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Abstract
Background  Type 2 diabetes (T2D) correlates with an elevated risk of osteoporotic fractures. However, factors 
influencing bone mineral density (BMD) and trabecular bone score (TBS) in Chinese individuals with T2D remain 
unclear. This study aimed to investigate the clinical and biochemical determinants of BMD and TBS in patients with 
T2D, with a focus on elucidating the role of weight-adjusted waist index (WWI) in modulating bone mass and quality 
in this cohort.

Methods  Data of 161 women and 153 men with T2D collected between July 2022 and March 2023 in Shenzhen, 
China, were analyzed in our cross-sectional study. Lumbar spine BMD and TBS of all participants were obtained using 
dual-energy X-ray absorptiometry. WWI was defined as waist circumference over the square root of weight.

Results  Multivariate regression analysis demonstrated that lumbar spine TBS was inversely correlated with age, 
menopausal status, and WWI in women (p < 0.05). In men, TBS was negatively associated with age and WWI (p < 0.05). 
For women, glycated hemoglobin A1c positively influenced BMD (p < 0.05), whereas age, diabetic retinopathy, 
and N-mid osteocalcin were negatively associated. No significant predictors of BMD were identified in the male 
cohort. For predicting degraded TBS, the optimal WWI cut-offs were 11.257 cm/√kg (S: 61.1%, E: 80.7%) in males and 
11.247 cm/√kg (S: 70.3%, E: 71.1%) in females.

Conclusions  Our findings highlight WWI as a novel and potentially more precise indicator of body fat, associated 
with diminished bone quality rather than solely low bone mass in patients with T2D in China. These results suggest 
that evaluating bone health in individuals with higher WWI may require more than just bone mass assessment. The 
results also suggest that the optimal WWI cut-off points for predicting degraded TBS are approximately 11.25 cm/√kg, 
highlighting thresholds for fracture risk.
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Background
Type 2 diabetes (T2D) and its associated complications 
represent a significant global health burden, leading 
to markedly increased healthcare expenditures world-
wide [1]. Based on the International Diabetes Federation 
research, roughly 537 million adults (aged 20 − 79 years) 
worldwide had diabetes mellitus in 2021 [2]. Recently, 
osteoporosis was recognized as a microvascular compli-
cation of diabetes, a condition now termed “diabetic bone 
disease,” and has emerged as a critical area of research 
[3–6]. The most debilitating consequence of osteoporo-
sis is fragility fractures, which can cause disability and 
even death. A large epidemiological survey indicates a 
significant incidence of osteoporosis and fragility frac-
tures in China, with 5% of males and more than 20% of 
females over 40 years of age diagnosed with osteoporo-
sis [7]. Additionally, vertebral fractures occur in more 
than 10% of males and approximately 9% of females over 
40 years old [7]. Therefore, bone status should be pre-
cisely evaluated in patients with diabetes complicated by 
osteoporosis.

Bone mineral density (BMD) is a routine diagnostic cri-
terion for osteoporosis and serves as a principal predictor 
of fracture risk [8]. Although individuals with T2D often 
demonstrate normal or increased BMD relative to con-
trols without diabetes, they exhibit an increased suscep-
tibility to fragility fractures [9]. Thus, reliance on BMD 
alone for assessing bone in patients with T2D is insuffi-
cient. A comprehensive assessment should incorporate 
BMD alongside other facets of bone quality, including 
microarchitectural integrity and material properties. The 
trabecular bone score (TBS), a new non-invasive imag-
ing parameter, quantifies trabecular microarchitecture 
by analyzing grayscale texture diversities in dual-energy 
X-ray absorptiometry (DXA) visuals, which correlate 
with 3D bone features such as trabecular separation, con-
nectivity density, and trabecular number [10, 11]. Higher 
TBS values are indicative of enhanced microstructural 
resilience against fractures. Studies have demonstrated 
that patients with T2D exhibit compromised trabecular 
microarchitecture compared to adults without diabetes 
of the same age [12, 13]. The increased or normal BMD 
found in individuals with T2D is inconsistent with an 
impaired bone microstructure, which cannot be underes-
timated in assessing bone health.

Obesity is a common complication of T2D and 
increases the risk of osteoporosis in these individuals [14, 

15]. Typically, obesity is determined using metrics such as 
body weight, waist circumference (WC), and body mass 
index (BMI). Higher BMI positively affects bone health in 
individuals with T2D [16]. Conflicting evidence indicates 
an increased fracture risk among these individuals [17, 
18]. Thus, BMI alone is insufficient to value fracture risk 
in patients with T2D. A new index called weight-adjusted 
waist index (WWI), defined as WC divided by the square 
root of body weight, has been introduced for assessing 
obesity [19]. The WWI is considered a more precise indi-
cator of adiposity than WC or BMI alone [20]. Although 
WWI has been associated with bone mass in populations 
without diabetes [21], its relationship with bone health in 
patients with T2D remains unknown.

Furthermore, research indicates that osteoporosis is 
more prevalent among females than among males; how-
ever, the incidence of vertebral fractures is similar across 
both sexes [7]. Moreover, the influence of T2D on these 
patterns remains uncertain. In this study, we aimed to 
investigate the clinical and biochemical factors influenc-
ing TBS and BMD in patients with T2D. Specifically, we 
explored the impact of WWI on bone mass and quality in 
patients with T2D.

Methods
Study design and population
This cross-sectional study was performed at Shenzhen 
Second People’s Hospital (the First Affiliated Hospital 
of Shenzhen University) from July 2022 to March 2023. 
Patients diagnosed with T2D, according to the Ameri-
can Diabetes Association guidelines, were recruited [21]. 
Exclusion criteria encompassed rheumatoid arthritis, 
chronic hepatic or renal disorders, active malignancy, 
hormone replacement therapy, history of fractures, prior 
diagnosis of osteoporosis, prior fragility fractures, phar-
macotherapies for osteoporosis and prior glucocorticoid 
use.

The research protocol was approved by the Ethics 
Committee (2024-176-01PJ) of Shenzhen Second Peo-
ple’s Hospital (the First Affiliated Hospital of Shenzhen 
University) and conformed with the principles of the 
Declaration of Helsinki. Written informed consent was 
obtained from all patients.

Data collection
Lumbar spine BMD (T-score) was assessed using DXA 
(GE Lunar iDXA; GE Healthcare, Madison, WI, USA), 
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and lumbar spine TBS was retrospectively calculated 
using TBS iNsight software (version 3.0.0, Medimaps, 
Switzerland). Height (m) and weight (kg) were measured 
following standardized protocols. BMI (kg/m2) was cal-
culated as the weight divided by the square of the height. 
WC (cm) was measured using a standardized approach: 
the patient’s feet were approximately 30 cm apart, and a 
nonelastic, soft measuring tape with a minimum scale of 
1 mm was used to measure the midpoint of the line con-
necting the highest point of the iliac crest and the lower 
edge of the 12th rib in a horizontal direction. The tape 
was applied snugly around the abdomen without com-
pressing the skin. WWI (cm/√kg) was calculated as the 
WC divided by the square root of body weight.

