
Muscle Fat Area, cm®

Muscle area, cm®

Fat area, cm”

Fat infiltration, %

Muscle density, HU

Vertebrae density, HU

Blood routine examination
Hemoglobin, g/L

Mean hemoglobin concentration, g/L
Mean corpuscular hemoglobin, pg
‘White blood cell count, 10/9/L
Red blood cell count, 10A12/L
Platelet distribution width, %
Mean platelet volume, fL
Pulmonary function*

FEV1, L

FEV1, %

FVC, L

FVC, %

FEV1/FVC

*Pulmonary function was available for 84 patients.

Mean + SD

69.7 + 10.0
1642 + 6.8
56.1 + 9.8
10 (8-17)

93.9 +20.8
85.5 £ 18.0
88 +54
0.09 +0.04
364 £ 6.9
113.8 +£43.9

1289 +21.2
3257 £11.3
304 £2.1
73 +27
43 +06
138 £32
9.6 £12

0.98 (0.61-1.30)
40.3 (24.5-60.2)
2.4 (2.0-2.8)
77.0 (65.9-96.9)
037 (0.28-0.51)

FEV1, forced expiratory volume in the first second; FVC, forced vital capacity.
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Muslce Fat Area, cm®
Muscle area, cm®

Fat area, cm’

Fat infiltration, %
Muscle density, HU
Vertbetra density, HU

First measurement

93.95 + 20.94

85.54 + 18.07
9.04 + 5.42
0.09 + 0.04
36.53 £ 6.97

114.14 + 43.93

Second measurement

90.28 + 20.91

81.1 £17.86
9.9 £5.59
0.1 +£0.05
32.73 + 6.55

106.6 + 44.06

Change

-3.67 +8.75
-4.44 +7.67
0.85 +3.26
0.01 +0.03
-3.8 £5.59
-7.55 + 29.96

Per year change (n%)

236 + 10.29(-2.5%)
-2.83 + 8.73(-3.3%)
0.57 + 3.37(6.3%)
0.01 + 0.03(11.1%)
241 + 5.64(6.6%)
5.63 + 47.8(4.9%)

P value

<0.0001
<0.0001
0.006
<0.0001
<0.0001
<0.0001

Analysis was conducted among patients with complete information on muscle and bone indexes in two measurements. Comparisons between two measurements were conducted using
paired t tests and signed rank tests according to the normality of distribution.
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Muslce Fat Area,

CI]"I2

Muscle area, cm*
Fat area, cm’
Fat infiltration, %

Muscle density,
HU

Disease duration

<=10 yrs
(n=75)

-3.19 £ 10.71

-325+9.18
032 +324
0.01 +0.03

-1.73 £5.21

>10 yrs
(n=50)

-1.13 £9.71

-222+ 815
0.98 + 3.59
0.01 £ 0.04

-3.36 + 6.18

value

0.14

021
0.99
1.00
021

<=70 yrs
(n=67)

-1.61 £ 9.32

-241 £ 7.67
0.98 + 327
0.01 £ 0.03
-2.59 £ 6.16

Age
>70 yrs
(n=59)

-3.21 £ 11.31

-33+9.84
0.09 + 3.45
0.01 £ 0.03
-22+5.03

P
value

0.29

0.86
0.01
0.04
0.86

<40
(n=39)

-0.96 £9.51

-1.82 £ 7.81
119 £3.19
0.01 +0.03
-3.05 + 6.58

FEV1%

>=40
(n=42)

-2.61 +8.57

-3.32 £7.69
0.73 +2.87
0.01 +0.03
-2.34 £5.05

P
value

033

0.36
0.65
0.70
0.84

Analysis was conducted among patients with complete information on muscle indexes in two measurements. Comparisons between two groups were conducted using Wilcoxon two-

Sample tests.
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Component

Strength
Assistance in
walking

Rise from a chair

Climb stairs

Falls

Question

How much difficulty do you have
in lifting and carrying 10 pounds?

How much difficulty do you have
walking across a room?

How much difficulty do you have
transferring from a chair or bed?

How much difficulty do you have
climbing a flight of 10 stairs?

How many times have you fallen
in the past year?

