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Abstract
There is emerging evidence indicating that short-term exposure to air pollution is associated with the development and 
occurrence of allergic rhinitis (AR), but limited studies have been conducted in China, and their results were inconsistent. 
So, quasi-Poisson time series regressions with distributed lag non-linear models (DLNM) were applied to evaluate the 
lag association between six air pollutants and daily outpatient visits for AR in Lanzhou, China, from January 1, 2014, to 
December 31, 2019. Stratified analyses were further performed by gender, age, and season. Overall, we found that short-term 
exposure to air pollutants including PM2.5, PM10, SO2, NO2, O38h, and CO was significantly associated with an increased 
risk of AR outpatient visits. The strongest associations were observed at a lag of 0–7 days for PM2.5 (relative risk [RR] = 
1.035, 95% confidence intervals [CI]: 1.019–1.052), PM10 (RR = 1.006, 95% CI: 1.002–1.011), at a lag of 0–2 days for SO2 
(RR = 1.048, 95% CI: 1.017–1.081), NO2 (RR = 1.025, 95% CI: 1.010–1.041), at a lag of 0–6 days for O38h (RR = 1.028, 
95% CI: 1.016–1.041), and at a lag of 0–7 days for CO (RR = 1.128, 95% CI: 1.054–1.206). Stratified analyses indicated that 
males and adults (15–59 years old) appeared to be more sensitive to PM2.5, SO2, NO2, O38h, and CO exposure than females 
and those in other age groups. The effect of CO exposure was statistically significant in all subgroups. Associations between 
PM2.5, PM10, NO2, and O38h and AR outpatients were more pronounced in the warm season than in the cold season. The 
influences of PM2.5, PM10, SO2, NO2, O38h, and CO were found to be significantly relevant to AR-associated outpatient. 
Different pollutants played different roles for different genders, ages, and seasons.
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Introduction

Allergic rhinitis (allergic rhinitis, AR) is a type I allergy that 
involves various inflammatory mediators and cytokines. The 
pathogenesis is attributed to the impact of environmental 

factors on the body, resulting in an IgE-mediated immune 
response. This in turn causes an imbalance between Th1 
and Th2 immune responses, leading to an allergic response 
that is mainly characterized by Th2 immune responses in 
the nasal mucosa. Typical clinical symptoms include nasal 
itching, paroxysmal sneezing, excessive watery nasal dis-
charge, and nasal congestion. AR has a significant impact 
on patients’ daily lives, as well as on their ability to sleep, 
work, and study, and it places a huge economic burden on 
both individuals and society (Wu et al. 2022). As the world 
continues to industrialize and people’s lifestyles change 
rapidly, coupled with the ever-changing ecological environ-
ment, the incidence of AR has been on an obvious upward 
trend. Epidemiological survey data indicates that the inci-
dence of AR worldwide has increased from 10 to 15% in 
the middle of the twentieth century to 40% at present (Sub-
specialty Group of Rhinology et al. 2016). In China, studies 
have revealed that the incidence of AR is also on the rise, 
affecting approximately 4 to 31% of Chinese children and 
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4 to 38% of adults (Zhang and Zhang 2014). The pathogen-
esis of AR is complex, with both environmental and genetic 
factors playing a crucial role. Research on environmental 
factors that cause AR indicates that, of the many factors 
affecting the incidence of this condition, environmental 
factors may play a more critical role than genetic factors 
(Dunlop et al. 2016). With the increasing attention to the 
molecular biology and immunology of AR, people have a 
more profound understanding of AR; AR is the result of 
the complex interaction between genetic and environmen-
tal factors. The significant rise in the worldwide incidence 
of allergic rhinitis cannot be solely attributed to changes 
in human genetic susceptibility. The interaction of various 
environmental factors plays an extremely important role in 
the onset and progression of AR, rather than simply being 
an issue of allergens. Experts, both domestically and inter-
nationally, agree that air pollution is a significant contrib-
uting factor to the global increase in respiratory allergic 
diseases, including AR. The onset and severity of AR are 
linked to air quality. As a vital respiratory organ, the nasal 
cavity serves as the primary barrier to exposure to air pol-
lution. Its regulatory and immune defense processes have 
critical physiological significance for the respiratory and 
entire immune systems. Numerous studies have proven that 
the onset and development of respiratory symptoms or dis-
eases are closely related to air quality. When air pollution 
disturbs the nasal immune balance, the mucosal area delivers 
an inappropriate immune response, leading to tissue damage 
as well as chronic and prolonged inflammation. This would 
further cause nasal diseases and may even impact the health 
of the lower respiratory tract and the immune regulatory 
mechanism of the whole body. International studies have 
suggested that air pollution, including traffic-related pollut-
ants, particulate matter, and organic compounds in indoor 
dust, impacts both the onset and severity of AR. Ambient 
particulate matter (particles with aerodynamic diameters 
less than 2.5 μm and less than 10 μm, PM2.5 and PM10), 
sulfur dioxide (SO2), and nitrogen dioxide (NO2) have been 
proven to be associated with an increased risk of AR. For 
example, a 2018 meta-analysis including 13 studies sum-
marized that exposure to air pollution is probable to increase 
the prevalence of childhood AR, and the prevalence of AR 
will increase when exposed to NO2, SO2, PM10, and PM2.5 
(Zou et al. 2018). A meta-analysis of 35 studies in 2022 
demonstrates an association between air pollutants (PM2.5, 
PM10, NO2, SO2, and O3) and the prevalence of AR in peo-
ple of all ages, and no significant association was observed 
between CO and AR (Li et al. 2022). It should be noted that 
the literature selected in the above two meta-analysis articles 
mainly used self- or guardian-reported in questionnaires or 
interviews to evaluate the relationship between air pollutants 
and allergic rhinitis, which may cause information bias in the 
study. In addition, limited researches have explored the acute 

