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Background: Over the past decades, both ambient and household air pollution have changed in several
aspects, including the emission sources and the concentrations of pollutants, in many Chinese cities. It is
unknown whether these changes are associated with changes in health conditions, especially given changes in
other factors due to rapid economic growth.

Methods: Two cross-sectional surveys were conducted in two periods spanning more than twenty years
(1993-1996 vs. 2017-2018) in four Chinese cities of Chongging, Wuhan, Lanzhou, and Guangzhou. Data
were collected regarding adults’ respiratory disease, smoking status, education, occupation, and household
characteristics. Ambient air pollution data were obtained for each study. We first used logistic regression
models to construct the district-specific adjusted disease prevalences. In the second stage, first-difference
regression models were employed to examine whether the change in respiratory diseases prevalences was
associated with the change in outdoor air pollution and indoor air pollution surrogates.

Results: A total of 7,557 and 9,974 households were participating in Period 1 (1993-1996) and Period
2 (2017-2018), respectively. Compared to Period 1, we found substantial reductions in the ambient air
pollution concentrations, and a suggestive improvement in cooking-related indoor air pollution in Period
2. We observed decreases in the district-specific covariate-adjusted prevalences of both asthma and chronic
bronchitis among participants, with an average reduction of 3.6% (range: 0.0% to 24.3%). From Period 1
to Period 2, one percent decrease in the proportion of cooking with coal was associated with a 19.0% (95%
CI, 0.96-37.04%) decrease in the prevalence of males’ chronic bronchitis and a 1.86% (0.69-3.04%) increase
in the prevalence of females’ asthma. Little evidence was observed regarding the potential health benefits
associated with the decreases in ambient air pollution levels.

Conclusions: The substantial reduction in household use of coal for cooking might be an important
contributor to the decrease in adults’ respiratory disease prevalence from 1993-1996 to 2017-2019 in four
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Chinese cities. Changes in this indoor air pollution source, along with other risk factors for respiratory

diseases, may have masked respiratory health benefits associated with reductions in outdoor air pollution

levels.
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Introduction

Notable temporal trends in the prevalences of humans’
respiratory diseases have been documented for several
western countries (1,2). Since the 1990s, while the
prevalence of asthma remains increasing among children
and young adults in some countries, it is relatively stable
or slightly decreasing in others (1). In China, limited data
is available concerning the change in respiratory disease
prevalence over time, with some studies for few areas (3-7).
For example, a study showed that asthma prevalence in
urban residents (>6 years) of Shanghai increased by 1.4%
from 1997 to 2007 (4). Asthma prevalence among Hong
Kong schoolchildren (13-14 years) decreased by 1% from
1995 to 2002 (5). According to a study of the elderly aged
> 70 years in Hong Kong, little changes in the prevalences
of asthma (5.1% in 1991 vs. 5.8% in 2003) and chronic
bronchitis (6.7% in 1991 vs. 7.7% in 2003) were reported (6).
In general, evidence regarding the temporal change in the
prevalence of Chinese adults’ respiratory disease is scarce
and current findings remain inconsistent.

There is no doubt that the causes of changes in adults’
respiratory health outcomes over a long time period are
multifactorial (8), but it could be in part explained by
the change in the levels of air pollution exposure (9,10).
Current literature provides ample evidence on the adverse
effects of both ambient and indoor air pollution exposure
on the respiratory health among Chinese adults (11-13).
Associations between ambient air pollutants (e.g., particulate
matter, ozone, and sulfur dioxide) and adults’ respiratory
outcomes, including lung function (12), respiratory diseases
mortality (11) and morbidity (13), have been established
among Chinese adults in a number of epidemiological
research. For indoor air pollution-associated respiratory
risks, most studies focused on pollution emissions from
diverse indoor smoke, originating from cooking, heating,
and tobacco smoke, etc. (14-17).

Due to the conduction of a series of air pollution control
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measures (18), ambient air pollution in most areas of
China has gradually improved (19) or changed in terms
of its composition (13) over the past two decades (20).
Household air pollution, though still very high in some
rural areas of China (21), appears to be experiencing a
moderate improvement, as a result of several public health
interventions such as the use of clean fuel and implementing
efficient cookstoves (22,23). Recently, a limited number
of studies attempted to assess the health benefits related
to specific air pollution interventions among Chinese
population (17,24,25). For example, with strict air pollution
controls implemented during the 2008 Summer Olympic
Games, a significant reduction in asthma outpatient visitis
(RR =0.54, 95% CI: 0.39-0.75) among Beijing adults was
observed during the Games, as compared with the baseline
(before any air pollution controls) (25). A cohort study of
about 280,000 Chinese never-smokers observed lower risk
of respiratory outcomes among participants who switched
to clean fuel or use of ventilated cookstoves than those who
did not (17).

Similarly, studies were conducted in other countries
to investigate a variety of health gains attributed to long-
term improvement of ambient air pollution (26-28). For
example, a children cohort study demonstrated that the
reduction in long-term ambient air pollution exposures
was associated with improvements in children’s respiratory
health in southern California (26). Another study of
more than 200 United States counties also found that the
reduction in ambient PM, ; was significantly associated with
improvements in residents’ life expectancy during the 1980s
and 1990s (27).

While separate evidence is apparent that human health
gains are associated with the improvements in either
ambient or indoor air pollution exposures, little is known
about the potential health benefits when multiple air
pollution exposures are considered simultaneously. In this
study, we used data from the two cross-sectional surveys
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spanning over 20 years to investigate whether the change
in adults’ respiratory disease prevalence was associated with
the changes in indoor and outdoor air pollution levels across
four Chinese cities. We present the following article in
accordance with the STROBE reporting checklist (available
at https://dx.doi.org/10.21037/jtd-20-2121).