Score

one =0

Some = 1

A lot or unable = 2

None = 0

Some = 1

A lot, use aids, or unable = 2
None = 0

Some = 1

A lot or unable without help = 2
None =0

Some = 1

A lot or unable = 2

None =0

1-3 falls = 1

4 or more falls = 2
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» Time: September 2020 to May 2021

» 96 hospitalized patients diagnosed
with CKD stages 3-5d

» Age>18y

Exclusion criteria
> Taking drugs known to affect bone metabolism

(n=13)

» Disease known to affect bone metabolism (n = 8)

» General MRI contraindications (n = 3)

» Poor image quality (n =4)

All of 68 CKD patients
» Stages 3-4: 15

» Stage 5: 26

» Stage 5d: 27
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Demographics
Number
Males
Age (years)
BMI (kg/m?)
¢GFR (mL/min/1.73m?)
ALP (U/L)
Bone metabolism markers
P (mmol/L)
cCa (mmol/L)
iPTH (pg/mL)
25-(OH)-VitD (ng/mL)
L1-L4 aBMD (g/cm?)
MRI measurements
FF (%)
R2* (s)

Opverall

68
40 (58.8)
50 (13.2)
22.7 (3.0)
123 (11.7)
75 (29)

1.69 (0.70)
223 (0.25)
269.4 (235.1)
1835 (9.39)
113 (0.17)

51.6 (11.6)
155.2 (27.8)

CKD 3-4

15 (22.1)
9 (60.0)
55.3 (11.4)
240 (3.55)
313 (10.9)
82 (33)

1.34 (0.37)
229 (0.12)
108.3 (57.8)
16.73 (9.53)
1.07 (0.14)

51.9 (9.6)
140.7 (20.2)

CKD 5

26 (38.2)
14 (53.8)
46.5 (13.9)
22.7 (3.1)
8.6 (3.4)
67 (24)

1.75 (0.73)
219 (0.19)
199.6 (147.7)
17.44 (9.27)
1.13 (0.18)

50.5 (12.7)
149.7 (25.2)

CKD 5d

27 (39.7)
7 (63.0)
50.4 (12.8)
21.8 (255)
54 (23)
79 (29)

1.82 (0.76)
224 (0.33)
426.0 (272.6)
20.14 (9.48)
1.17 (0.17)

524 (11.8)
168.5 (28.7)

P for trend

NA
0.762
0.422
0.029

<0.001
0.988

0.047
0.666
<0.001
0.224
0.06

0.822
<0.001

Categorical variables are summarized as count (%); continuous variables as mean (SD). P for trend reflect the significance of the linear trend across the CKD groups, using Chi-square and
one-way ANOVA appropriately. Bold P-values consider statistical significance.
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Grading score

L AT .

Image noise

Unacceptable
Above average
Average

Less than average

Minimal

Image contrast

Unacceptable
Suboptimal
Acceptable
Above average

Excellent

Small structure visibility

Unacceptable
Suboptimal
Acceptable
Above average

Excellent

Image sharpness

Severe
Moderate
Minimal

No blurring

Artifacts

Severe
Major
Minor

None
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Basic characteristics

Age (years)

Weight (kg)

Height (m)

BMI (kg/m?)

BMD (mg/cm®)
Osteoporosis n [%)
Vertebral fracture n [%)

Continuous variables are expressed as mean+ standard deviation unless otherwise indicated. BMI, body mass index; BMD, bone mineral density.

Female patients (n=300)

58.86 + 6.90 (range, 50-97)
57.29 +9.57
1.61 +0.06
22.06 +3.43
63.96 + 28.75
74 (24.67%)
26 (8.67%)

Male patients (n=416)

63.86 + 8.03 (range, 52-89)
67.29 +8.19
1.70 + 0.05
23.39 +3.17
82.51 + 47.30
49 (11.79%)
22 (5.29%)

Total patients (n=716)

62.40 = 7.20 (range, 50-97)
6229 + 10.22
1.68 + 0.07
23.05 + 3.58
7324 + 4022
123 (17.18%)
48 (6.70%)
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Variables FBP

Image noise 3.83 +037
[mage contrast 333 +£125
Small structure visibility 350 + 1.31
Image sharpness 217 £ 1.16
Artifacts 281+ 118

ASiR-V50%

4.17 £ 037
3.80 £0.99
3.83 + 1.05
327 £1.16
3.10 £ 0.83

DLIR-L

4.23 £ 031
4.00 + 0.35
4.01 +£0.53
3.22+070
3.17 £ 0.53

DLIR-M

4.50 + 0.50
4.50 = 0.70
4.17 £ 0.73
3.53 + 0.90
3.42+037

DLIR-H

4.83 +0.34
4.67 £ 0.73
4.83 +0.70
383 £ 112
3.83 £0.90

B

<0.001
<0.001
<0.001
<0.001
<0.001

FBP, filtered back projection; ASiR-V50%, adaptive statistical iterative reconstruction-veo 50%; DLIR(L/M/H), deep-learning image reconstruction, level low, medium, and high; There
showed significant statistical differences across 3 levels of DLIR (P<0.001).
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Variables FBP

The mean CT value (HU)

