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Abstract: Abdominal obesity is a threat to public health and healthy cities. Densification may
reduce abdominal obesity, but current evidence of the relationship between population density and
abdominal obesity is not conclusive. The aim of this study was to disentangle the nonlinear association
between population density and abdominal obesity. Data came from the 2004-2015 China Health and
Nutrition Survey, which included 36,422 adults aged between 18 and 65 years. Generalized additive
models (GAMs) were applied to explore how population density was associated with objectively
measured waist circumference (WC) and waist-to-height ratio (WHtR), after controlling for other built
environmental attributes, socioeconomic characteristics, and regional and year fixed effects. We found
that population density had N-shaped associations with both WC and WHIR, and the two turning
points were 12,000 and 50,000 people/ km?. In particular, population density was positively correlated
with abdominal obesity when it was below 12,000 people/km?. Population density was negatively
associated with abdominal obesity when it was between 12,000 and 50,000 people/km?. Population
density was also positively related to abdominal obesity when it was greater than 50,000 people/km?.
Therefore, densification is not always useful to reduce abdominal obesity. Policy-makers need to pay
more attention to local density contexts before adopting densification strategies.

Keywords: neighborhood design; residential density; obesity; healthy city; nonlinear effect

1. Introduction

Obesity is a serious threat to global public health because it is a major risk fac-
tor for both coronavirus disease and many noncommunicable diseases [1,2]. Based on
the distribution of fat in the body, obesity can be classified into general obesity and ab-
dominal obesity. Although general obesity measured by body mass index is related to
reduced life expectancy [3], abdominal obesity measured by waist circumference and
waist circumference-related measures is a better indicator than general obesity to predict
type 2 diabetes and cardiovascular diseases [4]. Moreover, due to differences in lifestyles
and genes, the prevalence rates of abdominal obesity (37.6%) are much higher than those
of general obesity (15.0%) in China [5]. Hence, preventing and reducing abdominal obesity
is important for obesity control.

In American and European countries, scholars recommend densification of the resi-
dential environment to prevent and reduce general obesity [6,7]. However, they have given
less attention to abdominal obesity, which is a severe obesity problem in Asian countries [8].
Only a few studies have explored the relationship between densification (measured by pop-
ulation density) and abdominal obesity, and their findings are inconclusive. First, several
studies assumed that population density had a linear association with abdominal obesity,
but they observed opposite linear relationships. In particular, a study found a positive as-
sociation of population density with abdominal obesity in rural China [9], whereas another
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found an adverse relationship of population density with abdominal obesity in urban areas
in France [10]. Moreover, several studies assumed that population density had nonlinear
associations with abdominal obesity. However, their findings were also the opposite. In
particular, they observed inverted U-shaped and U-shaped curves between population
density and abdominal obesity in urban UK and urban Chinese areas, respectively [11,12].
Overall, the relationship between population density and abdominal obesity is still not
well understood.

To bridge the research gap, the goal of this study is to answer two research questions.
Does population density have a nonlinear relationship with abdominal obesity? If so,
does the nonlinear relationship follow a specific pattern, or is it irregular? To answer
these questions, we applied generalized additive models (GAMs) to the China Health
and Nutrition Survey dataset between 2004 and 2015, which included 36,422 adults across
15 provinces in China, to explore whether population density has a nonlinear relationship
with abdominal obesity.

2. Materials and Methods
2.1. Data

Data were obtained from the China Health and Nutrition Survey (CHNS). This sur-
vey has been running since 1989 and the last data were collected in 2018. During these
29 years, eleven waves of data have been collected by the University of North Carolina
at Chapel Hill in collaboration with the China Center for Disease Control and Prevention.
This survey employed a multistage, random cluster sampling method to select respondents.
First, 15 provincial-level divisions were selected, covering different economic and cultural
regions in mainland China. Second, four counties and two cities were selected within each
provincial-level division based on levels of economic development. Third, 330 communities
(210 in villages/townships and 120 in urban/suburban neighborhoods) were selected
within the selected counties and cities. Fourth, face-to-face interviews were conducted
with residents to collect individual data, and community officials were interviewed to
collect community data. More information related to the CHNS dataset is available at
https:/ /www.cpc.unc.edu/projects/china (accessed on 19 June 2022).

This study used the CHNS data of adult respondents aged between 18 and 65 years,
collected in 2004, 2006, 2009, 2011, and 2015. This is because most built environmental
variables were collected starting in 2004, and the data from 2018 were unavailable. After ex-
cluding the observations with missing values, the working sample in this study comprised
36,422 observations.

2.2. Abdominal Obesity

Abdominal obesity was the dependent variable in this study. It was reflected by waist
circumference (WC) and waist-to-height ratio (WHtR), which were objectively measured
by professional staff according to the standardized measurement process required by
the China Obesity Working Group [13]. WC is a proxy for the degree of abdominal fat
accumulation [14]. It was measured at the midpoint of the mid-axillary line between the
iliac crest and the lower border of the rib cage in a horizontal circumference in centimeters
by using an inelastic tape [15]. WHtR is defined as the ratio of WC to height, which is
another valid proxy of abdominal obesity and is a better indicator of the risk of obesity-
related diseases than the waist-to-hip ratio [16].

2.3. Community Built Environmental Attributes

The scopes of communities are based on the administrative boundaries of neighbor-
hoods/villages. Population density was the key independent variable, which is a proxy
of compactness. Population density refers to the population in 1000 people divided by
the community area in square kilometers. Note that compared to other density measures
related to population (e.g., dwelling density and household density), population density is
more accurate because it considers household size and vacancy status [17].
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Following previous studies [18-20], some other built environmental attributes were
treated as covariates in this study because they were correlated with both population
density and obesity. Business density was measured by the number of private businesses
divided by the community area. Fast food restaurant density was measured by the number
of Western fast-food restaurants divided by the area of the community. Distances from the
community to the nearest wet market, park, school, and bus stop were self-reported by
community officials.