effect of six air pollutants on AR with time-series methods 
(Teng et al. 2017; Wang et al. 2020a; Wu et al. 2022; Yang 
et al. 2022). The epidemiological evidence on the short-term 
effects of ambient air pollution on AR morbidity is still not 
conclusive to date. Some studies reported that air pollution 
could possibly lead to an increased risk of AR. A time-series 
study in Changchun indicated that AR morbidity was posi-
tively associated with a short-term increase in concentra-
tions of PM2.5 (RR: 1.034, 95% CI: 1.022–1.047 per 10 μg/
m3), PM10 (RR: 1.016, 95% CI: 1.007–1.026 per 10 μg/m3), 
SO2 (RR: 1.023, 95% CI: 0.992–1.059 per 10 μg/m3), NO2 
(RR: 1.102, 95% CI: 1.055–1.151 per 10 μg/m3), and O3 
(RR: 1.002, 95% CI: 0.991–1.012 per 10 μg/m3) (Teng et al. 
2017). A study in Xinxiang, China, reported that a 10 ug/
m3 increase in PM2.5, PM10, SO2, NO2, O3, and a 1 mg/m3 
increase in CO resulted in relative risks of 1.007 (95% CI: 
1.000–1.014), 1.008 (95% CI: 1.004–1.012), 1.034 (95% CI: 
1.015–1.054), 1.045 (95% CI: 1.030–1.061), 1.010 (95% 
CI: 0.999–1.021), and 1.070 (95% CI: 1.020–1.120) for AR 
morbidity, respectively (Wang et al. 2020a). Another study 
conducted in Beijing, China, showed that each 10 μg/m3 
increase of PM2.5, PM10, SO2, and NO2 was associated with 
a relative risk of 1.012 (95% CI: 1.007–1.018), 1.008 (95% 
CI: 1.005–1.012), 1.050 (95% CI: 1.012–1.090), and 1.031 
(95% CI: 1.017–1.044), respectively, for outpatient AR (Wu 
et al. 2022). And in Chongqing, a time series study found 
that per 10 μg/m3 increase in PM2.5, PM10, NO2, SO2, and 
O3 and per 1 mg/m3 in CO concentrations were associated 
with a relative risk of 1.083 (95% CI: 1.011–1.160), 1.070 
(95% CI: 0.996–1.149), 1.003 (95% CI: 0.857–1.175), 1.031 
(95% CI: 0.988–1.075), 1.066 (95% CI: 1.008–1.127), and 
0.997 (95% CI: 0.884–1.127), respectively, for outpatients 
with AR (Yang et al. 2022).

