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A B S T R A C T

Aims: We compared ability of five adiposity indicators [body mass index (BMI), waist circumference (WC), waist- 
to-height ratio (WHtR), waist-by-height0.5 (WHT.5R), and a body shape index (ABSI)] to identify current diabetes 
and their prospective associations with diabetes.
Methods: Baseline data were from 7,979 participants of UK Whitehall II study, of whom 7,488 diabetes-free 
participants were followed-up (median = 16.0 years) for incident diabetes (n = 940). According to five 
indices’ cut-points, participants were separately classified into low-value groups and high-value groups. We 
cross-sectionally investigated ability of the indicators to identify existing diabetes by receiver operating char
acteristic curve analysis, and explored prospective associations between elevated indices and diabetes using Cox 
regression analysis.
Results: Waist-based indicators were superior to BMI in identifying diabetes. High WHtR (≥0.5) demonstrated the 
highest multivariable-adjusted HR [2.64 (95 % CI 2.29, 3.03)]. Across all indicators, associations between 
elevated indicators and diabetes were stronger in younger participants. In combined analyses, “low BMI but high 
WHtR” had higher risk for diabetes [2.20 (95 % CI 1.65, 2.95)] than “high BMI but low WHtR” [1.34 (95 % CI 
1.05, 1.70)].
Conclusion: Waist-based indicators are more strongly associated with diabetes than BMI. WHtR, an easy-to- 
calculate, waist-based index with a sex- and race-independent cut-point, may be useful for diabetes prevention.

1. Introduction

Obesity, traditionally defined as an excess of body fat leading to 
impaired health, is a global public health epidemic [1]. For example, in 
the UK, it is predicted that around 35 % of all adults will be obese by 
2025 [2]. Some observational studies suggest that obesity, associated 
with adipose dysfunction and insulin resistance, increases type 2 dia
betes risk [3,4].

Body mass index (BMI), as an index of body weight in kilograms 
divided by height in square meter (kg/m2), is the most commonly used 
method to assess obesity in clinical practice with relevant guidelines (i. 
e., 25 to 30 kg/m2 of BMI is overweight; ≥30 kg/m2 is obese) [5,6], and 
has been widely accepted as a quick and simple tool to classify patients 
into different risk categories [7]. However, BMI does not distinguish fat 
from muscle or between different body fat distributions [8]. Addition
ally, it has been observed that individuals with a more central (or 

abdominal) fat distribution are at greater health risk than those with 
peripheral fat [9], thus, when we look at obesity, we cannot ignore the 
corresponding risk associated with elevated waist circumference (WC) 
while considering excessive body weight (i.e., BMI). Furthermore, 
several studies indicated that some indices related to abdominal obesity, 
such as WC or waist-to-height ratio (WHtR), may more accurately pre
dict diabetes risk than BMI [10,11]. Compared with WC, WHtR is an 
index of abdominal obesity corrected for height, and its recognized cut- 
off value is 0.5 (<0.5 is considered normal), regardless of sex or 
ethnicity [12]. Besides BMI and WC, a number of novel adiposity in
dicators for defining obesity continue to emerge. For example, waist-by- 
height0.5 (WHT.5R) is a new indicator developed in 2016 [13], which 
apportions less importance to height than WHtR. WHT.5R has been 
shown to better predict cardiometabolic risks, including high lipids and 
blood glucose, than BMI [13]. A body shape index (ABSI), proposed in 
2012, was specifically developed as a transformation of WC, with 
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minimal correlation to height, weight, or BMI [14]. Complementary to 
BMI, the primary goal of this index is to capture the excess risk attrib
uted to elevated WC. It was initially used to predict premature mortality 
risk [15]. However, these two newly-developed indices do not yet have 
accepted cut-points like BMI and WHtR, and at present, there are limited 
studies that simultaneously compare traditional indicators and these 
new ones with respect to their ability to discriminate current or future 
diabetes risk.

Furthermore, fat distribution is influenced by factors such as sex and 
age, which means that these relevant characteristics should be taken 
into account when applying anthropometry to assess an individual’s 
health risk. Some studies suggested the existence of sex differences and 
age differences in the strength of association between adiposity indices 
and diabetes [16–18]. For example, a cross-sectional study of 35,256 
Chinese adults aged 20–74 years showed that the association between 
elevated adiposity indicators and diabetes was stronger in their younger 
participants [18]. This suggests that stratification by sex and age is 
necessary when investigating the association between obesity and dia
betes. However, the potential differences in sex and age remain incon
clusive because there is limited biological evidence that can explain 
them and results of relevant studies were not entirely consistent [19]. In 
addition, few studies examined multiple (>3) obesity indicators along 
with investigating multiple important relevant stratification factors, and 
it remains unclear which adiposity index is more appropriate for 
assessing diabetes risk in specific demographic groups (such as women 
or men). In order to better understand and utilize different adiposity 
indicators, we conducted corresponding stratification analyses.

In this large, population-based study, we aimed to compare the 
ability of five adiposity indices (BMI, WC, WHtR, WHT.5R, and ABSI) to 
cross-sectionally identify individuals with diabetes, and to compare 
their prospective associations with incident diabetes, in order to assess 
future diabetes risk among those without diabetes at baseline.

2. Methods

2.1. Data collection

This study used data from the UK Whitehall II (WHII) study. Briefly, 
the WHII is an ongoing cohort study of 10,308 British civil servants aged 
35–55 years, of whom 3,413 (33.1 %) were females, at initial enroll
ment (Phase 1), recruited from 20 London-based offices during 
1985–1988 [20,21]. Phase 1 of WHII included a clinical examination 
and a self-administered questionnaire to collect data covering de
mographics, health status and lifestyle factors. Subsequent phases of 
information collection have alternated between questionnaire alone and 
questionnaire accompanied by a clinical examination [22,23]. The 
University College London ethics committee approved the study. Use of 
human material conformed to the Declaration of Helsinki.

2.2. Subjects

For the purposes of the present study, Phase 3 of the Whitehall II 
study (1991–1994) was considered the baseline, as it was the first phase 
to collect anthropometric measurements. Participants without data on 
height, weight, or waist circumference at Phase 3 were excluded. The 
remaining participants constituted the cross-sectional study sample 
(Sample I), which was used to compare the ability of different adiposity 
indices to identify individuals with diabetes at baseline. For the pro
spective analyses, participants with diabetes at Phase 3 were further 
excluded to form Sample II, which was used to examine the prospective 
association between adiposity indices and incident diabetes during 
follow-up until Phase 9 (2007–2009), the most recent diabetes screening 
phase. A flow chart of sample construction is shown in Fig. 1.

2.3. Assessments

The exposures are five adiposity indicators, including body mass 
index (BMI) [weight (kg)/height2 (m2)], waist circumference (WC) 

Fig. 1. Flow chart of the included participants.
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[cm], waist-to-height ratio (WHtR) [WC (cm)/height (cm)], waist-by- 
height0.5 (WHT.5R) [WC (cm)/Height0.5 (cm0.5)], and a body shape 
index (ABSI) [WC (m)/(BMI2/3 (kg/m2)2/3 × height1/2 (m1/2))]. Of 
these, weight was measured with all items of clothing removed except 
underwear, using an electronic Soehnle scale with a digital readout. 
Height was measured with a stadiometer with the individual standing 
erect with the head in the Frankfort plane, and WC was measured using a 
fiberglass tape measure at 600 g tension as the smallest circumference at 
or below the costal margin [24].

To enable quantitative comparison of the exposures, we used stan
dardized values of the exposures in cross-sectional analyses. For the 
longitudinal part of the analyses, we dichotomized the adiposity in
dicators according to their cut-points. For indicators with an accepted cut- 
point, we chose that recognized value, and for indicators without an 
accepted cut-off value, we selected the 75th population-wide percentile as 
its cut-point [5,12,25,26]. That is, Sample II were separately divided into 
low-value group (reference group) [BMI: <25 kg/m2; WC: <90 cm for 
men and < 80 cm for women; WHtR: <0.5; WHT.5R < 75th population- 
wide centile (6.911 cm0.5); ABSI < 75th population-wide percentile 
(0.078 m7/6/kg2/3), respectively] and high-value group (≥corresponding 
cut-off value), i.e., different adiposity indicators were used as different 
criteria to classify individuals into low or high level of obesity-related risk. 
To ensure comparability of different exposures and minimize the loss of 
numerical information when converting to categorical variables, in the 
longitudinal part, we additionally analyzed the associations of the stan
dardized exposure variables (i.e., continuous) with diabetes risk.

Subgroup analyses were based on sex (male or female), age (<50 or 
≥ 50 years, median age), ethnicity (white or non-white), and baseline 
cardiovascular disease (CVD) diagnosis (yes or no) for investigating 
differences in the strength of association between elevated adiposity 
indices and diabetes among different stratifications. For further exam
ining health effect of different categories of obesity, such as excessive 
weight alone, abdominal obesity alone or both, we consider individuals’ 
weight and WC at the same time. According to the different levels of BMI 
and WHtR combination, the Sample II was subdivided into 4 groups: (1) 
low BMI (<25 kg/m2) and low WHtR (< 0.5) (reference group), (2) high 
BMI (≥25 kg/m2) and low WHtR (< 0.5), (3) low BMI (< 25 kg/m2) and 
high WHtR (≥0.5), (4) high BMI (≥25 kg/m2) and high WHtR (≥0.5).

Potential confounding factors were age (continuous), sex (female or 
male), ethnicity (white or non-white), smoking (never smoker, ex- 
smoker, or current smoker), drinking (current not drinking, current 
moderate, current heavy), socioeconomic position (high, intermediate 
or low) [22], baseline CVD diagnosis (yes or no), CVD medication (yes or 
no), family history of diabetes (yes or no), physical activity (active, 
moderately active, or inactive) [27], dietary behavior (frequency of fruit 
and vegetables consumed; <daily or ≥ daily) [22], and menopause 
status (female subjects only: yes or no).

The outcome, type 2 diabetes, was defined as having a fasting plasma 
glucose ≥ 7.0 mmol/L, a 2-hour postload glucose ≥ 11.1 mmol/L at 
clinical examination, a physician diagnosis of type 2 diabetes, use of 
diabetes medication, or a hospital record of diabetes between 1991 and 
2009 [28,29]. For each participant, follow-up time began on the date 
that anthropometric measurements were taken in Phase 3 and ended on 
the occurrence of diabetes, death, emigration, or the end date of last 
survey, whichever occurred first.

2.4. Statistical analyses

Continuous variables were presented as means ± standard de
viations (SDs) or median (25th-75th percentiles), and categorical vari
ables as frequencies with proportions. Differences between groups were 
assessed using two-sided t-tests or Wilcoxon rank-sum tests for contin
uous variables, and chi-squared tests for categorical variables. Correla
tions between the five adiposity indicators were estimated using 
Pearson’s correlation coefficient (r).

In cross-sectional analyses, receiver operating characteristic (ROC) 

curves were constructed for each of the five indices, and the area under 
the ROC curve (AUC) was calculated to identify the index with the 
highest AUC as the strongest discriminator for diabetes. For each index, 
AUCs were calculated using two models: one without covariates and one 
with the inclusion of age, sex, ethnicity, smoking, drinking, socioeco
nomic position, physical activity, dietary behavior, family history of 
diabetes, baseline CVD diagnosis, and CVD medication. In both models, 
apart from the adiposity index being evaluated, all other variables 
included in the model were kept the same to ensure a fair comparison 
across indices. These covariates were treated as potential confounders, 
rather than predictive variables, to specifically evaluate the independent 
discriminatory contribution of each adiposity measure.

