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Relationship between four visceral obesity
indices and prediabetes and diabetes: a cross-
sectional study in Dalian, China
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Abstract

Background In recent times, a number of new indices for measuring visceral obesity have been developed. This
research sought to investigate the relationship between four visceral obesity indices and prediabetes and diabetes.

Methods Conducted in 2011 as a cross-sectional analysis in Dalian, China, this study utilized logistic regression
models to explore the relationships between four visceral obesity indices and prediabetes and diabetes. It also
assessed the dose-response relationships using restricted cubic splines (RCS), performed subgroup analyses, and
conducted interaction tests. The predictive values of four visceral obesity indices were evaluated using receiver
operating characteristic (ROC) curves.

Results The study enrolled 10,090 participants, with prediabetes and diabetes prevalence at 80.53%. Multifactorial
logistic regression revealed positive relationships between the four visceral obesity indices and prediabetes and
diabetes. The results of the RCS analysis revealed a linear relationship between the body roundness index (BR),
cardiometabolic index (CMI) and prediabetes and diabetes. Conversely, a non-linear relationship was observed
between Chinese visceral adiposity index (CVA), lipid accumulation product (LAP) and prediabetes and diabetes.
Subgroup analyses demonstrated stronger relationships of CMI, CVAI, and LAP with prediabetes and diabetes among
females. ROC curves suggested that LAP could be an effective predictor of these conditions.

Conclusion This research confirmed that four visceral obesity indices are linked with a higher risk of prediabetes
and diabetes in middle-aged and elderly individuals in Dalian. Importantly, LAP could be an effective predictor of
prediabetes and diabetes. Effective weight management significantly reduces the risk of both prediabetes and
diabetes.
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Introduction

Diabetes, a condition characterized by elevated blood
glucose levels resulting from either malfunctioning pan-
creatic beta cells or resistance to insulin, has become
increasingly prevalent in recent years. It is now one of the
leading metabolic disorders globally, significantly impact-
ing the quality of life of millions. According to the Inter-
national Diabetes Federation, the worldwide diabetic
population among adults was estimated at 537 million in
2021, accounting for about 10% of the global adult popu-
lation. This number is projected to rise to 700 million by
2045. The incidence of diabetes is notably higher in indi-
viduals over 40, with a greater prevalence observed in
men compared to women [1]. China hosts the largest dia-
betic population globally, a figure that continues to rise
annually—approximately 140 million in 2021, projected
to exceed 174 million by 2045 [2]. Moreover, diabetes in
China exhibits an aging trend; the proportion of those
over 60 is steadily increasing. A 2017 survey indicated
that the prevalence rate approached or exceeded 20%.
Moreover, many individuals have higher-than-normal
blood glucose levels that fall short of diabetes diagnosis
criteria, a condition known as prediabetes [3]. Both pre-
diabetes and diabetes are closely linked to insulin resis-
tance [4] and can lead to various complications, including
renal and cardiovascular diseases, and cognitive impair-
ment in hypertensive prediabetic frail older adults [5—
10]. Additionally, diabetes and prediabetes represent a
substantial personal and socioeconomic burden [11]. The
direct and indirect healthcare costs associated with dia-
betes are considerable, encompassing treatment expenses
as well as economic losses due to disability and prema-
ture mortality. Despite these challenges, most individuals
with prediabetes are not diagnosed [12], and unmanaged
prediabetes not only increases the risk of frailty in older
adults with high blood pressure, it also heightens the
potential for developing diabetes [13, 14]. Consequently,
interventions targeting prediabetes and diabetes to pre-
vent complications are crucial. Such measures are antici-
pated to enhance the early diagnosis and treatment of
diabetes, optimizing healthcare outcomes.

Obesity rates are increasing, influenced by increasing
life pressures and changes in dietary habits. According to
a survey, over half of Chinese adults are now overweight
or obese [15, 16]. The accumulation of fat, particularly
visceral fat, is closely linked to insulin resistance. How-
ever, the benchmark for assessing insulin resistance—the
high insulin-normal glucose clamp technique—is imprac-
tical for large sample populations because of its expen-
sive price, invasive nature, and lengthy duration [17].
Therefore, we aimed to assess insulin resistance through
visceral obesity indices to explore their relationship with
prediabetes and diabetes. Recently, in addition to tradi-
tional obesity metrics, several novel indices specifically
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addressing visceral obesity have emerged, such as body
roundness index (BRI) [18], cardiometabolic index (CMI)
[19], Chinese visceral adiposity index (CVAI) [20], and
lipid accumulation product (LAP) [21]. Currently, Shi et
al. found that the atherogenic index of plasma is posi-
tively correlated with both prediabetes and diabetes. A
cross-sectional study found a non-linear positive correla-
tion between BRI and prediabetes and diabetes [22]. To
date, no research has explored the relationship between
the BRI, CMI, CVAI, and LAP indices and prediabetes
and diabetes in the Chinese population [23]. Thus, our
cross-sectional study, which targeted the middle-aged
and elderly population of Dalian, China, examined the
relationship between four novel visceral obesity indices
and prediabetes and diabetes, and compared the predic-
tive value of these indices, aiming to enhance the preven-
tion and treatment of these disorders in specific groups.

