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Background: Existing evidence suggests that mumps epidemics, a global public health
issue, are associated with meteorological factors and air pollutants at the population scale.
However, the interaction effect of meteorological factors and air pollutants on mumps
remains underexplored.

Methods: Daily cases of mumps, meteorological factors, and air pollutants were collected
in Ningxia, China, from 2015 to 2019. First, a distributed lag nonlinear model (DLNM) was
employed to assess the confounding-adjusted relationship between meteorological
factors, ambient air pollutants, and mumps incidences. According to the results of
DLNM, stratification in both air pollutants and meteorological factors was adopted to
further explore the interaction effect of particulate matter less than or equal to 2.5 μm in
aerodynamic diameter (PM2.5) and ground-level ozone (O3) with temperature and relative
humidity (RH).

Results: We reported significant individual associations between mumps incidences and
environmental factors, including temperature, relative humidity, PM2.5, and O3. Evident
multiplicate and additive interactions between meteorological factors and PM2.5 were
found with interaction relative risk (IRR) of 1.14 (95%CI: 1.01, 1.29) and relative excess risk
due to interaction (RERI) of 0.17 (95%CI: 0.02, 0.32) for a moderate level of temperature at
12°C, and IRR of 1.37 (95%CI: 1.14, 1.66), RERI of 0.36 (95%CI: 0.11, 0.60) for a high level
of temperature at 20°C, respectively. These results indicated that PM2.5 and temperature
have a significant synergistic effect on the cases of mumps, while no interaction between
relative humidity and PM2.5 is observed. Regarding O3 and meteorological factors
(temperature = 12°C, 20°C), IRR and RERI were 1.33 (95%CI: 1.17, 1.52) and 0.30
(95%CI: 0.16, 0.45), 1.91 (95%CI: 1.46, 2.49) and 0.69 (95%CI: 0.32, 1.07), respectively.
And IRR of 1.17 (95%CI: 1.06, 1.29), RERI of 0.13 (95%CI: 0.04, 0.21) for a middle level of
relative humidity at 48%.

Conclusion:Our findings indicated that meteorological factors and air pollutants imposed
a significantly lagged and nonlinear effect on the incidence of mumps. The interaction
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between low temperature andO3 showed antagonistic effects, while temperature (medium
and high) with PM2.5 and O3 presented synergistic effects. For relative humidity, the
interaction with O3 is synergistic. These results provide scientific evidence to relevant
health authorities for the precise disease control and prevention of mumps in arid and
semi-arid areas.

Keywords: meteorological factors, pollutant, mumps, interactive effects, China

1 INTRODUCTION

Mumps is an acute respiratory infection caused by the mumps
virus (MuV), which occurs in children and adolescents
characterized by swelling of the parotid or other salivary
glands (Hviid et al., 2008). The onset of mumps presents a
definite seasonal variation, with two peaks in April–July, and
November–January (Hu et al., 2014; Su et al., 2016). The
seasonality of mumps suggests that meteorological factors
possibly affect the occurrence of the disease. Several studies
have also indicated a strong association between mumps and
meteorological factors (Hu et al., 2018; Yu et al., 2018; Wu et al.,
2020; Zhou et al., 2020). For example, an investigation in
Guangzhou in 2014 (Yang et al., 2014) applied DLNM to
estimate the non-linear and lagged effects simultaneously to
explore the influence of meteorological factors on the onset of
mumps and found a non-linear relationship between
meteorological factors and the occurrence of mumps, except
for sunshine hours. A study in Taiwan discovered that there is
an inverse V-shaped relationship between the incidence curve of
mumps and temperature as a whole (Ho et al., 2015). Yu et al.
(2018) found that temperature and wind speed exerts a significant
impact on the incidence of mumps in Guangzhou. In addition,
recent studies showed that oxidative stress and inflammationmay
be the mechanisms of air pollution-induced health effects on
respiratory diseases. Oxidative stress can trigger redox-sensitive
pathways that lead to different biological processes such as
inflammation and cell death (Maura and Elisabetta, 2011).
Some results found that the meteorological factors were
significantly associated with the incidence of Mumps in
Guangzhou (Lu et al., 2019), and the authors explained that
for relative humidity, water in the droplets evaporates quickly if
the relative humidity is low. The longer the droplet with mumps
viruses remains airborne, the easier it is for the mumps infection.
These findings demonstrated that the onset of mumps is
heterogeneous across cities due to the differences in
meteorological and demographic factors.

