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Prediabetes phenotypes were associated with different TBS values, with IGT showingthe lowest TBS in men and

c I . IFG+IGT inwomen. In men withIGT, visceral adiposity accounted for approximately half of the association with L
onclusion lower TBS. These findings suggest potential phenotype-specific associations between prediabetes and bone K l M ‘
microarchitecture that warrant confirmation in longitudinal studies.

Background/Aims: Prediabetes comprises heterogeneous metabolic phenotypes that may differentially affect bone quali-
ty. While type 2 diabetes increases fracture risk despite preserved bone mineral density, phenotype-specific effects on bone
quality during prediabetes remain unclear. We compared trabecular bone score (TBS) across prediabetes phenotypes and ex-
amined visceral adiposity's mediating role.

Methods: We analyzed 876 individuals with prediabetes (451 men, 425 postmenopausal women) from the Cardiovascular
and Metabolic Diseases Etiology Research Center cohort. Participants underwent oral glucose tolerance testing for pheno-
type classification (impaired fasting glucose [IFG], impaired glucose tolerance [IGT], combined IFG+IGT) and dual-energy
X-ray absorptiometry for TBS and body composition. Bootstrap mediation analysis (5,000 iterations) tested whether visceral
adipose tissue (VAT) accounted for phenotype-TBS associations.
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Results: Prediabetes phenotypes showed distinct, sex-specific patterns of bone quality impairment linked to visceral fat. In
men, IGT had the lowest TBS (1.46 = 0.09) compared with IFG (1.49 + 0.08) and IFG+IGT (1.48 + 0.07, both p < 0.05). In
women, IFG+IGT had the lowest TBS (1.42 + 0.08) versus IFG (1.44 + 0.07, p < 0.05). VAT paralleled these TBS patterns and
mediated 51% (95% Cl 28-74%) of the IGT effect in men and 26% (95% Cl 8-45%) of the IFG+IGT effect in women.

Conclusions: Prediabetes phenotypes are associated with distinct TBS patterns—IGT in men and IFG+IGT in women show-
ing the lowest values. Visceral adiposity mediated approximately half of the association in men with IGT, suggesting sex- and

phenotype-specific pathways linking prediabetes to bone microarchitecture.
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INTRODUCTION

Type 2 diabetes mellitus (T2DM) is associated with a 30-
40% increased risk of fractures, despite normal or elevated
bone mineral density (BMD), indicating that impaired bone
quality, rather than quantity, is the primary mechanism
[1,2]. The trabecular bone score (TBS), derived from lumbar
spine dual-energy X-ray absorptiometry (DXA) images, pro-
vides a validated measure of bone microarchitecture that is
independent of BMD and predicts fracture risk in individuals
with diabetes [3,4]. Although prediabetes affects approxi-
mately 500 million individuals worldwide [5] and represents
a critical window for intervention, few studies have exam-
ined whether bone quality deterioration begins during this
potentially reversible phase. The limited available evidence
suggests that skeletal changes may precede diabetes diag-
nosis [6], but a comprehensive investigation of bone mi-
croarchitecture across different prediabetes phenotypes has
not been conducted.

Prediabetes comprises three distinct phenotypes with dif-
ferent pathophysiology. Impaired fasting glucose (IFG) re-
flects hepatic insulin resistance, accompanied by preserved
peripheral insulin sensitivity, whereas impaired glucose tol-
erance (IGT) indicates peripheral insulin resistance, along
with an impaired postprandial insulin response [7,8]. Com-
bined IFG+IGT represents advanced dysfunction affecting
both hepatic and peripheral glucose metabolism [9]. These
distinct metabolic profiles suggest that each phenotype may
affect bone health through different mechanisms involving
varying patterns of hyperglycemia, insulin resistance, viscer-
al adiposity, and inflammatory activation.

Previous studies examining bone health in prediabetes
have significant limitations. Most grouped all prediabe-
tes subtypes or examined single phenotypes in isolation,
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potentially masking important phenotype-specific effects.
Furthermore, these studies have rarely investigated the
underlying metabolic factors that mediate bone quality
changes, leaving the mechanisms largely unexplored [6,10].
The specific metabolic drivers of bone impairment in pre-
diabetes—whether insulin resistance, adiposity, or glucose
excursions—remain poorly characterized. While metabolic
factors, such as visceral adiposity, have been implicated in
diabetes-related bone disease through inflammatory and
metabolic pathways [11,12], their role in mediating pheno-
type-specific bone effects remains unquantified.

Understanding phenotype-specific effects on bone quality
is clinically important. If specific phenotypes confer a higher
risk, targeted screening could identify individuals who re-
quire enhanced monitoring. Furthermore, identifying mod-
ifiable mediators could inform intervention strategies. This
study aimed to: (1) compare TBS among the three distinct
prediabetes phenotypes to identify phenotypes associated
with lower bone quality, (2) systematically examine meta-
bolic parameters to identify factors most strongly associat-
ed with bone quality differences, and (3) explore whether
visceral adiposity accounts for phenotype-TBS associations
through cross-sectional mediation analysis.

