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Abstract: Background: Air pollution leads to many adverse diseases, especially respiratory diseases
and cardiac symptoms. However, it has not been studied the association between air pollution and
influenza cases in Jinan City, especially during the outbreak of COVID‑19; Methods: The data were
obtained from China’s Disease Information System, and influenza cases during 2020–2021 in Jinan
City were collected from it. We used the generalized additive Poisson model to measure the asso‑
ciation between air pollutants and the daily influenza cases after adjusting for possible influence
variables; Results: There were 4767 influenza cases. PM2.5 and PM10 on lag 0, lag 3, and lag 4 were
significantly associated with an increased risk of influenza; gaseous pollutants (NO2 and SO2) led
to higher risk than particulate matter pollutants (PM2.5 and PM10). There were no significant differ‑
ences for sex subgroup analyses. Except for O3, the incidence risk of males and females was highest
on lag 3 and lag 4. For the study of different age groups, influenza cases aged over 59 years had a
slightly larger relative risk when exposed to all air pollutants (except O3) than the younger group;
Conclusions: The overall number of influenza cases decreased in 2020–2021. PM2.5, SO2, CO, and
NO2 were significantly associated with the risk of influenza during 2020–2021. Countermeasures
should be developed according to the characteristics of influenza risk to prevent and control it.

Keywords: air pollution; influenza; influenza; time series analysis; COVID‑19

1. Introduction
Influenza is an acute respiratory infectious disease, mainly caused by the influenza

virus. Themain clinical manifestations are sudden onset of fever, cough, headache, muscle
and joint pain, sore throat, and runny nose. Most people recover from these symptoms
within a week [1,2]. However, severe illness and death can also be caused by influenza,
especially among high‑risk groups, such as the very young, the elderly, pregnant women,
health workers, and those with serious medical conditions [2].

Hospitalizations and deaths occur mainly in high‑risk groups. Globally, influenza
epidemics are estimated to cause about 3million to 5million severe cases and about 290,000
to 650,000 deaths associated with respiratory diseases each year according to the World
Health Organization (WHO) [3]. China is also facing a serious situation. For example,
therewere about 2800 outbreaks of influenza according to the Emergency Public Reporting
System (EPRS) from April 2005 to November 2013 [4]. Influenza epidemics not only affect
health, but also can cause economic losses by depriving the productive workforce and
burdening health services [5]. A decrease in the number of patients with influenza was the
most significant among those with notifiable infectious diseases during the global COVID‑
19 pandemic, but influenza cases still come first according to the Global Incident Map [6].

Air pollution is the contamination of the indoor or outdoor environment by any chem‑
ical, physical, or biological agent thatmodifies the natural characteristics of the atmosphere
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according to theWorldHealthOrganization [7]. Including PM2.5, PM10, NO2, SO2, O3, and
CO, some studies have shown air pollution is strongly associated with many respiratory
diseases and cardiovascular and cerebrovascular diseases, such as asthma, acute respira‑
tory distress syndrome, respiratory infection, andmental disorder, andmany studies have
confirmed the consistency of these results [8,9].

Influenza spreads easily and can spread rapidly. When an infected person coughs
or sneezes, droplets containing the virus (i.e., infectious droplets) are spread into the air
and spread up to one meter, and people around them become infected by inhaling these
droplets. The virus can also be spread through direct contact with secretions (through
contact with a contaminated host or surface) [10]. Studies have found that air pollution
can not only make infected people sick by weakening the human immune system, but also
carry microorganisms to directly infect people. Airborne pollution particles may provide
“ondensation nuclei” to which virus droplets attach [11]. This suggests that the risk of
influenza may be related to the concentration of pollutants.