Data on participants’ age, sex, smoking history, alcohol 
consumption, and menstrual history were obtained via 
structured questionnaires. Fasting venous blood speci-
mens were collected in the morning to measure levels 
of 25-hydroxyvitamin D, serum calcium, glycated hemo-
globin A1c (HbA1c), and lipid profiles (total cholesterol, 
low-density lipoprotein cholesterol, and triglycerides) 
using standard biochemical assays. N-mid osteocalcin, 
parathyroid hormone, procollagen type I N-terminal 
propeptide (P1NP), and c-terminal telopeptide of type 
I collagen were quantified using standard biochemical 
methods.

Statistical analysis
Continuous variables were presented as mean ± standard 
deviation. The Mann–Whitney U test was employed for 
non-normally distributed variables, while unpaired Stu-
dent’s t-test was applied to normally distributed con-
tinuous variables. For categorical variables, numbers 
and/or percentages were used for representation, and 
χ2 tests were conducted. Simple linear regression was 
initially conducted to examine the association between 
TBS, BMD, and factors influencing bone quality. Vari-
ables with a p value ≤ 0.2 in the simple linear regression 
were included in a multivariable linear regression model, 
adjusting for potential confounders to further assess their 
impact on bone quality. Degraded TBS was defined as 
TBS < 1.23 [22]. Receiver Operating Characteristic (ROC) 
analysis was performed to determine cut-off points for 
male and female patients. Statistical analyses were per-
formed using IBM SPSS Statistics (version 25.0; IBM 
Corp., Armonk, NY, USA), with statistical significance 
set at p < 0.05 (two-tailed).

Results
Population characteristics
A total of 161 female (ages 33–87 years) and 153 male 
(ages 32–81 years) patients with T2D were enrolled in 
this study (Fig. 1 and 2).

Compared with male patients, female patients were 
significantly older (p = 0.001) and had higher WWI 
(p = 0.001) and N-mid osteocalcin levels (p = 0.049); how-
ever, their WC (p < 0.001), weight (p < 0.001), lumbar 
spine TBS (p < 0.001), metformin use (p < 0.001),femoral 
neck BMD T-score (p < 0.001), total hip BMD T-score 
(p < 0.001) and lumbar spine BMD T-score (p < 0.001) 
were lower. Other evaluated parameters were similar in 
both sexes (Table 1).

Predictors of lumbar spine TBS
In the simple linear regression analysis, among females, 
parathyroid hormone was positively correlated, whereas 
age, menopausal status, diabetic retinopathy, WC, and 
WWI exhibited inverse correlations with lumbar spine 
TBS. Among males, serum calcium exhibited a positive, 
whereas age, diabetes duration and WWI demonstrated 
a negative association with lumbar spine TBS, similar to 
the findings in female patients (Table 2).

In the multivariable regression analyses, among 
women, lumbar spine TBS was negatively influenced 
by age (B = − 0.002, p = 0.019), menopausal status (B = 
− 0.086, p = 0.004), and WWI (B = − 0.026, p = 0.004) 
(Table  3). Similarly, in male patients, age (B = − 0.001, 
p = 0.050) and WWI (B = − 0.043 p = 0.001) were identi-
fied as negative predictors of lumbar spine TBS (Table 4). 
Menopausal history did not significantly alter the inverse 
relationship between WWI and TBS (not shown).

Predictors of lumbar spine BMD
In the simple correlation analysis (Table  5), HbA1c and 
BMI were positively associated with lumbar spine BMD 
in females, whereas age, menopausal status, WWI, and 
N-mid osteocalcin were inversely correlated. Notably, no 
significant correlations with BMD were found in males 
with T2D.

To further delineate independent variables affecting 
BMD, a multiple stepwise linear regression analysis was 
conducted for both groups (Table 6). In women, HbA1c 
(B = 0.199, p = 0.001) positively influenced BMD, whereas 
age (B = − 0.042, p < 0.001), diabetic retinopathy (B = 
− 0.264, p = 0.033), and N-mid osteocalcin (B = − 0.028, 
p = 0.038) were negative predictors of BMD T-score 
(Table  6). Consistent with previous findings, no signifi-
cant variables were retained in the final model for male 
patients.

Predictor of degraded TBS
In ROC analysis (Table 7), the optimal cut-off points were 
explored by examining the sensitivity and 1-specificity 
for patients with degraded TBS. The total area under the 
curve (AUC) was 0.686 (95% CI: 0.529–0.842) for males 
and 0.715 (95% CI: 0.631–0.798) for females. The optimal 
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WWI cutoff values were determined as 11.257  cm/√kg 
for males and 11.247 cm/√kg for females.

Discussion
In this study, female patients with T2D exhibited lower 
lumbar spine TBS and BMD compared with male 
patients. Common predictors of TBS across both sexes 

were WWI and age. In women with T2D, menopause 
emerged as an independent predictor of TBS. The pri-
mary determinants of BMD in female patients with T2D 
were age, HbA1c, N-mid osteocalcinand diabetic reti-
nopathy. Interestingly, no independent predictors were 
identified for BMD in males with T2D.

Fig. 1  Flow diagram of recruitment
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The TBS and BMD serve as distinct indicators for 
assessing fracture risk, offering complementary insights 
when considered together. While BMD is widely used 
to assess bone health, it cannot comprehensively pre-
dict fracture risk in individuals with T2D. Notably, exist-
ing literature describes a paradoxical scenario where 
some patients with T2D exhibit an elevated osteopo-
rotic fracture risk despite normal BMD [9, 23, 24]. Con-
versely, TBS, which evaluates bone microarchitecture, 
has shown a significant inverse correlation with osteo-
porotic fracture risk in patients with T2D [23, 25, 26]. 
While numerous studies have examined the relationship 
between TBS and its determinants in this population, 
most have not differentiated between sexes, leaving a gap 

in understanding sex-specific factors influencing TBS in 
patients with T2D.

Previous studies have investigated the influence of 
obesity on bone metabolism, particularly the relation-
ship between WC, BMI, and fracture risk. However, the 
results have been inconsistent. De Laet et al. reported 
that BMI-defined obesity had a prophylactic effect 
against bone mass loss and vertebral fractures, while 
WC-based obesity was a potential risk factor for osteopo-
rosis [27–29]. In our study, in the simple linear regression 
model, WC was a risk factor for decreased TBS in female 
patients with T2D, whereas BMI was not associated 
with TBS in either sex. In the multiple linear regression 
models, neither BMI nor WC correlated with the TBS 
in either sex. BMI, the most commonly used measure 

Fig. 2  Scatterplots between weight-adjusted waist index (WWI) and trabecular bone score (TBS) in the female and male groups
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of obesity in clinical settings, cannot effectively estimate 
body fat percentage, particularly in individuals with a 
higher BMI, where it does not accurately predict bone 
density compared with weight [30]. Although more pre-
cise methods are available to determine the total body fat 
percentage, these techniques are considered impractical 
for clinical use. WWI has emerged as a novel indicator of 
body fat that is easy to measure and provides insights into 
fat accumulation and muscle content within the body 
[19]. Subsequently, ROC analysis revealed a cut-off point 
of approximately 11.25 cm/√kg for both male and female 
groups. Notably, AUC for the female cohort exceeded 
0.7, while that for males was below 0.7, indicating supe-
rior predictive accuracy in females compared to males. 
Based on these findings, we propose 11.25  cm/√kg as a 
clinically applicable threshold for predicting degraded 
TBS in individuals with T2DM.

