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Summary
Background Evidence concerning effects of air pollution on influenza-like illness (ILI) from multi-center is limited
and little is known about how regional factors might modify this relationship.

Methods In this ecological study, ILI cases defined as outpatients with temperature ≥38 ◦C, accompanied by cough or
sore throat, were collected from National Influenza Surveillance Network in China. We adopted generalized additive
model with quasi-Poisson to estimate province-specific association between air pollution and ILI in 30 Chinese
provinces during 2015–2019, after adjusting for time trend and meteorological factors. We then pooled province-
specific association by using random-effect meta-analysis. Potential effect modifications of season and regional
characteristics were explored.

Findings A total of 26, 004, 853 ILI cases and 777, 223, 877 hospital outpatients were collected. In general, effects of air
pollutants were acute. An inter-quartile range increase of PM2.5, SO2, PM10, NO2 and CO at lag0, and O3 at lag0-2 was
associated with 3.08% (95% CI: 1.91%, 4.27%), 3.00% (1.86%, 4.16%), 6.46% (4.71%, 8.25%), 7.21% (5.73%, 8.71%),
4.37% (3.05%, 5.70%), and −9.26% (−11.32%, −7.14%) change of ILI at national level, respectively. Associations
between air pollutants and ILI varied by season and regions, with higher effect estimates in cold season, eastern
and central regions and provinces with more humid condition and larger population.

Interpretation This study indicated that most air pollutants increased the risk of ILI in China. Our findings might
provide implications for the development of policies to protect public health from air pollution and influenza.
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Research in context

Evidence before this study
Air pollution and influenza are the dual challenges to human
health. Previous studies have attempted to link the
associations between air pollutants and influenza-like illness.
We searched PubMed with the MeSh terms (“air pollution”,
“air pollutant”, “particulate matter”, “PM”, “PM2.5”, “PM10”,
“sulfur dioxide”, “SO2”, “nitrogen dioxide”, “NO2”, “carbon
monoxide”, “CO”, “ozone”, “O3”) and (“influenza”, “flu”,
“influenza-like illness”, “ILI”). Our literature review shows that
the current epidemiological studies were mainly conducted in
single study site with controversial results. Furthermore,
whether the associations between air pollution and influenza-
like illness would be modified by regional characteristics
remains uncertain.

Added value of this study
We conducted a time-series analysis of 30 Chinese provinces
from 2015 to 2019, with a total of 26, 004, 853 ILI cases and

777, 223, 877 hospital outpatients, to examine the
associations between air pollutants and ILI. We found that
most air pollutants (i.e., PM10, PM2.5, NO2, CO and SO)
increased the risk of ILI in China, but a negative association
for O3. In addition, the associations between air pollutants
and ILI significantly varied by season, and regional
characteristics (gross domestic product per capita, population,
proportion of the elderly, temperature, humidity and
latitude).

Implications of all the available evidence
The available evidence is important for the development of
evidence-based public health policies on protecting the
susceptible population from the double threat of air pollution
and influenza.
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Introduction
As a common respiratory syndrome, influenza-like
illness (ILI) poses a great challenge to human health
and socioeconomic development around the world,
which causes a substantial number of mortality and
morbidity annually.1,2 A wide range of respiratory vi-
ruses can cause ILI, such as influenza viruses, para-
influenza viruses and respiratory syncytial virus.
Nevertheless, the incidence of ILI has always fluctuated
over the past few years despite numerous efforts (e.g.
vaccination and non-pharmaceutical interventions) in
the prevention of respiratory virus infections. This
suggests the importance of identifying other prevent-
able/modifiable risk factors to further manage and
reduce the burden of ILI.