Methods

During 1993 and 1996, a cross-sectional study was
performed to examine respiratory health effects of
household-related characteristics and ambient air pollution
among elementary school children in four Chinese cities
(29,30). Information for parents of study children was
also collected, including education attainment, respiratory
disease, and smoking status. The rapid urbanization and
industrialization in Chinese cities over the past decades have
been in conjunction with great changes in many aspects of
people’s living environment (such as ambient air pollution
and housing type). Between 2017 and 2018, we conducted
another cross-sectional study in the same four cities to
assess the temporal variation of respiratory health outcomes
and potential risk factors. Similar information on school
children and their parents was obtained, mostly based on an
assessment of questionnaire responses. The 1993-1996 study
was termed as Period 1 study, and the 2017-2018 study as
Period 2 study. In both periods, parents reported whether or
not they had asthma, chronic bronchitis, and tuberculosis.
Since tuberculosis prevalence was pretty low (<1%),
tuberculosis was not considered in our analysis. In this paper,
we analyzed the parents’ data from both periods to examine
whether the changes in prevalences of respiratory diseases
were associated with the changes in outdoor air pollution
and several indoor air pollution surrogates.

Questionnaire survey and indoor air pollution surrogates

We conducted surveys in four Chinese cities—Chonggqing,
Wuhan, Lanzhou, and Guangzhou—in both studies. In
Period 1 study, we selected two elementary schools, one
from the urban and the other from the suburb area within
each of the four cities. In Period 2 study, we attempted
to select the same schools or schools located as close as
possible to the schools in Period 1 for three of the four
cities (Chongqing, Wuhan, and Lanzhou). Since the
originally selected school was closed in the suburb of
Guangzhou in Period 2, we instead selected a different
school in the suburb of Shenzhen city, which is about

© Journal of Thoracic Disease. All rights reserved.

Yan et al. Air pollution change and adults' respiratory diseases

140 km from Guangzhou. The survey study in Period 2
was approved by the Institutional Review Board of Duke
Kunshan University (No. FWA00021580). The study was
conducted in accordance with the Declaration of Helsinki (as
revised in 2013).

In both periods, we administered questionnaires to
the participating families to collect information. The
questionnaire used in Period 2 contained mostly the same
questions as in the Period 1, with exceptions on questions
that were no longer relevant in Period 2, for example,
wood was no longer included as an option of the question
of cooking fuel in Period 2. Parents of the participating
school children were required to fill out the questionnaires
themselves with help from our field investigators. The
survey included questions on parents’ respiratory diseases,
socioeconomic status, smoking status and household
characteristics.

Respondents were invited to report physician-diagnosed
asthma and chronic bronchitis. They were all “Yes” or
“No” questions. Respondents’ socioeconomic status were
represented by education attainment and occupation type
by asking multiple-choice questions with different options
between studies of Periods 1 and 2, respectively. Thus, we
aggregated the multiple options and generated consistent
answers. We considered a dichotomized variable for
education—whether the college-level degree was achieved,
and a categorical variable for occupation including blue-
collar (e.g., farmer, factory or industrial worker), white-
collar (e.g., nurse, doctor, and government administrative
workers), and other types of occupation (e.g., military and
the unknown). Although the exact ages of participants were
not available, we supposed the age distributions of the two
populations from two periods were comparable since they
were both parents of children aged 6-13.

In the current study, we considered smoking exposure
and household characteristics (kitchen type, cooking
with coal as fuel and ventilation when cooking) as the
indoor air pollution surrogates. For each question about
household characteristics, while we asked three questions
corresponding to three age ranges (i.e., younger than
3-year-old, 3 to 6 years old, and older than 7-year-old) of
children in Period 1, parents in Period 2 were invited to
answer just one general question. To ensure that answers to
these questions from two surveys were appropriate, for each
household in Period 1, we only considered the answer for
the age range which contains the current age of child in that
household whose information was collected. Active smoking
exposure was determined by smoking-related “Yes” or
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“No” questions. Female/Male participants were defined as
exposed to passive smoking at home if their husbands/wives
were classified as current smokers. We could not determine
the exposure time or the frequency for passive exposure, as
detailed information on active smoking for participants was
not available in this study.

Outdoor air pollution

We considered ambient concentrations of PM, s, PM,,,
and SO, as these data were available in both periods. We
used the average concentrations of several years before
conducting the questionnaire surveys to represent a typical
level of ambient air pollution of each study period (29). In
Period 1 study, we obtained data for SO, from municipal
monitoring stations for each district from 1993 to 1996.
We specifically measured the levels for PM2.5 and PM10
in the schoolyards during 1995 and 1996. This is because
size-fractionated particulate matters were not the regulated
pollutants at that time and then not available from the
municipal monitoring system. Based on daily measurements,
we calculated 2-year average concentrations for PM,; and
PM,, and 4-year average concentration for SO, for the
eight study districts. In Period 2, data for PM, ;, PM,,, and
SO, were all obtained from a publicly available website
(https://www.aqistudy.cn). This website provides monitored
concentrations of regulated air pollutants for more than
300 Chinese cities. Since the air pollution data were only
monitored at city level, the urban and suburban areas within
a given city were assigned the same concentrations of air
pollution in Period 2. We calculated 4-year (2014-2017)
average concentrations for PM, 5, PM,, and SO, in Period 2.