Overall, the studies mentioned above mainly used gen-
eralized additive models (GAM) to explore the association 
between short-term exposure to air pollution and outpatient 
visits for AR. There was only one study investigating the 
adverse effect of air pollutants on AR outpatients using the 
distributed lag non-linear model (DLNM) (Yang et al. 2022).

Compared with GAM, DLNM has a greater advantage in 
dealing with lagged effects (Gasparrini et al. 2010; Gaspar-
rini 2011). GAM (generalized additive model) simply put 
the daily concentration of air pollutants or their lagged term 
into the model and could only describe the negative impact 
of the daily concentration of air pollutants or the moving 
average concentration of air pollutants defined by a certain 
rule on human health. It is limited in the ability to consider 
the delayed distribution and cumulative effect of air pollut-
ant exposure at multiple time points at the same time. The 
distributed lag non-linear model (DLNM) takes into account 
the distribution of air pollutants and their lag terms and more 
realistically simulates the impact of air pollutants at adjacent 
time points by establishing a cross-basis, resulting in a more 
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scientific evaluation of the effect (Gasparrini et al. 2010; 
Gasparrini 2011). Hence, we further used a distributed lag 
non-linear model combined with quasi-Poisson regression 
to evaluate the associations between various air pollutants 
and outpatient visits for AR.

The composition and concentration of air pollution differ 
in different countries or cities. Although some previous stud-
ies have examined the association between individual pol-
lutants and daily outpatient visits for AR in some areas, few 
studies have focused on allergic rhinitis in Lanzhou, China. 
Lanzhou is a city surrounded by mountains to the north and 
south, and the Yellow River flows through the city from 
west to east, lending it the characteristics of a banded basin 
city. The city has a typical temperate continental monsoon 
climate with four distinct seasons and a large temperature 
range throughout the year. Additionally, during the winter 
and spring seasons, affected by the complex topography of 
the river valley basin, the city has lower wind speeds and 
frequent temperature inversions, which prevent the disper-
sion of air pollutants and contribute to the accumulation of 
pollutants in the atmosphere, leading to serious air pollution, 
considering that air pollutants can aggravate the symptoms 
of patients with allergic diseases and worsen the condition. 
Thus, the generalized additive model (GAM) and the distrib-
uted lag non-linear model (DLNM) were used to evaluate 
the associations of six ambient air pollutants on outpatient 
visits for AR in Lanzhou from 2014 to 2019. Moreover, we 
performed subgroup analysis to investigate the potential 
modifying effects of gender, age, and season. This study 
can provide reasonable prevention suggestions for individu-
als who are sensitive to AR, as well as provide a scientific 
basis for the government to formulate air pollution control 
and other related policies.

Materials and methods

Study area

Lanzhou is the capital city of Gansu Province and comprises 
four urban districts with a total area of 1100 km2. The city 
has a population of 3.84 million. In addition, Lanzhou has an 
arid continental climate with four distinctive seasons. Winter 
is very dry and cold, and summer is sunny and hot.

Data collection

The daily outpatient visits for AR from 2014 to 2019 were 
obtained from four large general hospitals. These four hospi-
tals are distributed in the central districts of Lanzhou (Fig. 1) 
and are surrounded by densely populated areas, with rapid 
and convenient transportation around the hospital. In addi-
tion, these hospitals are well-equipped, and the doctors 

are highly qualified. These hospitals are famous for their 
good medical treatment of respiratory diseases. We selected 
these four hospitals as data sources. The information on 
cases included gender, age, dates of hospital visits, disease 
diagnoses, and the International Classification of Diseases 
(ICD, 10th revision) codes. We diagnosed allergic rhinitis 
according to medical history, related symptoms, and clini-
cal examination results (skin prick test and serum allergen-
specific IgE assay). Data on all outpatient visits for AR were 
extracted and identified using the ICD-10 codes (J30).

In this study, we collected hourly concentrations of PM2.5, 
PM10, SO2, NO2, O3, and CO from 3 monitoring stations in 
Lanzhou over the same period. Then, daily PM2.5, PM10, 
SO2, NO2, and CO were calculated using the data recorded 

Fig. 1   The locations of air pollutants monitoring stations and hospi-
tals
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from these three sites. For O3, maximum daily 8-h ozone 
concentrations (O38h) were calculated based on hourly O3 
concentrations. Data on meteorological factors in our study 
were obtained from the Meteorological Administration of 
Gansu Province, including daily mean temperature and rela-
tive humidity. The locations of the air pollution and meteoro-
logical monitoring stations are shown in Fig. 1.