Previous studies have reported that individual char-
acteristics, such as age, underlying chronic disease,
obesity and smoking status, may influence the severity
of the symptoms.3,4 In addition, adverse meteorological
factors, such as temperature, humidity, solar radiation
and precipitation, have been reported to be associated
with an elevated risk of ILI.5,6

Ambient air pollutants could also lead to elevated
incident of respiratory infections in general.7–9 For
example, Chen and colleagues reported that PM2.5 was
associated with elevated risk of influenza incidence in
47 Chinese cities; and in 24 Canadian cities,9 Shin and
co-authors observed higher effect estimates of O3 and
PM2.5 on influenza/pneumonia hospitalizations among
the males than the females during warm season.10

However, the association between exposure to air
pollution and ILI remains controversial. Several previ-
ous investigations reported positive associations
between air pollution and ILI, but others found non-
significant or even negative association.11,12 For
instance, Su and colleagues reported that O3 was nega-
tively associated with ILI [relative risk (RR) = 0.986; 95%
CI: 0.979–0.994] in Jinan, China12; and in Hefei, China,
Liu and co-workers found that PM10 was negatively
associated with risk of ILI.13 Previous studies with
discrepant results were mainly conducted in a single
city, or focused on single air pollutant and used different
methodology, which has limited generalizability of these
findings.13–17

Thus, this study aimed to assess the relationships
between six major air pollutants (PM2.5, PM10, SO2,
NO2, CO and O3) and ILI in 30 Chinese provinces, and
to test the modification effect of provincial-level socio-
economic factors and season.
Methods
Study sites and data sources
This was a nationwide ecological study covering 30 (out
of total 31) provinces in mainland China. The Tibet
Autonomous Region was excluded due to its high pro-
portion (65.9%) of missing data on ILI. The data
missing rates for the included provinces were all below
0.32%. Based on different meteorological characteris-
tics/and background, the included provinces were
further categorized/grouped into seven regions: north-
ern, northeast, northwest, eastern, central, southern,
and southwest (Fig. 1 & Table 1).
Data on the outpatients of influenza-like illness
Weekly number of provincial ILI cases from 2015 to
2019, defined as the outpatients who had acute respi-
ratory infection with body temperature more than 38 ◦C
and either cough or sore throat, were collected from the
www.thelancet.com Vol 87 January, 2023
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Fig. 1: Geographical distribution of the average weekly numbers of influenza-like illness cases per 100,000 residents in China. The 30 Chinese
provinces were divided into seven regions. Tibet Autonomous Region was excluded from our analysis due to its high proportion (65.9%) of
missing data on influenza-like illness.
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National Influenza Surveillance Network,18 which is
managed by the Chinese Center for Disease Control and
Prevention (CDC). National Influenza Surveillance
Network has 554 sentinel hospitals distributed around
mainland China. The ILI surveillance was carried out in
the internal medicine outpatient service, internal med-
icine emergency service, fever outpatient service, pedi-
atric outpatient service and pediatric emergency service.
Based on the ILI definition, the medical staff in the
consulting room of sentinel hospitals should register the
number of ILI cases and total number of outpatient and
emergency cases each day, and then report the weekly
data to the National Influenza Surveillance Network.

All the ILI cases were registered in the sentinel
hospitals distributed in each Chinese province.19

Weekly number of all the hospital outpatients during
2015–2019 was also obtained from the China CDC. In
addition, the provincial annual population size and
annual number of outpatients were collected for each
province during the same period from Chinese Na-
tional Bureau of Statistics.
www.thelancet.com Vol 87 January, 2023
Data on air pollution and meteorology
Daily average concentrations of major air pollutants,
including PM2.5, PM10, SO2, NO2, CO, and O3, were
obtained for 2024 air pollution monitoring stations
(Fig. S1) during 2015–2019 from the China National
Environmental Monitoring Centre (http://106.37.208.
233:20035/). Daily meteorological data, including
ambient mean temperature (oC) and relative humidity
(%), were derived from the National Meteorological In-
formation Center (http://data.cma.cn/site/index.html).
The quality of environmental data from these moni-
toring stations was assured by a series of regulations
and criteria carried out by the Chinese government.20

We first aggregated weekly mean values of air pol-
lutants and meteorological factors from the daily level
data in each monitoring station. We then averaged
weekly mean values from all monitoring stations in each
city to derive city-specific weekly variables. Finally, the
provincial-level air pollution data and meteorological
factors were calculated as the population-weighted
average of city-specific factors. The city-specific
3
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Province ILIa±SD Weekly average concentrationb Temperature (oC) Humidity (%)