Statistical analysis

We conducted a two-stage analysis on the associations of
the district-specific prevalences of respiratory diseases with
the proportion of indoor air pollution surrogates and the
concentrations of outdoor ambient air pollution. In the first
stage of the analysis, we fit the following logistic regression
model [Eq. 1] to calculate the adjusted prevalences of
respiratory diseases among men and women in each district,
adjusting for participants’ education and occupation status.
The model was fit separately for Period 1 and Period 2.

Logit [E (Yij )J =B, +B,District; + ,Degree; +,0ccupation;;
(1]

where:
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% Y; is an indicator variable denoting whether or not
participant i in District j had respiratory diseases,
with Y; = 1 for having self-reported disease and Y; =
0 for none;

% Py is the model intercept;

%  District; is a dummy variable for the eight study
districts within four cities, and B, is a vector of
coefficients for District, j = 1, ..., 8. Based on the
estimated coefficients (By,B,), we calculated the
adjusted district-specific diseases prevalences for
each study periods (29);

% Degree; is an indicator variable denoting whether
or not participant i in District j had obtained a
college-level degree;

% Occupation; is an indicator variable denoting the
occupation category of participant i in District j.

In the second stage, we fit a first-difference regression
model (27) with the district-level data, including the
adjusted disease prevalence by district (calculated from
the first stage analysis), ambient air pollution, and the
proportion of indoor air pollution surrogates (i.e., cooking
with coal, cooking ventilation, kitchen type, and smoking).
The first-difference regression model is essentially a typical
linear regression model, but, instead of using the directly
measured data of a health outcome as the dependent
variable and a risk factor as the independent variable,
this model uses the differences (mostly overtime) in the
dependent variable and in the independent variable. So this
model can estimate the relationship between the change in
disease prevalence and the change in a potential risk factor.
We first calculated the differences of these district-level
variables (AX and AY) between two periods. We used the
values of differences to fit the following linear regression
model [Eq. 2], separately for each respiratory disease among
men and women.

AY; =0, +0,AX; 2]

where:

% AY, is the difference of respiratory disease
prevalences between two study periods for district j,
i=1,...,8;

< a0 is the model intercept;

%  AXj is the difference of a certain environmental
risk factor for district j. These risk factors included
the concentration of outdoor air pollution and
the proportion of selected indoor air pollution
surrogates. o, is the estimated linear coefficient
for the relationship between the change in the
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Table 1 Characteristics of households and participants in Period 1 and Period 2

Period 1

Period 2

Urban, n (%)

Suburban, n (%)

Urban, n (%) Suburban, n (%)

Households in total 4571
Separate kitchen 2,290 (50.1)
Cooking with coal as fuel 973 (21.3)
Cooking ventilation 2,817 (61.6)
Male
Smoking 3,548 (77.6)
College-level education 858 (18.8)
Occupation
Blue collar 2,087 (45.7)
White collar 2,037 (44.6)
Female
Smoking 71(1.6)
College-level education 445 (9.7)
Occupation
Blue collar 2,117 (46.3)
White collar 2,045 (44.7)

3,183 5,743 3,907
2,201 (69.1) 2,807 (48.9) 1,910 (48.9)
962 (30.2) 114 (2.0) 115 (2.9)
2,682 (84.3) 5,299 (92.3) 3,669 (93.9)
2,252 (70.8) 2,567 (44.7) 1,607 (41.1)
839 (26.4) 1,860 (32.4) 1,216 (31.1)
1,720 (54.0) 1,529 (26.6) 1,478 (37.8)
1,165 (36.6) 2,075 (36.1) 1,632 (41.8)
23(0.7) 36 (0.6) 84 (2.1)
527 (16.6) 1,776 (30.9) 1,120 (28.7)
1,819 (57.1) 1,258 (21.9) 1,166 (29.8)
1,188 (37.3) 2,306 (40.2) 1,792 (45.9)

respiratory disease prevalence and the change in a
certain potential environmental risk factor over two
periods.

To examine the influence on the change in disease
prevalence over time associated with several environmental
risk factors simultaneously, we fit multiple linear regression
in the second stage, with more than one independent
variable (i.e., AX,; and AX,)) included in the model. As a
sensitivity analysis, we also fit the individual cross-sectional
regression models, using the district-level data of each
period rather than the difference between the two periods.
All the statistical analyses were conducted using R software
(version 4.0.3; R Development Core Team).

Results
Indoor air pollution surrogates

In both periods, we achieved reasonably high response
rates. In study Period 1, we distributed a total of 7,621
questionnaires in the eight schools selected in the four
Chinese cities and received 7,557 back to reach a 99.2%
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response rate. In Period 2, 11,449 questionnaires were
distributed, and 9,974 subjects returned, with an overall
response rate of 87.1%.

