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Objective: Decreased bone mineral density (BMD) is a common complication in individuals with type 2 diabetes mellitus (T2DM).
Body weight, mainly consisting of muscle and fat, is the main determinant of BMD and fracture risks but does not accurately describe
nutritional status. Most studies suggest that skeletal muscle mass (SMM) promotes BMD, while body fat mass (BFM) decreases BMD.
However, the combined effect of SMM and BFM on BMD is elusive. Thus, the study aims to explore the combined effect of fat and
muscle by the ratio index SMM/BFM on BMD in T2DM.
Methods: BFM and SMM were measured by the bioelectrical impedance analysis (BIA) method among 593 T2DM individuals
ranging from normal weight and obesity. BMD was analyzed by DXA. Novel non-linear generalized additive models (GAMs) were
used as the statistical analysis method.
Results: The results demonstrated that BMD T score/Z score of both femur and lumbar vertebrae were significantly higher and waist–
hip ratio (WHR) was significantly lower in the high SMM/BFM group of both normal weight and overweight groups in T2DM
individuals. Hence, SMM/BFM might be a good factor indicating BMD in different weight ranges. Additionally, the relationship
between muscle fat and BMD was not linear. Notably, this correlation was not influenced by hyperglycemia in T2DM since different
analytic models adjusted with the age, gender, BMI and HbA1c were adopted in this study. Furthermore, the impact of trunk fat
(central, visceral fat most) and non-trunk fat (peripheral, the sum of subcutaneous limb fat most) on BMD was inconsistent. BMD
presented unlimited reduction with trunk BFM increasing, while sustaining minimal diminishment with non-trunk BFM accumulation.
Conclusion: Our study provided a novel viewpoint relationship between muscle-fat and bone, and SMM/BFM might be a potential
biomarker for bone health and clinical treatments of diabetes and related metabolic syndromes.
Keywords: bone mineral density, skeletal muscle mass, body fat mass, type 2 diabetes, non-linear correlation

Introduction
The motion system, consisting primarily of bone, plays a fundamental role in human body maintenance and movements,
and bone health is a worldwide health concern related to osteoporosis, fractures, and subsequent high death.1

Measurement of bone mineral density (BMD) is generally used as a tool for the diagnosis of osteoporosis, and low
BMD is one of the most robust risk determinants for fracture.2,3 Body weight is the main determinant of bone density and
fracture risks, and muscle and fat are major contributors to this relationship. Furthermore, body composition points to the
amount and distribution of muscle and fat tissue of the body. It outstretches body weight and body mass index (BMI) on
BMD since body weight and BMI do not accurately describe nutritional status and abnormalities in relative divisions of
fat and muscle.4 For instance, the elderly with normal weight and BMI have a huge reduction in muscle and potential
deteriorated bone.5 Likewise, significantly incremental visceral adipose tissue may occur regardless of changes in the
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whole body weight.6 Similar BMIs might consist of distinct fat and muscle deviation, body or bone health status might
not be simply judged by BMI alone. It is necessary to understand the relationship between muscle-fat and bone in
individuals with certain BMI ranging from normal weight and obesity.

Muscle, fat and bone function together and interact with each other; however, most previous studies considered the effect
of muscle or fat on BMD separately and suggested that muscle and fat exert adverse effects on BMD or bone health. Muscle
exposes biomechanical strengths on bone, making the skeleton strong, and was positively correlated with BMD.7–9

Nevertheless, body fat was supposed to be negatively correlated with BMD,10,11 as adipose tissue prompted inflammation
and resulted in bone damage. Besides, adipose tissue prompted atrophy in muscles during obesity,12 leading to the decrease
in BMD. However, it remains unclear that the combined effect of muscle and fat with certain body weight or BMI on BMD.
Additionally, the single linear model (linear regression) used before might have limitations since weight gain in muscle or fat
is not endless but within a limited range. Further, few data are available on individuals with type two diabetes (T2DM),
though the relationship between BMD and body composition has been widely discussed in children, the elderly and
obesity.3,13,14 This is in that fragility fractures have been recognized as a crucial diabetes complication.15 Hence, and the
novelty of our study is that we firstly observe the combined effect of muscle-fat on BMD with novel non-linear covariate-
adjusted penalized spline generalized additive models (GAMs) in specific T2DM individuals. This provides a novel insight
into the relationship between muscle-fat and bone, as well as potential diagnostic or prognostic indicators for distinguishing
between metabolic healthy obesity and metabolic unhealthy obesity such as T2DM.

Materials and Methods
Participants
This was a cross-sectional study among 593 Chinese adults diagnosed with T2DM (fasting blood glucose (FBG) ≥7.0
mmol/L, or 2-hour plasma glucose (2hPG) ≥11.1 mmol/L, or HbA1c ≥6.5%). The total number of the subjects in this
study is 289 males (48.7%) and 304 females (51.3%), ages 30–88. Subjects were excluded for one or more of the
following reasons: 1) with incomplete data, 2) with chronic diseases that might influence bone metabolism including
thyroid or parathyroid diseases, hepatitis or diabetic nephropathy, or had been on hormone replacement therapy, or had
used anti-osteoporotic drugs before blood sampling. To prevent the influence of genetic severe obesity and malnutrition,
BMI is limited between 18 and 35, and extremely obese T2DM patients were excluded. To prevent the influence of
genetic severe obesity and malnutrition, “Normal weight” was defined as 18< BMI ≤ 24, “Overweight” was defined as
24< BMI ≤ 30, and “Obese I” was defined as 30< BMI ≤ 35.