Some studies have shown that as concentrations of pollutants rise, the risk of influenza
increases. For example, studies have shown that short‑term changes in ambient PM2.5
levels and other pollutants exposure are associated with an increased risk of influenza in
Beijing and Wuhan, China [10,12]. There were significant seasonal differences between
the cold season and the warm season [13]. ILI morbidity increases with the rising PM
concentrations, for both PM2.5 and PM10 inWarsaw, Poland [14]. Song’s study showed five
air pollutants (PM2.5, PM10, SO2, NO2, and CO) are significantly positively correlated with
the incidence of influenza, with the decreasing order of contribution to it: SO2 > CO > NO2
> PM2.5 > PM10 in China from 2004 to 2017 [15]. In the age subgroup analysis, people over
the age of 25 were virtually unaffected by air pollutants in Nanjing, China [16]. Another
study suggested that PM2.5 and PM10 have similar effects on clinical ILI and influenza
incidence, while SO2 and NO2 on ILI and influenza are distinct [17]. Ambient PM2.5 may
increase the risk of exposure to influenza in China, especially on cooler days [18].

However, the exposure−response relationships between studies and locations may
differ, and the findings are not necessarily applicable to different areas with different so‑
cioeconomic statuses and air pollution levels. What’s more, none of these studies involved
an infectious disease pandemic. Therefore, it is important to explore the effects of air pol‑
lutants on the risk of influenza during COVID‑19.

The purpose of this study was to explore the short‑term effects of air pollution on the
risk of influenza in Jinan City during COVID‑19 and to provide a scientific evaluation basis
for influenza prevention and control in the context of normalized epidemic prevention
and control.

2. Methodology
2.1. Study Area

Jinan is the capital city of Shandong Province with a permanent population of
9,202,400. It covers an area of 10,244.45 km2 and is located between 36◦01′ to 37◦32′ north
latitude and 116◦11′ to 117◦44′ east longitude. It belongs to the warm temperate continen‑
tal monsoon climate zone, surrounded by mountains on three sides. It is characterized
by four distinct seasons, including hot summer and cold winter, and abundant rainfall.
In recent years, air quality in Jinan has gradually improved, but the situation is still not
optimistic due to the rapid development of industry and the popularity of cars [19].

2.2. Data Collection
Influenza has been listed as a class C statutory reporting infectious disease by the Na‑

tional Infectious Disease Reporting System in China. In this study, we collected influenza
cases from 1 January 2020 to 31 December 2021, which were extracted from Disease In‑
formation System in China, with case information including onset date, gender, age, and
residential address.
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The concentrations of air pollutants, including PM2.5, PM10, SO2, CO, NO2, andO3,
were collected between 1 January 2020 and 31 December 2021, from the Air Quality Online
Monitoring and Analysis Platform of China (https://www.aqistudy.cn/) (accessed on 15
March 2022). Daily mean temperature, mean relative humidity, and mean wind speed of
Jinan were obtained from the weather of the world (https://rp5.ru/) (accessed on 20 March
2022) during the study period.

2.3. Statistical Analysis
The descriptive analysis method was used to describe the characteristics of air pol‑

lutants, influenza cases, and meteorological factors. We used the spearman correlation
coefficient tomeasure the relationship between air pollutants and the paired data of air pol‑
lutants and meteorological factors. To reduce the effect of collinearity between pollutants,
when the number is greater than 0.7, only one was included in the two‑pollutant model.

Time series regression studies have been widely used in environmental epidemiol‑
ogy, especially in investigating the short‑term associations between exposures and health
outcomes [20]. Daily influenza cases, air pollutant concentrations, and meteorological pa‑
rametersweremerged by date to be analyzedwith a time‑series design. We fitted a Poisson
regression in a generalized additive model and include the daily mean temperature, the
relative humidity, the wind speed, public holidays, and days of the week as confounding
covariates based on previous studies to adjust, and they were controlled by using natural
spline smoothing functions. All analyses were performed using R statistical software (ver.
4.2.0) and SPSS(ver. 27.0). The GAM models were built using R package ‘mgcv’ (Wood,
S.N. (2017). The constructed model is as follows:

log[E(yt)] = βZt + DOW + Holiday + ns(time, 7) + ns(relative humidity, 3) + ns(temperature, 3)
+ns(windspeed, 3) + intercept

(1)

where E (yt) denotes the expected number of influenza cases on day t, Zt denotes the con‑
centration of a pollutant on day t, β denotes the coefficient of exposure, ns denotes natural
smoothing spline function, df denotes the degree of freedom, and DOW means “day of
the week”.

