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ABSTRACT
Background: Respiratory allergies (RAs) are common conditions with complex, multifactorial etiologies including environ-
mental influences. However, little is known about their spatial variation at small-area levels in Germany. This study aimed to 
(1) examine variations in respiratory allergy incidence (RAI) and dispensed prescribed medication rate (DPMR) at the munici-
pal level in Baden-Württemberg from 2012 to 2022; (2) assess associations between RAI, DPMR, and environmental factors in 
Baden-Württemberg to support targeted prevention strategies.
Methods: We used nonparametric tests to examine differences in RAI and DPMR. To assess associations between RAI, DPMR, 
and environmental factors (e.g., air pollutants, meteorological parameters, pollen), we applied generalized additive two-part 
models.
Results: Both RAI and DPMR were significantly higher in urban compared to rural areas. The probability of RAs occurrence 
was significantly associated (p-adjusted < 0.01) with PM10, PM2.5, temperature, as well as alder and birch pollen. O3, NO2, and the 
interaction O3*NO2 were additionally significantly linked to cumulative nonzero RAI. Notably, alder pollen played a major role in 
determining whether RAs occurred, whereas among diagnosed individuals, PM10 concentration was the strongest determinant. 
Across air pollutants, reducing PM10 to the quarterly threshold of 15 μg/m3 could reduce RAs onset, especially in children aged 
0–9. DPMR models yielded similar results, except for those of NO2 and the interaction O3*NO2.
Conclusions: Reducing alder pollen and PM10 exposure could present the most effective environmental intervention for lower-
ing both RAI and DPMR, particularly in young children. Effective health management is required for affected individuals due 
to exacerbations caused by O3 and NO2.
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1   |   Introduction

Allergic diseases, especially respiratory allergies (RAs) (includ-
ing allergic rhinitis and allergic asthma), have reached alarming 
levels, affecting 20–30 million people in Germany [1] and im-
posing a significant burden on healthcare systems [2]. On aver-
age, each person with RAs incurs annual costs of 699 euros [3], 
which could amount to 20 billion euros per year in total. RAs 
are common conditions with complex etiologies involving both 
genetic and environmental contributions [4]. In the context of 
climate change, the impact of environmental factors (EFs) on 
RAs is receiving increased attention, especially the ones of me-
teorological parameters (including temperature and precipita-
tion), air pollutants, as well as pollen.

In Germany, the mean annual air temperature reached 2.1°C 
above the 1881–1910 baseline by 2013–2022, 0.6°C above 
the global increase [5]. Mean annual precipitation increased 
by 7.3% since 1881, with seasonal and spatial variations [5]. 
Concentrations of nitrogen dioxide (NO2), particulate matter 
less than 10 and 2.5 μm (PM10 and PM2.5) declined from 2012 to 
2021, and ozone (O3) levels increased [6]. Additionally, pollen, 
the most common trigger of RAs [1], also varied in concentra-
tion and allergenicity by type and region [7].

At the regional scale, climate change is clearly perceptible, in-
cluding in Baden-Württemberg (BW), Germany's warmest state 
[8]. With 35,751 km2 and approximately 11.1 million [9], BW 
is one of Germany's largest, most densely populated, and eco-
nomically dynamic regions. Its industrial activity, high traffic 
volumes, mixed urban–rural landscape [10], and ongoing ur-
banization [11] highlight the need to better understand how EFs 
contribute to the development and exacerbation of RAs.

Against this background, our study aimed to investigate: (1) 
potential variations in RAs incidence (RAI) and dispensed pre-
scribed medication rate (DPMR) (including temporal trends, 
geographical distribution, age and sex differences, and urban-
ization levels) at the municipal level from 2012 to 2022 in BW; 
(2) associations between RAs, DPMR, and EFs in BW, to inform 
targeted prevention and management strategies in the region. 
We hypothesized spatial/temporal variation in RAI and DPMR 
across BW. We further hypothesized that higher PM10 and air-
borne pollen concentrations are associated with higher RAI and 
DPMR, particularly in children. To date, little is known about 
regional variation in RAs in Germany, as no studies have exam-
ined RAs at a scale smaller than the district level.