Prior research primarily focused on the association 
between WWI and BMD, with several studies indicat-
ing that elevated WWI was associated with bone loss, 

Variable Female 
(N = 161)

Male (N = 153) p 
values

Age (years) 62.610 ± 9.850 58.720 ± 11.435 0.001*
Diabetes duration 11.723 ± 7.774 10.428 ± 7.593 0.137
Menopause history (%)
  no 19 (11.80%)
  yes 142 (88.20%)
Smoking history (%)
  no 161 (100.00%) 61 (39.87%)
  yes 0 (0.00%) 92 (60.13%)
Drinking history (%)
  no 160 (99.38%) 90 (58.82%)
  yes 1 (0.62%) 63 (41.18%)
Weight (kg) 59.900 ± 10.730 71.255 ± 11.902 < 0.001*
BMI (kg/m2) 24.353 ± 4.263 25.342 ± 8.559 0.193
WC (cm) 85.982 ± 9.876 91.395 ± 9.422 < 0.001*
WWI (cm/√kg) 11.155 ± 0.866 10.860 ± 0.657 0.001*
HbA1c (%) 8.560 ± 1.981 8.822 ± 2.359 0.288
TG (mmol/L) 1.841 ± 1.699 1.870 ± 1.568 0.872
TC (mmol/L) 4.500 ± 1.439 4.252 ± 1.123 0.091
LDL-C (mmol/L) 2.834 ± 1.209 2.705 ± 0.946 0.291
Ca (mmol/L) 2.251 ± 0.136 2.248 ± 0.217 0.889
25-(OH)VitD (ng/mL) 24.689 ± 8.423 25.320 ± 8.150 0.501
PTH(pg/mL) 33.456 ± 21.797 32.342 ± 18.729 0.628
N-mid osteocalcin (ng/
mL)

15.850 ± 8.001 14.337 ± 4.556 0.042*

P1NP (ng/mL) 38.490 ± 19.597 35.635 ± 17.442 0.174
β-CTX (ng/mL) 0.413 ± 1.039 0.321 ± 0.241 0.288
Metformin Use (%) < 0.001*
  no 97 (63.4%) 67 (41.6%)
  yes 56 (36.6%) 94 (58.4%)
Diabetic Retinopathy 0.437
  no 100 (65.4%) 99 (61.5%)
  yes 53 (34.6%) 62 (38.5%)
Diabetic Nephropathy 0.377
  no 93 (60.8%) 112 (69.6%)
  yes 60 (39.2%) 50 (30.4%)
Diabetic Peripheral 
Neuropathy

0.748

  no 66 (43.1%) 67 (41.6%)
  yes 86 (56.9%) 94 (58.4%)
Lumbar spine TBS 1.260 ± 0.102 1.343 ± 0.100 < 0.001*
Lumbar spine BMD 
T-score

-1.322 ± 1.486 -0.389 ± 1.465 < 0.001*

Femoral neck BMD 
T-score

-1.777 ± 0.937 -1.183 ± 0.945 < 0.001*

Total hip BMD T-score -1.084 ± 1.128 -0.509 ± 1.046 < 0.001*
Data for continuous variables are presented as the mean ± SD

*Level of significance: p < 0.05. The unpaired t-test or Mann–Whitney’s test were 
used for comparisons of the quantitative variables between female and male 
groups

Abbreviations: BMI: body mass index; WC: waist circumference; WWI: weight-
adjusted waist index; HbA1c: glycated hemoglobin A1c; TG: triglycerides; 
TC: total cholesterol; LDL-C: low-density lipoprotein cholesterol; Ca: serum 
calcium; 25-(OH)VitD: 25-hydroxyvitamin D; PTH: parathyroid hormone; P1NP: 
procollagen type 1 N-terminal propeptide; β-CTX: c-terminal crosslaps of type 
1 collagen; TBS: trabecular bone score; BMD: bone mineral density; SD, standard 
deviation

Table 1  Demographic and clinical characteristics of patients 
with T2D based on sex

Table 2  Simple correlation analysis between different variables 
and TBS in the female and male groups
Variables Female group Male group

r p values r p values
Age (years) -0.473 < 0.001* -0.266 0.001*
Menopause history -0.447 < 0.001*
Smoking history -0.078 0.336
Drinking history 0.065 0.411 -0.111 0.174
WWI (cm/√kg) -0.364 < 0.001* -0.308 < 0.001*
BMI (kg/m2) -0.036 0.655 -0.065 0.426
WC (cm) -0.205 0.009* -0.129 0.111
HbA1c (%) 0.058 0.469 -0.029 0.718
TG (mmol/L) -0.091 0.254 -0.047 0.562
TC (mmol/L) 0.038 0.633 0.037 0.653
LDL-C (mmol/L) 0.073 0.357 0.042 0.608
Ca (mmol/L) 0.001 0.991 0.165 0.041*
25-(OH)VitD (ng/mL) -0.008 0.920 0.081 0.318
PTH(pg/mL) 0.190 0.016* -0.084 0.304
N-mid osteocalcin (ng/mL) -0.092 0.245 -0.081 0.317
P1NP (ng/mL) -0.042 0.596 -0.125 0.123
β-CTX (ng/mL) -0.044 0.576 -0.018 0.827
Metformin Use -0.055 0.484 0.097 0.231
Diabetes duration -0.106 0.184 -0.165 0.041*
Diabetic Retinopathy -0.173 0.035* 0.011 0.898
Diabetic Nephropathy -0.106 0.204 -0.145 0.097
Diabetic Peripheral Neuropathy -0.111 0.163 -0.115 0.158
*Level of significance: p < 0.05

Abbreviations: BMI: body mass index; WC: waist circumference; WWI: weight-
adjusted waist index; HbA1c: glycated hemoglobin A1c; TG: triglycerides; 
TC: total cholesterol; LDL-C: low-density lipoprotein cholesterol; Ca: Serum 
calcium; 25-(OH)VitD: 25-hydroxyvitamin D; PTH: parathyroid hormone; TBS: 
trabecular bone score; BMD: bone mineral density; P1NP: procollagen type 
1 N-terminal propeptide; β-CTX: c-terminal crosslaps of type 1 collagen. Scatter 
plots illustrated a significant negative correlation between WWI and lumbar 
spine TBS in both female (r = − 0.364, p < 0.001) and male patients (r = − 0.308, 
p < 0.001), as shown in Fig. 2
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osteoporosis, and reduced BMD [19, 31, 32]. However, 
our study showed no significant correlation between 
WWI and BMD. Notably, WWI demonstrated a sig-
nificant inverse relationship with TBS in both patient 
groups. The impact of WWI on bone metabolism is 
attributed to two primary factors: augmentation of fat 
levels and decline in muscle mass.