In cohort analyses, Cox regression analysis was used to estimate 
hazard ratios (HRs) and 95 % confidence interval (CI) for time to dia
betes in relation to the elevated adiposity indices. For each adiposity 
index separately, three Cox models were estimated. Model1 did not 
include any covariate. Adjusted covariates for the Model2 included age, 
sex, and ethnicity. For the Model3, besides the covariates of the Model2, 
we additionally included smoking, drinking, socioeconomic position, 
baseline CVD diagnosis, CVD medication, family history of diabetes, 
physical activity, and dietary behavior. The differences in cumulative 
event (diabetes) rates were evaluated based on different combinations of 
BMI and WHtR, using log-rank test, and its results were presented as 
Kaplan-Meier (K-M) curves. Additionally, we did two-by-two compari
sons between the four groups and used the Benjamini-Hochberg method 
to adjust the significance level. We also used Cox regression analysis to 
estimate HRs and 95 % CI for diabetes in relation to different levels of 
BMI and WHtR combination. Proportional hazards assumption was 
tested based on Schoenfeld residuals. P values of the global test indi
cated that the assumption was not entirely met. However, according to 
the K-M curves for the exposures (Supplementary Fig. S1) and the 
graphs of the scaled Schoenfeld residuals against the transformed time 
(Supplementary Fig. S2), the violation of proportionality was not 
extreme, which means a single HR for the exposure can still be a 
reasonable summary of the data [30].

To address potential bias due to missingness in included covariates 
(Supplementary Table S1), we conducted multivariate imputation (MI) 
by chained equations, using 30 imputed data sets. All reported P values 
were 2-sided. All analyses were performed in R (version 4.4.1).

3. Results

3.1. Characteristics of participants

The details of participants’ baseline characteristics are shown in 
Supplementary Table S2. A total of 7,979 individuals were available for 
the cross-sectional analysis (Sample I). In Sample I, the mean age was 
50.06 ± 6.03 years and 2,468 (30.9 %) were female. In the cohort part, 
there were 7,488 persons (Sample II). Further details (baseline charac
teristics of groups based on different adiposity indicators and partici
pants with complete records) are provided in Supplementary Table S3
and Supplementary Table S4. When the study population was stratified 
by sex, significant differences were observed in adiposity indices and 
several demographic and lifestyle characteristics. Men had a larger 
mean WC and a higher mean WHtR, whereas women had a higher mean 
BMI and a higher mean age (Supplementary Table S5a and S5b).

3.2. Correlation analysis

BMI, WC, WHtR, and WHT.5R were strongly correlated with each 
other and with weight (all r > 0.7). WHtR is the only one of our in
dicators that is essentially independent of height (r close to 0). ABSI was 
strongly correlated with WC (r > 0.7) but weakly correlated with BMI (r 
< 0.3), whereas its correlation with WHtR (r was around 0.6) and 
WHT.5R (r was around 0.7) was moderately strong (Supplementary 
Table S6).
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3.3. ROC curve analyses

Of 7,979 participants included in the baseline visit, 271 (3.4 %) had 
baseline diabetes. Results of ROC curves analyses without inclusion of 
covariates demonstrated WHtR had a higher AUC (0.638) than other 
indicators (Table 1). After including covariates, there was a general 

improvement in the discriminatory ability of our adiposity indicators in 
identifying diabetes (all AUCs > 0.7). Although the differences in AUCs 
between the 5 indicators were small, WHtR was the indicator with the 
largest AUC in imputed data (0.728). For complete data (Supplementary 
Table S7), ABSI had the highest AUC (0.720). The AUC for BMI was 
consistently lower than the AUCs for the other 4 measures. When the 
study population was stratified by sex, waist-based measures consis
tently showed higher AUCs than BMI in both males and females. WHtR 
had the highest AUC among males, while WHtR and ABSI shared the 
highest AUC among females. Overall, AUCs were higher in males than in 
females across all adiposity indices (Supplementary Table S8).

3.4. Cox regression analyses

Of 7,488 participants included in the cohort analyses, after a median 
follow-up of 16.0 years (interquartile range: 14.2–16.5 yrs), 940 in
dividuals developed diabetes, and of those 940, complete covariate data 
were available for 847. The estimated HRs associated with elevated 
adiposity indices (high-value group) are shown in Table 2. In all the 
models, higher levels of adiposity indicators were associated with a 
greater risk of developing diabetes. In the maximally-adjusted models, 
WHtR had a relatively higher HR (complete data: 2.67, 95 % CI: 
2.31–3.10; imputed data: 2.64, 95 % CI: 2.29–3.03) for incident diabetes 
than the other indicators. The HRs for the waist-based measures (WC, 
WHtR, and WHT.5R) were all higher than the HR of BMI. Moreover, 
when analyses were performed using standardized values of the 

Table 1 
Area under the receiver operating characteristic curve for five adiposity in
dicators in relation to diabetes in the Sample I.

Exposures AUC1 (95 % CI) 
Sample I: 
no covariates

AUC2 (95 % CI) 
Sample I: 
with covariates

BMI 0.588 (0.552, 0.624) 0.722 (0.718, 0.726)
WC 0.604 (0.568, 0.640) 0.724 (0.720, 0.728)
WHtR 0.638 (0.603, 0.674) 0.728 (0.724, 0.732)
WHT.5R 0.624 (0.588, 0.660) 0.726 (0.722, 0.730)
ABSI 0.604 (0.569, 0.640) 0.727 (0.723, 0.731)

AUC1, among Sample I (sample size = 7,979, number of events = 271), without 
covariates;
AUC2, among Sample I (sample size = 7,979, number of events = 271), including 
covariates for age, sex, ethnicity, smoking, drinking, socioeconomic position, 
physical activity, dietary behavior, family history of diabetes, baseline CVD 
diagnosis, CVD medication, and imputation for the missing covariates;
AUC, area under the curve; CVD, cardiovascular disease; CI, confidence interval; 
BMI, body mass index; WC, waist circumference; WHtR, waist-to-height ratio; 
WHT.5R, waist-by-height0.5; ABSI, a body shape index.

Table 2 
Estimated hazard ratios for incident diabetes in relation to the five adiposity indices (reference: low-value group).

N a (%) Diabetes, 
a

N (%)

Crude HR0, a

(95 % CI)
Adjusted HR1, a (95 % 
CI)

Adjusted HR2, a (95 % 
CI)

N b (%) Diabetes, 
b

N (%)

Adjusted HR2 with MI, b (95 
% CI)

BMI ​ ​ ​ ​ ​ ​ ​ ​
Low 3629 

(53.3)
277 (7.6) 1 1 1 3949 

(52.7)
310 (7.9) 1

High 3184 
(46.7)

570 (17.9) 2.54 (2.20, 
2.93)

2.41 (2.09, 2.79) 2.25 (1.94, 2.60) 3539 
(47.3)

630 (17.8) 2.17 (1.89, 2.49)

WC ​ ​ ​ ​ ​ ​ ​ ​
Low 4497 

(66.0)
377 (8.4) 1 1 1 4908 

(65.5)
415 (8.5) 1

High 2316 
(34.0)

470 (20.3) 2.69 (2.35, 
3.08)

2.56 (2.23, 2.93) 2.37 (2.06, 2.72) 2580 
(34.5)

525(20.3) 2.36 (2.07, 2.70)

WHtR ​ ​ ​ ​ ​ ​ ​ ​
Low 4171 

(61.2)
310 (7.4) 1 1 1 4557 

(60.9)
344 (7.5) 1

High 2642 
(38.8)

537 (20.3) 3.04 (2.64, 
3.50)

2.88 (2.49, 3.33) 2.67 (2.31, 3.10) 2931 
(39.1)

596 (20.3) 2.64 (2.29, 3.03)

WHT.5R ​ ​ ​ ​ ​ ​ ​ ​
Low 5167 

(75.8)
471 (9.1) 1 1 1 5666 

(75.7)
518 (9.1) 1

High 1646 
(24.2)

376 (22.8) 2.78 (2.43, 
3.19)

2.77 (2.40, 3.18) 2.54 (2.21, 2.93) 1822 
(24.3)

422 (23.2) 2.63 (2.29. 3.01)

ABSI ​ ​ ​ ​ ​ ​ ​ ​
Low 5140 

(75.4)
546 (10.6) 1 1 1 5655 

(75.5)
612 (10.8) 1

High 1673 
(24.6)

301 (18.0) 1.80 (1.56, 
2.07)

1.87 (1.60, 2.20) 1.70 (1.45, 2.00) 1833 
(24.5)

328 (17.9) 1.67 (1.43, 1.94)

BMI: low: <25 kg/m2, high: ≥25 kg/m2; WC: low: <90 cm for men and < 80 cm for women; high: ≥90 cm for men and ≥ 80 cm for women; WHtR: low: <0.5; high: 
≥0.5; WHT.5R: low: <75th population-wide centile (6.911 cm0.5), high: ≥75th population-wide centile (6.911 cm0.5); ABSI: low: <75th population-wide percentile 
(0.078 m7/6/kg2/3), high: ≥75th population-wide percentile (0.078 m7/6/kg2/3);
Crude HR0, the Cox regression model did not include any covariate (Model 1);
Adjusted HR1, the Cox regression model was adjusted for age, sex, and ethnicity (Model 2);
Adjusted HR2, the Cox regression model was adjusted for age, sex, ethnicity, smoking, drinking, socioeconomic position, physical activity, dietary behavior, family 
history of diabetes, baseline CVD diagnosis, and CVD medication (Model 3);
Adjusted HR2 with MI, the imputed Cox regression model was adjusted for age, sex, ethnicity, smoking, drinking, socioeconomic position, physical activity, dietary 
behavior, family history of diabetes, baseline CVD diagnosis, and CVD medication;
MI, multivariate imputation; CVD, cardiovascular disease; HR, hazard ratio; CI, confidence interval; BMI, body mass index; WC, waist circumference; WHtR, waist-to- 
height ratio; WHT.5R, waist-by-height0.5; ABSI, a body shape index.

a Using complete data (n = 6,813) of Sample II, number of events for complete data = 847;
b Using Sample II, sample size = 7,488, number of events = 940, imputation for the missing covariates.
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exposures (continuous), our results still showed that waist-based mea
sures had larger HRs for diabetes than BMI (Supplementary Table S9).

Fig. 2 illustrates the results of subgroup analyses to identify potential 
modifiers of the associations between the five indices and incident 
diabetes in Sample II. We found strong statistical evidence for effect 
modification only for age 50 (P value for interaction < 0.05), whereby 
the association between each adiposity indicator and diabetes was 
stronger in people aged under 50 at baseline, compared with those aged 

50 and older. Additionally, in both age groups, elevated WHtR and 
WHT.5R had the highest HRs for diabetes, suggesting the strong asso
ciation of the two indices with diabetes. Regarding the other potential 
modifiers we considered, generally, among females, the white, and 
persons with baseline CVD, elevated adiposity indicators except ABSI 
appear to confer a higher risk increase of developing diabetes than 
males, the non-white, and individuals without baseline CVD, but the 
observed differences are small in most cases, and the statistical evidence 

Fig. 2. Subgroup analyses for the associations between the five indices (high-value group) and incident diabetes in Sample II. BMI, body mass index; WC, waist 
circumference; WHtR, waist-to-height ratio; WHT.5R, waist-by-height0.5; ABSI, a body shape index; HR, hazard ratio; CI, confidence interval; CVD, cardiovascu
lar disease.
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for most interactions is weak. More information is shown in Supple
mentary Table S10 and Supplementary Table S11.

3.5. Combining BMI and WHtR as metrics for diabetes risk

Supplementary Fig. S3a and S3b show Kaplan-Meier plots for time 
to diabetes event, stratified by different levels of BMI and WHtR com
bination. Comparisons between the groups showed strong evidence of 
differences in incidence of diabetes between the groups (all P < 0.001) 
except for “low BMI and high WHtR” and “high BMI and high WHtR” 
(Supplementary Table S12), which was not statistically significant ac
cording to the Benjamini-Hochberg procedure (P > 0.05). Hence, it was 

inferred that the cumulative diabetes rate in the “low BMI and high 
WHtR” group was significantly higher than that in the “high BMI and 
low WHtR” group. Meanwhile, in Cox regression analysis (Table 3), the 
“low BMI and high WHtR” group also showed a higher diabetes risk than 
the “high BMI and low WHtR” group in both the complete (HR2: 2.34 vs 
1.48) and imputed data (HR2: 2.20 vs 1.34).