METHODS

Study population

Participants were recruited from the Cardiovascular and
Metabolic Diseases Etiology Research Center (CMERC), a
multicenter prospective cohort study in Korea, as previously
described [13]. Briefly, individuals aged 30-64 years residing
in Suwon, Yongin, or Hwaseong for at least 8 months annu-
ally underwent baseline examinations between December
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2013 and March 2018.

From 2,888 participants aged > 40 years who completed
both 75-g oral glucose tolerance test (OGTT) and DXA, we
excluded those with normal glucose tolerance (n = 1,352),
diabetes (fasting glucose > 126 mg/dL, 2-hour glucose >
200 mg/dL, or glycated hemoglobin [HbA1c] > 6.5%; n =
426), liver cirrhosis, chronic kidney disease, or use of med-
ications affecting bone metabolism (osteoporosis drugs,
glucocorticoids, thyroid hormones, hormone replacement
therapy). The final analysis included 876 participants with
prediabetes (451 men, 425 postmenopausal women).

The study was approved by Ajou University Institutional
Review Board (AJIRB-BMR-SUR-13-272) and conducted ac-
cording to the Declaration of Helsinki. All participants pro-
vided written informed consent.

Clinical and biochemical measurements

Height and weight were measured using an automated
scale (BSM330; InBody, Seoul, Korea). After an 8-hour fast,
blood samples were collected, followed by a 75-g OGTT
with sampling at 0, 30, 60, and 120 minutes. Samples were
analyzed within 24 hours at a central laboratory (Seoul Clin-
ical Laboratories, Seoul, Korea).

Glucose was measured by colorimetric method, insulin by
radioimmunoassay (SR 300; STRATEC, Birkenfeld, Germa-
ny), and HbA1c by high-performance liquid chromatogra-
phy (Variant Il Turbo; Bio-Rad, Hercules, CA, USA). Total cho-
lesterol, HDL-cholesterol, and triglycerides were measured
enzymatically (ADVIA 1800; Siemens, Malvern, PA, USA).
25-hydroxyvitamin D was measured by chemiluminescence
immunoassay (Liaison; DiaSorin, Stillwater, MN, USA).

Definition of prediabetes phenotypes

Following American Diabetes Association criteria [14], we
classified participants as: IFG, fasting glucose 100-125 mg/
dL and 2-hour glucose < 140 mg/dL; IGT, fasting glucose <
100 mg/dL and 2-hour glucose 140-199 mg/dL; IFG+IGT,
both criteria met.

Insulin resistance and secretion indices

Insulin resistance was assessed using homeostatic model
assessment (HOMA-IR) = fasting glucose (mg/dL) x fasting
insulin (uU/mL) / 405 [15] and Matsuda Index = 10,000 /
V[(fasting glucose x fasting insulin) x (mean glucose x mean
insulin during OGTT)] [16]. Beta-cell function was evaluated
using the insulinogenic index (IGl;) = (insulin30 - insulin0) /
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(glucose30 - glucose0) [17].

Bone quality and body composition
assessment

BMD and TBS were measured using DXA (Lunar iDXA,; GE
Healthcare, Madison, WI, USA) with TBS iNsight software
version 3.0.2.0 (Med-Imaps, Geneva, Switzerland). TBS was
calculated from L1-L4 lumbar spine images using propri-
etary algorithms evaluating pixel gray-level variations. Lower
TBS indicates degraded bone microarchitecture.

Visceral and subcutaneous adipose tissue in the android
region were quantified using validated DXA algorithms
analyzing subcutaneous fat layer width and anterior-pos-
terior abdominal thickness [18]. All measurements were
performed by trained technicians following standardized
protocols, with a coefficient of variation of < 2% for TBS
and < 3% for body composition.

Statistical analysis

Data are presented as mean = standard deviation or per-
centages. Variables with skewed distributions (insulin, HO-
MA-IR, IGl,,, triglycerides, vitamin D) were log-transformed.
A one-way ANOVA with Bonferroni’s post-hoc test was
used to compare TBS across phenotypes. Effect sizes were
calculated using Cohen'’s d.

Linear associations between TBS and metabolic parame-
ters were quantified using Pearson correlation coefficients.
Although the scatter plots display smoothed curves from
generalized additive models to illustrate the overall relation-
ship patterns, the reported correlation coefficients (r values)
represent linear associations only, providing standardized
measures of association strength for comparison across pa-
rameters.