2   |   Data

The data overview is provided below; for more details, see 
Appendix S1. Based on quarterly medical claims, the Allgemeine 
Ortskrankenkasse Baden-Württemberg (AOK BW)—the largest 
health insurer in BW (> 4.6 million) provided aggregated and 
anonymized counts of newly diagnosed cases and the popu-
lation at risk stratified by age groups (0–9, 10–19, 20–59, and 
60+), sex (male and female), 5-digit postal codes (n = 1192), 
and urbanization levels (n = 3). RAs were classified according 
to the International Statistical Classification of Diseases and 
Related Health Problems, 10th revision, German modification 

(ICD-10-GM-code: J30.1; J30.2; J30.3; and J30.4 for allergic rhi-
nitis; J45.0, J45.8, J45.9 for allergic asthma), covering the period 
from 2012 to 2022. To assess severity, we observed the number 
of clients who received dispensed prescribed medication (based 
on ATC codes; see Table S1) among those diagnosed with RAs in 
the corresponding quarters.

For this study, daily air pollutant concentrations (NO2, O3, PM10, 
and PM2.5) [12] for the years 2013–2022, as well as quarterly 
pollen data (alder and birch) [13] for all 5-digit postal codes in 
BW from 2012 to 2022, were extracted from published datasets. 
Daily meteorological data (temperature, precipitation, and sur-
face UV) from 2012 to 2022 were provided at the zip code level 
by the German Aerospace Center based on the ERA5 reanaly-
sis [14].

In this study, quarter one (Q1) refers to January–March; Q2 to 
April–June; Q3 to July–September, and Q4 to October–December.

3   |   Methods

A brief overview of the methods is provided below; full method-
ological details are available in Appendix S2.

All analyses were conducted using methods and packages within 
the free software environment R (Version 4.3.2, Germany) and 
Microsoft Excel Version 2301. First, we calculated quarterly 
cumulative RAI as the number of new diagnoses within each 
quarter divided by the population at risk, stratified by age group, 
sex, and postal code. To compare the incidence and severity of 
the RAs, we calculated the DPMR as the number of clients re-
ceiving dispensed prescribed medication divided by the popula-
tion at risk. We then analyzed potential variations in RAI and 
DPMR by age, sex, and geographic location. Differences in RAI 
and DPMR across urbanization levels were tested by using the 
Kruskal–Wallis Test, post hoc Dunn's Test, and Wilcoxon Test. 
To avoid perfect multicollinearity in the regression models, we 
computed the Spearman Rank correlation among EFs (Table 1). 
None was perfectly correlated. Hence, to avoid omitting variable 
bias, we focused on studying the effects of multivariable on the 
RAI and the DPMR. PM2.5, a subset of PM10, has been receiving 
increasing attention in relation to RAs. Hence, we also investi-
gated the association with PM2.5 by replacing PM10 with PM2.5 
and PM2.5–10 in the models.

Since both RAI and DPMR are semicontinuous with true 
zeros and right-skewed, we adopted the two-part modeling 
approach described by Boulton et al. [15]. This allowed us to 
model (1) the probability of occurrences (binary component) 
and the intensity among occurrences (continuous component). 
Here, combined models and, separately, the models stratified 
by each urbanization level were fitted. In the combined mod-
els, the function “bam()” from the package “mgcv” with the 
method “fREML” was used. Thin plate regression splines 
were applied to the EFs. Age, sex, and seasonality (quarter) 
were included as categorical predictors. Postal code was mod-
eled as a random effect smooth term (bs = “re”). In the strati-
fied models, the data were stratified into urban, suburban, and 
rural areas, and the respective models were applied separately 
for each group. All models were finally adjusted to achieve 
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3Allergy, 2026

optimal fitness; here, model's wiggliness was assessed by using 
“gam.check()” function, and the smooth term collinearity was 
considered by using the “concurvity()” function. Finally, we 
estimated the probability of RAs occurrence (Pr(RA)) and 
probability of receiving medication (Pr(DPM)), as well as the 
numbers of RAI and DPMR with their confidence interval 95% 
(95% CI), using the “plot_predictions()” function in package 
“marginaleffects” and “predict()” function for all significant 
EFs, with the other variables set to their mean values for each 
quarter. A significant threshold of p-adjusted < 0.011 was 
applied in all models. Furthermore, key determinants were 
identified by comparing the average marginal effects (AME) 
and range effects. To identify vulnerable subgroups, age–sex 
interactions were modeled within the smooth terms of the en-
vironmental factor.

