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Abstract

Objectives

Lifestyle factors are well-known important modifiable risk factors for obesity; the association

between tobacco smoking and central obesity, however, is largely unknown in the Chinese

population. This study examined the relationship between smoking and central obesity in

0.5 million Chinese adults, a population with a low prevalence of general obesity, but a high

prevalence of central obesity.

Subjects

A total of 487,527 adults (200,564 males and 286,963 females), aged 30-79 years, were en-

rolled in the baseline survey of the China Kadoorie Biobank (CKB) Study conducted during

2004-2008. Waist circumference (WC) andWC/height ratio (WHtR) were used as measures

of central obesity.

Results

The prevalence of regular smokers was significantly higher among males (60.6%) than

among females (2.2%). The prevalence of central obesity increased with age and BMI levels,

with a significant gender difference (females>males). Of note, almost all obese adults

(99.4%) were centrally obese regardless of gender. In multivariable regression analyses, ad-

justing for age, education, physical activity, alcohol use and survey site, regular smoking

was inversely associated with BMI in males (standardized regression coefficients, β= -0.093,

p<0.001) and females (β= -0.025, p<0.001). Of interest, in the BMI stratification analyses in
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18 groups, all βs of regular smoking for WHtR were positive in both genders; the βs showed

a significantly greater increasing trend with increasing BMI in males than in females. In the

analyses with model adjustment for BMI, the positive associations between regular smoking

andWHtR were stronger in males (β= 0.021, p<0.001) than in females (β= 0.008, p<0.001)

(p<0.001 for gender difference). WC showed considerably consistent results.

Conclusions

The data indicate that tobacco smoking is an important risk factor for central obesity, but the

association is gender-specific and depends on the adjustment for general obesity.

Introduction
Obesity has reached an epidemic level worldwide in both children and adult populations de-
spite efforts of research and prevention for decades [1–5]. Obesity has gained importance be-
cause of its association with subsequent cardiovascular disease and all-cause mortality [6–8].
Obesity has also been shown to be associated with a number of cardiovascular disease risk fac-
tors, such as hypertension, dyslipidemia, type 2 diabetes, and insulin resistance, all known as
metabolic syndrome components [9–12]. Asian populations have a relatively lower BMI com-
pared with Western populations, but are predisposed to central or abdominal obesity [7,11–
16]. This central fat accumulation is reported to be more strongly associated with cardiovascu-
lar disease risk factors and metabolic syndrome than peripheral fat distribution [11,12].

The rapid economic growth has been accompanied by urbanization, westernization of
lifestyle behaviors and rising rates of obesity in China during the past couple of decades
[4,5,17,18]. Based on secular trends in the prevalence of obesity among Chinese adults during
1993–2009, it seems that the obesity epidemic has not plateaued in China [5]. Central obesity
and related cardiometabolic abnormalities have been considered an expression of a "Civiliza-
tion Syndrome" [19]. The modern, urbanized society-related features, including unhealthy die-
tary patterns, lower physical activity, alcohol consumption and tobacco smoking, are well-
known important modifiable lifestyle risk factors for obesity [1,17–21]. Despite a huge body of
literature on the inverse association between smoking and general obesity [22–24], data are
limited regarding the association between tobacco smoking and central obesity in Asians; no
previous studies have focused on the smoking-central obesity association among adults in the
Chinese population, with a low prevalence of general obesity, but a high prevalence of central
obesity. The objective of the present study is to examine the relationship between tobacco
smoking and central obesity measures in 0.5 million male and female adults enrolled in the
China Kadoorie Biobank (CKB) Study.

Methods

Study Design and Participants
The CKB Study is a prospective study of chronic disease in China. Details of the CKB study de-
sign and characteristics of the study participants have been described elsewhere [25,26]. Briefly,
512,891 participants without major disabilities living in administrative units (rural villages or
urban residential committees), aged 30–79 years (mean age: 51.5 years), were recruited in the
baseline survey between 2004 and 2008 from five urban and five rural areas in China. Selection
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of the survey sites was based on local patterns of disease and exposure to certain risk factors,
population stability, quality of death and disease registries, local commitment and capacity.