Lung 37.77 £ 2.82
Air -872.87 + 18.26
Liver 65.17 £ 3.07
Muscle 52.87 + 250

Image noise (HU)

Lung 15.60 + 1.40

Air 48.80 + 0.00

Liver 19.35 + 1.85

Muscle 19.75 + 1.15
CNR

Lung 20.18 £ 0.28

Liver 0.67 £ 0.01

ASiR-V50%

40.57 + 2.04
-872.53 £ 18.57
65.77 + 2.83
53.90 +2.25

10.50 + 1.90
43.25 + 0.55
19.05 + 2.65
15.10 + 0.50

21.55 + 0.14
1.12 + 0.08

DLIR-L

37.97 +3.32
-873.67 + 18.75
65.93 + 4.00
53.33 +2.75

9.60 + 0.20
38.90 + 0.70
13.30 + 0.90
11.15 + 0.75

19.58 + 0.01
1.16 + 0.03

DLIR-M

38.10 + 3.25
-872.77 £ 19.14
66.00 + 4.38
52.90 + 2.97

7.40 = 0.10
34.30 + 0.90
10.10 + 0.90
8.45+ 035

21.50 + 0.34
1.45 + 0.05

DLIR-H

38.20 + 3.40
-871.63 + 18.88
65.87 + 4.77
5243 +321

5.35+0.55
31.10 + 1.00
740 +0.30
6.15 + 0.05

21.69 +0.22
223 +0.07

0.875
1.000
0.999
0.986

0.002*
<0.001%

0.002*
<0.001%

<0.001*
<0.001*

Data is expressed as mean + standard deviation (SD); *P<0.05; mGy, milligray; HU, Hounsfield units; FBP, filtered back projection; ASiR-V50%, adaptive statistical iterative reconstruction-

veo 50%; DLIR(L/M/H), deep-learning image reconstruction, level low, medium, and hij

CNR, contrast-to-noise ratio.
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CT parameters

Acquisition mode
Reconstruction kernel

Tube voltage (kV)

Tube current-time product (mAs)

Thickness/increment (mm)
Pitch

Beam collimation (mm)
DFOV (mm)

Matrix size

X-ray tube rotation speed(s/r)
Reconstruction algorithm
Detector configuration (mm)
Voxel size (mm)

CTDI,oi (mGy)

Catphan 500

Axial/Helical
Standard
120
25/75
1.25/5
0.992
40
500
512x512
0.5
FBP/ASiR-V50%/DLIR(L/M/H)
256x0.625
0.61
0.25/0.75

ESP

Axial/Helical
Standard
120
25/75
1.25/5
0.992
40
500
512x512
0.5
FBP/ASiR-V50%/DLIR(L/M/H)
256x0.625
0.61
0.25/0.75

Participants

Helical
Standard
120
25/75
1.25/5
0.992
40
500
512x512
05
FBP/ASiR-V50%/DLIR(L/M/H)
256x0.625
0.61
0.25/0.75

CT, computed tomography; ESP, European Spine Phantom; FBP, filtered back projection; ASiR-V50%, adaptive statistical iterative reconstruction-veo 50%; DLIR(L/M/H), deep-learning
image reconstruction, level low, medium, and high; CTDL,,, volume CT dose index; mGy, milligray; DFOV, display field of view.
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Characteristics (Mean *+ SD)

Age (years)
Height (cm)
Weight (kg)
BMI (kg/m?)
CSA(mm?)
G.MaxM
G.MedM
G.MinM
IliopM
PDFF (%)
G.MaxM
G.MedM
G.MinM
lliopM

FN aBMD(g/cml)

TR aBMD(g/cm’)

IT aBMD(g/cm?)

Males (N =78)

57.81 + 12.07
171.74 + 0.50
76.56 + 11.24
25.93 + 0.40

4372.21 + 1066.84
2997.23 + 701.84
114931 + 264.22
1697.37 + 257.08

17.86 £ 6.17
1392 +4.77
1041 £ 5.33
8.69 +3.33
Cort 0.445 + 0.434
Trab 0.228 + 0.057
Int 0.667 + 0.105
Cort 0.361 + 0.072
Trab 0.313 £ 0.059
Int 0.673 £ 0.111
Cort 0.776 + 0.131
Trab 0.285 + 0.048
Int 1.054 + 0.154

Females (N = 66)

61.88 + 10.93
160.18 + 0.69
65.41 + 10.24
25.44 £ 041

3463.33 + 754.64
2269.58 + 591.70
811.15 + 195.66
1020.38 + 328.68

21.53 £ 6.49
14.65 + 4.75
11.67 £ 6.13
11.15 + 3.83
0.423 +0.126
0.197 + 0.525
0.616 + 0.148
0.321 + 0.093
0.157 + 0.063
0.467 £ 0.117
0.524 + 0.129
0.247 + 0.058
0.774 £ 0.153