Statistical analysis

For the whole population of Lanzhou, daily AR hospital out-
patients were relatively less, belonging to small probability 
events, which approximately followed the Poisson distribu-
tion, and some previous studies have suggested that there 
are both non-linear and delayed associations of air pollution 
with health outcomes. Hence, a quasi-Poisson generalized 
additive model combined with the distributed lag non-linear 
model (DLNM) was used to assess the association between 
ambient air pollution (PM2.5, PM10, SO2, NO2, O38h, and 
CO) and daily hospital outpatients for AR.

The model is as follows:
Log(μt) = α + βXt, l + ns(Temt, df) + ns(rht, df) + ns(Timet

, df) + factor(Dow) + factor(Holiday) In the model above, t 
represents the day of observation, μt denotes the number 
of outpatient visits for AR on day t, α is the constant term, 
Xt,l refers to the cross-basis matrix obtained by applying the 
DLNM to six air pollutants, β refers to the vector of coef-
ficients for Xt,l, and l is the lag days, and we defined the 
matrix about the linear and lagged of air pollutants using 
the linear function and the natural cubic spline function. ns 
denotes the natural cubic spline function. Temt and rht are 
the daily mean temperature and relative humidity, respec-
tively. Timet is the time variable, which is used to adjust 
for seasonality and long-term trends. DOW refers to day of 
week (1, 2, 3, …,7), and Holiday is a dummy variable for 
holidays. In our model, we chose the degrees of freedom (df) 
for each variable according to the minimized value of quasi 
Akaike information criterion (Q-AIC). In the final model, 
the df for the lag of air pollutant was specified to be 3. The 
df of temperature is 3, the df of humidity is 3, and a natural 
cubic spline with 7° of freedom per year was used for time 
(Çapraz et al. 2017; Jin et al. 2023).

Some studies have reported that the lagged effects of 
exposure to air pollutants on AR are relatively short, which 
is usually about a week or even only a few days (Yang et al. 
2022). So, we chose the longest lag period of 7 days. In 
the current study, we described the potential lag effect of 
PM2.5, PM10, SO2, NO2, O38h, and CO on outpatient visits 
for AR by introducing single-day lags (from lag0 to lag7) 
and multiple-day lags (from lag01 to lag07). Then, we also 
explored the potential effect modification by gender (male 
and female), age (0–14, 15–59, and ≥ 60 years), and season 

(warm season: April to September; cold season: October to 
March).

Finally, we conducted some sensitivity analysis to evalu-
ate the robustness of the results as follows: (1) double-pol-
lutant models were fitted to check the effects after employ-
ing co-pollutants. Considering the correlation coefficient for 
PM2.5 and PM10 (0.86) is higher, in the following two-pol-
lutant models for PM2.5, PM10 was excluded. (2) We change 
the degrees of freedom of the time trends (6–10 dfs/year).

We present the associations with the relative risks (RRs) 
and 95% confidence intervals (CIs) per 10 μg/m3 increase in 
the PM2.5, PM10, SO2, NO2, and O3 concentrations and per 1 
mg/m3 increase in the level of CO. All the calculations were 
done using R software version 3.6.3 (R Core Team, 2014) 
with its “dlnm” package.

Results

Table 1 shows the characteristics of daily hospital outpatient 
visits for AR, meteorological conditions, and air pollutant 
levels. During the 6-year study period, a total of 60,964 
cases of AR outpatient visits were included. On average, 28 
outpatients were admitted per day. Of all patients, 30,957 
(50.8%) were males, and 35,579 (58.3%) were patients aged 
15–59 years. The daily average concentrations of PM2.5, 
PM10, SO2, NO2, O38h, and CO were 48.92, 114.84, 21.12, 
47.34, 88.24 μg/m3, and 1.24 mg/m3, respectively. Mean-
while, the daily mean temperature and relative humidity 
were 11.34 °C and 51.03%, respectively.

Table 2 shows the Spearman correlation between air pol-
lutant levels and meteorological factors during the study 
period. The levels of PM2.5, PM10, SO2, NO2, and CO were 
positively correlated with each other pollutant (correlation 
coefficient = 0.46–0.86) and negatively correlated with 
temperature (correlation coefficient = −0.57 to −0.22). In 
contrast, O38h was negatively correlated with other air pol-
lutants (except NO2).