Materials and methods

Research subject

The REACTION (Risk Evaluation of Cancers in Chinese
Diabetic Individuals: A longitudinal study) is a nation-
wide, population-based prospective cohort study focus-
ing on community-dwelling individuals aged 40 years or
older. This extensive study recruited participants from
25 centers across mainland China, involving a total of
259,657 individuals [24-26]. Our specific research was
conducted at the Dalian center of the REACTION study
between August and December 2011. Our study is a
single-center cross-sectional investigation. We excluded
individuals with incomplete data and those under 40
years of age, ultimately registering 10,090 participants
who fulfilled the eligibility requirements. The screening
process is depicted in Fig. 1. The study was performed in
accordance with the principles of the Declaration of Hel-
sinki and received approval from the Institutional Review
Board of Ruijin Hospital, affiliated with Shanghai Jiao
Tong University School of Medicine (RUIJIN-2011-14).
All participants provided written informed consent.

Data collection

Medical and nursing personnel, who were trained before-
hand, participated in conducting this survey. A com-
prehensive survey was used to collect personal details,
covering basic demographic traits (age, gender, height,
weight, WC); lifestyle factors (smoking and drinking hab-
its); literacy level; history of previous chronic diseases;
and family history of diabetes. Hypertension was defined
as having a history of high blood pressure or a reading
exceeding 140/90mmHg. Participants were instructed
to fast for more than 12 h prior to the day of the survey.
Subsequently, a certified technician collected venous
blood samples to evaluate fasting plasma glucose (FPG),
2-hour OGTT plasma glucose, HbAlc, lipid profiles, and
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A total of 10,207 participants
were included in the baseline
survey of the REACTION
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Excluded participants with age<40 years

Remained participants
(N=10192)

(N=15)

Missing data for four visceral obesity indices
(N=71)

In the final analysis
(N=10090)

Fig. 1 Screening Flowchart

BMI = weight (kg) / heig\htz(m)‘
BRI = 364.2-365.5%[1-t" xWC (m)xheight (m)]
CMI=TG/HDL-CxWHtR

2 1/2

Missing data for diabetes and prediabetes
diagnosis (N=31)

CVAI (male) =-267.93 + 0.68 x age + 0.03 x BMI +4.00 x WC + 22 x IgTG - 16.32xHDL-C
CVAI (female) =-187.32 + 1.71 x age + 4.23 x BMI + 1.12 x WC + 39.76 x 1gTG - 11.66 x HDL-C

LAP (male) = [WC(cm)-65] x TG
LAP (female) = [WC(cm)-58] x TG

Fig. 2 Obesity indices calculation formulas

liver and kidney functions. Subject height and weight
were recorded using an RGZ-120 weight-measuring
device. Before measurements, subjects were asked to
remove their clothing and shoes. Blood measurements
were taken on the right arm in a calm state, averaging
three readings.

Variable definition

Diabetes is characterized by fulfilling any of the crite-
ria below: (1) FPG level of 27 mmol/L, 2-hour OGTT
plasma glucose level of 211.1 mmol/L, or an HbA1c level
of 26.5%. (2) Self-reported diabetes diagnosis or ongoing
glucose-lowering medication use. Prediabetes is charac-
terized by fulfilling any of the criteria below: FPG level

between 5.6 mmol/L and 6.9 mmol/L, 2-hour OGTT
plasma glucose level between 7.8 mmol/L and 11.1
mmol/L, or an HbAlc level between 5.7% and 6.4% [27].

Obesity index formula: refer to Fig. 2 for the calculation
formula.