P-Value

0.032
<0.001
<0.001

0.388

<0.001
<0.001
<0.001
<0.001

0.001
0.412
0.343
<0.001
0.184
0.001
0.009
0.023
<0.001
<0.001
<0.001
<0.001
<0.001

The independent-samples t test was used. Most of the remaining data were non-normally distributed, and Mann-Whitney U test was used. (SD, standard deviance; BMI, body mass index;
PDEF, proton density fat fraction; CSA, cross-sectional area; G.MaxM, gluteus maximus muscle; G.MedM, gluteus medius muscle; G.MinM, gluteus minimus muscle; IliopM, iliopsoas
muscle; aBMD, areal bone mineral density; FN, femoral neck; TR, trochanter; IT, intertrochanter; Int, integral; Trab, trabecular; Cort, cortical). *The bold type indicates statistical

difference (P < 0.05).
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Males

Variables EN Int aBMD (g/cm?) EN Cort aBMD (g/cm?) EN Trab aBMD (g/cm?)
CSA (mm?) B (95% CI) P B (95% C1)*107° P B (95% CI)*107 P
G.MaxM 0.308(0.109, 0.507) 0.002 0.413(0.147, 0.679) 0.002 0.246(-0.057, 0.549) 0.112
G.MedM 0.194(0.018, 0.370) 0.031 0.086(-0.149, 0.321) 0472 0.091(-0.176, 0.358) 0.505
G.MinM 0.061(-0.105, 0.227) 0470 -0.149(-0.370, 0.072) 0.187 0.198(-0.054, 0.450) 0.124
TliopM -0.080(-0.225, 0.065) 0279 -0.078(-0.272, 0.115) 0427 0.037(-0.184, 0.257) 0.744
PDFF(%)

G.MaxM -0.362(-0.541, -0.182) <0.001 -0.238(-0.477, 0.001) 0.049 -0.103(-0.375, 0.170) 0.460
G.MedM -0.176(-0.383, 0.030) 0.094 -0.170(-0.446, 0.106) 0226 -0.013(-0.327, 0.301) 0.936
G.MinM 0.065(-0.086, 0.215) 0398 0.143(-0.058, 0.343) 0.164 0.107(-0.122, 0.336) 0.361
TliopM -0.196(-0.348, -0.045) 0.011 -0.240(-0.442, -0.037) 0.020 -0.203(-0.433, 0.028) 0.085

PDFF, proton density fat fraction; CSA, cross-sectional area; G.MaxM, gluteus maximus muscle; G.MedM, gluteus medius muscle; G.MinM, gluteus minimus muscle; IliopM, iliopsoas
muscle; aBMD, areal bone mineral density; FN, femoral neck; Int, integral; Trab, trabecular; Cort, cortical. *Adjusted for age and body mass index (BMI). ® The bold type indicates statistical
difference (P < 0.05). °B for standard deviance increase of continuous muscle variables.
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Independent variable Adjusted + iPTH

CKD groups
CKD 3-4 (ref.)
CKD 5 5.522 (-11.421, 22.465)
CKD 5d 19.660 (0.205, 39.114)"
P for trend 0.042

iPTH (pg/mL) 0.033 (0.001, 0.064)"

Data are presented as R2* in ™' (95% CI), adjusted for age, sex, and BML.
Bold P-values consider statistical significance. ® P < 0.05.
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Generalized multiple linear regression
was used to analyze the relationship
between aBMD (dependent variable)
and the PDFF and CSA of muscle, with
age and BMI as correction factors
(n=144).

Participants who were subjected to
examination of the aBMD of the proximal
femur with QCT (n=156)

Inclusion criteria include:

(1) Be at least 30 years old and in good
health.

(2) Informed consent ability.

The aBMD of cortical , trabecular and
integral about proximal femur (FN/TR/IT)
were obtained (n=150).

The patient underwent MR mDixon-
Quant sequence scan of the hip muscle
(n=148).

The PDFF and CSA values of hip
muscles (including gluteus maximus,
gluteus medius, gluteus minimus and
iliopsoas) were obtained (n=144).

Exclusion criteria included:

(1) a history of trauma and stunting
(n=1).

(2) Previous hip surgery (n=2).

(3) Previous or current use of steroid
hormones, calcitonin, estrogen and
other drugs affecting bone metabolism
(n=2).

(4) Diseases that limit activity and
function (n=1).

Exclusion: MRI contraindications such
as cardiac pacemaker and
claustrophobia (n=2).

