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1  | INTRODUCTION

The global burden of hypertension and diabetes is rising. About 1 bil‐
lion people suffer from hypertension globally,1 and many individuals 
have co‐existing diabetes.2 According to the International Diabetes 
Federation, around 425 million people were diagnosed with diabetes 
worldwide in 2017, and at least 352 million people had pre‐diabe‐
tes, who were at high risk of developing diabetes in the subsequent 
years.3 Diabetes increases the risk of complications from microvas‐
cular disease (kidneys, eyes, limbs, and microvascular cardiac) and 

macrovascular disease (coronary atherosclerotic vascular, cerebro‐
vascular, and peripheral vascular systems),4 and patients with both 
hypertension and diabetes could have a 2‐fold risk of developing car‐
diovascular disease (CVD) compared to hypertensive patients with‐
out diabetes.5 Thus, early identification of hypertensive patients 
with pre‐diabetes or diabetes could expedite timely intervention for 
the prevention of CVD risk.

Generalized obesity and central obesity are major modifiable risk 
factors for pre‐diabetes or diabetes. Landmark clinical trials have 
shown that lifestyle intervention focused on weight loss could delay 
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Abstract
Identification of hypertensive patients with pre‐diabetes or diabetes is important for 
timely prevention of complications including vascular disease. We aimed to compare 
the association and discrimination of central obesity measures (waist circumference 
[WC] and waist‐to‐height ratio [WHtR]) with generalized obesity measure (body 
mass index [BMI]) in relation to pre‐diabetes and diabetes among a group of Asian 
hypertensive patients for the first time. We used the baseline data of 925 subjects 
aged 40 years or older with uncontrolled hypertension recruited at eight primary 
care clinics in Singapore. Information on height, weight, WC, fasting blood glucose, 
and hemoglobin A1c (HbA1c) was collected. Pre‐diabetes or diabetes was defined 
as having reported physician‐diagnosed diabetes or taking anti‐diabetes medica‐
tion,	 fasting	blood	glucose	≥	5.6	mmol/dL	or	HbA1c	≥	5.7%.	Among	925	subjects,	
495	(53.5%)	had	pre‐diabetes	or	diabetes.	In	logistic	regression	models,	BMI	was	not	
associated with pre‐diabetes or diabetes after adjusting for WC or WHtR, while a 
positive association remained with both WC and WHtR after adjustment of BMI. 
Both WC and WHtR had significantly better discrimination than BMI (respective area 
under ROC curve: 0.63 for WC, 0.63 for WHtR, and 0.60 for BMI; P = 0.019), and 
adding	WC	or	WHtR	on	top	of	BMI	further	correctly	reclassified	42.7%	and	38.7%	
hypertensive patients to the right risk group of pre‐diabetes or diabetes indicated by 
net reclassification improvement. However, WHtR was not superior to WC. In con‐
clusion, our results suggested that central obesity has stronger association with and 
better discrimination for pre‐diabetes or diabetes than generalized obesity.
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or prevent the onset of diabetes among high‐risk individuals.6‐12 
The American Diabetes Association suggests that hypertensive pa‐
tients who are overweight or obese (defined by body mass index 
[BMI]	≥	25	kg/m2	or	≥23	kg/m2 in Asian Americans) should be tested 
for pre‐diabetes and risk for future diabetes.13 However, the exam‐
ination of the NHANES data from 1988 to 2012 has shown that the 
US nationally representative prevalence of pre‐diabetes and central 
obesity (indicated by waist circumference [WC] and waist‐to‐height 
ratio [WHtR]) has substantially increased among individuals within 
a healthy BMI range (18.5‐<25 kg/m2).14 Likewise, in a nationwide 
sample of Chinese adults with BMI < 25 kg/m2, WC has shown to 
be statistically associated with higher risk of pre‐diabetes or dia‐
betes.15 Nevertheless, previous studies comparing central obesity 
with generalized obesity have been mostly conducted in general 
populations16‐25 or outpatient clinic,26 while the evidence among hy‐
pertensive patients is scarce. In addition, compared to Caucasians, 
Asians develop diabetes at lower BMIs27 and are more likely to have 
lower β‐cell function and develop insulin resistance.28 Considering 
this potential biological difference between Asians and Caucasians, 
it is important to compare the adiposity measures in a hypertensive 
population in Asia, which is likely to be meaningful from a public 
health perspective. However, there is scarcity of literature in Asian 
hypertensive patients on the relationship of adiposity measures with 
broader outcome of both pre‐diabetes and diabetes.

Therefore, we used data on patients with uncontrolled hyper‐
tension to examine the performance of different adiposity measures 
(BMI, WC, and WHtR) in the identification of pre‐diabetes and dia‐
betes. We compared the multivariate‐adjusted associations between 
adiposity measures with pre‐diabetes or diabetes and examined the 
predictive performance of these measures by using both C‐statistics 
and net reclassification improvement (NRI) statistics. In addition, we 
explored the optimal threshold associated with each measure to aid 
clinical practice.

