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Abstract 

Background  The effect of obesity in different glucose tolerance statuses i.e. normoglycemia (NGT), pre-diabetes, 
and type 2 diabetes (T2DM) on cardiovascular disease (CVD) and mortality has been an area of ongoing debate 
and uncertainty. In the present study, we aimed to examine the impact of being obese, whether general or central 
separately, in comparison with non-obese in different glucose tolerance statuses on the above outcomes.

Methods  The study population included 18,184 participants aged 30–60 years (9927 women) from three longitu-
dinal studies, including Atherosclerosis Risk in Communities, Multi-Ethnic Study of Atherosclerosis, and Tehran Lipid 
and Glucose Study. Glucose tolerance status was defined as NGT (fasting plasma glucose < 5.55 mmol/L), pre-diabetes 
(5.55–7.00 mmol/L), and T2DM (≥ 7 mmol/L or taking any medication for diabetes). Moreover, general and central 
obesity were defined based on body mass index and waist circumference (WC), respectively. Multivariable stratified 
Cox regression analysis was used to estimate hazard ratios (HRs (95% CI)) for CVD and mortality events.

Results  During a 16-year follow-up, 2733 CVD events, 1101 CV mortality, and 3678 all-cause mortality events were 
recorded. We observed that being generally obese in comparison with non-obese increased the risk of CV and all-
cause mortality in all glucose tolerance statuses; while considering CVD events, only among individuals with T2DM, 
the presence of general obesity was associated with marginally significant higher risk [1.19 (0.98–1.43); p-value = 0.07]. 
Regarding central adiposity, multivariate analysis revealed that elevated WC in NGT participants is associated with inci-
dent CVD [1.27(1.12–1.46)] and all-cause mortality [1.13(1.00–1.28)]. Moreover, central adiposity increased the risk 
of CV mortality in pre-diabetes individuals [1.47 (1.11–1.95)].

Conclusion  Findings from this pooled prospective cohort studies provide evidence that general obesity shows 
an unfavorable association with CV and all-cause mortality among the general population irrespective of their 
glucose tolerance statusThe findings imply that it’s important to take into account the requirement and magnitude 
of weight reduction in people who are obese when offering guidance.
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Background
Type 2 diabetes mellitus (T2DM) and pre-diabetes are 
well-established and independent risk factors for various 
life-threatening conditions, particularly cardiovascular 
diseases and mortality [1, 2]. Over the past few decades, 
the global prevalence and incidence of pre-diabetes/
T2DM have been steadily increasing, raising significant 
concerns. According to the International Diabetes Feder-
ation (IDF), the worldwide prevalence of prediabetes and 
T2DM was 6.2% and 10.5% in 2021 and estimated reach 
to 6.9% and 12.2% in 2045, respectively [3]. The meta-
analysis of Mendelian randomization studies suggests 
that obesity was associated with 67% and 20% higher risk 
of T2DM and coronary artery disease (CAD), respec-
tively with significant heterogeneity between included 
studies [4].

Recently, in a retrospective study among the American 
population, researcher found that among obese individu-
als those with pre-diabetes (using A1C criteria) had a 
higher risk of mortality compared to the normoglycemic 
population [5]. However, a post hoc analysis of the ORI-
GIN study found that overweight and moderately obese 
patients had a lower risk of all-cause mortality compared 
to patients with a BMI of 22–24.9 kg/m2 among both dia-
betic and prediabetic populations [6]. Moreover, some 
recent studies have investigated sex-specific differences 
in CVD incidence, CV mortality, and all-cause mortal-
ity, taking into account obesity status [7–9]. While some 
studies have found obesity to be a protective factor in 
women [7], others have reported contradictory results 
[10].

The combined impact of obesity, and diabetes on car-
diovascular disease (CVD) and all-cause mortality has 
been an area of ongoing debate and uncertainty [11–13]. 
In 1973, Sims et al. [14] introduced the term “diabesity” 
to describe the synergistic increase in the risk of cardio-
metabolic disorders when diabetes and obesity coexist. 
Among the rural Chinese population, it was shown that 
obesity decreased the risk of all-cause mortality among 
the diabetes population [15]. Moreover, in another study, 
no significant association was observed in prediabetic 
individuals who were also obese [16].

Given the potential impact of ethnicity, obesity pat-
terns, and lifestyle on public health recommendations, 
it has becomes important to examine the association of 
obesity, whether as central or general, for incident CVD, 
CV, and total in different glucose tolerance statuses for 
incident CVD, CV, and all-cause mortality, as well as 
the association between diabesity phenotypes and out-
comes. Conducting a pooled analysis using data from 
three cohorts (ARIC, MESA, and TLGS) can provide 
valuable insights into this stratification. We also aimed to 

investigate the sex-specific risks of CVD, CV mortality, 
and all-cause mortality for each diabesity phenotype in 
the pooled cohort dataset.

Methods
Study population
The current research involved analyzing data from three 
large population-based studiesincluding the Athero-
sclerosis Risk in Communities (ARIC) study, the Multi-
Ethnic Study of Atherosclerosis (MESA), and the Tehran 
Lipid and Glucose Study (TLGS). The ARIC and MESA 
datasets were obtained from the National Heart, Lung, 
and Blood Institute’s Biologic Specimen and Data Repos-
itory Information Coordinating Center (BioLINCC). The 
details regarding the study designs, objectives, and par-
ticipant characteristics for each cohort have been previ-
ously published [17–20] and are briefly summarized in 
the Additional file 1.