In Table 3, the associations between air pollution and 
daily outpatient visits for AR in single pollutant models 
were shown. In single pollutant models, the positive asso-
ciation was evidenced at lag0, lag6, lag7, and lag03–lag07 
for PM2.5, at lag0, lag6, lag7, and lag06–lag07 for PM10, 
at lag01–lag03 for SO2 and NO2, and at lag0 and all the 
multiple-day lags for O38h and CO. The highest RR values 
associated with AR outpatient visits per 10 μg/m3 increase in 
PM2.5 concentrations at lag07, PM10 at lag07, SO2 at lag02, 
NO2 at lag02, and O38h at lag06 were 1.035 (95% CI: 1.019, 
1.052), 1.006 (95% CI: 1.002, 1.011), 1.048 (95% CI: 1.017, 
1.081), 1.025 (95% CI: 1.010, 1.041), and 1.028 (95% CI: 
1.016, 1.041), respectively. For a 1 mg/m3 increase in CO 
levels in lag07, the highest RR was 1.128 (95% CI: 1.054, 
1.206).



91457Environmental Science and Pollution Research (2023) 30:91453–91465	

1 3

Figure 2 presents the results of gender-specific analyses. 
In single pollutant models for PM2.5, the most significant 
RR in both male and female groups was at lag07 (RR = 
1.035, 95% CI: 1.018–1.052; 1.032, 95% CI: 1.014–1.051, 
respectively). In single-day lag models for PM10, the most 
significant RR in groups of males and females was also at 
lag07 (RR = 1.006, 95% CI: 1.001–1.010; 1.007, 95% CI: 
1.002–1.011, respectively). The associations between SO2 
exposure and AR outpatient visits reached a maximum at 
lag02 for both genders (RR = 1.051, 95% CI: 1.019–1.085 
for males; RR = 1.042, 95% CI: 1.008–1.078 for females). 
As for NO2, the strong associations were significant on 
lag02 for males and females, with RRs of 1.029 (95% CI: 
1.013, 1.045) and 1.019 (95% CI: 1.002, 1.036), respectively. 
These associations between gaseous air pollutants (O38h and 
CO) and AR morbidity were persisted for both males and 
females; a significantly positive association was observed 
at lag0 and all the multiple-day lags. CO had the greatest 

impact on each subgroup analysis. Males appeared to be 
more vulnerable to all pollutants except for PM10.

The results of the age stratification are shown in Fig. 3. 
PM2.5 and O38h were significantly associated with the out-
patient visits with AR in all age groups at lag0. In terms of 
age-specific results, adults (15–59 years old) seemed to be 
more susceptible to air pollutants than the other two age 
groups.

The seasonal stratification results are shown in Table 4. 
PM2.5, PM10, NO2, and O38h were significantly associ-
ated with daily outpatient visits for AR in the warm season 
(Apr–Sep). In contrast, a significant association between SO2 
and CO and hospital outpatient visits for AR was observed in 
the cold season (Oct–Mar). Moreover, SO2 showed no obvi-
ous seasonal susceptibility differences in their associations.

The lag day with the most considerable RR value in 
the single-pollutant model was chosen as the lag date of 
the exposure–response curves and sensitivity analyses. 

Table 1   Descriptive statistics 
of outpatient visits for AR, 
meteorological variables, and 
air pollutant levels in Lanzhou 
during 2014~2019

‾X ± S Minimum Percentile Maximum

P25 P50 P75

Outpatient visits
  Total 28 ± 12 1 7 16 34 480
  Male 15 ± 11 1 4 8 17 229
  Female 13 ± 10 1 4 8 18 251
  0-14 6 ± 5 1 1 3 5 119
  15-59 18 ± 12 1 4 9 20 308
  ≥60 4 ± 2 1 1 2 3 15
Meteorological factors
  Mean temperature (°C) 11.34 ± 9.83 −12.30 2.40 12.70 19.90 30.40
  Relative humidity (%) 51.03 ± 15.08 11.71 39.50 51.17 62.00 96.09
Air pollutants
  PM2.5 (μg/m3) 48.92 ± 26.92 9.00 31.34 42.57 59.13 278.00
  PM10 (μg/m3) 114.84 ± 82.94 16.00 71.00 99.52 136.30 1484.54
  SO2 (μg/m3) 21.12 ± 13.83 3.54 10.35 17.00 28.23 81.87
  NO2 (μg/m3) 47.34 ± 17.28 7.80 36.08 45.91. 54.61 146.60
  O38h (μg/m3) 88.24 ± 38.77 8.00 58.00 82.00 114.00 222.00
  CO (mg/m3) 1.24 ± 0.71 0.20 0.76 1.00 1.52 4.65