2  | METHODS

2.1 | Study population

The SingHypertension study is a cluster randomized controlled trial 
in 8 primary care clinics in the multi‐ethnic Singapore evaluating the 
effect of a multicomponent intervention compared to usual care in 
lowering blood pressure over 2 years, where the major ethnic groups 
are Chinese, Malay, and Indian.29 In brief, 1,010 participants aged 
40 years or older with diagnosed hypertension and uncontrolled 
blood	 pressure	 (systolic	 blood	 pressure	 [SBP]	 ≥140	mm	Hg	 or	 di‐
astolic	blood	pressure	[DBP]	≥90	mm	Hg)	were	recruited	between	
January 2017 and April 2018 from 8 polyclinics, which provided sub‐
sidized primary care to all Singaporeans and permanent residents. 
The current study used the cross‐sectional data from the baseline 
interview. A total of 73 participants were excluded (consent with‐
drawn [n = 35], administrative restructuring of clinics [n = 10], physi‐
cian screening failure [n = 25], and protocol deviation [n = 3]), leaving 
937 participants enrolled in the current study. We further excluded 

12 participants who had extreme adiposity levels defined by over 
3 standard deviation from the mean value (n = 7 for BMI, n = 2 for 
WC, and n = 3 for WHtR); thus, the final sample size for the current 
analysis was 925 participants. The flowchart of the current study 
design is shown in Figure S1.

2.2 | Assessment of exposures, covariates,  
and outcome

Research staff were rigorously trained in assessments of height, 
weight, and WC with strict criteria for reproducibility measures. The 
intra‐class correlation coefficients were 0.99 for height, 0.99 for 
weight, and 0.97 for WC.

At baseline visits, the trained research staff at each polyclinic 
measured the blood pressure (BP) and anthropometry measure‐
ments (height, weight, and WC) for each participant after obtaining 
the informed consent. For each participant with a sitting position and 
had rested for at least 5 minutes, BP was measured three times with 
3‐minute intervals using an automated device (Omron HEM‐7130), 
and the average of the last two BP readings was used for the current 
analysis. The BP device comes with arm cuffs of three different sizes 
(small [arm circumference < 23 cm], standard [arm circumference 
23‐<33	cm],	and	 large	[arm	circumference	≥	23	cm]).	To	select	the	
right cuff size, the trained research staff measured the circumfer‐
ence of the midarm, which is the midpoint between the shoulder and 
elbow. The BP measurements were conducted during the first half 
of the day (before 3 pm) to avoid nocturnal dipping of BP. In addition, 
participants wore light clothes and removed shoes for the measure‐
ments of weight (using Tanita HS 302 Solar digital scale) and height 
(using the stadiometer). Following the World Health Organization 
(WHO) protocol for measuring WC, participants removed any jack‐
ets or tight clothing (ie, belt) around the waist, and natural WC was 
measured by a standard clinic measuring tape at the approximate 
midpoint between the lower margin of the last palpable rib and the 
top of the iliac crest.

In addition, the trained research staff conducted a face‐to‐face 
interview with each participant using structured questionnaires to 
collect information on demographics, socio‐demographics (age, 
gender, ethnicity, education, employment status, and whether 
owning a house), personal and family medical history (heart dis‐
ease, diabetes and stroke), medication adherence, smoking status, 
physical activity levels, and dietary habits. Smoking status was 
evaluated using questions adapted from WHO Tobacco Questions 
for Surveys,30 and physical activity levels were measured using 
the International Physical Activity Questionnaire (IPAQ) 9‐item 
short form.31 Self‐reported medication adherence was defined as 
the percentage of patients reporting using the medications among 
those who were prescribed medications by doctors at the time 
of interview. Moreover, at the time of recruitment, each partic‐
ipant also received a panel test in the polyclinics at a subsidized 
cost, and the measurements included fasting blood glucose, he‐
moglobin A1c (HbA1c), and lipids (serum total cholesterol [TC], 
HDL cholesterol [HDL‐C], LDL cholesterol [LDL‐C]). Glucose levels 
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were measured on the Roche Cobas c702 automated chemistry 
using Roche Diagnostics Glucose reagent. BMI was calculated as 
weight (kg)/(height [m])2, and WHtR was calculated as WC (cm)/
height (cm).

Pre‐diabetes was defined as meeting one of the three criteria: 
(a) had fasting blood glucose between 5.6 and <7.0 mmol/dL and (b) 
had	HbA1c	levels	between	5.7%	and	<6.5%.13 Diabetes was defined 
as: (a) reported physician‐diagnosed diabetes or taking anti‐diabetes 
medications,	(b)	had	fasting	blood	glucose	≥7.0	mmol/dL,	or	(c)	had	
HbA1c	 levels	≥	6.5%.13 The thresholds of blood tests were based 
on 2018 ADA recommendations on diagnosis of pre‐diabetes and 
diabetes.13

2.3 | Statistical analysis

Demographic, lifestyle, and clinical characteristics between subjects 
with and without pre‐diabetes or diabetes were compared using 
Student t test (continuous variables) and chi‐square test (categorical 
variables). Pearson correlation coefficients were calculated between 
BMI, WC, WHtR, TG, HDL‐C, LDL‐C, TC, SBP, and DBP (all had nor‐
mal distribution).