Exclusion: Image quality is poor and
cannot be measured (n=4).
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FF (%)
Age (years) 0.373*
BMI (kg/m?) 0.400
ALP (U/L) -0.021°
P (mmol/L) -0.136
cCa (mmol/L) 0.051
iPTH (pg/mL) -0.025%
25-(OH)-VitD (ng/mL) -0.003"
L1-L4 aBMD (g/cm®) 0.073

P-value

0.002
<0.001
0.866
0.269
0.677
0.842
0.978
0.552

R2* (s7)

-0.163"
0.035
-0.169"
0.228"
-0.200
0.351°
0.166"
0.100

Data are presented as Pearson’s or Spearman’s rank (#) correlation coefficients appropriately. Bold P-values consider statistical significance.

P-value

0.183
0.776
0.169
0.062
0.102
0.003
0.176
0.416
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Independent variable

CKD groups
CKD 3-4
CKD 5
CKD 5d
P for trend

Age (years)

BMI (kg/m?)

Sex
Male

Female

Unadjusted

(ref.)
-1.366 (-8.977, 6.245)
0.467 (-7.092, 8.026)
0.822

Adjusted

(ref.)

2.433 (-4.401, 9.266)
4.769 (-2.050, 11.588)
0.158
0.269 (0.060, 0.477)"
1.371 (0.442, 2.301)"

(ref.)
3.665 (-1.461, 8.791)

Data are presented as FF% (95% CI). The adjusted model was adjusted for age, sex,

and BMI.

Bold P-values consider statistical significance. * P < 0.05; bp <001
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Independent
variable

CKD groups
CKD 3-4
CKD 5
CKD 5d

P for trend
Age (years)
BMI (kg/m?)
Sex

Male

Female

Unadjusted

(ref.)
9.032 (-7.625, 25.690)

27.875 (11.331,
44.419)*

<0.001

Adjusted

(ref.)
8281 (-8.896, 25.458)

30.077 (12,937,
47.217)°

<0.001
-0.365 (-0.890, 0.160)
1.897 (-0.439, 4.232)

(ref.)
-1.546 (-14.430, 11.339)

Data are presented as R2* in s (95% ClI). The adjusted model was adjusted for age, sex,

and BMI.

Bold P-values consider statistical significance. * P < 0.05; bp <001
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Adipokine/ Osteoporosis Normal BMD

Sl Ghrelin
Mean + SD . Mean + SD

Odabasi, 2000 (87) Postmenopausal Leptin (ng/ml) 50 18.7+1.79 30 22.35+2.2 0.103
Yilmazi, 2005 (119) Postmenopausal Leptin (ng/ml) 36 17.03+8.4 30 16.55+£8.22 0.15
Canhao, 2008 (41) ‘Women > 50 yr . Leptin (ng/ml) 24 24.76+15.06 40 26.56+14.57 NS
Kocyigit, 2013 (69) Postmenopausal Leptin (ng/ml) 42 44.3121.2 37 48+23.7 NS
Tarig, 2015 (109) Postmenopausal Leptin (ng/ml) 41 19.48+1.6 36 18.56+2.31 NS
Breuil, 2011 (38) Postmenopausal Leptin (ng/ml) 20 44+1.4 16 7.65+2.7 0.002
Mpalaris, 2016 (84) Postmenopausal Leptin (ng/ml) 30 2247494 80 28.8+14.3 < 0.001
Cervellati, 2016 (16) Postmenopausal Leptin (ng/ml) 31 16.1+1.5 43 226+1.4 <0.05
Tanna, 2017 (108) Postmenopausal Leptin (ng/ml) 83 224203 88 29.6+20.2 <0.01
Papadopoulau, 2004 (91) Men Leptin (ng/ml) | 44 12.7+11.2 319 14.1+12 NS
Canhao, 2008 (41) Men Leptin (ng/ml) 10 9.72+7.63 19 9.48+7.13 NS
Cervellati, 2016 (16) Postmenopausal Adiponectin (pg/ml) 31 118.2+13.9 43 75.1+12.6 <0.05
Kim, 2012 (66) Postmenopausal Adiponectin (pg/ml) 36 7.23+4.05 56 6.68+5.3 NS
Mpalaris, 2016 (84) Postmenopausal Adiponectin (pg/ml) 30 14£7.26 80 9.48+4.89 ‘ <0.001
Pluskiewicz, 2012 (95) Postmenopausal Adiponectin (ug/ml) 40 31.04+12.64 40 2481127 <0.05
Tanna, 2017 (108) Postmenopausal Adiponectin (pg/ml) 83 20.2+9.2 88 17.5+8.6 <0.05
Gonnelli, 2008 (50) Men Adiponectin (pg/ml) 25 10.1£5.3 47 11.3+3.8 NS
Gonnelli, 2008 (50) Men Ghrelin (pg/ml) 25 757.5+92.4 47 853.6+136.8 NS
Mpalaris, 2016 (84) Postmenopausal Ghrelin (pg/ml) 30 322.5£172.81 80 309.27+140.89 NS
Tariq, 2021 (17) Postmenopausal . Resistin (ng/ml) 90 2.18+2.44 70 7.92+8.46 <0.001
Cervellati, 2016 (16) Postmenopausal Resistin (ng/ml) 31 11.68+5.74 43 12.57+6.7 NS
Pluskiewicz, 2012 (95) Postmenopausal Resistin (ng/ml) 40 3.62+1.45 40 3.29+1.37 NS

