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Abstract

Background Obesity and abnormal lipid metabolism increase the risk of various cardiometabolic diseases, including
diabetes, heart disease, and stroke. However, the impact of abdominal obesity (AO) and non-traditional lipid
parameters on the risk of cardiometabolic multimorbidity (CMM) remains unclear. This study aims to investigate the
separate and combined effects of AO and non-traditional lipid parameters on the incidence risk of CMM.

Methods This study enrolled 7,597 eligible participants from the China health and retirement longitudinal study
(CHARLS). Cox proportional hazards models were used to perform adjusted regression analyses and mediation
analyses, with Kaplan-Meier analysis used for cumulative hazards. Restricted cubic splines were utilized to evaluate
the nonlinear relationship between non-traditional lipid parameters and the risk of CMM among participants with
AQ. Subgroup analyses were conducted with stratification by age, gender, BMI, smoking status, drinking status, and
hypertension to investigate interaction effects across different populations. Additionally, sensitivity analyses were
further performed to evaluate the impact of various subgroups on diabetes, heart disease, and stroke.

Results During the 7-year follow-up period, a total of 699 participants (9.20%) were newly diagnosed with CMM.
Kaplan-Meier curves revealed that the subgroup with both AO and high levels of non-traditional lipid parameters had
the highest cumulative hazard for developing CMM. In the fully adjusted model, Cox regression analysis revealed that
participants with both high levels of non-traditional lipid parameters and AO exhibited the highest risk of developing
CMM. Subgroup and sensitivity analyses further confirmed the robustness of these findings, showing consistent
results across different demographic groups and under various analytical conditions. Furthermore, AO was found to
significantly mediated the associations between non-traditional lipid parameters and the risk of developing CMM.

Conclusion The separate and combined effects of AO and non-traditional lipid parameters were significantly
associated with the risk of developing CMM. Notably, AO may induce CMM by partially mediating the effects of serum

*Correspondence:
Jian Li
ndefy03048@ncu.edu.cn

Full list of author information is available at the end of the article

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12933-025-02667-y&domain=pdf&date_stamp=2025-3-7

Lai et al. Cardiovascular Diabetology (2025) 24:109

Page 2 of 17

lipids in human metabolism. The findings highlighted the importance of joint evaluation of AO and non-traditional

lipid parameters for primary prevention of CMM.
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Background

The increasing global population aging trend has led to
the rapid emergence of multimorbidity as a significant
healthcare challenge that poses a threat to global health
[1]. Cardiometabolic multimorbidity (CMM) is one of
the most severe and prevalent types of multimorbidity
worldwide, characterized by the coexistence of two or
more cardiometabolic diseases (CMDs) such as diabetes,
heart disease, and stroke [2]. Increasing evidence sug-
gests that the CMM is associated with the development
and prognosis of various chronic diseases, including dis-
ability, dementia, cognitive impairment, and depression
[3—6]. Furthermore, compared with single CMDs, CMM
has been reported to be associated with a multiplicative
increase in mortality and a notable decrease in life expec-
tancy [2, 7]. Results from a nationally representative sur-
vey show that the prevalence of CMM among elderly
participants in China has increased from 11.6 to 16.9%,
and continues to grow rapidly [8]. Therefore, early detec-
tion and intervention of CMM is of crucial importance
for promoting healthy aging and reducing the healthcare
burden on society.

Previous studies have shown that obesity, as defined by
body mass index (BMI), is an important risk factor for
cardiovascular diseases (CVD) [9]. However, the IAS and
ICCR Working Group on Visceral Obesity argue that BMI
alone is not sufficient to properly assess or manage the
cardiometabolic risk associated with increased adiposity

in adults [10]. In the latest framework for the diagnosis,
staging, and management of obesity in adults, the Euro-
pean Association for the Study of Obesity highlights that
the accumulation of abdominal fat is associated with an
increased risk of developing cardiometabolic complica-
tions and is a stronger determinant of disease develop-
ment than BMI [11]. Evidence suggests that abdominal
obesity (AO) significantly increases the risk of CMDs in
adults [12]. Even among participants considered to have
normal weight based on BMI definitions, AO was also
significantly associated with an increased risk of cardio-
vascular mortality [13]. The American Heart Association
also supports AO, as determined by waist circumference,
as a CVD risk marker that is independent of BMI [14].
The non-traditional lipid parameters, which are
derived from multiple traditional lipid parameters, pri-
marily include the atherogenic index of plasma (AIP),
non-HDL-C, and the lipoprotein combine index (LCI).
Accumulating evidence has confirmed the significant
role of lipid metabolism in the development of CMDs,
and demonstrated that non-traditional lipid parameters
have superior predictive value for CMDs compared to
traditional lipid parameters [15-17]. CMDs are typically
associated with intertwined metabolic abnormalities,
including obesity, abnormal lipid metabolism, and insulin
resistance (IR). Genetic and biochemical studies suggest
that adipose tissue plays a key role in the development of
IR, possibly by releasing lipids and circulating factors that
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promote IR [18]. Adipocytes produce hormones such as
adiponectin and leptin, as well as cytokines including
tumour necrosis factor and IL-1f, which induce IR and
promote the progression of CMDs [19]. Recent studies
have demonstrated that the lipoprotein profiles linked to
obesity are significantly correlated with an elevated CVD
risk score, and that lipids partially mediate the associa-
tion between obesity and cardiometabolic risk [20, 21].
A study also found that abdominal obesity-related lipid
metabolites [PC3 (0-21:2), SM (d21:1), and PG (43:6)]
may mediate the relationship between AO and abnormal
glucose regulation, highlighting the intertwined nature of
obesity and lipid metabolism [22]. Another study dem-
onstrated that obesity could partly mediate the associa-
tion between environmental factors (e.g., occupational
noise) and lipid abnormalities, thereby further suggesting
a potential mediating role of obesity in lipid-related met-
abolic abnormalities [23]. However, as of now, there are
no detailed studies elucidating the relationship between
obesity-mediated abnormal lipid metabolism and the risk
of CMDs. Therefore, We speculate that AO and non-tra-
ditional lipid parameters may jointly or interactively con-
tribute to the increased risk of CMM. However, the exact
relationship between them remains unclear.

In view of the above, we used data from the China
health and retirement longitudinal study (CHARLS),
aiming to investigate the combined or reciprocal mediat-
ing effects of AO and non-traditional lipid parameters on
the incidence of CMM in the population aged 45 years or
older.

Methods
Study design and participants
This study obtained its data from the 2011 and 2018
waves of the CHARLS survey, which is freely available
to the public (http://charls.pku.edu.cn/). CHARLS was
a prospective, nationwide cohort study that provided
reliable information on the health statuses and related
determinants of middle-aged and elderly Chinese adults.
The baseline survey was conducted from June 2011 to
March 2012, encompassing a total of 17,708 residents
from 450 villages and residential areas in 28 provinces
[24]. The baseline survey achieved a high response rate
of 80.5%, which significantly reduced the potential for
selection bias and enhanced the representativeness of
the cohort. Trained personnel collected anthropometric
measurements and venous blood samples for the study.
All participants provided informed written consent prior
to participation, and the CHARLS survey project was
approved by the Peking University Biomedical Ethics
Review Committee (IRB0O0001052-11015).