In recent years, air pollution and climate change were
becoming major environmental issues that threaten the health
of people throughout the world. Existing epidemiological studies
have shown that meteorological factors or air pollution are
associated with mumps epidemics. For instance, a study in
Wuhan found that exposure to nitrogen dioxide (NO2) and
sulfur dioxide (SO2) was significantly associated with a higher
risk of developing mumps (Hao et al., 2019). A study of multiple
provinces in China indicates that there is a positive relationship
between particulate matter (PM) and the incidence of mumps

(Zhang and Zhu, 2021). World Health Organization (WHO)
reported that around seven million people have been influenced
by air pollution during the year worldwide, and almost 99% of the
people are breathing air with pollutant levels which exceed the
upper limit of WHO standards (WHO (World Health
Organization), 2022). Despite the remarkable achievements of
Chinese air pollution prevention and control, there are still more
than 40% of cities where ambient air quality exceeds the standard
(Ministry of Ecology and Environment of China, 2021) and
leading to a progressive increase in associated morbidity and
mortality of respiratory system disease (Song et al., 2017).
Therefore, it is urgent for public health to explore the health
influence of air pollution and the interaction effect with other
meteorological factors on mumps.

Despite growing literature on the exposure of ambient air
pollutants or meteorological factors and their individual
associations with mumps, fewer studies explored the interaction
between meteorological factors and air pollutants as well as the
impacts on mumps (Du et al., 2019; Mokoena et al., 2020).
Moreover, it is worth to be mentioned here that the related
studies were most from plains, coastal, and tropics (subtropics)
areas, and more efforts are needed to assess the association in
different geographical regions such as arid and semi-arid areas. In
this study, we evaluate the individual and interactive associations
between air pollutants and meteorological factors on the risk of
mumps using the daily time series data in Ningxia, China, from
2015 to 2019. These results may provide epidemiological evidence for
understanding the patterns and environmental-associated risks of
mumps in arid and semi-arid areas andmay informhealth authorities
about the disease control and prevention ofmumps in similar settings.

2 MATERIALS AND METHODS

2.1 Setting and Data
Ningxia is one of the provinces located in northwest China, with a
resident population of 7.2 million as of 2020. In this study,
surveillance data of mumps cases in Ningxia from 1 January
2015 to 31 December 2019 were collected from the information
management system of infectious diseases reports in China. The
province-level daily meteorological data during the same period
were collected from the National Meteorological Information
Center (http://data.cma.gov), including daily average
temperature, daily air pressure, daily mean relative humidity,
and daily wind speed. The daily average of the concentrations of
sulfur dioxide (SO2), nitrogen dioxide (NO2), carbon monoxide
(CO), ground-level ozone (O3), particulate matter less than or
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equal to 10 μm in aerodynamic diameter (PM10), and particulate
matter less than or equal to 2.5 μm in aerodynamic diameter
(PM2.5) in Ningxia from January 2015 to December 2019 were
collected from the China Meteorological Science data sharing
Service system (http://hz.hjhj-e.com/home). Meteorological and
pollutant data were obtained from the average of four areas in
Yinchuan, Shizuishan, Zhongwei, Wuzhong, and Guyuan cities,
with missing rates of 3 and 1%, respectively, which were filled by
using the average value of the same period, the spatial distribution
of meteorological stations and pollutant monitoring stations were
depicted in Supplementary Appendix Figure S1.

2.2 Statistical Analysis
2.2.1 Distributed Lag Nonlinear Model
As one of the widely adopted approaches in environmental
epidemiology (Ge et al., 2018; Xu et al., 2019; Lu et al., 2020),
DLNM is employed to assess the lagged and nonlinear association
between environmental factors and the incidence of mumps by
adjusting for the effects of known confounding variables, long-
term trends, and seasonality. The Akaike information criteria
(AIC) is used to choose the optimal degrees of freedom (df)
(Gasparrini et al., 2010; Hu et al., 2019). Themodel is described as
follows:
Yt ~ Poisson(μt),

Log(μt) � α + cb(M, lag) +∑
5

i�1
ns(Xi, df) + ns(Timet, df � 7/year) + βDowt + γtSch,

(1)

where Yt denotes the daily number of mumps cases diagnosed on
the day t, α is the intercept of the model, cb(M, lag) is the cross-
basis function modeling the non-linear lagged effects of the daily
independent variable, M is the variable of interest, that is, the
meteorological factor (temperature or relative humidity) or
ambient air pollutant (PM2.5 or O3), which was considered in
each model, and thus four different models were constructed,