Compared to Period 1, the proportion of cooking with
coal as fuel largely decreased in Period 2 (Table 1), especially
in the suburban of Wuhan and Lanzhou, with the decreases
of 32.5% (38.6% vs. 6.1%) and 89.7% (92.0% vs. 2.3%),
respectively (Table S1). In contrast, more households were
using cooking ventilation in Period 2 (an overall prevalence
was 92.3%) than Period 1 (61.6%, Table I). These changes
in cooking fuel and ventilation suggest that cooking-related
indoor air pollution have generally improved from Period
1 to period 2 in the four cities. We observed noticeable
changes in the proportion of separate kitchen in some of
the eight districts across the two study periods (7uble 1).
For example, in suburban Guangzhou, the proportions of
owing separate kitchens decreased from 68.5% (Period 1)
to 26.2% (Period 2; Table S1). Males’ smoking prevalence
had substantially decreased in all eight districts recently as
compared with 20 years ago (Table 1, Table S2). Smoking
prevalence of women generally reduced as well, with the
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Table 2 District-specific ambient air pollutant concentrations (mg/m’) in study Period 1 and Period 2
PM_ PM;, SO,
City District
Period 1 Period 2* Period 1 Period 2* Period 1 Period 2*
Chongging Urban 94.2 (54.1) 147.8 (72.8) 330.5 (160.6)
54.1(33.9) 82.5 (44.6) 16.1 (9.7)
Suburban 82.1(46.2) 112.5 (58.2) 149.3 (82.7)
Wuhan Urban 72.9 (51.8) 128.6 (74.9) 72.5(61.9)
64.4 (42.9) 99.7 (53.0) 18.4 (13.9)
Suburban 51.5(26.8) 80.7 (39.0) 14.6 (11.2)
Lanzhou Urban 115.1 (100.1) 222.4 (150.4) 130.5 (134.4)
51.5 (26.5) 117.3 (66.4) 21.5(14.0)
Suburban 97.7 (73.7) 164.6 (100.3) 54.0 (61.5)
Guangzhou Urban 142.3 (90.3) 29.5 (21.4) 232.0 (108.2) 48.4 (29.0) 55.3 (38.3) 8.2 (5.5)
Suburban 69.7 (39.2) 39.4 (16.2) 116.9 (65.9) 60.5 (23.3) 41.4 (32.1) 13.2 (2.7)

*, In Period 2, city-wide average concentrations were used for Chongging, Wuhan, Lanzhou, as well as the urban district of Guangzhou.
The suburban concentrations of Guangzhou were obtained using the city average concentration of Shenzhen. Mean and standard
deviation (in parentheses) in study Period 1 are calculated using daily average concentrations during 1993-1996 for SO, and 1995-1996

for PM, s and PMy,. In study Period 2, summarized data for air pollutants are based on daily average concentrations during 2014-2017.

exception of suburban Guangzhou (Table 1, S2).

Outdoor air pollution concentrations in two study periods

Outdoor air pollution in the four Chinese cities, especially
in the urban area, has greatly improved from Period 1
to Period 2 (7able 2). While particulate matter levels in
Period 1 were extremely high in Lanzhou and Guangzhou,
they decreased by a factor of more than two in Period 2
study. For example, in contrast to a 2-year (1995-1996)
average concentration of 232.0 pg/m’ for PM,, in urban
Guangzhou, the average concentration (2014-2017) of
PM,, in Period 2 was 48.4 pg/m’. Chongqing suffered
from severe pollution of SO, in the late of last century,
with a four-year average (1993-1996) of 330.5 pg/m’ in
the urban district. But in recent years, SO, in the urban
area of Chonggqing greatly decreased to 16.1 pg/m’ (the
4-year average during the period of 2014-2017). Since we
did not obtain district-specific concentrations for each city
in Period 2, we could not compare outdoor air pollution
variations over the twenty years for urban and suburban
separately.

Adjusted prevalences of astbma and chronic bronchitis

College-level education attainment was more prevalent
among participants in Period 2 than those in Period 1
(Table 1, Table S2). The proportion of “blue-collar”
participants was approximately halved from Period 1 to 2
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in both urban and suburban districts (7zble 1, Table S2).
With the adjustment for participants’ education and
occupation, the district-specific prevalences of asthma
and chronic bronchitis for both men and women
were decreased by an average of 3.6% (range: 0.0%
to 24.3%) in Period 2 versus Period 1 (Figure I).
In general, the decrease in the prevalence of chronic
bronchitis was larger than that of asthma. For example, in
the urban district of Lanzhou, the adjusted prevalence of
chronic bronchitis decreased substantially from 24.8% to
2.9% and the adjusted prevalence of asthma decreased from
2.5% to 0.8% from Period 1 to Period 2 among the male
participants (Figure 1).

Effects of air pollution on disease prevalence

Among the indoor air pollution surrogates investigated
in the study, we found that the decrease in the proportion
of cooking with coal might be an important contributor
to the reduction in respiratory disease prevalence among
our participants over the periods. According to the first-
difference regression model (the second stage analysis), one
percent decrease in the proportion of cooking with coal
was associated with a 19.0% (95% CI, 1.0-37.0%) decrease
in the prevalence of males’ chronic bronchitis across the
eight districts (7able 3). This substantial association was also
confirmed by several multiple regressions when other air
pollution variables were included in the models (1able 4).
The decrease in the proportion of cooking with coal over
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Figure 1 District-specific adjusted prevalences (%) and 95% confidence intervals (vertical lines) of asthma and chronic bronchitis for men
and women in study Period 1 and Period 2, calculated using the reference levels of “below college-level education” for education and “blue

collar” for occupation.