The current analysis included participants who had a weight between 30 kg and 160 kg,
a height of 145–200 cm (males) and 140–200 cm (females), a BMI between 18.5 and 45.0, and
a waist circumference between 50 cm and 150 cm. People who were very underweight or ex-
tremely obese or were at the extremes of the height distribution may have underlying metabolic
or growth disorders. A total of 25,364 participants were excluded based on the above selection
criteria, and 487,527 adults (200,564 males and 286,963 females) formed the sample for the
current analysis.

Ethical approval for the CKB study was obtained from the Ethical Review Committee of
the Chinese Center for Disease Control and Prevention (Beijing, China) and the Oxford Tropi-
cal Research Ethics Committee, University of Oxford (UK). In addition, approvals were ob-
tained from the institutional research boards at the local Center for Disease Control and
Prevention in each of the ten survey sites. Finally, written informed consent was obtained from
all participants.

Questionnaire survey
In the baseline survey, trained interviewers administered a standardized questionnaire using
a laptop-based direct data-entry system, with built-in functions to avoid logical errors and
missing items. The questionnaire included detailed questions on socio-demographic status,
medical history and health status, smoking, alcohol consumption, physical activity, and other
lifestyle behaviors.

Education was classified into five levels: Illiterate, elementary, middle school, high school,
college and above. Total physical activity was converted into metabolic equivalent hours per
day (MET-hours/day) spent on work, transportation, housework, non-sedentary recreation as
described in our previous study [27]. For assessment of alcohol consumption, participants
were asked how often they had drunk alcohol during the previous 12 months, and those who
had not drunk weekly were asked if there was a period of at least a year prior to that when they
had drunk some alcohol at least once a week. Participants were classified into four main drink-
ing categories: 1) nondrinkers; 2) ex-drinkers; 3) occasional drinkers; and 4) weekly drinkers.

For assessment of tobacco consumption, participants were asked how often they had
smoked tobacco at the time of the survey, and those who did not smoke or only smoked occa-
sionally were asked if there was a period prior to that when they had smoked some tobacco on
most days or daily. In the present analysis, participants were classified into four main smoking
categories: 1) nonsmokers were defined as those who did not smoke currently and had not
smoked more than 100 cigarettes during his/her lifetime; 2) ex-smokers as those who currently
do not smoke or only smoked occasionally but had smoked on most days or daily in the past;
3) occasional smokers as those who do not smoke currently but had smoked occasionally in
the past or had smoked at least 100 cigarettes during his/her lifetime, or those who currently
smoke occasionally and had not smoked on most days or daily in the past; 4) regular smokers
as those who currently smoke daily or on most days. Information on duration (years) of smok-
ing and number of packs smoked per day was obtained for regular smokers, and pack-years
was calculated as a measure of cumulative burden of smoking.

Anthropometric measurements
Standing height and body weight were measured in light indoor clothing without shoes to the
nearest 0.1 cm and 0.1 kg, respectively. Waist circumference (WC) was measured midway be-
tween the iliac crest and the lower rib margin at the end of normal expiration using a plastic
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flexible tape to the nearest 0.1 cm. All measurements were made by trained staff using a stan-
dard protocol and instruments. WC/height ratio (WHtR) was calculated as WC divided by
height and was used as a measure of central obesity [12]. Body mass index (BMI) was calculat-
ed as weight in kilograms divided by the square of height in meters and was used as a measure
of general obesity. Normal-weight (BMI = 18.5–23.9), over weight (BMI = 24.0–27.9) and obe-
sity (BMI = 28.0–45.0) groups were defined based on recommendations of the Working Group
on Obesity in China [7]. Central obesity was defined as WHtR> = 0.5 [11,12].

Statistical analyses
Statistical analyses were performed using Stata Statistical Software (version 13.1, 2013, Stata-
Corp LP., College Station, TX). All analyses were performed separately by gender groups. De-
scriptive data were presented as mean and standard deviation (SD) for continuous variables,
and percentages for categorical variables. General linear models were used to test differences in
continuous study variables between gender groups, adjusting for age, and survey sites for the
descriptive data. Chi-square test was used to test the differences in categorical study variables
between gender groups.