In the current study, a total of 17,708 participants were
initially included in the baseline survey. According to the
study protocol, our primary objective was to examine the
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combined or reciprocal mediating effects of AO and non-
traditional lipid parameters on the incidence of CMM.
To ensure the validity and reliability of our findings,
only participants aged 45 years or older were included.
Participants were excluded based on the following cri-
teria: (1) missing diagnosis data for CMM at baseline or
lost to follow-up (N=387); (2) diagnosed with CMM in
2011 (N=434); (3) missing data on waist circumference
(WC) or serum parameters at baseline (N=7421); (4)
age <45 years old (N=336); (5) missing diagnosis data for
CMM in 2013, 2015, or 2018 (N=1533). Finally, a total of
7,597 participants were eligible for subsequent analysis.
The detailed inclusion and exclusion process is shown in
Fig. 1.

Data collection and measurement
Trained personnel collected anthropometric measure-
ments and venous blood samples. Information on various
demographic and health-related factors was gathered,
including age, gender, height, weight, waist circumfer-
ence (WC), marital status, residence, education level,
smoking status, drinking status, as well as self-reported
or physician-diagnosed diseases such as hypertension,
diabetes, heart disease, and stroke. Weight was measured
with the subject not wearing footwear and recorded to
the nearest 0.1 kg. Height was recorded to the nearest
0.1 cm using a vertical stadiometer. WC was measured
horizontally around the subject’s umbilical level, to the
nearest 0.1 cm. The participants’ blood pressure (BP)
was calculated as the average of three BP measurements
taken with an Omron HEM-7200 sphygmomanometer.
Fasting venous blood samples were collected by medi-
cal professionals, stored at —20 °C, and then transported
by a cold chain transport company to the Chinese Center
for Disease Control and Prevention in Beijing for further
analysis. Serum triglycerides (TG), total cholesterol (TC),
low-density lipoprotein cholesterol (LDL-C), high-den-
sity lipoprotein cholesterol (HDL-C), and fasting plasma
glucose (FPG) were measured based on an enzymatic col-
orimetric test. Serum creatinine (umol/L) was measured
using the rate-blanked and compensated Jaffe creatinine
method. High-sensitivity C-reactive protein (hs-CRP)
was measured using an immunoturbidimetric assay on a
Hitachi 7180 chemistry analyzer (Hitachi, Tokyo, Japan).
The coefficient of variation (CV) for all blood biomarker
measurements is less than 5%, ensuring high reliability of
the results.

Assessment of abdominal obesity and general obesity

According to the latest standards for defining AO in
China, the waist circumference thresholds for diag-
nosing AO in men and women were set at 285 c¢cm and
>80 cm, respectively [25]. According to the criteria set
by the Working Group on Obesity in China (WGOC),
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Fig. 1 Flow chart of inclusion and exclusion criteria of participants

general obesity is clearly defined using BMI. Participants
were categorized based on their BMI as follows: obesity
(=228.0 kg/m?), overweight (24.0-28.0 kg/m?), and normal
weight (18.5-24.0 kg/m?) [26].

Calculation of non-traditional lipid parameters
The following formulas were used for calculating non-
traditional lipid parameters

(1) Atherogenic index of plasma (AIP) =1g (TG / HDL-

C) [27];

(2)Non-HDL-C = TC - HDL-C [28];
(3) Atherogenic coefficient (AC) = Non-HDL-C /

HDL-C [29];

(4) Castelli’s index-I (CRI-I) = TC / HDL-C [30];

(5) Castelli’s index-1I (CRI-II) = LDL-C / HDL-C [30];

(6) Lipoprotein combine index (LCI)=TC x TG x
LDL-C / HDL-C [31];

Assessment of CMM events

The primary endpoint event of this study was the occur-
rence of CMM events, characterized by the coexistence
of two or more CMDs, including diabetes, heart dis-
ease, and stroke [32]. Diabetes diagnosis were assessed
using the following criteria: FPG27.0 mmol/L, glycated
haemoglobin (HbAlc) levels >26.5%, current use of anti-
diabetic medications, or self-report diagnosis (‘Have
you been diagnosed with diabetes or hyperglycemia by
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a doctor?’) [33]. Identification of participants with heart
disease or stroke was primarily based on self-reported
data collected at baseline and follow-up surveys, or the
use of any cardiovascular medications. Information on
heart disease and stroke was collected using the stan-
dardized question: ‘Have you ever been diagnosed by a
doctor as having coronary heart disease, angina, conges-
tive heart failure, or any other heart problem?’ and ‘Have
you ever been diagnosed by a doctor as having had a
stroke?. Event time was defined as the interval between
the previous interview and the interview at which the
new CMM diagnosis was reported. For those without
reported CMM during follow-up, we determined follow-
up duration by the interval between the baseline assess-
ment and their final survey date [24]. For secondary
outcomes, diabetes, heart disease, and stroke were fur-
ther analyzed separately.

Covariates

The covariates in this study included age, gender, BMI,
type of residence, education level, marital status, smok-
ing status, drinking status, hypertension, cancer, systolic
blood pressure (SBP), diastolic blood pressure (DBP),
night sleep duration, daytime nap duration, FPG, HbAlc,
hs-CRP, and estimated glomerular filtration rate (eGFR).
BMI was calculated as weight in kilograms divided by
height in meters squared. Education was classified as
below primary, primary school, middle school, and high
school or above. Marital status was classified as married
or other types. Smoking status and drinking status was
recorded as yes or no. Residence was classified as urban
or rural. Hypertension was defined by a self-reported
history of hypertension, SBP>140 mmHg, DBP=290
mmHg, or current use of any antihypertensive medica-
tions [34]. Cancer was defined as having a self-reported
history of cancer, having undergone chemotherapy, or
having undergone surgery related to cancer treatment.
According to previous studies, the triglyceride-glucose
(TyGQ) index was calculated as Ln [triglycerides (mg/dL)
x glucose (mg/dL)/2] [35]. The eGFR level (mL/min/1.73
m?) was calculated according to the 2021 Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) [36].

Missing data processing

In our study, there were missing data for the following
variables: antidiabetic medication (1, 0.01%), drinking
status (5, 0.07%), FPG (5, 0.07%), eGER (6, 0.08%), history
of hypertension (23, 0.30%), antihypertensive medication
(24, 0.32%), HbA1c (48, 0.63%), SBP (59, 0.78%), DBP (60,
0.79%), BMI (60, 0.79%), and antidyslipidemic medica-
tion (107, 1.41%). 5% (390 of 7,597) of the total data items
were missing and were assumed to be missing at ran-
dom (MAR). To reduce bias resulting from the missing
variables, we employed multiple imputation techniques
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to handle the missing data. we generated five imputed
data sets and pooled the results using multiple imputa-
tion of the chained equation Markov chain Monte Carlo
method.

Statistical analysis

Normally distributed continuous variables are expressed
as the mean (standard deviation, SD), while skewed con-
tinuous variables are expressed as the median (25th to
75th interquartile range). Between-group differences
were compared using t-tests or rank sum tests. Categori-
cal variables were presented as frequencies and percent-
ages, with differences determined by chi-squared or
Fisher’s exact test. Using waist circumference thresholds
for the diagnosis of AO, participants were classified into
two groups: those with AO and those with non-abdom-
inal obesity. Due to the lack of clinical cutoff points for
non-traditional lipid parameters in relation to cardio-
metabolic disease risk, we utilized the median values of
these parameters as cutoff points and further subdivided
participants into low-value and high-value groups. Based
on these classifications, participants were categorized
into four distinct groups (non-abdominal obesity & non-
traditional lipid parameters<median, non-abdominal
obesity & non-traditional lipid parameters > median, AO
& non-traditional lipid parameters < median, AO & non-
traditional lipid parameters > median).