4   |   Results

4.1   |   RAI and DPMR in BW From 2013 to 2022

Over the 11-year study period, there were 1,300,079 RAs new 
cases, with 556,515 individuals receiving prescribed medication.

RAI and DPMR were significantly higher in Q2 than in the other 
three quarters during the study period (p < 2.2e-16) (Figure  1, 
left). In Figure  1A (right), the highest average quarterly inci-
dence of RAs was clustered around the city of Schwäbisch Hall. 
However, this was artificial inflation; hence, we excluded the 
postcodes from our analyses. Similarly, the DPMR was evenly 
distributed in BW throughout the study period (Figure 1B, right).

Figure 2 displays the quarterly RAI and DPMR across age groups 
and sexes. The incidence was highest in younger age groups and 
showed a marked male predominance, whereas in adulthood, it 
was higher among females. The DPMR's pattern resembled RAI's, 
with a notably higher rate in young males, but overall lower than 
the incidence. This supports our hypothesis that only clients with 
severe RAs required medication support.

The Kruskal–Wallis test showed significant differences in RAI 
and DPMR across the three urbanization levels (p < 2.2e-16). 
Our post hoc Dunn's test and Wilcoxon test indicated that the 
RAI was highest in urban areas, followed by suburban and then 

rural areas (p < 2.2e-16) (Figure 3A). The same pattern was ob-
served for DPMR (p < 2.2e-16) (Figure 3B).

4.2   |   Model Outcomes

4.2.1   |   RAs Models

Results from our binary component of the two-part models 
showed significant associations between the Pr(RA) and several 
EFs, including PM10, PM2.5, temperature, alder, and birch pol-
len (p-adjusted < 0.01; Figure 4). In the continuous component, 
NO2, O3, and interaction O3*NO2 were also significantly associ-
ated with RAI (p-adjusted < 0.01; Figure 5). See Tables S2 and S3 
for all models' summaries and effect sizes.

In Figure 4, the binary RAI was positively associated with PM10 
and PM2.5, as well as nonlinearly associated with temperature 
and pollen concentrations. Remarkably, the Pr(RA) was highest 
at PM10 levels above 20 μg/m3, PM2.5 levels above 15 μg/m3, and 
at alder and birch pollen concentrations of approximately 20 and 
80 grains/m3, respectively. Furthermore, the temperature range 
from 5°C to 10°C was associated with the highest Pr(RA).

In Figure 5, nonzero RAI values were nonlinearly positively as-
sociated with PM10, PM2.5 (caution ranges2 above 13 and 10 μg/
m3, respectively), and nonlinearly associated with NO2 as well 
as O3 (caution ranges above 15 and 70 μg/m3, respectively). The 
combined effect of high O3 and NO2 levels showed a synergistic 
amplification, especially when both were elevated (Figure 5E). 
Furthermore, temperature showed a nonlinear association 
(Figure 5F), with two caution ranges at around 5°C–13°C and 
16°C–18°C. Alder and birch pollen concentrations were nonlin-
early associated with RAI (Figure 5G,H, respectively), with cau-
tion ranges from 5 grains/m3 for alder and from 5 to 150 grains/
m3 for birch.

Our results on AME showed that the alder pollen concentration 
played a major role in determining whether at least one case of RAs 
occurred, whereas among diagnosed individuals, the PM10 con-
centration was the strongest determinant (Table S4). Specifically, 
a one-unit increase in the concentrations of alder pollen (grain/
m3) and PM10 (μg/m3) was estimated to increase, on average, 0.21 
percentage points in the predicted Pr(RA) and 0.1989 new cases of 

TABLE 1    |    Spearman correlations among environmental factors in Baden-Württemberg from 2012 to 2022.