Laboratory Analysis
Whole-blood glucose was measured by a biochemical analyzer. Serum insulin and C-peptide were analyzed with
a chemiluminescent method. HbA1c was analyzed by a chromatographic technique. Total cholesterol (TC), triglyceride
(TG), LDL-cholesterol (LDL-c), HDL-cholesterol (HDL-c) and other biochemical phenotypes were measured with
standard enzymatic assays in the hospital laboratory.

Anthropometry and Body Composition
Height and weight without shoes and heavy clothes were recorded. Under measurements, the participants were in normal
indoor clothes (t-shirts or shorts and pants). The formula for BMI is weight in kilograms divided by height in meters
squared. Meanwhile, SMM, BFM, body water, proteins, and minerals were performed in Inbody 270, a non-invasive
body composition measurement using the BIA method.

Body Composition Measurements and Z/T Score
BMD was performed in Horizon DXA system including lumbar vertebrae (L1–L4) and femur vertebrae and analyzed by
specialized software to calculate T-score/Z-score. A bone density test was performed to determine bone mineral density
(BMD). BMD was compared to 2 norms-healthy adults (T-score) or age-matched adults (Z-score). The World Health
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Organization cutoff value of Z-score and T-score for osteoporosis is −2 and −2.5.16 It is considered to be decreased BMD
when the T value was between −1 and −2.5. Therefore, those points were the ones emphasized in the present analysis.

Statistical Analysis
The variables were checked for normality and presented as mean ± standard deviation (SD), unless noted otherwise. Analysis
of variance (ANOVA) was used to calculate significant differences among the divergent groups (normal weight, overweight
and obesity I) for anthropometrics, body composition, and BMD. Student's t-test or Mann–Whitney’s U-test was utilized to
determine significant differences between two groups (low and high) divided by the median of SMM/BFM. Covariate-
adjusted penalized spline GAMs were used to explore the associations of 1) overall fat-free mass (FFM), 2) overall BFM, 3)
components of total body fat mass (trunk and non-trunk BFM), 4) total SMM, and 5) SMM/BFM with BMD Z-score when it
was adjusted by age, gender, BMI and HbA1c. The statistical methods were performed with the R studio.

Results
General Characteristics of T2DM Subjects
The T2DM subjects were divided into two groups according to the gender differences to exclude the effect of sex
hormones on BMD. The mean course of diabetes history was 8.1 years in men and 8.4 years in women, respectively. To
investigate the correlation of muscle-fat and bone in certain body weight or BMI, patients were further divided into three
subgroups according to BMI (normal weight, overweight and obese I). In each sub-group, “low” or “high” groups were
further divided by the median of SMM/BFM (Tables 1 and 2). There was no significant difference in HbA1c in
subgroups. The average of HbA1c was 9.18, 9.17, and 9.17 mmol/L in male normal weight, overweight, and obesity
I, respectively, and 8.98, 9.18, 9.26 mmol/L in female normal weight, overweight, and obesity I, respectively. The mean
waist–hip ratio (WHR) and BMD T score of Normal weight, Overweight, and Obese I was “0.88, 0.94, 1.02” and “−1.9,
−1.4, −1.5” in men and “0.89, 0.94, 1.00” and “−1.53, −1.92, −1.55” in women. Besides, the average of total cholesterol
(TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-c), and low-density lipoprotein cholesterol (LDL-c) in
serum lipid levels were not significantly different in BMI-divided subgroups.

Measurement of Body Composition BFM, SMM and BMD T Score in T2DM Individuals
This study revealed that BMD was significantly higher in the high SMM/BFM group of both normal weight and
overweight groups in T2DM adults. This phenomenon disappeared in the obese group (Figures 1 and 2). These data
indicated that muscle had a strong positive effect on BMD in a physiologic status. However, this effect disappeared
when fat was excessively deposited in our bodies. In the normal-weight group, muscle mass was greater than fat mass
(30.04 kg of SMM and 19.05 kg of BFM in men and 21.28 kg of SMM and 15.41 kg of BFM). However, fat mass
was closer to muscle mass, reaching 1:1 in the obese group in men, while that of women reached 1:1 in the
overweight group in women (Tables 1 and 2). In addition, trunk BFM (central, visceral fat most) increased more
significantly compared to non-trunk BFM (peripheral, sum of subcutaneous limb fat most). Among men, the trunk
BFM of overweight and obese men was 10.78 kg and 17.15 kg, respectively, with an increase of 53.5% and 144.3%
relative to normal men; the non-trunk BFM was 7.87 kg (1.18 kg+1.20 kg+2.76 kg+2.73 kg) and 12.97 kg
(2.37 kg+2.39 kg+4.12 kg+4.09 kg), respectively, with an increase of 38.5% and 128.3%, respectively. Trunk BFM
in overweight and obese women was 12.55kg and 17.11kg, respectively, with an increase of 60.4% and 118.8%
relative to normal women, and non-trunk BFM was 10.04kg (1.70 kg+ 1.70 kg +3.33 kg + 3.31 kg) and 13.64kg
(2.55 kg + 2.57 kg+ 4.28 kg+4.24 kg), with an increase of 53% and 107.9%, respectively. Notably, the BMD of the
lumbar vertebrae, not femur vertebrae T score, significantly decreased from normal weight to overweight in women.
Nevertheless, only L3T reduced significantly from normal weight to overweight in men. These data suggested that
increased body fat may damage lumbar vertebrae before femur bone. Moreover, both lumbar and femur T score was
worse in the low SMM/BFM group compared with the high SMM/BFM group.
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Table 1 Clinical Characteristics of the T2DM Adults Ranging from Normal Weight to Obesity Grouped by the Median of SMM/BFM in Men