Analysis of covariance (ANCOVA) examined TBS differ-
ences across prediabetes phenotypes (IFG as reference,
IGT, and IFG+IGT) with sequential covariate adjustment to
identify potential factors associated with the phenotype-TBS
relationship. Model 1 adjusted for demographic and meta-
bolic confounders (age, weight, vitamin D, HbA1c, smoking
status, alcohol consumption, and subcutaneous fat mass).
Model 2 additionally included visceral adipose tissue (VAT)
mass to evaluate whether visceral adiposity statistically ac-
counts for the phenotype-TBS associations.

Bootstrap mediation analysis with 5,000 iterations was
performed using the mediation package in R with default
settings [19]. VAT mass served as a potential mediator be-

www.kjim.org 503


www.kjim.org

KJIM™

The Korean Journal of Internal Medicine Vol. 41, No. 3, May 2026

Table 1. Baseline characteristics of men depending on their prediabetic phenotype

Characteristic IFG (n = 296) IGT (n =52) IFG+IGT (n = 103) p value
Age (yr) 53.1 (52.4-53.8) 54.0 (52.2-55.8) 54.5 (53.3-55.8) 0.114
Height (cm) 170.1 (169.5-170.7) 169.0 (167.5-170.5) 168.0 (167.0-169.1) b,d
Weight (kg) 74.1 (73.1-75.1) 73.7 (71.1-76.4) 74.0 (72.1-75.9) 0.968
Body mass index (kg/m?) 25.6 (25.3-25.9) 25.8 (24.9-26.7) 26.2 (25.6-26.7) 0.180
Trabecular bone score 1.49 (1.48-1.50) 1.46 (1.43-1.48) 1.48 (1.47-1.50) a,d
Lumbar spine BMD (g/cm?) 1.06 (1.04-1.08) 1.06 (1.00-1.12) 1.08 (1.04-1.11) 0.644
Total hip BMD (g/cmz) 1.20(1.19-1.22) 1.15 (1.11-1.18) 1.19 (1.17-1.22) ad
Femur neck BMD (g/cmz) 0.99 (0.97-1.00) 0.90 (0.87-0.94) 0.96 (0.93-0.98) a,c,d
Total fat mass (kg)a> 19.59 (19.01-20.16) 21.38(19.84-22.9) 20.90 (19.86-21.93) d
Visceral fat mass (kg) 1.28 (1.22-1.35) 1.54 (1.38-1.71) 1.46 (1.36-1.57) a,b,d
Subcutaneous fat mass (kg) 0.78 (0.75-0.82) 0.83(0.75-0.92) 0.79 (0.73-0.86) 0.531
Fasting insulin (1U/L)? 10.33 (9.81-10.85) 10.75 (9.06-12.45) 10.94 (10.05-11.83) 0.303
Fasting glucose (mg/dL) 107.0 (106.3-107.7) 93.5(92.0-95.0) 109.6 (108.3-110.9) ab,.cd
HbATc (%) 5.65 (5.61-5.68) 5.72 (5.62-5.81) 5.92 (5.83-6.01) b,cd
HOMA-IR? 2.74 (2.60-2.89) 2.48 (2.08-2.89) 2.96 (2.71-3.20) cd
Matsuda Index 5.47 (5.22-5.72) 4.86 (4.17-5.56) 4.38 (4.03-4.74) b,d
IGI30a> 0.74 (0.66-0.82) 0.66 (0.54-0.78) 0.65 (0.24-1.06) b,cd
Total cholesterol (mg/dL) 194.0 (190.3-197.6) 197.3 (187.6-207.0) 190.1 (183.8-196.5) 0.388
Fasting TG (mg/dL)a> 174.1 (157.5-190.7) 176.0 (152.9-199.1) 172.4 (151.7-193.0) 0.605
Fasting HDL-C (mg/dL) 49.5 (48.1-50.8) 48.3 (45.4-51.2) 479 (45.8-50.0) 0.432
hs-CRP? 1.68 (1.13-2.22) 2.06 (0.56-3.56) 1.47 (1.24-1.73) 0.736
Serum 250HD (ng/mL)? 16.7 (15.9-17.4) 16.3 (13.9-18.7) 16.5 (15.1-17.9) 0.546
Smoking (%) 0.838

Never 18.9 23.1 21.4

Ex-smoker 51.7 46.2 53.4

Current 294 30.8 252
Alcohol consumption (> 3 units per day) (%) 37 7.7 49 0.058

Values are presented as mean (95% confidence interval) or percentage.

IFG, impaired fasting glucose; IGT, impaired glucose tolerance; BMD, bone mineral density; HbA1lc, glycated hemoglobin; HOMA-
IR, homeostasis model assessment estimate of insulin resistance; 1Glsq, insulinogenic index; TG, triglyceride; HDL-C, high-density
lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein; 250HD, 25-hydroxy vitamin D.

3| og transformed.

Superscripts indicate significant pairwise differences (p < 0.05 by Bonferroni post-hoc test): a, IFG vs. IGT; b, IFG vs. IFG+IGT; ¢, IGT

vs. IFG+IGT.

tween phenotype (exposure) and TBS (outcome), adjusting
for age, weight, vitamin D, HbA1c, and lifestyle factors. The
proportion mediated was calculated as the indirect effect
divided by the total effect, expressed as a percentage of the
total effect.