Kaplan-Meier survival analysis was employed to esti-
mate the cumulative incidence of CMM in the four
groups. Cumulative hazard curves were constructed
using the Kaplan-Meier method, and differences were
compared using the log-rank test. Incidence rates of
CMM events were reported as per 1000 person-years.
To determine the association between AO, non-tradi-
tional lipid parameters, and the development of CMM,
multivariable-adjusted Cox regression models were used
to calculate the hazard ratio (HR) with 95% confidence
interval (CI). The proportional hazards assumption was
tested using Schoenfeld residuals, and no potential vio-
lation was observed. Model I was unadjusted; Model II
adjusted for age, gender, BMI, smoking status, drinking
status, and chronic diseases (hypertension and cancer);
Model III further adjusted for education level, marital
status, residence, SBP, DBP, night sleep duration, daytime
nap duration, FPG, eGFR, hs-CRP, HbAlc, and medica-
tion use (antihypertensive, antidiabetic, antidyslipidemic,
cardiovascular medications).

Cox proportional hazards regression models with
adjusted restricted cubic splines (RCS) were conducted
to identify any nonlinear association between nontra-
ditional lipid parameters and the incidence of CMM
among participants with AO. If a nonlinear relation-
ship was identified, the threshold value was estimated by
attempting all possible values and selecting the threshold
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point with the highest likelihood. Two-piecewise Cox
proportional hazards models were constructed on either
side of the inflection point to investigate the association
between non-traditional lipid parameters and the inci-
dence of CMM among participants with AO.

Additional subgroup and interaction analyses were per-
formed to further validate the robustness of the interac-
tion effect between AO, non-traditional lipid parameters,
and the development of CMM. These analyses included
subgroups categorized by age (45-59 years, 60—79 years,
and >80 years), gender (male, female), BMI (< 24 kg/m?,
> 24 kg/m?), smoking (yes, no), drinking (yes, no), and
hypertension (yes, no). Several sensitivity analyses were
also conducted to ensure the robustness of the results.
In sensitivity analysis 1, we used multiple imputation to
handle missing data and ensure that the results were not
biased by incomplete information. In sensitivity analysis
2, participants who had received treatment for diabetes,
heart disease, stroke, hypertension, or dyslipidemia at
baseline were excluded from the analysis. In sensitivity
analysis 3, participants who had diabetes, heart disease
or stroke at baseline were excluded from the analysis. In
sensitivity analysis 4, participants with hypertension and
cancer at baseline were further excluded to maximize
control over residual confounding. In sensitivity analysis
5, we assessed the joint effects of AO and non-traditional
lipid parameters on the risk of developing diabetes, heart
disease, and stroke, respectively.

Mediation analysis was employed to assess the direct
and indirect associations between AO, non-traditional
lipid parameters, and the development of CMM. Specifi-
cally, the non-traditional lipid parameters were used as
predictor variables (X), AO as a mediator (M) and CMM
onset as the outcome variable (Y). This method has been
commonly used in previous studies to quantify the medi-
ation effect [37]. Subsequently, receiver operating char-
acteristic (ROC) curves were constructed to estimate the
predictive ability and accuracy of each lipid parameter for
assessing CMM risk among individuals with AO, and to
determine the optimal cutoff values.

All statistical analyses were conducted using R statis-
tical software (version 4.3.0) and GraphPad Prism (ver-
sion 9.0). Mediation analysis was performed using the
‘mediation’ package, multiple imputation was performed
using the ‘mice’ package, and Cox regression analysis was
performed using the ‘survival’ package. Kaplan-Meier
survival analysis and ROC curves were performed using
GraphPad Prism. A two-tailed P value < 0.05 was consid-
ered statistically significant.

Results

Baseline characteristics of study participants

The present study is based on a total of 7,597 participants
in CHARLS from 2011 to 2018, with an average age of
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58.00 years and a male composition of 45.20% within the
cohort. Over a maximum follow-up period of 7.0 years,
699 participants (9.20% of the total) who initially did not
have CMM at baseline subsequently developed CMM.
Table 1 delineates the baseline characteristics of the study
population, categorized by CMM diagnosis. Participants
in the CMM group were more likely to be older, female,
with AO, non-smokers, and to reside in urban areas. In
addition, the CMM group exhibited a higher proportion
of chronic diseases (hypertension, diabetes, heart dis-
ease, stroke) and medication use (antihypertensive, anti-
diabetic, antidyslipidemic, cardiovascular medications) at
baseline.Furthermore, compared to those without CMM,
participants with CMM had significantly higher levels of
SBP, DBP, daytime nap duration, TC, TG, LDL-C, FPG,
HbA1lc, hs-CRP, AIP, Non-HDL-C, AC, CRI-I, CRI-I],
and LCIL. Additionally, they had significantly lower levels
of night sleep duration, HDL-C, and eGEFR (all P<0.05).

Joint association of non-traditional lipid parameters and
abdominal obesity with the risk of developing CMM

Figure 2 shows the cumulative incidence rates of CMM
when jointly assessing non-traditional lipid parameters
and AO. Individuals exhibiting both AO and high levels
of non-traditional lipid parameters demonstrated the
highest incidence rate of CMM. Subsequently, we con-
ducted a multivariable-adjusted Cox regression analysis
to ascertain the association between non-traditional lipid
parameters and AO with the risk of developing CMM. In
the fully adjusted model, participants with AO and higher
non-traditional lipid parameters had the highest risk of
CMM, compared to those with non-abdominal obesity
and lower non-traditional lipid parameters (below the
median level). This was followed by participants with AO
and lower non-traditional lipid parameters, and subse-
quently by those with non-abdominal obesity and higher
non-traditional lipid parameters, as shown in Table 2.
Among these subgroups, individuals with AO and high
AIP index demonstrated the highest risk of developing
CMM (HR=2.23, 95% CI=1.73-2.87).