PM2.5 PM10 SO2 NO2 CO O3

Northern

Inner Mongolia 209 ± 84 33.2 73.6 20.9 25.9 0.8 63.9 6.0 49.5

Beijing 769 ± 336 60.0 90.8 8.2 42.6 1.0 61.5 12.1 53.5

Tianjin 482 ± 282 61.9 101.4 18.0 45.8 1.2 59.9 13.6 57.2

Hebei 184 ± 98 65.4 117.0 28.7 45.5 1.3 63.9 12.5 59.5

Shanxi 96 ± 38 56.9 105.6 47.5 36.7 1.5 62.2 11.0 56.9

Northeast

Heilongjiang 106 ± 40 38.0 63.3 18.0 26.5 0.7 53.5 4.4 65.2

Jilin 142 ± 60 41.2 71.3 19.0 28.5 0.9 59.8 6.3 63.6

Liaoning 280 ± 80 44.4 77.7 28.0 31.2 1.0 65.2 9.6 60.7

Northwest

Xinjiang 307 ± 111 70.3 191.3 14.2 31.2 1.2 61.6 9.8 50.2

Ningxia 87 ± 40 40.6 98.9 29.0 28.0 0.9 65.5 9.6 51.7

Qinghai 187 ± 146 38.6 84.7 19.7 29.2 1.1 66.9 6.2 54.0

Gansu 214 ± 91 37.2 86.5 20.5 29.3 0.9 64.7 9.5 58.2

Shaanxi 287 ± 165 52.3 98.4 16.0 36.6 1.1 54.6 12.3 65.3

Eastern

Shandong 602 ± 307 60.6 113.0 26.0 37.8 1.1 70.8 13.9 64.3

Jiangsu 712 ± 365 49.3 84.1 17.1 36.7 0.9 68.4 16.4 74.2

Anhui 350 ± 91 53.5 83.5 15.4 34.0 0.8 64.2 16.3 76.4

Shanghai 289 ± 127 42.2 59.8 11.9 43.0 0.7 73.0 17.5 73.6

Zhejiang 714 ± 337 38.8 63.6 11.4 35.4 0.8 60.2 18.2 77.6

Jiangxi 146 ± 58 40.5 65.3 20.7 23.6 1.0 56.8 18.7 77.1

Fujian 441 ± 136 25.4 45.8 8.7 22.7 0.7 58.7 19.4 80.2

Central

Henan 278 ± 97 67.4 117.7 21.5 37.3 1.2 67.0 15.8 65.7

Hubei 317 ± 108 53.2 85.4 13.2 31.5 1.1 59.5 17.1 76.0

Hunan 343 ± 115 45.2 71.6 14.8 24.8 1.0 57.3 17.8 77.8

Southern

Guangdong 533 ± 172 31.0 49.8 10.6 28.2 0.8 57.8 22.9 79.8

Guangxi 365 ± 136 37.2 58.8 14.1 22.8 0.9 51.4 21.4 78.9

Hainan 290 ± 94 19.2 35.7 5.4 12.8 0.6 56.3 25.0 81.6

Southwest

Sichuan 269 ± 97 45.0 70.9 13.4 32.7 0.9 53.0 16.6 76.4

Chongqing 152 ± 125 45.6 70.8 11.4 42.5 0.9 42.2 17.8 78.2

Guizhou 650 ± 126 29.6 50.4 14.3 21.8 0.8 50.7 16.0 79.0

Yunnan 146 ± 28 26.5 47.2 13.6 17.9 0.8 59.7 16.2 72.7

aILI: Influenza-like illness per 1000 hospital outpatient visits; SD: standard deviation. bThe concentrations of PM2.5, PM10, SO2, NO2, O3 were measured as μg/m3 and CO was
measured as mg/m3.

Table 1: Summary of weekly influenza-like illness, air pollution, and meteorological variables in 30 Chinese provinces from 2015 to 2019.
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population were collected from the Sixth National Pop-
ulation Census of China (http://www.stats.gov.cn/).

Statistics
A two-stage analytic strategy was used to assess the
impacts of air pollutants on ILI.9,21,22 The quasi-Poisson
regression was firstly used to derive province-specific
relative risk (RR) of ILI related to each single air
pollutant. Then, we pooled the province-specific associ-
ation by using the multivariable random effect meta-
analysis approach, to get an overall estimate for the
entire country. In addition, stratification analysis was
also conducted to assess modification effects of season
and region. And effect modifications of provincial-level
characteristics were explored by fitting meta-regression.