For the present analysis, the pooled and harmonized 
individual-level data of a total of 20,882 individuals aged 
30–60  years from the initial phases of ARIC (1987–89; 
n = 12,162), MESA (2000–02; n = 3100), and phase two 
for TLGS (2002–05; n = 5560) cohorts were consid-
ered as the baseline population. Exclusions were carried 
out at two separate lines for mortality and CVD event 
analysis. For mortality-related files, among 20,882 par-
ticipants (11,476 women) from the baseline examination, 
after exclusions of 2654 cases with missing data on any 
examined baseline variables and 44 participants with no 
follow-up from baseline examination; 18,184 participants 
(9927 women) remained (mean follow-up of 18.8  years, 
response rate 87%). For CVD event analysis, 20,882 
participants aged 30–60  years or more were selected. 
Subjects with prevalent CVD on baseline examination 
(N = 942), missing data (N = 2467), or without any follow-
up (N = 40) were excluded, leaving 17,433 participants 
(9,682 women) for the current study (mean follow-up of 
16.6 years, response rate 87%) (Additional file 1: Fig S1).

Definition of variables
Variable definitions were harmonized across the three 
cohorts according to the previously published articles 
[21–25] as shown in Box 1. A further description of the 
study cohort and local covariates is presented in the 
Additional file  1.The ethnicity-specific cut-off point for 
WC was considered [26] and there were minor differ-
ences in the definition of the prevalence of CVD among 
cohorts that were applied.

Box1 Definition of different cardiovascular risk factors categories, 
pooled cohort data
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variables Definitions

Glucose tolerance categories

- Normoglycemia FPG < 5.55 mmol/Land taking no anti-
diabetic medications

- Pre-diabetes 5.55 mmol/L ≤ FPG < 7 mmol/L and taking 
no anti-diabetic medications

- Type 2 diabetes FPG ≥ 7 mmol/l or taking any medication 
for diabetes

General obesity, yes BMI ≥ 30 kg/m2

Central adiposity, yes For TLGS: WC ≥ 95 cm for Iranian men 
and women [46]
For ARIC and MESA: WC ≥ 88 cm 
for American men and ≥ 102 cm for Ameri-
can women

Hypertension, yes SBP ≥ 140 mmHg or DBP ≥ 90 mmHg 
or taking any medication for hypertension

Non-HDL-C Total cholesterol-HDL-C

Family history of CVD, yes History of myocardial infarction, stroke, 
or sudden cardiac death in a men first-
degree relative < 55 years or in a women 
first-degree relative < 65

Prevalent CVD, yes For TLGS: history of acute coronary syn-
drome leading to CCU admission, history 
of percutaneous coronary intervention 
(PCI), or coronary artery bypass graft 
(CABG), angiographic proven coronary 
artery disease (i.e., > 50% luminal nar-
rowing of one or more coronary artery), 
or history of stroke events
For ARIC and MESA: History of heart 
failure (HF), myocardial infarction (MI), 
coronary revascularization, stroke, or tran-
sient ischemic
Attack

Current smoking, yes Participants who used any tobacco 
product (cigarette, pipe, and water pipe) 
at the time of examination

Education, years

−  < 6 (Reference) Illiterate participants and those with pri-
mary school education or less (less 
than 6 years of education)

− 6–12 Those who had a diploma or did not com-
plete the diploma but finished primary 
school (6 years)

−  ≥ 12 Those with higher than a diploma educa-
tion (more than 12 years of education)

Diabesity phenotype

− 1(Reference) NGT & non-obese

− 2 NGT& obese

− 3 Pre-diabetes& non-obese

− 4 Pre-diabetes & obese

− 5 T2DM& non-obese

− 6 T2DM& obese

FPG fasting plasma glucose, SBP systolic blood pres-
sure, DBP diastolic blood pressure, BMI body mass index, 
WC waist circumference, FPG fasting plasma glucose, 
non-HDL-C non-high-density lipoprotein cholesterol, 
FHCVD family history cardiovascular disease, CVD car-
diovascular disease, NGT normal glucose tolerance.

Outcomes
ARIC
Incident CVD was described as a combination of new 
cases of CHD, stroke, or heart failure (HF) occurring 
between the initial assessment and December 31, 2015 
(median follow-up = 25.5  years). Throughout the study 
period, participants were continuously monitored for any 
potential CVD events through yearly telephone inquir-
ies, monitoring of local hospitals, and cross-referencing 
with state and national death records. An expert panel 
reviewed and confirmed all instances of CHD and stroke. 
Incident CHD was identified as a confirmed or likely non-
fatal heart attack or confirmed fatal CHD. The stroke was 
categorized as a confirmed or likely ischemic or hemor-
rhagic stroke. HF was determined by the first hospital 
admission or death linked to HF, based on the utilization 
of ICD-9 code 428 or ICD-10 code I-50 during the pri-
mary analyses. Further information regarding CVD sur-
veillance in ARIC has been previously documented [23]. 
The researchers determined how the study participants 
death by regularly checking up on them, monitoring hos-
pitals in the community, and cross-referencing with local 
and national death records. The accuracy of the date and 
cause of death was confirmed by reviewing the death 
certificates. All-cause mortality referred to deaths from 
any cause, while cardiovascular (CV) mortality referred 
to deaths where the main cause was related to cardiovas-
cular diseases, using specific medical codes (ICD-9 codes 
390–459 or ICD-10 codes I00-I99) [20].