Table 3 Estimates and 95% CI (in parentheses) of the change in respiratory disease prevalence (%) associated with 1% decrease in the prevalence
of indoor air pollution surrogates or an interquartile range (IQR) decrease in outdoor air pollutant concentration

Male

Female

Asthma Chronic bronchitis Asthma Chronic bronchitis

Indoor air pollution surrogate

Active smoke -2.83 (-10.34, 4.67) 31.42 (-74.46, 137.3) -0.04 (-22.36, 22.27) -1.10 (-67.87, 65.68)

Passive smoke 4.80 (-14.82, 24.41) 33.33 (-242.68, 309.34) -4.71 (-12.61, 3.19) -2.74 (-28.86, 23.37)

Kitchen type

Cooking coal

Cooking ventilation
Outdoor air pollutant

PM, 5

PM,o

SO,

1.86 (0.12, 3.59)
-0.11 (-1.81, 1.59)
-0.29 (-2.78, 2.21)

0.11 (-0.34, 0.55)
0.11 (-0.31, 0.52)
0.16 (-0.01, 0.33)

10.97 (-19.48, 41.43)
19.00 (0.96, 37.04)
-17.49 (-49.32, 14.35)

1.55 (~4.62, 7.72)
0.82 (-5.01, 6.66)
-0.51 (-3.44, 2.42)

1.85 (-0.22, 3.93)
-1.86 (-3.04, -0.69)
1.10 (-1.56, 3.76)

0.02 (-0.48, 0.53)
0.09 (-0.37, 0.56)
0.17 (-0.03, 0.36)

3.78 (-3.23, 10.79)
2.00 (-3.45, 7.45)
-4.09 (-11.8, 3.62)

0.66 (-0.76, 2.08)
0.66 (~0.65, 1.97)
0.00 (-0.71, 0.72)

The IQRs for PM, 5, PM,, and SO, are 34, 51, and 43 mg/m°®, respectively.
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Table 4 Estimates and 95% CI (in parentheses) of the change in males’ respiratory disease prevalence (%) associated with a 1% decrease in the

prevalence of indoor air pollution surrogates or an interquartile range (IQR) decrease in outdoor air pollutant concentrations, based on multiple

linear regression models

Cooking coal Active smoke  Passive smoke Cooking ventilation Kitchen type PM, 5 PM,, SO,
Asthma

M1 0.19 -3.22 - - - - - -
(-1.78, 2.16) (-12.31, 5.87)

M2 -0.20 - 5.31 - - - - -
(-2.07, 1.66) (-16.58, 27.20)

M3 -0.18 - - -0.36 - - - -
(-2.10, 1.75) (-3.20, 2.48)

M4 0.04 - - - 1.86 - - -
(-1.39, 1.46) (-0.05, 3.77)

M5 -0.07 - - - - 0.11 - -
(-1.90, 1.77) (-0.38, 0.60)

M6 -0.01 - - - - - 0.11 -
(-1.88, 1.86) (-0.36, 0.57)

M7 0.46 - - - - - - 0.18
(-1.11,2.04) (-0.01, 0.38)

Chronic bronchitis

M1 19.75 -7.96 - - - - - -
(-2.12,41.61) (-108.81, 92.88)

M2 19.27 - -14.92 - - - - -
(-0.92, 39.47) (-252.28, 222.45)

M3 17.02 - - -10.52 - - - -
(-2.58, 36.62) (-39.41, 18.36)

M4 20.07 - - - 13.79 - - -
(2.35, 37.79) (-10.02, 37.59)

M5 19.76 - - - - 2.07 - -
(1.11, 38.42)" (-2.91,7.04)

M6 20.78 - - - - - 1.98 -
(1.75, 39.82)* (-2.76, 6.72)

M7 20.59 - - - - - - 0.50
(-0.62, 41.79) (-2.16, 3.17)

*, P<0.05. “M1” to “M7” in the first column represented seven models, including the difference of the proportion of “cooking coal” and
the difference of another environmental risk factor as listed by column. The IQRs for PM,s, PM,,, and SO, are 34, 51, and 43 mg/m®,

respectively.

time was also significantly, but negatively, associated with
the decrease in the prevalence of females’ asthma (Tables 3,5).
And this association did not change in terms of significance
after adjusting for other air pollution variables (Tables 3,5).
Although the decrease in the proportion of cooking with
coal also had a positive association with the prevalence of
females’ chronic bronchitis and a negative association with

© Journal of Thoracic Disease. All rights reserved.

the prevalence of males’ asthma, these associations were
very small and non-significant. There was little evidence
of associations between the change in other indoor air
pollution surrogates and the change in respiratory disease
prevalences across the eight study districts.

With regard to outdoor air pollution, although these
estimates were not statistically significant, a few suggestive
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Table 5 Estimates and 95% CI (in parentheses) of the change in females’ respiratory disease prevalence (%) associated with a 1% decrease in the

prevalence of indoor air pollution surrogates or an interquartile range (IQR) decrease in outdoor air pollutant concentrations, based on multiple

linear regression models

Cooking coal Active smoke Passive smoke Cooking ventilation Kitchen type PM, 5 PM,, SO,
Asthma
M1 -1.95 4.84 - - - - - -
(-3.22, -0.68)* (-10.06, 19.74)
M2 -1.75 - -1.22 - - - - -
(-3.16, -0.34)* (-7.72,5.28)
M3 -1.79 - - 0.37 - - - -
(-3.12, -0.47)* (-1.58, 2.32)
M4 -1.74 - - - 1.61 - - -
(-2.50, -0.98)* (0.59, 2.63)*
M5 -1.87 - - - - -0.03 - -
(-3.16, -0.58)* (-0.37, 0.32)
M6 -1.87 - - - - - -0.01 -
(-3.19, -0.55)* (-0.34, 0.32)
M7 -1.58 - - - - - - 0.09
(-2.84,-0.33)* (-0.07, 0.25)
Chronic bronchitis
M1 2.12 -6.40 - - - - - -
(-3.97,8.21) (-78.02, 65.21)
M2 2.78 - -8.28 - - - - -
(-3.65, 9.21) (-37.95, 21.39)
M3 1.34 - - -3.54 - - - -
(-4.51,7.18) (-12.16, 5.08)
M4 2.32 - - - 4.11 - - -
(-3.05, 7.69) (-3.11, 11.33)
M5 2.27 - - - - 0.72 - -
(-3.25,7.78) (-0.75, 2.19)
M6 2.73 - - - - - 0.81 (-0.54, -
(-2.68, 8.15) 2.16)
M7 2.38 - - - - - - 0.12
(-4.06, 8.82) (-0.69, 0.93)