Variables O3 NO2 PM10 Precipitation Temperature UV Birch Alder

O3 1.000 −0.723 −0.380 0.110 0.423 0.827 0.632 0.366

NO2 −0.723 1.000 0.608 −0.336 −0.482 −0.662 −0.366 −0.087

PM10 −0.380 0.608 1.000 −0.417 −0.318 −0.294 −0.025 0.163

Precipitation 0.110 −0.336 −0.417 1.000 −0.047 −0.042 0.047 0.030

Temperature 0.423 −0.482 −0.318 −0.047 1.000 0.625 0.104 −0.328

UV 0.827 −0.662 −0.294 −0.042 0.625 1.000 0.709 0.348

Birch 0.632 −0.366 −0.025 0.047 0.104 0.709 1.000 0.725

Alder 0.366 −0.087 0.163 0.030 −0.328 0.348 0.725 1.000

Notes: Color intensity from white to dark grey indicates the absolute strength of the Spearman rank correlation coefficient.
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4 Allergy, 2026

RAI per 1000 clients, respectively. Interestingly, the AME(PM2.5) 
is approximately 61.8% of the AME(PM10) in the continuous com-
ponent, suggesting its substantial share.

Notably, among the air pollutants, most of our quarterly caution 
exposure ranges were higher than WHO AQGs recommended 
thresholds for long-term (annually) exposure to protect human 

FIGURE 1    |    Boxplots (on the left) and geographical distribution (on the right) of (A) incidence, and (B) DPMR of respiratory allergies per postcode 
for each quarter from 2012 to 2022 in Baden-Württemberg.

FIGURE 2    |    (A) Quarterly incidence and (B) DPMR of respiratory allergies for different age groups and sex. Females and males are represented 
by grey and black bars, respectively.
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5Allergy, 2026

health (60, 10 and 5 μg/m3 for O3, NO2, and PM2.5, respectively), 
except for PM10 (15 μg/m3) [16], but remained within EU air qual-
ity standards (120 and 40 μg/m3 for O3 and NO2, respectively, as 
well as 40 and 25 μg/m3 for PM10 and PM2.5, respectively) [17, 18]. 
As the recommendations apply only to annual thresholds and no 
quarterly guidelines are provided, we compared the estimated 
Pr(RA) and intensity at pollutant concentrations above, versus 
below guideline thresholds to estimate potentially preventable 
RAs cases (prevRA) due to air pollutant exposure (Table  S5). 
Our results on prevRA did not provide sufficient evidence that 
reductions in quarterly air pollutants were associated with lower 
RAI, except in the cases of PM10 and PM2.5. Although reducing 
quarterly particulate matter (PM) concentrations did not alter 
the Pr(RA), reducing the quarterly values to the targeted annual 
recommendation in PM10 and PM2.5, starting in 2030, may cor-
respond to reductions of 0.602 (0.355; 0.881) and 0.268 (0.134; 
0.420) new cases RAs per 1000 clients, respectively. Remarkably, 
a reduction in quarterly PM10 to the WHO annual recommended 
threshold was potentially associated with a decrease of 0.687 
(0.532; 0.872) new cases RAs per 1000 clients.

Our interaction model showed that the associations varied sig-
nificantly across age-sex strata (p < 3.22e-07). In children aged 
0–9, reducing PM10 to 15 μg/m3 was associated with a reduction 
of 2.73 (0.948; 4.513) for female, and 2.66 (0.568; 4.761) for male 
prevRA per 1000 clients, corresponding to relative reductions of 
19.2% and 16.1%, respectively (Table 2). No significant evidence 
of reduced RAI in other age and sex groups associated with 
lower PM10 levels was found.

4.2.2   |   DPMR Models

The DPMR model is closely aligned with the RAI results for PM10, 
PM2.5, O3, temperature, and pollen (Appendices S3 and S4). Key 
differences were that NO2 and the interaction O3*NO2 showed 
significant associations with the DPMR binary component. 
Although precipitation was statistically significant in the models 
(p-adjusted < 0.01), its estimated range effects were very small, 
suggesting limited practical relevance (see Table  S3). Hence, 
we did not discuss this association here. Overall, the Pr(DPM) 
in response to EFs was lower than the Pr(RA). PM10 and alder 
pollen showed the highest average marginal effects on both the 
Pr(DPM) and its intensity. For more details, see Tables S2–S4.