All statistical analyses were performed using R version
4.4.0 (R Foundation, Vienna, Austria). p values < 0.05 were
considered statistically significant.
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RESULTS

Participant characteristics

The distribution of prediabetes phenotypes was as fol-
lows: men—296 individuals with IFG (65.6%), 52 with IGT
(11.5%), and 103 with IFG+IGT (22.8%); women—218
with IFG (51.3%), 96 with IGT (22.6%), and 111 with IF-
G+IGT (26.1%). Age and BMI were similar across pheno-
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Characteristic

IFG (n = 218)

IGT (n = 96)

[FG+IGT (n = 111)

p value

Age (yr)
Height (cm)
Weight (kg)
Body mass index (kg/m?)
Trabecular bone score
Lumbar spine BMD (g/cm?)
Total hip BMD (g/cm?)
Femur neck BMD (g/cm?)
Total fat mass (kg)?
Visceral fat mass (kg)
Subcutaneous fat mass (kg)
Fasting insulin (1U/L)?
Fasting glucose (mg/dL)
HbATc (%)
HOMA-IR?
Matsuda Index
IGl3o?
Total cholesterol (mg/dL)
Fasting TG (mg/dL)®
Fasting HDL-C (mg/dL)
hs-CRP?
Serum 250HD (ng/mL)?
Smoking (%)

Never

Ex-smoker

Current

Alcohol consumption (> 3 units per day) (%)

56.0 (55.5-56.6)
156.7 (156.0-157.4)
60.2 (59.2-61.2)
24.5(24.1-24.9)
1.44 (1.43-1.45)
1.06 (1.03-1.08)
1.00 (0.98-1.02)
0.85(0.83-0.86)
21.82 (21.17-22.48)
0.77 (0.72-0.82)
1.15 (1.11-1.19)
10.50 (9.95-11.04)
105.8 (105.1-106.5)
5.74 (5.69-5.78)
2.75(2.60-2.90)
5.08 (4.84-5.32)
1.12 (0.38-1.86)
200.3 (195.5-205.2)
124.8 (115.9-133.7)
56.6 (54.9-58.3)
1.08 (0.85-1.31)
18.6 (17.3-20.0)

97.2
1.8
0.9
1.4

57.5(56.8-58.2)
156.3 (155.2-157.4)
60.2 (58.6-61.9)
24.6 (24.0-25.3)
1.42 (1.41-1.43)
1.05 (1.01-1.09)
1.00 (0.98-1.03)
0.84(0.82-0.87)
21.96 (20.90-23.02)
0.85(0.76-0.93)
1.12 (1.05-1.19)
9.54 (8.82-10.27)
93.0(92.1-94.0)
5.70 (5.63-5.77)
2.20(2.02-2.37)
5.17 (4.69-5.65)
0.62 (0.51-0.72)
202.4 (195.5-209.2)
147.6 (131.6-163.5)
56.3 (53.8-58.7)
1.57 (1.03-2.12)
16.8 (15.0-18.6)

96.9
3.1
0.0
0.0

57.4 (56.6-58.2)
156.6 (155.7-157.4)
61.6 (60.3-62.9)
25.1 (24.6-25.6)
1.42 (1.40-1.43)
1.06 (1.03-1.10)

1.00 (0.97-1.02)
0.84(0.82-0.86)
22.85(21.97-23.73)
0.92 (0.84-0.99)

117 (1.12-1.22)
10.80 (10.05-11.55)
108.0 (106.8-109.3)
5.95 (5.88-6.02)
2.88(2.68-3.09)
4.17 (3.85-4.48
0.56 (0.45-0.67
200.1 (193.7-206.5)
145.0 (131.1-158.9)
53.1(50.7-55.4)
1.34(1.06-1.62)
18.0 (16.3-19.8)

)
)

97.3
2.7
0.0
2.7

a,b,d
0.799
0.222
0.140
b,d
0.834
0.904
0.813
0.191
b,d
0.535
c,d
ab,cd
b,c,d
a,c,d
b,c,d
a,b,d
0.874
b,d
b,d
b,d
0.216
0.654

0.192

Values are presented as mean (95% confidence interval) or percentage.

IFG, impaired fasting glucose; I1GT, impaired glucose tolerance; BMD, bone mineral density; HbA1lc, glycated hemoglobin; HOMA-
IR, homeostasis model assessment estimate of insulin resistance; 1Glsq, insulinogenic index; TG, triglyceride; HDL-C, high-density

lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein; 250HD, 25-hydroxy vitamin D.

3| og transformed.