The detection of nonlinear relationships

As shown in Fig. 3, multivariable-adjusted RCS analyses
were conducted to visualise the relationships between
non-traditional lipid parameters and the risk of CMM
among participants with AO. Specifically, AIP, Non-
HDL-C, AC, CRI-], and CRI-II demonstrated a linear
positive relationship with the risk of CMM (P for non-
linearity >0.05). Notably, LCI demonstrated a nonlinear
relationship with the risk of CMM (P for non-linear-
ity <0.05). To further evaluate this nonlinear relationship,
the two-piecewise Cox proportional hazards regression
model was employed. After fully adjusting for the rel-
evant covariates, we identified the inflection points for
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Table 1 Baseline characteristics of participants with and without CMM
Characteristics Overall Non-CMM CMM Pvalue
N=7,597 N=6,898 N=699
Age, years 58.00 (51.00, 64.00) 57.00 (51.00, 64.00) 60.00 (54.00, 66.00) <0.001
Gender, n(%) 0.004
Male 3434 (45.20) 3154 (45.72) 280 (40.06)
Female 4163 (54.80) 3744 (54.28) 419 (59.94)
BMI, kg/m?, n(%) <0.001
<24 4434 (58.83) 4159 (60.78) 275 (39.63)
>24 3103 (41.17) 2684 (39.22) 419 (60.37)
Education level, n(%) 0.872
Below primary 3641 (47.93) 3312 (48.01) 329 (47.07)
Primary school 1683 (22.15) 21(22.05) 162 (23.18)
Middle school 1530 (20.14) 1393 (20.19) 137 (19.60)
High school or above 743 (9.78) 672 (9.74) 71 (10.16)
Residence, n (%) 0.002
Urban 2520(33.17) 2252 (32.65) 268 (38.34)
Rural 5077 (66.83) 4646 (67.35) 431 (61.66)
Married, n (%) 6455 (84.97) 5862 (84.98) 593 (84.84) 0918
Abdominal obesity, n (%) 4457 (58.67) 3908 (56.65) 549 (78.54) <0.001
Smoking, n (%) 2878 (37.88) 2638 (38.24) 240 (34.33) 0.042
Drinking, n (%) 2920 (38.46) 2670 (38.73) 250 (35.82) 0.132
SBP. mmHg 125.50 (113.00, 140.00) 124.50 (112.50, 139.00) 133.50 (120.50, 150.00) <0.001
DBP, mmHg 74.00 (66.50, 82.50) 74.00 (66.50, 82.00) 78.50 (70.00, 86.50) <0.001
Night sleep duration, hours 6.00 (5.00, 8.00) 6.25 (5.00, 8.00) 6.00 (5.00, 8.00) 0.010
Daytime nap duration, minutes 00 (0.00, 60.00) 00 (0.00, 60.00) 7.00 (0.00, 60.00) <0.001
TC (mmol/L) 493 (4.34,5.56) 491 (4.33,5.55) 5.07 (4.46,5.78) <0.001
TG (mmol/L) 9(0.85,1.73) 7(0.84,1.69) 44 (1.01,2.20) <0.001
HDL-C (mmol/L) 28 (1.05,1.55) 29 (1.06, 1.56) 7(0.94,1.41) <0.001
LDL-C (mmol/L) 2.96 (2.42,3.56) 2.95(2.42,3.54) 3.06 (243,3.72) 0.006
FPG (mg/dL) 102.24 (94.32,112.68) 101.70 (93.96, 111.42) 110.34 (99.00, 129.51) <0.001
HbA1c (%) 5.10 (4.90, 5.40) 5.10 (4.90, 5.40) 5.30 (5.00, 5.80) <0.001
eGFR (mL/min/1.73 m?) 99.44 (89.32, 106.03) 99.75 (89.64, 106.38) 97.76 (86.27,103.58) <0.001
hs-CRP (mg/L) 1.00 (0.54, 2.09) 0.96 (0.53,1.98) 147(0.72,2.95) <0.001
AIP -0.04 (-0.24,0.19) -0.05 (-0.25,0.18) 0.09(-0.12,0.32) <0.001
Non-HDL-C 3.59 (3.00, 4.26) 3.57(2.99,4.22) 3.86(3.18,4.61) <0.001
AC 2.82(2.09,3.76) 2.77 (2.05, 3.69) 3.34(2.46,4.63) <0.001
CRH 3.82 (3.09,4.76) 3.77 (3.05,4.69) 4.34(346,5.63) <0.001
CRI-lI 232(1.77,2.97) 2.30(1.75,2.94) 2.63(2.00,3.43) <0.001
LCl 13.70 (7.48, 25.75) 13.30(7.33,24.15) 20.50 (9.94, 38.55) <0.001
Basal chronic disease, n (%)
Hypertension 1885 (24.89) 1502 (21.85) 383 (54.79) <0.001
Diabetes 335 (441) 217 (3.15) 8(16.88) <0.001
Heart disease 747 (9.83) 532 (7.71) 215 (30.76) <0.001
Stroke 120 (1.58) 85 (1.23) 35(5.01) <0.001
Cancer 59(0.78) 48 (0.70) 1(1.57) 0.109
Medications, n (%)
Antihypertensive 1885 (24.89) 1502 (21.85) 383 (54.79) <0.001
Antidiabetic 189 (2.49) 115 (1.67) 74(10.59) <0.001
Antidyslipidemic 326 (4.35) 237 (3.49) 89 (12.81) <0.001
Cardiovascular medications 492 (6.48) 333 (4.83) 159 (22.75) <0.001

Date are presented as median (25th to 75th interquartile range) or n (%)

Abbreviations: CMM cardiometabolic multimorbidity, BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, TC total cholesterol, TG
triglyceride, HDL-C high-density lipoprotein cholesterol, LDL-C low-density lipoprotein cholesterol, FPG fasting plasma glucose, eGFR estimated glomerular filtration
rate, hs-CRP High-sensitivity C-reactive protein, AIP atherogenic index of plasma, AC atherogenic coefficient, CRI-/ Castelli's index-I, CRI-Il Castelli's index-II, LC/
lipoprotein combine index
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Fig. 2 K-M plot of CMM risk by abdominal obesity and non-traditional lipid parameters (A-F). Group 1 refers to non-abdominal obesity & non-traditional
lipid parameters < median; Group 2 refers to non-abdominal obesity & non-traditional lipid parameters =median; Group 3 refers to abdominal obesity
& non-traditional lipid parameters < median; Group 4 refers to abdominal obesity & non-traditional lipid parameters = median. AIP atherogenic index of
plasma, AC atherogenic coefficient, CRI-I Castelli’'s index-I, CRI-I Castelli's index-Il, LC/ lipoprotein combine index

LCI in relation to the onset risk of CMM as 42.78 (P for  However, the interactions of age, gender, BMI, smok-
log-likelihood ratio test <0.05) (Table 3). When LCI was  ing status, and drinking status with the risk of CMM
<42.78, increased LCI was significantly associated with  were not significant. This indicates that the joint impact
increased risk of CMM (HR=1.02, 95% CI=1.01-1.03).  of non-traditional lipid parameters and AO on the risk
But there was no significant association between LCI and  of developing CMM is consistent across various demo-
CMM when LCI>42.78 (HR=1.00, 95% CI=0.99-1.01). graphic and clinical subgroups.

Moreover, the relationships between non-traditional To validate the robustness of the main findings, sev-
lipid parameters and the risk of CMM among partici- eral sensitivity analyses were conducted. First, the results
pants without AO were examined. As depicted in Figure remained consistent among the complete data set with-
S1, AIP, AC, CRI-I, and LCI demonstrated a linear posi- out missing data (7,207 participants) and the multiple
tive relationship with the risk of CMM (P for non-linear-  imputed data sets (Additional file 1: Table S2). Second,
ity >0.05). Additionally, CRI-II demonstrated a nonlinear  further excluding participants who had received treat-
relationship with the risk of CMM, with an inflection ment for diabetes, heart disease, stroke, hypertension,
point of 4.06 identified by threshold effect analysis. It was  or dyslipidemia at baseline yielded similar results (Addi-
also found that there was a significant positive correlation  tional file 1: Table S3). Third, after excluding partici-
between CRI-II and CMM risk after the inflection point  pants with diabetes, heart disease or stroke at baseline,
(HR=2.07, 95% CI=1.78-2.37). However, the association  the separate and combined effects of AO and non-tradi-
between CRI-II and CMM risk was not significant before  tional lipid parameters remained significantly associated
the inflection point (HR=0.96, 95% CI=0.75-1.23) with the risk of developing CMM during the follow-up

(Additional file 1: Table S1). period (Additional file 1: Table S4). Fourth, participants
with hypertension and cancer at baseline were further
Subgroup and sensitivity analyses excluded to maximize control over residual confounding.