Table 2   The coefficient of 
Spearman’s rank correlation 
between daily air pollutants and 
weather conditions in Lanzhou, 
2014–2019

*P < 0.01

PM2.5 PM10 SO2 NO2 O38h CO Temperature Relative humidity

PM2.5 1.000 0.86* 0.67* 0.47* −0.32* 0.72* −0.45* −0.08*

PM10 1.000 0.60* 0.46* −0.14* 0.58* −0.32* −0.32*

SO2 1.000 0.51* −0.38* 0.81* −0.57* −0.19*

NO2 1.000 0.05* 0.58* −0.22* −0.11*

O38h 1.000 −0.38* 0.64* −0.23*

CO 1.000 −0.48* 0.01
Temperature 1.000 0.03
Relative humidity 1.000
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Figure 4 depicts the exposure-response (ER) curves for 
the associations between each air pollutant and outpatient 
AR visits, and the dose-response curves of air pollutants 
were approximately linear, with no evident thresholds. We 
found that the RR on AR-related morbidity increased as 
the concentration of air pollutants increased.

Table S1 shows the results of two-pollutant models 
using the lag day with the maximum effect estimates. The 
associations of all six pollutants were stable when adjust-
ing for another pollutant. In addition, the effect estimates 
remained stable after changing the df for the smoothness 
of time (see Supplementary Table S2).

Discussion

In the current study, we found that short-term exposure to 
air pollution was positively associated with outpatient vis-
its for AR in Lanzhou, and the association was higher with 
gaseous pollutants than with air particulate matter (PM2.5 
and PM10). Subgroup analysis suggested that the associa-
tions of PM2.5, SO2, NO2, O38h, and CO were stronger in 
males than in females, where the adverse effects of ambi-
ent air pollutants were more pronounced in adults (15–59 
years old) than in other age groups. In season analyses, the 

Fig. 2   The RR (95% CI) of hos-
pital outpatient visits for allergic 
rhinitis associated stratified by 
gender
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associations of PM2.5, PM10, NO2, and O38h appeared to 
be more significant in warm seasons than in cold seasons.

Our study showed that an increase of 10 μg/m3 air pol-
lutant could cause an RR of 1.035 (95% CI: 1.019, 1.052) 
for PM2.5 and 1.006 (95% CI: 1.002, 1.011) for PM10, which 
were similar to several previous studies. For example, a 
study in Changchun, China, reported an increase of 10 μg/
m3 in PM2.5, and PM10 was associated with an increased risk 
of AR morbidity in the single pollutant model at 1.034 (95% 
CI: 1.022, 1.047) and 1.016 (95% CI: 1.007, 1.026), respec-
tively (Teng et al. 2017). In another study conducted in 
Xinxiang, China, each 10 μg/m3 increase in PM2.5 and PM10 
increased the risk of AR morbidity with RR 1.007 (95% 
CI: 1.000–1.014) and RR 1.008 (95% CI: 1.004–1.012), 
respectively (Wang et al. 2020a). An epidemiologic study 
in Chongqing, China, found that exposure to PM2.5 and 
PM10 was associated with an increase in hospital visits for 

AR, with RRs of 1.083 (95% CI: 1.011–1.160) and 1.070 
(95% CI: 0.996–1.149), respectively (Yang et al. 2022). 
Overall, both our study and literature reports found that the 
estimated effects of PM2.5 and PM10 were both associated 
with the increased daily numbers of AR, but the effect size 
values reported by different studies are different, and Yang 
et al. also did not find a positive association between PM10 
and AR risk in Chongqing, China (Yang et al. 2022). The 
discrepancy in findings across studies might be due to the 
differences in air pollution levels, population susceptibility, 
study design, sample size, and setting of model parameters.