Superscripts indicate significant pairwise differences (p < 0.05 by Bonferroni post-hoc test): a, IFG vs. IGT; b, IFG vs. IFG+IGT; ¢, IGT

vs. IFG+IGT.

types (Table 1, 2).

VAT mass showed a distinct pattern across phenotypes.
In men, VAT was lowest in IFG (1.28 + 0.57 kg), highest in

0.45%, women: 5.95 + 0.35%) and HOMA-IR (men: 2.96

IGT (1.54 £ 0.60 kg), and intermediate in IFG+IGT (1.46 =
0.52 kg, p < 0.001). Women showed progressive increases
from IFG (0.77 + 0.36 kg) through IGT (0.85 + 0.42 kg) to
IFG+IGT (0.92 + 0.40 kg, p < 0.001).

The IFG+IGT group had the highest HbATc (men: 5.92 +

https://doi.org/10.3904/kjim.2025.386

+ 1.25, women: 2.88 £ 1.11). Paradoxically, IGT showed
lower HOMA-IR than IFG in both sexes, reflecting its post-

prandial rather than fasting metabolic dysfunction.

Phenotype differences in TBS
Tables 1 and 2 also show TBS differences across prediabetes
phenotypes. In men, IGT demonstrated significantly lower
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1.48 1.43
1.47 1.425
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1457 G 14157 m IFG
1.44 B eT 1.41 et
1.43 B IFG+IGT 1.405 B IFG+IGT
1.42 1.4
Before adjustment After VF adjustment Before adjustment After VF adjustment

“ Men E Postmenopausal women

Figure 1. TBS across prediabetes phenotypes before and after adjustment for VF mass. (A) Men. (B) Postmenopausal women. Model 1
(before adjustment) was adjusted for age, weight, vitamin D, HbATc, smoking status, alcohol consumption, and subcutaneous fat mass.
Model 2 (after VF adjustment) additionally included VF mass. Error bars represent 95% confidence intervals. TBS, trabecular bone score;
VF, visceral fat; IFG, impaired fasting glucose; IGT, impaired glucose tolerance. *p < 0.05 versus IFG by Bonferroni post-hoc test.

= r = -0.350, p < 0.001 . . r=-0.119, p=0012
1.7- . . 1.7- - .

| | |
1,000 2,000 3,000 0 1 2
m VF mass E Log HOMA-IR

A . r=0.160, p < 0.001 . = r=0.000, p = 0.994

TBS

|
5 10 -2 0 2
Matsuda index E Log IGl,,

Figure 2. Scatter plots showing associations between TBS and metabolic parameters in men (A-D) and postmenopausal women (E-H). (A,
E) VF mass; (B, F) log-transformed HOMA-IR; (C, G) Matsuda Index; (D, H) log-transformed insulinogenic index (IGlzg). Blue lines represent
smoothed curves from generalized additive models with 95% confidence intervals (shaded areas). Pearson correlation coefficients (r) and
p values are displayed. TBS, trabecular bone score; VF, visceral fat; HOMA-IR, homeostasis model assessment estimate of insulin resis-
tance.

TBS (1.46 = 0.09) compared to IFG (1.49 + 0.08, p = 0.002) moderate (Cohen’s d = 0.41 for IGT vs. IFG). In women,
and IFG+IGT (1.48 = 0.07, p = 0.026). The effect size was IFG+IGT showed the lowest TBS (1.42 + 0.08) compared to
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2 r=-0.043, p=0.375

| |
0 1,000 2,000
E VF mass

r=0.043, p=0.383

TBS

I
2.5 5.0 7.5 10.0 12.5

Matsuda index

Figure 2. Continued.

IFG (1.44 = 0.07, p = 0.021), with IGT intermediate (1.42
0.07). The effect size for IFG versus IFG+IGT comparison was
0.28, indicating a small to moderate effect.

Notably, the pattern of TBS differences across different
prediabetes phenotypes in both men and women paralleled
the corresponding changes in VAT mass. This parallel pat-
tern suggested that VAT might mediate the relationship be-
tween phenotype and TBS, which we tested using sequen-
tial adjustment models (Fig. 1).

After adjusting for age, weight, vitamin D, HbA1c, smok-
ing, alcohol, and subcutaneous fat (Model 1, Before adjust-
ment for VAT mass), phenotype differences remained sig-
nificant in men (p = 0.018) but attenuated in women (p =
0.089). However, adjustment for VAT mass (Model 2. After
adjustment for VAT mass) substantially attenuated pheno-
type differences in both sexes (men: p = 0.124; women: p
=0.287).

https://doi.org/10.3904/kjim.2025.386
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H Log HOMA-IR

r=0.095, p=0.052

Visceral adiposity associations and mediation
analysis
Correlation analysis revealed differential associations be-
tween TBS and metabolic parameters (Fig. 2). VAT mass
showed the most substantial negative linear correlation with
TBS among all metabolic factors examined (men: r =-0.350,
p < 0.001; women: r = -0.205, p < 0.001). In contrast, tra-
ditional insulin resistance markers showed much weaker
associations. HOMA-IR demonstrated only a weak negative
correlation with TBS in men (r =-0.119, p = 0.012) and no
significant association in women (r = -0.043, p = 0.375).
The Matsuda Index showed a modest positive correlation in
men (r = 0.160, p < 0.001) but no significant association in
women (r = 0.043, p = 0.383). Beta-cell function assessed
by IGl;, showed virtually no correlation in men (r = 0.000, p
= 0.994) and only a borderline positive correlation in wom-
en (r=0.095, p =0.052).