respectively. The term ∑5
i�1ns(Xi, df) is the effect of covariates,

ns(Xi, df) is a natural cubic spline with three df, and Xi is the ith
corresponding confounding factors that were not selected in M
(wind speed, atmospheric pressure, sulfur dioxide, carbon
monoxide, nitrogen dioxide, and particulate matter less than or
equal to 10 μm in aerodynamic diameter). The ns(Timet, df) is a
natural cubic spline function and Timet is the dummy variable to
control long-time trend and seasonality, and the degree of freedom
per year for time term was set as seven (Gasparrini et al., 2010; Hu
et al., 2018; Hao et al., 2019). The term Dowt is an indicator of the
day of the week and holiday effect, which is included in the model to
adjust for the effect of the weekly cycle and β is the regression
coefficient. The term Scht denotes an indicator variable accounting
for the school term effect. On a cross-basis, B-splines with three
degrees of freedomwere used to explore the effects of meteorological
factors and ambient air pollutants. The median value of
meteorological variables and the second level of China
Environmental Quality Standard (GB3095-2012) (http://kjs.mee.
gov.cn/hjbhbz/) as the reference value. Due to the lag effects,
mumps cases for a given day t may be influenced by the
meteorological and ambient air pollutants factors from prior
days, thus, the term lag is the maximum lag days, which is used
to model the lagged effects of meteorological and air pollutants on
the incidence of mumps. Considering the incubation period
(Richardson et al., 2001) and illness progress (Hviid et al., 2008)
of mumps, a time lag of up to three weeks was chosen in this study.

The model with the smallest AIC value was selected to
establish the cumulative association of environmental
parameters for mumps. The lags of meteorological factors and
the lags of air pollutants (PM2.5 and O3) were both 21 days.

2.2.2 Interaction Analysis
Prior to fitting the Poisson regression, air pollutants (PM2.5, and
O3) were dichotomized into binary variables from the DLNM

TABLE 1 | Descriptive analysis of environmental factors in Ningxia, 2015–2019.

Variable Mean (SD) Min 1Q Median 3Q Max

Temperature (°C) 10.39 (10.60) −16.05 1.01 11.64 19.95 29.38
Relative humidity (%) 49.66 (15.39) 10.00 38.25 48.12 60.25 92.00
Wind Speed (m/s) 1.99 (0.66) 0.50 1.53 1.90 2.35 4.88
Atmospheric pressure (hPa) 869.9 (6.03) 816.00 865.20 870.10 874.20 886.50
PM2.5 (µg/m3) 40.78 (23.79) 7.00 25.00 34.75 48.75 205.00
PM10 (µg/m3) 98.62 (71.79) 12.50 60.31 81.50 114.25 847.25
SO2 (µg/m3) 25.23 (22.35) 4.00 11.00 16.00 30.50 170.75
NO2 (µg/m3) 28.48 (10.99) 6.00 20.00 26.62 35.75 68.75
O3 (µg/m3) 93.14 (33.36) 20.25 65.25 90.50 117.25 195.00
CO (mg/006D3) 0.86 (0.32) 0.35 0.63 0.78 1.00 2.65

TABLE 2 | Descriptive analysis of mumps cases in Ningxia, 2015–2019.

Group Total Mean (SD) Min 1Q Median 3Q Max

Cases (counts/day) 6,660 3.65 (2.22) 0.00 2.00 3.00 5.00 12.00
0–4 years 2,230 1.94 (1.57) 0.00 1.00 2.00 3.00 10.00
5–14 years 3,537 1.22 (1.20) 0.00 0.00 1.00 2.00 7.00
≥15 years 893 0.49 (0.74) 0.00 0.00 0.00 1.00 6.00
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model based on the turning points, which is lower than the
turning point and higher than the turning point (Du et al., 2019;
Mokoena et al., 2020; Pan et al., 2020). Consequently, PM2.5 and
O3 were transformed as PM2.5 = 0 (if PM2.5<=turning point) and
PM2.5 = 1 (if PM2.5 > turning point), O3 = 0 (if O3>turning point)
and O3 = 1 (if O3<=turning point). Similarly, the meteorological
factors including temperature (T), relative humidity (RH) were
divided into binary variables according to quartiles (low quartile,

Median, and upper quartile). The interaction model was
constructed as follows:

Yt ~ Poisson(μt),
Log(μt) � α + T(or RH) + PM2.5(orO3) + T(or RH)pPM2.5(orO3)

(2)
According to Poisson regression, we calculated the relative risk
from the regression coefficient estimates, which are denoted by

FIGURE 1 | Plot of cumulative RR of mumps by environmental factors in Ningxia, 2015–2019. (A) For PM2.5; (B) for O3; (C) for temperature; and (D) for relative
humidity.