MESA
In this scientific study, the participants were monitored 
for the occurrence of new cardiovascular events and 
mortality at intervals of 9 to 12  months. A telephone 
interviewer contacted each participant to gather informa-
tion about any hospital admissions, outpatient diagnoses, 
and procedures related to cardiovascular issues, as well 
as deaths that occurred between the follow-up intervals. 
Additionally, the study occasionally discovered additional 
events through clinic visits, participant reports, medical 
record reviews, or obituaries. To ensure the accuracy of 
self-reported diagnoses, the study requested copies of 
death certificates and medical records for all hospitaliza-
tions and selected outpatient cardiovascular diagnoses 
and procedures. In cases of cardiovascular deaths that 
occurred outside of a hospital setting, interviews were 
conducted with the next of kin. The study was success-
ful in obtaining hospital records for approximately 99% of 
suspected cases of hospitalized cardiovascular events. A 
panel of physicians centrally reviewed and confirmed the 
occurrence of cardiovascular events for the analysis. In 
this study, CVD was defined as a combination of myocar-
dial infarction, angina, resuscitated cardiac arrest, stroke 
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(excluding transient ischemic attack), death due to CHD, 
stroke-related death, death from other atherosclerotic 
causes, or other cardiovascular disease-related death. 
The cause of death was determined through commit-
tee review for potential CVD-related deaths, while the 
underlying cause of death for other cases was obtained 
from state or city vital statistics departments [21].

TLGS
TLGS outcome data was collected previously in a spe-
cific manner. Trained nurses conducted annual telephone 
follow-ups with participants to ask about any new medi-
cal events. Trained physicians then gathered additional 
information through home visits or by reviewing medi-
cal records related to the reported events. An outcome 
committee, consisting of experts from various medical 
fields, assessed the data and assigned specific outcome 
codes to each event. In this study, the focus was on cor-
onary heart disease (CHD) events as outcomes. These 
events included cases of definite myocardial infarction 
(MI) diagnosed using electrocardiogram (ECG) results 
and biomarkers. Probable MI cases were identified by 
positive ECG findings along with cardiac symptoms or 
signs, and biomarker results that were inconclusive or 
negative. Unstable angina pectoris was characterized by 
new cardiac symptoms or changing patterns of symp-
toms, accompanied by positive ECG findings and normal 
biomarker levels. Angiography-proven CHD and CHD-
related deaths, including deaths occurring in the hos-
pital due to CHD and sudden cardiac deaths caused by 
cardiac disease within one hour of symptom onset, were 
also considered CHD events based on specific criteria or 
verbal autopsy documents.

Stroke was categorized into three groups: definite 
stroke, possible stroke, and transient ischemic attack 
(TIA). Definite stroke follows the World Health Organi-
zation (WHO) definition, involving the rapid onset of 
clinical signs or global disturbance of cerebral func-
tion lasting more than 24  h or resulting in death with 
no apparent cause other than of vascular origin. Imag-
ing results indicating stroke and acute brain injuries in 
patients with symptoms rapidly disappearing were also 
considered. Possible stroke included cases where there 
was an acute focal neurological deficit without imaging 
evidence of stroke or when the data did not fully meet the 
WHO definition of definite stroke. TIA cases were iden-
tified when symptoms resolved within 24 h.

Cardiovascular disease (CVD) was defined as a com-
bination of CHD events, stroke, or death due to cer-
ebrovascular causes. In cases of mortality, data were 
collected either from hospitals by authorized local phy-
sicians or from death certificates and were subsequently 

evaluated by the TLGS outcome committee. The study 
also examined a composite outcome that included both 
CVD events and events related to all-cause mortality 
[27].

Statistical analysis
The baseline characteristics of the participants were 
described using mean (standard deviation; SD) for con-
tinuous variables, while numbers and proportions (%) 
were used for categorical variables, based on different 
combinations of glucose tolerance statuses and general 
obesity in men and women, separately. Statistical analy-
ses were conducted to compare continuous variables 
using ANOVA and t-tests, as deemed suitable. The chi-
square test was employed to compare categorical vari-
ables. To determine the incidence rates, crude rates per 
1000 person-years along with their corresponding 95% 
confidence intervals (95% CI) were calculated for each 
outcome.

Multivariable Cox regression analysis was utilized to 
evaluate how general obesity (defined by BMI), and cen-
tral adiposity (defined by WC) impact the risk of CVD, 
CV mortality, and all-cause mortality. A literature review 
was conducted to consider conventional covariates such 
as age, sex (for the overall population), education levels, 
current smoking, hypertension, FH-CV, non-HDL-C, 
and prevalent CVD (except for CVD) in our data analysis 
[21–23, 28]. Additionally, we calculated the hazard ratios 
(HRs) and 95% confidence intervals (CIs) to assess the 
combined association of obesity and diabetes status on 
the occurrence of specified outcomes. Notably, no signifi-
cant gender interactions were observed (the minimum 
interaction p-value of 0.045 exceeded the Bonferroni-
corrected significance level of 0.003). However, all analy-
ses were conducted separately for men, women, and the 
total population.

To address potential variations in baseline hazard risk, 
population characteristics, or data collection methods 
among the cohort studies, cohort-stratified baseline haz-
ards were employed to address the study-to-study heter-
ogeneity [29, 30]. The Cox model was utilized to evaluate 
the proportional hazards assumption, and the Schoenfeld 
residual test was employed for this purpose. The assess-
ment revealed that all proportionality assumptions were 
met and considered appropriate. All statistical analyses 
were performed using STATA version 17 and 2-sided P 
values < 0.05 were considered statistically significant.

Results
Baseline characteristics
The study population included 18,184 participants 
(9927 women) with a mean (SD) age of 50.0 (7.1) years. 
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The baseline characteristics of individuals in each 
cohort study stratified by gender are summarized in 
the Additional file  1: Tables S1. Compared to normal 
glucose tolerance and non-obese (NGT & non-obese), 
participants with both obesity and diabetes tended to 
be older and had a higher likelihood of having poor 
metabolic conditions, including elevated SBP and DBP, 
WC, BMI, Non-HDL-C, and FPG. Additionally, condi-
tions such as hypertension, CVD, and FH-CVD were 
more prevalent among diabetic and obese men, except 
for a current smoker, as shown in Table 1. Similar pat-
terns were observed among women, where individuals 
with diabetes & obesity, compared to NGT & non-
obese women, tended to be older with poor metabolic 
conditions. Furthermore, similar to men, hypertension, 
CVD, and FH-CVD were more common among women 
with diabetes & obese phenotype, except for smoking 
(Table 2). 