Statistical analysis

Categorical variables were described using frequency
and constitutive ratios (n%), and comparisons between
the two groups were performed using the chi-square
test. Data not normally distributed were presented as
medians (Q25, Q75), and after transforming these val-
ues logarithmically, a t-test was utilized for comparisons
between the two groups. For handling missing data, a
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Table 1 Baseline characteristics
Variable Overall Control Diabetes and prediabetes P-value
N=10,090 N=1965 N=8125
Age (years) 56.99 (52.17,62.67) 53.65 (48.44, 58.69) 57.78 (53.14,63.77) <0.001
SBP (mmHg) 138.67 (125.00, 153.33) 130.00 (119.00, 144.00) 141.00 (127.33,155.67) <0.001
DBP (mmHg) 80.00 (72.00, 87.00) 76.67 (70.67, 84.33) 80.33 (72.67, 88.00) <0.001
BMI (Kg/mz) 2554 (23.38,27.89) 2434 (22.27,26.37) 25.85 (23.66, 28.14) <0.001
BRI 454 (3.71,543) 4.04 (3.25,4.88) 4.66 (3.86, 5.54) <0.001
WC (cm) 90.00 (84.00, 97.00) 86.00 (80.00, 93.00) 90.00 (85.00, 98.00) <0.001
CVAI 112.01 (86.09, 139.14) 89.98 (66.91, 114.69) 117.14 (91.79, 143.40) <0.001
CMI 0.52(0.33,0.85) 0.39(0.25,0.59) 0.57 (0.36,0.91) <0.001
LAP 38.25 (24.03, 60.60) 27.72 (17.60,42.93) 41.58 (26.46, 65.10) <0.001
Creatinine (Lmol/L) 63.70 (58.20, 71.00) 61.90 (57.30, 68.40) 64.10 (58.50, 71.70) <0.001
LDL (mmol/L) 3.24(2.70,3.82) 3.06 (2.56, 3.58) 3.29(2.73,3.89) <0.001
HDL (mmol/L) 1.36(1.18,1.59) 144 (1.24,1.67) 1.35(1.17,1.57) <0.001
TG (mmol/L) 1.27 (0.91,1.83) 1.03 (0.78,1.45) 1.34(0.97,1.91) <0.001
ALT (U/L) 16.00 (12.00, 23.00) 14.00 (11.00, 20.00) 17.00 (13.00, 23.00) <0.001
AST (U/L) 21.00 (18.00, 25.00) 20.00 (18.00, 24.00) 21.00 (18.00, 26.00) <0.001
HOMA-IR 2.02(1.38,3.01) 145 (1.06,1.94) 2.24(1.52,3.28) <0.001
FPG (mmol/L) 5.67(5.28,6.34) 5.16 (4.95, 5.36) 5.85 (5.46,6.62) <0.001
Gender (%) <0.001
Woman 7327 (72.62%) 1536 (78.17%) 5791 (71.27%)
Man 2763 (27.38%) 429 (21.83%) 2334 (28.73%)
Marriage (%) 0.073
Married 9123 (90.42%) 1795 (91.35%) 7328 (90.19%)
Unmarried 35(0.35%) 10 (0.51%) 25 (0.31%)
Other 932 (9.24%) 160 (8.14%) 772 (9.50%)
Educational level (%) <0.001
Primary school and below 1260 (12.49%) 155 (7.89%) 1105 (13.60%)
Middle school and high school 7340 (72.75%) 1506 (76.64%) 5834 (71.80%)
University and above 1490 (14.77%) 304 (15.47%) 1186 (14.60%)
CHD (%) <0.001
No 9602 (95.16%) 1920 (97.71%) 7682 (94.55%)
Yes 488 (4.84%) 45 (2.29%) 443 (5.45%)
Hypertension (%) <0.001
No 4733 (46.91%) 1293 (65.80%) 3440 (42.34%)
Yes 5357 (53.09%) 672 (34.20%) 4685 (57.66%)
Smoking (%) <0.001
Current 1313 (13.01%) 220 (11.20%) 1093 (13.45%)
Past 639 (6.33%) 87 (4.43%) 552 (6.79%)
Never 8138 (80.65%) 1658 (84.38%) 6480 (79.75%)
Drinking alcohol (%) 0.049
Current 2582 (25.59%) 474 (24.12%) 2108 (25.95%)
Past 539 (5.34%) 91 (4.63%) 448 (5.51%)
Never 6969 (69.07%) 1400 (71.25%) 5569 (68.54%)
Family history of diabetes (%) <0.001
No 7860 (77.90%) 1600 (81.43%) 6260 (77.05%)

Yes

2230 (22.10%)

365 (18.58%)

1865 (22.95%)

For continuous variables, the median (Q25, Q75) was calculated. These median values were subsequently log-transformed before conducting t-tests. For categorical
variables, percentages were used and the P value was calculated using the chi-square test