2.4. Individual Socioeconomic Characteristics

Individual socioeconomic attributes were also covariates in this study, including sex
(men vs. women), age (in years), nationality (Han Chinese vs. others), urban status (urban
residents vs. rural residents), marital status (married vs. others), education (in years),
employment status (farmers (reference group); nonfarmers; unemployed), household
income (in 10,000 yuan/year), and household size (i.e., the number of household members
living in the same household). Moreover, covariates included regional effects (i.e., the
surveyed province) and time effects (i.e., the surveyed year).

2.5. Analytical Approaches

This study employed generalized additive models (GAMs) to investigate the potential
nonlinear relationship between population density and abdominal obesity. The GAM com-
prises two parts, which are parametric and nonparametric components [21]. The parametric
component uses the traditional linear regression approach, which is used to estimate the
linear association between independent variables and the dependent variable [22]. The non-
parametric component relaxes the linear assumption and uses smooth functions to estimate
the nonlinear association of the independent variable with the dependent variable [23].
Overall, the GAM is a semiparametric model that can estimate not only linear associations
but also nonlinear associations between independent variables and the dependent variable.

GAMs have several advantages. First, compared to traditional linear models, they
allow scholars to explore complex and irregular nonlinear relationships between inde-
pendent variables and the dependent variable through smooth functions [24]. Second,
compared to machine learning approaches, they are more interpretable and provide the
significance of coefficients [23].

To explore the nonlinear relationship between population density and abdominal
obesity, we set the GAMs as follows:

AO; = S(PDZ‘) + ‘BBEBE,‘ + ,35E55ESZ' + ,BRERegional,' + ,BYEYECH’Z‘ + & (1)

where AO; refers to the abdominal obesity of an individual 7, which is measured by WC or
WHIR. Given that both WC and WHtR were continuous variables and followed normal
distributions, we used Gaussian with identity link function in the models. s(PD) was the
nonparametric component of the model. PD was population density and s(PD) indicated
population density fitted by a smooth function s(.). In this study, we used thin-plate
splines to fit the potential nonlinear relationship of population density with abdominal
obesity. Other variables in the model were covariates and were treated as the parametric
component, including BE, SES, Regional, and Year, which represented the matrix of other
built environmental attributes, socioeconomic characteristics, regional, and year fixed
effects, respectively. The GAM used a linear process to estimate the average effects of
these variables on abdominal obesity. Notably, we tested intraclass correlations of WC and
WHIR in multilevel null models. The results showed that intraclass correlations were below
0.1 in both models, suggesting that the spatial dependency at the community level was
trivial [25,26]. Hence, it was not necessary to consider the random effect at the community
level. All analyses were performed using the “mgcv” package in R [27].
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3. Results
3.1. Descriptive Analysis

Table 1 presents the characteristics of the respondents and communities. The mean WC
and WHItR were 82.46 cm and 0.51, respectively. Men accounted for 47%. The mean age was
45 years old. Han Chinese, urban, and married residents accounted for 88%, 35%, and 87%,
respectively. The mean number of years of education was approximately 9 years, which is
equivalent to a high school education. Unemployed residents, farmers, and nonfarmers
accounted for 35%, 24%, and 41%, respectively. On average, annual household income
was approximately 48 thousand yuan. Each household, on average, had four household
members living together.

Table 1. Descriptive statistics of variables (sample size = 36,422).

Variable Mean/% Std. Dev. Min Max
Dependent Variables
WC (cm) 82.46 10.56 45 107.30
WHIR 0.51 0.06 0.36 0.68
Built environmental attributes
Population density (1000 people/km?) 6.42 13.59 0.001 68
Business density (count/km?) 3.93 17.95 0 150
Fast food restaurant density (count/ km?) 0.68 341 0 26
Distance to the nearest wet market (km) 1.44 3.16 0 35
Distance to the nearest park (km) 8.57 15.08 0 90
Distance to the nearest school (km) 0.56 1.16 0 6
Distance to the nearest bus stop (km) 1.06 291 0 18
Socioeconomic characteristics
Men 47% — — —
Age (years) 45.49 12.19 18 65
Han Chinese 88% — — —
Urban 35% — — —
Married 87% — — —
Years of education 8.60 3.96 0 18
Employment status
Farmer 24% — — —
Nonfarmer 41% — — —
Unemployed 35% — — —
Household income (10,000 yuan/year) 4.78 7.86 0 480
Household size (count) 3.75 1.53 1 13

In terms of built environmental attributes, the mean population density was
6420 people/km?. There were four business companies in a community on average, and
the mean density of fast-food restaurants was 0.7 restaurants/km?. The distances from
the community to the nearest wet market, park, school, and bus stop were 1.4 km, 8.6 km,
0.6 km, and 1.1 km, respectively.

3.2. Associations of Population Density and Covariables with WC and WHIR

Table 2 presents the results of the GAMs after adjusting for regional and year fixed
effects. The adjusted R? values were 0.16 and 0.14 in the WC and WHIR models, respectively.
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The adjusted R? values in the present study were higher than those in previous studies,
which were often below 0.1. A possible reason is that our study relaxed the assumption
of linearity by considering the nonlinear association of population density with WC and
WHIR, and hence, the goodness-of-fit of the models was better.

Table 2. Results of the GAMs based on pooled data from 2004 to 2015 (sample size = 36,422).