4. Discussion

This study explored the ability of different adiposity indicators to 
cross-sectionally identify existing diabetes, as well as their prospective 
association with incident diabetes. The results showed that waist-based 

Fig. 2. (continued).
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measures were superior to BMI in identifying current diabetes. Although 
all elevated adiposity indices were associated with a higher incident 
diabetes risk, the waist-based measures had stronger associations than 
BMI. Persons with low BMI but high WHtR had a higher risk of devel
oping diabetes than individuals with high BMI but low WHtR. This study 
provided information on the capacity of waist-based indicators to 
identify diabetes risk, providing the evidence of the rationale for routine 
monitoring of waist-based indicators in general practice, in addition to 
BMI.

First, in the cross-sectional analyses, we investigated the ability of 
different adiposity indicators to identify existing diabetes, and found 
that waist-based measures performed better than BMI, even though the 
differences are small, which is consistent with some studies [11,31]. For 
example, a meta-analysis including 39 relevant studies showed WC and 
WHtR were better at discriminating diabetes than BMI [11]. The 
explanation may be in part due to abdominal fat distribution is a more 
important risk factor for diabetes than general obesity [32]. Compared 
with BMI, waist-based measures can better reflect the accumulation of 
abdominal fat or ectopic fat. Additionally, although the AUCs given by 
WC and WHT.5R were almost as high as that of WHtR, the AUC of WHtR 
was slightly higher with or without controlling for covariates. It may be 
because WHtR is the only one of the three waist-based measures that is 
essentially uncorrelated with height according to our correlation ana
lyses (height and WHtR: r was close to 0), which means it may reflect 
better on individual abdominal fat and reduce the influence of height on 
the results to some extent. As for ABSI, after including covariates, its 
AUC increased considerably, being only lower than WHtR in the 
imputed data and slightly higher than WHtR in the complete data. It 
suggested that for our study population, ABSI is no less capable of 
discriminating current diabetes than other waist-based measures, and 
better than BMI. However, ABSI has disadvantages for clinical applica
tions: it is complex to compute and due to its small absolute value, in
dividual differences in values are usually not distinguishable until 3 or 4 
decimal places. Additionally, we found that, in both sexes, waist-based 
adiposity indices generally had higher AUCs than BMI, which is 
consistent with our findings in the overall population. While AUCs were 
higher in men than in women across all adiposity indices, this difference 
may be partly explained by sex-related differences in fat distribution and 
metabolic risk [33]. At a given adiposity level, men tend to have a higher 
proportion of visceral fat than women, which is strongly associated with 
diabetes risk [34]. Furthermore, type 2 diabetes is often diagnosed at a 
younger age and lower BMI in men than in women [35], which may 
suggest that equivalent levels of adiposity indices correspond to a higher 
immediate diabetes risk in men. These differences might contribute to 
the higher discriminative performance (AUC) of adiposity indices 
observed in men in this study.

For prospective association between the elevated adiposity in
dicators and diabetes, we found that elevated waist-based measures had 
higher HRs for incident diabetes than BMI, which is consistent with 
some studies [16,36]. For instance, a meta-analysis including 15 eligible 
studies with 120,012 persons indicated that WHtR and WC had a greater 
association with diabetes than BMI [36]. As mentioned before, abdom
inal obesity, which is highly associated with visceral fat [37], is a more 
important risk factor compared with general obesity, thus, measures of 
abdominal obesity, such as WC, WHtR, and WHT.5R, were more 
strongly associated with diabetes risk than BMI. Meanwhile, waist-based 
measures reflect not only visceral fat but also subcutaneous abdominal 
fat, which is strongly associated with insulin resistance and diabetes 
[38]. Additionally, our study showed high-value group by WHtR cut- 
point had the highest HR for incident diabetes, with a 42 % higher 
risk of developing diabetes than high-value group by BMI cut-off, indi
cating that “0.5 of WHtR” appears to be a better public health tool for 
classifying individuals into obesity-related diabetes risk categories than 
the often-used BMI cut-off of 25 kg/m2. Although ABSI was developed as 
a transformation of WC, and increased ABSI was strongly associated 
with incident diabetes in our study, it produced a relatively weaker Ta
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association than the three waist-based measures of this study, which is 
broadly in agreement with some studies [16,39]. The nature of the 
variables used in the ABSI calculation and the relationships between the 
variables may be a potential explanation for the results. ABSI was pro
posed to associate body shape with mortality, statistically independently 
of BMI [14]. However, our outcome is diabetes, not death. Additionally, 
a study showed that ABSI was weakly correlated with metabolic syn
drome and cardiometabolic risk which are highly associated with dia
betes [40]. Furthermore, although our findings showed that increased 
WC seems to be more strongly associated with the diabetes than 
increased BMI, it does not imply that the effect of BMI gain on diabetes 
can be disregarded. Hence, the weak correlation of ABSI with BMI may 
also contribute to the current results.

In stratification analyses of prospective associations, although we 
have not found many statistically significant interactions between 
elevated adiposity indices and sex, age, ethnicity, or baseline CVD 
diagnosis for diabetes, overall, our measures (except ABSI) had rela
tively higher absolute HRs in women and relatively younger partici
pants. These findings may be related to the following points. (1) The 
observation that elevated adiposity indicators were more strongly 
associated with diabetes risk in women is consistent with some studies 
[16,41]. We speculate that this may be because women tend to have a 
higher body fat percentage than men and fat distribution varies by sex 
[33]. An increase in WC appears to have a greater effect on diabetes risk 
than an equivalent gain in weight. When women are overweight or 
obese, they preferentially deposit fat subcutaneously [42], and their 
excess subcutaneous fat may contribute more to increased WC than in 
men [41], potentially elevating their diabetes risk. Additionally, the 
majority of the women in our study were either postmenopausal (50.9 % 
in our data) or currently perimenopausal. During this period, abdominal 
fat accumulation, especially visceral fat, becomes more pronounced in 
females [43]. Consequently, the association between visceral adipose 
tissue and diabetes risk in women is likely to become stronger, indi
cating their higher future diabetes risk compared with males. However, 
sex difference is still controversial. For example, a relevant study sug
gested the association between increased adiposity indices and diabetes 
risk was generally stronger in men [17]. Currently, there is no clear 
biological mechanism to explain the potential sex difference. (2) In our 
study, we found a weaker association between obesity and diabetes in 
older people (50 + years) compared with younger people, suggesting 
that measuring adiposity indicators may be particularly useful in the 
relatively younger individuals in our data. A similar finding was re
ported in a related study [18]. However, the reason for this finding re
mains unclear. We hypothesized that it may be because age is a strong 
influencing factor for diabetes, which may lead to a high risk of devel
oping the disease. Consequently, the association between adiposity in
dicators and diabetes may be correspondingly reduced in the older age 
group. Further research with a broader age range is warranted. (3) 
Notably, our study had relatively low precision in estimating the HRs for 
non-white individuals and those with baseline CVD due to the small 
sample size (<10 %) in these subgroups.

Although central-obesity indices are thought to be more strongly 
associated with diabetes than BMI, we cannot completely ignore the 
influence of weight gain, and among our three waist-based measures, 
WHtR, a height-adjusted measure of WC with an accepted single cut- 
point, is more stable as it is less influenced by race and sex. Therefore, 
we further studied the effects of different levels of BMI and WHtR 
combinations on diabetes development, and found that “low BMI but 
high WHtR” group (4.7 % of sample II; “inaccurately” classified as low 
obesity-related risk by BMI criteria alone) had a higher risk of devel
oping diabetes than the “high BMI but low WHtR” group (classified as 
high obesity-related risk by BMI criteria alone), which suggests exces
sive WC may have a greater effect on diabetes development than 
abnormal BMI. This result also indicates that when assessing diabetes 
risk based on obesity (or overweight status), we should not rely solely on 
BMI being within the normal range, as individuals with normal BMI but 

elevated WHtR are also at high diabetes risk. A cross-sectional study of 
46,979 participants reported similar results, providing support to our 
findings [44]. Therefore, more people may benefit from including 
“maintaining normal waist-based indicators in addition to BMI” in their 
health management.

Even though our baseline (1991–1994) and follow-up (2007–2009) 
data are historical, it is well documented that the prevalence of both 
obesity and type 2 diabetes has continued to rise substantially from the 
early 1990s to the present [2,45]. These long-term trends suggest that a 
middle-aged individual today may face a higher absolute risk of devel
oping diabetes than a counterpart during our study period. However, the 
relative associations between adiposity indices and diabetes risk are 
thought to be broadly consistent over time, which may be explained by 
stable underlying biological mechanisms [46]. Therefore, compared 
with BMI, the observed greater discriminative ability and stronger as
sociation of waist-based measures (such as WHtR) in relation to diabetes 
risk are likely to remain applicable in present-day clinical and public 
health settings.

There are some limitations in this study. First, our study used only a 
single measurement of the adiposity indicators, assuming it represents 
adulthood; however, these indices may change during the follow-up 
period. Hence, our future research will further explore this topic using 
repeated measurements of adiposity indicators. Second, when doing 
stratification analyses, the sample size for some subgroups, such as non- 
whites and individuals with baseline CVD, was small. This implies low 
statistical power to detect differences between subgroups and reduced 
precision in the estimates. Moreover, the predominance of White par
ticipants (over 90 %) may limit the generalizability of the findings to 
other populations, particularly those with markedly different ethnic 
compositions. Third, participants with a single fasting glucose mea
surement ≥ 7.0 mmol/L or 2-hour postload glucose ≥ 11.1 mmol/L, 
without confirmation by a second test, were classified as having dia
betes, which may have led to some degree of misclassification. In 
addition, hemoglobin A1c (HbA1c) was not included in the diagnostic 
criteria, as it was not collected until Phase 7 in the WHII. Forth, data on 
fat content and distribution were not available for Phase 3 of WHII. 
Thus, we were unable to directly investigate the association between the 
adiposity indices and body fat or visceral fat. Fifth, since there are no 
recognized cut-offs for WHT.R and ABSI, we chose the 75th percentile as 
their cut-points [47]; however, the values (i.e., 75th percentile) may 
vary when the study population changes. However, we also analyzed the 
association between standardized values of the five indices and diabetes 
(avoiding some drawbacks of a dichotomous approach), reaffirming that 
waist-based measures are more strongly associated with diabetes risk 
than BMI.