Participants were divided into quartiles according to the gen‐
der‐specific distribution of each adiposity measure (BMI, WC, and 
WHtR). Using the first quartile as the reference group, logistic re‐
gression	models	were	used	to	calculate	the	odds	ratio	(OR)	and	95%	
CI of pre‐diabetes or diabetes for the second to fourth quartiles of 
each adiposity measure. In addition, baseline clinics were treated as 
the clustering factor in all models. Restricted cubic spline analysis 
was used to examine the linearity of the crude association between 
each	adiposity	measure	 (with	4	 knots	 at	5%,	35%,	65%,	 and	95%)	
and the odds of pre‐diabetes or diabetes. We used several models 
to adjust for various potential confounding factors, which were 
chosen based on both clinical and statistical significance. Model 1 
included demographic factors such as age (years), gender, and eth‐
nicity (Chinese, Malay, Indian, others). Model 2 additionally adjusted 
for medical history and lifestyle factors including SBP (quartiles), 
DBP (quartiles), family history of stroke (yes, no), family history of 
heart disease (yes, no), smoking status (never smokers, past or cur‐
rent smokers), physical activity levels (moderate activity <150 min/
wk	and	vigorous	activity	<75	min/wk,	moderate	activity	≥150	min/
wk	or	vigorous	activity	≥75	min/wk),	dietary	habits	(dining	at	hawker	
center, never dining at hawker center), and dietary quality (eating un‐
cooked vegetables <4 times/mo and eating fruits <4 times/wk, eat‐
ing	uncooked	vegetables	≥4	times/mo	or	eating	fruits	≥4	times/wk).	
In model 3, we further adjusted for blood biomarkers such as TC, 
HDL‐C, LDL‐C, and TG (all in quartiles). Subsequently, we examined 
whether the association between pre‐diabetes or diabetes risk and 
BMI was independent of WC or WHtR, and whether that of WC and 
WHtR was independent of BMI by further including the correspond‐
ing adiposity measures in the logistic regression models. To test the 
robustness of the results, in sensitivity analyses, we repeated the 
above‐mentioned analyses among subgroup participants with worse 
lipid	levels	(TG	≥	1.7	mmol/L	and/or	HDL‐C	<	1.04	mmol/L	in	men	

and < 1.30 mmol/L in women) and examined the association be‐
tween adiposity measures and diabetes risk.

Subsequently, we evaluated the discrimination of the adiposity 
measures for pre‐diabetes or diabetes. The discrimination among 
different adiposity measures was compared by C‐statistics using 
DeLong's method.32 Youden index from ROC analysis, where the 
sum of the associated sensitivity and specificity minus one reached 
the maximum value, was applied to explore the optimal threshold of 
each adiposity measure in men and women separately. In addition, 
we used continuous NRI to evaluate the incremental improvements 
in risk predictions of adding WC/WHtR on top of BMI,33 which as‐
sesses the net percentage of patients with pre‐diabetes or diabe‐
tes correctly assigned to a higher predicted risk, as well as persons 
without pre‐diabetes or diabetes correctly assigned to a lower risk. 
Moreover, the model fitness was assessed by Akaike information cri‐
teria, where a lower value indicated better model fit.

Moreover, we evaluated the diabetes management among par‐
ticipants with diagnosed diabetes in this hypertensive population. 
Among people with diabetes, we calculated the percentage of un‐
controlled	blood	pressure	and	blood	glucose	(HbA1c	≥	7.0%),	as	well	
as medication adherence (anti‐hypertension and anti‐diabetes medi‐
cations). We used Stata version 14.0 (Stata Corp) and SAS version 9.4 
(SAS Institute, Inc) for the analyses, where we considered two‐sided 
P value < 0.05 to be statistically significant.

3  | RESULTS

In the current study comprising 925 hypertensive participants, the 
mean age was 64.7 years and more than half of the subjects had pre‐
diabetes	or	diabetes	 (n	=	495;	53.5%).	Compared	with	 their	 coun‐
terparts without pre‐diabetes or diabetes, those with the condition 
were more likely to be Malays or Indians, less likely to do physical ac‐
tivity, more likely to be currently working and had higher levels of all 
adiposity measures (BMI, WC, and WHtR). In addition, participants 
with pre‐diabetes or diabetes compared to those without had lower 
DBP and were less likely to have family history of stroke (Table 1). In 
addition, the distribution of baseline characteristics according to the 
sex‐specific quartiles of adiposity measures is shown in Tables S1‐S3.