In contrast to TBS, VAT showed no consistent negative asso-
ciation with BMD; correlations with lumbar spine and femoral
neck BMD were not significant, and total hip BMD showed a
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Table 3. Association between trabecular bone scores and visceral fat after adjustment for confounding factors and insulin

resistance or beta-cell function

Men Postmenopausal women
B p value B p value
Without IR or IGl3,? -0.744 <0.001 -0.578 <0.001
HOMA-IR? -0.740 <0.001 -0.574 <0.001
Matsuda Index? -0.758 <0.001 -0.579 <0.001
1Gl3o? -0.748 <0.001 -0.588 <0.001

IR, insulin resistance; 1Glzq, insulinogenic index; HOMA-IR, homeostasis model assessment of insulin resistance; HbAlc, glycated

hemoglobin; SD, standard deviation.

dAdjusted for age, BMI, HbATc level, vitamin D level, smoking status, and alcohol intake.

BAdjusted for age, BMI, HbAlc level, vitamin D level, smoking status, alcohol intake, and HOMA-IR.

9Adjusted for age, BMI, HbA1c level, vitamin D level, smoking status, alcohol intake, and Matsuda Index.

DAdjusted for age, BMI, HbA1c level, vitamin D level, smoking status, alcohol intake, and |Gls,.

B coefficients represent standardized regression coefficients (change in trabecular bone score per 1 SD increase in visceral fat mass
after covariate adjustment). 1 SD of visceral adipose tissue: men = 0.57 kg, women = 0.39 kg. HOMA-IR, 1Gl3q, and vitamin D were

log-transformed.

positive correlation with VAT (Supplementary Fig. 1), highlight-
ing that visceral adiposity specifically impairs bone microarchi-
tecture rather than BMD.

In multiple regression analysis (Table 3), VAT showed
robust negative associations with TBS (men: B = -0.744,
women: B =-0.578), which persisted after adjusting for HO-
MA-IR or the Matsuda Index, indicating effects independent
of insulin resistance.

Bootstrap mediation analysis quantified VAT's contri-
bution (Table 4). In men, comparing IGT (the lowest TBS
group) to the IFG reference, VAT showed substantial medi-
ating effects. The IGT group had a significantly higher VAT
mass compared to the IFG group (path a: B = 0.254 kg,
p < 0.001), representing approximately a 20% increase in
visceral adiposity relative to the IFG group. Each kilogram
increase in VAT was associated with a 0.064-unit decrease
in TBS (path b, p < 0.001).

The total effect of IGT on TBS was -0.032 (95% Cl: -0.058
t0 -0.006, p = 0.015), indicating clinically significant impair-
ment in bone quality. Of this total effect, the indirect effect
through VAT was -0.016 (95% Cl -0.026 to -0.008), while
the direct effect was -0.016 (95% Cl -0.041 to 0.009, p =
0.221). VAT accounted for 51% of the total effect (95% Cl
28-74%), representing robust mediation. This suggests that
approximately half of the bone quality impairment in IGT
operates through increased visceral adiposity.

The IFG+IGT versus IFG comparison in men showed a dif-
ferent pattern. While VAT also mediated an indirect effect,

508 www.kjim.org

the direct effect was positive, resulting in a non-significant
total effect. This suppression pattern suggests that in IF-
G+IGT, VAT-mediated negative effects on bone are partially
offset by other factors associated with this phenotype.

In women, comparing IFG+IGT (the lowest TBS group)
to the IFG reference, VAT played a more modest mediat-
ing role. The IFG+IGT group showed marginally higher
VAT mass (path a: B = 0.042 kg, p = 0.181), which did not
reach statistical significance. However, VAT effects on TBS
were stronger in women than men (path b: § = -0.082, p
< 0.001), indicating greater bone sensitivity to visceral adi-
posity.

The total effect of IFG+IGT on TBS was -0.013 (95% Cl
-0.030 to0 0.004, p = 0.138), with an indirect effect through
VAT of -0.003 (95% Cl -0.009 to 0.002) and a direct effect
of -0.010 (95% Cl-0.026 to 0.006, p = 0.222). VAT medi-
ated 26% of the total effect (95% Cl 8-45%), indicating
that three-quarters of the bone quality impairment operates
through pathways independent of visceral adiposity.