Incident CVD
Over a median follow-up period of 16.3  years (inter-
quartile range (IQR): 8.8–25.3  years), 1172 women and 
1561 men were diagnosed with CVD. The annual CVD 
incidence rate for the entire population was 9.4 cases per 
1000 person-years (95% CI 9.1–9.8). When we break it 
down by gender, the incidence rates were 13.1 per 1000 

person-years (95% CI 12.5–13.7) for men and 6.9 per 
1000 person-years (95% CI 6.5–7.3) for women. The 
annual incidence rate of CVD defined by different cat-
egories of diabetes and obesity is presented in the Addi-
tional file 1: Fig S2.

Considering the diabesity definition (NGT & non-
obese as reference), the pre-diabetes & non-obese [HR 
(95% CI 1.12 (1.01–1.24)], diabetes & non-obese [2.28 
(1.96–2.66)], and diabetes & obese phenotypes [2.78 
(2.41–3.19)] were associated with a higher risk of inci-
dent CVD in total population (Fig. 1). As shown in Fig. 1 
in terms of diabesity, both men and women with diabe-
tes & obesity had higher risks of developing CVD. The 
HR (95% CI) for CVD was 3.10 (2.55–3.70) for diabetic 
women with obesity, 2.77 (2.20–3.49) for diabetic women 
without obesity, 2.44 (1.98–3.01) for diabetic men with 
obesity, and 2.01 (1.66–2.45) for diabetic men without 
obesity.

Multivariable adjusted HRs (95% CI) of obesity for inci-
dent CVD in different glucose tolerance statuses among 
men, women, and the total population separately are 
shown in Table  3. However, no significant association 
was found in the total population, among NGT women, 
general obesity increased the risk of incident CVD by 
24%, compared to non-obese counterparts while through 
diabetic men, obesity was associated with 32% excess 

Table 1  Baseline characteristics of subjects regarding different combinations of glucose tolerance statuses and general obesity 
among men

Continuous variables are shown as mean (standard deviation; SD) for normal distribution and median (interquartile range: IQR) for skewed variables (e.g. FPG, non-
HDL-C), and categorical variables are presented as number (%)

ARIC: Atherosclerosis Risk in Communities; MESA: Multi-Ethnic Study of Atherosclerosis; TLGS: Tehran Lipid and Glucose Study; FPG: fasting plasma glucose; SBP: 
systolic blood pressure; DBP: diastolic blood pressure; BMI: body mass index; WC: waist circumference; FPG: fasting plasma glucose; non-HDL-C: non-high-density 
lipoprotein cholesterol; FHCVD: family history cardiovascular disease; CVD: cardiovascular disease; normal glucose tolerance (NGT). General obesity (BMI ≥ 30 kg/m2)

Normoglycemia: FPG < 100 mg/dl & no medication; pre-diabetes: FPG 100–126 mg/dl and no medication; type 2 diabetes; FPG ≥ 126 mg/dl or using medication

Variables NGT Pre-diabetes Type 2 diabetes

Non-obese 
(n = 3918)

Obese (n = 1057) Non-obese 
(n = 1828)

Obese (n = 736) Non-obese 
(n = 379)

Obese (n = 339)

Age (years) 49.0 (7.6) 49.6 (7.4) 51.9 (5.6) 51.2 (5.8) 52.7 (6.0) 52.6 (5.7)

SBP (mmHg) 115.0 (15.8) 122.2 (18.1) 120.9 (17.4) 124.9 (16.1) 126.2 (20.9) 129.4 (18.5)

DBP (mmHg) 72.9 (10.7) 75.5 (11.5) 75.4 (11.2) 78.1 (11.1) 76.8 (12.5) 77.0 (11.3)

BMI (kg/m2) 25.2 (2.8) 33.8 (4.0) 26.1 (2.4) 33.7 (4.1) 26.2 (2.6) 34.7 (4.1)

WC (cm) 90.8 (9.1) 109.6 (10.5) 95.6 (7.4) 112.6 (10.6) 95.7 (7.7) 113.9 (10.4)

Non-HDL-C (mg/dl) 151.0 (126.0–178.4) 153.0 (130.5–178.3) 165.4 (141.0–191.6) 169.0 (142.6–192.6) 168.0 (140.1–193.4) 160.1 (135.0–196.2)

FPG (mg/dl) 90.0 (84.0–95.0) 90.0 (85.0–95.0) 106.0 (102.1–111.0) 106.9 (103.0–113.3) 150.0 (130.0–209.0) 154.0 (132.0–205.1)

Education, years

  < 6 217 (5.5) 45 (4.3) 51 (2.8) 27 (3.7) 28 (7.4) 17 (5.0)

 6–12 1105 (28.2) 249 (23.5) 440 (24.1) 165 (22.4) 141 (37.2) 70 (20.7)

  ≥ 12 2596 (66.3) 763 (72.2) 1337 (73.1) 544 (73.9) 210 (55.4) 252 (74.3)

Current smoker 
(yes)

1190 (30.4) 262 (24.8) 531 (29.1) 179 (24.3) 118 (31.1) 63 (18.6)

Hypertension (yes) 727 (18.6) 364 (34.4) 561 (30.7) 323 (43.9) 159 (41.9) 214 (63.1)

FH-CVD (yes) 718 (18.3) 301 (28.5) 195 (10.7) 119 (16.2) 58 (15.3) 80 (23.6)

Prevalent CVD (yes) 178 (4.5) 40 (3.8) 132 (7.2) 62 (8.4) 49 (12.9) 45 (13.3)
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risk of CVD incidence. Moreover, in the total population 
among the NGT group, central adiposity increased the 
risk of incident CVD by 27% and by 51% specifically in 
women (Table 4).