N=289 Normal Weight (Median 2.1) Overweight (Median 1.6) Obesity I (Median 1.0)

N=94 Low High N=166 Low High N=29 Low High
N=44 N=50 N=62 N=104 N=11 N=18

Course of diabetes (yrs) 8.10 (6.62) 8.34 (6.13) 7.70 (6.51) 8.90 (5.78) 8.33 (6.90) 8.44 (6.61) 8.61 (6.43) 6.07 (6.33) 7.73 (8.31) 5.06 (4.75)
Age (yrs) 56.60 (10.10) 56.27 (11.00) 57.98 (9.91) 54.76 (11.76) 57.67 (9.56)¶ 59.87 (9.60) 57.49 (10.92) 51.55 (8.73)§ 54.18 (9.31) 49.94 (8.21)

HbA1c (%) 9.18 (2.19) 9.20 (2.35) 9.25 (2.45) 9.16 (2.27) 9.17 (2.13) 8.93 (2.29) 9.07 (2.30) 9.17 (2.05) 8.82 (1.88) 9.38 (2.17)

TC (mmol/L) 4.84 (1.27) 4.91 (1.10) 5.00 (1.18) 4.84 (1.03) 4.82 (1.40) 4.95 (1.61) 4.91 (1.39) 4.68 (0.96) 4.64 (1.05) 4.71 (0.93)
TG (mmol/L) 2.17 (2.20) 2.13 (1.48) 1.82 (1.09) 2.39 (1.73) 2.21 (2.64) 2.11 (3.22) 2.14 (2.47) 2.06 (1.28) 2.69 (1.49) 1.68 (0.99)

HDL-c (mmol/L) 1.30 (0.36) 1.36 (0.39) 1.40 (0.47) 1.33 (0.31) 1.27 (0.35) 1.29 (0.37) 1.34 (0.39) 1.27 (0.25) 1.28 (0.24) 1.26 (0.26)

LDL-c (mmol/L) 2.97 (1.00) 2.95 (0.95)# 3.05 (0.99) 2.86 (0.91) 3.01 (1.07) 3.12 (1.24) 2.99 (1.12) 2.89 (0.80) 2.80 (0.78) 2.94 (0.82)
Weight (kg) 72.92 (10.44) 63.38 (6.21)# 63.87 (6.33) 62.96 (6.14) 75.05 (6.47)¶ 74.05 (6.25) 68.98 (8.01) 91.69 (7.01)§ 91.05 (7.14) 92.08 (7.12)

BMI (kg/m2) 25.40 (3.13) 22.17 (1.34)# 22.43 (1.17) 21.95 (1.44) 26.08 (1.30)¶ 26.26 (1.13) 24.22 (2.33) 31.99 (1.55)§ 32.47 (1.51) 31.69 (1.53)

SMM (kg) 30.04 (4.19) 27.43 (3.19)# 26.14 (3.01)♮ 28.57 (2.93) 30.84 (3.83)¶ 28.13 (3.23)♮ 28.28 (3.13) 33.92 (4.20)§ 30.74 (2.60)♮ 35.86 (3.81)
BFM (kg) 19.05 (6.38) 13.76 (3.48)# 16.34 (2.81)♮ 11.50 (2.21) 19.86 (3.76)¶ 23.30 (3.05)♮ 17.99 (6.02) 31.54 (5.98)§ 36.11 (5.90)♮ 28.74 (4.07)

BFM of Right Arm (kg) 1.16 (0.61) 0.75 (0.28)# 0.97 (0.23)♮ 0.56 (0.14) 1.18 (0.38)¶ 1.54 (0.32)♮ 1.09 (0.51) 2.37 (0.80)§ 2.98 (0.87)♮ 1.99 (0.47)

BFM of Left Arm (kg) 1.19 (0.61) 0.78 (0.29)# 1.01 (0.25)♮ 0.58 (0.13) 1.20 (0.38)¶ 1.57 (0.31)♮ 1.12 (0.52) 2.39 (0.80)§ 3.03 (0.85)♮ 2.00 (0.46)
BFM of Right Leg (kg) 2.67 (0.79) 2.08 (0.47)# 2.42 (0.41)♮ 1.78 (0.28) 2.76 (0.50)¶ 3.22 (0.42)♮ 2.58 (0.75) 4.12 (0.88)§ 4.73 (0.94)♮ 3.76 (0.62)

BFM of Left Leg (kg) 2.65 (0.77) 2.07 (0.47)# 2.41 (0.40)♮ 1.77 (0.27) 2.73 (0.50)¶ 3.19 (0.41)♮ 2.56 (0.75) 4.09 (0.81)§ 4.65 (0.83)♮ 3.75 (0.60)

BFM of Trunk (kg) 10.20 (3.58) 7.02 (2.01)# 8.45 (1.60)♮ 5.76 (1.40) 10.78 (2.07)¶ 12.57 (1.70)♮ 9.50 (3.48) 17.15 (2.73)§ 19.28 (2.47)♮ 15.85 (2.00)
WHR 0.93 (0.07) 0.88 (0.05)# 0.91 (0.05)♮ 0.86 (0.05) 0.94 (0.05) 0.97 (0.05)♮ 0.92 (0.07) 1.02 (0.06) 1.06 (0.05)♮ 0.99 (0.05)