Abbreviation: SBF, systolic blood pressure; DBP, diastolic blood pressure; BM/, body mass index; WC, waist circumference; BRI, body roundness index; CVAl, Chinese
visceral adiposity index; CM/, cardiometabolic index; LAP, lipid accumulation product; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TG, triglycerides;
ALT, alanine aminotransferase; AST, aspartate aminotransferase; HOMA-IR, homeostatic model assessment for insulin resistance; FPG, fast plasma glucose; CHD,
coronary heart disease
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random forest-based multiple imputation technique was
utilized. Multifactorial logistic regression was employed
to explore the relationship between the four visceral
obesity indices and prediabetes and diabetes. Due to the
absence of new cut-off points, these associations were
examined using the interquartile method. Three models
were constructed for analysis: Model 1 was unadjusted.
Model 2 was adjusted for age, gender, and family history
of diabetes. Model 3 was further adjusted for the history
of hypertension, coronary heart disease (CHD), smok-
ing, alcohol consumption, Creatinine, ALT, and AST. The
dose-response relationships between four visceral obesity
indices and prediabetes and diabetes were analyzed using
3-knots restricted cubic splines (RCS). Subsequently,
we performed subgroup analyses to determine if certain
covariates (age, gender, CHD, and hypertension) altered
the relationship between four visceral obesity indices
and prediabetes and diabetes, with interactions deemed
significant at P<0.05. Lastly, receiver operating char-
acteristic (ROC) curves were used to evaluate the abil-
ity of these indices to predict prediabetes and diabetes.
Statistical analyses were performed using EmpowerStats
(version 4.2) and R software (version 4.3.2). For assess-
ing statistical significance, it is crucial to regard P-values
below 0.05 as significant, using a two-sided test.

prediabetes and diabetes D 0 . 1

Page 5 of 11

Results

Baseline characteristics

This study included 10,090 participants, who exhibited
a combined prevalence of prediabetes and diabetes at
80.53%. As detailed in Table 1, individuals in the pre-
diabetes and diabetes group exhibited higher values for
age, systolic blood pressure (SBP), diastolic blood pres-
sure (DBP), BMI, WC, BRI, CMI, CVAI, LAP, Creatinine,
LDL, TG, ALT, AST, FPG, and HOMA-IR compared to
those in the control group. Conversely, the prediabetes
and diabetes group exhibited significantly reduced HDL
levels compared to the control group. Furthermore, this
group exhibited significantly higher proportions of men,
individuals with low education levels, and those with
a family history of diabetes, hypertension, and CHD, as
well as smokers and alcohol consumers. However, there
were no statistically significant differences in marital sta-
tus between the groups. To further visually represent the
differences in four visceral obesity indices between the
two groups, violin plots were employed, as illustrated
in Fig. 3. Relative to the control group, the prediabetic
and diabetic groups exhibited significantly higher values
across four visceral obesity indices.
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Fig. 3 Violin plots comparing four visceral obesity indices between the two groups. The comparison of BRI, CMI, CVAI, and LAP between the prediabetes
and diabetes group and the control group. Group 1 represents the prediabetes and diabetes group, whereas Group 2 represents the control group. Ab-
breviation: BRI, body roundness index; CMI, cardiometabolic index; CVAI, Chinese visceral adiposity index; LAP, lipid accumulation product
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Table 2 Relationship between four visceral obesity indices and
prediabetes and diabetes

Model 1 Model 2 Model 3
OR (95% Cl) OR (95% Cl) OR (95% Cl)

BRI 1.506 (1.442,1.572)<0.001 1382 (1322, 1.362 (1.303,
1.446)<0.001 1.424)<0.001

Q1 1.0 (Ref) 1.0 (Ref) 1.0 (Ref)

Q2 1.806 (1.587,2.054)<0.001 1622 (1421, 1.538(1.347,
1.851)<0.001 1.756) < 0.001

Q3 2227 (1.947,2.548)<0.001  1.884 (1.641, 1.775 (1.544,
2.164)<0.001 2.040)<0.001

Q4 4.013(3.441,4.681)<0.001  3.041(2.592, 2961 (2521,
3.569) <0.001 3.477)<0.001

P for <0.001 <0.001 <0.001

trend

CVAl  1.02(1.018,1.021)<0.001 1016 (1.014, 1.016 (1.014,
1.018)<0.001 1.017)<0.001

Q1 1.0 (Ref) 1.0 (Ref) 1.0 (Ref)

Q2 2,032 (1.791,2304)<0.001  1.738(1.527, 1.736 (1.526,
1.978)<0.001 1.976)<0.001

Q3 3.294 (2.867,3.783)<0.001  2.538(2.190, 2459 (2.126,
2.940)<0.001 2.845)<0.001

Q4 6.746 (5.694,7.992) <0.001  4.538 (3.761, 4451 (3.712,
5477)<0.001 5.338)<0.001

P for <0.001 <0.001 <0.001

trend

CMI 3.653(3.140,4.250)<0.001  2.949 (2.544, 2487 (2.141,
3419)<0.001 2.889)<0.001

Q1 1.0 (Ref) 1.0 (Ref) 1.0 (Ref)