Excessive adiposity significantly heightens the risk of 
fractures. First, increased fat deposition leads to greater 
static mechanical compliance of the body, resulting in 
alterations in bone architecture due to modified static 
mechanical forces exerted on the skeletal system [33, 
34]. Second, bone marrow mesenchymal stem cells can 
differentiate into both osteoblasts and adipocytes [35]. 
Obesity can drive the differentiation of bone marrow 
mesenchymal stem cells into adipocytes, thereby increas-
ing the presence of adipocytes and reducing the num-
ber of osteoblasts within the bone marrow [36]. Third, 
excessive adipocyte accumulation triggers an inflam-
matory response, accelerating the release of proinflam-
matory and immunomodulatory mediators within the 
bone microenvironment. These inflammatory factors not 
only stimulate osteoclastogenesis but also inhibit osteo-
blast differentiation, leading to an imbalance in bone 
remodeling [37]. Finally, the accumulation of adipocytes 
enhances the synthesis and secretion of endocrine factors 
such as estrogen, insulin, and leptin, which, while gener-
ally inhibitory to bone resorption and bone remodeling 
processes, can contribute to dysregulated bone homeo-
stasis in the context of obesity [38–40]. 

Table 3  Multiple regression analysis for predictors of TBS in the female group
Non-standardized
coefficients

Typified coefficients

B Error Typ. β t 95% CI p Value
TBS
Age -0.002 0.001 -0.219 -2. 378 -0.004 to -0.001 0.019
Menopause history -0.086 0.029 -0.253 -2.929 -0.144 to -0.028 0.004
WWI -0.026 0.009 -0.221 -2.901 -0.043 to -0.008 0.004
Abbreviations: WWI: weight-adjusted waist index; TBS: trabecular bone score; CI: confidence interval

Note: Variables included in the original model were: age, menopause history, WWI, diabetes duration, diabetic retinopathy, diabetic peripheral neuropathy, waist 
circumference, and parathyroid hormone

Table 4  Multiple regression analysis for predictors of TBS in the male group
Non-standardized
coefficients

Typified coefficients

B Error Typ. β t 95% CI p Value
TBS
Age -0.001 0.001 -0. 167 -1.979 -0.003 to 0.000 0.050
WWI -0.043 0.012 -0.296 -3.505 -0.067 to -0.019 0.001
Abbreviations: WWI: weight-adjusted waist index; P1NP: procollagen type 1 N-terminal propeptide; TBS: trabecular bone score; CI: confidence interval

Note: Variables included in the original model were: age, drinking history, WWI, waist circumference, calcium level, diabetes duration, diabetic nephropathy, diabetic 
peripheral neuropathy and P1NP

Table 5  Simple correlation analysis between different variables 
and BMD in the female and male groups
Variables Females group Males group

r p values r p values
Age (years) -0.344 < 0.001* 0.012 0.884
Menopause history -0.338 < 0.001*
Smoking history -0.102 0.208
Drinking history -0.006 0.941 < 0.001 0.997
WWI (cm/√kg) -0.161 0.042* -0.071 0.381
BMI (kg/m2) 0.180 0.022* -0.040 0.624
WC (cm) 0.115 0.146 0.120 0.140
HbA1c (%) 0.234 0.003* -0.074 0.366
TG (mmol/L) 0.019 0.809 0.052 0.522
TC (mmol/L) 0.108 0.175 0.017 0.839
LDL-C (mmol/L) 0.148 0.060 -0.019 0.815
Ca (mmol/L) -0.022 0.782 0.062 0.445
25-(OH)VitD (ng/mL) 0.024 0.766 -0.018 0.830
PTH(pg/mL) -0.143 0.071 -0.033 0.683
N-mid osteocalcin (ng/mL) -0.218 0.006* -0.034 0.673
P1NP (ng/mL) -0.149 0.060 -0.136 0.093
β-CTX (ng/mL) -0.090 0.257 -0.141 0.082
​Metformin Use 0.066 0.403 0.063 0.438
Diabetes duration -0.091 0.254 0.092 0.256
Diabetic Retinopathy -0.141 0.087 0.107 0.199
Diabetic Nephropathy -0.042 0.619 -0095 0.280
Diabetic Peripheral Neuropathy -0.052 0.513 -0.068 0.408
*Level of significance: p < 0.05. Abbreviations: BMI: body mass index; WC: 
waist circumference; WWI: weight-adjusted waist index; HbA1c: glycated 
hemoglobin A1c; TG: triglycerides; TC: total cholesterol; LDL-C: low-density 
lipoprotein cholesterol; Ca: serum calcium; 25-(OH)VitD: 25-hydroxyvitamin 
D; PTH: parathyroid hormone; TBS: trabecular bone score; BMD: bone mineral 
density; P1NP: procollagen type 1  N-terminal propeptide; β-CTX: c-terminal 
crosslaps of type 1 collagen
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To maintain homeostatic relationships in adult life and 
aging, bones adapt their mass and shape in response to 
changes in the load generated by muscle contraction [41]. 
Muscle contraction contributes to the normal growth 
and development of bones [42, 43]. Muscle mass loss 
may lead to osteoporosis [44]. Additionally, muscles are 
secretory endocrine organs that secrete myokines, such 
as interleukin 15 and 8, and irisin, which regulate bone 
mineral content [45–47]. 

The strength and structural integrity of bones dete-
riorate with age [48]. Previous research has consistently 
demonstrated an inverse relationship between age and 
TBS [49]. Our study corroborates this association, show-
ing that TBS decreases with advancing age in both sexes. 
Postmenopausal women experience significant hor-
monal changes, with declining estrogen levels being a 
major contributor to osteoporosis due to reduced bone 
protection [50, 51]. Menopause also induces phenotypic 
changes in bone marrow mesenchymal stem cells, favor-
ing adipogenesis over osteogenesis, thereby promot-
ing an osteoporotic phenotype [52–54]. Consistent with 
these findings, our research recognized menopause as 
an independent risk factor for decreased TBS in females 
with T2D.

Our study identified several factors influencing BMD, 
particularly within the female cohort. Notably, no sig-
nificant associations of BMD with any factors, including 
WWI, were observed in the male group. This suggests 
that, in adults with T2D, body fat is not significantly 
related to bone mass. Given that many patients with T2D 
are overweight, this may indicate that increased body 

fat does not fully account for impaired bone health and 
fracture risk through bone mass loss alone. The observed 
positive correlation between HbA1c and BMD is note-
worthy. This contrasts with the findings of previous stud-
ies reporting a negative relationship between HbA1c and 
BMD in postmenopausal women [44, 55]. Conversely, 
factors such as age, N-mid osteocalcin level, and diabetic 
retinopathy were negatively associated with BMD in our 
study. Inverse relationships between age, diabetic reti-
nopathy, and BMD have been extensively documented 
in previous studies [50, 52, 53, 56–58]. A novel finding of 
our study is that the N-mid osteocalcin level was nega-
tively correlated with BMD in female patients with T2D. 
However, the underlying mechanisms remain unclear.

This study has some limitations. First, its cross-sec-
tional design precludes the establishment of causal rela-
tionships. Second, the relatively small sample size may 
not be fully representative of the broader T2D popula-
tion. Additionally, this study did not include sex hormone 
indicators that affect bone metabolism. Nonetheless, our 
study has notable strengths. To the best of our knowl-
edge, it is the first to incorporate WWI as a variable in 
bone research among patients with T2D, providing a 
comprehensive analysis of factors affecting both BMD 
and TBS in this population.