5. Conclusion

This study adds evidence that waist-based measures may be more 
strongly associated with diabetes risk than BMI. As an easy-to-calculate, 
WC-derived index with a sex- and race-independent cut-point, WHtR 
monitoring in general practice, alongside BMI, may play a role in dia
betes prevention.
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Supplementary Table S1 Missingness in the included covariates for the participants 

 Sample I (7979) 
Missing, N (%) 

Sample II (7488) 
Missing, N (%) 

Age 0 (0) 0 (0) 
Sex 0 (0) 0 (0) 
Ethnicity 28 (0.4) 20 (0.3) 
Smoking 630 (7.9) 543 (7.3) 
Drinking 174 (2.2) 131 (1.7) 
Socioeconomic position 173 (2.2) 129 (1.7) 
Physical activity 167 (2.1) 124 (1.7) 
Dietary behavior 172 (2.2) 129 (1.7) 
CVD diagnosis 0 (0) 0 (0) 
CVD medication 0 (0) 0 (0) 
Family history of diabetes 122 (1.5) 116 (1.5) 
Menopause status (female) 60/2468 (2.4) 42/2295 (1.8) 

CVD, cardiovascular disease  



Supplementary Table S2 Characteristics of the participants in Phase 3 (baseline time) 

Characteristic 
Sample I, N (%) 
N = 7979 (100) 

Sample II, N (%) 
N = 7488 (100) 

Baseline Diabetes, N (%)  271/7979 (3.4) 0/7488 (0) 
Age, mean ± SD, yrs 50.06 ± 6.03 49.95 ± 6.01 

  < 50 4231/7979 (53.0) 4035/7488 (53.9) 
  ≥ 50 3748/7979 (47.0) 3453/7488 (46.1) 
Sex, N (%)   
  Male  5511/7979 (69.1) 5193/7488 (69.4%) 
  Female  2468/7979 (30.9) 2295/7488 (30.6) 
Ethnicity, N (%)   
  White  7188/7951 (90.4) 6827/7468 (91.4) 
  Non-white  763/7951 (9.6) 641/7468 (8.6) 
Height, mean ± SD, cm 171.86 ± 9.45 172.01 ± 9.4 

Weight, mean ± SD, kg 74.88 ± 12.74 74.83 ± 12.67 

BMI, mean ± SD, kg/m2 25.32 ± 3.74 25.26 ± 3.68 

WC, mean ± SD, cm 83.82 ± 11.49 83.65 ± 11.41 

WHtR, mean ± SD 0.49 ± 0.06 0.49 ± 0.06 

WHT.5R, mean ± SD, cm0.5 6.39 ± 0.83 6.38 ± 0.82 

ABSI, mean ± SD, m7/6/kg2/3 0.07 ± 0.01 0.07 ± 0.01 

SBP, mean ± SD, mm Hg 120.70 ± 13.63 120.47 ± 13.53 

DBP, mean ± SD, mm Hg 79.75 ± 9.41 79.66 ± 9.38 

TC, mean ± SD, mmol/L 6.49 ± 1.15 6.48 ± 1.16 

TG, mean ± SD, mmol/L 1.49 ± 1.13 1.46 ± 1.10 

LDL-C, mean ± SD, mmol/L 4.39 ± 1.03 4.39 ± 1.04 

HDL-C, mean ± SD, mmol/L 1.43 ± 0.41 1.44 ± 0.41 

Fasting glucose, mean ± SD, mmol/L 5.24 ± 0.69 5.20 ± 0.47 

CRP, a median (IQR), mg/L 0.89 (0.45, 1.90) 0.87 (0.44, 1.83) 
IL-6, a median (IQR), pg/mL 1.41 (1.03, 2.07) 1.39 (1.02, 2.03) 
Baseline CVD diagnosis, N (%)   
  Yes 738/7979 (9.2) 682/7488 (9.1) 
  No 7241/7979 (90.8) 6806/7488 (90.9) 
Family history of CVD 
(angina, MI, stroke), N (%) 

3671/7039 (52.2) 3450/6603 (52.2) 

Family history of diabetes, N (%) 906/7857 (11.5) 799/7372 (10.8) 
Family history of hypertension, N (%) 3077/6855 (44.9) 2891/6427 (45.0) 
Smoking Status, N (%)   
  Never smoker 3452/7349 (47.0) 3286/6945 (47.3) 
  Ex-smoker 2839/7349 (38.6) 2680/6945 (38.6) 
  Current smoker 1058/7349 (14.4) 979/6945 (14.1) 
Drinking, N (%)   
  Current not drinking 1513/7805 (19.4) 1378/7357 (18.7) 
  Current moderate (1-14 unit/w) 4399/7805 (56.4) 4178/7357 (56.8) 
  Current heavy (>14 unit/w) 1893/7805 (24.3) 1801/7357 (24.5) 
Fruit/vegetable consumption, N (%)   
  < Daily 3040/7807 (38.9) 2840/7359 (38.6) 
  ≥ Daily 4767/7807 (61.1) 4519/7359 (61.4) 
Physical activity   
  Inactive 1610/7812 (20.6) 1467/7364 (19.9) 
  Moderate 2780/7812 (35.6) 2649/7364 (36.0) 
  Active 3422/7812 (43.8) 3248/7364 (44.1) 
Education level, N (%)   
  Low 300/5989 (5.0) 284/5619 (5.1) 
  Middle  3120/5989 (52.1) 2909/5619 (51.8) 
  High 2569/5989 (42.9) 2426/5619 (43.2) 
Socioeconomic position, N (%)   
  Low 1297/7806 (16.6) 1143/7359 (15.5) 
  Intermediate 2973/7806 (38.1) 2872/7359 (39.0) 
  High 3536/7806 (45.3) 3344/7359 (45.4) 
a Not follow normal distribution, shown with median (25th–75th percentiles);  

SD, standard deviation; IQR, interquartile range; BMI, body mass index; WC, waist circumference; WHtR, waist-to-height ratio; 

WHT.5R, waist-by-height0.5; ABSI, a body shape index; CVD, cardiovascular disease; MI, myocardial infarction; TC, total 



cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; SBP, 

systolic blood pressure; DBP, diastolic blood pressure; BP, blood pressure; CRP, C-Reactive Protein; IL-6, Interleukin 6; 

Drinking: current moderate (1-14 unit/w), current heavy (>14 unit/w); Socioeconomic position: defined using either current or last 

recorded employment grade; Physical activity: active (>2.5 hrs/week of moderate physical activity or >1 hr/week of vigorous 

physical activity), inactive (<1 hr/week of moderate physical activity and <1 hr/week of vigorous physical activity), or moderately 

active (if not active or inactive). 

 



Supplementary Table S3a Characteristics of the Sample II in Phase 3 according to BMI criterion 

Characteristic 
BMI < 25 kg/m2, N (%) 

N = 3949 (52.7) 
BMI ≥ 25 kg/m2, N (%) 

N = 3539 (47.3) 
P value a 

Age, mean ± SD, yrs 49.48 ± 6.00 50.47 ± 5.98 < 0.001 

Sex (Female), N (%) 1196/3949 (30.3) 1099/3539 (31.1) 0.487 
Ethnicity (White), N (%) 3643/3936 (92.6) 3184/3532 (90.1) < 0.001 
Height, mean ± SD, cm 172.53 ± 9.30 171.44 ± 9.49 < 0.001 

Weight, mean ± SD, kg 67.67 ± 9.09 82.81 ± 11.24 < 0.001 

SBP, mean ± SD, mm Hg 117.84 ± 13.33 123.40 ± 13.15 < 0.001 

DBP, mean ± SD, mm Hg 77.33 ± 9.01 82.25 ± 9.10 < 0.001 

TC, mean ± SD, mmol/L 6.32 ± 1.11 6.66 ± 1.18 < 0.001 

TG, mean ± SD, mmol/L 1.22 ± 0.91 1.73 ± 1.22 < 0.001 

LDL-C, mean ± SD, mmol/L 4.24 ± 1.01 4.55 ± 1.04 < 0.001 

HDL-C, mean ± SD, mmol/L 1.53 ± 0.42 1.34 ± 0.37 < 0.001 

Fasting glucose, mean ± SD, mmol/L 5.14 ± 0.46 5.26 ± 0.47 < 0.001 

CRP, b median (IQR), mg/L 0.63 (0.32, 1.25) 1.22 (0.66, 2.53) < 0.001 
IL-6, b median (IQR), pg/mL 1.25 (0.93, 1.78) 1.58 (1.15, 2.35) < 0.001 
Baseline CVD diagnosis, N (%) 304/3949 (7.7) 378/3539 (10.7) < 0.001 
Family history of CVD 
(angina, MI, stroke), N (%) 

1782/3480 (51.2) 1668/3123 (53.4) 0.078 

Family history of diabetes, N (%) 359/3902 (9.2) 440/3470 (12.7) < 0.001 
Family history of hypertension, N (%) 1493/3387 (44.1) 1398/3040 (46.0) 0.131 
Smoking Status, N (%)   < 0.001 
  Never smoker 1835/3687 (49.8) 1451/3258 (44.5)  
  Ex-smoker 1333/3687 (36.2) 1347/3258 (41.3)  
  Current smoker 519/3687 (14.1) 460/3258 (14.1)  
Drinking, N (%)   < 0.001 
  Current not drinking 718/3902 (18.4) 660/3455 (19.1)  
  Current moderate (1-14 unit/w) 2292/3902 (58.7) 1886/3455 (54.6)  
  Current heavy (>14 unit/w) 892/3902 (22.9) 909/3455 (26.3)  
Fruit/vegetable consumption, N (%)   < 0.001 
  < Daily 3040/3900 (36.4) 1420/3459 (41.1)  
  ≥ Daily 4767/3900 (63.6) 2039/3459 (58.9)  
Physical activity   < 0.001 
  Inactive 1610/3903 (17.9) 1467/3461 (22.2)  
  Moderate 2780/3903 (36.6) 2649/3461 (35.3)  
  Active 3422/3903 (45.5) 3248/3461 (42.6)  
Education level, N (%)   < 0.001 
  Low 133/2932 (4.5) 151/2687 (5.1)  
  Middle  1409/2932 (48.1) 1500/2687 (51.8)  
  High 1390/2932 (47.4) 1036/2687 (43.2)  
Socioeconomic position, N (%)   < 0.001 
  Low 510/3902 (13.1) 633/3457 (18.3)  
  Intermediate 1646/3902 (42.2) 1226/3457 (35.5)  
  High 1746/3902 (44.7) 1598/3457 (46.2)  
a T-test or Wilcoxon rank-sum test for continuous variables and chi-square test for categorical variables; 
b Not follow normal distribution, shown with median (25th-75th percentiles);  

BMI, body mass index; SD, standard deviation; IQR, interquartile range; CVD, cardiovascular disease; MI, myocardial infarction; 

TC, total cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; 

SBP, systolic blood pressure; DBP, diastolic blood pressure; BP, blood pressure; CRP, C-Reactive Protein; IL-6, Interleukin 6 



Supplementary Table S3b Characteristics of the Sample II in Phase 3 according to WC criterion 

Characteristic 
WC < cut-point, N (%) 

N = 4908 (65.5) 
WC ≥ cut-point, N (%) 

N = 2580 (34.5) 
P value a 

Age, mean ± SD, yrs 49.47 ± 5.99 50.85 ± 5.94 < 0.001 

Sex (Female), N (%) 1603/4908 (32.7) 692/2580 (26.8) < 0.001 
Ethnicity (White), N (%) 4504/4892 (92.1) 2323/2576 (90.2) 0.006 
Height, mean ± SD, cm 171.38 ± 9.29 173.22 ± 9.51 < 0.001 

Weight, mean ± SD, kg 69.04 ± 9.25 85.84 ± 10.86 < 0.001 

SBP, mean ± SD, mm Hg 118.15 ± 13.15 124.89 ± 13.14 < 0.001 

DBP, mean ± SD, mm Hg 77.66 ± 8.96 83.46 ± 8.98 < 0.001 

TC, mean ± SD, mmol/L 6.36 ± 1.13 6.71 ± 1.17 < 0.001 

TG, mean ± SD, mmol/L 1.23 ± 0.87 1.90 ± 1.33 < 0.001 

LDL-C, mean ± SD, mmol/L 4.28 ± 1.02 4.58 ± 1.03 < 0.001 

HDL-C, mean ± SD, mmol/L 1.52 ± 0.42 1.29 ± 0.36 < 0.001 

Fasting glucose, mean ± SD, mmol/L 5.15 ± 0.46 5.28 ± 0.46 < 0.001 

CRP, b median (IQR), mg/L 0.67 (0.35, 1.32) 1.40 (0.78, 2.87) < 0.001 
IL-6, b median (IQR), pg/mL 1.26 (0.94, 1.81) 1.69 (1.22, 2.52) < 0.001 
Baseline CVD diagnosis, N (%) 370/4908 (7.5) 312/2580 (12.1) < 0.001 
Family history of CVD 
(angina, MI, stroke), N (%) 