Multivariable linear regression analyses were performed (dependent variables = BMI, WC
or WHtR; predictor = smoking) by gender, adjusting for age, survey site (included in the re-
gression models as nine dummy variables using Qingdao as a reference), education (catego-
rized as no formal school, elementary school, middle school, high school, or college and
above), total physical activity (MET-hours/day) and alcohol use (nondrinker, ex-drinker, occa-
sional drinker and weekly drinker). Smoking was included in the model as both a categorical
variable (nonsmoking, ex-smoking, occasional smoking and regular smoking) and a continu-
ous variable (pack-years). In order to assess the influence of adjustment for BMI on the associa-
tion of tobacco smoking with WC andWHtR, males and females were stratified into 18
subgroups according to levels of BMI with equal numbers of subjects in each subgroup. Multi-
variable linear regression analyses were performed within each subgroup, adjusting for the
above mentioned covariates. Standardized regression coefficients of regular smoking for WC
andWHtR in the 18 BMI subgroups were plotted in males vs females. Linear regression models
were used to assess significance of trends in the effect size of regular smoking on WC and
WHtR across these 18 BMI subgroups; interaction regression models were used to test the dif-
ference in slopes of the regression lines between gender groups.

In sensitivity analyses, the association of tobacco smoking with WC and WHtR was exam-
ined using multivariable linear regression models, with and without BMI adjustment, by
groups of normal-weight (BMI = 18.5–23.9), over-weight (BMI = 24.0–27.9), and obesity
(BMI = 28.0–45.0), adjusting for covariates as mentioned above.

Results
Table 1 summarizes the characteristics of the study cohort by gender. Males were older and
had higher education than females (p<0.001); males had significantly higher levels of physical
activity measured as MET-hours/day and prevalence of weekly alcohol drinkers than females.
The prevalence of regular smokers was 27.5 times higher among males than that among fe-
males (60.6% vs 2.2%). Females had longer duration of smoking but lower packs/day and pack-
years than males. Height, weight, and WC showed significant gender differences in mean
values (males>females); however, BMI, WHtR, and the prevalence of central obesity were
significantly lower among males than among females. Further, the prevalence of central
obesity increased in the order of subgroups of normal-weight (BMI = 18.5–23.9), over-weight
(BMI = 24.0–27.9), and obesity (BMI = 28.0–45.0) in both males and females, with significant
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gender differences in the normal-weight and over-weight groups (females>males). Of note,
almost all Chinese adults (99.4%) with obesity in this cohort were centrally obese regardless
of gender.

Fig 1. presents the prevalence of central obesity by gender and age in the total sample (A)
and among individuals with normal-weight (B). In the total sample, the prevalence of central
obesity increased with age, and females showed a significantly higher prevalence than males at
ages above 45 years. Among normal-weight individuals, the prevalence of central obesity in-
creased with age and was significantly higher among females than among males in all age
groups, with a steeper increase in females than in males.

Table 2 shows mean levels of BMI, WC andWhtR by gender and smoking groups. Com-
pared to nonsmokers, regular smokers had significantly lower values of BMI in males and fe-
males; the differences in WC and WHtR, however, showed an opposite direction in meals

Table 1. Characteristics (mean±SD or %) of study variables by gender groups.