In the first-stage, the quasi-Poisson regression was
fitted to capture the province-specific association be-
tween single air pollutant and ILI after adjusting for
potential confounders. The formula of the model is:

Log[E(Yi,t)] = α + log(Yi,t-1) + β Pollutant it + ns (Time, 5 × 2)
+ ns (Temp, 3) + ns (Hum, 3) + offset(log(Populationi,t))(1)
www.thelancet.com Vol 87 January, 2023
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where Yi,t denotes weekly number of ILI cases at t (t= 1, 2,
…, 261) week in province i and Yi,t-1 is that of the previous
week (to adjust for auto-correlation); Pollutanti,t is the
concentration of a single air pollutant in different lag
periods. Previous studies implied that impacts of air
pollutants on influenza could persist up for more than
one week.17 Thus, to fully understand the lag structure,
we modeled the effect of air pollutants in the current
week (lag 0), the previous week (lag 1), and then up to
lag 3. Additionally, we also fitted the model with
moving average concentration of air pollutants, from
the current and previous weeks (lag 0–1), up to lag 0–3.
The optimal lag of the effect of air pollution was
selected by minimizing the Akaike Information
Criterion (AIC). Time trend smoothed by a natural
cubic spline function (ns) with 2 degrees of freedom
(df) for each year was used to adjust for the
unmeasured long-term trend and seasonality of weekly
ILI cases. Additionally, the confounding effects of
meteorological conditions were adjusted by
incorporating the two-week moving average of mean
temperature and humidity, which was smoothed by ns
with empirical 3 df.23 Moreover, to consider the varying
population size, a log product of the population size
covered by sentinel hospitals for each province was
included as offset, which was commonly applied in
previous studies.14,16 Since the outpatient consultation in
these sentinel hospitals is assumed to have a good
representativeness in each province,24 the annual
population size for the sentinel hospitals in each
province was calculated as the product of the
proportion of annual number of outpatients in the
sentinel hospitals among the total provincial number of
outpatients, and the corresponding provincial
population size.25 Further, the population size for each
week was estimated by linear interpolation. The
province-specific effects of air pollution were then
estimated as the RR associated with per inter-quartile
range (IQR) increase of air pollutant concentration for
each province (Table S1), which was calculated as
exp(β × IQR). The IQR was used to measure and
compare the effects across provinces because the
severity of air pollution varied greatly among the
provinces and the effects per IQR change demonstrated
significantly lower heterogeneity than the effects per 1
μg/m3 or 1 mg/m3 increase.26

In the second-stage, the random-effect meta-
analysis was applied to estimate overall country-level
effect of air pollution on ILI by pooling province-
specific effect estimated in the first stage. The
meta-analysis was evaluated by the restricted
maximum likelihood method. The relative risk of ILI
associated with per Impact of air pollution was
indicated as the percentage change of ILI and its
95% confidence interval (95% CI) with per IQR in-
crease in air pollution concentration, which was
computed as (RR-1) × 100%.
www.thelancet.com Vol 87 January, 2023
To test whether effects of air pollution varied by
different seasons, we divided the full year data into
seasons (warm: April to September; cold: October to
March of the next year) based on the average monthly
temperature at national level (Fig. S2). Season-specific
air pollution-ILI associations were estimated by fitting
models in each season. Moreover, the regional differ-
ence of the effect was also investigated by pooling
province-specific effects in the southern and northern
region separately.

In addition, the effect modifications of provincial-
level characteristics, including gross domestic product
(GDP) per capita, illiterate rate, proportion of the
elderly, temperature, and so on, were also explored by
fitting meta-regression.