Conclusion
In conclusion, our findings indicate that WWI, a novel 
and potentially more accurate indicator of body fat lev-
els, is associated with poor bone quality rather than 
solely low bone mass in Chinese patients with T2D. 
Thus, it is essential to focus on changes in bone quality, 
as bone mass alone may not fully capture bone health in 
patients with T2D with high WWI. In our study, adopt-
ing 11.25  cm/√kg as a cut-off threshold demonstrates 
superior effectiveness in predicting degraded TBS. Addi-
tionally, through its simple calculation, WWI provides 
valuable insights into the interplay between body fat, 
muscle mass, and bone architecture. Consequently, it 
could function as a valuable tool for predicting fracture 
risk within the Chinese population with T2D.

Table 6  Multiple regression analysis for predictors of BMD in the female group
Non-standardized
coefficients

Typified coefficients

B Error Typ. β t 95% CI p Value
BMD
Age -0.042 0.011 -0.284 -3.783 -0.064 to -0.020 < 0.001
HbA1c 0.199 0.058 0.266 3.448 0.085 to 0.314 0.001
N-mid osteocalcin -0.028 0.014 -0.156 -2.089 -0.055 to -0.002 0.038
Diabetic Retinopathy -0.264 0.123 0.167 -2.089 -0.506 to -0.022 0.038
Abbreviations: WWI: weight-adjusted waist index; HbA1c: glycated hemoglobin A1c; BMD: bone mineral density; BMI: body mass index; CI: confidence interval. 
Multiple stepwise models of linear regression analysis. Variables included in the original model were: age, menopause history, BMI, WWI, HbA1c, WC, TC, LDL-C, PTH, 
N-mid Osteocalcin, diabetic retinopathy and P1NP

Table 7  Weight-adjusted waist index estimated according to 
gender
Gender AUC (CI) p values WWI (sensibili-

ty-specificity)
Female (N = 161) 0.715 

(0.631–0.798)
< 0.001 11.247 cm/√kg (S: 

70.3%; E: 71.1%)
Male (N = 153) 0.686 

(0.529–0.842)
0.011 11.257 cm/√kg (S: 

61.1%; E: 80.7%)
Abbreviations: WWI: weight-adjusted waist index; AUC: Area under the curve; 
CI: confidence interval; S: sensibility; E: specificity
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TG	� Triglycerides
TC	� Total cholesterol
LDL-C	� Low-density lipoprotein cholesterol
Ca	� Serum calcium
25-(OH)VitD	� 25-hydroxyvitamin D
PTH	� Parathyroid hormone
β-CTX	� c-terminal crosslaps of type 1 collagen

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​3​0​9​8​-​0​2​5​-​0​1​7​4​0​-​6.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Acknowledgements
We would like to thank all study participants. http://www.editage.cn.

Author contributions
Dehuai Feng and Ling Chen designed the study. Liming Zhou, Xinlian He, Keli 
Zhao, Jinyang Wan, Sheng Ouyang, Yiting Zheng, Zhimao Cai, and Shaobin 
Wang collected the data. Shujuan Chen, Liming Zhou, Xinlian He, Keli Zhao, 
and Shaobin Wang analyzed the data. Dehuai Feng, Junying Liu, and Ningning 
Bai drafted the manuscript. Dewen Yan and Ling Chen revised the manuscript. 
We extend our heartfelt gratitude to the following individuals for their 
invaluable contributions to this study.

Funding
This project was funded by the National Science Foundation of China (grant 
number 82200987), Shenzhen Science and Technology Program (grant 
number JCYJ20220530150607017), Shenzhen Clinical Research Center 
for Metabolic Diseases (grant number Shenzhen Science, Technology 
and Innovation [2021]287), Shenzhen Center for Diabetes Control and 
Prevention (grant number SZMHC[2020]46), Sanming Project of Medicine in 
Shenzhen Municipality (grant number SZSM202211026), Research Funding 
for Postdoctoral Fellows to Work in Shenzhen, National Natural Science 
Foundation of China (grant number 82300980), and the China Postdoctoral 
Science Foundation (grant number 2023M732370).

Data availability
All data generated or analyzed during this study are included in the article.

Declarations

Ethical approval and consent to participate
All procedures performed in studies involving human participants were in 
accordance with the ethical standards of the institutional and/or national 
research committee and with the 1964 Helsinki Declaration and its later 
amendments or comparable ethical standards. Informed consent was 
obtained from all individual participants included in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Department of Endocrinology, Shenzhen Second People’s Hospital, 
the First Affiliated Hospital of Shenzhen University, Shenzhen Clinical 
Research Center for Metabolic Diseases, Shenzhen Center for Diabetes 
Control and Prevention, Shenzhen 518035, China
2Western Institute of Health Data Science, Chongqing 401329, China
3Center of Health Management, Peking University Shenzhen Hospital, 
Shenzhen 518035, China
4Department of General Medicine, Shenzhen Second People’s Hospital, 
the First Affiliated Hospital of Shenzhen University, Shenzhen  
518035, China

Received: 28 January 2025 / Accepted: 14 May 2025

References
1.	 Zheng Y, Ley SH, Hu FB. Global aetiology and epidemiology of type 2 diabe-

tes mellitus and its complications. Nat Rev Endocrinol. 2018;14:88–98. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​r​e​n​d​o​.​2​0​1​7​.​1​5​1.

2.	 Federation ID. IDF diabetes Atlas—10th edition. Atlas press. Accessed DD 
Month YYYY; 2021. ​h​t​t​p​​:​/​/​​w​w​w​.​​d​i​​a​b​e​t​e​s​a​t​l​a​s​.​o​r​g​/.

3.	 Shieh A, Greendale GA, Cauley JA, Karvonen-Gutierrez CA, Karlamangla AS. 
Prediabetes and fracture risk among midlife women in the study of women’s 
health across the Nation. JAMA Netw Open. 2023;6:e2314835. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​​1​0​0​1​​/​j​​a​m​a​​n​e​t​​w​o​r​k​​o​p​​e​n​.​2​0​2​3​.​1​4​8​3​5.

4.	 Koromani F, Oei L, Shevroja E, et al. Vertebral fractures in individuals with 
type 2 diabetes: more than skeletal complications alone. Diabetes Care. 
2020;43:137–44. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​3​3​7​​/​d​​c​1​9​-​0​9​2​5.

5.	 Vilaca T, Schini M, Harnan S, et al. The risk of hip and non-vertebral fractures 
in type 1 and type 2 diabetes: a systematic review and meta-analysis update. 
Bone. 2020;137:115457. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​b​o​n​e​.​2​0​2​0​.​1​1​5​4​5​7.

6.	 Shanbhogue VV, Hansen S, Frost M, Brixen K, Hermann AP. Bone disease in 
diabetes: another manifestation of microvascular disease? Lancet Diabetes 
Endocrinol. 2017;5:827–38. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​S​​2​2​1​3​-​8​5​8​7​(​1​7​)​3​0​1​3​4​-​1.