NS, not significant.
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Without adjustment  Adjusted for fat-related variables

Group/Adipokine  BMD site Studies No. of patients r p r p
Men
| Leptin Lumbar spine Thomas, 2001 (111) 343 -0.12 <0.05 -0.09 NS
Oh, 2005 (89) 80 -0.08 0.489 -0.24° 0.039
Peng, 2008 (94) | 232 0.13 NS 0.01¢ | NS
Dennison, 2004 (46) 219 027 <0.001 0.10 NS
Total hip Thomas, 2001 (111) 343 0.05 NS -0.15" <0.01
Peng, 2008 (94) 232 0.13 NS 0.05° NS
Zoico, 2003 (123) 92 0.23 <0.05 0.13" 0.236
Femoral neck Zoico, 2003 (123) 92 0.25 <0.05 0.13* 0.21
Dennison, 2004 (46) 219 0.30 <0.001 0.04¢ NS
Total body Peng, 2008 (94) 232 -0.01 NS -0.05° NS
Morberg, 2003 (82) 317 0.17 <0.05 -0.19% <0.01
Zoico, 2003 (123) 92 0.19 0.064 025" <0.05
Adiponectin Total hip Peng, 2008 (94) 232 -0.26 <0.05 -0.14¢ <0.05
Femoral neck Basurto, 2009 (33) 92 -0.24 <0.001 -0.09° NS
Total body Peng, 2008 (94) 232 -0.21 <0.05 -0.15¢ <0.05
Resistin Lumbar spine  Oh, 2005 (89) 80 -0.24 0.05 -031° 0.011
Peng, 2008 (94) 232 -0.02 NS 0.01° NS
Total hip Peng, 2008 (94) 232 -0.08 NS -0.04° NS
Total body Peng, 2008 (94) 232 -0.05 NS -0.09° NS
Visfatin Lumbar spine | Peng, 2008 (94) 232 0.08 NS 0.05¢ NS
Total hip Peng, 2008 (94) 232 0.18 <0.05 0.14° NS
Total body Peng, 2008 (94) 232 0.02 NS 0.01° NS
Ghrelin Femoral neck Gonnelli, 2008 (50) 137 0.25 <0.01 0.20° <0.05
Premenopausal womén :
Leptin Lumbar spine | Thomas, 2001 (111) 137 0.05 NS -0.01% NS
Total hip Thomas, 2001 (111) 137 0.31 <0.001 -0.04* NS
Postmenopausal women
Leptin Lumbar spine | Thomas, 2001 (111) 165 0.25 <0.01 0.08° NS
Dennison, 2004 (46) 172 0.36 <0.001 0.14¢ NS
Zhang, 2010 (120) 336 0.066 NS -0.03¢ NS
Total hip Zoico, 2003 (123) 171 0.34 <0.001 0.15" <0.05
Thomas, 2001 (111) 165 0.44 <0.001 -0.01* NS
Zhang, 2010 (120) 336 0.162 <0.05 0.06° NS
Femoral neck | Zoico, 2003 (123) 171 033 <0.001 0.16" <0.05
Dennison, 2004 (46) 172 0.35 <0.001 0.10¢ NS
Total body Zoico, 2003 (123) 171 0.33 <0.001 030 <0.001 ‘
Zhang, 2010 (120) 336 0.064 NS 0.02° NS ‘
Adiponectin Lumbar spine Tohidi, 2012 (112) 382 -0.19 0.0001 -0.09" 0.097
Zhang, 2010 (120) 336 -0.208 <0.05 -0.14° NS
Total hip Zoico, 2008 (124) 36 -0.46 <0.001 -0.36" <0.05
Zhang, 2010 (120) 336 -0.228 <0.05 -0.15° <0.05
Femoral neck | Zoico, 2008 (124) 36 045 <0.001 -0.36" <0.05
Tohidi, 2012 (112) 382 -0.14 0.008 -0.03" 0.56
Total body Zoico, 2008 (124) 36 -0.52 <0.001 -0.42° <0.001
Zhang, 2010 (120) 336 -0.228 <0.05 -0.13¢ <0.05
Resistin Lumbar spine | Tarig, 2020 (17) 160 -0.359 <0.001 -0.26' 0.001
Zhang, 2010 (120) 336 -0.043 NS -0.04° NS
Total hip Zhang, 2010 (120) 336 -0.022 NS -0.02° NS
Femoral neck | Tarig, 2020 (17) 160 0.4 <0.001 -0.26' 0.001
Total body Zhang, 2010 (120) 336 -0.043 NS -0.03° NS
Visfatin Lumbar spine Tohidi, 2012 (112) 382 0.113 0.043 007" 0.223
Zhang, 2010 (120) 336 -0.05 NS -0.05° NS
Total hip Zhang, 2010 (120) 336 -0.027 NS -0.02° NS
Femoral neck | Tohidi, 2012 (112) 382 0.084 NS 0.03" 0.581
Total body Zhang, 2010 (120) 336 -0.054 NS -0.05° NS