We performed multiple sensitivity analyses to vali-
date the robustness of the main findings, including
changing the df of time trend (2–4 df per year), tem-
perature (2–4 df), and relative humidity (2–4 df). Addi-
tionally, the weekly average concentration of air
pollution was replaced with the weekly maximum daily
average concentration. And the offset term of popula-
tion size covered by sentinel hospitals was replaced by
the provincial total population or the number of hospital
outpatients. Moreover, two-pollutant models were con-
structed to test the independent impact of air pollution
on ILI. Finally, we pooled the effect estimates after
excluding one province each time to test whether the
main findings were influenced by one province.
Role of funders
The funders had no role in the study design, data
collection, data analysis, data interpretation. JY, LF and
QL had full access to study data, and were responsible
for writing of the manuscript and for the decision to
submit it.
Results
Table 1 presents summary statistics of weekly numbers
of ILI cases per 100,000 residents, air pollution, and
meteorological variables in 30 Chinese provinces, from
2015 to 2019. This study involved 26, 004, 853 ILI cases
and 777, 223, 877 hospital outpatients (Table S2). The
nationwide weekly average was 332 ILI cases per
100,000 residents, ranging from 87 per 100,000 in
Ningxia Province to 769 per 100,000 in Beijing.
Generally, eastern and southern China faced a higher
incidence of ILI than other regions (Fig. 1), but the air
pollution level was higher in the northern region. The
weather in the low latitude regions like southern and
eastern were warmer and more humid. And the
Spearman’s correlation between air pollution and
meteorology is presented in Fig. S3.

Fig. 2 demonstrates monthly distribution of ILI cases
in 30 provinces. Generally, the incidence of ILI showed
5
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Fig. 2: Monthly distribution of influenza-like illness per 1000 outpatients. Provinces were sorted by latitude from high to low.
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significant seasonal variation, which was peaked in the
winter, especially in the high latitude regions. However,
some provinces in the low latitude regions like southern
China had a second peak of ILI in late spring and early
summer.

Fig. 3 presents the effect estimation of air pollution
on ILI in different lag periods. Overall, we observed
significantly positive associations between ILI and all
major air pollutants studied, except for O3. The lag
structure varied across air pollutants: positive effects of
PM2.5, PM10 and CO were generally only observed in the
current week, with harvesting effects existed in lagged
periods; whereas the impact of SO2, NO2, and O3

demonstrated a delayed effect, especially for O3, which
could persist for three weeks. Moreover, the models
using concentrations of PM2.5, PM10, SO2, NO2, and CO
at the current week (lag 0) produced the lowest AIC,
while O3 fitted the models best at lag 0–2 week. Thus,
our subsequent results for each air pollutant were all
based on their optimal lag time. Specifically, an IQR
increase of PM2.5 at lag 0, PM10 at lag 0, SO2 at lag 0,
NO2 at lag 0, CO at lag 0, and O3 at lag 0–2 was asso-
ciated with 3.08% (95% CI: 1.91%, 4.27%), 3.00% (95%
CI: 1.86%, 4.16%), 6.46% (95% CI: 4.71%, 8.25%),
7.21% (95% CI: 5.73%, 8.71%), 4.37% (95% CI: 3.05%,
5.70%), and −9.26% (95% CI: −11.32%, −7.14%) change
of ILI at the national level, respectively (Table S3). And
similar tendency was observed when calculating the ef-
fect estimates of air pollution on ILI by per 10 μg/m3

(1 mg/m3 for CO) (Table S4).
Fig. 4 displays the seasonal and regional differences

in the impact of air pollutants on ILI. Compared with
warm season, higher effects of all the pollutants were
found in cold season. From regional perspective, people
living in the eastern and central regions in China were
affected more severely by air pollution, while the highest
effects of CO and O3 were detected in the northwest
region.

Table 2 shows the effect modifications of provincial-
level characteristics on the impact of air pollution on ILI.
People living in low-latitude provinces with warmer and
more humid meteorological conditions were more
sensitive to PM and NO2. In addition, the provinces with
a higher proportion of the young (below 14 years of age)
and the elderly (above 64 years of age) tend to be suf-
fered more from air pollution, although not statistically
significant. The impact of PM10 was stronger in the
provinces with higher GDP per capita, while the effects
www.thelancet.com Vol 87 January, 2023
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Fig. 3: Estimated percentage changes (95% CI) of influenza-like illness per IQR increase of weekly average concentrations of air pollutants. The
dots along with the error bars indicate point estimates with their 95% CIs; and red dots present the effect estimates of optimal lag for air
pollutants, which are selected by the performance of the model fitness (the lower the AIC value, the better the model fitness). IQR denotes
inter-quartile range.
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of PM2.5, PM10, and SO2 were greater in the regions
with larger population.