T score −1.58 (1.96) −1.90 (2.07) −3.09 (1.77)♮ −0.86 (1.75) −1.41 (1.98) −2.13 (1.78)♮ −1.82 (1.92) −1.52 (1.24) −1.55 (1.26) −1.50 (1.26)
FT score −0.64 (1.10) −0.76 (1.15) −1.29 (1.19)♮ −0.29 (0.88) −0.58 (1.10) −0.90 (1.09)♮ −0.75 (1.12) −0.60 (1.00) −0.86 (1.05) −0.44 (0.96)
FNT score −0.66 (0.94) −0.77 (1.06) −1.26 (1.04)♮ −0.34 (0.88) −0.60 (0.91) −0.86 (0.88)♮ −0.76 (0.98) −0.61 (0.71) −0.85 (0.75) −0.47 (0.66)
LT score −0.92 (1.27) −1.13 (1.35) −1.83 (1.03)♮ −0.52 (1.31) −0.81 (1.27) −1.27 (1.10)♮ −1.06 (1.22) −0.91 (0.96) −0.70 (0.82) −1.03 (1.05)
L1T score −1.13 (1.23) −1.28 (1.32) −1.95 (0.93)♮ −0.69 (1.33) −1.05 (1.22) −1.41 (1.16)♮ −1.18 (1.23) −1.06 (0.97) −0.84 (0.87) −1.20 (1.02)
L2T score −0.89 (1.33) −1.07 (1.51) −1.74 (1.26)♮ −0.48 (1.48) −0.80 (1.26) −1.22 (1.16)♮ −0.99 (1.35) −0.84 (1.06) −0.48 (0.91) −1.07 (1.10)
L3T score −0.87 (1.37) −1.11 (1.42)# −1.80 (1.17)♮ −0.51 (1.34) −0.73 (1.37) −1.17 (1.16)♮ −1.02 (1.28) −0.88 (1.11) −0.65 (0.87) −1.02 (1.24)

Notes: Men participants are divided into the low and high groups by the median of SMM/ BFM, which is 2.1 in normal weight, 1.6 in overweight, and 1.0 in obesity I. Data are shown as mean (SD). P value is calculated by the Student’s
t-test or Mann–Whitney U-test. #Normal Weight compared with Overweight, P<0.05; ¶Overweight compared with Obesity I, P<0.05; §Normal Weight compared with Obesity I, P<0.05. ♮Low compared with High in each group, P<0.05.
Abbreviations: T2DM, type 2 diabetes; yrs, years; N, numbers; HbA1c, hemoglobin A1c; TC, total cholesterol; TG, triglyceride; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; BMI, body mass
index; SMM, skeletal muscle mass; BFM, body fat mass; WHR, waist–hip ratio; LT, lumbar vertebrae T score; L1T, first lumbar vertebrae T score; L2T, second lumbar vertebrae T score; L3T, third lumbar vertebrae T score; L4T, fourth
lumbar vertebrae T score; FT, femur T score; FNT, neck of femur T score.
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Table 2 Clinical Characteristics of the T2DM Adults Ranging from Normal Weight to Obesity Grouped by the Median of SMM/BFM in Women

N=304 Normal Weight (Median 1.3) Overweight (Median 1.0) Obesity I (Median 0.8)

N=121 Low High N=142 Low High N=41 Low High
N=59 N=62 N=71 N=71 N=20 N=21

Course of diabetes (yrs) 8.37 (6.47) 8.23 (6.75) 8.31 (6.69) 8.16 (6.86) 8.33 (6.22) 8.68 (6.27) 7.99 (6.20) 8.90 (6.56) 9.00 (6.42) 8.81 (6.84)
Age (yrs) 59.95 (10.60) 58.55 (9.67)# 59.54 (11.00) 57.60 (8.99) 61.73 (11.48)# 63.10 (11.75) 60.35 (11.11) 57.93 (9.20) 58.45 (8.52) 57.43 (9.99)

HbA1c (%) 9.11 (2.13) 8.98 (2.18) 9.07 (2.35) 8.90 (2.31) 9.18 (2.13) 9.25 (2.15) 9.11 (2.11) 9.26 (2.05) 9.29 (2.09) 9.22 (2.06)

TC (mmol/L) 4.76 (1.33) 4.65 (1.08) 4.56 (1.10) 4.74 (1.12) 4.79 (1.49) 4.83 (1.66) 4.75 (1.31) 4.94 (1.42) 4.40 (1.10) 5.46 (1.51)
TG (mmol/L) 2.22 (2.17) 2.24 (2.49) 1.73 (1.48) 2.73 (3.19) 2.17 (1.93) 1.97 (1.43) 2.36 (2.32) 2.35 (1.94) 2.23 (1.51) 2.46 (2.30)

HDL-c (mmol/L) 1.25 (0.31) 1.21 (0.30) 1.21 (0.39) 1.22 (0.31) 1.26 (0.30) 1.28 (0.28) 1.25 (0.31) 1.30 (0.41) 1.21 (0.35) 1.38 (0.45)