BMI, WC, and WHtR were highly interrelated (correlation coef‐
ficients ranged from 0.74 to 0.89, P < 0.001), while their correlations 
with other variables such as lipids were much weaker (Table S4). 
Among the three adiposity measures, WC had the strongest correla‐
tion with SBP (r	=	−0.09;	P = 0.07) and DBP (r = 0.17; P < 0.001). In 
the crude model, spline analysis suggested a linear association be‐
tween all three adiposity measures and the odds of pre‐diabetes or 
diabetes (all P for nonlinearity >0.05; Figure S2). The multivariable 
analyses are shown in Table 2. After adjusting for demographics, 
lifestyle, and dietary habits, participants in the highest vs lowest 
quartile of BMI were associated with a 2.3‐fold increased odds of 
pre‐diabetes or diabetes in model 3 (OR comparing 4th vs 1st quar‐
tile:	2.33;	95%	CI:	1.40‐3.88;	P‐trend = 0.007). However, the posi‐
tive association attenuated to null after further adjustment for either 
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TA B L E  1   Demographic, lifestyle, and clinical characteristics of participants with and without pre‐diabetes or diabetesa

With pre‐diabetes or  
diabetes (n = 495)

Without pre‐diabetes or  
diabetes (n = 430) P‐valueb

Age (y) 64.7 (9.56) 64.6 (10.0) 0.85

Gender	(Female,	%) 229 (46.3) 226 (52.6) 0.06

Ethnicity	(%)

Chinese 338 (68.3) 348 (80.9) <0.001

Malay 73 (14.8) 46 (10.7)

Indian 68 (13.7) 19 (4.42)

Others 16 (3.23) 17 (3.95)

Height (cm) 161 (8.81) 160 (9.22) 0.11

Weight (kg) 70.7 (14.3) 66.1 (13.3) <0.001

BMI (kg/m2)

Normal/underweight (<23) 83 (16.8) 126 (29.3) <0.001

Overweight (23‐<27.5) 219 (44.2) 172 (40.0)

Obese	(≥27.5) 193 (39.0) 132 (30.7)

Waist circumference (cm)

Desirable (Men < 90, women < 80) 100 (20.2) 161 (37.4) <0.001

High (Men 90‐<102, women 80‐<88) 195 (39.4) 156 (36.3)

Very	high	(Men	≥	102,	women	≥	88) 200 (40.4) 113 (26.3)

Waist‐to‐height ratio 0.58 (0.06) 0.55 (0.07) <0.001

Education	levels	(%)

No education 20 (4.72) 28 (5.74) 0.18

Primary school 89 (21.0) 116 (23.8)

Secondary school 177 (41.8) 217 (44.5)

Post‐secondary education 138 (32.6) 127 (26.0)

Employment	status	(yes,	%) 226 (52.6) 225 (45.5) 0.031

Own	house	(yes,	%) 423 (85.5) 362 (84.2) 0.59

Systolic blood pressure (mm Hg) 149 (13.5) 150 (12.5) 0.48

Diastolic blood pressure (mm Hg) 87.6 (9.49) 89.1 (10.0) 0.016

Self‐reported	heart	disease	(%) 53 (10.7) 41 (9.53) 0.56

Self‐reported	stroke	(%) 21 (4.24) 14 (3.26) 0.43

Chronic kidney diseasec	(%) 75 (15.2) 51 (11.9) 0.15

Family	history	of	heart	disease	(%) 86 (17.4) 56 (13.0) 0.07

Family	history	of	stroke	(%) 86 (17.4) 108 (25.1) 0.004

Taking	any	medications	(%) 471 (95.2) 403 (93.7) 0.34

Cigarette	smoking	(%)

Never smokers 118 (23.8) 81 (18.8) 0.06

Former or current smokers 377 (76.2) 349 (81.2)

Physical activity

No 336 (67.9) 259 (60.2) 0.015

Yes 159 (32.1) 171 (39.8)

Dietary habits

Dining at Hawker center 203 (41.0) 200 (46.6) 0.09

Never Dining at Hawker center 292 (59.0) 229 (53.4)

Dietary qualityd

Poor 88 (17.8) 82 (19.1) 0.61

Good 407 (82.2) 348 (80.9)

(Continues)
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WC	(OR	comparing	4th	vs	1st	quartile:	1.15;	95%	CI:	0.42‐3.18;	P‐
trend	=	0.93)	or	WHtR	(OR	comparing	4th	vs	1st	quartile:	1.18;	95%	
CI: 0.50‐2.78; P‐trend = 0.61). The variance inflation factor (VIF) 
was 2.71 for BMI and 2.69 for WC when including them in the same 
model, indicating that the collinearity is not likely to exist between 
BMI and WC. On the contrary, WC and WHtR remained a strong 
and dose‐dependent association with the odds of pre‐diabetes or 
diabetes independent of BMI. In the final model with adjustment of 
BMI, the respective OR comparing the extreme quartile of WC and 
WHtR	was	2.71	(95%	CI	1.13‐6.50;	P‐trend	=	0.001)	and	2.45	(95%	
CI 1.29‐4.64; P‐trend = 0.003).