NS, not significant.

Adjustment for anthropometric measures:

“Fat mass;

bage, BMI;

‘age, fat mass;

“age, alcohol, tobacco, activities, calcium intake, osteoarthritis, BMI;
“BMI;

fage, BMI, calcium intake;

Sbody weight;

Page, weight;

fage, hip girth, waist girth, waist to hip (W/H) ratio, weight, height, and BMI.
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Group/Adipokine BMD site Bias
Men
Leptin Lumbar spine 1.614 0.344 (14, 43, 46, 72, 76, 89, 94, 111)
Total hip 2973 0.006 (14, 72, 94, 111, 123)
Femoral neck 1.125 0.478 (14, 43, 46, 72, 76, 89, 91, 123)
Total body 0.734 0.555 (14, 72, 76, 82, 94, 123)
Adiponectin Lumbar spine 0414 0.767 (33, 50, 72, 79, 89, 94)
Total hip 0.588 0.905 (50, 72, 79, 94)
Femoral neck -0.787 0.846 (33, 50, 72, 89)
Total body -12.946 0.236 (50, 72, 79, 94)
Resistin Lumbar spine -2.728 0.072 (14, 72, 89, 94)
Total hip NA NA (14, 72)
Femoral neck NA NA (14, 72)
Total body NA NA (14, 72)
Ghrelin Lumbar spine 1.376 : 0.215 (50, 77, 89, 116)
Total hip 3.603 ‘ 0.444 (50, 77, 116)
Femoral neck 4.572 ‘ 0.355 (50, 89, 116)
Total body NA NA (50, 77)
Premenopausal women
Leptin Lumbar spine -1.436 0.308 (15, 43, 55, 59, 60, 67, 92, 111)
Total hip -0.459 0.759 (15, 67, 111)
Femoral neck -1.057 0.653 (15, 43, 59, 60, 67, 92)
Total body -0.601 0.201 (15, 55, 59, 60, 68, 92)
Adiponectin Lumbar spine 0.980 0.840 (15, 44, 60)
Total hip NA NA (15)
Femoral neck 0.361 0.897 (15, 44, 60)
Total body 4.052 0.216 (15, 60, 68)
Resistin Lumbar spine NA NA 15)
Total hip NA NA (15)
Femoral neck NA NA (15)
Total body NA NA (15)
Postmenopausal women
Leptin Lumbar spine 0.055 ‘ 0.960 (15, 16, 36, 38, 43, 46, 47, 55, 62, 67, 84, 85, 87, 88, 92, 98, 100, 111, 113, 118, 120)
Total hip -0.208 0.817 (15, 16, 48, 67, 85, 98, 111, 120, 123, 124)
Femoral neck -0.296 0.804 (15, 16, 36, 38, 43, 46, 62, 67, 84, 88, 92, 98, 100, 106, 114, 118, 123, 124)
Total body 1.343 ‘ 0.284 (15, 36, 47, 55, 62, 78, 92, 100, 106, 114, 118, 120, 123, 124)
Adiponectin Lumbar spine -0.233 0.758 (15, 16, 30, 62, 66, 79, 84, 85, 90, 110, 112, 120)
Total hip -0.898 0.239 (15, 16, 79, 85, 90, 95, 120, 124)
Femoral neck -1.843 0.234 (15, 16, 62, 66, 84, 95, 112, 124)
Total body -0.854 ‘ 0.604 (15, 62, 79, 120, 124)
Resistin Lumbar spine 2.552 0.681 (15-17, 120)
Total hip 3.208 0.074 (15, 16, 120)
Femoral neck 9.979 0.523 (15-17)
Total body NA NA (15, 120)
Ghrelin Lumbar spine -1.443 0.552 (62, 77, 116)
Total hip NA NA (77, 116)
Femoral neck NA NA (62, 116)
Total body NA NA (62,77)

NA, not applicable.
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NA, not applicable.
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Factor PDFF of multifidus
Standardized B 95% CI
Age 0.233 (0.054, 0.412)
Gender 0.193 (0.033, 0.354)
Pfirmann grading 0.322 (0.141, 0.503)

Standardized B is the standardized regression coefficient.