Q2 1622 (1430, 1.841)<0.001 1448 (1271, 1399 (1.228,
1.648)<0.001 1.592)<0.001

Q3 2.598 (2.263,2.983)<0.001  2.155(1.870, 1.960 (1.698,
2483)<0.001 2.263)<0.001

Q4 4.285 (3.663,5.012)<0.001 3497 (2.978, 2.899 (2.459,
4.105)<0.001 3.418)<0.001

P for <0.001 <0.001 <0.001

trend

LAP  1.022(1.020,1.025)<0.001 1.019(1.017, 1.017 (1.014,
1.022)<0.001 1.019)<0.001

Q1 1.0 (Ref) 1.0 (Ref) 1.0 (Ref)

Q2 1.720 (1.516,1.952)<0.001  1.565 (1.374, 1.500 (1.318,
1.782)<0.001 1.708) < 0.001

Q3 2.645 (2.306,3.034)<0.001  2.260 (1.962, 2,034 (1.764,
2.602)<0.001 2.347)<0.001

Q4 4743 (4.044,5.564)<0.001  3.893 (3.308, 3.201 (2.705,
4.582)<0.001 3.787)<0.001

P for <0.001 <0.001 <0.001

trend

Model 1: unadjusted. Model 2: further adjusted for age, gender, family history
of diabetes. Model3: further adjusted for hypertension, CHD, smoking history,
drinking history, creatinine, AST, ALT

Abbreviation: Ref, reference; CHD, coronary heart disease; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; BR/, body roundness index;
CVAI, Chinese visceral adiposity index; CMI, cardiometabolic index; LAP, lipid
accumulation product; Q, quartile; OR, odds ratio; C/, confidence interval

Relationship between obesity indices and prediabetes and
diabetes

The four visceral obesity indices—BRI, CMI, CVAI and
LAP—were significantly associated with prediabetes
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and diabetes, regardless of confounder adjustment. As
detailed in Table 2, these visceral obesity indices were
categorized into quartiles to explore their relationships
with prediabetes and diabetes. After adjustments for age,
gender, creatinine, AST, ALT, family history of diabetes,
hypertension, CHD, smoking, and drinking alcohol, the
study revealed significant correlations. Compared with
the lowest quartile, the odds ratio (OR) for the highest
quartile of BRI was 2.961, 95% CI: (2.521, 3.477); for CMI
was 2.899, 95% CI: (2.459, 3.418); for CVAI was 4.451,
95% CI: (3.712, 5.338); for LAP was 3.201, 95% CI: (2.705,
3.787). A progressive increase in the strength of these
associations was observed across quartiles, maintaining a
significant positive trend (P for trend <0.001).

RCS curves fitting

Using 3-knots RCS curves fitting, we analyzed the dose-
response relationship between four visceral obesity indi-
ces and prediabetes and diabetes. Figure 4 indicated
that higher visceral obesity indices were linked to higher
risks of prediabetes and diabetes. Following adjustments
for multiple confounding variables, both BRI and CVAI
displayed a linear positive correlation with prediabetes
and diabetes. The analysis yielded non-linear p-values of
0.336 and 0.743, with cutoff values set at 5.43 and 139.14,
respectively. In contrast, CMI and LAP displayed a non-
linear positive correlation with prediabetes and diabetes.
The analysis yielded non-linear p-values<0.05, with cut-
off values set at 0.85 and 60.6, respectively. The results
from the RCS fit are consistent with those obtained from
multivariate regression analysis.

Subgroup analyses

We further conducted subgroup analyses based on age,
gender, hypertension, and CHD, followed by subsequent
multivariable logistic regression analysis. Analysis of
Fig. 5 revealed interactions between the CMI, CVAI and
LAP and prediabetes and diabetes within the gender sub-
group (P for interaction<0.05). The links between CMI,
CVAL and LAP and prediabetes and diabetes were stron-
ger in women than in men. No notable differences were
found in the remaining subgroups regarding the relation-
ships between the four visceral obesity indices and pre-
diabetes and diabetes.