LDL-c (mmol/L) 2.93 (1.09) 2.86 (0.89) 2.79 (0.95) 2.92 (0.94) 2.92 (1.20) 3.03 (1.33) 2.82 (1.06) 3.14 (1.19) 2.65 (0.93) 3.61 (1.23)
Weight (kg) 63.33 (9.99) 54.77 (5.34)# 54.18 (6.21) 55.32 (5.78) 66.13 (5.92)¶ 65.34 (5.75) 66.92 (6.03) 78.91 (6.97)§ 76.97 (7.55) 80.76 (5.96)

BMI (kg/m2) 25.54 (3.61) 21.99 (1.30)# 22.20 (1.34) 21.80 (1.36) 26.74 (1.55)¶ 26.95 (1.54) 26.52 (1.53) 31.86 (1.15)§ 31.90 (1.18) 31.83 (1.16)
SMM (kg) 22.62 (3.30) 21.18 (2.96)# 19.55 (3.19)♮ 22.72 (2.71) 22.97 (2.92)¶ 21.25 (2.23)♮ 24.69 (2.49) 25.70 (3.15)§ 23.81 (2.92)♮ 27.50 (2.19)

BFM (kg) 21.56 (6.62) 15.41 (3.15)# 17.58 (3.48)♮ 13.34 (2.42) 23.76 (3.56)¶ 25.82 (2.93)♮ 21.69 (2.87) 32.10 (3.47)§ 33.39 (3.45)♮ 30.87 (3.09)

BFM of Right Arm (kg) 1.53 (0.63) 0.99 (0.27)# 1.19 (0.28)♮ 0.80 (0.18) 1.70 (0.38)¶ 1.94 (0.31)♮ 1.45 (0.28) 2.55 (0.43)§ 2.73 (0.42)♮ 2.39 (0.39)
BFM of Left Arm (kg) 1.54 (0.63) 1.00 (0.27)# 1.20 (0.29)♮ 0.81 (0.19) 1.70 (0.38)¶ 1.94 (0.30)♮ 1.46 (0.28) 2.57 (0.44)§ 2.74 (0.44)♮ 2.41 (0.38)

BFM of Right Leg (kg) 3.04 (0.85) 2.29 (0.44)# 2.57 (0.47)♮ 2.02 (0.34) 3.33 (0.52)¶ 3.57 (0.45)♮ 3.09 (0.48) 4.28 (0.58)§ 4.54 (0.66)♮ 4.02 (0.36)

BFM of Left Leg (kg) 3.03 (0.84) 2.28 (0.44)# 2.57 (0.47)♮ 2.01 (0.34) 3.31 (0.51)¶ 3.55 (0.44)♮ 3.07 (0.47) 4.24 (0.56)§ 4.50 (0.63)♮ 3.99 (0.35)
BFM of Trunk (kg) 11.28 (3.68) 7.82 (1.81)# 9.02 (2.01)♮ 6.67 (1.42) 12.55 (1.93)¶ 13.65 (1.60)♮ 11.45 (1.59) 17.11 (1.64)§ 17.53 (1.49)♮ 16.71 (1.72)

WHR 0.93 (0.07) 0.89 (0.05)# 0.91 (0.05)♮ 0.86 (0.04) 0.94 (0.06)¶ 0.97 (0.05)♮ 0.92 (0.05) 1.00 (0.05)§ 1.00 (0.04)♮ 1.00 (0.05)

T score −1.71 (2.06) −1.53 (2.14) −2.19 (2.07)♮ −0.89 (2.10) −1.92 (2.03) −2.45 (1.88)♮ −1.39 (2.03) −1.55 (1.89) −1.38 (1.80) −1.72 (1.99)
FT score −0.69 (1.20) −0.73 (1.12) −0.85 (1.15)♮ −0.61 (1.21) −0.71 (1.30) −0.80 (1.52)♮ −0.62 (1.04) −0.48 (1.05) −0.48 (0.97) −0.48 (1.14)
FNT score −0.64 (1.05) −0.62 (1.02) −0.86 (1.06)♮ −0.39 (0.96) −0.68 (1.09) −0.84 (1.11)♮ −0.52 (1.06) −0.56 (0.95) −0.50 (0.99) −0.62 (0.95)
LT score −1.07 (1.30) −0.91 (1.40)# −1.34 (1.35)♮ −0.50 (1.46) −1.24 (1.25) −1.61 (1.22)♮ −0.86 (1.18) −0.99 (1.14) −0.88 (0.96) −1.10 (1.29)
L1T score −1.21 (1.25) −0.99 (1.33)# −1.44 (1.32)♮ −0.55 (1.34) −1.41 (1.18) −1.71 (1.13)♮ −1.10 (1.16) −1.18 (1.17) −1.02 (1.12) −1.33 (1.22)
L2T score −1.04 (1.35) −0.87 (1.40)# −1.32 (1.51)♮ −0.44 (1.43) −1.20 (1.31) −1.63 (1.30)♮ −0.78 (1.18) −1.00 (1.30) −0.77 (1.06) −1.22 (1.48)
L3T score −0.98 (1.45) −0.80 (1.49)# −1.27 (1.42)♮ −0.35 (1.52) −1.18 (1.40) −1.58 (1.33)♮ −0.77 (1.36) −0.87 (1.43) −0.80 (1.12) −0.93 (1.70)