Frontiers in Environmental Science | www.frontiersin.org July 2022 | Volume 10 | Article 9374504

Liu et al. Interaction Between Environmental Factors and Mumps

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


RR01, RR10, and RR11 for the relative risk when T (or RH) = 0 and
PM2.5 (or O3) = 1, the relative risk when T (or RH) = 1 and PM2.5

(or O3) = 0, and the relative risk when T (or RH) = 1 and PM2.5

(or O3) = 1, respectively. Then, the IRR (interaction relative risk)
and RERI (relative excess risk due to interaction) were calculated
based on the multiplicative and additive.

Model of interaction theory (Austin et al., 2013) as follows:

IRR � RR11/(RR01 × RR10),
RERI � RR11 − RR01 − RR10 + 1

(3)

No interaction was observed when IRR = 1 or RERI = 0,
synergistic interaction when IRR > 1 or RERI > 0, and
antagonistic interaction when IRR < 1 or RERI < 0.

To further examine the interactive effect of the meteorological
and pollution variables, the response surface methodology (RSM)
was conducted to evaluate the combined effects of meteorological
and air pollutants on the mumps cases based on the generalized
additive model (GAM) (Myers et al., 2004; Du et al., 2019).

All statistical analyses were carried out using R software
(version 4.0.4) (The R Foundation for Statistical Computing,
Vienna, Austria) with packages of “ggpairs”, “splines”, “dlnm”,
“glm”, “epiR”, and “mgcv”. All p-values were two-sided, and
statistical significance was claimed when p < 0.05.

2.2.3 Subgroup Analysis
Studies have shown that people under age of 15 are at high risk
of mumps, and schools and nurseries are the main places for
mumps outbreaks, age was previously reported to be a risk
factor for mumps (Leah et al., 2021). Thus, subgroup analysis
by 0–4 years, 5–14 years and over 15 age of years was
performed to examine the effect of age disparities on the
interaction effect of meteorological factors and ambient air
pollutants on mumps incidences.

2.3 Sensitivity Analysis
To check the sensitivity of DLNM statistics results, we performed
the following sensitivity analysis respectively. First, we changed

the degree of freedom for meteorological factors (relative
humidity, temperature), air pollutants (PM2.5, O3), and time
from 2 to 9.

3 RESULTS

3.1 Descriptive Analysis
Tables, 1, 2 present the characteristics of environmental
factors and mumps cases from January 2015 through
December 2019. According to GB3095-2012 standards, the
annual average concentrations of PM2.5 (40.78 μg/m3) and
PM10 (98.62 μg/m3) exceeded China’s ambient air quality
secondary standards (35 μg/m3, 75 μg/m3), while the other
pollutants (SO2, NO2, O3, CO) are within the permissible
limits (60 μg/m3, 40 μg/m3, 160 μg/m3 and 4 mg/m3). The
daily average values of temperature, relative humidity, wind
speed, air pressure, and a number of cases in the Ningxia area
were 10.39 °C, 49.66%, 1.99 m/s, 869.90 hpa, and 3.63,
respectively.

Supplementary Appendix Figure S2 shows the time series of
daily cases of mumps, meteorological factors, and air pollutants
from 1 January 2015 to 31 December 2019. We observed that
mumps cases were distributed annually in each season, with a
slightly higher incidence during summer than in winter. The
concentrations of air pollutants had seasonality and were
significantly higher in winter than that in summer, and
presented a marked downward trend over time. Moreover,
Supplementary Appendix Figure S3 presents the correlation
coefficient matrix and scatter plot between mumps cases and part
of the environmental variables of concern.

3.2 Distributed Lag Non-linear Models
As shown in Figure 1, the relationship between meteorological
factors (temperature and relative humidity) and air pollutants
(PM2.5 and O3) in relation to mumps cases. The association
between risk of mumps and temperature has a gradual upward

TABLE 3 | Additive and multiplicative interactive analysis between meteorological variables and air pollutants on mumps.

Meteorological Variable Pollutant (Cutoff) Individual Effects Multiplicative
Interaction