In this study, we also observed that an elevation of SO2 
and NO2 concentrations at lag01 to lag03 was significantly 
associated with a higher risk of AR visits, suggesting the 
potential instant effects of these two gaseous pollutants on 
AR exacerbation. The findings are consistent with three 
studies on the associations between gaseous pollutants 

Fig. 3   The RR (95% CI) of hos-
pital outpatient visits for allergic 
rhinitis associated with air pol-
lutant at various lags by age
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and AR onset (Wang et al. 2020a; Wu et al. 2022). For 
example, Wu et al. (2022) showed that short-term expo-
sures to SO2 and NO2 could be positively associated with 
increased outpatient visits for a time-series analysis in Bei-
jing, China (Wu et al. 2022). Furthermore, another time-
series study conducted in Xinxiang, China, also identified 
that the risk of outpatient visits for AR peaked on lag0 for 
SO2 and NO2 (Wang et al. 2020a). SO2 and NO2 have an 
auxiliary effect on airway allergy and may enhance aller-
gic inflammation and induce the development of allergic 
immunity. Due to the complex etiology of AR, the impact 
of air pollution on the pathogenesis of AR needs to be 
further explored.

In China, research on the harmful effects of O3 is rare 
and still controversial. For example, a study conducted in 
Chongqing, China, found that O38h was significantly and 
positively associated with the prevalence of AR (Yang et al. 
2022). However, other two researches from Xinxiang and 
Changchun, China, observed a weak and insignificant asso-
ciation between O38h and the acute onset of AR (Wang et al. 
2020a; Teng et al. 2017). Variations in the study population, 
design, air pollutant levels, and weather conditions partially 
explain the inconsistencies between these results.

Moreover, significant associations with AR were found 
for ambient CO level in our study. Until now, the evidence 
of the effect of CO exposure on AR morbidity is currently 

Fig. 4   The exposure-response 
curves between air pollutants 
and hospital outpatient visits for 
allergic rhinitis
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limited and inconsistent. For example, Wang et al.’s study 
conducted in Xinxiang City has shown that the incidence 
rate of AR was positively correlated with the CO concen-
tration in the air (Wang et al. 2020a). In contrast, two other 
studies discovered no significant correlation between CO 
and AR outpatient visits (Teng et al. 2017; Yang et al. 2022). 
There are no apparent plausible mechanisms that underlie 
the associations between CO and AR. There are many envi-
ronmental factors, such as geographical location, climatic 
type and air quality, population, and allergen exposure (time, 
dose, and number), that need to be considered in future 
investigations.

In the gender-specific analyses, the findings showed that 
PM2.5, SO2, NO2, O38h, and CO were significantly associ-
ated with outpatient visits for AR among males and females, 
and higher associations in males than those in females, 
which were in line with previous studies (Wang et al. 2020a; 
Wu et al. 2022). The possible reason for these differences 
between males and females was still unclear and needed 
further investigation. One possible explanation was the dif-
ferences in occupational factors and temporal activity pat-
terns between genders, as males spend more time outdoors 
because of their jobs, resulting in exposure to more accu-
mulative concentrations of air pollutants. In terms of age, 
the association between air pollution and AR outpatients 
appeared to be bigger in adults (15–59 years) than in those 
under 15 years and ≥ 60 years of age, which was incon-
sistent with previous findings. In some early studies, they 
reported that children had significantly higher risks of outpa-
tient visits than adults with respect to air pollution exposure 
because they have smaller airways and less developed lung 
and immune defense functions. There may be more outdoor 
activities in adults, and persons in this age group may engage 
in more outdoor work, which could explain why air pollution 
has more severe negative impacts on AR and causes higher 
cumulative exposures to air pollution.

Results of our research also indicated that the associations 
between PM2.5, PM10, NO2, and O38h and outpatient visits 
for AR were higher in the warm season when compared 
with the cold one, which was consistent with previous stud-
ies (Chu et al. 2019; Wang et al. 2020b; Zhang et al. 2013). 
We could not find an apparent plausible explanation for this 
in the literature, but tentatively, we attribute this to the pol-
len season in Lanzhou. In the spring, summer, and autumn 
of Lanzhou, the concentration of highly allergen-producing 
pollens in the air is relatively high due to the flourishing 
vegetation. Air pollutants can be pollen carriers or change 
the chemical composition and external morphology of air-
borne pollen to enhance the sensitization of pollen, resulting 
in the aggravated impact of plants that trigger allergies on 
the human body. Eventually, it can induce and exacerbate 
the immune response of patients with AR. It remains to be 
further explored with respect to the impacts of pollen and 

air pollutants in Lanzhou on the number of outpatient visits 
for AR by collecting pollen and meteorological data in the 
same period.