4.2.3   |   Urbanization Models

Results of our urbanization models were similar to those of the 
combined models, except for the significant association of NO2 in 
rural and suburban areas, as well as the one of O3 in urban areas.

5   |   Discussion

5.1   |   RAs and DPMR Between Age and Sex Groups, 
Geographical Distribution, and Urbanization Levels

Our results revealed notable differences across age and sex 
groups, in geographical distribution as well as in distinct 

FIGURE 3    |    Geographical distribution of quarterly RAs (A) incidence, and (B) DPMR per urbanization levels from 2012 to 2022 in 
Baden-Württemberg.
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6 Allergy, 2026

FIGURE 4    |    Estimated probability of RAs occurring for each age group and sex in response to variations in environmental factors based on the 
quarterly data from 2012 to 2022 in BW. (A) The effect of PM10 (μg/m3). (B) The effect of PM2.5 (μg/m3). (C) The effect of temperature (°C). (D) The 
effect of alder pollen (grains/m3). (E) The effect of birch pollen (grains/m3). Colored lines represent the associations between EFs and the probability 
of RAI occurrence. Shaded areas represent the 95% confidence intervals. The associations for each quarter are shown in black for Q1, blue for Q2, 
red for Q3, and yellow for Q4.
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7Allergy, 2026

FIGURE 4    |     (Continued)
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8 Allergy, 2026

urbanization levels, consistent with previous epidemiological 
research, and emphasize the RAs' multifactorial nature.

There is increasing clinical evidence for the influence of age and 
sex hormones on the allergies development [19, 20]. At a young 
age, more boys develop RAs. This changes rapidly with girls' 
sexual maturation, leading to a lifelong female dominance in 
RAs [21, 22]. In prepubertal children, setting of low sex steroid 
levels, inherent structural differences are more important to sex 
differences in RAs [19]. For example, early elevation of serum 
IgE levels [23] and delayed airway growth in boys may contrib-
ute to higher RAI in childhood [19]. After puberty, females have 
smaller airways relative to lung size and show variations in lung 
mechanics influenced by hormonal changes as compared to males 
[24]. Estrogen and progesterone aggravate the development and 
outcome of RAs [25], while androgens such as testosterone can 
exert a protective role [21], for example, by suppressing group 2 
innate lymphoid cells [25]. Additionally, women exhibit stronger 
immune responses than men [25] and are more sensitive to envi-
ronmental toxins [21], making them more vulnerable to RAs.

Geographically, our results confirm that RAI and DPMR are 
lower in rural than urban areas. Rural residents, particularly 
those exposed to farm environments, are believed to benefit 
from unique and broader microbial diversity, as well as sus-
tained microbial exposure, which supports immune tolerance 
[26] and prevents colonization of the lower airways with harm-
ful bacteria [27]. Consumption of raw milk in both farm and 
nonfarm populations is discussed as one of the most effective 

protective factors against RAs development [28]. In contrast, 
urban residents face higher exposure to traffic-related air pol-
lution and reduced allergen diversity, which may contribute to 
sensitization and increased symptom severity [20, 29].

5.2   |   Association Between RAs and DPMR With 
Environmental Factors

5.2.1   |   Temperature

Temperature influences RAs and DPMR through both direct 
and indirect ways. Physiologically, our findings align with pro-
posed mechanisms whereby thermal stress increases RAs and 
elevates DPMR [30]. Cold temperature can disrupt respiratory 
epithelial barriers [31], increasing susceptibility to allergens and 
pathogens [32]. A study by He et al. [33] suggested that personal 
exposure to lower temperatures was associated with higher ox-
idative stress levels. Such disruptions contribute to the develop-
ment and exacerbation of RAs.