Additive Interaction

Variable Cutoff Meteorological
Variable

Pollutant IRR RERI

Temperature Low (1 °C) PM2.5 (56μg/m3) 1.56 (1.44,1.70)* 1.03 (0.91,1.15) 0.97 (0.85,1.1) -0.04 (-0.2,0.12)
Moderate (12 °C) 1.33 (1.25,1.41)* 0.96 (0.89,1.04) 1.14 (1.01,1.29)* 0.17 (0.02,0.32)*
High (20 °C) 1.10 (1.04,1.16)* 0.90 (0.84,0.95)* 1.37 (1.14,1.66)* 0.36 (0.11,0.60)*
Low (1 °C) O3 (86μg/m3) 1.92 (1.44,2.55)* 1.22 (0.91,1.64) 0.75 (0.56,1.02) -0.37 (-0.78,0.04)
Moderate (12 °C) 1.18 (1.08,1.28)* 0.84 (0.77,0.92)* 1.33 (1.17,1.52)* 0.30 (0.16,0.45)*
High (20 °C) 0.98 (0.92,1.05) 0.77 (0.73,0.82)* 1.91 (1.46,2.49)* 0.69 (0.32,1.07)*

Relative humidity Low (38%) PM2.5 (56μg/m3) 1.01 (0.94,1.07) 0.89 (0.80,0.99)* 1.01 (0.88,1.14) 0.01 (-0.12,0.12)
Moderate (48%) 1.07 (1.02,1.14)* 0.92 (0.85,0.99)* 0.96 (0.86,1.07) -0.05 (-0.15,0.06)
High (60%) 1.05 (0.99,1.12) 0.90 (0.84,0.96) 0.98 (0.86,1.12) -0.02 (-0.15,0.11)
Low (38%) O3 (86μg/m3) 0.73 (0.66,0.81)* 0.97 (0.91,1.05) 1.1 (0.98,1.23) 0.08 (-0.02,0.17)
Moderate (48%) 0.73 (0.68,0.78)* 0.99 (0.93,1.05) 1.17 (1.06,1.29)* 0.13 (0.04,0.21)*
High (60%) 0.77 (0.72,0.81) 1.01 (0.94,1.08) 1.11 (0.99,1.24) 0.08 (-0.02,0.18)

*p < 0.05 indicates statistical significance; RR: risk ratio; IRR: interaction relative risk; RERI: relative excess risk due to interaction; CI: confidence interval; PM2.5: particulate matter less than
or equal to 2.5 μm in aerodynamic diameter; O3: ground-level ozone.
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trend. Meanwhile, though not statistically significant, a U-shaped
curve with a trough (50%) was observed for relative humidity. For
PM2.5 and O3, approximate inverted shape S were observed, with
the first minimum at 47µg/m3 and 86 μg/m3, respectively.
Accordingly, we divided meteorological factors (temperature
and relative humidity) and pollutants (PM2.5, O3) into binary
variables based on quartiles or DLNM turning points as cutoff.
One group is composed of three levels of temperature (low,
moderate, high), which combined with two levels (low and
high) for two air pollutants (PM2.5 and O3), generated 12
categories (3 × 2 × 2). Another 12 categories (3 × 2 × 2) were
also defined, representing the combinations of relative humidity
exposure (low, moderate, high) and PM2.5 exposure (low and
high) as well as relative humidity exposure (low, moderate, and
high) and O3 (low and high).

3.3 Interaction Analysis
Table 3 shows the results of the interaction effect between air
pollutants and meteorological factors on mumps. For PM2.5 and
O3, the first minimum at 47µg/m3 and 86µg/m3 were taken as the
turning points based on DLNM results. The multiplicative and
additive interaction effects were generally consistent among for
the same pair of meteorological factor and pollutant. Evident
multiplicative and additive interactions between meteorological
factors and PM2.5 were found with IRR of 1.14 (95%CI: 1.01, 1.29)
and RERI of 0.17 (95%CI: 0.02, 0.32) for moderate level of
temperature at 12°C, and IRR of 1.37 (95%CI: 1.14, 1.66),
RERI of 0.36 (95%CI: 0.11, 0.60) for high level of temperature
at 20°C, respectively. These results indicated that PM2.5 and
temperature have a significant synergistic effect on the cases of
mumps, while no interaction between relative humidity and

FIGURE 2 | Bivariate response surfaces of meteorology and air pollutants in Ningxia, China, 2015–2019. (A) For temperature and PM2.5; (B) for relative humidity
and PM2.5; (C) for temperature and O3; and (D) for relative humidity and O3.
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PM2.5 is observed. Regarding O3 and meteorological factors
(temperature = 12°C, 20°C), IRR and RERI were 1.33 (95%CI:
1.17, 1.52) and 0.30 (95%CI: 0.16, 0.45), 1.91 (95%CI: 1.46, 2.49)
and 0.69 (95%CI: 0.32, 1.07), respectively. And IRR of 1.17 (95%
CI: 1.06, 1.29), RERI of 0.13 (95%CI: 0.04, 0.21) for middle level of
relative humidity at 48%. This demonstrated that temperature
and relative humidity interact with O3 on the risk of mumps
synergistically.