2213/4334 (51.2) 1237/2269 (53.4) 0.008 

Family history of diabetes, N (%) 458/4847 (9.4) 341/2525 (13.5) < 0.001 
Family history of hypertension, N (%) 1879/4246 (44.3) 1012/2181 (46.4) 0.107 
Smoking Status, N (%)   < 0.001 
  Never smoker 2276/4569 (49.8) 1010/2376 (42.5)  
  Ex-smoker 1657/4569 (36.3) 1023/2376 (43.1)  
  Current smoker 636/4569 (13.9) 343/2376 (14.4)  
Drinking, N (%)   < 0.001 
  Current not drinking 913/4847 (18.8) 465/2510 (18.5)  
  Current moderate (1-14 unit/w) 2865/4847 (59.1) 1313/2510 (52.3)  
  Current heavy (>14 unit/w) 1069/4847 (22.1) 732/2510 (29.2)  
Fruit/vegetable consumption, N (%)   < 0.001 
  < Daily 1771/4845 (36.6) 1069/2514 (42.5)  
  ≥ Daily 3074/4845 (63.4) 1445/2514 (57.5)  
Physical activity   < 0.001 
  Inactive 889/4848 (18.3) 578/2516 (23.0)  
  Moderate 1725/4848 (35.6) 924/2516 (36.7)  
  Active 2234/4848 (46.1) 1014/2516 (40.3)  
Education level, N (%)   < 0.001 
  Low 178/3684 (4.8) 106/1935 (5.5)  
  Middle  1829/3684 (49.6) 1080/1935 (55.8)  
  High 1677/3684 (45.5) 749/1935 (38.7)  
Socioeconomic position, N (%)   0.005 
  Low 708/4847 (14.6) 435/2512 (17.3)  
  Intermediate 1934/4847 (39.9) 938/2512 (37.3)  
  High 2205/4847 (45.5) 1139/2512 (45.3)  
a T-test or Wilcoxon rank-sum test for continuous variables and chi-square test for categorical variables; 
b Not follow normal distribution, shown with median (25th-75th percentiles);  

WC, waist circumference; WC cut-point: 90 cm for men and 80 cm for women; SD, standard deviation; IQR, interquartile range; 

CVD, cardiovascular disease; MI, myocardial infarction; TC, total cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein 

cholesterol; HDL-C, high-density lipoprotein cholesterol; SBP, systolic blood pressure; DBP, diastolic blood pressure; BP, blood 

pressure; CRP, C-Reactive Protein; IL-6, Interleukin 6.



Supplementary Table S3c Characteristics of the Sample II in Phase 3 according to WHtR criterion 

Characteristic 
WHtR < 0.5, N (%) 

N = 4557 (60.9) 
WHtR ≥ 0.5, N (%) 

N = 2931 (39.1) 
P value a 

Age, mean ± SD, yrs 49.26 ± 5.95 51.01 ± 5.94 < 0.001 

Sex (Female), N (%) 1646/4557 (36.1) 649/2931 (22.1) < 0.001 
Ethnicity (White), N (%) 4232/4543 (93.2) 2595/2925 (88.7) 0.006 
Height, mean ± SD, cm 172.17 ± 9.61 171.77 ± 9.07 0.072 

Weight, mean ± SD, kg 69.30 ± 9.88 83.43 ± 11.68 < 0.001 

SBP, mean ± SD, mm Hg 117.91 ± 13.09 124.45 ± 13.25 < 0.001 

DBP, mean ± SD, mm Hg 77.38 ± 8.89 83.19 ± 9.03 < 0.001 

TC, mean ± SD, mmol/L 6.31 ± 1.13 6.73 ± 1.15 < 0.001 

TG, mean ± SD, mmol/L 1.19 ± 0.86 1.88 ± 1.28 < 0.001 

LDL-C, mean ± SD, mmol/L 4.24 ± 1.02 4.62 ± 1.02 < 0.001 

HDL-C, mean ± SD, mmol/L 1.53 ± 0.42 1.28 ± 0.35 < 0.001 

Fasting glucose, mean ± SD, mmol/L 5.14 ± 0.46 5.29 ± 0.47 < 0.001 

CRP, b median (IQR), mg/L 0.64 (0.34, 1.27) 1.36 (0.74, 2.79) < 0.001 
IL-6, b median (IQR), pg/mL 1.26 (0.93, 1.80) 1.64 (1.18, 2.43) < 0.001 
Baseline CVD diagnosis, N (%) 332/4557 (7.3) 350/2931 (11.9) < 0.001 
Family history of CVD 
(angina, MI, stroke), N (%) 

2045/4019 (50.9) 1405/2584 (54.4) 0.006 

Family history of diabetes, N (%) 419/4495 (9.3) 380/2877 (13.2) < 0.001 
Family history of hypertension, N (%) 1756/3936 (44.6) 1135/2491 (45.6) 0.471 
Smoking Status, N (%)   < 0.001 
  Never smoker 2140/4244 (50.4) 1146/2701 (42.4)  
  Ex-smoker 1515/4244 (35.7) 1165/2701 (43.1)  
  Current smoker 589/4244 (13.9) 390/2701 (14.4)  
Drinking, N (%)   < 0.001 
  Current not drinking 840/4503 (18.7) 538/2854 (18.9)  
  Current moderate (1-14 unit/w) 2689/4503 (59.7) 1489/2854 (52.2)  
  Current heavy (>14 unit/w) 974/4503 (21.6) 827/2854 (29.0)  
Fruit/vegetable consumption, N (%)   < 0.001 
  < Daily 1599/4501 (35.5) 1241/2858 (43.4)  
  ≥ Daily 2902/4501 (64.5) 1617/2858 (56.6)  
Physical activity   < 0.001 
  Inactive 826/4504 (18.3) 641/2860 (22.4)  
  Moderate 1620/4504 (36.0) 1029/2860 (36.0)  
  Active 2058/4504 (45.7) 1190/2860 (41.6)  
Education level, N (%)   < 0.001 
  Low 161/3382 (4.8) 123/2237 (5.5)  
  Middle  1672/3382 (49.4) 1237/2237 (55.3)  
  High 1549/3382 (45.8) 877/2237 (39.2)  
Socioeconomic position, N (%)   0.016 
  Low 672/4503 (14.9) 471/2856 (16.5)  
  Intermediate 1813/4503 (40.3) 1059/2856 (37.3)  
  High 2018/4503 (44.8) 1326/2856 (46.4)  
a T-test or Wilcoxon rank-sum test for continuous variables and chi-square test for categorical variables; 
b Not follow normal distribution, shown with median (25th–75th percentiles);  

WHtR, waist-to-height ratio; SD, standard deviation; IQR, interquartile range; CVD, cardiovascular disease; MI, myocardial 

infarction; TC, total cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein 

cholesterol; SBP, systolic blood pressure; DBP, diastolic blood pressure; BP, blood pressure; CRP, C-Reactive Protein; IL-6, 

Interleukin 6



Supplementary Table S3d Characteristics of the Sample II in Phase 3 according to WHT.5R criterion 

Characteristic 

WHT.5R <  
75th population-wide 

centile, N (%) 
N = 5666 (75.7) 

WHT.5R ≥  
75th population-wide 

centile N (%) 
N = 1822 (24.3) 

P value a 

Age, mean ± SD, yrs 49.66 ± 6.01 50.84 ± 5.92 < 0.001 

Sex (Female), N (%) 1984/5666 (35.0) 311/1822 (17.1) < 0.001 
Ethnicity (White), N (%) 5178/5648 (91.7) 1649/1820 (90.6) 0.169 
Height, mean ± SD, cm 171.52 ± 9.52 173.55 ± 8.87 0.072 

Weight, mean ± SD, kg 70.48 ± 9.87 88..36 ± 10.72 < 0.001 

SBP, mean ± SD, mm Hg 118.71 ± 13.22 125.95 ± 13.04 < 0.001 

DBP, mean ± SD, mm Hg 78.16 ± 9.02 84.30 ± 8.95 < 0.001 

TC, mean ± SD, mmol/L 6.40 ± 1.14 6.72 ± 1.16 < 0.001 

TG, mean ± SD, mmol/L 1.28 ± 0.89 2.03 ± 1.42 < 0.001 

LDL-C, mean ± SD, mmol/L 4.32 ± 1.03 4.60 ± 1.02 < 0.001 

HDL-C, mean ± SD, mmol/L 1.50 ± 0.41 1.23 ± 0.33 < 0.001 

Fasting glucose, mean ± SD, mmol/L 5.16 ± 0.46 5.31 ± 0.47 < 0.001 

CRP, b median (IQR), mg/L 0.72 (0.38, 1.42) 1.56 (0.84, 3.12) < 0.001 
IL-6, b median (IQR), pg/mL 1.31 (0.96, 1.88) 1.73 (1.24, 2.57) < 0.001 
Baseline CVD diagnosis, N (%) 445/5666 (7.9) 237/1822 (13.0) < 0.001 
Family history of CVD 
(angina, MI, stroke), N (%) 

2575/5003 (51.5) 875/1600 (54.7) 0.027 

Family history of diabetes, N (%) 554/5586 (9.9) 245/1786 (13.7) < 0.001 
Family history of hypertension, N (%) 2180/4894 (44.5) 711/1533 (46.4) 0.218 
Smoking Status, N (%)   < 0.001 
  Never smoker 2618/5257 (49.8) 668/1688 (39.6)  
  Ex-smoker 1916/5257 (36.4) 764/1688 (45.3)  
  Current smoker 723/5257 (13.8) 256/1688 (15.2)  
Drinking, N (%)   < 0.001 
  Current not drinking 1083/5584 (19.4) 295/1773 (16.6)  
  Current moderate (1-14 unit/w) 3262/5584 (58.4) 916/1773 (51.7)  
  Current heavy (>14 unit/w) 1239/5584 (22.2) 562/1773 (31.7)  
Fruit/vegetable consumption, N (%)   < 0.001 
  < Daily 2056/5584 (36.8) 784/1775 (44.2)  
  ≥ Daily 3528/5584 (63.2) 991/1775 (55.8)  
Physical activity   0.007 
  Inactive 1084/5587 (19.4) 383/1777 (21.6)  
  Moderate 1983/5587 (35.5) 666/1777 (37.5)  
  Active 2520/5587 (45.1) 728/1777 (41.0)  
Education level, N (%)   0.060 
  Low 211/4227 (5.0) 73/1392 (5.2)  
  Middle  2153/4227 (50.9) 756/1392 (54.3)  
  High 1863/4227 (44.1) 563/1392 (40.4)  
Socioeconomic position, N (%)   0.162 
  Low 892/5586 (16.0) 251/1773 (14.2)  
  Intermediate 2160/5586 (38.7) 712/1773 (40.2)  
  High 2534/5586 (45.4) 810/1773 (45.7)  
a T-test or Wilcoxon rank-sum test for continuous variables and chi-square test for categorical variables; 
b Not follow normal distribution, shown with median (25th–75th percentiles);  

WHT.5R, waist-by-height0.5; WHT.5R: 75th population-wide centile (6.911 cm0.5); SD, standard deviation; IQR, interquartile 

range; CVD, cardiovascular disease; MI, myocardial infarction; TC, total cholesterol; TG, triglycerides; LDL-C, low-density 

lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; SBP, systolic blood pressure; DBP, diastolic blood pressure; 

BP, blood pressure; CRP, C-Reactive Protein; IL-6, Interleukin 6 

 



Supplementary Table S3e Characteristics of the Sample II in Phase 3 according to ABSI criterion 

Characteristic 

ABSI <  
75th population-wide 

centile, N (%) 
N = 5655 (75.5) 

ABSI ≥  
75th population-wide 

centile N (%) 
N = 1833 (24.5) 

P value a 

Age, mean ± SD, yrs 49.54 ± 5.97 51.21 ± 5.97 < 0.001 

Sex (Female), N (%) 2239/5655 (39.6) 56/1833 (3.1) < 0.001 
Ethnicity (White), N (%) 5165/5640 (91.6) 1662/1828 (90.9) 0.169 
Height, mean ± SD, cm 170.71 ± 9.59 176.02 ± 7.49 < 0.001 