Behavior matters: In industrialized countries, including in 
Germany, people spend over 90% of their time indoors, espe-
cially in winter [34–36]. Tighter building envelopes and reduced 
winter ventilation can allow indoor pollutants and allergens to 
accumulate [35, 37, 38]. Moreover, clinical and epidemiological 
observations indicate that respiratory viruses, especially RSV, 
can facilitate allergic sensitization to aeroallergens [39], by inter-
fering with the immune tolerance induction.

FIGURE 4    |     (Continued)
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9Allergy, 2026

FIGURE 5    |    Estimated positive RAI for each age group and sex in response to variations in environmental factors based on the quarterly data 
from 2012 to 2022 in BW. (A) The effect of PM10 (μg/m3). (B) The effect of PM2.5 (μg/m3). (C) The effect of O3 (μg/m3). (D) The effect of NO2 (μg/m3). 
(E) The effect of interaction O3*NO2 (μg/m3). (F) The effect of temperature (°C). (G) The effect of alder pollen (grains/m3). (H) The effect of birch pol-
len (grains/m3). In the main effect plots, colored lines represent the associations between EFs and RAI. Shaded areas represent the 95% confidence 
intervals. The associations for each quarter are shown in black for Q1, blue for Q2, red for Q3, and yellow for Q4. In the interaction plot, color intensity 
from dark blue to yellow indicated lower to higher predicted RAI.
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FIGURE 5    |     (Continued)
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FIGURE 5    |     (Continued)
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FIGURE 5    |     (Continued)
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Additionally, there is strong evidence that temperature indi-
rectly affects allergies by influencing both pollen concentra-
tion and allergenicity [40, 41]. In our study, we focused on alder 
and birch, two of the eight primary pollen types most commonly 
causing sensitization in Germany, as discussed below.

5.2.2   |   Alder and Birch Pollen

Pollen from birch and alder of the family Betulaceae is a major 
aeroallergen in Germany [42, 43], with cross-reactive major al-
lergens (Aln g1 and Bet v1) implicated in RAs [44, 45].

In BW, alder trees are among the first to release pollen, typically 
from December to July [46], marking the beginning of the pollen 
season and potentially leading to early onset of allergic symp-
toms in sensitized individuals [47]. BW is also a region where 
birches are more widely distributed [43]. In this region, birch 
pollen season lasts from March to June [46]. However, in the 
context of climate change, species have advanced their pollen 
season [48], and more in early spring (alder) than in mid spring 
(birch) [49]. In our models, RAI and DPMR increased around 
the start of pollen release. In particular, alder pollen was broadly 
associated with both RAI's binary and continuous components, 
and the Pr(DPM) continued rising above 150 grains/m3 even as 
RAI plateaued. Because aeroallergen avoidance is often chal-
lenging in everyday life, structured symptom diaries may help 
document temporal patterns and guide targeted diagnostic al-
lergy testing. Allergen immunotherapy may be considered once 
causality has been established in individual patients, and effec-
tive medical management of RAs patients may become increas-
ingly important.

5.2.3   |   Air Pollutants (PM10, PM2.5, O3, NO2)

Our findings reinforce established associations between air pol-
lution and both development and exacerbation of RAs [50].

The associations found between O3, NO2, and intensities of 
RAs, as well as of DPMR in our study, concur with research 
findings from both previous long-term and short-term studies 
[51, 52], suggesting that NO2 and O3 could serve as exacerbat-
ing factors for RAs patients in BW [53, 54]. Both pollutants can 
trigger airway inflammation, allergen sensitization, and impair 
lung function [55–57]. A combined effect of O3 and NO2, pre-
viously shown to enhance pollen allergenicity and respiratory 
risk [58–62], was also evident in our analysis. Notably, the asso-
ciation with O3 was apparent only in summer, while that with 
NO2 was more pronounced in winter, especially under shallow 
inversion conditions that combine high NOx (NOx = NO + NO2) 
levels with stagnant air [63], reflecting their seasonal patterns 
[64]. Additionally, our urbanization models indicated a more 
pronounced association with NO2 than with O3, and more in 
urban than rural areas. Under atmospheric conditions, the in-
terconversion of O3, NO, and NO2 is primarily governed by the 
reactions [65]:

Additionally, under sunlight, free radical–catalyzed degrada-
tion of volatile organic compounds (VOCs) in the presence of 
NOx also facilitates the oxidation of NO to NO2, leading to the 
production of additional O3 [63].