Variable WC WHtR
Nonparametric Component Edf F Edf F
Population density 3.870 *** 8.755 3.423 *** 8.037
Parametric Component Beta SE Beta SE
Other built
environmental attributes
Business density 0.01086 *** 0.00298 0.00005 * 0.00002
Fast food restaurant density 0.05282 ** 0.01643 0.00025 * 0.00010
Distance to the nearest wet market —0.01907 0.01944 —0.00011 0.00012
Distance to the nearest park —0.02553 *** 0.00392 —0.00014 *** 0.00002
Distance to the nearest school —0.04925 0.04956 —0.00040 0.00030
Distance to the nearest bus stop 0.02204 0.01907 0.00018 0.00012
Socioeconomic characteristics
Men 4.35229 *** 0.10600 —0.00659 *** 0.00064
Age 0.16084 *** 0.00522 0.00135 *** 0.00003
Han Chinese 0.53568 ** 0.18600 0.00055 0.00112
Urban —0.08320 0.12289 —0.00112 0.00074
Married 1.67396 *** 0.16417 0.00868 *** 0.00099
Years of education —0.13983 *** 0.01645 —0.00159 *** 0.00010
Employment status (ref. = farmers)
Nonfarmers 1.59588 *** 0.15582 0.00729 *** 0.00094
Unemployed 1.70086 *** 0.15185 0.00889 *** 0.00092
Household income —0.00082 0.00708 —0.00003 0.00004
Household size —0.12949 *** 0.03747 —0.00043 0.00023
Region effects Controlled Controlled Controlled Controlled
Time effects Controlled Controlled Controlled Controlled

Goodness-of-fit

Adjusted R? 0.162 0.144
Note: * p < 0.05, ** p < 0.01, *** p < 0.001.

GAMs use effective degrees of freedom (edf) to present the degree of nonlinearity
in the association of population density with abdominal obesity. In the both WC and
WHtR models, the edf values of population density were 3.870 (p < 0.001) and 3.423
(p < 0.001), respectively. These findings imply that population density had significant
nonlinear relationships with both WC and WHtR.

Figure 1 illustrates that population density had nonlinear associations with both WC
and WHLtR, and the pattern was an N-shaped relationship. First, when the population
density was between 0 and 12,000 people/km?, it was positively related to WC and WHItR.
However, the slope of population density on WHtR was much flatter than that on WC.
Second, when the population density was between 12,000 and 50,000 people/km?, it
had a negative association with WC and WHLtR. In this range, the slopes of population
density on WC and WHIR were similar. Third, when the population density was above



Int. |. Environ. Res. Public Health 2022, 19, 9577 60f 13

s(Population density)
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50,000 people/ km?, it again had a positive relationship with WC and WHtR. A slight
difference was that the slope of population density on WHtR was slightly flatter than that
on WC in the same range. That is, a higher population density tended to first lead to an
increase in WC and WHLUR, then to a decrease in WC and WHItR, and again to an increase
in WC and WHIR after the threshold.

s(Population density)
- 0.005 0.000

=0.010

o T L LT TRV T T .

0 10 20 30 40 20 60 70

Population density

(a) WC

L R LR W] LE R
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Population density
(b) WHIR

Figure 1. Nonlinear relationships between population density and abdominal obesity based on
pooled data from 2004 to 2015 (a) WC; (b) WHtR. The x-axis represents the exact value of population
density and the y-axis represents the estimation results of population density based on the smooth
function. The shaded areas indicate 95% confidence intervals. The tick marks above the x-axis
represent the number of observations at that value.

Table 2 also presents the results of the parametric analysis of the WC and WHtR
models. Both business density and fast-food restaurant density had positive relationships
with WC and WHtR. However, distance to the nearest park had negative associations with
WC and WHtR. We did not find any significant association of other built environmental
attributes with WC and WHtR. Most socioeconomic covariates were significantly related to
both WC and WHIR. In particular, men were more likely to have a larger WC and a lower
WHItR. Age had positive relationships with both WC and WHtR. Han Chinese residents
were more likely to have a larger WC. Married and poorly educated residents tended to
have a larger WC and higher WHtR. Compared to farmers, nonfarmers and unemployed
residents had a greater likelihood of having a larger WC and higher WHtR. Household
size was only negatively associated with WC. We did not find significant associations of
urban/rural areas and household income with either abdominal obesity measure.

3.3. Robustness Check

To check whether the N-shaped association of population density with abdominal
obesity was robust, we used cross-sectional data collected in 2015 to examine the results
of baseline models. Table 3 presents the model results after controlling for other built
environmental elements, socioeconomic characteristics, and regional fixed effects. In both
WC and WHtR models, the edf values of population density were 3.969 (p < 0.001) and
3.519 (p < 0.01), respectively, suggesting that population density was nonlinearly related to
abdominal obesity.
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Table 3. Results of the GAMs based on 2015 cross-sectional data (sample size = 8690).

Variable WC WHtR
Nonparametric Component Edf F Edf F
Population density 3.969 *** 5.038 3.519 ** 3.347
Parametric Component Beta SE Beta SE
Other built environmental attributes ~ Controlled  Controlled  Controlled  Controlled
Socioeconomic characteristics Controlled  Controlled  Controlled  Controlled
Region effects Controlled  Controlled  Controlled  Controlled

Goodness-of-fit

Adjusted R? 0.131 0.123
Note: ** p < 0.01, *** p < 0.001.

Figure 2 shows that population density has N-shaped associations with both WC and
WHItR, which is in line with the findings based on the pooled models. This suggests that
the N-shaped association between population density and abdominal obesity was robust.
In particular, when population density was between 0 and 12,000 people/km?, population
density was positively related to both WC and WH{tR in 2015. When population density
was between 12,000 and 37,000 people/km?, it had negative associations with both WC and
WHIHR in 2015. This turning point was slightly lower than that (50,000 people/km?) in the
pooled models. Beyond 37,000 people/km?, population density had positive associations
with both WC and WHtR. Overall, the general pattern of the effect of population density
on abdominal obesity was an N-shaped curve in both pooled models (data between 2004
and 2015) and cross-sectional models (data in 2015).