*, P<0.05. “M1” to “M7” in the first column represented seven models, including the difference of the proportion of “cooking coal” and
the difference of another environmental risk factor as listed by column. The IQRs for PM,s, PM,,, and SO, are 34, 51, and 43 mg/m®,

respectively.

findings might be worth pointing out. First, in some cases,
positive associations were consistently estimated from both
primary and sensitivity analyses. For example, the decrease
in SO, seemed positively associated with the decrease in
females’ asthma prevalence. In addition, the effect size of
decreased ambient air pollutants concentrations on the
decrease in the prevalences of respiratory diseases was

© Journal of Thoracic Disease. All rights reserved.

nearly the same for PM,; and PM,, (Tables 4,5), which
could be resulted from the similar extent of change in the
concentrations of PM, 5 and PM,, over the two periods.

Sensitivity analysis

Estimates from sensitivity analyses of fitting cross-
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sectional regression models were somewhat consistent
with these primary results (Table S3). Based on cross-
sectional regression models, we found that the decrease in
the proportion of cooking with coal as fuel was positively
associated with the decrease in the prevalence of males’
chronic bronchitis, and negatively associated with the
decrease in the prevalence of females’ asthma in both
periods.

Discussion

In the current study, we observed apparent decreases in
the district-specific prevalences of asthma and chronic
bronchitis for both male and female adults in four Chinese
cities across more than two decades from 1993-1996 to
2017-2018, and the changes may be attributable to multiple
factors. The most significant risk factor observed in the
study was the change in the proportion of cooking with
coal. We found that changes in the proportion of cooking
with coal were positively related to the changes in the
prevalence of males’ chronic bronchitis, but negatively
associated with the changes in the prevalence of females’
asthma. In this study, we also found a substantial reduction
in the concentrations of outdoor air pollutants investigated
across the four Chinese cities in Period 2 compared with
Period 1; however, little evidence was recognized regarding
potential health gains associated with the decrease in
ambient air pollution levels.

Through the comparison between the two periods, the
decrease in the proportion of coal use for cooking was
positively related to the decrease in the prevalence of males’
chronic bronchitis (7ables 3,4). This result seems fairly
rational, as the adverse health effect of indoor air pollution
from solid fuel has been well characterized (31,32). This
result is also somewhat in line with previous findings of the
potential health benefits, respiratory health in particular,
associated with either switching from unclean cookfuels to
clean cookfuels at home (17,33) or the cessation of unclean
cookfuels such as coal (16,34). For example, a large cohort
study (17) of Chinese adults found that, during the nine
years follow-up, the hazard ratios (HR) for both acute and
chronic respiratory diseases were significantly stronger
among participants who used solid fuels (i.e., coal or wood)
persistently than those who switched from solid fuel to
clean fuels (i.e., electricity or gas).

Although this finding could provide suggestive evidence
of respiratory health benefits when reducing the use of coal
for cooking, caution should be taken when interpreting
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this notable estimate: the prevalence of males’ bronchitis
would decrease 20% per 1 % decrease in the proportion
of coal use across the eight districts. With measurements
from two cross-sectional surveys, we were assuming a linear
relationship between the decrease in the proportion of coal
use and the decrease in disease prevalence. It is very likely
that the true relationship between them is non-linear; in
other words, the decrease of disease prevalence may depend
on how much the proportion of coal use has decreased. To
help validate this hypothesis, we conducted an additional
analysis using the data of the present study. Among the eight
study districts, households from the suburban of Lanzhou
experienced the largest decrease in the proportion of
cooking with coal, from 92% in Period 1 to 2.3% in Period
2 (Table S1). When excluding the suburban of Lanzhou,
we obtained a 4.5% decrease in the bronchitis prevalence
for men per reduction of 1% in the prevalence of cooking
with coal, which is much smaller than the estimate (about
20%) using all the data. Further study can be conducted to
investigate the potential beneficial effect of the reduction
of coal use at home on respiratory diseases like chronic
bronchitis.

From Period 1 to Period 2, the decrease in the
proportion of coal use for cooking was significantly but
negatively associated with the decrease in the prevalence
of asthma among women in our study. This relationship
remained negative even we excluded the data from the
suburban of Lanzhou, where the reduction in the use
of coal for cooking was extremely large. The current
evidence seems not consistently support a deleterious effect
of coal use for cooking on adults with asthma (35-39).
For example, a cross-sectional survey found that coal
use for cooking was an important risk factor for asthma
prevalence, with an estimated odds ratio of 2.65 (95% CI,
1.26-5.57), among nearly 10,000 residents aged 15 and
over in seven Chinese cities in 2012 (35). Similar findings
were also reported in another survey conducted in a heavy-
industry province in China, which reported an OR of 1.45
(95% CI, 1.10-1.90) for the use of coal at home compared
with those who did not use coal (37). However, there also
exists evidence of little or no association between coal use
at home and asthma (38,39). For example, a recent multi-
country prospective study did not observe a heightened risk
for asthma associated with household solid fuel use (such
as coal and wood), as compared with clean fuel (such as gas
and electricity) (39).