In addition, as shown in Figure 2, the estimated number of
mumps served as the response variable, bivariate response surface
analysis appeared nonlinearly that was also verified that the
interactive effect of air pollutants (PM2.5, O3) and
meteorological factors (relative humidity, temperature) were
non-linear and joint association with mumps.

From the sensitivity analysis, our findings were consistent in
similar scale and same sign, including the alternative degree of
freedom of PM2.5 and O3 from 2 to 9 (see Supplementary

Appendix Figure S4) and alternative degree of freedom of
time variable (for long-term trend and seasonality) from 2 to
9 (see Supplementary Appendix Figure S5). The non-linear
associations between PM2.5 (O3, temperature and relative
humidity) and Mumps appeared consistent across a wide
range of model assumptions, which implies the robustness of
our main findings. In addition, these results were still clear and
robust when change the time to character the long-time trend and
seasonality.

4 DISCUSSION

This study explored the effects of meteorological factors and air
pollutants on mumps by constructing a DLNMmodel. The time-
series plots indicated that meteorological factors and air
pollutants showed evident seasonality, and the scatterplot

TABLE 4 | Subgroup interactive analysis between meteorological variables and air pollutants on mumps.

Age Subgroup Meteorological Variable Pollutant (Cutoff) Individual Effects Multiplicative
Interaction

Additive Interaction

Variable Cutoff Meteorological
Variable

Pollutant IRR RERI

0–4 years temperature Low (1 °C) PM2.5 (47μg/m3) 1.95 (1.67,2.29)* 1.05 (0.84,1.30) 1.81 (1.50,2.17)* 0.88 (0.69,1.13)
Moderate (12 °C) 1.36 (1.23,1.51)* 0.86 (0.75,0.98)* 1.49 (1.25,1.77)* 1.28 (1.03,1.58)*
High (20 °C) 1.02 (0.92,1.13) 0.80 (0.72,0.89)* 1.21 (0.88,1.65) 1.48 (1.05,2.07)*
Low (1 °C) O3 (86μg/m) 2.17 (1.28,3.67)* 1.16 (0.68,1.99) 2.19 (1.29,3.72)* 0.87 (0.50,1.49)
Moderate (12 °C) 1.24 (1.07,1.44)* 0.84 (0.72,0.98)* 1.58 (1.29,1.93)* 1.52 (1.22,1.90)*
High (20 °C) 0.91 (0.82,1.02) 0.73 (0.67,0.81)* 1.55 (1.01,2.37)* 2.31 (1.49,3.58)*

Relative humidity Low (38%) PM2.5 (47μg/m3) 0.97 (0.86,1.08) 0.88 (0.73,1.05) 0.76 (0.66,0.88)* 0.90 (0.72,1.12)
Moderate (48%) 1.07 (0.97,1.18) 0.88 (0.77,1.01) 0.81 (0.70,0.94)* 0.87 (0.71,1.06)
High (60%) 1.06 (0.95,1.17) 0.83 (0.74,0.93)* 0.83 (0.68,1.02) 0.95 (0.75,1.21)
Low (38%) O3 (86μg/m3) 0.77 (0.65,0.91)* 0.95 (0.84,1.07) 0.74 (0.65,0.84)* 1.01 (0.83,1.23)
Moderate (48%) 0.72 (0.64,0.81)* 0.96 (0.87,1.07) 0.81 (0.72,0.92)* 1.17 (0.99,1.39)
High (60%) 0.73 (0.67,0.81)* 0.97 (0.86,1.10) 0.87 (0.76,1.01) 1.22 (1.01,1.48)*

5–14 years temperature Low (1 °C) PM2.5 (47μg/m3) 1.46 (1.30,1.63)* 1.01 (0.87,1.18) 1.47 (1.29,1.68)* 1.01 (0.84,1.19)
Moderate (12 °C) 1.39 (1.28,1.50)* 1.02 (0.92,1.13) 1.51 (1.31,1.74)* 1.06 (0.90,1.26)
High (20 °C) 1.21 (1.11,1.31)* 0.94 (0.87,1.02) 1.57 (1.25,1.98)* 1.38 (1.08,1.77)*
Low (1 °C) O3 (86μg/m3) 1.91 (1.29,2.84)* 1.29 (0.86,1.92) 1.70 (1.14,2.53)* 0.69 (0.46,1.04)
Moderate (12 °C) 1.26 (1.12,1.42)* 0.89 (0.79,1.01) 1.37 (1.16,1.63)* 1.22 (1.02,1.47)*
High (20 °C) 1.09 (1.01,1.19)* 0.81 (0.75,0.87) 1.65 (1.17,2.32)* 1.87 (1.31,2.65)*