0.010

- 0,005 0.000 0.005
|

s(Population density)

-0.010

0.015

o LTI ITTTNTNEN 0T T W T .
0 10 20 30 40 50 60 70

Population density

(a) WC

LR RN e pepwn |

0 10 20 30 40 50 60 70

Population density

(b) WHIR

Figure 2. Nonlinear relationships between population density and abdominal obesity based on 2015
cross-sectional data (a) WC; (b) WHItR. The x-axis represents the exact value of population density
and the y-axis represents the estimation results of population density based on the smooth function.
The shaded areas indicate 95% confidence intervals. The tick marks above the x-axis represent the
number of observations at that value.

4. Discussion

Based on pooled cross-sectional data across 15 provinces in China between 2004 and
2015, this study applied GAMs to explore the irregular nonlinear association between
population density and abdominal obesity after controlling for other built environmen-
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tal attributes, respondents” socioeconomic characteristics, and regional and year fixed
effects. The results show that population density had an N-shaped relationship with ab-
dominal obesity measured by WC and WHtR. Moreover, the N-shaped relationship had
two important thresholds: 12,000 and 50,000 people/km?.

Our finding of an N-shaped relationship contributes to the literature by integrating
the mixed findings in previous studies (Figure 3). In the low-density context, Yin, Yao, and
Sun [9] found that population density was positively associated with adults’ WHtR in rural
China, which had a mean population density of 3480 people/km?. Their result is supported
by the left side of the N-shaped relationship. In the low- and medium-density context,
Sarkar, Webster, and Gallacher [11] found an inverted U-shaped association between
dwelling density and adults” WCs based on the UK Biobank dataset with a mean residential
density of 1877 units/km? (approximately 4505 people/km?). Their finding is in line with
the left and middle parts of the N-shaped association. Moreover, in the medium- and
high-density context, they observed that population density had a U-shaped relationship
with adults” waist-to-hip ratios in Chinese urban areas with a mean population density
of 22,300 people/km?. This finding is consistent with the middle and right parts of the
N-shaped association.

Study area: Chinese rural arcas
Mean density: 3480 people/km?

Sarkar, et al. (2017)

<:| Study area: 22 cities across the UK
Mean density: 1877 units/km?
(Approximately 4505 people/km?)

Yin, et al. (2020)
Study area: Chinese urban areas
Mean density: 22,300 people/km?

\

Abdominal obesity

A

This study

Study area: Chinese urban and
rural areas

Mean density: 6420 people/km?®

Population density

Figure 3. Associations of population density with abdominal obesity in the literature and the current
study [9,11,12].

The N-shaped curve offers a more complete framework to interpret the relationship
between population density and abdominal obesity (Figure 4). Although there are many
pathways from population density to abdominal obesity, the N-shaped association is their
trade-off result. That is, at a certain range of population density, some pathways are
overwhelmed by the others.

In the low-density context, with a population density below 12,000 people/km?,
the risk of abdominal obesity rises as population density increases. This is consistent
with findings in rural areas [28]. First, a higher population density in the low-density
context has a positive influence on abdominal obesity by increasing car ownership and
driving [29,30]. Although a higher population density meets the minimum population
thresholds of having daily destinations and facilities (e.g., supermarkets), destination
accessibility is still low without cars in low-density areas [31]. Given that more destinations
stimulate people’s travel demand, people living in low-density contexts tend to own more
cars and drive to daily destinations [32]. Many studies have confirmed that driving is
positively related to sedentary behavior and physical inactivity, leading to a higher risk of
abdominal obesity [30,33]. Moreover, a higher population density in a low-density context
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tends to reduce rural residents’ physical activity by decreasing outdoor open spaces, leading
to a higher risk of being obese [28].

+ Less physical activity

More active travel ;
space per capital

* More driveways

1 1 [ 1 i 1
I | i 1 | |
| : - ! l :
1 1 155 % o g 1 1 1
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| : . .. 1 1* More healthy food 1 | o I
i+ Less physical activity 1 1 1. 1 = More stress !
| } S0 1 intake | | : ]
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| 1 1 | 1 :
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=

g

=

5]
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)

<

Low-density context |  Medium-density context High-density context

Population density

Figure 4. The conceptual framework of the N-shaped relationship between population density and
abdominal obesity.

In the medium-density context, with a population density between 12,000 and
50,000 people/km?, a higher population density has a negative relationship with abdominal
obesity. This is consistent with most previous studies conducted in Western cities [34,35],
which shows that the risk of being obese tends to be lower with the increase in population
density. Moreover, a higher population density is positively related to active travel and is
negatively associated with driving [36], leading to more transport-related physical activities
and a lower likelihood of being obese [37]. On the other hand, in this density range, a
higher population density brings more healthy food stores and improves the availability of
fresh vegetables and fruits [38], which is important to promote healthy diets and to reduce
obesity [39,40].

In the high-density context, with a population density above 50,000 people/km?, the
risk of abdominal obesity increases with increased population density. This is consistent
with previous findings from Chinese megacities [41,42]. First, a higher population density
in the high-density context is related to fewer green spaces and sport facilities per capita,
resulting in higher levels of physical inactivity and increased obesity risks [43]. Second,
residents often live in a food swamp if the community has a high population density. In
a food swamp, most of the food for sale is less nutritious and high in calories, such as
bubble tea and fried chicken [44]. Such contexts are common in high-density Chinese
communities and tend to increase obesity by increasing the likelihood of high-calorie
dietary intake [45]. Third, people living in densely populated areas are more likely to
suffer from stress, insomnia, and social withdrawal, which are important contributors to
obesity [46]. Fourth, population density is positively related to air and noise pollution [36],
which directly contribute to obesity [47].