Notes: Women participants are divided into the low and high groups by the median of SMM/ BFM, which is 1.3 in normal weight, 1.0 in overweight, and 0.8 in obesity I. Data are shown as mean (SD). P value is calculated by the Student’s
t-test or Mann–Whitney U-test. #Normal Weight compared with Overweight, P<0.05; ¶Overweight compared with Obesity I, P<0.05; §Normal Weight compared with Obesity I, P<0.05. ♮Low compared with High in each group, P<0.05.
Abbreviations: T2DM, type 2 diabetes; yrs, years; N, numbers; HbA1c, hemoglobin A1c; TC, total cholesterol; TG, triglyceride; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; BMI, body mass
index; SMM, skeletal muscle mass; BFM, body fat mass; WHR, waist–hip ratio; LT, lumbar vertebrae T score; L1T, first lumbar vertebrae T score; L2T, second lumbar vertebrae T score; L3T, third lumbar vertebrae T score; L4T, fourth
lumbar vertebrae T score; FT, femur T score; FNT, neck of femur T score.
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GAMs Models with Trunk Fat and Non-Trunk Fat on BMD
Furthermore, the impact of trunk fat (central, visceral fat most) and non-trunk fat (peripheral, subcutaneous fat most) on
BMD were also different. Then, individuals would like to invest in the relationship between body distribution or body
composition and BMD. After correcting for age, gender, BMI, and sugar HBA1c, the adjusted aZscore was linearly
positively correlated with FFM, and SMM was positively correlated with aZscore. Total BFM was negatively correlated
with bone mineral density score, similar to non-trunk BFM. It seemed that non-trunk fat had a greater effect on BMD
than that of trunk fat, while non-trunk fat presented a non-linear correlation with BMD. Notably, this relationship was not
influenced by hyperglycemia in T2DM since the age, gender, BMI and HbA1c had been adjusted in non-linear GAMs
statistical analysis (Table 3).

SMM/BFM Might Be an Indicator for BMD in T2DM
Previous studies have used BMI as a simple and easy index for metabolic health. However, body weight and BMI do not
accurately describe nutritional status and abnormalities since body composition is complex. Meanwhile, muscle and body
fat both occupy an important place in body shapes and health conditions. Individuals could be in totally different health
conditions with the same BMI but different proportions of SMM and BFM. Thus, SMM/BFM might be a more specific
and sensitive predictor for body composition and disease prediction. Additionally, the results of GAMs suggested that the
relationship of fat and muscle on BMD was not one-way linear (Figure 3). The association of SMM/BFM and adjusted
Z score (aZscore) was approximately linear positive (BMD increased with muscle increasing and fat decreasing) when
SMM/BFM<2, the relationship kept relatively unchangeable (aZscore maintained at 1) when SMM/BFM was between 2
and 3, and the association of SMM/BFM and BMD became negative (aZscore increase with fat increasing) when SMM/
BFM>3 (Figure 3 and Table 3). This is in that change of muscle in adults is limited, while the variation of body fat could

Figure 1 BMD calculated with Z score or T score is enhanced in the high SMM/BFM group in men. Low or high group are divided by the median of SMM/BFM, which is 1.7 in
men. Low group: SMM/BFM ≤ 1.7; high group: SMM/BFM > 1.7. (A–C) BMD calculated with Z score in normal weight (A), overweight (B) and obese I (C); (D–F) BMD
calculated with T score in normal weight (D), overweight (E) and obese I (F). ***P < 0.001.
Abbreviations: SMM/BFM, skeletal muscle mass/body fat mass; BMD, bone mineral density; NS, not significant.
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be flexible in a large range. The outcomes demonstrated that fat increment would be beneficial to BMD when fat was at
a physiological limit but harmed BMD when fat was at a highly harmful level.

Discussion
In the study, the combined relationship between muscle-fat and bone in T2DM individuals ranging from normal weight
and obesity was explored. The index SMM/BFM was used for the consideration of the combined effect of fat and muscle

Figure 2 BMD calculated with Z score or T score is enhanced in the high SMM/BFM group in women. Low or high group are divided by the median of SMM/BFM, which is
1.0 in women. Low group: SMM/BFM ≤ 1.0; high group: SMM/BFM > 1.0. (A–C) BMD calculated with Z score in normal weight (A), overweight (B) and obese I (C); (D–F)
BMD calculated with T score in normal weight (D), overweight (E) and obese I (F). **P < 0.01, ***P < 0.001.
Abbreviations: SMM/BFM, skeletal muscle mass/body fat mass; BMD, bone mineral density; NS, not significant.

Table 3 Different Generalized Additive Analysis Models Between Body Composition and Adjusted Z-Score

Model Model 1 Model 2 Model 3 Model 4 Model 5

Adjusted Age Sex BMI HbA1c Age-Sex-BMI-HbA1c

C P C P C P C P C P

SMM (kg) −1.46 0.14 3.49 <0.001 −3.49 <0.001 −0.05 0.96 2.23 <0.05
FFM (kg) −1.61 0.1 3.41 <0.001 −3.43 <0.001 −0.06 0.95 2.3 <0.05
BFM (kg) −1.96 <0.05 2.6 <0.01 3.81 <0.001 −0.12 0.89 −3.04 <0.01
BFM of non-trunk (kg) −2.3 <0.05 1.06 0.28 3.26 <0.001 −0.18 0.85 −2.4 <0.05
BFM of trunk (kg) −2.11 <0.05 2.15 <0.05 3.86 <0.001 −0.15 0.87 −3.04 <0.01
SMM/BFM −1.46 0.143 4.39 <0.001 2.31 <0.05 −0.12 0.903 −2.15 <0.05