Males (n = 200,564) Females (n = 286,963) P for gender difference

Age (year) 52.1 ± 10.8 50.7 ± 10.3 <0.001

Education (%) <0.001

Illiterate and elementary 41.3 55.9

Middle school and above 58.7 44.1

Physical activity (MET-hours/day)a 22.2 ± 15.3 20.5 ± 12.8 <0.001

Alcohol use (%) <0.001

Nondrinker 19.7 63.0

Ex-regular drinker 8.7 0.9

Occasional drinker 38.0 34.1

Regular drinker 33.7 2.0

Tobacco use <0.001

Nonsmoker 14.5 95.2

Ex-regular smoker 13.4 0.8

Occasional smoker 11.4 1.8

Regular smoker 60.6 2.2

Regular smoker

Duration of smoking (years) 28.4 ± 10.9 29.6 ± 15.5 <0.001

Packs/day 0.9 ± 0.5 0.5 ± 0.4 <0.001

Pack-years/1000 9.5 ± 6.9 5.5 ± 5.4 <0.001

Height (cm)a 165.3 ± 6.4 154.4 ± 5.7 <0.001

Weight (kg)a 65.0 ± 10.4 57.5 ± 8.9 <0.001

BMI (kg/m2)a 23.7 ± 3.1 24.1 ± 3.2 <0.001

Waist circumference (cm)a 82.7 ± 9.4 79.8 ± 9.1 <0.001

WHtR ratioa 0.500 ± 0.054 0.517 ± 0.060 <0.001

Central obesity (%)b 48.8 58.2 <0.001

Central obesity (%)b

BMI 18.5–23.9 19.1 30.3 <0.001

BMI 24.0–27.9 84.0 85.8 <0.001

BMI 28.0–45.0 99.4 99.4 0.878

a: P-values for gender difference were adjusted for age and survey site;
b: Central obesity was defined as WHtR�0.5.

MET-hours/day: metabolic equivalent hours per day

WHtR: waist circumference/height ratio

doi:10.1371/journal.pone.0124586.t001
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(regular smokers<nonsmokers) and females (regular smokers>nonsmokers). It has to be
noted that the difference in unadjusted BMI between nonsmokers and regular smokers was
greater in males (24.13–23.4 = 0.73) than in females (24.10–23.9 = 0.20). Apparently, the lower
BMI resulted, at least partly, in lower WC and WHtR in male regular smokers.

Table 3 presents linear regression coefficients of smoking for BMI, WC andWHtR by gen-
der groups, adjusting for age, education, physical activity, alcohol use and survey site. Com-
pared with non-smoking, ex-smoking was positively associated with BMI, WC and WHtR in
males and females (p<0.001), but regular smoking was inversely associated with BMI, WC and
WHtR in both gender groups (p<0.001). Occasional smoking was positively associated with all
adiposity measures in males and females except for BMI in males. Pack-yeas was inversely as-
sociated with BMI, WC andWHtR in both gender groups (p<0.001) except for WC in males
(positively). Gender differences in standardized regression coefficients of ex-smoking and reg-
ular smoking for WC andWHtR (males>females) were all significant; gender differences in
standardized regression coefficients of pack-years were significant for BMI (males>females)
and WC (an opposite direction). The regression coefficients of pack-years vs regular smoking
for WC had different signs (0.006 vs -0.044) among males. The explanation is that the associa-
tions of light and heavy regular smoking and the duration of smoking with BMI may be differ-
ent, and the large sample is highly sensitive to detect the change in the effect. Another

Fig 1. Prevalence of central obesity in the total sample (BMI = 18.5–45.0) (A) and normal-weight adults
(BMI = 18.5–23.9) (B).

doi:10.1371/journal.pone.0124586.g001

Table 2. Unadjustedmeans±SD of adiposity measures by gender and smoking groups.

Males Females

BMI(kg/m2) WC(cm) WHtR BMI(kg/m2) WC(cm) WHtR

Nonsmoker 24.13±3.0 83.8±9.3 0.507 ± 0.053 24.10±3.2 79.7±9.1 0.516 ± 0.060

Ex-smoker 24.4±3.1 85.0±9.7 0.515 ± 0.056 24.9±3.5 83.6±9.8 0.552 ± 0.063

Occasional smoker 24.1±3.0 83.4±9.0 0.505 ± 0.052 24.3±3.4 80.3±9.3 0.524 ± 0.061

Regular smoker 23.4±3.0 81.9±9.3 0.495 ± 0.053 23.9±3.4 80.4±9.6 0.528 ± 0.061

P-valuea <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

WC: waist circumference

WHtR: waist circumference/height ratio
a: difference between nonsmokers and regular smokers, adjusted for age and survey sites.