It is worth mentioning that there are several possible reasons supporting the finding of
an N-shaped relationship between population density and abdominal obesity in this study.
First, previous studies usually assumed that population density had a linear relationship or
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a specific form (e.g., a quadratic function) with abdominal obesity. Therefore, they may have
observed only restrictive associations. However, the present study employed GAMs, which
do not require the relationship to follow any pre-assumption [23]. Hence, we can find a more
realistic and nonlinear association of population density with abdominal obesity. Second,
previous studies often focused on a specific context (e.g., a single city or urban/rural areas),
which may have limited variations in population density. However, our national dataset
covers communities in both low-density rural and high-density urban areas in China, with
densities ranging from 1 person/km? to 68,000 people/km?, which can help us observe the
relationship of population density with abdominal obesity more comprehensively.

Additionally, we found that other built environmental attributes and individual socioe-
conomic characteristics were significantly related to abdominal obesity. Fast food restaurant
density was positively related to abdominal obesity, which is in line with the literature [48].
This is possibly because a higher fast food restaurant density encourages residents to con-
sume unhealthy foods and increases the risk of abdominal obesity. In contrast to previous
studies, we found that both business density and park accessibility were positively related
to abdominal obesity. These findings may be related to the Chinese context. Although
we controlled for household income to capture the effects of individual economic status,
built environmental attributes, such as business density and park accessibility, may still be
related to the economic levels of individuals and communities (e.g., property). In China,
rich people tend to live in communities with high business density and park accessibility
for jobs, housing, and work-life balance. However, these rich people often misunderstand
the potbelly to be a symbol of health and power due to a lack of health literacy, leading
to the pursuit of abdominal obesity [49]. In terms of individual socioeconomic attributes,
respondents who were older, Han Chinese, married, poorly educated, not farmers, and
unemployed were more likely to be abdominally obese, which is consistent with previous
studies [8,50]. An interesting finding was that sex had different associations with WC and
WHItR. WC was higher among men than among women. This makes sense because of the
differences in body structure between men and women. According to the WHO guidelines,
a WC greater than or equal to 94 cm for men and greater than or equal to 80 cm for women
is considered abdominal obesity [14]. After considering individual heights, we found that
men had a lower WHtR than women, which is in line with previous studies [50].

To the best of our knowledge, this is the first study to explore and identify an N-shaped
relationship between population density and abdominal obesity. The N-shaped relationship
reminds planners to carefully consider the local density contexts when adopting densi-
fication and decentralization strategies to prevent and reduce obesity. Blindly following
densification strategies recommended by American and European countries without fo-
cusing on the local context may not be conducive to residents” health. In particular, in
the low-density context, planners need to note that a slight increase in population density
may not reduce obesity. Instead, it may increase the risk of obesity by promoting driving
and physical inactivity. Hence, to prevent residents from becoming obese, it is essential to
improve population density in the low-density context to a certain threshold, which can
support residents’ travel to daily destinations by walking or cycling. In the medium-density
context, an increase in population density is useful to reduce obesity, as it improves the
accessibility of destinations and promotes both transportation-related and recreational
physical activity. In the high-density context, decentralization strategies are necessary to
prevent the negative externalities of megacities (e.g., pollution and crowding), which is
also important to reduce abdominal obesity.

This study has several limitations due to the unavailability of data. First, we cannot
infer any causality based on the pooled cross-sectional design. Future studies may test
our N-shaped associations based on more rigorous research designs (e.g., randomized
controlled trials). Second, the thresholds of the N-shaped association in this study may
not be generalizable to other contexts. We encourage scholars to examine the thresholds
of the N-shaped association in other countries and subpopulations. Additionally, if the
data are available, we highly recommend that scholars conduct a global comparison study
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to confirm the N-shaped association. Third, the research data were collected between
18 and 7 years ago, which may not reflect the association between population density
and abdominal obesity during the pandemic. Future studies may compare whether the
N-shaped association still holds in the post-pandemic era. Fourth, the models omitted
several covariates (e.g., health promotion strategies and self-care technologies). If these
data are available in the future, scholars may adjust for them to improve the estimation
accuracy of the association between population density and abdominal obesity.

Nevertheless, this study has several distinct strengths. First, compared with previous
studies that assumed a linear or specific relationship between population density and
abdominal obesity, we used GAMs to relax the traditional linear assumption and did
not suppose any assumptions of the relationship. Hence, the results are more realistic
and objective. Second, compared to previous studies focused on a specific context, the
CHNS data covered 15 Chinese provinces, including low-, medium-, and high-density
communities in urban and rural areas, which provides a more comprehensive density
spectrum, allowing us to observe a more complete association between population density
and abdominal obesity. Third, compared to self-reported obesity measures, the CHNS
employed objective measures, which are more accurate and unbiased.

5. Conclusions

Population density plays an important role in shaping obesity. However, the literature
does not provide clear evidence on the relationship between population density and
abdominal obesity, particularly with regard to the complex and nonlinear influence of
population density. Using GAMs with a national sample of 36,422 adults collected by
the CHNS between 2004 and 2015, we found a clear N-shaped relationship between
population density and abdominal obesity. That is, as population density increases, the risk
of abdominal obesity undergoes a fluctuating process of increasing, then decreasing, and
then increasing again. This is the first study that found an N-shaped relationship between
population density and abdominal obesity, and it contributes to the literature by integrating
the mixed results from previous studies into a more comprehensive theoretical framework.
Therefore, although optimizing population density is a key strategy for planners and
policy-makers to prevent and reduce abdominal obesity, they need to give more attention
to local density contexts and identify whether densification is an appropriate policy.

Author Contributions: Conceptualization, C.Y. and X.Y.; methodology, C.Y. and X.Y.; software, X.Y.;
validation, X.Y. and C.Y.; formal analysis, X.Y.; resources, B.S.; data curation, B.S.; writing—original
draft preparation, X.Y. and C.Y.; writing—review and editing, C.Y. and B.S.; visualization, X.Y,;
supervision, C.Y. and B.S.; project administration, C.Y. and B.S.; funding acquisition, C.Y. and B.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China
(No. 42101184 and No. 42071210), the Major Program of National Social Science Foundation
of China (No. 17ZDA068), the China Postdoctoral Science Foundation (No. 2020M681227 and
No. 2022T150214), the Fundamental Research Funds for the Central Universities (No. 2022ECNU-
XWK-XK001 and No. 2022ECNU-XWK-ZX02), and the Shanghai Post-doctoral Excellence Program
(No. 2020161).