ROC curves

As detailed in Fig. 6; Table 3, a baseline model was
constructed that included variables such as age, sex,
hypertension, CHD, smoking, alcohol consumption, Cre-
atinine, ALT, and AST. The successive addition of the
four visceral obesity indices modified the model's AUC.
The baseline AUC was 0.706 (95% CI: 0.693, 0.719). It
rose to 0.717 (95% CI: 0.705, 0.730) with the addition of
BRI, to 0.721 (95% CIL: 0.709, 0.733) with CMI, to 0.724
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Fig. 4 The dose-response relationship between four visceral obesity indices and prediabetes and diabetes. We employed 3-knots RCS to fit the dose-
response relationship between four visceral obesity indices and prediabetes and diabetes. We adjusted the model fully for age, gender, family history of
diabetes, hypertension, CHD, smoking, alcohol consumption, creatinine, ALT, and AST. The red solid line represents the curve fitting between variables,
and the shaded area indicates the 95% Cl of the fit. Abbreviation: BRI, body roundness index; CMI, cardiometabolic index; CVAI, Chinese visceral adiposity
index; LAP, lipid accumulation product; CHD, coronary heart disease; ALT, alanine aminotransferase; AST, aspartate aminotransferase

(95% CI: 0.712, 0.737) with CVAI and to 0.726 (95% CIL:
0.714, 0.738) with LAP. The inclusion of the four visceral
obesity indices significantly enhanced the model’s predic-
tive accuracy (P<0.001), with LAP offering the greatest
improvement, followed by CVAI, CMI, and BRI. These
findings suggest that LAP could be an effective marker
for predicting prediabetes and diabetes.

Discussion

A study from Korea indicated that CT-based measure-
ments of visceral adipose tissue volume could be valu-
able in assessing metabolic risk among individuals with
prediabetes [28]. CT-based measurement of visceral adi-
posity offers a more accurate and objective assessment
method; however, it has limitations, such as radiation
exposure and high cost. Therefore, focusing on the distri-
bution of body fat, we have selected several novel indices
to assess visceral obesity more effectively in middle-aged
and older adults. Thus, our research investigated the
relationship between four visceral obesity indices and
prediabetes and diabetes in middle-aged and elderly
individuals from Dalian, China. We identified positive

correlations between the BRI, CMI, CVAI, and LAP with
both prediabetes and diabetes. The positive correlations
intensified progressively across quartiles, demonstrating
a significant upward trend (P for trend<0.001). 3-knots
RCS analysis indicated that BRI and CVAI were linearly
correlated with prediabetes and diabetes, whereas CMI
and LAP displayed nonlinear associations. Following
further subgroup analysis, it was found that the rela-
tionships between CMI, CVAI, and LAP with prediabe-
tes and diabetes were stronger in women. Further, ROC
curves indicated that LAP was potentially the most effec-
tive predictor of prediabetes and diabetes. This study is
the first to examine the potential links between these four
visceral obesity indices and prediabetes and diabetes in
the Dalian region of China.

Lin and colleagues determined that the BRI is linearly
and positively correlated with diabetes, whereas the
CVAI and LAP exhibit nonlinear positive correlations,
with the CVALI possessing the strongest predictive power
for diabetes [29]. A longitudinal study from Korea identi-
fied the LAP as a significant indicator for assessing the
risk of type 2 diabetes mellitus (T2DM) in middle-aged
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Characteristics ~ Total(N) OR(95%)CI P value P for interaction Characteristics ~ Total(N) OR(95%)CI P value P for interaction

BRI 10090 1.362(1.303,1.424) : L <0.001 CVAI 10090 1.016(1.014,1.017) : [l <0.001
Age 1 0.493 Age 1 0.26

260 3519 1.340 (1.228, 1.463) : L <0.001 260 3519 1.012 (1.009, 1.015) : ——— <0.001

<60 6571 1.294 (1.228, 1.364) : u <0.001 <60 6571 1.014 (1.012, 1.016) : gl <0.001
Gender 1 0.552 Gender | <0.001

Man 2763 1.324(1.193,1.469) o4 <0.001 Man 2763 1.009(1.006,1.012) | et <0.001

Woman 7327 1.371(1.306,1.439) : - <0.001 Woman 7327 1.019(1.017,1.021) : ot <0.001
Hypertension ! 0.409 Hypertension ! 0.542

Yes 5357 1.393(1.299, 1.493) : L <0.001 Yes 5357 1.016(1.014,1.019) : i <0.001

No 4733 1.341(1.266, 1.420) : Ll <0.001 No 4733 1.015(1.013,1.017) : et <0.001
CHD [} 0.541 CHD ! 0.329

Yes 488 1.268(1.008,1.596) ;-—' 0.043 Yes 488 1.011(1.002,1.020) : —_— 0.017

No 9602 1.365(1.305,1.428) | m <0.001 No 9602 1.016(1.014,1.017) | et <0.001

CMI 10090 2.487(2.141,2.889) ' i <0.001 LAP 10090 1.017(1.014,1.019) ' —— <0.001
Age : 0.402 Age : 0.497