In sensitivity analyses, the association between each adiposity 
measure and the odds of diabetes remained similar to the main anal‐
yses (Tables S5 and S6). When comparing the highest vs lowest quar‐
tile in the fully adjusted model, BMI was not associated with the odds 
of diabetes, while higher WC (OR comparing 4th vs 1st quartile: 3.94; 
95%	CI:	1.91‐8.12;	P‐trend = 0.001) and WHtR (OR comparing 4th vs 
1st	quartile:	3.02;	95%	CI:	1.09‐8.36;	P‐trend = 0.036) were strongly 
associated with higher odds of diabetes (Table S5). Likewise, among 
participants with worse lipid profile, BMI was not associated with the 
odds of pre‐diabetes or diabetes, while WC and WHtR were positively 
associated with the odds of pre‐diabetes or diabetes (Table S6). In ad‐
dition, when stratifying participants with and without pre‐diabetes and 
diabetes	by	lower	and	higher	levels	of	BMI	and	WC	(<	vs	≥	respective	
median values), we found that among participants with pre‐diabetes 
and	 diabetes,	 the	 number	 of	 those	 with	 both	 higher	WC	 (≥median	
levels, 94 cm in men and 88 cm in women) and lower BMI (<median 
levels, 26.2 kg/m2 in men and 26.0 kg/m2 in women) levels was higher 
than the number of those with higher BMI but lower WC levels (n = 56 
[11.3%]	vs	36	[7.27%]).	Among	people	without	pre‐diabetes	or	diabe‐
tes, the number of those with higher BMI and lower WC levels was 
slightly higher than the number of those with higher WC and lower 
BMI	levels	(n	=	39	[9.07%]	vs	36	[8.37%];	Table	S7).	The	results	further	
supported the finding from the multivariable logistic regression mod‐
els that WC may be more closely related to pre‐diabetes and diabetes 
than BMI.

In regard to predictive utility, continuous WC and WHtR had 
statistically	 better	 estimates	 of	 discrimination	 (AUC	 [95%	CI]:	 0.63	
[0.60‐0.67] for WC, 0.63 [0.59‐0.66] for WHtR vs 0.60 [0.56‐0.63] 
for BMI; P = 0.019) (Table 3). Adding dichotomized WC or WHtR (< vs 
≥	optimal	threshold	identified	by	Youden	Index)	on	top	of	BMI	dichot‐
omized	by	ADA	recommendation	(<	vs	≥23	kg/m2) or Youden Index 
(<	vs	≥24.4	kg/m2)	 resulted	 in	significant	gains	 in	NRIs	 (42.7%	[95%	
CI:	29.8%‐55.7%]	 for	WC,	38.7%	 [25.8%‐51.6%]	 for	WHtR;	Table	3	
and Table S8). Thus, WC and WHtR demonstrated superior clinical 
utility than BMI for the identification of people with pre‐diabetes or 
diabetes in the current population. In addition, the observation that 
WC had similar AUC and slightly higher NRI than WHtR suggested 
that WHtR is not better than WC, and WC alone is a simple and useful 
clinical tool. The optimal threshold of WC was 91.5 cm in men and 
83.0 cm in women for identifying the odds of pre‐diabetes or diabe‐
tes,	and	the	associated	sensitivity	was	69.6%	and	82.5%,	respectively	
(Table 3).

We evaluated the medication adherence in the study population 
with diabetes. Among 284 participants with diagnosed diabetes, 
82.0%	 participants	 reported	 adherence	 to	 anti‐diabetes	 medica‐
tions,	and	71.8%	used	oral	medications	only.	However,	62.3%	had	
poorly	controlled	blood	glucose	levels	(HbA1c	≥	7.0%;	Table	S9).	In	
addition,	276	(98.6%)	participants	reported	adherence	to	anti‐hyper‐
tensive	medications,	with	majority	using	1	or	2	medications	(42.3%	
and	35.9%,	 respectively),	 and	19.4%	participants	had	poor	 control	
of	blood	pressure	(systolic	blood	pressure	≥	160	mm	Hg	or	diastolic	
blood	pressure	≥	100	mm	Hg;	Table	S9).

4  | DISCUSSION

In this Asian population with uncontrolled hypertension, we found 
that central obesity measures including WC and WHtR both had a 
strong and independent relation with pre‐diabetes or diabetes after 
adjusting for BMI, while BMI lost its significance after adjustment 
for central obesity. In addition, both WC and WHtR had better 

With pre‐diabetes or  
diabetes (n = 495)

Without pre‐diabetes or  
diabetes (n = 430) P‐valueb

Total cholesterol, mmol/L 4.47 (0.92) 4.88 (0.86) <0.001

LDL cholesterol, mmol/L 2.42 (0.81) 2.70 (0.76) <0.001

HDL cholesterol, mmol/L 1.34 (0.38) 1.55 (0.45) <0.001

Triglyceride, mmol/L 1.56 (0.84) 1.38 (0.64) <0.001

Fasting plasma glucose, mmol/dL 6.85 (1.89) 5.03 (0.32) <0.001

aData are expressed as mean (SD) for continuous variables, and n (percentage) for categorical variables. Participants with pre‐diabetes or diabetes 
met	one	of	the	three	criteria:	(a)	self‐reported	physician‐diagnosed	or	taking	diabetes	medications;	(b)	fasting	plasma	glucose	levels	≥5.6	mmol/dL;	
and	3)	hemoglobin	A1c	≥	5.7%.	
bP values based on student t test for continuous variables, and chi‐square test for categorical variables. 
cChronic kidney disease was defined as having either estimated glomerular filtration rate <60 mL/min/1.73 m2 calculated using Chronic Kidney 
Disease	Epidemiology	Collaboration	(CKD‐EPI)	equation	or	albuminuria	≥30	mg/g.	
dPoor dietary quality was defined as eating uncooked vegetables <4 times/mo and eating fruits <4 times/wk; good dietary quality was defined as 
eating	uncooked	vegetables	≥4	times/mo	or	eating	fruits	≥4	times/wk.	