Figure 4 presents the results of serial subgroup analyses  Similarly, the results were still robust in the remaining
stratified by age, gender, BMI, smoking status, drinking  study population (Additional file 1: Table S5). Finally, we
status, and hypertension. Notably, there was an inter- evaluated the separate and combined effects of AO and
action between hypertension in relation to the risk of non-traditional lipid parameters on the risks of devel-
developing CMM (P for interaction<0.05), but both of oping diabetes, heart disease, and stroke, respectively.
the subgroups showed close associations with CMM.
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Table 2 Association of the non-traditional lipid parameters and abdominal obesity with the risk of CMM
Subgroups Incidence rate? Model | Model Il Model llI

HR (95% ClI) Pvalue HR (95% Cl) P value HR (95% ClI) Pvalue
AP and AO
Group 1 5.67 Reference — Reference — Reference —
Group 2 9.27 1.65 (1.20,2.27) 0.002 1.55(1.13,2.15) 0.007 1.56 (1.13,2.16) 0.007
Group 3 13.51 243(1.86,3.17) <0.001 2.07(1.58,2.72) <0.001 1.88(1.43,247) <0.001
Group 4 20.91 3.82(3.01,4.85) <0.001 2.85(2.23,3.65) <0.001 2.23(1.73,2.87) <0.001
P for trend <0.001 <0.001 <0.001
Non-HDL-C and AO
Group 1 6.74 Reference — Reference — Reference —
Group 2 7.09 1.05 (0.76, 1.46) 0.757 1.00(0.72,1.39) 0.992 0.99 (0.71,1.37) 0.938
Group 3 14.40 2.17(1.69,2.79) <0.001 1.80(1.39,2.32) <0.001 162 (1.25,2.10) <0.001
Group 4 20.68 3.16(2.52,3.98) <0.001 2.39(1.88,3.03) <0.001 1.83(1.43,2.34) <0.001
P for trend <0.001 <0.001 <0.001
AC and AO
Group 1 6.63 Reference — Reference — Reference —
Group 2 7.37 1.11(0.80, 1.55) 0.528 1.07 (0.77,1.50) 0.675 1.07 (0.77,1.50) 0.686
Group 3 13.85 2.12(1.65,2.73) <0.001 1.79(1.38,2.32) <0.001 1.62 (1.25,2.10) <0.001
Group 4 20.70 3.22(2.58,4.03) <0.001 2.43(1.93,3.06) <0.001 1.90 (1.50, 2.41) <0.001
P for trend <0.001 <0.001 <0.001
CRI-land AO
Group 1 6.63 Reference — Reference — Reference —
Group 2 7.37 1.11(0.80, 1.55) 0528 1.07 (0.77, 1.50) 0.675 1.07 (0.77,1.50) 0.686
Group 3 13.85 2.12(1.65,2.73) <0.001 1.79(1.38,232) <0.001 1.62 (1.25,2.10) <0.001
Group 4 20.70 3.22(2.58,4.03) <0.001 2.43(1.93,3.06) <0.001 1.90 (1.50,2.41) <0.001
P for trend <0.001 <0.001 <0.001
CRI-I'and AO
Group 1 6.63 Reference — Reference — Reference —
Group 2 7.32 1.11(0.80, 1.54) 0.549 1.08 (0.78,1.51) 0.632 1.07 (0.77,1.49) 0.688
Group 3 1535 2.36(1.84,3.03) <0.001 1.98(1.53,2.55) <0.001 1.73(1.33,2.24) <0.001
Group 4 19.85 3.08 (2.46,3.87) <0.001 2.35(1.85,2.97) <0.001 1.84 (1.44,2.34) <0.001
Pfor trend <0.001 <0.001 <0.001
LCland AO
Group 1 6.30 Reference — Reference — Reference —
Group 2 8.01 1.28(0.92,1.77) 0.143 1.20(0.87,1.67) 0.273 1.23(0.88,1.71) 0223
Group 3 13.74 2.22(1.72,2.87) <0.001 1.88 (1.44,2.44) <0.001 1.70(1.31,2.22) <0.001
Group 4 20.77 341(2.71,4.28) <0.001 2.55(2.01,3.24) <0.001 2.01(157,257) <0.001
P for trend <0.001 <0.001 <0.001

Model I: non-adjusted

Model II: adjusted for age, gender, BMI, smoking status, drinking status, and chronic diseases (hypertension and cancer)

Model IlI: further adjusted for education level, marital status, residence, SBP, DBP, night sleep duration, daytime nap duration, FPG, eGFR, hs-CRP, HbA1lc, and
medication use (antihypertensive, antidiabetic, antidyslipidemic, cardiovascular medications)

Group 1 refers to non-abdominal obesity & non-traditional lipid parameters<median; Group 2 refers to non-abdominal obesity & non-traditional lipid
parameters 2 median; Group 3 refers to abdominal obesity & non-traditional lipid parameters < median; Group 4 refers to abdominal obesity & non-traditional lipid
parameters = median. AIP atherogenic index of plasma, AC atherogenic coefficient, CRI-/ Castelli’s index-I, CRI-Il Castelli's index-II, LC/ lipoprotein combine index, AO

abdominal obesity, HR hazard ratio, C/ confidence interval

?Incident rate was presented as per 1000 person-years of follow-up

As shown in Table 4, the results remained statistically
significant.

Mediation analysis

Figure 5 summarizes the potential mediating effect of
AO on the associations between six non-traditional lipid
parameters and the risk of developing CMM. In the fully

adjusted analyses, the mediation proportions of AO were
12.18%, 18.60%, 22.32%, 22.32%, 40.35%, and 15.11%,
respectively (all P<0.01). Conversely, the mediation pro-
portion for AIP was 9.24% (P<0.05). However, no sig-
nificant mediation effect was observed for Non-HDL,
AC, CRI-I, CRI-II or LCI were observed in the relation-
ship between AO and the risk of developing CMM (all
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Fig. 3 Dose-response relationship between the non-traditional lipid parameters and the risk of CMM among participants with AO (A-F). Spline analyses
were adjusted for age, gender, BMI, smoking status, drinking status, education level, marital status, residence, SBP, DBP, night sleep duration, daytime nap
duration, FPG, eGFR, hs-CRP, HbA1c, chronic diseases (hypertension and cancer), and and medication use (antihypertensive, antidiabetic, antidyslipid-
emic, cardiovascular medications). AIP atherogenic index of plasma, AC atherogenic coefficient, CRI-/ Castelli's index-I, CRI-ll Castelli's index-Il, LI lipopro-

tein combine index, HR hazard ratio, C/ confidence interval

P>0.05). The results indicate that AO may contribute
to the development of CMM by partially mediating the
effects of serum lipids in human metabolism.

Discussion

Obesity, especially abdominal fat accumulation, is
strongly associated with various cardiometabolic dis-
eases. In the current study, we employed various meth-
odological approaches to confirm that abdominal obesity
(AO) can significantly increase the risk of developing
CMM in individuals with abnormal lipid metabolism.
After adjusting for other established cardiovascular risk
factors, particularly medication use (including antihy-
pertensive, antidiabetic, antidyslipidemic, and cardio-
vascular medications), the highest risk of developing
CMM was observed in participants with AO and high
levels of non-traditional lipid parameters. Subgroup and

sensitivity analyses further confirmed the robustness of
these findings. In addition, the results indicated that AO
may induce CMM by partially mediating the effects of
serum lipids in human metabolism.