=60 3519 2.098 (1.582,2.782) : ——t <0.001 =60 3519 1.014 (1.010, 1.019) : —— <0.001

<60 6571 2.416(2.034,2.870) : —— <0.001 <60 6571 1.016 (1.013, 1.019) : —— <0.001
Gender 1 <0.001 Gender | <0.001

Man 2763 1.358(1.098,1.680) :D-H 0.005 Man 2763 1.008(1.004,1.012) : —— <0.001

Woman 7327 3.466(2.859,4.201) : —e—t <0.001 Woman 7327 1.021(1.018,1.023) : e <0.001
Hypertension 1 0.626 Hypertension 1 0.355

Yes 5357 2.389(1.920,2.973) : —— <0.001 Yes 5357 1.016(1.012,1.019) : — <0.001

No 4733 25712.1023.143) | —— <0.001 No 4733 1018(L01s,1.021) —— <0001
CHD 1 0.547 CHD 1 0.503

Yes 488 1.983(0.957,4.110) ;—0—‘ 0.066 Yes 488 1.013(1.002, 1.024) : ——  (.024

No 9602 2.509(2.154,2.924) —— <0.001 No 9602 1.017(1.015,1.019) : et <0.001
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Fig. 5 Subgroup analysis between four visceral obesity indices and prediabetes and diabetes. We adjusted the model fully for age, gender, family history
of diabetes, hypertension, CHD, smoking, alcohol consumption, creatinine, ALT, and AST. Abbreviation: BRI, body roundness index; CMI, cardiometabolic
index; CVAI, Chinese visceral adiposity index; LAP, lipid accumulation product; CHD, coronary heart disease; OR, odds ratio; ALT, alanine aminotransferase;

AST, aspartate minotransferase

and elderly non-obese Koreans [30]. Research from a
Chinese cohort showed that CVAI, LAP, and visceral
adiposity index (VAI) are nonlinearly correlated with
T2DM, with LAP displaying stronger predictive capabili-
ties than CVAI [31]. A Taiwanese study reported strong
correlations between BRI, LAP, and diabetes, noting that
LAP has superior predictive capabilities compared to
other indices [32]. In Japan, a longitudinal study revealed
that LAP is nonlinearly and positively correlated with
newly diagnosed diabetes, possessing the highest predic-
tive strength [33]. A cross-sectional study demonstrated
that LAP and VAI are associated with early-onset T2DM,
particularly noting that LAP offers the greatest predictive
accuracy in males. Another cross-sectional study iden-
tified WC, CMI, VAL and LAP as separately associated
with prediabetes, with CMI, VAI, and LAP potentially
outperforming BRI and traditional indices in identify-
ing adult prediabetes patients [34]. A case-control study
from India indicated that LAP and VAI are closely linked
to prediabetes [35]. A cross-sectional study showed that
the BRI surpasses traditional obesity indices including
BMI and WC in predicting prediabetes [36]. A multi-
center study comparing the predictive value of 11 obesity
and lipid-related indices for prediabetes in older adults
found that the TyG index was the most effective at pre-
dicting prediabetes across the whole study group [37]. A
longitudinal study from China found that TyG-BMI more
accurately predicts diabetes compared to VAI and LAP
[38].

The mechanisms underlying our results can be elu-
cidated in the following ways: Firstly, obesity modifies
the expression of miRNAs in key metabolic organs [39].
For instance, the overexpression of miR-15b targets the
3’ untranslated region of the insulin receptor, thereby
inhibiting its protein expression and disrupting insu-
lin signaling in hepatocytes [40]. Furthermore, miRNAs
amplify mTOR signaling pathways, thereby contributing
to heightened insulin resistance [41]. Secondly, AM2, an
adipokine, has a positive effect on energy metabolism and
enhances insulin sensitivity in adipose tissue. In obese
individuals, however, decreased expression of receptors
and reduced ligand availability may lead to suppressed
AM?2 signaling, thereby contributing to insulin resistance
[42]. Furthermore, adiponectin, an adipocyte-derived
protein and key adipokine, demonstrates inverse cor-
relations with body fat mass, especially visceral fat. Low
adiponectin levels can impair the inflammatory response
and intensify insulin resistance, ultimately leading to
diabetes and prediabetes [43, 44]. Thirdly, an increase
in visceral fat activates enhanced mitochondrial oxygen
consumption via toll-like receptor 4, leading to increased
oxidative stress and promoting insulin resistance [45].
Lastly, visceral adipose tissue may augment the expres-
sion of CH25H, particularly in the CD206 ATM subgroup
within CH25H. This subgroup is associated with insulin
resistance and exhibits a pro-inflammatory role [46].