TA B L E  1   (Continued)
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discrimination than BMI, and adding WC or WHtR on top of BMI 
further	 reclassified	42.7%	and	38.7%	hypertensive	patients	 to	 the	
right risk group of pre‐diabetes or diabetes. However, WHtR is not 
superior to WC, suggesting that WC alone is the best pre‐screening 
tool for pre‐diabetes or diabetes in this population. Our results im‐
plied that measuring WC in addition to BMI in clinics could provide 
incremental benefits in the identification of Asian hypertensive pa‐
tients with pre‐diabetes or diabetes.

In 2018, the American Diabetes Association (ADA) suggested 
to	screen	hypertensive	patients	with	BMI	≥23	kg/m2 among Asian 
Americans. However, our results implied that WC could be a bet‐
ter tool than the BMI‐based screening in the current Asian popu‐
lation with hypertension. Consistent with our findings, the largest 
prospective study in China (Kadoorie Biobank) among ~0.5 million 

participants also showed a stronger association with WC com‐
pared to BMI.16 The differences of AUCs for WC (0.63) and WHtR 
(0.63) compared to BMI (0.60) were small in the current study. 
Similarly, prior studies among general populations with outcome 
of pre‐diabetes or diabetes also showed small improvements in 
AUC values for WC/WHtR compared to BMI.17‐25 The small dif‐
ference may be due to the limitation of AUC of being insensitive 
to model improvement, which has shown only a small increment 
when adding an important risk factor to the model.34 Thus, we 
further applied NRI as a complementary method and found that 
on	top	of	BMI,	WC	and	WHtR	additionally	reclassified	42.7%	and	
38.7%	individuals	to	the	correct	risk	category	of	pre‐diabetes	or	
diabetes, thus demonstrating superior clinical efficiency of WC 
and WHtR over BMI.

TA B L E  2  Odds	ratios	(95%	confidence	intervals)	for	pre‐diabetes	or	diabetes	according	to	quartiles	of	adiposity	measuresa

Quartiles of adiposity measures
P for 
trendb

Per 1 SD 
incrementQ1 Q2 Q3 Q4

BMI

Median (range) 21.9 (14.6‐23.2) 24.7 (23.3‐26.0) 27.3 (26.1‐29.1) 31.7 (29.2‐42.0)

Cases/controls 94/136 125/107 127/105 149/82

Model 1c 1.00 1.75 (1.30‐2.37) 1.77 (1.10‐2.83) 2.78 (1.54‐5.02) 0.002 1.46 (1.16‐1.84)

Model 2d 1.00 1.81 (1.30‐2.53) 1.85 (1.12‐3.04) 2.87 (1.56‐5.27) 0.001 1.45 (1.17‐1.81)

Model 3e 1.00 1.65 (1.22‐2.24) 1.60 (0.92‐2.78) 2.33 (1.40‐3.88) 0.007 1.35 (1.12‐1.62)

Model 3e + WC 1.00 1.33 (0.83‐2.11) 1.02 (0.42‐2.45) 1.15 (0.42‐3.18) 0.93 1.05 (0.80‐1.40)

Model 3e + WHtR 1.00 1.33 (0.88‐2.01) 1.02 (0.47‐2.19) 1.18 (0.50‐2.78) 0.61 1.07 (0.84‐1.36)

WC

Median (range) 79.0 (58.0‐84.0) 87.5 (84.3‐90.5) 95.0 (91.0‐99.0) 104.0 (99.2‐125.5)

Cases/controls 89/145 118/108 138/101 150/76

Model 1c 1.00 1.97 (1.21‐3.22) 2.49 (1.71‐3.63) 3.27 (2.20‐4.84) <0.001 1.64 (1.35‐1.99)

Model 2d 1.00 2.12 (1.29‐3.48) 2.73 (1.88‐3.95) 3.40 (2.37‐4.88) <0.001 1.67 (1.38‐2.03)

Model 3e 1.00 1.98 (1.25‐3.14) 2.44 (1.74‐3.42) 2.81 (1.88‐4.22) <0.001 1.56 (1.30‐1.86)

Model 3e + BMI 1.00 1.86 (1.07‐3.58) 2.38 (1.25‐4.52) 2.71 (1.13‐6.50) 0.001 1.60 (1.20‐2.13)

WHtR

Median (range) 0.50 (0.38‐0.52) 0.55 (0.53‐0.57) 0.59 (0.57‐0.61) 0.65 (0.61‐0.78)

Cases/controls 89/141 119/114 127/103 160/72

Model 1c 1.00 1.65 (1.22‐2.23) 1.96 (1.51‐2.54) 3.17 (2.13‐4.72) <0.001 1.56 (1.31‐1.87)

Model 2d 1.00 1.72 (1.31‐2.26) 2.11 (1.64‐2.70) 3.27 (2.25‐4.74) <0.001 1.59 (1.33‐1.89)