Gender differences in means were all significant (P<0.001), adjusted for age and survey sites.

doi:10.1371/journal.pone.0124586.t002
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explanation is that body height might have an influence in this regard when compared with the
regression coefficient for WhtR (-0.007�, p = 0.011) in males.

In order to assess the influence of adjustment for BMI on the association analyses of
smoking with WC andWHtR, males and females were stratified into 18 subgroups with equal
numbers of subjects in each subgroup according to levels of BMI. Fig 2. depicts standardized
regression coefficients of regular smoking for WHtR (A) and WC (B) by 18 BMI groups
among males and females, adjusted for age, education, physical activity, alcohol use and survey
site. The number of adults was 11,142–11,143 in the male subgroups and 15,942–15,943 in the
female subgroups. The standardized regression coefficients of regular smoking were all positive
in males and females and showed a significant increasing trend with increasing BMI for WHtR
andWC in males, but not in females; the slopes of the regression lines were significantly differ-
ent between males and females. It should be noted that the association parameters in the BMI
stratification analysis, a powerful and reliable adjustment method, were completely different
(opposite) from those in the regression analyses for WC andWHtR in Table 3 without BMI ad-
justment in the model.

In order to confirm the results of BMI stratification analyses, a model adjustment for BMI
was used. Table 4 shows regression coefficients of smoking for WC andWHtR. When BMI was
included in the regression models, both regular smoking and pack-years showed positive associ-
ations with WC andWHtR in males and females. The differences in standardized regression

Table 3. Standardized (upper) and unstandardized (lower) linear regression coefficients (95% confidence interval) for BMI, WC andWHtR by gen-
der groups.

Independent variable BMI WCa WHtRa

Males Females Males Females Males Females

Model 1

Non-smoking (reference) — — — — — —

Ex-smoking 0.037** 0.009**† 0.057** 0.015**† 0.049** 0.014**†

0.328** 0.323** 1.567** 1.488** 0.008** 0.009**

(0.280, 0.377) (0.195, 0.451) (1.418, 1.715) (1.135, 1.840) (0.007, 0.009) (0.007, 0.012)

Occasional smoking -0.001 0.006** 0.006* 0.009** 0.007* 0.009**

-0.006 0.144** 0.181* 0.612** 0.001* 0.004**

(-0.056, 0.045) (0.056, 0.233) (0.027, 0.334) (0.370, 0.854) (0.0002, 0.002) (0.003, 0.006)

Regular smoking -0.093** -0.025**† -0.044** -0.010**† -0.061** -0.011**†

-0.582** -0.548** -0.853** -0.626** -0.007** -0.005**

(-0.620, -0.544) (-0.629, -0.467) (-0.970, -0.736) (-0.849, -0.403) (-0.007, -0.006) (-0.006, -0.003)

Model 2b

Pack-years/1000 -0.031** -0.022**† 0.006* -0.008**† -0.007* -0.010**

-0.013** -0.062** 0.007* -0.066** -0.00005* -0.001**

(-0.015, -0.011) (-0.073, -0.052) (0.001, 0.014) (-0.095, -0.038) (-0.00009, -0.00001) (-0.001, -0.0003)

WC: waist circumference

WHtR: waist circumference/height ratio

* p<0.05,

** p<0.01 for coefficients different from 0
† P<0.05 for gender difference
a: BMI was not included in the models for adjustment.
b: Only nonsmokers and regular smokers were included.

Age, education, physical activity, alcohol use and survey site were included in models for adjustment.

doi:10.1371/journal.pone.0124586.t003
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coefficients of regular smoking and pack-years between males and females in Table 4 were all
significant for bothWC andWHtR (males>females, p<0.01). The results of the model adjust-
ment for BMI with respect to regression coefficients of regular smoking were substantially con-
sistent with those of the BMI stratification analyses shown in Fig 2.