Relative humidity Low (38%) PM2.5 (47μg/m3) 1.05 (0.96,1.15) 0.90 (0.77,1.04) 0.97 (0.87,1.09) 1.04 (0.87,1.23)
Moderate (48%) 1.09 (1.01,1.17)* 0.92 (0.82,1.02) 1.01 (0.91,1.13) 1.02 (0.87,1.18)
High (60%) 1.04 (0.95,1.13) 0.92 (0.84,1.01) 0.97 (0.83,1.13) 1.02 (0.85,1.22)
Low (38%) O3 (86μg/m3) 0.69 (0.60,0.79)* 0.99 (0.90,1.10) 0.81 (0.73,0.90)* 1.19 (1.01,1.39)*
Moderate (48%) 0.71 (0.64,0.78)* 0.99 (0.91,1.08) 0.87 (0.79,0.95)* 1.23 (1.07,1.40)*
High (60%) 0.76 (0.7,0.82)* 0.99 (0.91,1.10) 0.85 (0.76,0.95)* 1.12 (0.96,1.30)

≥15 years temperature Low (1 °C) PM2.5 (47μg/m3) 1.25 (1.01,1.56)* 1.04 (0.78,1.38) 1.36 (1.05,1.76)* 1.05 (0.75,1.47)
Moderate (12 °C) 1.05 (0.90,1.23) 0.99 (0.82,1.19) 1.22 (0.92,1.61) 1.17 (0.84,1.63)
High (20 °C) 0.90 (0.76,1.07) 0.98 (0.83,1.14) 0.92 (0.52,1.62) 1.04 (0.57,1.91)
Low (1 °C) O3 (86μg/m3) 1.48 (0.74,2.97) 1.14 (0.56,2.31) 1.27 (0.62,2.57) 0.75 (0.36,1.56)
Moderate (12 °C) 0.84 (0.68,1.03) 0.71 (0.57,0.88)* 0.72 (0.51,1.03) 1.21 (0.83,1.77)
High (20 °C) 0.77 (0.64,0.92)* 0.74 (0.63,0.85)* 0.50 (0.16,1.57) 0.89 (0.28,2.81)

Relative humidity Low (38%) PM2.5 (47μg/m3) 0.91 (0.77,1.09) 0.92 (0.69,1.23) 0.95 (0.76,1.17) 1.12 (0.80,1.56)
Moderate (48%) 1.03 (0.88,1.20) 1.03 (0.84,1.26) 1.02 (0.82,1.27) 0.96 (0.71,1.29)
High (60%) 1.08 (0.91,1.28) 1.03 (0.87,1.22) 1.02 (0.76,1.38) 0.92 (0.65,1.32)
Low (38%) O3 (86μg/m3) 0.81 (0.62,1.06) 0.94 (0.78,1.15) 0.77 (0.63,0.95)* 1.01 (0.74,1.37)
Moderate (48%) 0.83 (0.69,1.01) 1.02 (0.86,1.21) 0.82 (0.67,0.99)* 0.97 (0.74,1.26)
High (60%) 0.86 (0.74,1.01) 1.14 (0.94,1.38) 0.81 (0.64,1.02) 0.82 (0.61,1.12)

*p < 0.05 indicates statistical significance; RR: risk ratio; IRR: interaction relative risk; RERI: relative excess risk due to interaction; CI: confidence interval; PM2.5: particulate matter less than
or equal to 2.5 μm in aerodynamic diameter; O3: ground-level ozone.
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matrix suggested mild but significant pairwise correlations
between these variables. The results of the DLNM model
showed a nonlinear relationship between all environmental
factors and the cases of mumps, with some variability in the
effect on the cumulative effect of mumps. We found that the
exposure-response curves for temperature and mumps were
approximately S-shaped, which was similar to previous studies
(Yang et al., 2014). Compared with the low temperature, the risk
of morbidity is higher at high temperatures, some
epidemiological studies indicated that the participation of
adolescents in physical activities decreases during cold periods
and increases with warmer temperatures (Belanger et al., 2009),
which increases the risk of mumps infection through more
frequent contact among children and adolescents because of
the appropriate temperature.

In terms of relative humidity, we found that lower relative
humidity increased the risk of mumps, which differs from
studies in Jining (Li et al., 2016) and Fujian (Hu et al., 2018).
Some studies have shown that the survival of enveloped viruses
is higher at low relative humidity. It may be attributed to the
fact that viruses are more stable in dry conditions and can be
easily preserved for a long time (Aguilera and Karel, 1997;
Morgan et al., 2006).