Model 3e 1.00 1.55 (1.20‐1.98) 1.91 (1.51‐2.41) 2.58 (1.87‐3.57) <0.001 1.48 (1.26‐1.74)

Model 3e + BMI 1.00 1.52 (1.03‐2.25) 1.84 (1.32‐2.57) 2.45 (1.29‐4.64) 0.003 1.52 (1.22‐1.90)

Abbreviations: BMI, body mass index; SD, standard deviation; WC, waist circumference; WHtR, waist‐to‐height ratio.
aLogistic regression analysis was used to compute the odds ratios of adiposity measures treating baseline clinics as the clustering factor. Participants 
with pre‐diabetes or diabetes met one of the three criteria: (a) self‐reported physician‐diagnosed or taking diabetes medications; (b) fasting plasma 
glucose	levels	≥5.6	mmol/dL;	and	(c)	hemoglobin	A1c	≥	5.7%.	
bLinear trend was tested by using the median level of each quartile of adiposity measure. 
cModel 1: adjusted for age (y), gender, and ethnicity (Chinese, Malay, Indian, mixed, others). 
dModel 2: Model 1 plus adjusted for diastolic blood pressure (quartiles), family history of stroke (yes, no), family history of heart disease (yes, no), 
employment status (yes, no), smoking status (never smokers, past or current smokers), physical activity (no, yes), dietary habits (dining at hawker 
center, never dining at hawker center) and dietary quality (eating uncooked vegetables < 4 times/mo and eating fruits < 4 times/wk, eating uncooked 
vegetables	≥	4	times/mo	or	eating	fruits	≥	4	times/wk).	
eModel 3: Model 2 plus adjusted for total cholesterol, LDL cholesterol, HDL cholesterol, and triglycerides (all in quartiles). 
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The optimal threshold of WC identified in the current hyperten‐
sive population (91.5 cm for men and 83.0 cm for women) was higher 
than that identified in other Asian studies among general popula‐
tions (85‐86.1 cm for men and 77.5‐80 cm for women),17,18 and this 
observation was consistent with the finding that central obesity is 
correlated with blood pressure elevation.35 In addition, the optimal 
WC threshold in the current population was substantially lower than 
that identified in a US study comprising of Caucasians and African 
Americans (99.1‐99.4 cm in men and 91.9‐96.8 cm in women)36 and 
may suggest the ethnic difference in propensity to cardiometabolic 
risk for the same level of central obesity. Similarly, a recent prospec‐
tive study among 136 112 postmenopausal women in the United 
States has reported that the superiority of WC for diabetes predic‐
tion compared to other anthropometric measures was only observed 
in Asian women but not in African American women.37 Although the 
underlying mechanism behind the observed ethnic difference is not 
clear, previous studies observed ethnic variation in mediators of car‐
diometabolic risk including adipokines38 or glucose levels,39 which 
may account for the potential ethnic heterogeneity. Furthermore, 
the	sensitivity	associated	with	the	optimal	threshold	of	WC	(69.6%	
for	men	and	82.5%	for	women)	was	comparable	to	those	reported	
in	the	previous	studies	(50.2%‐77.0%	for	men	and	60.0%‐77.1%	for	
women),17,18,36 thus further indicated the usefulness of WC in the 
current population.

The underlying mechanism behind the relationship between cen‐
tral obesity and impaired glucose levels may be via the role of ab‐
dominal fat as a marker of increased ectopic fat, which is the driver 
of metabolic complications and the predictor of future development 

of diabetes.40 The accumulation of fat storage begins at subcutane‐
ous sites; after subcutaneous fat reaches its maximum size, extra 
triglycerides will spill over to visceral or ectopic (non‐adipose tissue 
sites such as the liver or pancreas) sites for storage.41‐43 Increased 
visceral/abdominal fat is considered as a marker of increased ectopic 
fat,44 and the large prospective studies found that ectopic fat, rather 
than subcutaneous fat, is key to metabolic abnormality and subse‐
quent development of diabetes.40,45 Further studies are needed to 
elucidate these mechanisms behind central obesity and pre‐diabetes 
or diabetes.

Our study had some important clinical implications. First, WC is 
not routinely assessed in the polyclinics in Singapore, or most clin‐
ics in Asia. A simple measurement of WC can be readily carried out 
with a tape in both the clinic and community settings, and nurses 
can be trained in standardized measurements of WC as we have 
demonstrated. Hence, WC could be used as a pre‐screening tool to 
alert health care providers about patients at high risk of pre‐diabe‐
tes or diabetes. It is likely to offer incremental value to BMI mea‐
surements in terms of identifying Asian hypertensive patients with 
pre‐diabetes or diabetes. In fact, from a health system perspective, 
using a pre‐screening tool is likely to decrease the number of people 
required for blood tests and could offer practical solutions for re‐
mote settings and populations. Second, since hypertensive patients 
with pre‐diabetes or diabetes are at high risk of developing cardio‐
vascular disease,5 such a pre‐screening tool among hypertensive 
patients is very important for clinicians to choose the appropriate 
therapies and intervention programs to prevent the cardiovascular 
outcomes. Although the causal relationship cannot be determined 