There were two main models used to explore the short‑term effects of air pollutants
on influenza risk in this study. One was the single‑day lag model (from the current day
(lag 0) to the past 7th day (lag 7)), and the other was the multi‑day lag model (lag 1–lag
7). We reported the associations’ results as the percent change and the 95% confidence
interval (CI) in the count of daily influenza cases associated with a 1 µg/m3 increase in the
air pollutant concentration. In addition, we did a further stratified analysis to explore the
potential effect of modification by sex and age groups (0–6, 7–18, 19–59, and ≥60 years).
We further tested the statistical significance of differences between effect estimates of the
strata by calculating the 95% confidence intervals (CIs):

(
Q̂1

)
−

(
Q̂2

)
± 1.96

√ (
SÊ1

)2
+

(
SÊ2

)2 (2)

whereQ1 andQ2 are the estimates for two categories, and SÊ1 and SÊ2 are their respective
standard errors [21].

2.4. Sensitivity Analyses
We conducted a sensitivity analysis of the model in two ways. First, we adjusted each

pollutant (PM2.5, PM10, SO2, NO2, CO, and O3) using the two‑pollutant model. Second,
we checked whether the estimates were robust for the changes in the degrees of freedom
for the calendar time (6–10 per year), the temperature (3–6), the humidity (3–6), and the
wind speed (3–6) separately.

https://www.aqistudy.cn/
https://rp5.ru/
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3. Results
3.1. Descriptive Analysis

Table 1 shows the results of the descriptive analysis. From 1 January 2020 to 31 De‑
cember 2021, a total of 4767 influenza cases were detected in Jinan City, of which 2548were
males and 2219 were females. There were 329 cases more males than females. According
to age groups, the patients aged 0–6 years accounted for 44.37%. It was the highest propor‑
tion of influenza cases, which was followed by the 7–18‑year‑old group.

Table 1. Demographic characteristics of outpatient visits of influenza cases in Jinan City from 1
January 2020 to 31 December 2021.

Daily Data Range Number Percent (%)

Influenza cases
Male 0–66 2548 53.45
Female 0–53 2219 46.55
0–6 years 0–76 2115 44.37
7–18 years 0–54 1535 32.2
19–59 years 0–24 750 15.73
≥60 years 0–14 367 7.70

Figure 1 shows the time series distribution of daily influenza cases and air pollutant
concentrations. The concentrations of SO2, NO2, PM10, and PM2.5 increased significantly
from November to February every year, the number of influenza cases peaked in the first
three months of 2020 and the last three months of 2021, and a small peak appeared from
April to July of 2021. However, during the same period, O3 concentration was in a down‑
ward trend. The fluctuation of the number of influenza cases was almost consistent with
the fluctuation of pollutant concentration, except for O3.
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Figure 1. The distributions of air pollutants concentration and daily influenza cases number in Jinan,
China, during 2020–2021.

Table 2 shows that the daily average of pollutant concentration in Jinan during the
study period. The reference limits of pollutant concentration given by China’s environ‑
mental protection authorities were divided into two levels, as shown in Table 3. PM2.5,
PM10, SO2, NO2, CO, and O3 concentrations all reached the second‑level national indica‑
tors of China, and CO and SO2 concentrations reached the first‑level concentration limits
of China, but except SO2, and other pollutants’ concentrations did not reach the pollutant
concentration guidelines provided by the World Health Organization.
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Table 2. Descriptive statistics of air pollutants and meteorological factors in Jinan, China, from 2020
to 2021.