Currently, there are few studies on the combined effects 
of multiple air pollutants on the volume of outpatient visits 
for AR in China (Wang et al. 2020a; Wu et al. 2022; Yang 
et al. 2022). The method for evaluating the robustness of 
the single-pollutant model results is to examine whether the 
results would change after adjusting the influence of other 
pollutants using a dual-pollutant model. The results of the 
two-pollutant model fit in this study showed that the asso-
ciations of all six pollutants were stable when adjusting for 
another pollutant, which is consistent with previous studies 
(Yang et al. 2022). As shown in a study by Yang et al. in 
Chongqing, China, they found that the results of fitting the 
two-pollutant model showed that the results were unchanged 
(Yang et al. 2022). However, it has also been found that 
in a two-pollutant model, it is uncertain whether adjusting 
for other pollutants will change the single-pollutant model 
results, with different pollutants acting in combination. For 
example, a study by Song et al. in Xinxiang, China, showed 
that the associations of PM10, NO2, and O3 with AR out-
patients remained robust after adjusting for co-pollutants. 
However, when adjusting for SO2, a non-significant asso-
ciation was identified for PM2.5. For O3, all estimates were 
significant in the two pollutant models. Meanwhile, the esti-
mated effects of CO were insignificant when adjusting for 
PM10, NO2, and SO2 (Wang et al. 2020a). Another study 
from Beijing showed that the associations remained signifi-
cant for PM2.5, PM10, and NO2 when adjusted by SO2, while 
there was no significance for SO2 when adjusting for PM and 
NO2, indicating the vital role of PM and NO2 in the risk of 
AR outpatients (Wu et al. 2022). However, it is worth noting 
that although this study and the literature mentioned above 
have considered and controlled for collinearity between air 
pollutants, the complex relationship between air pollutants 
in space and time, as well as the different demographic char-
acteristics and economic levels in different regions, may 
result in biased results. Therefore, it is still worth investigat-
ing whether the combined effects of air pollutants increase 
health risks for the population, and more studies are needed 
to clarify the underlying mechanisms involved.

Allergic rhinitis is caused by the involvement of IgE-
mediated mediators, such as histamine, leukotriene, brady-
kinin, a variety of immune cells, and cytokines, following 
contact with allergens by atopic individuals. This leads to 
telangiectasis, increased vascular permeability, smooth 
muscle contraction, and gland secretion, resulting in typi-
cal symptoms such as nasal congestion, nasal itching, runny 
nose, and sneezing. Therefore, enhanced allergen sensitiza-
tion can induce an allergic reaction in the body and aggra-
vate clinical symptoms. Air pollutants may enhance aller-
gen sensitization through various mechanisms, including 
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carrying allergens into the airway and chemically modifying 
allergens to increase their antigenicity through mechanisms 
such as epithelial cells, oxidative stress, and inflamma-
tion. Due to the complex composition of air pollutants, the 
mechanism by which they promote the onset of AR has not 
been fully clarified, but they have been proven to be able to 
cause immune dysfunction, directly or indirectly damage the 
defense function of the respiratory tract, cause damage to 
respiratory epithelial cells or the release of allergen-related 
inflammatory mediators, and initiate local allergic reactions 
in the respiratory tract (Bayram 2017; Bloemsma et al. 2016; 
Chen et al. 2018; Heinrich and Schikowski 2018). To sum 
up, air pollution is a major co-factor or trigger factor in the 
pathogenesis of AR.

Conclusion

In conclusion, this study indicated that the air pollutants had 
lag effects on the daily number of outpatients for AR in Lan-
zhou from 2014 to 2019, and stronger associations in males 
and adults were observed. Besides, the adverse effects of 
PM2.5, PM10, NO2, and O38h on AR in the warm season were 
higher than those in the cold season. This analysis provides 
evidence for the association between air pollution and the 
risk of AR outpatients; further studies about the effects of air 
pollutants on allergic diseases (e.g., AR) may be warranted.
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