CV mortality
During the median (IQR) follow-up of 16.7  years 
(11.2–25.7), there were 1101 CV mortalities, with 481 
of them occurring in women. The annual crude CV 
mortality rates in the overall population were 3.4 per 
1000 person-years (95% CI 3.2–3.6). When analyzed by 
sex, the rates were 4.4 per 1000 person-years (95% CI 
4.1–4.7) in men and 2.6 per 1000 person-years (95% CI 
2.4–2.9) in women. The annual incidence rate of CV 
mortality defined by different categories of diabesity 
phenotypes is presented in the Additional file 1: Fig S3.

Evaluating different diabesity phenotypes, defined by 
BMI, in the total population, revealed that, compared to 
NGT & non-obese individuals, phenotypes accompany-
ing obesity or diabetes, were positively associated with 
CV mortality: NGT & obese [1.33 (1.07–1.64)], predia-
betes & obese [1.34 (1.10–1.63)], diabetes & non-obese 
[2.78 (2.23–3.47)], diabetes & obese [3.14 (2.57–3.84)] 

(Fig.  1). Similarly, in sex-stratified analysis, diabetes & 
obesity were associated with an increased risk of CV 
mortality in men (Fig. 1); however; in women, diabetes 
irrespective of obesity status, increased the risk of CV 
mortality (Fig. 1). As shown in Table 3, general obesity 
increased the risk of CV mortality in the total popula-
tion in NGT [1.81(1.49–2.21)], pre-diabetes [1.52(1.23–
1.89)], and diabetes [1.58(1.22–2.04)] status; generally, 
the associations were similar to those of the men pop-
ulation. Additionally, as shown in Table 4, central adi-
posity increased the risk of CV mortality in the total 
population in pre-diabetes [1.47(1.11–1.95)]; generally, 
the associations were similar to those of the women.

All‑cause mortality
Over a median follow-up period of 16.7 years (IQR: 11.2–
25.7), there were a total of 3678 all-cause deaths, with 
1740 of them occurring in women. The annual crude 
mortality rates in the overall population were 11.3 per 
1000 person-years (95% CI 11.0–11.7). When analyzed 
by sex, the rates were 13.7 per 1000 person-years (95% CI 
13.1–14.3) in men and 9.5 per 1000 person-years (95% CI 
9.1–9.9) in women. The annual incidence rate of all-cause 
mortality defined by different categories of diabesity phe-
notypes is presented in the Additional file 1: Fig S4.

Table 2  Baseline characteristics of subjects regarding different combinations of glucose tolerance statuses and general obesity 
among women

Continuous variables are shown as mean (standard deviation; SD) for normal distribution and median (interquartile range: IQR) for skewed variables (e.g. FPG, non-
HDL-C), and categorical variables are presented as number (%)

ARIC Atherosclerosis Risk in Communities, MESA Multi-Ethnic Study of Atherosclerosis, TLGS Tehran Lipid and Glucose Study, FPG fasting plasma glucose, SBP systolic 
blood pressure, DBP diastolic blood pressure, BMI body mass index, WC waist circumference, FPG fasting plasma glucose, non-HDL-C non-high-density lipoprotein 
cholesterol, FHCVD family history cardiovascular disease, CVD cardiovascular disease, NGT normal glucose tolerance. General obesity (BMI ≥ 30 kg/m2)

Normoglycemia: FPG < 100 mg/dl & no medication; pre-diabetes: FPG 100–126 mg/dl and no medication; type 2 diabetes; FPG ≥ 126 mg/dl or using medication

Variables NGT Pre-diabetes Type 2 diabetes

Non-obese 
(n = 4960)

Obese (n = 1722) Non-obese 
(n = 1379)

Obese (n = 950) Non-obese 
(n = 384)

Obese (n = 532)

Age (years) 48.7(7.5) 48.5(7.3) 51.9(5.5) 51.3(5.9) 52.9(5.8) 52.3(5.3)

SBP (mmHg) 112.3(16.1) 120.1(17.4) 119.3(18.7) 124.9(17.7) 125.4(20.6) 130.4(20.2)

DBP (mmHg) 71.0(10.0) 76.8(10.1) 73.3(10.3) 77.4(10.1) 74.8(10.2) 77.7(11.0)

BMI (kg/m2) 24.9(2.9) 33.8(3.6) 25.6(2.8) 35.1(4.6) 26.5(2.5) 35.6(4.7)

WC (cm) 86.4(9.4) 105.6(11.2) 89.7(9.4) 110.5(12.3) 93.7(8.3) 113.8(12.3)

Non-HDL-C (mg/dl) 144.0(120.1–172.0) 156.0(183.0–132.0) 159.0(133.0–189.2) 165.1(136.7–193.0) 168.0(139.0–201.0) 171.0(142.0–205.0)

FPG (mg/dl) 89.6(85.0–94.0) 90.7(86.0–95.0) 105.0(102.0–109.0) 107.0(103.0–112.7) 157.0(130.0–218.0) 165.0(134.0–241.5)

Education, years

  < 6 343(6.9) 287(16.7) 75(5.4) 131(13.8) 76(19.8) 102(19.2)

 6–12 1231(24.8) 586(34.0) 270(19.6) 292(30.7) 97(25.3) 161(30.3)

  ≥ 12 3386(68.3) 849(49.3) 1034(75.0) 527(55.5) 211(54.9) 269(50.5)

Current smoker(yes) 1021(20.6) 225(13.1) 352(25.5) 142(14.9) 76(19.8) 98(18.4)

Hypertension (yes) 940(19.0) 549(31.9) 489(35.5) 480(50.5) 191(49.7) 332(62.4)