Sensitivity analyses were conducted to validate the
robustness of our main findings. With additional
adjustment for another pollutant, the associations of ILI
with each pollutant generally remained statistically sig-
nificant after adjusting for other pollutants (Table 3).
However, effect estimates of pollutants except O3

became insignificant or negative after controlling for
NO2, and were similar for PM2.5 after adjusting for SO2

or CO. The percentage change in ILI associated with air
pollution did not vary substantially when changing the
df of time trend, temperature, and relative humidity
(Table S5). When using weekly maximum air pollution
concentrations, we found very similar effects of air
pollutants (Table S6). And our main results were
generally robust when changing the offset term of the
main model (Table S7). In addition, the pooled effect
estimates were similar when we excluded one province
each time (Fig. S4).
Discussion
In this nationwide study, we systematically evaluated the
impact of air pollutants on ILI in 30 Chinese provinces,
covering 26, 004, 853 ILI cases. We found statistically
significant and positive relationships of ILI with PM2.5,
PM10, SO2, NO2, and CO, but a negative association for
O3. The effects of PM2.5, PM10, and CO were acute but
effects of NO2, SO2, and O3 lasted from one to three
www.thelancet.com Vol 87 January, 2023
weeks. The relationships of air pollutants with ILI varied
greatly by season and socioeconomic characteristics.
Our findings may be useful for understanding impact of
air pollution on respiratory infectious disease and for
identifying prevention strategies against ILI.

The present study demonstrated statistically signifi-
cant associations between air pollutants and ILI in 30
Chinese provinces, which is in line with previous
studies (Table S8).12–15 The mechanisms underlying the
association between air pollution and ILI incidence are
less elucidated. One possible explanation may be that air
pollution exposure could induce oxidative stress, impair
the activation of macrophage dependent invasive path-
ogens, and aggravate inflammation.27 These, in turn,
could damage respiratory system and reduce the resis-
tance to viral and bacterial infections. In addition, PM in
smaller diameters that could be suspended in the air for
a longer period of time has been suggested to be a vector
for the transport of different respiratory pathogens.28

Thus, high PM concentrations could enhance the
probability for the inhalation of these pathogens and
promote respiratory infection development, such as ILI,
rhinoviruses and adenoviruses. Interestingly, negative
association was found between O3 and ILI in the present
study, which is consistent with several previous in-
vestigations. For instance, Su et al. (2019) reported a
negative effect of O3 on ILI in the city of Jinan, China,12

and Ali et al. (2018) found that O3 was associated with
reduced transmissibility of influenza virus in Hong
Kong, China.29 Jakab and colleagues found that exposure
7
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Fig. 4: Seasonal and regional difference in the impact of air pollutants on influenza-like illness. The dots along with the error bars indicate point
estimates with their 95% CIs.
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to O3 could alleviate the severity of influenza among
mice with less infection transmission and reduced
pulmonary syndrome.30 However, other studies reported
nonsignificant or positive association between O3 and
ILI.31,32 The discrepancies might be related to the
different levels of O3 and duration of the exposure.

The lag structure of the association between air
pollution and ILI can provide crucial evidence on the
development of surveillance system for the control and
prevention of influenza. We found that the impact of air
pollution on the risk of ILI were generally limited to one
week, which is broadly in concordant with previous
findings and could be explained by the incubation
period of influenza virus (ranging from one to four
days).8,12,15

Our study also found that the effects of air pollutants
on ILI were stronger in cold season than in hot season,
which is in accordance with previous study.14 However,
the exact underlying mechanisms of higher risk of air
pollutants on ILI during cold season are not entirely
articulated. Prolonged exposure to low temperature and
low humidity during cold season may induce desicca-
tion of nasal mucosa, cause epithelial damage and
reduce mucociliary clearance capacity in the respiratory
tract, which could play an important role in aggravating
the vulnerability of the host to respiratory disease,33–35

such as ILI, influenza, and pneumonia. In addition,
cold weather and low humidity during cold season could
increase transmission efficiency of the respiratory
infection by extending the survivability of virus and
bacteria.33 Experimental evidence suggested that viral
transmission was more frequent at 5 ◦C than at 30 ◦C.36
However, further studies are still warranted before a
clearer inference can be obtained.