Globally, the number of people with multiple comor-
bidities will increase substantially in the coming decades,
with important consequences for healthcare systems
and society [38]. CMM is defined as the coexistence of
two or three cardiometabolic diseases (CMDs) and has
been proven to be closely related to non-traditional lipid
parameters and AO [12, 15, 39]. The separate effect of
AO and non-traditional lipid parameters on the risk of
developing CMDs has been widely evaluated in previous
studies. The RCSCD-TCM study found that elevated lev-
els of non-traditional lipid parameters were significantly
associated with an increased risk of CMDs [40]. Several
large population-based cohort studies have also reported
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Table 3 Threshold effect analysis of non-traditional lipid
parameters on the risk of CMM in participants with AO
Adjusted HR P

Participants with abdominal obesity

(95% ClI) value
LCl
Total 1.00(1.00,1.01)  0.004
Fitting by two-piecewise Cox proportional
risk model
Inflection point 42.78
LC1<42.78 1.02 (1.01, 1.03) 0.001
LCI>42.78 1.00(0.99,1.01)  0.995
P for log-likelihood ratio 0.002

Cox proportional hazards models were used to estimate HR and 95% ClI.
Multivariate models were adjusted for age, gender, BMI, smoking status,
drinking status, education level, marital status, residence, SBP, DBP, night sleep
duration, daytime nap duration, FPG, eGFR, hs-CRP, HbAlc, chronic diseases
(hypertension and cancer), and medication use (antihypertensive, antidiabetic,
antidyslipidemic, cardiovascular medications). AIP atherogenic index of plasma,
AC atherogenic coefficient, CRI-I Castelli's index-I, LCI lipoprotein combine
index, HR hazard ratio, C/ confidence interval.

that AO is associated with an increased risk of cardiovas-
cular diseases [41, 42]. More importantly, even among
individuals with normal weight as defined by BMI, AO
was still significantly associated with an increased risk
of cardiovascular mortality [13]. Similar to the results
obtained from the aforementioned study, we have con-
firmed for the first time that AO and high levels of non-
traditional lipid parameters are significantly associated
with an increased risk of CMM. Compared to high levels
of non-traditional lipid parameters, AO increases the risk
of developing CMM more significantly.

The World Heart Federation and the World Obesity
Federation announce that increased adiposity (body fat),
particularly visceral or abdominal fat, is associated with
an increased risk of CMDs through multiple direct and
indirect pathophysiological mechanisms [43]. Notably,
evidence suggests a complex interaction between adipose
tissue and serum lipids metabolism in human metabo-
lism. The study of adipocyte model in vitro revealed
that LDL-cholesterol and oxidised LDL could induce
the expression of lipoprotein-associated phospholipase
A2 in adipose tissue and adipocytes, this may further
promote inflammation and increase the risk of CMDs
[44]. Conversely, adipose tissue releases a large num-
ber of bioactive mediators that not only influence body
weight homeostasis and insulin resistance (IR) but also
cause alterations in lipids and inflammation, leading to
endothelial dysfunction and atherosclerosis [45]. Adi-
pose tissue remodeling and dysfunction, characterized
by elevated inflammation and insulin resistance, play a
critical role in the obesity-related development of cardio-
metabolic diseases. Previous studies have shown that adi-
pose-specific deletion of Human antigen R (HuR) inhibits
the expression of adipose triglyceride lipase (ATGL),
subsequently leading to insulin resistance, abnormal
lipid metabolism, and systemic inflammation [46].
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Furthermore, obesity-induced dysregulation of cellular
cholesterol homeostasis, particularly through the down-
regulation of sterol regulatory element binding protein 2
(SREBF2), impairs regulatory T cell proliferation, further
exacerbating inflammation and insulin resistance in vis-
ceral adipose tissue (VAT) [47]. The hallmark of AO is the
disproportionate accumulation of visceral and subcuta-
neous adipose tissue, leading to metabolic complications.
Our additional analyses indicated that individuals with
AO had significantly higher levels of non-traditional lipid
parameters compared to those without AO (Additional
file 1: Fig. S2). Moreover, AO was found to significantly
mediate the association between non-traditional lipid
parameters and CMM risk. This suggests that AO may
contribute to CMM development by modulating serum
lipid metabolism. However, we did not observe a signifi-
cant mediation effect of non-traditional lipid parameters
on the relationship between AO and CMM, indicating
that other pathways, such as systemic inflammation and
insulin resistance, may play more dominant roles in link-
ing AO to cardiometabolic diseases.

Previous studies have already confirmed that abdomi-
nal adipose tissue is significantly positively correlated
with IR and levels of hs-CRP [48, 49]. The triglyceride-
glucose (TyG) index has been proposed as a reliable
indicator of IR, which also plays an important role in the
development of CMDs, including diabetes, heart dis-
ease, and stroke [50-52]. hs-CRP can serve as a surro-
gate marker for assessing human inflammation levels and
has been proven to be closely associated with the occur-
rence of various CMDs [53, 54]. Therefore, we assessed
the levels of the TyG index and hs-CRP in different sub-
groups separately. The results demonstrated that the sub-
group exhibiting both AO and higher non-traditional
lipid parameters had the highest levels of the TyG index
and hs-CRP, when compared to the subgroup with lower
non-traditional lipid parameters (below the median level)
and without AO (Additional file 1: Fig. S3 and S4). Fur-
thermore, compared to the subgroups with solely AO and
solely higher non-traditional lipid parameters, the sub-
group exhibiting both AO and high non-traditional lipid
parameters demonstrated higher levels of IR and inflam-
mation. This may help explain why participants with both
AO and high levels of non-traditional lipid parameters
had the highest risk of developing CMM. Collectively,
these results highlight the importance of considering
both AO and non-traditional lipid parameters in assess-
ing CMM risk.

The risk of developing CMM increases with being
female, older age, having abnormal weight, and smok-
ing [55]. In the current study, we observed similar results
and found that participants with lower eGFR were
more likely to develop CMM. Previous studies also con-
firmed that lower eGFR levels were associated with an
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A

AIP and AO  Event/Total (%)
Age, years

45-59 206/1639 (12.57)
60-79 183/1073 (17.05)
>=80 1/28 (3.57)
Gender

Male 141/1017 (13.86)
Female 249/1723 (14.45)
BMI

<24 80/791 (10.11)
>=24 310/1949 (15.91)
Smoking

No 264/1878 (14.06)
Yes 126/862 (14.61)
Drinking

No 258/1809 (14.26)
Yes 132/931 (14.18)
Hypertension

No 152/1756 (8.66)
Yes 238/984 (24.19)
AC and AO Event/Total (%)
Age, years
45-59 202/1616 (12.50)
60-79 1811097 (16.50)
>=80 3/30 (10.00)
Gender

Male 150/1047 (14.33)
Female 180/1277 (14.10)
BMI
<24 75777 (9.65)
»=24 311/1966 (15.82)
Smoking
No 258/1873 (13.77)
Yes 128/870 (14.71)
Drinking
No 254/1814 (14.00)
Yes 132/929 (14.21)
Hypertension
No 147/1779 (8.26)
Yes 239/964 (24.79)

E

CRI-ll and AO Event/Total (%)
Age, years

45-59 183/1558 (11.75)
60-79 176/1091 (16.13)
>=80 3/29(10.34)
Gender

Male 139/995 (13.97)
Female 2231683 (13.25)
BMI

<24 721787 (9.15)
>=24 29011891 (15.34)
Smoking

No 245/1847 (13.26)
Yes 117/831 (14.08)
Drinking

No 236/1783 (13.24)
Yes 126/895 (14.09)
Hypertension

No 140/1756 (8.00)
Yes 222/922 (24.09)
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B

Non-HDL and AO Event/Total (%)