FH-CVD (yes) 746(15.0) 255(14.8) 170(12.3) 1234(12.9) 68(17.7) 93(17.5)

Prevalent CVD (yes) 65(1.3) 36(2.1) 40(2.9) 40(4.2) 21(5.5) 43(8.1)
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Evaluating different diabesity phenotypes in the total 
population revealed that except prediabetes & non-obese, 
all other phenotypes were positively associated with all-
cause mortality, and the highest HR was observed in 
diabetes & obesity (2.38; 2.11–2.96) (Fig. 1). based on sex-
stratified analysis, prediabetes & obese (1.20; 1.04–1.39), 
diabetes & non-obese (1.85; 1.55–2.20), diabetes & obese 
(2.25; 1.87–2.69) men, have elevated risk for all-cause 
mortality (Fig.  1). Furthermore, in women, pre-diabetes 
& non-obese (1.17; 1.03–1.34), diabetes & non-obese 
(2.43; 1.99–2.97), diabetes & obese (2.51; 2.14–2.95) were 
associated with all-cause mortality (Fig. 1). Nonetheless, 
the interaction term showed a lack of significance, sug-
gesting that there is no statistically meaningful indication 
of a distinction between men and women concerning the 
association between obesity, diabetes, and mortality. For 
the total population, mortality was higher in obese than 
in non-obese individuals (HR 1.24; 95% CI 1.15, 1.34).

Table 3 represents the multivariable-adjusted HRs (95% 
CI) of general obesity for all-cause mortality. When the 
analysis was done according to diabetes status, in the 
total population, general obesity was positively associated 
with all-cause mortality in NGT [1.52 (1.38–1.68)], pre-
diabetic [1.38 (1.23–1.54)] and diabetic [1.35 (1.14–1.60)] 
subjects. Additionally, among men participants, obesity 
raised the risk of all-cause mortality in pre-diabetic [1.36 
(1.17–1.58)] and diabetic [1.30 (1.02–1.65)] participants. 
However, in women, obesity significantly increased the 
risk of all-cause mortality only in NGT participants [1.38 
(1.17–1.63)]. As shown in Table 4, it was noted that cen-
tral adiposity was associated with an higher mortality 
rate in NGT participants [1.13 (1.00–1.28)]; this associa-
tion was similarly identified in women [1.24 (1.06–1.46)].

Discussion
In the present study, utilizing data from three large lon-
gitudinal studies with more than 18,000 participants, 
we aimed to investigate the additive impact of general 
and central obesity in different glucose tolerance sta-
tuses, for incident CVD and mortality events. Among 

Fig. 1  Multivariable adjusted HRs (95% CI) for incident CVD, CV 
mortality, and all-cause mortality with diabesity phenotypes 
in the total population, men, and women. General obesity 
(BMI ≥ 30 kg/m2). Model adjusted for sex (total population), age, 
non-HDL-C, education levels, hypertension, FH-CVD, and prevalent 
CVD (except for CVD). HR hazard ratio, CI confidence interval, CVD 
cardiovascular disease, FHCVD family history CVD, HDL_C high-density 
lipoprotein cholesterol, BMI body mass index, NGT normal glucose 
tolerance. NGT: FPG < 100 mg/dl & no medication; prediabetes: FPG 
100-126 mg/dl and no medication; type 2 diabetes; FPG ≥ 126 mg/dl 
or using medication
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the whole population, multivariate analysis showed that 
general obesity increased the risk of mortality events, 
in all of the glycemic states. Regarding central adipos-
ity, multivariate analysis revealed that elevated WC in 
NGT participants is unfavorably associated with inci-
dent CVD and all-cause mortality, among the total 
population. Moreover, among pre-diabetic participants 
central adiposity exhibited an increased risk of CV 

mortality. Importantly, the impact of central adiposity 
was more prominent among women rather than men.

Harmonized individual-level data from 112 cohort 
studies conducted in 34 countries and 8 geographic 
regions showed that among men 4.3% and 10.2% of cases 
of incident CVD may be attributable to obesity and diabe-
tes, respectively; the corresponding values for women are 
3.6% and 15.2%, respectively [28]. While the independ-
ent impact of  obesity, pre-diabetes, and T2DM  in  iso-
lation  on incident CVD and mortality has been widely 

Table 3  Multivariable adjusted HRs (95% CI) of general obesity for incident CVD, CV, and total mortality in different glucose tolerance 
statuses among men, women, and the total population separately

General obesity (BMI ≥ 30 kg/m2)

Model adjusted for gender (total population), age, non-HDL-C, current smoking, education levels, hypertension, FHCVD, and prevalent CVD (except for CVD). E 
number of events, N number of population, HR hazard ratio, CI confidence interval, CVD cardiovascular disease, FHCVD family history CVD, HDL_c high-density 
lipoprotein cholesterol, BMI body mass index, NGT normal glucose tolerance

Normoglycemia: FPG < 100 mg/dl & no medication; pre-diabetes: FPG 100–126 mg/dl and no medication; type 2 diabetes; FPG ≥ 126 mg/dl or using medication

Significant values are bolded

NGT Pre-diabetes With T2DM

Non-Obese Obese Non-Obese Obese Non-Obese Obese

CVD

Women E/N 424/4895 166/1686 190/1339 134/910 91/363 167/489

HR (95% CI) Reference 1.24(1.03–1.50) Reference 1.05(0.83–1.32) Reference 1.11(0.85–1.46)

p-value 0.02 0.70 0.44

Men E/N 549/3740 125/1017 474/1696 179/674 126/330 108/294

HR (95% CI) Reference 1.00(0.81–1.21) Reference 1.07(0.90–1.27) Reference 1.32(1.01–1.73)
p-value 0.94 0.42 0.046