7.	 Wang L, Yu W, Yin X, et al. Prevalence of osteoporosis and fracture in 
China: the China osteoporosis prevalence study. JAMA Netw Open. 
2021;4:e2121106. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​1​​/​j​​a​m​a​​n​e​t​​w​o​r​k​​o​p​​e​n​.​2​0​2​1​.​2​1​1​0​6.

8.	 Kanis JA. Diagnosis of osteoporosis and assessment of fracture risk. Lancet. 
2002;359:1929–36. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​S​​0​1​4​0​-​6​7​3​6​(​0​2​)​0​8​7​6​1​-​5.

9.	 Napoli N, Chandran M, Pierroz DD, et al. Mechanisms of diabetes mellitus-
induced bone fragility. Nat Rev Endocrinol. 2017;13:208–19. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​1​0​3​8​​/​n​​r​e​n​d​o​.​2​0​1​6​.​1​5​3.

10.	 Hans D, Goertzen AL, Krieg M-A, Leslie WD. Bone microarchitecture assessed 
by TBS predicts osteoporotic fractures independent of bone density: the 
Manitoba study. J Bone Min Res. 2011;26:2762–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​j​​b​
m​r​.​4​9​9.

11.	 Winzenrieth R, Michelet F, Hans D. Three-dimensional (3D) microarchitecture 
correlations with 2D projection image gray-level variations assessed by 
trabecular bone score using high-resolution computed tomographic acquisi-
tions: effects of resolution and noise. J Clin Densitom. 2013;16:287–96. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​j​o​c​d​.​2​0​1​2​.​0​5​.​0​0​1.

12.	 Holloway KL, De Abreu LLF, Hans D, et al. Trabecular bone score in men 
and women with impaired fasting glucose and diabetes. Calcif Tissue Int. 
2018;102:32–40. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​2​2​3​-​0​1​7​-​0​3​3​0​-​z.

13.	 Hayón-Ponce M, García-Fontana B, Avilés-Pérez MD, et al. Lower tra-
becular bone score in type 2 diabetes mellitus: a role for fat mass 
and insulin resistance beyond hyperglycaemia. Diabetes Metab. 
2021;47:101276101276101276. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​d​i​​a​b​e​​t​.​2​0​​2​1​​.​1​0​1​2​7​6.

14.	 Johansson H, Kanis JA, Odén A, et al. A meta-analysis of the association of 
fracture risk and body mass index in women. J Bone Min Res. 2014;29:223–33. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​j​​b​m​r​.​2​0​1​7.

15.	 Gnudi S, Sitta E, Lisi L. Relationship of body mass index with main limb fragil-
ity fractures in postmenopausal women. J Bone Min Metab. 2009;27:479–84. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​7​7​4​-​0​0​9​-​0​0​5​6​-​8.

16.	 Khosla S, Samakkarnthai P, Monroe DG, Farr JN. Update on the pathogenesis 
and treatment of skeletal fragility in type 2 diabetes mellitus. Nat Rev Endo-
crinol. 2021;17:685–97. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​7​4​-​0​2​1​-​0​0​5​5​5​-​5.

17.	 Vigevano F, Gregori G, Colleluori G, et al. In men with obesity, T2DM is associ-
ated with poor trabecular microarchitecture and bone strength and low 

https://doi.org/10.1186/s13098-025-01740-6
https://doi.org/10.1186/s13098-025-01740-6
http://www.editage.cn
https://doi.org/10.1038/nrendo.2017.151
https://doi.org/10.1038/nrendo.2017.151
http://www.diabetesatlas.org/
https://doi.org/10.1001/jamanetworkopen.2023.14835
https://doi.org/10.1001/jamanetworkopen.2023.14835
https://doi.org/10.2337/dc19-0925
https://doi.org/10.1016/j.bone.2020.115457
https://doi.org/10.1016/S2213-8587(17)30134-1
https://doi.org/10.1001/jamanetworkopen.2021.21106
https://doi.org/10.1016/S0140-6736(02)08761-5
https://doi.org/10.1038/nrendo.2016.153
https://doi.org/10.1038/nrendo.2016.153
https://doi.org/10.1002/jbmr.499
https://doi.org/10.1002/jbmr.499
https://doi.org/10.1016/j.jocd.2012.05.001
https://doi.org/10.1016/j.jocd.2012.05.001
https://doi.org/10.1007/s00223-017-0330-z
https://doi.org/10.1016/j.diabet.2021.101276
https://doi.org/10.1002/jbmr.2017
https://doi.org/10.1002/jbmr.2017
https://doi.org/10.1007/s00774-009-0056-8
https://doi.org/10.1007/s00774-009-0056-8
https://doi.org/10.1038/s41574-021-00555-5


Page 10 of 10Feng et al. Diabetology & Metabolic Syndrome          (2025) 17:177 

bone turnover. J Clin Endocrinol Metab. 2021;106:1362–76. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​​1​2​1​0​​/​c​​l​i​n​e​m​/​d​g​a​b​0​6​1.

18.	 Chen R, Armamento-Villareal R. Obesity and skeletal fragility. J Clin Endocrinol 
Metab. 2024;109:e466–77. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​1​0​​/​c​​l​i​n​e​m​/​d​g​a​d​4​1​5.

19.	 Kim KJ, Son S, Kim KJ, Kim SG, Kim NH. Weight-adjusted waist as an inte-
grated index for fat, muscle and bone health in adults. J Cachexia Sarcopenia 
Muscle. 2023;14:2196–203. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​j​​c​s​m​.​1​3​3​0​2.

20.	 Kim NH, Park Y, Kim NH, Kim SG. Weight-adjusted waist index reflects fat 
and muscle mass in the opposite direction in older adults. Age Ageing. 
2021;50:780–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​a​​g​e​i​n​g​/​a​f​a​a​2​0​8.

21.	 Wang X, Yang S, He G, Xie L. The association between weight-adjusted-waist 
index and total bone mineral density in adolescents: NHANES 2011-2018. 
Front Endocrinol (Lausanne). 2023;14:1191501. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​e​n​d​o​
.​2​0​2​3​.​1​1​9​1​5​0​1

22.	 American Diabetes Association. 2. Classification and diagnosis of diabetes: 
standards of medical care in diabetes-2021. Diabetes Care. 2021;44(suppl 
1):S15–33. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​3​3​7​​/​d​​c​2​1​-​S​0​0​2

23.	 Panahi N, Ostovar A, Fahimfar N, et al. Factors associated with TBS worse 
than BMD in non-osteoporotic elderly population: Bushehr elderly health 
program. BMC Geriatr 2021;21:444. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​7​7​-​0​2​1​-​0​2​3​7​
5​-​8

24.	 Leslie WD, Aubry-Rozier B, Lamy O, Hans D, Manitoba Bone Density Program. 
TBS (trabecular bone score) and diabetes-related fracture risk. J Clin Endocri-
nol Metab. 2013;98:602–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​1​0​​/​j​​c​.​2​0​1​2​-​3​1​1​8

25.	 Kim JH, Choi HJ, Ku EJ, et al. Trabecular bone score as an indicator for skeletal 
deterioration in diabetes. J Clin Endocrinol Metab. 2015;100:475–82. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​​1​2​1​0​​/​j​​c​.​2​0​1​4​-​2​0​4​7