Parameters Min P25 Median P75 Max Mean
(SD)

PM2.5 (µg/m3) 0 24 36 53 211 44.01
(32.30)

PM10 (µg/m3) 0 49 73 105 282 80.39
(48.66)

SO2 (µg/m3) 1 8 10 15 46 12.21 (5.79)

NO2 (µg/m3) 8 22 31 44 86 34.29
(15.52)

CO (㎎/m3) 0.3 0.6 0.8 0.9 2.4 0.83 (0.32)

O3 (µg/m3) 11 68.0 105.0 148.5 274 110.70
(52.65)

Temperature (�) −13.55 7.6125 15.6250 24.1875 32.15 15.32 (9.75)

RH (%) 18 40.50 57.25 71.25 98.25 56.56
(19.25)

Windspeed(m/s) 0.75 1.50 2.00 2.75 5.75 2.26 (0.88)
Min, minimum; P25, the 25th percentile; P75, the 75th percentile; Max, maximum; SD: standard deviation; RH,
relative humidity.

Table 3. The reference limits of pollutant concentration given by China’s environmental protec‑
tion authorities.

PM2.5
(µg/m3)

PM10
(µg/m3)

SO2
(µg/m3)

NO2
(µg/m3)

CO
(mg/m3)

O3
(µg/m3)

Level 1 35 50 50 80 4 100
Level 2 75 150 150 80 4 160

3.2. Spearman Correlation Coefficients Analysis
Table 4 shows the correlations between air pollutants and meteorological parameters

during 2020–2021. We used r = 0.700 as the reference value for strong correlation. As
can be seen from the table regarding PM10 and PM2.5 (r = 0.848, p < 0.001), CO, and NO2
(r = 0.757, p < 0.001), there was a strong correlation between the two pollutants, while O3
concentration had a weak correlation with other pollutants and meteorological factors.

Table 4. Spearman correlation between daily air pollutant concentrations and the meteorological
parameters during 2020–2021.

Parameter PM2.5 PM10 SO2 NO2 CO O3 Temperature Relative
Humidity

PM2.5
PM10 0.848
SO2 0.546 0.595
NO2 0.583 0.598 0.641
CO 0.761 0.631 0.657 0.757
O3 −0.152 −0.097 −0.282 −0.443 −0.334

Temperature −0.354 −0.297 −0.492 −0.498 −0.446 0.775
Relative
humidity 0.058 −0.128 −0.402 −0.111 0.098 −0.031 0.168

Wind
speed −0.199 −0.123 −0.096 −0.351 −0.346 0.187 0.135 −0.350

3.3. Single and Multi‑Day Pollutant Model Analysis
Figure 2 shows the results of the single pollutant model. The results show that expo‑

sure to PM2.5 and PM10 had a significant effect on the incidence of influenza at lag 0, lag 3,
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and lag 4. SO2 and NO2 concentrations had a significant relationship with the increased
risk of influenza at lag 2, lag 3, and lag 4. Generally, gaseous pollutants (NO2 and SO2)
were associated with a higher risk of influenza cases than gaseous pollutants (PM2.5 and
PM10). For CO, a rise of 1 mg/m3 increased the influenza cases by about 1.3469% (95% CI:
1.2074–1.5024). In the cumulative‑day lagmodel of a single pollutant, we found that PM2.5,
PM10, SO2, and CO all reached the peak at lag 3, lag 4, and lag 5. With the increase of cu‑
mulative lag days for NO2, the incidence risk was increased, while for O3 concentration,
the relationship was opposite, with the increase of lag days and cumulative lag days, the
risk of O3 for influenza decreased.
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3.4. Subgroup Analysis
This study further explored the subgroup analysis by sex and age in the single‑day

lag model. As shown in Figure 3, there were no statistically significant differences in the
comparison for sex subgroup analyses. At lag 0 of exposure to each pollutant, the influenza
incidence risk of females was higher than that of male when the pollutant concentration
increased, and the incidence risk of male was higher than that of females at lag 1 and lag
2, except for O3. Except for O3, the incidence risk of males and females was highest on lag
3 and lag 4.