Total E/N 973/8635 291/2703 664/3035 313/1584 217/693 275/783

HR (95% CI) Reference 1.07(0.93–1.22) Reference 1.07(0.93–1.23) Reference 1.19(0.98–1.43)

p-value 0.33 0.34 0.07

CV mortality

Women E/N 144/4960 58/1722 86/1379 65/950 49/380 79/532

HR (95% CI) Reference 1.60(1.15–2.20) Reference 1.27(0.91–1.79) Reference 0.91(0.62–1.32)

p-value 0.005 0.16 0.62

Men E/N 174/3918 58/1057 159/1828 89/736 66/374 74/339

HR (95% CI) Reference 1.41(1.04–1.92) Reference 1.59(1.23–2.07) Reference 1.48(1.04–2.12)
p-value 0.03  < 0.001 0.03

Total E/N 318/8878 116/2779 245/3207 154/1686 115/754 153/871

HR (95% CI) Reference 1.81(1.49–2.21) Reference 1.52(1.23–1.89) Reference 1.58(1.22–2.04)
p-value  < 0.001  < 0.001  < 0.001

All-cause mortality

Women E/N 653/4960 214/1722 335/1379 215/950 115/384 208/532

HR (95% CI) Reference 1.38(1.17–1.63) Reference 1.14(0.95–1.37) Reference 1.06(0.84–1.35)

p-value  < 0.001 0.15 0.60

Men E/N 652/3918 156/1057 572/1828 252/736 159/379 147/339

HR (95% CI) Reference 1.12(0.94–1.35) Reference 1.36(1.17–1.58) Reference 1.30(1.02–1.65)
p-value 0.20  < 0.001 0.03

Total E/N 1305/8878 370/2779 907/3207 467/1686 274/763 355/871

HR (95% CI) Reference 1.52(1.38–1.68) Reference 1.38(1.23–1.54) Reference 1.35(1.14–1.60)
p-value  < 0.001  < 0.001  < 0.001
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reported [5, 31, 32], the joint effect of obesity status with 
different glucose tolerance is less addressed [16, 32]. In 
line with our findings in the context of diabesity pheno-
types, a prospective cohort study among Chinese adults 
[16] demonstrated that in comparison to NGT & none-
obese, phenotypes including diabetes, with or without 
obesity, was associated with 99% and 63% increased risk 
of developing CVD, respectively. They also reported that 
in the group of NGT participants, those who had general 
obesity exhibited a 92% higher risk of CVD. In another 

study within the UK Biobank involving 451,355 partici-
pants, it was reported that in comparison with normal 
BMI without diabetes category, the presence of general 
obesity in non-diabetic individuals was associated with 
a 35% elevated risk of CVD; this was about 88% among 
individuals with T2DM who had normal BMI range. In 
line with our findings, they also showed that the com-
bined effect of both obesity and diabetes demonstrated 
a more than 2.5-fold higher risk of incident CVD [32]. 
Additionally, in our study, the phenotype of pre-diabetes 

Table 4  Multivariable adjusted HRs (95% CI) of central adiposity for incident CVD, CV, and total mortality in different glucose tolerance 
statuses among men, women, and the total population separately

Central adiposity (WC ≥ 95 cm for Iranian men and women; ≥ 88 cm for American men and ≥ 102 cm for American women)

Model adjusted for gender (total population), age, non-HDL-C, current smoking, education levels, hypertension, FHCVD, and prevalent CVD (except for CVD). E 
number of events, N number of population, HR hazard ratio, CI confidence interval, CVD cardiovascular disease, FHCVD family history CVD, HDL_c high-density 
lipoprotein cholesterol, BMI body mass index, NGT normal glucose tolerance

Normoglycemia: FPG < 100 mg/dl & no medication; pre-diabetes: FPG 100–126 mg/dl and no medication; type 2 diabetes; FPG ≥ 126 mg/dl or using medication

Significant values are bolded

NGT Pre-diabetes With T2DM

Non-obese Obese Non-obese Obese Non-obese Obese

CVD

Women E/N 401/4870 189/1711 189/1324 135/925 79/311 179/541

HR (95% CI) Reference 1.51(1.19–1.94) Reference 0.79(0.57–1.09) Reference 0.98(0.70–1.39)

p-value 0.001 0.15 0.94

Men E/N 136/1680 538/3077 64/313 589/2057 18/73 216/551

HR (95% CI) Reference 1.10(0.89–1.39) Reference 0.97(0.73–1.30) Reference 1.10(0.64–1.89)

p-value 0.43 0.85 0.72

Total E/N 537/6550 727/4788 253/1637 724/2982 97/384 395/1092

HR (95% CI) Reference 1.27(1.12–1.46) Reference 1.03(0.87–1.22) Reference 1.13(0.89–1.43)

p-value  < 0.001 0.72 0.29

CV mortality

Women E/N 143/4933 59/1749 81/1365 70/964 39/325 89/591

HR (95% CI) Reference 1.36(0.98–1.87) Reference 1.42(1.02–2.00) Reference 1.05(0.71–1.55)

p-value 0.06 0.04 0.79

Men E/N 39/1728 193/3247 13/331 235/2233 9/88 131/630

HR (95% CI) Reference 1.12(0.78–1.62) Reference 1.67(0.94–2.94) Reference 1.09(0.55–2.21)

p-value 0.54 0.08 0.79

Total E/N 182/6661 252/4996 94/1696 305/3197 48/413 220/1221

HR (95% CI) Reference 1.22(0.96–1.56) Reference 1.47(1.11–1.95) Reference 1.08(0.77–1.51)

p-value 0.1 0.01 0.65

All-cause mortality

Women E/N 649/4933 218/1749 333/1356 217/964 97/325 226/591

HR (95% CI) Reference 1.24(1.06–1.46) Reference 1.09(0.91–1.31) Reference 1.13(0.89–1.44)