Institutional Review Board Statement: The CHNS was approved by the Institutional Review Board
at the University of North Carolina at Chapel Hill and the National Institute of Nutrition and Health
of the Chinese Center for Disease Control and Prevention. Analysis of the CHNS data was approved
by the Academic Ethic and Legal Committee of East China Normal University.

Informed Consent Statement: Informed consent was obtained from all participants involved in the
CHNS data.

Data Availability Statement: The individual data presented in this study are openly available at
https:/ /www.cpc.unc.edu/projects/china (accessed on 28 June 2022). Restrictions apply to the avail-
ability of community data, which are available with the permission of the Carolina Population Center.


https://www.cpc.unc.edu/projects/china

Int. |. Environ. Res. Public Health 2022, 19, 9577 12 of 13

Acknowledgments: This research uses data from China Health and Nutrition Survey. We are grateful
to research grant funding from the National Institute for Health (NIH), the Eunice Kennedy Shriver
National Institute of Child Health and Human Development (NICHD) for R01 HD30880, National
Institute on Aging (NIA) for R01 AG065357, National Institute of Diabetes and Digestive and Kidney
Diseases (NIDDK) for R0O1DK104371 and RO1HL108427, the NIH Fogarty grant D43 TW009077 since
1989, and the China-Japan Friendship Hospital, Ministry of Health for support for CHNS 2009,
Chinese National Human Genome Center at Shanghai since 2009, and Beijing Municipal Center for
Disease Prevention and Control since 2011. We thank the National Institute for Nutrition and Health,
China Center for Disease Control and Prevention, Beijing Municipal Center for Disease Control and
Prevention, and the Chinese National Human Genome Center at Shanghai.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gao, E; Zheng, K.I.; Wang, X.; Sun, Q.; Pan, K.; Wang, T.; Chen, Y.; Targher, G.; Byrne, C.D.; George, ].; et al. Obesity is a risk
factor for greater COVID-19 severity. Diabetes Care 2020, 43, e72—e74. [CrossRef] [PubMed]

2. Chooi, Y.C.; Ding, C.; Magkos, F. The epidemiology of obesity. Metab. Clin. Exp. 2019, 92, 6-10. [CrossRef] [PubMed]

3.  Walls, H.L.; Backholer, K.; Proietto, J.; McNeil, J.J. Obesity and trends in life expectancy. J. Obes. 2012, 2012, 107989. [CrossRef]
[PubMed]

4. Parikh, RM.; Joshi, S.R.; Menon, P.S.; Shah, N.S. Index of central obesity—A novel parameter. Med. Hypotheses 2007, 68, 1272-1275.
[CrossRef]

5. Wang, H.; Wang, ].; Liu, M.-M.; Wang, D.; Liu, Y.-Q.; Zhao, Y.; Huang, M.-M,; Liu, Y.; Sun, J.; Dong, G.-H. Epidemiology of general
obesity, abdominal obesity and related risk factors in urban adults from 33 communities of Northeast China: The CHPSNE study.
BMC Public Health 2012, 12, 1-10. [CrossRef] [PubMed]

6.  Booth, K.M.; Pinkston, M.M.; Poston, W.S.C. Obesity and the built environment. J. Am. Diet. Assoc. 2005, 105, 110-117. [CrossRef]

7. Papas, M.A.; Alberg, A].; Ewing, R.; Helzlsouer, K.J.; Gary, T.L.; Klassen, A.C. The built environment and obesity. Epidemiol. Rev.
2007, 29, 129-143. [CrossRef]

8.  Pan, X.-E; Wang, L.; Pan, A. Epidemiology and determinants of obesity in China. Lancet Diabetes Endocrinol. 2021, 9, 373-392.
[CrossRef]

9. Yin, C,; Yao, X,; Sun, B. Population density and obesity in rural China: Mediation effects of car ownership. Transp. Res. Part D
Transp. Environ. 2022, 105, 103228. [CrossRef]

10. Leal, C.; Bean, K.; Thomas, F.; Chaix, B. Multicollinearity in associations between multiple environmental features and body
weight and abdominal fat: Using matching techniques to assess whether the associations are separable. Am. . Epidemiol. 2012,
175, 1152-1162. [CrossRef]

11. Sarkar, C.; Webster, C.; Gallacher, J. Association between adiposity outcomes and residential density: A full-data, cross-sectional
analysis of 419562 UK Biobank adult participants. Lancet Planet. Health 2017, 1, e277-€288. [CrossRef]

12. Yin, C,; Cao, J.; Sun, B. Examining non-linear associations between population density and waist-hip ratio: An application of
gradient boosting decision trees. Cities 2020, 107, 102899. [CrossRef]

13.  China Obesity Working Group. Guidelines for the prevention and control of overweight and obesity in Chinese adults (excerpt).
Acta Nutr. Sin. 2004, 26, 1-4.

14. WHO. Obesity. Preventing and Managing the Global Epidemic. In Report of a WHO Consultation on Obesity; WHO Technical
Report Series; WHO: Geneva, Switzerland, 1998.