0.011
0.019
0.001

PDFF of erector spinae

Standardized B 95% CI
0.192 (-0.004, 0.388)
0.107 (-0.069, 0.283)
0.215 (0.017,0.413)

0.055
0.232
0.034
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Characteristics

Healthy subjects (n = 32) CLBP (n = 60) P

Male/Female 16/16 30/30 1.000
Age (year) 44.87 + 17.59 46.32 + 16.99 -0.412
Male 44.99 + 16.51 45.80 + 15.77 -0.350
Female 4475 + 18.27 47.21 £17.69 -0.650
Height (cm) 164.13 £ 3.01 162.65 + 3.28 0.069
Weight (kg) 58.50 + 3.01 57.76 + 4.71 0.110
BMI (kg/m?) 21.75+1.23 2171+ 1.16 0.056

Male 2220 +1.14 22.34 +1.22 0.077

Female 21.30+1.25 21.08 + 1.08 0.054
CSA of MF (mm?)

L4/5 1320.22 + 188.10 1228.72 + 190.99 0.041*

L5/S1 1271.01 £ 213.39 1127.48 + 282.89 0.720
CSA of ES (mm?)

L4/5 2320.40 + 303.77 2263.16 + 485.71 0.398

L5/81 1127.48 + 282.89 999.04 + 463.23 0.907
ODI scores NA 28.45 +13.17 =
VAS scores NA 5.99 + 1.42 =

CLBP, chronic low back pain; CSA, cross-sectional area; MF, multifidus; ES, erector spinae. ODI, Oswestry Disability Index; VAS, Visual Analog Scale. All values were expressed as mean +
standard deviation. Significant p-values are marked with “*”. NA, Not Applicable.
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Images TE TR ST SL FOV NEX Spatial resolution Acquisition time

(ms) (ms) (mm) (mm) (mm?) (mm?)
Sagittal T1 8.3 361 4 4 320x180 2 1.0x1.4 1min 28 s
Sagittal T2 142 2500 4 4 320x180 2 1.0x1.4 1min25s
Axial T2 110.5 4024 3 4 200x200 3 0.7x0.9 1min15s
IDEAL-IQ 1.2/3.2/5.2/ 78 4 0 240x240 2 1.0x1.5 5min35s
7.2/9.2/11.2

TR, time of repetition; TE, echo time; ST, slice thickness; SL, slice increment; FOV, field of view; NEX, number of excitation.





OPS/images/fendo.2022.792819/table3.jpg
Pfirrmann grade Age BMI Multifidus PDFF  Erector spinae PDFF Multifidus PDFF (adjusted age) Erector spinae PDFF (adjusted age)
Grade | 230+£28 22113 9.9+00 9111 99+0.0 91+11

Grade Il 316+66 21.8x15 113+21 13.2 £+ 4.52 1M12+27 142+55

Grade Ill 433+107 228+14 13.8 +3.7* 16.3 +4.9* 18.7+3.9 163 +5.2

Grade IV 506+ 137 224+19 15,5 + 4.8* 16.5 + 6.6" 163 £5.0" 16.5 +7.0"

Grade V 536+101 223+17 18.4 +4.8* 196 £7.2% 175+5.2" 19.0 £8.3"

p for trend 0.000 0.651 0.001 0.008 - -

*Compared with Grade I, p < 0.05.
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Measurement opI VAS
r P 95%Cl r P 95%Cl

CSA

MF -0.257* 0.043 -0.480, 0.026 -0.225 0.102 -0.464, 0.045

ES -0.198 0.152 -0.442, 0.074 -0.180 0.214 -0.483, 0.042
PDFF

MF 0.437* 0.034 0.023, 0.52 0.368* 0.054 -0.004, 0.505

ES 0.3134* 0.035 0.021, 0.52 0.379* 0.055 0.119, 0.591

CSA, cross-sectional area; PDFF, proton density fat fraction; MF, multifidus; ES, erector spinae. ODI, oswestry disability index; VAS, visual analog scale. *p < 0.05.
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