DISCUSSION

This study is the first to examine whether prediabetes phe-
notypes are associated with distinct patterns of bone quality
impairment, with IGT and combined IFG+IGT showing the
most significant reduction in TBS compared to isolated IFG.
We found that individuals with IGT-containing phenotypes
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(IGT alone or IFG+IGT) consistently demonstrated lower TBS
values than those with isolated IFG, even after adjusting for
traditional risk factors. Importantly, our mediation analysis
suggested that VAT may play a role in this relationship, ac-
counting for 51% (95% Cl 28-74%) of the phenotype-as-
sociated differences in bone quality in men with IGT, where
the total effect was significant. This finding challenges the
traditional view of prediabetes as a homogeneous condition
and identifies VAT as a potential key metabolic factor link-
ing specific prediabetes phenotypes to compromised bone
microarchitecture. While previous studies have suggested
bone deterioration begins during prediabetes, our results
provide the first evidence that the associations between pre-
diabetes and bone quality impairment vary significantly by
prediabetes phenotype, with visceral adiposity emerging as
a potentially more important factor than traditional insulin
resistance markers.

The clinical relevance of the observed TBS differences war-
rants consideration. The differences between phenotypes
(0.02-0.03 units) represent approximately 0.25-0.40 stan-
dard deviation (SD) of TBS. Based on meta-analyses showing
that each 1 SD decrease in TBS is associated with a 30-40%
increase in fracture risk independent of BMD [20], the ob-
served differences may correspond to a 7-16% difference
in relative fracture risk. While modest at the individual level,
these differences could have meaningful public health impli-
cations given the large population affected by prediabetes.

Notably, the phenotypes with the lowest TBS values (IGT
in men and IFG+IGT in women) also exhibited the highest
VAT mass, suggesting that VAT may be a potential mech-
anistic link between these phenotypes and bone quality
impairment. To test this hypothesis, we examined multiple
metabolic parameters. We found that VAT indeed showed
the strongest correlation with reduced bone quality among
all factors examined (r = -0.350 in men, r =-0.205 in wom-
en), surpassing traditional markers of insulin resistance. For-
mal mediation analysis confirmed that VAT accounts for a
substantial 51% (95% Cl 28-74%) of the IGT effect in men
and 26% (95% Cl 8-45%) of the IFG+IGT effect in women.
The stronger mediation in men with IGT, where both the
total effect and indirect effect were significant, represents
the most robust evidence for VAT's mediating role. In wom-
en, however, the mediation findings should be interpreted
with caution, as the total effect of IFG+IGT on TBS did not
reach statistical significance (p = 0.138), which limits defini-
tive mediation inference.
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In contrast to the strong association of visceral adiposity
with TBS, traditional markers of insulin resistance showed
surprisingly weaker associations with bone quality. HOMA-IR
demonstrated only a minimal negative correlation with TBS
inmen (r=-0.119, p = 0.012) and no significant association
in women (r = -0.043, p = 0.375). Similarly, the Matsuda
Index showed only a modest positive correlation in men (r =
0.160, p < 0.001) but no significant association in women (r
=0.043, p = 0.383). These findings suggest that visceral adi-
posity may affect bone quality through mechanisms beyond
its contribution to systemic insulin resistance, highlighting
the importance of body composition over glycemic markers
in bone health assessment during prediabetes.

These VAT-specific effects on bone quality, which appear
independent of systemic insulin resistance, may operate
through multiple direct mechanisms. VAT secretes inflam-
matory cytokines (TNF-a, IL-6, resistin) that suppress osteo-
blast function and enhance osteoclast activity [21,22], while
inducing systemic low-grade inflammation that disrupts nor-
mal bone remodeling [23]. However, VAT accounts for only
about half of the phenotype effect in men and one-quarter
in women, indicating that additional pathways likely con-
tribute to bone quality impairment. The IGT phenotype’s
pronounced postprandial glucose excursions likely contrib-
ute through increased formation of advanced glycation end
products (AGEs) in bone collagen, which alter mechanical
properties and activate RAGE signaling that impairs bone
formation [24,25]. Supporting this mechanism, Yamamoto
et al. demonstrated that serum pentosidine, an AGE, was
independently associated with reduced TBS and increased
fracture risk in T2DM [26].

Additionally, glucose variability characteristic of IGT in-
duces oxidative stress that directly impairs osteoblast sur-
vival and function [27]. Meanwhile, the IFG+IGT phenotype
may experience cumulative effects from chronic hyperglyce-
mia and altered insulin signaling, which generally promote
osteoblast differentiation [28]. Together, these findings sug-
gest that prediabetes affects bone quality through a com-
plex interplay of VAT-mediated inflammation and pheno-
type-specific metabolic disturbances, underscoring the need
for targeted interventions that consider both body composi-
tion and glycemic patterns.