Supplementary Table S1 shows the relative risk of different age groups under a single‑
day lag model for exposure to different pollutant concentrations. For the 0–6‑year‑old
group and 7–18‑year‑old group, the model results suggest that air pollutant concentra‑
tions exerted significative influence on influenza cases in Jinan City, especially the first
four days after exposure (lag 0–lag 3); in the 19–59‑year‑old group, at lag 4–lag 7, the in‑
creases of NO2 and CO concentrations had a significant impact on the risk of influenza
incidence; in the above 59‑year‑old group, at lag 3–lag 5, PM10, NO2, and CO concentra‑
tions exhibited significant effects for each 1 µg/m3 (CO concentration: 1 mg/m3) rise in
pollutants. Generally, the groups aged above 59 years with influenza had slightly larger
relative risks when exposed to PM2.5, PM10, NO2, SO2, and CO than the younger groups.
See Supplementary Materials for the full form (Supplementary Table S1).
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3.5. Sensitivity Analysis
The sensitivity analysis results are shown in Supplementary Tables S2 and S3. The

association between pollutant concentration levels and influenza cases did not changewith
different degrees of freedom for the time, the temperature, and the relative humidity (3–6).
In the two‑pollutant models (Supplementary Table S4), the risk estimates of pollutants in
influenza cases were not much change after adjusting for other pollutants. As a result, the
results of sensitivity analyses illustrated the robustness of our study.

4. Discussion
The overall number of influenza cases in Jinan from 2020 to 2021 was lower than in

previous years [22]. Some studies have shown that the number of influenza cases during
the global COVID‑19 pandemic has greatly reduced due to the prevention and control of
the COVID‑19 pandemic. These studies also suggest that the decline in the number of
influenza cases may be related to the prevention and control measures during the COVID‑
19 pandemic [23–25]. Since the outbreak of COVID‑19, Jinan City has forced masks in
public places. In the first half of 2020, schools started online classes, and some public
places were closed. Many people are staying at home. This has the potential to affect
the time people are exposed to pollutants and the overall reduction of influenza diseases.
Experts contend social distancing, wearing masks, diligent hand washing, and some other
measures taken to mitigate COVID‑19, which may help prevent influenza and reduce the
cases of influenza [16,25,26].

This study provided that exposure to PM2.5, PM10, SO2, NO2, and CO significantly
increased the risk of influenza. Several studies have shown that elevated concentrations
of air pollutants are associated with an increased risk of influenza, which is consistent
with our findings [10,13,27]. However, Liu et al. suggested that SO2 and NO2 were not
associated with ILI [17], which was inconsistent with our results. In the cumulative‑day
lag model of a single pollutant, for O3, with the increase of lag days and cumulative lag
days, the risk of O3 for influenza decreased. The increase in O3 concentration had little
effect on the correlation of influenza incidence in our study. Conversely, one study found
that exposure to O3 significantly increased the incidence of influenza in both the single‑
and multiday lag models [13]. One study reveals that O3 exposure can either suppress or
enhance immune responsiveness. Most studies indicate that continuousO3 exposure leads
to an early (days 0–3) impairment of immune responsiveness followed, with continued
exposures, by a form of adaptation to O3 that results in a re‑establishment of the immune
response [28]. Thismight be a reasonwhy an increase inO3 concentration positively affects
influenza.
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This study shows that the increase of PM2.5, PM10, SO2, NO2, and CO concentrations
had a strong correlation with influenza cases at lag 0 and lag 2−lag 4. However, one study
in Nanjing reported the results that only concentrations within three days before visiting
the hospital might be associated with increased influenza cases for all analyzed air pollu‑
tants [16]. In a study about the association between air pollution and the daily number of
consultations due to upper respiratory tract infections in general outpatient clinics inHong
Kong, the lag times ranged from lag 0 to lag 3 [29]. One study showed that exposure to
SO2, NO2, and O3 has a significant effect on the incidence of influenza at lag 0, lag 1, and
lag 2 and lag 0–1 and lag 0–2 in Wuhan [17]. Overall, the results of our study showed that
influenza visits were 1–2 days later than in other studies. Hospitals are high‑risk places
for infectious diseases. Since the outbreak of COVID‑19, some people are reluctant to go
to hospitals for mild diseases, because they are worried about being infected. Another rea‑
son is that in Jinan, people need nucleic acid test results to go to hospitals, and the waiting
process for nucleic acid test results will also affect the time of seeking medical treatment.