In addition to meteorological factors, we included PM2.5

and O3 for exploring the potential impact of atmospheric
pollutants on mumps and observed that the risk of
morbidity was higher at high levels of PM2.5 while it
decreased gradually with further increasing concentrations,
whereas the risk of morbidity was found higher at lower O3

levels and declined progressively as concentration increased.
Zhang et al.(Zhang and Zhu, 2021) found a positive association
between PM2.5 and mumps cases. Pulmonary macrophages
play an important role in binding and clearing of inhaled
particulate matter (Arredouani et al., 2004; Arredouani et al.,
2006), whereas exposure to PM2.5 decrease the antimicrobial
activity of pulmonary macrophages (Migliaccio et al., 2013),
which probably increased the body’s susceptibility for
respiratory tract infections. Xie et al. (Xie et al., 2021)
reported that Ozone exposure can increase the risk of
mumps infection. A possible reason is that environmental
pollutants can impair ciliary structure and function to
impact mucociliary clearance, and can result in lower
respiratory tract disease (Cao et al., 2020).

Regarding the interactive and subgroup analysis, we found
significant interactions between PM2.5 and O3 with
meteorological factors. Moderate and high temperatures
increased the risk of mumps from high PM2.5. Regarding
the lower level of O3, both moderate relative humidity and
moderate and high temperatures increase the risk of mumps.
The significant age disparities in the interaction effect of
meteorological and air pollutants factors on mumps
incidences were found in Table. 4, which was consistent
with the result in Guangzhou (Lu et al., 2019). The
5–14 years age group is more susceptible to pollutants and
meteorological factors than the other age groups. Thus,
protective measures and health education for children and
adolescents of 5–14 years may be an advantage to reduce the

risks of Mumps. Some reasonable mechanisms may be
responsible for this. On the one hand, high temperatures
increase thermoregulatory as well as immune system stress
(Garrett et al., 2009; Dittmar et al., 2014), which probably
increases susceptibility to air pollution (Gordon, 2003). In
contrast, the relative humidity could moderate the area of the
air-liquid interface for virus accumulation, and the size and
surface area of the aerosol is larger with increasing relative
humidity, which might enhance the exposure of virus on the
air-liquid interface area, in response to these mechanisms
(surface tension, shear stress, and hydrophobically driven
conformational rearrangements), the viruses partition on
the surface of aerosols may be damaged (Casanova et al.,
2010; Yang and Marr, 2012). On the other hand, the
interaction of heat stress and air pollutants worsened
respiratory distress (McCormack et al., 2016). Additionally,
particulate matter and ozone can induce oxidative stress
leading to apoptosis (Jaspers et al., 2005; Wang et al., 2010),
and people with enhanced oxidative stress are more susceptible
to virus infection (Ciencewicki et al., 2008). Nevertheless, it
was argued that O3 could reduce the risk of respiratory
infection that might be attributed to O3 exposure induced
protective immunity of interleukin (IL)-33 against viral
infection (Ali et al., 2018) while enveloped viruses probably
lose infectivity after exposure to O3 by undergoing lipid
peroxidation (Murray et al., 2008).

Although we explored some new aspects of the relationship
between mumps and ambient factors. The study also contained
several limitations. First, we selected the specific pollutants (PM2.5

and O3) in this study, while similar effects of other pollutants may
be explored in further investigations. Second, due to the
insufficient number of daily cases in each city for modeling
analysis, we pooled the number of daily cases by province-
level to achieve sufficient statistical power. Third, the new
index should be considered to evaluate the optimal model in
environmental epidemiology (Zhou et al., 2021). Finally,
environmental factors were used for our analysis, which
inadequately represents the real exposure levels of individuals,
resulting in ecological fallacies.

This study possesses notable strengths, with the exploration
of the interaction between air pollution and meteorological
factors with mumps cases. Furthermore, differing from
previous studies, we targeted specific pollutants rather than
AQI for analysis to explore the interaction of different
concentrations of pollutants and meteorological factors as
well as the impact on mumps. It is crucial for further
understanding of the impact of meteorological factors and
air pollution on human health.

CONCLUSION

Higher temperature and lower relative humidity were found
associating with higher incidence rate of mumps as well as
high concentration of PM2.5 and low concentration of O3. Our
study brought insights into the interactive association of air
pollution and meteorological factors in relation to the risk of
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mumps. Simultaneously, understanding the interaction of air
pollution and meteorological factors on mumps is essential for
implementing precise and effective public health intervention
strategies to predict the impact of changes in environmental
factors in arid and semi-arid areas.
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