A possible explanation for the observed negative
relationship between the decrease in coal use proportion
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and the decrease in asthma prevalence over the two study
periods may be due to other confounding variables that have
also varied greatly over the two periods and not considered
in our analysis. Urbanization (also known as urbanicity)
could be an important one. A growing number of studies
have found that urbanization is positively related to asthma
prevalence among both children and adults in several parts
of the world (40-43). The adverse impact of urbanization on
asthma may be attributed to the elevated traffic-related air
pollution, increased exposure to allergens (such as pollen),
and Western-style diet (41-43). Urbanization is especially
associated with a high risk of asthma in areas where the
baseline of urbanization is low (40). Meanwhile, there is
evidence that residential coal use is negatively related to
urbanization in China over the recent decades (44,45).
Taken together, it seems reasonable to spectulate that,
from the study Period 1 to Period 2, the rapid urbanization
in Chinese cities is related to a decrease in the coal use
at home and an increase in the asthma prevalence, which
could help to explain our finding of a negative relationship
between coal use and asthma prevalence.

While the two diseases investigated in the current
study—chronic bronchitis and asthma—present several
common characteristics, we indeed observed different
associations between the change in the proportion of coal
use for cooking and the change in the disease prevalences
in our study cities. This suggests that different disease
phenotypes are related to unique primary risk factors; for
example, some studies have indicated that solid fuel use at
home has a stronger association with chronic bronchitis
than other respiratory outcomes (17,46). Therefore,
targeted interventions are necessary for different disease
phenotypes.

The ambient air pollution over two periods, though
generally improved in the four cities, appeared to not
contribute to the decrease in respiratory disease prevalences
among study participants. Since the respiratory outcomes
investigated were both chronic diseases and the cross-
sectional studies were not able to capture the onset or
exacerbation of these respiratory diseases, our findings did
not provide sufficient evidence regarding the respiratory
health benefits related to the improvement of ambient
air pollution. Similar findings were found in the existing
literature. Based on a meta-analysis of multi-community
prevalence studies, no asssociation between long-term
exposure to outdoor air pollution, including PM,,, ozone,
sulfur dioxide, and nitrogen dioxide, and asthma prevalence
was reported (47). By contrast, another meta-analysis of
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cohort studies found an increased risk for asthma incidence
associated with long-term exposure to ambient PM, ; (48).
Further, in most Chinese cities, while the concentration of
ambient particulate matter has been decreasing in the past
decades, emerging evidence suggests the levels of ozone
were increasing over time (49,50). Previous studies found
ambient ozone exposure was associated with an increased
risk for respiratory diseases (51). Since the data for ambient
ozone concentration were not available in our study
Period 1, we were not able to assess the changes in ozone
concentration over periods. Because both particulate matter
and ozone have adverse respiratory health effects, it is
possible that the estimated association between the decrease
in PM concentration and the decrease in the respiratory
disease prevalence could be confounded by the increase in
ozone concentration.

Some limitations of this study must be mentioned. First,
since the surveys focused on studying children’s respiratory
health and associated risk factors, limited data were collected
on adults, such as age. Given that Chinese women’s fertility
pattern may have changed over a long time period, the age
distributions among parents of children aged 6-13 could
have also changed from Period 1 to Period 2. Even though
we assumed that age distributions of adults in two periods
could be comparable, it would be impossible to compare the
disease prevalence in this study to others due to the exact
ages of participants were not presented. Further, residual
confounding can play a role in our estimates due to both
imprecise measure of existing covariates in our model and
the failure to control for other potential confounders that
can be associated with the change in respiratory disease
prevalence (such as the time period of disease diagnose
and medical treatment received). Finally, because detailed
information on smoking was unavailable, we could not
assess either the amount or frequency of smoking exposure.
So, caution should be taken when comparing our results
with others derived from certain populations with different
smoking exposures.

"To summarize, we observed a decrease in the prevalences
of asthma and chronic bronchitis in four Chinese cities over
two periods spanning more than 20 years, after adjusting
for participants’ education and occupation. Since very
limited data are available regarding the temporal change in
the respiratory disease prevalence in China, our findings
can add to the literature and provide evidence for future
studies in this regard. Furthermore, our analysis found a
significant association between the reduction in respiratory
disease prevalence and the reduction in household coal
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use, suggesting eliminating this indoor air pollution source
might be an important contributor to the improvement in
respiratory health in adults living in the four Chinese cities.
Although outdoor air pollution levels were substantially
lower in the later period, changes in other risk factors may
have masked ambient air quality improvement’s health
benefits. Future studies are recommended to ascertain
these risk factors in their contributions to the changes in
health conditions. Understanding the complex interplay of
these factors and air pollution exposure will provide a more
comprehensive strategy to improve people’s respiratory
health in Chinese cities that have undergone rapid
economic and environmental changes.
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Supplementary

Table S1 District-specific characteristics of households in four Chinese cities in Period 1 and Period 2, showing number and proportion (%, in
the parentheses) for each parameter