15.  Xi, B.; He, D.; Hu, Y,; Zhou, D. Prevalence of metabolic syndrome and its influencing factors among the Chinese adults: The
China Health and Nutrition Survey in 2009. Prev. Med. 2013, 57, 867-871. [CrossRef]

16. Shao, J.; Yu, L.; Shen, X,; Li, D.; Wang, K. Waist-to-height ratio, an optimal predictor for obesity and metabolic syndrome in
Chinese adults. J. Nutr. Health Aging 2010, 14, 782-785. [CrossRef]

17.  Sun, B.; Yin, C,; Yao, X. Densification and health in China: A U-shaped association between population density and obesity. Trans.
Plan. Urban Res. 2022, 27541223221111500. [CrossRef]

18.  Frank, L.D.; Andresen, M.A.; Schmid, T.L. Obesity relationships with community design, physical activity, and time spent in cars.
Am. ]. Prev. Med. 2004, 27, 87-96. [CrossRef]

19. Paulitsch, R.G.; Dumith, S.C. Is food environment associated with body mass index, overweight and obesity? A study with adults
and elderly subjects from southern Brazil. Prev. Med. Rep. 2021, 21, 101313. [CrossRef]

20. McDonald, K.N.; Oakes, ].M.; Forsyth, A. Effect of street connectivity and density on adult BMI: Results from the Twin Cities
Walking Study. J. Epidemiol. Commun. Health 2012, 66, 636-640. [CrossRef]

21. Ruppert, D.; Wand, M.P,; Carroll, R.J. Semiparametric Regression, Cambridge University Press: Cambridge, UK, 2003.

22. Hastie, T.]. Generalized Additive Models. In Statistical Models in S; Routledge: Oxfordshire, UK, 2017; pp. 249-307.

23.  Wood, S.N. Generalized Additive Models: An Introduction with R, 2nd ed.; Chapman and Hall/CRC: Boca Raton, FL, USA, 2017.

24. Fukuda, D.; Yai, T. Semiparametric specification of the utility function in a travel mode choice model. Transp. J. 2010, 37, 221-238.

[CrossRef]


http://doi.org/10.2337/dc20-0682
http://www.ncbi.nlm.nih.gov/pubmed/32409499
http://doi.org/10.1016/j.metabol.2018.09.005
http://www.ncbi.nlm.nih.gov/pubmed/30253139
http://doi.org/10.1155/2012/107989
http://www.ncbi.nlm.nih.gov/pubmed/22655173
http://doi.org/10.1016/j.mehy.2006.10.038
http://doi.org/10.1186/1471-2458-12-967
http://www.ncbi.nlm.nih.gov/pubmed/23146089
http://doi.org/10.1016/j.jada.2005.02.045
http://doi.org/10.1093/epirev/mxm009
http://doi.org/10.1016/S2213-8587(21)00045-0
http://doi.org/10.1016/j.trd.2022.103228
http://doi.org/10.1093/aje/kwr434
http://doi.org/10.1016/S2542-5196(17)30119-5
http://doi.org/10.1016/j.cities.2020.102899
http://doi.org/10.1016/j.ypmed.2013.09.023
http://doi.org/10.1007/s12603-010-0106-x
http://doi.org/10.1177/27541223221111500
http://doi.org/10.1016/j.amepre.2004.04.011
http://doi.org/10.1016/j.pmedr.2021.101313
http://doi.org/10.1136/jech.2010.122556
http://doi.org/10.1007/s11116-009-9253-5

Int. |. Environ. Res. Public Health 2022, 19, 9577 13 of 13

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

Snijders, T.A.; Bosker, R.J. Multilevel Analysis: An Introduction to Basic and Advanced Multilevel Modeling; Sage: Thousand Oaks, CA,
USA, 2011.

Wang, X.; Shao, C.; Yin, C.; Guan, L. Exploring the relationships of the residential and workplace built environment with
commuting mode choice: A hierarchical cross-classified structural equation model. Transp. Lett. 2022, 14, 274-281. [CrossRef]
Wood, S. Package ‘MGCV’. Available online: https://cran.r-project.org/web/packages/mgcv/mgev.pdf (accessed on 29
March 2022).

Troy, A.R,; Bonnell, L.N.; Littenberg, B. Relationship between the built environment and body mass index in a rural context: A
cross-sectional study from Vermont. Cureus 2018, 10, e3040. [CrossRef] [PubMed]

Ao, Y.; Yang, D.; Chen, C.; Wang, Y. Exploring the effects of the rural built environment on household car ownership after
controlling for preference and attitude: Evidence from Sichuan, China. J. Transp. Geogr. 2019, 74, 24-36. [CrossRef]

Mettner, J. Are cars making us fat? Minn. Med. 2006, 89, 14-15. [PubMed]

Bonnell, L.N.; Troy, A.R; Littenberg, B. Nonlinear relationship between nonresidential destinations and body mass index across a
wide range of development. Prev. Med. 2021, 153, 106775. [CrossRef]

van der Loop, H.; Haaijer, R.; Willigers, ]. New findings in the Netherlands about induced demand and the benefits of new road
infrastructure. Transp. Res. Procedia 2016, 13, 72-80. [CrossRef]

Arbel, Y.; Fialkoff, C.; Kerner, A. Does body fat change with car ownership rates? A longitudinal survey of gender differences. J.
Urban Manag. 2020, 9, 19-34. [CrossRef]

Rundle, A.; Roux, A.V.D.; Freeman, L.M.; Miller, D.; Neckerman, K.M.; Weiss, C.C. The urban built environment and obesity in
New York City: A multilevel analysis. Am. |. Health Promot. 2007, 21, 326-334. [CrossRef]

Lopez, R.P. Neighborhood risk factors for obesity. Obesity 2007, 15, 2111-2119. [CrossRef]

Frank, L.D.; Sallis, ]J.F; Conway, T.L.; Chapman, J.E.; Saelens, B.E.; Bachman, W. Many pathways from land use to
health—Associations between neighborhood walkability and active transportation, body mass index, and air quality. ]. Am. Plan.
Assoc. 2006, 72, 75-87. [CrossRef]