Fig 2. Standardized regression coefficients of regular smokers for WHtR (A) andWC (B) by 18 BMI
groups in males and females: Standardized regression coefficients greater than 0.026 for male
smokers and 0.015 for female smokers were significant (p<0.05).

doi:10.1371/journal.pone.0124586.g002

Table 4. Standardized (upper) and unstandardized (lower) linear regression coefficients (95% confidence interval) for WC andWHtR by gender
groups, with adjustment for BMI.

Independent variable WC WHtR

Males Females Males Females

Model 1

Nonsmoking — — — —

Ex-smoking 0.026** 0.008**† 0.017** 0.007**†

0.717** 0.753** 0.003** 0.005**

(0.639, 0.795) (0.555, 0.952) (0.002, 0.003) (0.003, 0.006)

Occasional smoking 0.007** 0.004** 0.007** 0.005**

0.195** 0.284** 0.001** 0.002**

(0.114, 0.276) (0.147, 0.420) (0.001, 0.002) (0.001, 0.003)

Regular smoking 0.034** 0.010**† 0.020** 0.008**†

0.654** 0.619** 0.002** 0.003**

(0.593, 0.716) (0.494, 0.745) (0.002, 0.003) (0.003, 0.004)

Model 2a

Pack-years/1000 0.032** 0.010**† 0.021** 0.008**†

0.042** 0.075** 0.0002** 0.0004**

(0.038, 0.045) (0.059, 0.091) (0.0001, 0.0002) (0.0003, 0.001)

WC: waist circumference

WHtR: waist circumference/height ratio

* p<0.05,

** p<0.01 for coefficients different from 0
† P<0.05 for gender difference
a: Only nonsmokers and regular smokers were included.

Age, education, physical activity, alcohol use, survey site and BMI were included in models for adjustment.

doi:10.1371/journal.pone.0124586.t004
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Fig 3. illustrates the prevalence of central obesity by 18 BMI subgroups and gender. The
prevalence of central obesity increased with increasing BMI at a faster rate at BMI levels below
24.0 in both males and females; the prevalence almost reached the ceiling in subgroups with
a mean BMI above 28.0. Further, Pearson correlation coefficients between WHtR and BMI
were 0.641, p<0.001 (males) and 0.550, p<0.001 (females) in the normal-weight group
(BMI = 18.5–23.9); 0.487, p<0.001 (males) and 0.416, p<0.001 (females) in the over-weight
group (BMI = 24.0–27.9); and 0.575, p<0.001 (males) and 0.542, p<0.001 (females) in the obe-
sity group (BMI = 28.0–45.0). The positive BMI-WHtR correlations and negative smoking-
BMI association indicated the importance of adjustment for BMI in the smoking-central obesi-
ty association analyses, especially in the normal-weight group.

In sensitivity analyses, the association between smoking andWHtR was examined in linear
regression models by groups of normal-weight (BMI = 18.5–23.9), over-weight (BMI = 24.0–
27.9) and obesity (BMI = 28.0–45.0), without and with adjusting for BMI along with other co-
variates. In males, the standardized linear regression coefficients of regular smoking for WC
were -0.009� without adjusting for BMI and 0.040�� with adjusting for BMI in the normal-
weight group, 0.067�� and 0.077�� in the over-weight group and 0.066�� and 0.072�� in the
obesity group (� p<0.05; �� p<0.01). In females, the standardized linear regression coefficients
of regular smoking for WC were 0.001 without adjusting for BMI and 0.016�� with adjusting
for BMI in the normal-weight group, 0.016�� and 0.018�� in the over-weight group and 0.028��

and 0.020�� in the obesity group. In males, the standardized linear regression coefficients of
regular smoking for WHtR were -0.032�� without adjusting for BMI and 0.019�� with adjusting
for BMI in the normal-weight group, 0.043�� and 0.054�� in the over-weight group and 0.049��

and 0.055�� in the obesity group. In females, the standardized linear regression coefficients of
regular smoking for WHtR were 0.001 without adjusting for BMI and 0.015�� with adjusting
for BMI in the normal-weight group, 0.013�� and 0.015�� in the over-weight group and 0.021��

and 0.014�� in the obesity group. The results of these sensitivity analyses indicated that the neg-
ative associations of regular smoking with WC and WHtR without adjusting for BMI were
mainly because of the association patterns in the normal-weight group in males and females.
The number of study subjects of the normal-weight group accounted for 54.2% of the entire
study cohort.