26.	 Leslie WD, Rubin MR, Schwartz AV, Kanis JA. Type 2 diabetes and bone. J Bone 
Miner Res. 2012;27:2231–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​j​​b​m​r​.​1​7​5​9

27.	 Dhaliwal R, Cibula D, Ghosh C, Weinstock RS, Moses AM. Bone quality assess-
ment in type 2 diabetes mellitus. Osteoporos Int. 2014;25:1969–73. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​1​9​8​-​0​1​4​-​2​7​0​4​-​7

28.	 De Laet C, Kanis JA, Odén A, et al. Body mass index as a predictor of fracture 
risk: a meta-analysis. Osteoporos Int 2005;16:1330–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​
s​​0​0​1​9​8​-​0​0​5​-​1​8​6​3​-​y

29.	 Rinonapoli G, Pace V, Ruggiero C, et al. Obesity and bone: a complex relation-
ship. Int J Mol Sci. 2021;22:13662. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​i​​j​m​s​2​2​2​4​1​3​6​6​2

30.	  Ghezelbash F, Shirazi-Adl A, Plamondon A, Arjmand N, Parnianpour M. Obe-
sity and obesity shape markedly influence spine biomechanics: a subject-
specific risk assessment model. Ann Biomed Eng. 2017;45:2373–82. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​b​o​n​e​.​2​0​1​5​.​0​1​.​0​1​5

31.	  Zhu K, Hunter M, James A, Lim EM, Walsh JP. Associations between body 
mass index, lean and fat body mass and bone mineral density in middle-
aged Australians: the Busselton Healthy Ageing Study. Bone. 2023;74:146–52. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​b​o​n​e​.​2​0​1​5​.​0​1​.​0​1​5

32.	 Lin Y, Liang Z, Zhang A, et al. Relationship between weight-adjusted waist 
index and osteoporosis in the senile in the united States from the National 
health and nutrition examination survey, 2017–2020. J Clin Densitom. 
2023;26:101361. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​j​o​c​d​.​2​0​2​3​.​0​2​.​0​0​2.

33.	 Dakanalis A, Mentzelou M, Papadopoulou SK, et al. The association of emo-
tional eating with overweight/obesity, depression, anxiety/stress, and dietary 
patterns: a review of the current clinical evidence. Nutrients. 2023;15:1173. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​n​​u​1​5​0​5​1​1​7​3.

34.	 Hla MM, Davis JW, Ross PD, et al. A multicenter study of the influence of fat 
and lean mass on bone mineral content: evidence for differences in their 
relative influence at major fracture sites. Early postmenopausal intervention 
cohort (EPIC) study group. Am J Clin Nutr. 1996;64:354–60. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​
1​0​9​3​​/​a​​j​c​n​/​6​4​.​3​.​3​4​5.

35.	 Vanhie JJ, Kim W, Ek Orloff L, Ngu M, Collao N, De Lisio M. The role of exercise-
and high fat diet-induced bone marrow extracellular vesicles in stress 
hematopoiesis. Front Physiol. 2022;13:1054463. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​p​h​y​s​.​
2​0​2​2​.​1​0​5​4​4​6​3.

36.	 Khan AU, Qu R, Fan T, Ouyang J, Dai J. A glance on the role of actin in osteo-
genic and adipogenic differentiation of mesenchymal stem cells. Stem Cell 
Res Ther. 2020;11:283. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​3​2​8​7​-​0​2​0​-​0​1​7​8​9​-​2.

37.	 Segar AH, Fairbank JCT, Urban J. Leptin and the intervertebral disc: a bio-
chemical link exists between obesity, intervertebral disc degeneration and 
low back pain-an in vitro study in a bovine model. Eur Spine J. 2019;28:214–
23. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​5​8​6​-​0​1​8​-​5​7​7​8​-​7.

38.	 Krishnan A, Muthusami S. Hormonal alterations in PCOS and its influence on 
bone metabolism. J Endocrinol. 2017;232:R99–113. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​5​3​0​​/​J​​
O​E​-​1​6​-​0​4​0​5.

39.	 Guo L, Chen K, Yuan J, et al. Estrogen inhibits osteoclasts formation and bone 
resorption via microRNA-27a targeting PPARgamma and APC. J Cell Physiol. 
2018;234:581–94. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​j​​c​p​.​2​6​7​8​8.

40.	 Costantini S, Conte C. Bone health in diabetes and prediabetes. World J 
Diabetes. 2019. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​4​2​3​9​​/​w​​j​d​.​v​1​0​.​i​8​.​4​2​1. 10:421– 45.

41.	 Brotto M, Bonewald L. Bone and muscle: interactions beyond mechanical. 
Bone. 2015;80:109–14. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​b​o​n​e​.​2​0​1​5​.​0​2​.​0​1​0.

42.	 Rauch F, Schoenau E. The developing bone: slave or master of its cells and 
molecules? Pediatr Res. 2001;50:309– 14.​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​0​3​​/​0​​0​0​0​​6​4​5​​0​-​2​0​​
0​1​​0​9​0​0​0​-​0​0​0​0​3.

43.	 Land C, Schoenau E. Fetal and postnatal bone development: reviewing 
the role of mechanical stimuli and nutrition. Best Pract Res Clin Endocrinol 
Metab. 2008;22:107–18. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​b​e​e​m​.​2​0​0​7​.​0​9​.​0​0​5.

44.	 Gao T, Liu F, Ban B, et al. Association between the ratio of serum creatinine 
to Cystatin C and bone mineral density in Chinese older adults patients with 
type 2 diabetes mellitus. Front Nutr. 2022;9:1035853. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​
f​​n​u​t​.​2​0​2​2​.​1​0​3​5​8​5​3.

45.	 Seale P, Bjork B, Yang W, et al. PRDM16 controls a brown fat/skeletal muscle 
switch. Nature. 2008;454:961–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​a​t​u​r​e​0​7​1​8​2.

46.	 Pedersen P BK, Akerström, TCA, Nielsen AR, Fischer CP. Role of myokines in 
exercise and metabolism. J Appl Physiol (1985). 2007;103:1093–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​1​5​2​​/​j​​a​p​p​​l​p​h​​y​s​i​o​​l​.​​0​0​0​8​0​.​2​0​0​7.

47.	 Quinn LS, Anderson BG, Strait-Bodey L, Stroud AM, Argilés JM. Oversecre-
tion of interleukin-15 from skeletal muscle reduces adiposity. Am J Physiol 
Endocrinol Metab. 2009;296:E191–202. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​a​​j​p​e​n​d​o​.​9​0​5​0​
6​.​2​0​0​8.

48.	 Seeman E. Pathogenesis of bone fragility in women and men. Lancet. 
2002;359:1841–50. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​S​​0​1​4​0​-​6​7​3​6​(​0​2​)​0​8​7​0​6​-​8.

49.	 Ho-Pham LT, Tran B, Do AT, Nguyen TV. Association between pre-diabetes, 
type 2 diabetes and trabecular bone score: the Vietnam osteoporosis study. 
Diabetes Res Clin Pract. 2019;155:107790. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​d​i​​a​b​r​​e​s​.​2​​0​
1​​9​.​1​0​7​7​9​0.