Following subgroup analysis, it was found that the rela-
tionships between CMI, CVAI and LAP with prediabetes
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ROC Curve Comparison: BRI
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ROC Curve Comparison: CMI
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Fig. 6 The AUC curves of four visceral obesity indices to identify prediabetes and diabetes. The AUC curves of four visceral obesity indices to identify
prediabetes and diabetes. In the ROC curves, the blue line represents the baseline model, whereas the red line signifies the enhanced model that sequen-
tially incorporates various obesity indices. Abbreviation: BRI, body roundness index; CMI, cardiometabolic index; CVAI, Chinese visceral adiposity index;

LAP lipid accumulation product

and diabetes were stronger in women. Possible explana-
tions might include: Firstly, women typically store adi-
pose tissue subcutaneously, particularly in the buttocks,
while men tend to accumulate visceral fat. However, an
increase in abdominal fat in women heightens their risk
of metabolic diseases, including prediabetes and dia-
betes, more so than in men [47-49]. Secondly, estrogen
enhances insulin sensitivity by activating the estrogen
receptor o pathway in insulin-responsive tissues. As a
result, women generally exhibit higher insulin sensitivity
than men. Nonetheless, even minor increases in visceral
fat can lead to significant insulin resistance in women,
thereby elevating their risk for prediabetes and diabetes
[50]. In addition, hormonal fluctuations, particularly the
reduction of estrogen during menopause, can decrease
metabolic rates and increase visceral fat accumulation
in women. These hormonal changes adversely affect glu-
cose and lipid metabolism, consequently raising the risk

of diabetes. Lastly, women often have lower levels of the
anti-inflammatory mediator adiponectin, whereas men
typically exhibit higher levels of pro-inflammatory medi-
ators like leptin and IL-6. This disparity in inflammatory
regulation may lead to more pronounced inflammation
and oxidative stress when there is an excess of body fat,
both of which are crucial in the onset of prediabetes and
diabetes [51].

Our research has several advantages: Firstly, our
research utilized a considerable number of middle-aged
and elderly residents from the Dalian area, China, mark-
ing the first exploration of the relationship between four
novel visceral obesity indices and prediabetes and dia-
betes. The uniform regional origin of the samples mini-
mized sample bias and enhanced representativeness.
Secondly, we utilized multiple imputation methods to
manage missing data, mitigating the impact on the reli-
ability and scientific validity of our results and thereby
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Table 3 AUC for four visceral obesity indices in identifying
prediabetes and diabetes

AUC
(95%Cl)
0.706 ref
(0.693,
0.719)
+BRI 0.717
(0.705,
0.730)
0.721
(0.709,
0.733)
0.724
(0.712,
0.737)
0.726
(0.714,
0.738)
Abbreviation: BRI, body roundness index; CM/, cardiometabolic index; CVAI,

Chinese visceral adiposity index; LAP, lipid accumulation product; AUC, area
under the curve; C/, confidence interval

Variable P-value Sensitivity Specific- Youden

ity index
0.699 0318

Basic 0.619

model

<0.001 0.645 0.686 0.331

+CMI <0.001 0.678 0.654 0.332

+CVAI <0.001 0.653 0.685 0.338

+LAP <0.001 0.665 0.670 0.335

strengthening our conclusions. Nonetheless, our research
possesses several limitations: Firstly, our research did not
account for factors such as diet and exercise that signifi-
cantly influence blood glucose levels, preventing us from
fully addressing these potential confounders. Secondly,
the research targeted community residents aged 40 and
older, limiting its applicability to children, young adults,
or populations outside the Dalian region. Additionally,
we did not include the use of medications, consumption
of specific foods, or beverage intake that could influence
blood glucose levels. The likelihood of consuming such
foods is particularly higher among obese individuals,
which may have led to an overestimation of our findings.
Lastly, this cross-sectional study had a less comprehensive
design compared to cohort studies. It possessed limited
capacity for exploring and testing etiological hypotheses
and making extrapolations. Additional cohort studies are
required to confirm the association between the four vis-
ceral obesity indices and both prediabetes and diabetes.

Conclusion

We observed that both the BRI and the CMI exhibit lin-
ear positive correlations with prediabetes and diabetes. In
contrast, the CVAI and LAP demonstrate nonlinear posi-
tive correlations with these conditions. Furthermore, the
relationships between CMI, CVAIL, LAP, and prediabetes
and diabetes are more pronounced in females. The find-
ings suggest that LAP could be an effective marker for pre-
dicting prediabetes and diabetes. This finding supports the
implementation of effective interventions and preventive
measures in community populations, which can, in turn,
help prevent the progression of prediabetes to diabetes,
reduce the development of diabetic complications, and
enhance health management within these communities.
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