Note: P < 0.05 shown in bold.
Abbreviations: C, coefficient; P, P value; BMI, body mass index; HbA1c, hemoglobin A1c; SMM, skeletal muscle mass; BFM, body fat mass; SMM/BFM, skeletal muscle mass/
body fat mass; BFM of non-trunk, body fat mass of non-trunk; BFM of trunk, body fat mass of trunk.
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and a novel non-linear GAM analysis method was used as the statistical analysis method. The results revealed that BMD
was significantly higher in the high SMM/BFM group in both normal weight and overweight groups in T2DM patients.
Nonetheless, this phenomenon disappeared in the obese diabetic group. Additionally, the correlation between muscle-fat
and BMD was not one-way linear. Of note, this relationship was not influenced by hyperglycemia in T2DM since the
HbA1c had been adjusted in non-linear GAMs statistical analysis. These data provided a novel viewpoint relationship
between muscle-fat and bone, and SMM/BFM might be a potential biomarker for bone health and clinical treatments of
diabetes and related metabolic syndromes.

GAM is a type of nonparametric regression. Techniques such as linear regression are parametric, implying that they
incorporate certain assumptions about the data. If an analyst uses a parametric technique with data that does not conform
to its assumptions, the result of the analysis may be a weak or biased model. Nonparametric regression relaxes the
assumptions of linearity, enabling the analyst to detect patterns that parametric techniques may miss. The model was
increasingly used in various authoritative studies in different fields including ecology, biology, and human clinical
research.17,18 A novel model was adopted to analyze the relationship between the combination of muscle-fat and bone
health in our study. In our study, the results of GAMs suggested that the relationship of fat and muscle on BMD was not
one-way linear (Figure 3). This is in that change of muscle in adults is limited, while the variation of body fat could be
flexible in a large range. The outcomes demonstrated that fat increment would be beneficial to BMD when fat was at
a physiological limit but harmed BMD when fat was at a highly harmful level. Moreover, bioelectrical impedance
analysis (BIA) is a valid technique in the estimation of body composition.19,20 It measures in combination the hand-to-
foot bioelectrical impedance and estimates BFM and SMM with a safe, noninvasive and inexpensive device. BIA
technique can provide accurate estimations of SMM and BFM with DXA and MRI.21

Figure 3 Generalized additive relations of different body compositions with aZscore. aZscore and its generalized additive models with FFM (A), SMM (B), SMM/BFM (C),
BFM (D), BFM of non-trunk (E) and BFM of Trunk (F). aZscore: Z score adjusted with age, gender, BMI, and HbA1c. Areas marked by blue: confidence intervals.
Abbreviations: FFM, fat-free mass; SMM, skeletal muscle mass; BFM, body fat mass; SMM/BFM, skeletal muscle mass/body fat mass; BFM of non-trunk, body fat mass of non-
trunk; BFM of trunk, body fat mass of trunk.
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A study with 7835 participants from Korea indicated that waist circumference (WC), body fat mass (BFM) and skeletal
muscle mass (SMM) could be predictors for T2DM bone health.22 Moreover, individuals with the same weight or body mass
index (BMI) but a different proportion of muscle and fat might present different BMDs. Since muscle and fat interact with
each other and have different effects on BMD, the index SMM/BFMwas used for the consideration of the combined effect of
fat and muscle in our study. This study demonstrated that BMDwas significantly higher in the high SMM/BFM group of both
normal weight and overweight T2DM men, and this phenomenon disappeared in the obese group (Table 1 and Figure 1).
Furthermore, the results were consistent with women (Table 2 and Figure 2). These data suggested that SMM/BFM might be
a good factor indicating BMD in different weight ranges from normal weight to overweight. SMM/BFM could distinguish
BMD in the overweight group but not in the obese group. This is in that might be excessive fat accumulation in obesity would
weaken muscle changes and effects on bone. Therefore, it becomes more important to clarify the physiological boundary of
SMM/BFM and adjusted the parameter of SMM/BFM when it exceeds this boundary. This boundary might be interesting for
further exploration. Moreover, more type 2 diabetes obese individuals should be observed, since the possibility that an
insignificant difference of in BMDof the obese T2DMgroupmight be caused by a small sample size cannot also be eliminated
in our study. However, the relative correlation of each of the two contributors to BMD has been highly controversial. Muscle
was positively correlated with BMD. Muscle exposes biomechanical strengths on bone, making the skeleton strong with
heavier muscle mass. The strength that muscle acts against bone is impacted by the weight-bearing of body mass, muscles and
bones.23 However, the relationship between fat and BMD was controversial. A recent study reported that fat mass was
negatively associated with muscle mass and mass strength24 and numerous studies showed that obese individuals showed
muscle atrophy.25,26 BFM could contribute to BMD by increasing mechanical loading on the bone to some extent, and
secreting some bone protective factors such as estrogen. Besides, some studies have suggested that SMM, not BFM, is highly
associated with BMD,27–31 while others have shown that BFM, not SMM, is a key contributor to BMD.32,33 Still, other studies
have found that both BFM and SMMare significant indicators of BMD.34–36 Studies of BFM and BMD in childhood have also
presented mixed results, reporting positive,37,38 negative,39 or null associations.40 These inconsistent data suggested that the
effect of BFM and SMM on BMD could be influenced by various conditions such as age, gender, BMI, race, metabolic status
and sample sizes. The relationship might be combined but not separately considered.