Witten, K.; Blakely, T.; Bagheri, N.; Badland, H.; Ivory, V.; Pearce, J.; Mavoa, S.; Hinckson, E.; Schofield, G. Neighborhood
built environment and transport and leisure physical activity: Findings using objective exposure and outcome measures in
New Zealand. Environ. Health Perspect. 2012, 120, 971-977. [CrossRef] [PubMed]

Michimi, A.; Wimberly, M.C. Associations of supermarket accessibility with obesity and fruit and vegetable consumption in the
conterminous United States. Int. J. Health Geogr. 2010, 9, 1-14. [CrossRef]

Bodor, ].N.; Rice, J.C.; Farley, T.A.; Swalm, C.M.; Rose, D. The association between obesity and urban food environments. J. Urban
Health 2010, 87, 771-781. [CrossRef] [PubMed]

Bray, G.A.; Popkin, B.M. Dietary fat intake does affect obesity! Am. J. Clin. Nutr. 1998, 68, 1157-1173. [CrossRef] [PubMed]

Xu, F; Li, ].Q.; Liang, Y.Q.; Wang, Z.Y,; Hong, X.; Ware, R.S.; Leslie, E.; Sugiyama, T.; Owen, N. Residential density and adolescent
overweight in a rapidly urbanising region of mainland China. J. Epidemiol. Commun. Health 2010, 64, 1017-1021. [CrossRef]
[PubMed]

Zhao, P.; Kwan, M.-P.; Zhou, S. The uncertain geographic context problem in the analysis of the relationships between obesity
and the built environment in Guangzhou. Int. J. Environ. Res. Public Health Nutr. 2018, 15, 308. [CrossRef] [PubMed]

Yin, C.; Sun, B. Disentangling the effects of the built environment on car ownership: A multi-level analysis of Chinese cities. Cities
2018, 74, 188-195. [CrossRef]

Cooksey-Stowers, K.; Schwartz, M.B.; Brownell, K.D. Food swamps predict obesity rates better than food deserts in the United
States. Int. ]. Environ. Res. Public Health 2017, 14, 1366. [CrossRef]

An, R.; He, L.; Shen, M.]. Impact of neighbourhood food environment on diet and obesity in China: A systematic review. Public
Health Nutr. 2020, 23, 457-473. [CrossRef] [PubMed]

Torres, S.J.; Nowson, C.A. Relationship between stress, eating behavior, and obesity. Nutrition 2007, 23, 887-894. [CrossRef]

Li, M,; Qian, Z.; Vaughn, M.; Boutwell, B.; Ward, P.; Lu, T; Lin, S.; Zhao, Y.; Zeng, X.-W.; Liu, R.-Q. Sex-specific difference of
the association between ambient air pollution and the prevalence of obesity in Chinese adults from a high pollution range area:
33 communities Chinese health study. Atmos. Environ. 2015, 117, 227-233. [CrossRef]

Li, E; Harmer, P.; Cardinal, B.J.; Bosworth, M.; Johnson-Shelton, D. Obesity and the built environment: Does the density of
neighborhood fast-food outlets matter? Am. |. Health Promot. 2009, 23, 203-209. [CrossRef] [PubMed]

French, P.; Crabbe, M. Fat China: How Expanding Waistlines Are Changing a Nation; Anthem Press: London, UK, 2010.

Ford, N.D,; Patel, S.A.; Narayan, K.M. Obesity in low- and middle-income countries: Burden, drivers, and emerging challenges.
Annu. Rev. Public Health 2017, 38, 145-164. [CrossRef] [PubMed]


http://doi.org/10.1080/19427867.2020.1857010
https://cran.r-project.org/web/packages/mgcv/mgcv.pdf
http://doi.org/10.7759/cureus.3040
http://www.ncbi.nlm.nih.gov/pubmed/30258739
http://doi.org/10.1016/j.jtrangeo.2018.11.002
http://www.ncbi.nlm.nih.gov/pubmed/16764411
http://doi.org/10.1016/j.ypmed.2021.106775
http://doi.org/10.1016/j.trpro.2016.05.008
http://doi.org/10.1016/j.jum.2019.08.003
http://doi.org/10.4278/0890-1171-21.4s.326
http://doi.org/10.1038/oby.2007.251
http://doi.org/10.1080/01944360608976725
http://doi.org/10.1289/ehp.1104584
http://www.ncbi.nlm.nih.gov/pubmed/22456536
http://doi.org/10.1186/1476-072X-9-49
http://doi.org/10.1007/s11524-010-9460-6
http://www.ncbi.nlm.nih.gov/pubmed/20458548
http://doi.org/10.1093/ajcn/68.6.1157
http://www.ncbi.nlm.nih.gov/pubmed/9846842
http://doi.org/10.1136/jech.2009.094169
http://www.ncbi.nlm.nih.gov/pubmed/19858540
http://doi.org/10.3390/ijerph15020308
http://www.ncbi.nlm.nih.gov/pubmed/29439392
http://doi.org/10.1016/j.cities.2017.12.002
http://doi.org/10.3390/ijerph14111366
http://doi.org/10.1017/S1368980019002167
http://www.ncbi.nlm.nih.gov/pubmed/31511114
http://doi.org/10.1016/j.nut.2007.08.008
http://doi.org/10.1016/j.atmosenv.2015.07.029
http://doi.org/10.4278/ajhp.071214133
http://www.ncbi.nlm.nih.gov/pubmed/19149426
http://doi.org/10.1146/annurev-publhealth-031816-044604
http://www.ncbi.nlm.nih.gov/pubmed/28068485

	Introduction 
	Materials and Methods 
	Data 
	Abdominal Obesity 
	Community Built Environmental Attributes 
	Individual Socioeconomic Characteristics 
	Analytical Approaches 

	Results 
	Descriptive Analysis 
	Associations of Population Density and Covariables with WC and WHtR 
	Robustness Check 

	Discussion 
	Conclusions 
	References