Discussion
Asian populations have a relatively lower BMI, but a greater prevalence of central obesity
than Caucasian populations [5,7,11–16,28]. The CKB study, one of the largest cohort studies of

Fig 3. Prevalence of central obesity by 18 BMI subgroups in males and females.

doi:10.1371/journal.pone.0124586.g003
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chronic disease in the world, provides a great opportunity to investigate tobacco smoking and
central obesity in Chinese population. In the current study, the prevalence of central obesity in-
creased with increasing values of BMI, and female adults had a significantly higher prevalence
of central obesity than male adults, especially in the normal-weight group. Of note, almost all
Chinese adults (99.4%) with obesity (BMI = 28.0–45.0) in this cohort were centrally obese re-
gardless of gender. Compared with males, females had a much lower prevalence of regular
smokers (2.2% vs 60.6%), Regular smoking was associated with decreased BMI and increased
WC andWHtR in both males and females when BMI was adjusted for in the model, and the
association of smoking with WC, WHtR was much weaker in females than in males. These re-
sults indicate that female central obesity may have other important underlying mechanisms
and risk factors in addition to tobacco smoking.

Epidemiologic studies have shown that body weight tends to be lower among smokers than
among nonsmokers in many populations [22–24]. Smoking abstinence results in an increase in
body weight for both males and females, and smoking is often considered as a way to control
appetite and body weight [29]. The mechanisms that underlie this smoking-related weight phe-
nomenon are complex and involve multiple neurochemical pathways. Most of the effects of
smoking on body weight are mediated by nicotine inhaled from cigarette smoke. Nicotine
acutely increases the levels of various neurotransmitters, such as the systemic release of cate-
cholamines, dopamine and serotonin in the brain, suppresses appetite and consequently reduce
food intake [23,30]. This process likely explains why smokers tend to decrease body weight,
and why smoking cessation is frequently followed by weight gain [29]. As a result, the belief
that cigarette smoking is helpful in controlling body weight has long been part of popular
culture. Despite the universally accepted concept in this regard, there has been growing evi-
dence that smoking is associated with abdominal fat accumulation; cross-sectional studies indi-
cate that the prevalence of central obesity is higher in smokers than in nonsmokers [24,31–35].
Waist-to-hip ratio is positively associated with the number of pack-years of smoking [34], and
there is a dose-response relation between waist-to-hip ratio and the number of cigarettes
smoked [35]. The findings from the present study on the significantly inverse smoking-BMI as-
sociation and positive smoking cessation-BMI association in both males and females are in
concordance with observations from previous studies [22–24]. However, the association of reg-
ular smoking with WC and WHtR observed in the current study was dependent on the adjust-
ment for BMI, especially in male normal-weight adults. After adjusting for BMI, regular
smoking and the cumulative burden of smoking were significantly and positively associated
with WC and WHtR; stratification analysis and model adjustment methods showed consistent
results in this regard. The findings from the present study support the previous findings on the
smoking-central obesity association [31–35]. Of interest, an important question has been
raised in this study regarding whether BMI has to be adjusted for in the smoking-central obesi-
ty association analysis, particularly among normal-weight male adults.