TA B L E  3   Summary statistics to assess adiposity measures in discrimination of pre‐diabetes or diabetes (n = 925)

Variable Thresholds Sensitivity Specificity
Discrimination 
(AUC [95% CI])a

Calibration 
(AIC)

NRI (95% CI)b over 
BMI 23 kg/m2

NRI (95% CI)b over 
BMI 24.4 kg/m2

Body mass index (kg/m2)

Men 23.0c 82.7% 27.5% 0.60 (0.56‐0.63) 1257

Women 23.0c 83.8% 31.0%

Men 24.4d 72.2% 46.1%

Women 24.4d 74.7% 43.4%

Waist circumference (cm)

Men 91.5d 69.6% 54.4% 0.63 (0.60‐0.67)e 1230 42.7%	(29.8%‐55.7%) 42.7%	(29.8%‐55.7%)

Women 83.0d 82.5% 38.1%

Waist‐to‐height ratio

Men 0.54d 75.2% 47.6% 0.63 (0.59‐0.66)e 1236 38.7%	(25.8%‐51.6%) 38.7%	(25.8%‐51.6%)

Women 0.55d 73.4% 45.6%

Abbreviations: AIC, Akaike information criteria; AUC, area under receiver operating characteristics curve; CI, confidence interval; NRI, net reclassifi‐
cation improvement.
aAUC was calculated using the continuous variables of body mass index, waist circumference, and waist‐to‐height ratio. 
bNRI	was	assessed	by	adding	the	binary	variables	of	waist	circumference	and	waist‐to‐height	ratio	(<	vs	≥	respective	threshold)	on	top	of	binary	body	
mass	index	(<	vs	≥23	kg/m2 or	<	vs	≥24.4	kg/m2). 
cEqual to or above the threshold was defined as overweight for Asian Americans by American Diabetes Association. 
dThe optimal thresholds were identified based on the Youden Index, where sensitivity + specificity‐1 reached maximum. 
eThe higher AUCs of waist circumference and waist‐to‐height ratio compared to body mass index were statistically significant (P = 0.019). 
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in the cross‐sectional study, landmark clinical trials have shown that 
central obesity is a modifiable risk factor for diabetes.6‐12 Of note, 
Diabetes Prevention Program has shown that weight loss is so far 
the most important contributor to diabetes prevention.6,7 In addi‐
tion,	we	found	that	62.3%	of	hypertensive	patients	with	diabetes	
had	 poor	 control	 of	 blood	 glucose	 levels	 (HbA1c	 ≥	 7.0%).	 These	
findings underscore that future intervention programs need to eval‐
uate drug adherence and lifestyle modifications with focus on de‐
creasing WC in these patients at high risk of vascular complications. 
Thus, our findings have significant clinical and public health impli‐
cations for using WC in hypertensive adults as the pre‐screening 
tool for pre‐diabetes and diabetes, and as a risk stratification tool 
for CVD in community outreach settings in Singapore and probably 
other Asian countries. In addition, we have found that WC had the 
strongest correlation with SBP and DBP among the three adiposity 
measures, which indicates the potential role of WC to identify the 
presence of uncontrolled hypertension as well. Consistently, a prior 
study in Brazil also found that hypertension was only associated 
with abdominal adiposity but not with BMI.46 However, since the 
evidence regarding this topic is scarce, future studies are warranted 
to examine this issue.

However, some limitations merit consideration. First, the AUC 
values of all adiposity measures were smaller than 0.7 in the present 
study, thus indicating modest discrimination performance. Second, 
the current study did not have information on all anthropometric 
measures (eg, hip circumference) and thus cannot compare with 
other adiposity measures (eg, waist‐to‐hip ratio); however, previous 
studies have shown that WC was more closely related to the level of 
abdominal visceral adipose tissue than the waist‐to‐hip ratio,47 and 
waist‐to‐hip ratio had smaller or at best similar discrimination com‐
pared to WC for the identification of people with pre‐diabetes or 
diabetes.17,19‐22,36 In addition, the majority of the participants in the 
current	study	were	Chinese	(n	=	686;	74.2%),	and	a	small	percentage	
were	Malay	(n	=	119;	12.9%)	and	Indian	(n	=	87;	9.4%).	Due	to	the	
small numbers for Malay and Indian, we lack power to perform strat‐
ified analysis to explore the performance of the adiposity measures 
among Malays and Indians. Therefore, further studies with larger 
sample size are warranted to validate our results and explore the 
optimal threshold in other ethnic groups.

5  | CONCLUSIONS

In conclusion, our results based on multi‐ethnic population in pri‐
mary care clinics in Asia show that compared to generalized obesity 
measured by BMI, central obesity measured by WC had stronger 
association with and better discrimination for pre‐diabetes and dia‐
betes. Our findings suggest that WC could be measured in addition 
to BMI to provide incremental benefit in the identification of Asian 
hypertensive patients with pre‐diabetes or diabetes. Future studies 
are warranted to evaluate the clinical and cost effectiveness of WC 
that integrates in the primary care setting in Singapore and other 
Asian countries.
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