p-value 0.01 0.31 0.31

Men E/N 154/1728 654/3247 71/331 753/2233 26/88 280/630

HR (95% CI) Reference 1.03(0.85–1.24) Reference 1.06(0.83–1.37) Reference 0.77(0.51–1.17)

p-value 0.78 0.63 0.23

Total E/N 803/6661 872/4996 404/1696 970/3197 123/413 506/1221

HR (95% CI) Reference 1.13(1.00–1.28) Reference 1.08(0.93–1.25) Reference 1.06(0.86–1.31)

p-value 0.04 0.29 0.59
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without general obesity conferred an excess risk of inci-
dent CVD which is in line with a meta-analysis of 129 
studies including 10 069 955 individuals suggesting pre-
diabetes was associated with a 15% increased risk of CVD 
in a median follow-up time of 10 years [33]. Among the 
whole population, in terms of the added value of obesity 
in different glucose states status (Tables 3 and 4) for CVD 
events, we observed central adiposity among the NGT 
population was associated with about 30% higher risk; 
however, the addition of general obesity did not signifi-
cantly increase the risk in different states of glucose toler-
ance. In line with our results, Sone et  al. [34] indicated 
that excess WC (> 85 in women and > 90 in men) is not 
associated with incident CVD, either in men or women.

Considering CV mortality as an outcome, our data 
analysis showed that among all of the glycemic states, 
individuals who were generally obese had a higher risk of 
CV mortality, compared to their non-obese counterparts. 
In contrast to our findings, Doehner et al. [6] have stud-
ied the impact of BMI categories on CV mortality, among 
12521 participants with T2DM or pre-diabetes, from 
ORIGIN trials. After 6.2  years of follow-up, they indi-
cated that compared to subjects with a BMI of 22.24.9 kg/
m2, obese participants showed about 30% lower risk of 
CV mortality. Furthermore, in a dose–response meta-
analysis including 13 cohorts with 161,984 partici-
pants with T2DM, no significant association was found 
between obesity and the risk of cardiovascular mortality 
[35]. A systematic review and a dose–response analy-
sis of 21 studies among 1, 349, 075 patients with type 2 
diabetes reported that a BMI cut-off point > 28.4  kg/m2 
was associated with a 12% higher risk for CV mortality 
without any significant gender difference [36]. However, 
in our data analysis, the unfavorable impact of general 
obesity among T2DM patients for CV mortality events 
was mainly observed only among men. In the context of 
central adiposity, we observed that elevated WC among 
pre-diabetic participants is associated with an excess risk 
of CV mortality.

The association between obesity, and all-cause mor-
tality has been extensively studied in several studies 
[37–39], however, complete prognostic effects of obesity 
among different glycemic profiles are still inconclusive. 
The global population-attributable fraction of the 10-year 
risk of all-cause mortality for general obesity and T2DM 
was 2.9% and 12.2% for women, and 0.8% and 9.9% for 
men, respectively [28]. A large prospective cohort of 12.8 
million Korean adults demonstrated that BMI ≥ 30 kg/m2 
increases the risk of all-cause mortality in the NGT group 
by 8%; however, an inverse association was observed 
among those with newly diagnosed T2DM or preva-
lent diabetes [40]; moreover, the researchers also found 
that among IFG population, the general obesity was 

associated with all-cause mortality events only among 
women (HR (95% CI 1.06(1.02–1.10)). In contrast in our 
data analysis, the unfavorable impact of general obesity 
for all-cause mortality events among the IFG popula-
tion was highlighted only among men. In line with our 
findings, Zahir et  al. [41] in 2019 in an AusDiab study 
found that general obesity was associated with higher 
all-cause mortality and there was no evidence of the 
survival advantage of obesity in diabetic individuals. In 
another study, the results of a UK Biobank cohort study, 
diabetes with and without general obesity increases the 
risk of all-cause mortality to the same level (HR: 1.61 vs 
1.57, respectively). They also reported that general obe-
sity without diabetes also shows a significant association 
with all-cause mortality in comparison with non-diabetic 
participants with a BMI range of 18–25 kg/m2 [32]. We 
also found that having central obesity only among the 
NGT population increased the risk of all-cause mortality 
events.

Therefore our results can provide evidence for weight 
control irrespective of glucose tolerance status with 
considering lifestyle, nutritional, or pharmacological 
interventions for reducing the risk of mortality events. 
Weight loss benefits via lifestyle and nutritional inter-
ventions were supported by Look the Action for Health 
in Diabetes (Look AHEAD) randomized clinical trial [42, 
43]. Moreover, Obesity pharmacotherapy as an adjunct 
to lifestyle interventions is another effective suggested 
method for those with BMI ≥ 27 kg/m2 or T2DM patients 
[44, 45].

The current study has several important strengths 
including pooled data cohort, long follow-up data for 
assessment of CVD and mortality, statistical power to 
check the association according to diabetes and obesity 
categories as well as gender stratified analysis. However, 
our study should be interpreted in the context of several 
limitations. First, the values of glycated hemoglobin A1C 
and 2-h post-load glucose were not available for all three 
cohorts, which may led to misclassifications in glycemic 
status. Second, despite we adjusted our analyses for a 
wide range of covariates, some residual unavoidable con-
founding such as socioeconomic, nutritional status, and 
duration of diabetes may affect the results. Finally, we 
could not investigate cause-specific mortality analysis 
due to the lack of data.

Conclusion
In summary, findings from this pooled prospective 
cohort studies provide evidence that general obesity 
shows an unfavorable association with CV and all-cause 
mortality among the general population irrespective of 
their glucose tolerance status. However, the impact of 
central adiposity was found among NGT individuals for 
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CVD and all-cause mortality events. The findings imply 
that it’s important to take into account the requirement 
and magnitude of weight reduction in people who are 
obese when offering guidance.
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