The observed sex differences in phenotype-bone quality
relationships reflect fundamental differences in glucose me-
tabolism and body composition between men and women.
Men typically have greater visceral adiposity relative to total
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fat, potentially making them more susceptible to VAT-me-
diated effects in IGT, as suggested by the 51% statistical
mediation effect. Women’s greater subcutaneous fat may
provide some buffering effect except in the most metaboli-
cally compromised IFG+IGT state, where VAT still mediates
26% of the bone quality impairment. These patterns align
with sex differences in diabetes complications generally,
where men often show earlier macrovascular complications
while women experience a greater risk once the disease is
established [29].

The robustness of these phenotype- and sex-specific find-
ings is supported by several methodological strengths. We
used the gold-standard OGTT for precise phenotype classifi-
cation, ensuring accurate categorization of participants. TBS
provided a validated measure of bone microarchitecture,
independent of BMD, allowing for the assessment of bone
quality rather than just quantity. The use of DXA-derived
VAT measurements offered accurate quantification of vis-
ceral adiposity with strong correlations to gold-standard CT
imaging [18]. Our bootstrap mediation analysis with 5,000
iterations provided robust statistical quantification of VAT's
mediating role. The large sample size enabled sex-stratified
analyses revealing important differences.

Several limitations should be considered when interpret-
ing our results. The cross-sectional design precludes causal
inference and cannot determine whether phenotype-specif-
ic TBS differences translate to differential fracture risk over
time. Furthermore, the temporal ordering required for de-
finitive mediation inference is not established, as VAT and
TBS were measured simultaneously; thus, our mediation
findings should be interpreted as demonstrating statistical
associations consistent with a mediating pathway rather
than confirming causality. We could not measure all po-
tential mediators, including bone turnover markers, AGEs,
or inflammatory cytokines, which limits our mechanistic
understanding of the unexplained variance. Additionally,
while DXA-derived VAT measurements correlate strongly
with CT imaging [18,30], measurement error may attenu-
ate mediation estimates, potentially underestimating VAT's
true contribution. The Korean population studied may ex-
hibit different body composition patterns compared to oth-
er ethnicities, potentially limiting the generalizability of the
findings. Additionally, while TBS provides valuable informa-
tion about bone microarchitecture, it does not capture all
aspects of bone quality that contribute to fracture risk.

Our findings establish several priorities for future research.
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Longitudinal studies are essential for determining whether
phenotype-specific TBS differences predict incident frac-
tures and for establishing the temporal relationship between
metabolic changes and deterioration of bone quality. Com-
prehensive metabolic profiling, including bone turnover
markers, AGEs, inflammatory mediators, and adipokines,
could identify the mechanisms underlying the unexplained
49% (men) and 74% (women) of phenotype effects. Final-
ly, studies in diverse populations are needed to confirm the
generalizability of these phenotype-specific patterns and to
develop population-specific risk assessment tools.

In conclusion, prediabetes phenotypes exhibit distinct pat-
terns of bone quality, highlighting the heterogeneous nature
of prediabetes and its varied skeletal effects. IGT in men and
IFG+IGT in women show the most significant bone quality
impairment. Visceral adiposity accounts for approximately
half of the phenotype effect in men (51%) and one-quar-
ter in women (26%). The remaining unexplained variance
likely involves multiple pathways, including AGE forma-
tion, oxidative stress, and direct metabolic effects on bone,
which require further investigation. These findings support
moving beyond a one-size-fits-all approach to prediabetes
management, suggesting phenotype-specific strategies for
assessing and preserving bone health. Longitudinal studies
are warranted to confirm these cross-sectional findings and
determine whether the observed TBS differences translate
to differential fracture risk. As prediabetes affects nearly half
a billion individuals globally, understanding and addressing
phenotype-specific bone health risks could substantially im-
pact public health.

KEY MESSAGE

1. Prediabetes phenotypes (IFG, IGT, IFG+IGT) show
distinct bone quality patterns, with IGT showing
the poorest TBS in men and IFG+IGT showing the
greatest impairment in women.

2. Visceral adiposity accounts for approximately half
(51%) of the phenotype-specific effect on bone
quality in men and one-quarter (26%) in women,
highlighting its role as a key modifiable risk factor.

3. These findings support phenotype-specific risk
stratification and targeted interventions for bone
health preservation in prediabetes management
and warrant confirmation in longitudinal studies.
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Supplementary Figure 1. Scatter plots showing associations between VF mass and bone parameters at all skeletal sites in men (A-
D) and postmenopausal women (E-H). (A, E) TBS; (B, F) L-spine BMD; (C, G) femur neck BMD; (D, H) total Hip BMD. Blue lines represent
smoothed curves from generalized additive models with 95% confidence intervals (shaded areas). Pearson correlation coefficients (r) and
p values are displayed. TBS, trabecular bone score; VF, visceral fat; BMD, bone mineral density.
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Supplementary Figure 1. Continued.
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