Previous investigations have estimated modification
effects of city- or provincial-level characteristics on the
relationships between air pollutants and health,37–40 but
the evidence on ILI is limited. In the present research,
we found that the relationships between air pollutants
and ILI were modified by GDP per capita, population,
www.thelancet.com Vol 87 January, 2023
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Effect modifier IQR Percentage change of the effect of air pollutants (%)

PM2.5 PM10 SO2 NO2 CO O3

GDP per capitaa 23944.75 0.78 (−0.15,1.72) 0.98 (0.09,1.88) 0.19 (−1.20,1.60) 1.08 (−0.04,2.20) 0.10 (−0.95,1.17) −0.87 (−2.74,1.03)

Populationb 3651.25 1.56 (0.19,2.94) 2.11 (0.88,3.36) 2.42 (0.48,4.41) 1.37 (−0.35,3.13) 0.64 (−0.96,2.25) −1.66 (−4.46,1.23)

Unemployment (%) 0.95 −0.58 (−2.26,1.13) −0.54 (−2.18,1.12) 0.94 (−1.44,3.39) −0.70 (−2.74,1.38) 0.12 (−1.73,2.01) 0.62 (−2.80,4.16)

Illiterate (%) 0.03 0.99 (−0.45,2.46) 0.18 (−1.23,1.61) 1.14 (−0.94,3.27) −0.16 (−1.89,1.61) 1.35 (−0.30,3.03) −1.21 (−4.12,1.79)

Hospital bedsc 11.05 −0.51 (−2.22,1.23) −1.15 (−2.77,0.50) 0.28 (−2.18,2.79) −0.96 (−3.03,1.16) 0.65 (−1.29,2.62) −2.28 (−5.49,1.05)

Age (%)

0–14 0.06 0.49 (−1.18,2.19) 0.24 (−1.40,1.90) 0.35 (−2.06,2.83) 0.40 (−1.67,2.52) 0.81 (−1.07,2.72) −1.18 (−4.48,2.23)

15–64 0.06 −1.42 (−3.53,0.74) −1.36 (−3.45,0.76) −1.80 (−4.93,1.43) −0.73 (−3.42,2.04) −1.57 (−3.89,0.80) 3.20 (−1.25,7.84)

>64 0.03 0.65 (−0.95,2.27) 1.02 (−0.52,2.57) 1.22 (−1.03,3.51) 0.06 (−1.89,2.06) 0.34 (−1.48,2.19) −1.23 (−4.30,1.93)

Weather

Temperature (oC) 7.64 1.78 (0.13,3.46) 3.02 (1.64,4.41) 1.69 (−0.85,4.29) 2.20 (0.19,4.25) 0.01 (−2.01,2.07) −1.06 (−4.47,2.46)

Relative humidity (%) 18.53 1.76 (−0.21,3.77) 3.26 (1.62,4.93) 2.06 (−0.82,5.02) 1.37 (−1.15,3.95) −0.35 (−2.70,2.05) 1.09 (−3.31,5.69)

Geography

Longitude (o) 10.19 0.21 (−1.24,1.68) 0.89 (−0.48,2.27) 0.19 (−1.88,2.31) −0.02 (−1.86,1.85) −1.38 (−3.12,0.38) 2.95 (−0.16,6.15)

Latitude (o) 9.49 −1.50 (−2.99,0.01) −2.30 (−3.59,−0.98) −1.84 (−4.02,0.39) −1.58 (−3.45,0.33) −0.15 (−1.97,1.71) 0.76 (−2.43,4.05)

Note. IQR: inter-quartile range. The bolded estimates correspond to P-value <0.05. aGDP: Gross domestic product, measured as 1000 Chinese Yuan. bTen thousand. cHospital beds per 10,000 residents.

Table 2: Estimated percentage change of the association between air pollution and influenza-like illness with per IQR increase in provincial-level predictors.

PM2.5 PM10 SO2 NO2 CO O3

Not adjusted 3.08 (1.91,4.27) 3.00 (1.86,4.16) 6.46 (4.71,8.25) 7.21 (5.73,8.71) 4.37 (3.05,5.70) −9.26 (−11.32,−7.14)

Adjusted for PM2.5 – – 5.43 (3.65,7.25) 8.80 (7.33,10.28) 3.92 (2.46,5.40) −9.58 (−11.69,−7.42)

Adjusted for PM10 – – 5.07 (3.34,6.84) 8.06 (6.54,9.59) 3.27 (1.80,4.75) −9.34 (−11.40,−7.24)