50.	 Yang D-H, Chiang T-I, Chang I-C, Lin F-H, Wei C-C, Cheng Y-W. Increased levels 
of Circulating advanced glycation end-products in menopausal women with 
osteoporosis. Int J Med Sci. 2014;11:453–60. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​7​1​5​0​​/​i​​j​m​s​.​8​1​7​
2.

51.	 Marie PJ, Sabbagh A, de Vernejoul MC, Lomri A. Osteocalcin and deoxyribo-
nucleic acid synthesis in vitro and histomorphometric indices of bone forma-
tion in postmenopausal osteoporosis. J Clin Endocrinol Metab. 1989;69:272–
9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​1​0​​/​j​​c​e​m​-​6​9​-​2​-​2​7​2.

52.	 Sadie-Van Gijsen H, Crowther NJ, Hough FS, Ferris WF, Gijsen H, Crowther NJ, 
Hough FS, Ferris WF. (2013) The interrelationship between bone and fat: from 
cellular see-saw to endocrine reciprocity. Cell Mol Life Sci 70:2331-49. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​0​1​8​-​0​1​2​-​1​2​1​1​-​2

53.	 Ameri P, Giusti A, Boschetti M, et al. Vitamin D increases Circulating IGF1 in 
adults: potential implication for the treatment of GH deficiency. Eur J Endocri-
nol. 2013;169:767–72. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​5​3​0​​/​E​​J​E​-​1​3​-​0​5​1​0.

54.	 Ali D, Tencerova M, Figeac F, Kassem M, Jafari A. The pathophysiology of 
osteoporosis in obesity and type 2 diabetes in aging women and men: the 
mechanisms and roles of increased bone marrow adiposity. Front Endocrinol 
(Lausanne). 2022;13:981487. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​e​n​d​o​.​2​0​2​2​.​9​8​1​4​8​7.

55.	 Li C-I, Liu C-S, Lin W-Y, et al. Glycated hemoglobin level and risk of hip fracture 
in older people with type 2 diabetes: A competing risk analysis of Taiwan 
diabetes cohort study. J Bone Min Res. 2015;30:1338–46. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​
0​0​2​​/​j​​b​m​r​.​2​4​6​2.

56.	 Zhang X, Hua T, Zhu J, et al. Body compositions differently contribute to 
BMD in different age and gender: a pilot study by QCT. Arch Osteoporos. 
2019;14:31. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​1​6​5​7​-​0​1​9​-​0​5​7​4​-​5.

57.	 Farzi M, Pozo JM, McCloskey E, et al. Quantitating age-related BMD textural 
variation from DXA region-free-analysis: a study of hip fracture prediction in 
three cohorts. J Bone Min Res. 2022;37:1679–88. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​j​​b​m​r​
.​4​6​3​8.

58.	 Lim Y, Chun S, Lee JH et al. (2016) Association of bone mineral density and 
diabetic retinopathy in diabetic subjects: the 2008–2011 Korea National 
Health and Nutrition Examination Survey. Osteoporos Int 2016;27:2249–2257. ​
h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​1​0​​​0​7​​/​s​0​0​​1​9​8​-​​0​1​6​-​​3​5​2​7​-​5

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1210/clinem/dgab061
https://doi.org/10.1210/clinem/dgab061
https://doi.org/10.1210/clinem/dgad415
https://doi.org/10.1002/jcsm.13302
https://doi.org/10.1093/ageing/afaa208
https://doi.org/10.3389/fendo.2023.1191501
https://doi.org/10.3389/fendo.2023.1191501
https://doi.org/10.2337/dc21-S002
https://doi.org/10.1186/s12877-021-02375-8
https://doi.org/10.1186/s12877-021-02375-8
https://doi.org/10.1210/jc.2012-3118
https://doi.org/10.1210/jc.2014-2047
https://doi.org/10.1210/jc.2014-2047
https://doi.org/10.1002/jbmr.1759
https://doi.org/10.1007/s00198-014-2704-7
https://doi.org/10.1007/s00198-014-2704-7
https://doi.org/10.1007/s00198-005-1863-y
https://doi.org/10.1007/s00198-005-1863-y
https://doi.org/10.3390/ijms222413662
https://doi.org/10.1016/j.bone.2015.01.015
https://doi.org/10.1016/j.bone.2015.01.015
https://doi.org/10.1016/j.bone.2015.01.015
https://doi.org/10.1016/j.bone.2015.01.015
https://doi.org/10.1016/j.jocd.2023.02.002
https://doi.org/10.3390/nu15051173
https://doi.org/10.3390/nu15051173
https://doi.org/10.1093/ajcn/64.3.345
https://doi.org/10.1093/ajcn/64.3.345
https://doi.org/10.3389/fphys.2022.1054463
https://doi.org/10.3389/fphys.2022.1054463
https://doi.org/10.1186/s13287-020-01789-2
https://doi.org/10.1007/s00586-018-5778-7
https://doi.org/10.1530/JOE-16-0405
https://doi.org/10.1530/JOE-16-0405
https://doi.org/10.1002/jcp.26788
https://doi.org/10.4239/wjd.v10.i8.421
https://doi.org/10.1016/j.bone.2015.02.010
https://doi.org/10.1203/00006450-200109000-00003
https://doi.org/10.1203/00006450-200109000-00003
https://doi.org/10.1016/j.beem.2007.09.005
https://doi.org/10.3389/fnut.2022.1035853
https://doi.org/10.3389/fnut.2022.1035853
https://doi.org/10.1038/nature07182
https://doi.org/10.1152/japplphysiol.00080.2007
https://doi.org/10.1152/japplphysiol.00080.2007
https://doi.org/10.1152/ajpendo.90506.2008
https://doi.org/10.1152/ajpendo.90506.2008
https://doi.org/10.1016/S0140-6736(02)08706-8
https://doi.org/10.1016/j.diabres.2019.107790
https://doi.org/10.1016/j.diabres.2019.107790
https://doi.org/10.7150/ijms.8172
https://doi.org/10.7150/ijms.8172
https://doi.org/10.1210/jcem-69-2-272
https://doi.org/10.1007/s00018-012-1211-2
https://doi.org/10.1007/s00018-012-1211-2
https://doi.org/10.1530/EJE-13-0510
https://doi.org/10.3389/fendo.2022.981487
https://doi.org/10.1002/jbmr.2462
https://doi.org/10.1002/jbmr.2462
https://doi.org/10.1007/s11657-019-0574-5
https://doi.org/10.1002/jbmr.4638
https://doi.org/10.1002/jbmr.4638
https://doi.org/10.1007/s00198-016-3527-5
https://doi.org/10.1007/s00198-016-3527-5

	﻿Weight-adjusted waist index is associated with risk of poor bone quality rather than low bone mass in patients with type 2 diabetes
	﻿Abstract
	﻿Mini Abstract
	﻿Background
	﻿Methods
	﻿Study design and population
	﻿Data collection
	﻿Statistical analysis

	﻿Results
	﻿Population characteristics
	﻿Predictors of lumbar spine TBS
	﻿Predictors of lumbar spine BMD
	﻿Predictor of degraded TBS

	﻿Discussion
	﻿Conclusion
	﻿References