By comparing the regression coefficients before and after adjustment for BMI in the model,
completely opposite directions in the associations of regular smoking with WC and WHtR
were noted in the current study. When BMI was not included in the model, current smoking
showed a protective effect on WC andWHtR; whereas, current smoking was positively associ-
ated with these central obesity measures with BMI included in the model. The changes in the
strength and direction of the association parameters suggested a considerable influence of BMI
on these associations, particularly in the male normal-weight group as shown in the sensitivity
analyses. When BMI was not adjusted for in regression analysis models, the negative associa-
tion of regular smoking with WC (β = -0.009) andWHtR (β = -0.032) largely reflect the effect
of smoking on BMI in the male normal-weight group. The smoking-BMI-central obesity rela-
tionship is similar to the mediation model proposed by Hernández-Díaz (Fig 3, panel 3.3) [36].
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In the current analysis, the smoking!BMI indirect effect (-) and BMI$WHtR correlation
(+) are so strong that the absolute value of the negative total indirect effect (the product of
the two indirect path effects) is supposed to be much greater than the positive value of
smoking!WHtR direct effect (+). Thus, the total smoking!WHtR effect (the sum of indirect
effect and direct effect) is expected to be negative without adjustment for BMI in the model as
shown in Table 3. Apparently, whether or not BMI is adjusted for in the analysis model would
lead to different conclusions in this regard. For this reason, the adjustment for BMI has been
widely used in the risk factor-central obesity association analysis in the literature [37,38]. In ad-
dition, a traditional and powerful adjustment method, stratification analysis, was used to con-
firm this concept. The regression coefficients of regular smoking for WC andWHtR in the 18
BMI subgroups were all positive, which provided reliable evidence that regular smoking is posi-
tively associated with central obesity at all BMI levels. Results of the BMI stratification analyses
support the argument that BMI needs to be included in the model for adjustment in the analy-
ses related to smoking-central obesity association, especially for normal-weight adults. The
phenomenon that the direction of any relation between two variables is reversed after a third
variable is introduced is statistically known as “reversal paradox” [36,39]. The reversal paradox
makes it very challenging to correctly interpret the findings seen in observational studies. Al-
though BMI cannot be considered a confounder by definition in this scenario, the reversal par-
adox experienced in the current study points to the need for the adjustment for BMI in the
smoking-central obesity association analysis.

The prevalence of overweight and obesity is higher among women than men, especially in
developing countries [40]. Women often report consuming healthier foods, sex hormones (es-
trogens and testosterone), however, differentially affect adipocyte physiology and body fat dis-
tribution [41]. The increases in overweight and obesity in menopausal women are important
public health concerns [42]. The prevalence of obesity increases significantly in American
women after they reach age 40 [43]. In this study cohort, women showed a significantly higher
prevalence of central obesity than men after age 45 in both total sample and the normal-weight
group. On the other hand, the positive association between current smoking and central obesi-
ty measures was found to be significantly stronger in males than in females in this study. The
higher, negative association between smoking and BMI in males (β = -0.093) than in females
(β = -0.025), stronger correlation between WHtR and BMI (r = 0.641) in the male normal-
weight group and higher prevalence of smokers in males may account for, in part, the gender-
specific association between smoking and central obesity. The current observations suggest
that female adults might have other more important mechanisms like sex hormones underlying
central obesity in addition to tobacco smoking.

This population-based epidemiologic study has certain limitations. First, subjects voluntari-
ly participated in the study, which might result in selection bias to some extent with respect to
the population representativeness despite the large sample size. Second, the pathophysiological
mechanisms underlying the association between smoking and central obesity cannot be inves-
tigated in the current study because the baseline survey data are observational in nature. Final-
ly, the CKB study is not a nutritional survey, and detailed information on dietary patterns is
not available. Therefore, dietary factors, which may be important, were not included in the
current analyses.

In conclusion, the current study demonstrates that there are considerable differences in the
prevalence of tobacco smokers and central obesity between male and female Chinese adults;
smoking is significantly and positively associated with central obesity measured as WC and
WHtR, with males having substantially stronger association parameters than females. Impor-
tantly, the association patterns of regular smoking with central obesity were largely dependent
on BMI adjustment. The present study emphasizes the importance of adjustment for BMI in
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the smoking-central obesity association analyses, especially for normal-weight adults. Sophisti-
cated statistical models like structural equation modeling or mediation analysis are needed to
investigate this issue in depth. These gender-specific results indicate that other important un-
derlying mechanisms like sex hormones may be involved in the development of central obesity
in females in addition to tobacco smoking. The study findings underscore the importance of
undertaking preventive strategies for central obesity through smoking behavior control.
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