In urban areas, high NO emissions from traffic and other com-
bustion sources can reduce local O3 through titration, whereas 
lower NOx emissions and regional transport lead to higher O3 
concentrations in adjacent rural areas [66]. Although no signifi-
cant association was observed for rural O3—potentially reflect-
ing multicollinearity, reducing vehicle and industrial emissions 
in urban and suburban areas could further decrease background 
average O3 levels. In cities, however, reducing NOx/VOCs emis-
sions may increase O3. Hence, reduction of precursor emissions 
should be appropriately coordinated, with previous studies sug-
gesting that a 10% reduction in NOx would require at least an 
18% reduction in VOCs to lower O3 [67].

Our results on PM, including PM10 and PM2.5, align with previ-
ous literature [68–74]. PM may not only directly trigger inflam-
mation and increase oxidative stress, leading to cell and tissue 
damage in the airways, but also act as a carrier for allergens and 
pathogens, such as pollen, fungal spores, and viruses, delivering 
them deep into the airways [75]. PM disrupts epithelial barriers 
by degrading tight junction proteins, downregulating occludin 
and claudin-1, suppressing E-cadherin levels, decreasing tran-
sepithelial electrical resistance, and increasing paracellular per-
meability [76]. Moreover, PM triggers the activation of Toll-like 
receptors and nuclear factor-κB, which promotes inflammasome 
activation, increases ROS production, and accumulates inflam-
matory cells [77]. Additionally, PM is also heterogeneous in com-
position across location and time [78]. Pollen grains (10–100 μm) 
can rupture, forming sub-pollen particles with smaller diameters 

(1)NO + O3 → NO2 + O2,

(2)NO2 + hv
(

+ O2

)

→ NO + O3

TABLE 2    |    Preventable RAs cases per 1000 clients across different age 
and sex groups associated with a reduction to the WHO recommended 
level for PM10 (μg/m3). Parentheses indicate 95% confidence intervals.

Age Sex

Estimated 
preventable cases 
(per 1000 clients)

Estimated 
preventable 
percent (%)

0–9 Female 2.73 (0.948; 4.513) 19.2 (6.681; 
31.792)

0–9 Male 2.66 (0.568; 4.761) 16.1 (3.443; 
28.856)

10–19 Female −0.535 (−2.443; 
1.373)

−3.91 (−17.864; 
10.038)

10–19 Male −0.766 (−2.68; 1.148) −5.56 (−19.445; 
8.332)

20–59 Female 0.327 (−0.773; 1.426) 3.94 (−9.33; 
17.216)

20–59 Male 0.131 (−0.723; 0.986) 2.07 (−11.380; 
15.521)

60+ Female 0.442 (−0.330; 1.213) 7.42 (−5.547; 
20.394)

60+ Male 0.426 (−0.328; 1.18) 7.36 (−5.675; 
20.387)
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(< 10 μm), which, in comparison to intact pollen grains, have lon-
ger atmospheric lifetimes and greater penetration to the lower 
lung [79]. In our study, children aged 0–9 appeared particularly 
vulnerable to the PM effects because of underdeveloped lungs, 
smaller airways, higher breathing rates, and greater outdoors 
exposure [80]. Additionally, early-life PM exposure may disrupt 
critical lung development, resulting in long-term respiratory 
consequences [81, 82]. Therefore, lowering preventable prevRA 
by reducing PM, especially in children, would lessen the burden 
on patients, improve life quality [83], and lower treatment costs.