Age, years
45-59 186/1514 (12.28)
60-79 176/1055 (16.68)
>=80 328 (10.71)
Gender
Male 129/869 (14.84)
Female 236/1728 (13.66)
BMI
<24 79/818 (9.66)
>=24 286/1779 (16.08)
Smoking
No 252/1839 (13.70)
Yes 113,758 (14.91)
Drinking
No 241/1718 (14.03)
Yes 124/879 (14.11)
Hypertension
No 144/1705 (8.45)
Yes 2211892 (24.78)
CRI-land AO Event/Total (%)
Age, years
45-59 202/1616 (12.50)
60-79 181/1097 (16.50)
>=80 3/30 (10.00)
Gender
Male 150/1047 (14.33)
Female 18011277 (14.10)
BMI
<24 75777 (9.65)
>=24 311/1966 (15.82)
Smoking
No 258/1873 (13.77)
Yes 128/870 (14.71)
Drinking
No 254/1814 (14.00)
Yes 132929 (14.21)
Hypertension
No 147/1779 (8.26)
Yes 239/964 (24.79)
LCl and AO Event/Total (%)
Age, years
45-59 203/1614 (12.58)
60-79 1831093 (16.74)
>=80 1/29 (3.45)
Gender
Male 138/961 (14.36)
Female 2491775 (14.03)
BMI
<24 77794 (9.70)
>=24 310/1942 (15.96)
Smoking
No 266/1911(13.92)
Yes 121/825 (14.67)
Drinking
No 258/1827 (14.12)
Yes 129/909 (14.19)
Hypertension
No 149/1770 (8.42)
Yes 238/966 (24.64)

Page 12 of 17

HR (95%Cl) P for interation

0.078
274 (1.74, 4.32)% % —.
1.35(0.95, 1.92) [R——

NA

0.377
1.98(1.33,2.95)%¥* —e
1.34(0.92, 1.96) —_—

0.973
1.30(0.93, 1.82) —_—

1.26 (0.67, 2.39) —_—

0.668
1.56 (1.09, 2.23)% —

1.67 (1.0, 257)* —

0.940
1.51(1.05,217)* ——
1.72(1.13,2.63)* —_—

0.003
2.02(1.38, 2.97)** —_—
1.19(1.04,1.61)* _—

| S —
05 4.0

1.0 20
HR (95% CI)

HR (95%Cl) P for interation
0.293
248 (161,3.82)%** —
1.46 (1.03, 2.07)* ——
NA
0.084
2.24 (149, 3.37)%** —
1.25 (0.8, 1.79) —
0.535
1.38 (0.99, 1.92) —_—
1.21 (0,64, 2.28) —
0.173
1.46 (1.04, 2.05)* ——
1.94(1.26, 299)** —_—
0.498
1.46 (1.03, 2.07)* —_—
2.00 (1.30, 3.06)** —_—
0.014
1.90(1.30, 277)** —_——
1.24 (1.05,1.82)* ——

T T T T

05 1.0 20 4.0
HR (95% Cl)

HR (95%CI) P for interation

0.121
2.96(1.87, 4.67)%** —
1.50 (1.05, 2.13)* ——
NA

0.383
209 (1.41,3.10)%** —_—
1.47 (1.00, 2.15) —_—

0.389
1.45(1.04, 2.04)* —
1.20 (0.63, 2.28) —_—

0.369
162 (1.14, 230)** —_—
1.89(1.23, 2.90)%* —_—
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165 (1.15, 2.37)** —
1.90(1.25, 2.89)** —
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2.28 (1.5, 3.35)*** —
1.37 (1.04, 201)* ——

T T 1

05 40

1.0 20
HR (95% CI)

Fig. 4 Forest plot of multivariable-adjusted Cox regression analysis based on the subgroup that comprises abdominal obesity and high levels of non-
traditional lipid parameters (A-F). Multivariate models were adjusted for age, gender, BMI, smoking status, drinking status, education level, marital status,
residence, SBP, DBP, night sleep duration, daytime nap duration, FPG, eGFR, hs-CRP, HbA1c, chronic diseases (hypertension and cancer), and medication
use (antihypertensive, antidiabetic, antidyslipidemic, cardiovascular medications), with the exception of the stratification variable. AIP atherogenic index
of plasma, AC atherogenic coefficient, CRI-/ Castelli's index-, CRI-Il Castelli's index-Il, LCl lipoprotein combine index, HR hazard ratio, C/ confidence interval,
NA not available. *P < 0.05, **P<0.01, ***P < 0.001

increased risk of a single cardiometabolic disease [56].
The subgroup and sensitivity analyses further validated
the robustness of the joint association of AO and non-
traditional lipid parameters with the risk of developing

CMM. Furthermore, the latest framework for diagnos-
ing, staging, and managing obesity in adults emphasizes
that the accumulation of abdominal fat is associated with
an increased risk of cardiometabolic complications, even
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Table 4 Sensitivity analyses of the joint effects of AO and non-traditional lipid parameters on the risks of developing diabetes, heart
disease, and stroke, respectively (N=6,388)

b

Subgroups Diabetes® Pvalue Heart disease Pvalue Stroke® Pvalue
Incidence HR (95% Cl) Incidence HR (95% Cl) Incidencerate? HR(95% Cl)
rate ? rate ?
AlP and AO
Group 1 6.47 Reference — 16.18 Reference — 6.86 Reference —
Group 2 11.74 1.50(1.09,2.07) 0012 2332 1.27(1.07,1.50)  0.005 9.27 1.34(0.96,1.86)  0.087
Group 3 14.72 1.74(1.30,2.34)  <0.001 26.57 1.23(1.05,144) 0010 9.68 1.38(1.01,1.91) 0.046
Group 4 23.99 245(1.85,3.24) <0.001 24.67 1.21(1.04,141) 0015 12.81 1.58(1.16,2.15)  0.003
P for trend <0.001 0.034 0.004
Non-HDL-C and AO
Group 1 7.67 Reference — 17.94 Reference — 6.59 Reference —
Group 2 9.11 093(067,1.28) 0651 19.56 093(0.78,1.09)  0.366 9.38 149(1.07,206) 0017
Group 3 17.34 1.60(1.21,2.12)  0.001 2394 1.18(1.02,1.36)  0.023 1046 148(1.07,204) 0017
Group 4 2246 1.83(1.39,241)  <0.001 2661 1.37(1.20,1.57)  <0.001 1237 1.70(1.24,233)  0.001
P for trend <0.001 <0.001 0.002
ACand AO
Group 1 6.84 Reference — 17.94 Reference — 6.99 Reference —
Group 2 10.95 127(092,1.75) 0.147 19.76 0.94(0.79,1.12)  0.486 897 129(092,1.79) 0.135
Group 3 15.01 1.68(1.26,2.24)  <0.001 26.15 1.24(1.08,143) 0.003 1044 146(1.07,1.99) 0018
Group 4 2375 2.22(1.68,293) <0001 24.96 1.34(1.18,1.53)  <0.001 12.28 148(1.09,2.01) 0013
P for trend <0.001 <0.001 0.015
CRI-l'and AO
Group 1 6.84 Reference — 17.94 Reference — 6.99 Reference —
Group 2 10.95 1.27(092,1.75) 0.147 19.76 0.94(0.79,1.12) 0486 897 129(092,1.79) 0.135
Group 3 15.01 1.68(1.26,2.24)  <0.001 2615 1.24(1.08,1.43)  0.003 1044 146 (1.07,199) 0018
Group 4 23.75 222(1.68,2.93) <0.001 24.96 1.34(1.18,1.53)  <0.001 12.28 148(1.09,201) 0013
P for trend <0.001 <0.001 0.015
CRHl'and AO
Group 1 7.56 Reference — 18.09 Reference — 6.59 Reference —
Group 2 941 1.00(0.73,139) 0978 19.39 091(0.77,1.08)  0.300 9.55 1.50(1.08,2.07)  0.015
Group 3 17.63 167 (1.26,2.20)  <0.001 2548 1.20(1.04,138) 0011 10.63 1.56(1.13,2.14)  0.006
Group 4 22.09 1.89(144,247) <0001 2541 1.35(1.19,1.53)  <0.001 12.19 1.59(1.17,2.18)  0.003
P for trend <0.001 <0.001 0.006
LCland AO
Group 1 7.06 Reference — 16.37 Reference — 6.91 Reference —
Group 2 10.51 1.20(0.87,1.66)  0.268 22.85 1.20(1.02,1.42)  0.029 9.14 1.35(0.97,1.88) 0.079
Group 3 14.05 158(1.18,2.11)  0.002 2440 1.35(1.16,1.55)  <0.001 10.06 144 (1.05198)  0.023
Group 4 2439 220(1.67,290) <0.001 26.14 148(1.30,1.69)  <0.001 12.53 1.55(1.14,2.11)  0.005
P for trend <0.001 <0.001 0.007