Weight, mean ± SD, kg 72.85 ± 12.25 80.92 ± 11.97 < 0.001 

SBP, mean ± SD, mm Hg 119.38 ± 13.38 123.82 ± 13.45 < 0.001 

DBP, mean ± SD, mm Hg 78.62 ± 9.21 82.86 ± 9.18 < 0.001 

TC, mean ± SD, mmol/L 6.43 ± 1.16 6.64 ± 1.13 < 0.001 

TG, mean ± SD, mmol/L 1.33 ± 0.93 1.86 ± 1.43 < 0.001 

LDL-C, mean ± SD, mmol/L 4.33 ± 1.04 4.56 ± 0.99 < 0.001 

HDL-C, mean ± SD, mmol/L 1.49 ± 0.42 1.26 ± 0.33 < 0.001 

Fasting glucose, mean ± SD, mmol/L 5.17 ± 0.46 5.28 ± 0.47 < 0.001 

CRP, b median (IQR), mg/L 0.78 (0.40, 1.62) 1.19 (0.63, 2.41) < 0.001 
IL-6, b median (IQR), pg/mL 1.34 (0.98, 1.98) 1.55 (1.17, 2.25) < 0.001 
Baseline CVD diagnosis, N (%) 467/5655 (8.3) 215/1833 (11.7) < 0.001 
Family history of CVD 
(angina, MI, stroke), N (%) 

2569/5005 (51.3) 881/1598 (55.1) 0.009 

Family history of diabetes, N (%) 587/5574 (10.5) 212/1798 (11.8) 0.147 
Family history of hypertension, N (%) 2201/4904 (44.9) 690/1523 (45.3) 0.794 
Smoking Status, N (%)   < 0.001 
  Never smoker 2574/5229 (49.2) 712/1716 (41.5)  
  Ex-smoker 1931/5229 (36.9) 749/1716 (43.6)  
  Current smoker 724/5229 (13.8) 255/1716 (14.9)  
Drinking, N (%)   < 0.001 
  Current not drinking 1111/5556 (20.0) 267/1801 (14.8)  
  Current moderate (1-14 unit/w) 3241/5556 (58.3) 937/1801 (52.0)  
  Current heavy (>14 unit/w) 1204/5556 (21.7) 597/1801 (33.1)  
Fruit/vegetable consumption, N (%)   < 0.001 
  < Daily 2017/5555 (36.3) 823/1804 (45.6)  
  ≥ Daily 3538/5555 (63.7) 981/1804 (54.4)  
Physical activity   0.002 
  Inactive 1129/5560 (20.3) 338/1804 (18.7)  
  Moderate 1938/5560 (34.9) 711/1804 (39.4)  
  Active 2493/5560 (44.8) 755/1804 (41.9)  
Education level, N (%)   0.125 
  Low 218/4251 (5.1) 66/1368 (4.8)  
  Middle  2168/4251 (51.0) 741/1368 (54.2)  
  High 1865/4251 (43.9) 561/1368 (41.0)  
Socioeconomic position, N (%)   < 0.001 
  Low 989/5558 (17.8) 154/1801 (8.6)  
  Intermediate 2074/5558 (37.3) 798/1801 (44.3)  
  High 2495/5558 (44.9) 849/1801 (47.1)  
a T-test or Wilcoxon rank-sum test for continuous variables and chi-square test for categorical variables; 
b Not follow normal distribution, shown with median (25th–75th percentiles);  

ABSI, a body shape index; ABSI: 75th population-wide centile (0.078 m7/6/kg2/3); SD, standard deviation; IQR, interquartile range; 

CVD, cardiovascular disease; MI, myocardial infarction; TC, total cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein 

cholesterol; HDL-C, high-density lipoprotein cholesterol; SBP, systolic blood pressure; DBP, diastolic blood pressure; BP, blood 

pressure; CRP, C-Reactive Protein; IL-6, Interleukin 6



Supplementary Table S4 Characteristics of the participants with complete data in Phase 3 (baseline time) 

Characteristic 
Participants with complete 

data of Sample I, N (%) 
N = 7206 (100) 

Participants with complete 
data of Sample II, N (%) 

N = 6813 (100) 
Baseline Diabetes, N (%)  228/7206 (3.2) 0/6813 (0) 
Age, mean ± SD, yrs 50.09 ± 6.04 49.97 ± 6.02 

  < 50 3789/7206 (52.6) 3640/6813 (53.4) 
  ≥ 50 3417/7206 (47.4) 3173/6813 (46.6) 
Sex, N (%)   
  Male  5013/7206 (69.6) 4753/6813 (69.8) 
  Female  2193/7206 (30.4) 2060/6813 (30.2) 
Ethnicity, N (%)   
  White  6564/7206 (91.1) 6266/6813 (92.0) 
  Non-white  642/7206 (8.9) 547/6813 (8.0) 
Height, mean ± SD, cm 171.95 ± 9.35 172.07 ± 9.32 

Weight, mean ± SD, kg 74.81 ± 12.67 74.77 ± 12.61 

BMI, mean ± SD, kg/m2 25.27 ± 3.71 25.22 ± 3.67 

WC, mean ± SD, cm 83.75 ± 11.48 83.60 ± 11.41 

WHtR, mean ± SD 0.49 ± 0.06 0.49 ± 0.06 

WHT.5R, mean ± SD, cm0.5 6.38 ± 0.83 6.37 ± 0.82 

ABSI, mean ± SD, m7/6/kg2/3 0.07 ± 0.01 0.07 ± 0.01 

SBP, mean ± SD, mm Hg 120.66 ± 13.64 120.45 ± 13.54 

DBP, mean ± SD, mm Hg 79.75 ± 9.38 79.65 ± 9.35 

TC, mean ± SD, mmol/L 6.49 ± 1.15 6.48 ± 1.16 

TG, mean ± SD, mmol/L 1.48 ± 1.12 1.46 ± 1.09 

LDL-C, mean ± SD, mmol/L 4.39 ± 1.03 4.39 ± 1.04 

HDL-C, mean ± SD, mmol/L 1.43 ± 0.41 1.44 ± 0.41 

Fasting glucose, mean ± SD, mmol/L 5.24 ± 0.69 5.19 ± 0.47 

CRP, a median (IQR), mg/L 0.89 (0.45, 1.91) 0.87 (0.44, 1.85) 
IL-6, a median (IQR), pg/mL 1.41 (1.03, 2.07) 1.39 (1.02, 2.03) 
Baseline CVD diagnosis, N (%)   
  Yes 688/7206 (9.5) 6178/6813 (90.7) 
  No 6518/7206 (90.5) 635/6813 (9.3) 
Family history of CVD 
(angina, MI, stroke), N (%) 

3327/6394 (52.0) 3151/6043 (52.1) 

Family history of diabetes, N (%) 828/7206 (11.5) 742/6813 (10.9) 
Family history of hypertension, N (%) 2774/6229 (44.5) 2633/5888 (44.7) 
Smoking Status, N (%)   
  Never smoker 3389/7206 (47.0) 3226/6813 (47.4) 
  Ex-smoker 2774/7206 (38.5) 2623/6813 (38.5) 
  Current smoker 1043/7206 (14.5) 964/6813 (14.1) 
Drinking, N (%)   
  Current not drinking 1370/7206 (19.0) 1253/6813 (18.4) 
  Current moderate (1-14 unit/w) 4058/7206 (56.3) 3864/6813 (57.7) 
  Current heavy (>14 unit/w) 1778/7206 (24.7) 1696/6813 (24.9) 
Fruit/vegetable consumption, N (%)   
  < Daily 2777/7206 (38.5) 2604/6813 (38.2) 
  ≥ Daily 4429/7206 (61.5) 4209/6813 (61.8) 
Physical activity   
  Inactive 1451/7206 1326/6813 (19.5) 
  Moderate 2568/7206 2450/6813 (36.0) 
  Active 3187/7206 3037/6813 (44.6) 
Education level, N (%)   
  Low 263/5444 (4.8) 249/5147 (4.8) 
  Middle  2857/5444 (52.5) 2687/5147 (52.2) 
  High 2324/5444 (42.7) 2211/5147 (43.0) 
Socioeconomic position, N (%)   
  Low 1159/7206 (16.1) 1023/6813 (15.0) 
  Intermediate 2757/7206 (38.2) 2670/6813 (38.2) 
  High 3290/7206 (45.7) 3120/6813 (45.8) 
a Not follow normal distribution, shown with median (25th–75th percentiles);  

SD, standard deviation; IQR, interquartile range; BMI, body mass index; WC, waist circumference; WHtR, waist-to-height ratio; 



WHT.5R, waist-by-height0.5; ABSI, a body shape index; CVD, cardiovascular disease; MI, myocardial infarction; TC, total 

cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; SBP, 

systolic blood pressure; DBP, diastolic blood pressure;  CRP, C-Reactive Protein; IL-6, Interleukin 6 

 

 

 



Supplementary Table S5a Characteristics of the Sample I in Phase 3 according to sex 

Characteristic 
Male, N (%) 

N = 5511 (69.1) 
 Female, N (%) 
N = 2468 (30.9) 

P value a 

Baseline diabetes 183/5511 (3.3) 88/2468 (3.6) 0.623 
Age, mean±SD, yrs 49.75 ± 5.98 50.76 ± 6.08 < 0.001 

Ethnicity (White), N (%) 5098/5500 (92.7) 2090/2451 (85.3) < 0.001 
Height, mean±SD, cm 176.36 ± 6.71 161.81 ± 6.49 < 0.001 

Weight, mean±SD, kg 78.27 ± 11.21 67.33 ± 12.72 < 0.001 

BMI, mean±SD, kg/m2 25.14 ± 3.18 25.72 ± 4.73 < 0.001 

WC, mean±SD, cm 87.47 ± 9.31 75.68 ± 11.73 < 0.001 

WHtR, mean±SD 0.50 ± 0.05 0.47 ± 0.07 < 0.001 

WHT.5R, mean±SD, cm0.5 6.59 ± 0.70 5.95 ± 0.93 < 0.001 

ABSI, mean±SD, m7/6/kg2/3 0.08 ± 0.00 0.07 ± 0.01 < 0.001 

SBP, mean±SD, mm Hg 122.00 ± 13.23 117.78 ± 14.05 < 0.001 

DBP, mean±SD, mm Hg 81.10 ± 9.19 76.75 ± 9.19 < 0.001 

TC, mean±SD, mmol/L 6.47 ± 1.13 6.51 ± 1.21 0.161 

TG, mean±SD, mmol/L 1.61 ± 1.23 1.21 ± 0.78 <0.001 

LDL-C, mean±SD, mmol/L 4.44 ± 0.99 4.29 ± 1.11 <0.001 

HDL-C, mean±SD, mmol/L 1.32 ± 0.35 1.68 ± 0.43 <0.001 

Fasting glucose, mean±SD, mmol/L 5.31 ± 0.69 5.09 ± 0.69 < 0.001 

CRP, b median (IQR), mg/L 0.85 (0.43, 1.73) 1.02 (0.47, 2.36) <0.001 
IL-6, b median (IQR), pg/mL 1.35 (1.00, 1.94) 1.57 (1.11, 2.45) < 0.001 
Family history of diabetes, N (%) 571/5434 (10.5) 335/2423 (13.8) < 0.001 
Family history of CVD 

(angina, MI, stroke), N (%) 
2519/4851 (51.9) 1152/2188 (52.7) 0.592 

Smoking Status, N (%)   < 0.001 
Never smoker 2288/5103 (44.8) 1164/2246 (51.8)  
Ex-smoker 2149/5103 (42.1) 690/2246 (30.7)  
Current smoker 666/5103 (13.1) 392/2246 (17.5)  

Drinking, N (%)   < 0.001 
Current not drinking 780/5395 (14.5) 733/2410 (30.4)  
Current moderate 2946/5395 (54.6) 1453/2410 (60.3)  
Current heavy 1669/5395 (30.9) 224/2410 (9.3)  