Gaseous pollutants (NO2 and SO2) had a higher impact on the risk of influenza than
the other particulate matter pollutants in our study. The study by Liu et al. suggested
that SO2 and NO2 were not correlated with ILI [17], which was opposite to our results.
One of the reasons is that exposure to NO2 reduces the capacity of macrophages to engulf
the virus and leads to a decrease in the inactivation of macrophage‑dependent invasive
pathogens and thus seriously aggravating inflammation. The NO2‑exposed people would
be more susceptible to influenza infections [30].

In the age subgroup analysis, the finding that the elderly had a higher risk than other
age groupsmay be related their weakened immune systems. However, some studies show
that for air pollutants (PM2.5, PM10, CO, and SO2), people aged 25–59 were shown to have
a higher risk of ILI compared with the other age groups, such as a study of the short‑term
effects of PM2.5 on ILI in Beijing [12]. During their study period, people over the age of 25,
who are the main working group, were exposed to the outside environment for a longer
period and thus had a higher risk of exposure to pollutants [22]. Since January 2020, Ji‑
nan City in Shandong Province has required residents to wear masks in public. Preschool
children and the elderly are not the main outdoor activists, so time of wearing masks is
relatively short. The important thing is that epidemiology studies have demonstrated that
children and the elderly are more likely to be affected because of their weak immune sys‑
tems under bad circumstances of air quality [8,31].

There is no consensus on the effects of air pollutants on influenza for many reasons,
such as regional differences, population specificities (herd susceptibility and age−sex com‑
position), and a component of the complicated mixture (the proportions of NO2, SO2, and
O3 in air pollutants), also including different analysis methods, demographic character‑
istics, sources of pollutants and even some social policies. These associations need to be
analyzed and confirmed in further studies.

The results of our study could deepen the understanding of the relationship between
air pollutants and the risk of influenza during 2020–2021. However, several limitations
exist in our study. Firstly, the monitoring stations for air pollutants and meteorological
were not distributed according to the settlements, and the data from only one monitoring
stationwere used in this study. For example, residents living far away from themonitoring
station may have a larger difference in the concentration of exposed pollutants from the
monitoring point. In addition, some patientsmay not immediately seekmedical assistance,
which will affect the true number of cases in a day. This may be responsible for possible
autocorrelation of cases. Third, during the study period, most people aged 18–59 years
in Jinan City received the COVID‑19 vaccine, and some children received the influenza
vaccine. We did not have data on vaccination and socioeconomic status and thus could
not control for these confounders, and our ability to examine their effect modification was
limited. Fourth, this study collected data only from Jinan City for the last two years, and
the results are also not easy to generalize for broader regions.
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5. Conclusions
In summary, our study found that concentrations of air pollutants, especially PM2.5,

SO2, CO, andNO2, had significant associationswith the risk of influenzaduring theCOVID‑
19 epidemic. The higher the concentration, the higher the risk. Especially, people aged 0–7
and above 59 were shown to have a higher risk on influenza. These findings can provide
more epidemiological evidence for studying the influence of air pollution and can serve as
a basis for future policymaking regarding air pollution and infectious diseases.
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Abbreviations

PM2.5 particulate matter with an aerodynamic diameter less than 2.5 µg
PM10 particulate matter with an aerodynamic diameter less than 10 µg
NO2 nitrogen dioxide
SO2 sulfur dioxide
O3 ozone
CO carbon monoxide
ILI influenza‑like illness
RR relative risk
CI confidence interval
COVID‑19 coronavirus disease 2019
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