Our study was the first to apply generalized additive two-part 
models to jointly assess RAI and DPMR in relation to multiple 
environmental factors in Germany. However, several limitations 
should be acknowledged: (1) Our RAI and DPMR data were sam-
pled quarterly, which may not capture short-term fluctuations 
[7]; (2) Medication type and count were treated as equally related 
to severity; (3) Data on self-treatment and non-AOK–insured 
individuals were not included; (4) Diagnostic criteria may vary 
locally; (5) Potential double counting of clients due to separate 
types of RAs diagnoses; (6) Future studies should aim at more 
individualized information regarding the microclimate, mobil-
ity, and indoor environment; (7) Finally, future research on RAs 
should include other pollen's types, that is, hazel, ash trees, and 
sweet grasses, the most sensitized pollen types in Germany [84].

6   |   Conclusion

Our findings highlight the vulnerable subgroups in RAs' devel-
opment and exacerbation, namely young children (0–9 years) 
and residents of urban areas, as well as reveal associations be-
tween RAI, DPMR, and all environmental exposures assessed. 
Our study provides key evidence suggesting that:

1.	 Reducing exposure to both PM10 and alder pollen may offer 
the greatest preventive benefit.

2.	 NO2 and O3 were identified as important exacerbating fac-
tors for RAs, emphasizing the need for vigilant exposure 
control and preparedness measures.
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Endnotes

	1	Using the Bonferroni correction for multiple testing.

	2	The caution range is the interval of the covariate values, where the 
smooth function lies above 0 on the link scale, indicating an increased 
contribution to the outcome compared to the average effect.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Appendix S1: Data. Figure S1: 
Geographical distribution of the quarterly average number of AOK 
Baden-Württemberg clients from 2012 to 2022. Appendix S2: Methods. 
Appendix S3: Estimated probability of prescribed medication occur-
ring in response to variations of environmental factors based on the 
quarterly data from 2012 to 2022 in BW. (A) The effect of PM10 (μg/m3). 
(B) The effect of PM2.5 (μg/m3). (C) The effect of NO2 (μg/m3). (D) The 
effect of interaction O3*NO2 (μg/m3). (E) The effect of temperature (°C). 
(F) The effect of alder pollen (grains/m3). (G) The effect of birch pollen 
(grains/m3). In the main effect plots, colored lines represent the asso-
ciation between EFs and the probability of DPMR occurrence. Shaded 
areas represent the 95% confidence intervals. The associations for each 
quarter are shown in black for Q1, blue for Q2, red for Q3, and yellow 
for Q4. In the interaction plot, color intensity from dark blue to yellow 
indicated lower to higher predicted probability of DMPR occurring. 
Appendix S4: Estimated DPMR in response to variations of environ-
mental factors based on the quarterly data from 2012 to 2022 in BW. 
(A) The effect of PM10 (μg/m3). (B) The effect of PM2.5 (μg/m3). (C) The 
effect of NO2 (μg/m3). (D) The effect of O3 (μg/m3). (E) The effect of 
interaction O3*NO2 (μg/m3). (F) The effect of temperature (°C). (G) The 

effect of alder pollen (grains/m3). (H) The effect of birch pollen (grains/
m3). In the main effect plots, colored lines represent the associations 
between EFs and DPMR. Shaded areas represent the 95% confidence 
intervals. The associations for each quarter are shown in black for 
Q1, blue for Q2, red for Q3, and yellow for Q4. In the interaction plot, 
color intensity from dark blue to yellow indicated lower to higher pre-
dicted DMPR. Table S1: Medication list for DPMR based on ATC codes 
(Anatomical Therapeutic Chemical Classification System). Table  S2: 
GAM summaries for RAI and DPMR. Significance codes: 0 “***” 0.001 
“**” 0.01 “*” 0.05. Table S3: Odds ratio (OR) for exposure at the 90th 
percentile versus exposure at the 10th percentile and estimated range 
effects of environmental factors. Parentheses indicate 95% confidence 
intervals. Table S4: Average marginal effects of environmental factors 
on probability of outcome occurrence (binary component; expressed as 
percentage points) and on outcome severity among the diagnosed indi-
viduals (continuous component, expressed per 1000 clients). Table S5: 
Preventable cases of RAs per 1000 clients. An example for the age group 
equaled 0–9, sex equaled female, quarter equaled Q1, and postcode 
equaled 68,159. Parentheses indicate 95% confidence intervals. 
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