Fruit/vegetable consumption, N (%)   < 0.001 
< Daily 2221/5396 (41.2) 810/2411 (34.0)  
≥ Daily 3175/5396 (58.8) 1592/2411 (66.0)  

Education level, N (%)   < 0.001 
Low 201/4177 (4.8) 99/1812 (5.5)  
Middle 2062/4177 (49.4) 1058/1812 (58.4)  
High 1914/4177 (45.8) 655/1812 (36.1)  

Physical activity   <0.001 
Inactive 767/5400 (14.2) 843/2412 (35.0)  
Moderate 1975/5400 (36.6) 805/2412 (33.4)  
Active 2658/5400 (49.2) 764/2412 (31.7)  

Socioeconomic position, N (%)   <0.001 
Low 356/5395 (6.6) 941/2411 (39.0)  
Intermediate 2590/5395 (48.0) 383/2411 (15.9)  
High 2449/5395 (45.4) 1087/2411 (45.1)  

Menopause, N (%) NA 1252/2408 (52.0) NA 
a T-test or Wilcoxon rank-sum test for continuous variables and chi-square test for categorical variables; 

b not follow normal distribution, shown with median (25th-75th percentiles); 

SD, standard deviation; IQR, interquartile range; BMI, body mass index; WC, waist circumference; WHtR, waist-to-height ratio; 

WHT.5R, waist-by-height0.5; ABSI, a body shape index; CVD, cardiovascular disease; MI, myocardial infarction; TC, total 

cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; SBP, 

systolic blood pressure; DBP, diastolic blood pressure; CRP, C-Reactive Protein; IL-6, Interleukin 6 

 

 

 



Supplementary Table S5b Characteristics of the Sample II in Phase 3 according to sex 

Characteristic 
Male, N (%) 

N = 5193 (69.4) 
 Female, N (%) 
N = 2295 (30.6) 

P value a 

Age, mean ± SD, yrs 49.66 ± 5.96 50.60 ± 6.07 < 0.001 

Ethnicity (White), N (%) 4855/5185 (93.6) 1972/2283 (86.4) < 0.001 
Height, mean ± SD, cm 176.46 ± 6.67 161.95 ± 6.48 < 0.001 

Weight, mean ± SD, kg 78.22 ± 11.10 67.16 ± 12.66 < 0.001 

BMI, mean ± SD, kg/m2 25.10 ± 3.13 25.62 ± 4.68 < 0.001 

WC, mean ± SD, cm 87.32 ± 9.22 75.34 ± 11.55 < 0.001 

WHtR, mean ± SD 0.50 ± 0.05 0.47 ± 0.07 < 0.001 

WHT.5R, mean ± SD, cm0.5 6.58 ± 0.69 5.92 ± 0.91 < 0.001 

ABSI, mean ± SD, m7/6/kg2/3 0.08 ± 0.00 0.07 ± 0.01 < 0.001 

SBP, mean ± SD, mm Hg 121.73 ± 13.14 117.62 ± 13.97 < 0.001 

DBP, mean ± SD, mm Hg 80.96 ± 9.16 76.72 ± 9.22 < 0.001 

TC, mean ± SD, mmol/L 6.47 ± 1.13 6.50 ± 1.21 0.232 

TG, mean ± SD, mmol/L 1.58 ± 1.20  1.19 ± 0.76 < 0.001 

LDL-C, mean ± SD, mmol/L 4.44 ± 1.00 4.27 ± 1.11 < 0.001 

HDL-C, mean ± SD, mmol/L 1.32 ± 0.35 1.69 ± 0.43 < 0.001 

Fasting glucose, mean ± SD, mmol/L 5.26 ± 0.45 5.05 ± 0.47 < 0.001 

CRP, b median (IQR), mg/L 0.83 (0.43, 1.69) 1.00 (0.46, 2.23) < 0.001 
IL-6, b median (IQR), pg/mL 1.34 (0.98, 1.91) 1.55 (1.10, 2.41) < 0.001 
Family history of diabetes, N (%) 501/5120 (9.8) 298/2252 (13.2) < 0.001 
Family history of CVD 

(angina, MI, stroke), N (%) 
2379/4574 (52.0) 1071/2029 (52.8) 0.580 

Smoking Status, N (%)   < 0.001 
  Never smoker 2191/4837 (45.3) 1095/2108 (51.9)  
  Ex-smoker 2031/4837 (42.0) 649/2108 (30.8)  
  Current smoker 615/4837 (12.7) 364/2108 (17.3)  
Drinking, N (%)   < 0.001 
  Current not drinking 716/5102 (14.0) 662/2255 (29.4)  
  Current moderate (1-14 unit/w) 2801/5102 (54.9) 1377/2255 (61.1)  
  Current heavy (>14 unit/w) 1585/5102 (31.1) 216/2255 (9.6)  
Fruit/vegetable consumption, N (%)   < 0.001 
  < Daily 2084/5103 (40.8) 756/2256 (33.5)  
  ≥ Daily 3019/5103 (59.2) 1500/2256 (66.5)  
Physical activity   <0.001 
  Inactive 692/5107 (13.6) 775/2257 (34.3)  
  Moderate 1885/5107 (36.9) 764/2257 (33.9)  
  Active 2530/5107 (49.5) 718/2257 (31.8)  
Socioeconomic position, N (%)   <0.001 
  Low 300/5103 (5.9) 843/2256 (37.4)  
  Intermediate 2497/5103 (48.9) 375/2256 (16.6)  
  High 2306/5103 (45.2) 1038/2256 (46.0)  
Menopause, N (%) NA 1146/2253 (50.9) NA 
a T-test or Wilcoxon rank-sum test for continuous variables and chi-square test for categorical variables; 
b Not follow normal distribution, shown with median (25th-75th percentiles);  

SD, standard deviation; IQR, interquartile range; BMI, body mass index; WC, waist circumference; WHtR, waist-to-height ratio; 

WHT.5R, waist-by-height0.5; ABSI, a body shape index; CVD, cardiovascular disease; MI, myocardial infarction; TC, total 

cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; SBP, 

systolic blood pressure; DBP, diastolic blood pressure; CRP, C-Reactive Protein; IL-6, Interleukin 6 



Supplementary Table S6 Correlation matrix for correlation between different adiposity indicators among Sample I, Sample II, 

and the participants with complete data from the Sample I and Sample II 

a. Sample I (N=7979) 

 Weight Height BMI WC WHtR WHT.5R ABSI 
Weight -       
Height 0.55 -      
BMI 0.76 -0.11 -     
WC 0.87 0.39 0.73 -    
WHtR 0.71 -0.01 0.85 0.92 -   
WHT.5R 0.81 0.21 0.81 0.98 0.98 -  
ABSI 0.41 0.49 0.12 0.74 0.59 0.68 - 

 

b. Sample II (N=7488) 

 Weight Height BMI WC WHtR WHT.5R ABSI 
Weight -       
Height 0.55 -      
BMI 0.76 -0.11 -     
WC 0.87 0.40 0.73 -    
WHtR 0.71 0.01 0.85 0.92 -   
WHT.5R 0.81 0.22 0.80 0.98 0.98 -  
ABSI 0.42 0.49 0.12 0.74 0.59 0.68 - 

 

c. Participants with complete data among the Sample I (N=7206) 

 Weight Height BMI WC WHtR WHT.5R ABSI 
Weight -       
Height 0.55 -      
BMI 0.77 -0.11 -     
WC 0.87 0.40 0.73 -    
WHtR 0.71 0.00 0.85 0.92 -   
WHT.5R 0.81 0.21 0.80 0.98 0.98 -  
ABSI 0.42 0.49 0.12 0.74 0.59 0.68 - 

 

d. Participants with complete data among the Sample II (N=6813) 

 Weight Height BMI WC WHtR WHT.5R ABSI 
Weight -       
Height 0.55 -      
BMI 0.77 -0.10 -     
WC 0.87 0.41 0.73 -    
WHtR 0.71 0.02 0.84 0.92 -   
WHT.5R 0.81 0.22 0.80 0.98 0.98 -  
ABSI 0.42 0.50 0.12 0.74 0.60 0.69 - 

BMI, body mass index; WC, waist circumference; WHtR, waist-to-height ratio; WHT.5R, waist-by-height0.5; ABSI, a body shape 

index 



Supplementary Table S7 Area under the receiver operating characteristic curve for five adiposity indicators in relation to 

diabetes in the participants with complete data of the Sample I 

Exposures 
AUC3 (95% CI) 

Complete data of Sample I: 
no covariates 

AUC4 (95% CI) 
Complete data of Sample I: 

with covariates 
  BMI 0.575 (0.536, 0.614) 0.714 (0.677, 0.750) 
  WC 0.602 (0.563, 0.641) 0.715 (0.678, 0.752) 
  WHtR 0.629 (0.590, 0.668) 0.718 (0.682, 0.755) 
  WHT.5R 0.618 (0.579, 0.657) 0.717 (0.680, 0.754) 
  ABSI 0.614 (0.576, 0.653) 0.720 (0.684, 0.757) 

AUC3, in the participants with complete data among Sample I (sample size=7,206, number of events =228), without covariates; 

AUC4, in the participants with complete data among Sample I (sample size=7,206, number of events =228), including covariates 

for age, sex, ethnicity, smoking, drinking, socioeconomic position, physical activity, dietary behavior, family history of diabetes, 

baseline CVD diagnosis, and CVD medication. 

AUC, area under the curve; CVD, cardiovascular disease; CI, confidence interval; BMI, body mass index; WC, waist 

circumference; WHtR, waist-to-height ratio; WHT.5R, waist-by-height0.5; ABSI, a body shape index. 



Supplementary Table S8 Area under the receiver operating characteristic curve for five adiposity indices in identifying diabetes 

in Sample I stratified by sex 

Exposures 
AUC (95% CI) 

Male: 
with covariates 

AUC (95% CI) 
Female: 

with covariates 
  BMI 0.734 (0.730, 0.738) 0.701 (0.695, 0.707) 
  WC 0.736 (0.732, 0.740) 0.708 (0.702, 0.714) 
  WHtR 0.739 (0.735, 0.743) 0.712 (0.706, 0.718) 
  WHT.5R 0.738 (0.734, 0.742) 0.710 (0.704, 0.716) 
  ABSI 0.738 (0.734, 0.742) 0.712 (0.706, 0.718) 

AUC, among Sample I (sample size=7,979, number of events=271), including covariates for age, ethnicity, smoking, drinking, 

socioeconomic position, physical activity, dietary behavior, family history of diabetes, baseline CVD diagnosis, CVD medication, 

menopause status (females subjects only), and imputation for the missing covariates; 

AUC, area under the curve; CVD, cardiovascular disease; CI, confidence interval; BMI, body mass index; WC, waist 

circumference; WHtR, waist-to-height ratio; WHT.5R, waist-by-height0.5; ABSI, a body shape index



Supplementary Table S9 Estimated hazard ratios (Per 1-SD Increase) for incident diabetes in relation to the five adiposity indices 

(continuous) 

 
Adjusted HR2, a 

(95% CI) 
Adjusted HR2 with MI, b 

(95% CI) 
Standardized BMI 1.56 (1.48, 1.65) 1.59 (1.51, 1.67) 
Standardized WC 1.80 (1.68, 1.93) 1.83 (1.72, 1.96) 
Standardized WHtR 1.75 (1.65, 1.86) 1.78 (1.68, 1.89) 
Standardized WHT.5R 1.78 (1.67, 1.90) 1.81 (1.70, 1.93) 
Standardized ABSI 1.67 (1.51, 1.84) 1.68 (1.52, 1.84) 

a Using complete data (n=6,813) of Sample II, number of events for complete data=847;  
b Using Sample II, sample size=7,488, number of events=940, imputation for the missing covariates; 

Adjusted HR2, the Cox regression model was adjusted for age, sex, ethnicity, smoking, drinking, socioeconomic position, physical 

activity, dietary behavior, family history of diabetes, baseline CVD diagnosis, and CVD medication; 

Adjusted HR2 with MI, the imputed Cox regression model was adjusted for age, sex, ethnicity, smoking, drinking, socioeconomic 

position, physical activity, dietary behavior, family history of diabetes, baseline CVD diagnosis, and CVD medication; 

MI, multivariate imputation; CVD, cardiovascular disease; HR, hazard ratio; CI, confidence interval; BMI, body mass index; WC, 

waist circumference; WHtR, waist-to-height ratio; WHT.5R, waist-by-height0.5; ABSI, a body shape index. 