Adjusted for SO2 1.06 (−0.13,2.26) 1.29 (0.30,2.29) – 7.16 (5.47,8.87) 2.52 (1.27,3.79) −7.96 (−9.72,−6.17)

Adjusted for NO2 −1.81 (−2.84,−0.77) −0.96 (−1.66,−0.26) −0.22 (−1.60,1.17) – −0.93 (−2.23,0.40) −6.88 (−8.51,−5.21)

Adjusted for CO 0.56 (−0.68,1.82) 1.33 (0.27,2.40) 4.19 (2.48,5.92) 8.02 (6.40,9.67) – −8.84 (−10.77,−6.86)

Adjusted for O3 3.37 (2.16,4.60) 3.09 (1.89,4.31) 5.82 (4.24,7.42) 6.61 (5.24,8.00) 4.26 (3.06,5.49) –

The bolded estimates correspond to P-value <0.05.

Table 3: Estimated percentage change of the associations between air pollutants and influenza-like illness in the two-pollutant model.

Articles
proportion of population aged 65 or above, temperature,
humidity and latitude. The regions with high GDP per
capita and large population are generally the hotspots
for air pollution, and have high population density and
rapid population movement, which could facilitate the
transmission of respiratory viral and bacterial infections.
This phenomenon is further confirmed by the finding of
stronger effects of air pollutants in eastern and central
regions in China that have high population density and
GDP per capita.41 With weak immune system and
higher prevalence of comorbidity, the elderly with res-
piratory tract infections, pneumonia or influenza are
more likely to be affected by air pollution.38,42,43 There-
fore, it is reasonable that higher proportion of the
elderly could contribute to the vulnerability of local
population to air pollution. The worsen effect of air
pollution in the regions with high temperature and low
latitude may be partly explained by personal exposure
patterns, i.e., people who live in warmer areas typically
spend more time outdoors, and are more prone to using
www.thelancet.com Vol 87 January, 2023
natural ventilation in the buildings,38,42 favoring ambient
air pollution effect.

This study has important strengths and public
health implications. Firstly, with rapidly economic
development and urbanization, air pollution has posed
a major health risk to residents in China.44 Our find-
ings add to the multi-center evidence about the impact
of air pollutants on ILI in China. The persistent control
measures on reducing air pollution levels, including
PM10, PM2.5, NO2 and SO2, could be beneficial to
alleviating air pollution exposure opportunity and
thereby lowering the transmission of influenza and
other respiratory viruses in China. Community-based
protective actions should target the vulnerable popu-
lation, particularly the elderly, during the period of
polluted days. In addition, given the low vaccination
rate (9.4%) in the general population of China,45 the
present results underscore urgent need to strengthen
the awareness of raising the vaccination rate among
vulnerable populations.
9
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Several limitations should be acknowledged in the
present study. Firstly, the air pollution data were
derived from stationed outdoor monitoring sites and
the indoor exposure was not measured, which may
lead to measurement error. Secondly, the ILI cases
might be underreported, because not every patient
visited the sentinel hospitals and those with mild
influenza symptoms tended to go to local hospitals or
stay at home. But this bias is likely to be random and
have non-differential impacts on the modelling out-
comes. Thirdly, due to limited data, some climatic
factors, such as solar radiation and absolute humidity,
were not included in the time-series model. As the
association between air pollution and ILI could be
modified by socioeconomic status, caution needs to be
taken when generalizing our findings to other regions
with different population structure and socioeconomic
profiles. In addition, we did not further explore the
potential variations in the effect of air pollution on
influenza-like diseases within each province due to
data unavailability. Future studies using more gran-
ular data (such as at city- or county-level) are war-
ranted. Finally, the ecological design of this study
refrains us from making casual inference on the as-
sociation between air pollution and ILI. Further labo-
ratory research is in great need to articulate possible
mechanisms underlying the association between air
pollution and ILI.

In conclusion, we found that most air pollutants
(i.e., PM10, PM2.5, NO2, CO and SO2) increased the risk
of ILI in China. The associations between air pollutants
and ILI varied greatly by season and socioeconomic
characteristics, including GDP per capita, proportion
of the elderly and weather conditions. These findings
may have important implications for the development
of effective public health interventions and compre-
hensive warning systems on air pollution and
influenza.
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