City District N Separate kitchen Cooking with coal as fuel Cooking ventilation
Chongging
Period 1 Urban 1011 459 (45.4) 67 (6.6) 675 (66.8)
Suburban 441 279 (63.3) 8(1.8) 289 (65.5)
Period 2 Urban 1599 786 (49.2) 14 (0.9) 1587 (99.2)
Suburban 527 239 (45.4) 6 (1.1) 524 (99.4)
Wuhan
Period 1 Urban 1924 1040 (54.1) 664 (34.5) 739 (38.4)
Suburban 593 250 (42.2) 229 (38.6) 298 (50.3)
Period 2 Urban 1985 841 (42.4) 71 (3.6) 1675 (84.4)
Suburban 1167 530 (45.4) 71 (6.1) 1058 (90.7)
Lanzhou
Period 1 Urban 716 269 (37.6) 104 (14.5) 512 (71.5)
Suburban 767 726 (94.7) 706 (92.0) 736 (96.0)
Period 2 Urban 848 602 (71.0) 11 (1.3) 750 (88.4)
Suburban 1218 880 (72.2) 28 (2.3) 1108 (90.9)
Guangzhou
Period 1 Urban 920 522 (56.7) 138 (15.0) 891 (96.8)
Suburban 1382 946 (68.5) 19 (1.4) 1359 (98.3)
Period 2 Urban 1311 578 (44.1) 18 (1.4) 1287 (98.2)
Suburban 995 261 (26.2) 10 (1.0) 979 (98.4)
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Table S2 District-specific characteristics of participants in four Chinese cities in Period 1 and Period 2, showing number and proportions (%, in
the parentheses) for each parameter

Male Female

City (Period) District N Occupation Occupation

Smoking  Education Smoking Education
Blue collar  White collar Blue collar ~ White collar

Chongging
Period 1 Urban 1011 759 (75.1) 259 (25.6) 405 (40.1) 380 (37.6) 24 (2.4) 151 (14.9) 455 (45.0) 389 (38.5)
Suburban 441 354 (80.3) 50(11.3) 269 (61.0) 97 (22.0) 5(1.1) 20 (4.5) 294 (66.7) 94 (21.3)
Period 2 Urban 1599 703 (44.0) 393 (55.9) 642 (40.2) 702 (43.9) 16 (1.0) 380(23.8) 485 (30.3) 885 (55.3)
Suburban 527 233 (44.2) 103 (19.5) 186 (35.3) 247 (46.9) 6(1.1) 104 (19.7) 138 (26.3) 327 (62.0)
Wuhan
Period 1 Urban 1924 1613(83.8) 324 (16.8) 1007 (52.3) 779 (40.5) 28(1.5) 140(7.3) 1006 (52.3) 804 (41.8)
Suburban 593 467 (78.8) 44 (7.4) 483 (81.4) 88 (14.8) 5(0.8) 16 (2.7) 464 (78.2) 85 (14.3)
Period 2 Urban 1985 833 (44.5) 489 (24.6) 374(18.8) 309 (15.6) 17 (0.9) 441 (22.2) 312(15.7) 319 (16.1)
Suburban 1167 542 (46.4) 229 (19.6) 694 (59.5) 379 (32.5) 3(0.3) 187 (9.4) 550 (47.1) 433 (37.1)
Lanzhou
Period 1 Urban 716  541(75.6) 98 (13.7)  361(50.4) 323 (45.1) 6 (0.8) 42 (5.9) 344 (48.0) 307 (42.9)
Suburban 767 627 (81.7) 1(0.1) 721 (94.0) 36 (4.7) 3(0.4) 0 (0.0 740 (96.5) 16 (2.1)
Period 2 Urban 848 403 (47.5) 461 (54.4) 142(16.7) 353 (41.6) 2(0.2) 426(50.2) 137 (16.2) 344 (40.6)
Suburban 1218 541 (44.4) 283 (23.2) 526(43.2) 283(23.2) 5(0.4) 261(21.4) 412(33.9) 355 (29.1)
Guangzhou
Period 1 Urban 920 635(69.0) 177 (19.2) 314 (34.1) 555 (60.3) 13(1.4) 112 (12.2) 312(33.9) 545 (59.2)
Suburban 1382 804 (58.2) 744 (53.8) 247 (17.9) 944 (68.3) 10(0.7) 491(35.5) 321(23.2) 993 (71.9)
Period 2 Urban 1311 628 (47.9) 517 (39.4) 371(28.3) 711(54.2) 1(0.1) 529(40.4) 324 (24.7) 758 (57.8)
Suburban 995 291 (29.2) 601 (60.4) 72(7.2) 723 (72.7) 70(7.0) 568 (57.1) 66 (6.6) 677 (68.0)
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Table S3 Estimates and 95% CI (in parentheses) of the change in respiratory disease prevalences associated with 1% decrease in the prevalence of

indoor air pollution surrogates or an interquartile range (IQR) decrease in outdoor air pollutant concentrations, based on sensitivity analysis

Period 1 Period 2
Variables Male Female Male Female
A
Indoor air pollution surrogates
Active smoke 0.0075 0.2746 0.7879 -0.4000 0.0116 -0.0361 -0.0460 -0.0183
Passive smoke 0.4239 -6.7749 -0.0100 0.0138 -0.0428 0.1133 0.0143 -0.0047
Kitchen type 0.0090 -0.1528 0.0287 -0.0043 -0.0043 0.0518** -0.0038 0.0229
Cooking coal 0.0014 0.1684 -0.0186** 0.0182 -0.0194 0.2289 -0.0706 0.1346
Cooking ventilation -0.0010 -0.0739 0.0091 -0.0071 0.0058 -0.0484 -0.0097 -0.0049
Outdoor air pollutants
PM, 5 0.0028 0.0273 0.0011 0.0070 0.0006 -0.0052 0.0014 0.0060
PM,o 0.0028 0.0353 0.0008 0.0091 0.0006 -0.0132 0.0004 -0.0031
SO, 0.0019 -0.0057 0.0025 -0.0001 0.0015 -0.0633 0.0020 -0.0148

** P<0.05. The IQRs for PM, 5, PM,, and SO, are 34, 51, and 43 mg/m°, respectively
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