Supplementary Table S10 Cumulative event (diabetes) rates for different subgroups at the end of follow-up  

Subgroup 
Participants with complete data of Sample II Sample II 

N (%) Diabetes, N (%) P value N (%) Diabetes,  
N (%) 

Median follow-up 
time, yrs 

P value 

Sex   0.489    0.311 

Male 4753 (69.8) 582 (12.2)  5193 (69.4) 638 (12.3) 16.1  
Female 2057 (30.2) 265 (12.9)  2295 (30.6) 302(13.2) 16.0  

Age, yrs   <0.001    <0.001 

< 50 3640 (53.4) 374 (10.3)  4035 (53.9) 420 (10.4) 16.1  
≥50 3173 (46.6) 473 (14.9)  3453 (46.1) 520 (15.1) 16.0  

Ethnicity   <0.001    <0.001 

White  6266 (92.0) 697 (11.1)  6827 (91.4) 767 (11.2) 16.1  
Non-white 547 (8.0) 150 (27.4)  641 (8.6) 172 (26.8) 15.3  

Baseline CVD diagnosis   0.002    0.004 

No 6178 (90.7) 743 (12.0)  6806 (90.9) 830 (12.2) 16.1  
Yes 635 (9.3) 104 (16.4)  682 (9.1) 110 (16.1) 16.0  

CVD, cardiovascular disease; P value for the differences in number of event (diabetes) between different subgroups 



Supplementary Table S11 Subgroup analyses for incident diabetes in relation to high-value group by different adiposity 

indicators in cohort part   

Stratification  HR, a (95% CI) P value a 
P value for 

interaction a 
HR, b (95% CI) P value b 

P value for 
interaction b 

Sex    

BMI   0.148   0.119 
    Male 2.11 (1.77, 2.50) < 0.001  2.03 (1.72, 2.40) < 0.001  
    Female 2.56 (1.94, 3.38) < 0.001  2.44 (1.88, 3.17) < 0.001  
WC   0.118   0.053 
    Male 2.22 (1.87, 2.62) < 0.001  2.19 (1.87, 2.57) < 0.001  
    Female 2.72 (2.11, 3.51) < 0.001  2.76 (2.17, 3.50) < 0.001  
WHtR   0.152   0.061 
    Male 2.52 (2.10, 3.01) < 0.001  2.45 (2.06, 2.90) < 0.001  
    Female 3.02 (2.33, 3.91) < 0.001  3.02 (2.37, 3.86) < 0.001  
WHT.5R   0.018   0.001 
    Male 2.32 (1.97, 2.75) < 0.001  2.33 (1.98, 2.73) < 0.001  
    Female 3.23 (2.48, 4.22) < 0.001  3.50 (2.73, 4.49) < 0.001  
ABSI   0.997   0.719 
    Male 1.75 (1.47, 2.07) < 0.001  1.71 (1.45, 2.01) < 0.001  
    Female 1.48 (0.84, 2.62) 0.178  1.62 (0.97, 2.72) 0.068  
Age, yrs 
BMI   0.061   0.039 
    < 50 2.71 (2.17, 3.38) < 0.001  2.51 (2.03, 3.10) < 0.001  
    ≥ 50 1.92 (1.58, 2.33) < 0.001  1.91 (1.59, 2.30) < 0.001  
WC   0.005   0.011 
    < 50 2.90 (2.35, 3.58) < 0.001  2.79 (2.28, 3.40) < 0.001  
    ≥ 50 2.02 (1.68, 2.43) < 0.001  2.06 (1.73, 2.46) < 0.001  
WHtR   0.001   0.002 
    < 50 3.41 (2.74, 4.25) < 0.001  3.23 (2.62, 3.97) < 0.001  
    ≥ 50 2.23 (1.83, 2.71) < 0.001  2.25 (1.87, 2.71) < 0.001  
WHT.5R   0.004   0.011 
    < 50 3.10 (2.49, 3.86) < 0.001  3.05 (2.48, 3.75) < 0.001  
    ≥ 50 2.19 (1.81, 2.65) < 0.001  2.32 (1.93, 2.78) < 0.001  
ABSI   0.033   0.015 
    < 50 1.94 (1.52, 2.47) < 0.001  1.90 (1.52, 2.39) < 0.001  
    ≥ 50 1.57 (1.27, 1.95) < 0.001  1.55 (1.26, 1.91) < 0.001  
Ethnicity     

BMI   0.016   0.018 
    White  2.44 (2.07, 2.87) < 0.001  2.34 (2.01, 2.74) < 0.001  
    Non-white  1.48 (1.04, 2.11) 0.028  1.49 (1.08, 2.08) 0.017  
WC   0.154   0.302 
    White  2.47 (2.11, 2.88) < 0.001  2.43 (2.10, 2.82) < 0.001  
    Non-white  1.97 (1.41, 2.75) < 0.001  2.10 (1.53, 2.88) < 0.001  
WHtR   0.268   0.227 
    White  2.74 (2.33, 3.21) < 0.001  2.71 (2.32, 3.16) < 0.001  
    Non-white  2.42 (1.68, 3.47) < 0.001  2.35 (1.68, 3.29) < 0.001  
WHT.5R   0.020   0.091 
    White  2.74 (2.34, 3.21) < 0.001  2.76 (2.37, 3.21) < 0.001  
    Non-white  1.86 (1.32, 2.63) < 0.001  2.12 (1.53, 2.93) < 0.001  
ABSI   0.272   0.217 
    White  1.71 (1.44, 2.04) < 0.001  1.69 (1.43, 2.00) < 0.001  
    Non-white  1.71 (1.13, 2.59) 0.011  1.60 (1.07, 2.38) 0.021  
Baseline CVD diagnosis     

BMI   0.067   0.115 
    Without CVD 2.12 (1.82, 2.47) < 0.001  2.07 (1.79, 2.39) < 0.001  

    With CVD 4.00 (2.40, 6.69) < 0.001  3.49 (2.15, 5.68) < 0.001  
WC   0.087   0.129 
    Without CVD 2.23 (1.92, 2.59) < 0.001  2.25 (1.96, 2.59) < 0.001  
    With CVD 3.74 (2.40, 5.82) < 0.001  3.55 (2.31, 5.46) < 0.001  
WHtR   0.535   0.684 
    Without CVD 2.60 (2.22, 3.04) < 0.001  2.58 (2.23, 2.99) < 0.001  
    With CVD 3.38 (2.11, 5.42) < 0.001  3.23 (2.04, 5.10) < 0.001  
WHT.5R   0.107   0.123 
    Without CVD 2.60 (2.22, 3.04) < 0.001  2.47 (2.14, 2.86) < 0.001  
    With CVD 3.38 (2.11, 5.42) < 0.001  3.98 (2.63, 6.01) < 0.001  



ABSI   0.223   0.205 
    Without CVD 1.74 (1.47, 2.07) < 0.001  1.70 (1.44, 2.00) < 0.001  
    With CVD 1.41 (0.89, 2.22) 0.141  1.36 (0.87, 2.12) 0.177  

a Using complete data (n=6,813) of Sample II, number of events for complete data=847; 
b Using Sample II, sample size=7,488, number of events =940, imputation for the missing covariates; 

Sex stratification: controlling covariates for age, ethnicity, smoking, drinking, socioeconomic position, physical activity, dietary 

behavior, family history of diabetes, baseline CVD diagnosis, CVD medication, and menopause status (females subjects only). 

Age stratification: controlling covariates for sex, ethnicity, smoking, drinking, socioeconomic position, physical activity, dietary 

behavior, family history of diabetes, baseline CVD diagnosis, and CVD medication. 

Ethnicity stratification: controlling covariates for age, sex, smoking, drinking, socioeconomic position, physical activity, dietary 

behavior, family history of diabetes, baseline CVD diagnosis, and CVD medication. 

Baseline CVD diagnosis stratification: controlling covariates for age, sex, ethnicity, smoking, drinking, socioeconomic position, 

physical activity, dietary behavior, family history of diabetes, and CVD medication. 

CVD, cardiovascular disease; HR, hazard ratio; CI, confidence interval; BMI, body mass index; WC, waist circumference; WHtR, 

waist-to-height ratio; WHT.5R, waist-by-height0.5; ABSI, a body shape index   



Supplementary Table S12 Log-rank test p-values for pairwise comparisons among the different levels of BMI and WHtR combination 

a. Among Sample II 

 low BMI and low WHtR high BMI and low WHtR low BMI and high WHtR high BMI and high WHtR 
low BMI and low WHtR -    
high BMI and low WHtR < 0.001 -   
low BMI and high WHtR <0.001 <0.001 -  
high BMI and high WHtR < 0.001 <0.001 0.301 - 
 

b. Among the participants with complete data of Sample II 

 low BMI and low WHtR high BMI and low WHtR low BMI and high WHtR high BMI and high WHtR 
low BMI and low WHtR -    
high BMI and low WHtR < 0.001 -   
low BMI and high WHtR <0.001 <0.001 -  
high BMI and high WHtR < 0.001 <0.001 0.399 - 

Benjamini-Hochberg method for adjusting significance level; The six p values (i.e., 0.0083, 0.01, 0.0125, 0.0167, 0.025, and 0.05) are judged “significant” by Benjamini-Hochberg procedure. 

BMI, body mass index; WHtR, waist-to-height ratio.



Supplementary Fig. S1 Kaplan-Meier curves of the exposed (high-value) and non-exposed (low-value) groups for incident 

diabetes 

 

The Kaplan-Meier curves of the exposed and non-exposed groups did not cross during the follow-up time, i.e., one curve was 

always above the other curve, which means the violation of proportionality was not extreme, and a single HR for the exposures 

can still be a reasonable summary of the data  

 

a. BMI 

 

Time: time after Phase 3 (year 0) in years; 

BMI, body mass index 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



b. WC 

 

Time: time after Phase 3 (year 0) in years; 

WC, waist circumference  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



c. WHtR 

 

Time: time after Phase 3 (year 0) in years; 

WHtR, waist-to-height ratio  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



d. WHT.5R 

 

Time: time after Phase 3 (year 0) in years; 

WHT.5R, waist-by-height0.5  

 

 

 

 

 



e. ABSI 

 

Time: time after Phase 3 (year 0) in years; 

ABSI, a body shape index  



Supplementary Fig. S2 Graphs of the scaled Schoenfeld residuals against the transformed time for the five exposure variables 

 

In the graphs, the coefficients of the exposure variables did not change significantly during the follow-up period, i.e., Beta(t) for 

exposure was nearly constant over time (there is also no significant tendency to rise and then fall, or to fall and then rise), which 

means the violation of proportionality was not extreme, and a single HR for the exposures can still be a reasonable summary of 

the data.   
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e. ABSI 

 
Time: time after Phase 3 (year 0); 

BMI, body mass index; WC, waist circumference; WHtR, waist-to-height ratio; WHT.5R, waist-by-height0.5; ABSI, a body shape 

index   



Supplementary Fig. S3 Kaplan-Meier curves for incident diabetes in relation to different levels of BMI and WHtR combinations  

 

a. Among Sample II (N=7488) 

 
 

 

 

 



b. Among the persons with complete data of Sample II (N=6813) 

 

 

Time: time after Phase 3 (year 0) 

BMI, body mass index; WHtR, waist-to-height ratio. 
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