Group 1 refers to non-abdominal obesity & non-traditional lipid parameters<median; Group 2 refers to non-abdominal obesity & non-traditional lipid
parameters = median; Group 3 refers to abdominal obesity & non-traditional lipid parameters <median; Group 4 refers to abdominal obesity & non-traditional lipid
parameters = median. AIP atherogenic index of plasma, AC atherogenic coefficient, CRI-I Castelli’s index-1, CRI-Il Castelli’s index-Il, LCl lipoprotein combine index, AO

abdominal obesity, HR hazard ratio, C/ confidence interval

2 Incident rate was presented as per 1000 person-years of follow-up

b Multivariable-adjusted for age, gender, BMI, smoking status, drinking status, education level, marital status, residence, SBP, DBP, night sleep duration, daytime
nap duration, FPG, eGFR, hs-CRP, HbA1c, chronic diseases (hypertension and cancer), and medication use (antihypertensive, antidiabetic, antidyslipidemic,

cardiovascular medications)

in individuals whose BMI levels fall below the standard
cutoff values for diagnosing obesity [11]. Similarly, the
Korea National Health Screening Study found that the
degree of AQ, assessed by waist circumference, exhibited
a significant positive correlation with an increased risk of
mortality, even among participants considered to have
normal weight based on their BMI [57]. Therefore, we

conducted additional analyses among participants classi-
fied as normal weight based on BMI to validate the afore-
mentioned findings. In the fully adjusted analyses, Table
S5 demonstrates that AO remains significantly associated
with an increased risk of CMM occurrence (HR=1.43,
95% CI=1.09-1.86), even among participants classi-
fied as having normal weight based on BMI. The finding
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Non-
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Brotar=0.0086 Brotal =0.0305

Brndirect=0.0016 Brndirect =0.0008

Proportion=18.60%** Proportion=2.62%
Notie BDirect=0.0070 BDirect =0.0297
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Fig. 5 Mediation analysis of abdominal obesity on the association between non-traditional lipid parameters and the risk of developing CMM. Adjusted
for age, gender, BMI, smoking status, drinking status, education level, marital status, residence, SBP, DBP, night sleep duration, daytime nap duration, FPG,
eGFR, hs-CRP, HbA¢, chronic diseases (hypertension and cancer), and medication use (antihypertensive, antidiabetic, antidyslipidemic, cardiovascular
medications). AIP atherogenic index of plasma, AC atherogenic coefficient, CRI-/ Castelli's index-I, CRI-Il Castelli's index-ll, LCI lipoprotein combine index,

*P<0.05,**P<0.01

supports the viewpoint of the IAS and ICCR Working
Group on Visceral Obesity, which holds that BMI alone
is inadequate for accurately assessing or managing the
cardiometabolic risks associated with increased adipos-
ity in adults [10]. Additionally, our results emphasize the
significance of including waist circumference in manage-
ment strategies concurrently to prevent cardiometabolic
diseases.

Comparative studies on lipid parameters for predict-
ing the risk of cardiometabolic diseases are still extremely
limited. The findings from the NAGALA large longitudi-
nal cohort study and the Korean National Health Exami-
nation Survey indicate that elevated non-traditional lipid
parameters are significantly associated with an increased
risk of new-onset diabetes [29, 58]. Furthermore, non-
traditional lipid parameters generally outperform con-
ventional lipid parameters in assessing and predicting
future diabetes risk. In the current study, ROC curve
analysis was used to compare the ability of non-tradi-
tional and traditional lipid parameters for predicting
CMM risks in individuals with AO. Figure S5 and Table
S7 reveal similar results, indicating that non-traditional
lipid parameters typically have better ability to predict

CMM compared to traditional lipid parameters. In addi-
tion, we observed for the first time that AIP, Non-HDL-
C, AC, CRI-I, and CRI-II exhibited a linear positive
relationship with the risk of CMM. Conversely, LCI dem-
onstrated a nonlinear relationship with the risk of CMM,
with an inflection point of 42.78 identified by threshold
effect analysis. When LCI was below 42.78, increased
LCI was significantly associated with increased risk of
CMM. But there was no significant association between
LCI and CMM when LCI was greater than 42.78. How-
ever, we observed a linear positive correlation between
AIP, AC, CRI-I, LCI, and the risk of CMM among indi-
viduals without AO. Additionally, CRI-II demonstrated
a nonlinear relationship with the risk of CMM, with an
inflection point of 4.06 identified through threshold
effect analysis. We also found that there was a significant
positive correlation between CRI-II and CMM risk after
reaching the inflection point, but no significant correla-
tion was observed before the inflection point. Certainly,
some of the results of this study differ from previous
studies. Previous studies have found that an increase in
baseline AIP levels is significantly associated with the risk
of stroke, and a J-shaped association has been observed
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between AIP and type 2 diabetes [59, 60]. Based on cur-
rent research conclusions, individuals with AO can pre-
vent the onset of CMM by reducing non-traditional lipid
parameters to an certain level.

Strengths and limitations
Some noteworthy strengths of the present study should
be highlighted. First, this is the first study to compre-
hensively evaluate the joint association between AO
and non-traditional lipid parameters with the risk of
developing CMM. Our research results emphasize the
importance of concurrently incorporating both AO and
non-traditional lipid parameters into management strat-
egies to prevent CMM. Second, the research data were
derived from a large prospective cohort study involv-
ing 28 provinces in mainland China, which may provide
robust evidence of the association between non-tradi-
tional lipid parameters and AO with the risk of develop-
ing CMM. Last, we have discovered for the first time that
AO may induce CMM by partially mediating the effects
of serum lipids on human metabolism. This establishes
the theoretical foundation for further in-depth research
into the potential mechanisms that link AO, lipid metab-
olism, and the risk of cardiometabolic diseases.
Nevertheless, several limitations of the current study
should be acknowledged. First, the participants were all
individuals aged 45 years or older. The lack of disease
status information across all age groups may have led to
an underestimation of the incidence rate of CMM. Sec-
ond, although we attempted to control for confounding
variables through multivariate adjustment and subgroup
analyses, unmeasured confounders such as diet, physi-
cal activity, and socioeconomic status may still affect
the results. Third, the identification of participants with
diabetes, heart disease, or stroke was primarily based on
self-reported data collected during the baseline and sub-
sequent follow-up surveys, which may have introduced
information bias. Fourth, owing to the observational
nature of the study, we could not confirm the causal asso-
ciation between non-traditional lipid parameters and AO
with the risk of developing CMM. Finally, since the study
population only consisted of middle-aged and elderly
Chinese adults, the practical clinical application of the
findings in different ethnic groups, age ranges, or life-
styles needs further validation.

Conclusion

The results of our study indicate that AO may induce
CMM by partially mediating the effects of serum lipids in
human metabolism, and that the combined effects of AO
and non-traditional lipid parameters were significantly
associated with an increased risk of developing CMM.
Early identification and intervention of AO and abnormal
lipid metabolism are of significant importance for both
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the prevention and treatment of CMM. Considering both
AO and non-traditional lipid parameters can improve
CMM risk assessment and help early identify high-risk
individuals more accurately.
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