Other studies3,13,14 demonstrated that skeletal muscle improved bone health and fat was harmful to bone density, similar to
our findings that SMM or FFM exhibited a linear positive correlation with BMD and BFM with a negative correlation with
BMD (Figure 3). Interestingly, the whole BFM further divided into trunk BFM and non-trunk BFM. It was discovered that
BMD did not present unlimited reduction with non-trunk BFM increasing compared with a condition where trunk far
increasing. Trunk fat presented a linear negative relationship with BMD in our study and this finding is persistent with
a study of primarily small cohorts in which the majority41–44 but not all45 showed a negative relationship between central fat
mass and BMD. These results reflected that limb fat might not be boundless proliferation, and limb fat sustained a protective
effect on BMD to some extent. Thus, non-trunk fat had a greater effect on BMD than that of trunk fat and had both beneficial
and adverse effects on BMD. Furthermore, the impact of trunk fat and non-trunk fat on BMDwas also different. The results of
GAMs suggested that the relationship of muscle-fat on BMD was not one-way linear. The association of SMM/BFM and
aZscore changed from approximately linear positive to approximately linear negative with SMM/BFM increasing. The results
indicate that there is an optimum point of the combined effect of muscle-fat (SMM/BFM) on BMD (the point in our study is
2.0–3.0). When SMM/BFM is in the optimal range, the mechanical loading effect of muscle-fat on bone is the strongest; thus,
BMD reaches maximum. However, BMD decreases when SMM/BFM is too high or too low due to overloading, insufficient
muscle nutrition, or excessive release of adipo-osteoclast factors. This might also explain why some linear studies have found
conflicting associations between fat and BMD.34–36 Moreover, the finest point of SMM/BFM should be further tested in other
individuals of different races and metabolic statuses.

Type 2 diabetes mellitus (T2DM) is a severe, lifelong situation with a major impact on the welfare of human beings
worldwide accompanied by various metabolic disorders including insulin resistance and obesity. Moreover, the maintenance
of hyperglycemia and lipid accumulation would further damage our bone health and cause osteoporosis.46 To investigate the
muscle-fat and bone relationship in T2DM, we further used different models to find a correlation between SMM/BFM and
BMD (Table 3). Interestingly, that non-trunk BFM did not change with gender in our study, reflecting that sex hormones such
as estrogen and testosterone might impact more central abdominal fat than peripheral limb fat. These data implied that the
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influence of central fat on BMD was a more unfavorable effect due to the secretion of more inflammatory cytokines and the
correlation was directly dependent on the weight of central fat. Besides, applying different obesity indicators would
enumerate useful data to classify the performance of fat accumulation on bone health since central obesity is an alternative
to visceral fat, which acts more endocrinological functions than subcutaneous fat. Non-trunk fat, similar to total BFM,
presented a non-linear correlation with BMD, where aZscore decreased when non-trunk fat was less than 15 kg and increased
when non-trunk fat exceeded 15kg. This study is consistent in part with the results from a recent analysis of young adults in
Boston in which there was a non-linear, negative correlation only in those with levels of truncal central fat mass in the upper
15th percentile, while non-truncal fat (extremities) mass was not related to aZscore.47 Moreover, the difference between
children and adults might be that the body composition and BMD of children are in the developmental and unstable period,
while adults exhibit a more constant pattern as “weight-setting-point” in our hypothalamus.48

Limitations of the current study include the cross-sectional speculative study, which could not illustrate causality and
consequence. Although low BMD is a powerful indicator factor in prospective risk evaluation of bone fractures, strong
evidence is not enough for SAT or VAT, fracture incidence, or other measures of bone strength in our study. Additionally, no
specific distinction between before and after menopause in women and the influence of estrogen was observed to consider
BMD in all ages. Finally, these findings from our data fundamentally originated from the Chinese population and some
conditions might require the general results in other cohorts. Our study has several advantages. First, it explored the
relationship between BFM and BMD in the Chinese T2DM population. Besides, our data was processed in a group with
extensive statistics on diabetic health behaviors, and used novel index SMM/BFM exposures appeared to differ in their
relationship with aZscore based on adjusted BMI and HbA1c. Additionally, the possibility of non-linear associations was
evaluated, instead of making the expectation of linearity for correlation between SMM/BFM and BMD. Based on the novel
non-linear relationship between muscle-fat and bone in diabetes, we found that we would like to explore specific causal-
effect links between muscle-fat changes and bone. Firstly, we need to validate those relationships in other ethnic obese
diabetics. Then, clinical cohort follow-up studies such as association analysis before and after the onset of diabetes will be
a more effective confirming way. These data demonstrated a novel combined relationship between muscle fat on BMD in
T2DM and consideration of a potential biomarker for bone health and clinical diagnosis and treatment of diabetes and related
metabolic syndromes. Moreover, mouse models with high fat diet (HFD) will be used to observe dynamic changes of SMM/
BFM on bone and screen out specific genes resulting in obesity and diabetes-related bone diseases.

Conclusion
In summary, our study suggested a non-linear association between muscle-fat and BMD. It was revealed that BMD was
significantly higher in the high SMM/BFM group of both normal weight and overweight groups in T2DM adults. This
relationship was not influenced by hyperglycemia in T2DM. This relationship might be a potential diagnostic or
prognostic indicator for distinguishing between metabolic healthy obesity and metabolic unhealthy obesity such as
T2DM, providing a crucial guidance for weight management, body composition assessment, treatment and risk preven-
tion of osteoporosis in obese and diabetic patients.
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