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Background: Climate changes are increasing the frequency of concurrent extremes in temperature, air pollution,
and aeroallergens, yet evidence on their joint and synergistic health impacts remains limited. We aimed to
quantify the independent, joint, and interactive short-term effects of temperature, air pollutants, and airborne
pollen on allergic rhinitis and asthma using long-term general practitioner (GP) data. Methods: We conducted a
population-based time-series study using 20 years of GP data. Daily maximum temperature, PM,.5, ozone, and
pollen concentrations were linked to allergic rhinitis and asthma outcomes. We estimated cumulative relative
risks (RR) over lag 0-14 days using distributed lag non-linear models, comparing high (95th percentile) versus
median exposure levels. We evaluated effect modification through stratified analyses and quantified additive
interaction for joint exposures at extreme levels (90th and 95th percentile) using relative excess risk due to
interaction (RERI) and attributable proportion (AP). Findings: Pollen exposure was strongly associated with
allergic rhinitis (RR=2.54, 95% CI: 2.40-2.69) and with asthma (RR=1.49, 95% CI: 1.38-1.61). In joint-effects
analyses, co-exposure to extreme heat and high pollen concentrations was associated with an increased risk of
allergic rhinitis (RR= 2.07, 95% CI: 1.77-2.41), with clear evidence of synergistic interaction on the additive
scale (RERI=0.48, 95% CI: 0.32-0.64, AP=0.23, 95% CI: 0.17-0.30). Similarly, co-exposure to high pollen and
ozone was associated with elevated allergic rhinitis risk (RR = 2.03, 95% CI: 1.76-2.34), with positive additive
interaction (RERI = 0.40, 95% CI: 0.25-0.54; AP = 0.20, 95% CI: 0.13-0.26). The same exposure combinations,
heat-pollen and pollen-ozone, also exhibited positive synergistic interactions for asthma. Conclusion: Our
findings identify pollen as a central driver of climate-sensitive allergic morbidity, with heat and ozone acting as
key amplifiers through synergistic interactions. Our findings highlight the need for integrated early-warning
systems, and risk assessments that account for joint environmental exposures.

1. Introduction

Climate change has become a major threat to global public health,
primarily through environmental health risk factors including extreme
temperatures, air pollution and aeroallergens (Anenberg et al., 2020;
eClinicalMedicine, 2025; Haines et al., 2006; Pinho-Gomes et al., 2023;
van Daalen et al., 2024)" Exposure to these factors has been shown to
adversely affect physiological systems, and contribute to the
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exacerbation of cardiovascular and respiratory diseases (Anenberg et al.,
2020). Beyond these effects, climate change also affects the source and
dynamics of airborne allergens, including pollen, which significantly
contribute to allergic respiratory conditions such as allergic asthma and
allergic rhinitis (Beggs et al., 2023; Melén et al., 2022). It has already
been known that allergic rhinitis (AR) and asthma are serious health
concerns, with widespread prevalence in developed countries (Bousquet
et al., 2020a, 2020b; Paoletti et al., 2025). For example, approximately
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400 million people are affected by allergic rhinitis across the globe, with
prevalence estimates ranging from about 10% to 30% in adults, varying
across and within countries (Pawankar et al., 2013). Asthma affects at
least 30 million children and young adults across Europe (Komlosi et al.,
2022).

Epidemiological evidence showed that climate-related environ-
mental exposures are independent significant risk factors for allergic
respiratory diseases such as asthma and allergic rhinitis. Exposure to
extreme heat and high ambient temperatures has been shown to exac-
erbate asthma, likely through increased airway resistance and inflam-
mation (Chou et al., 2025). According to a study using global datasets, in
2019, an estimated 86% of urban residents worldwide were exposed to
annual average fine particulate matter (PMs.5) concentrations above the
world health organization (WHO) 2005 guideline value of 10 ug/m3
(Southerland et al., 2022). A large cohort study in China also found that
exposure to PMy.5 is strongly associated with increased risk of both
allergic rhinitis (OR=1.18; 95% CI: 1.11-1.26) and asthma (OR = 1.79;
95% CI: 1.41-2.26) (Feng et al., 2023). A recent systematic review and
meta—analysis of 80 studies involving over 12 million participants found
that the prevalence of allergic rhinitis and asthma attributable to air
pollution exposure was approximately 16 % and 11 %, respectively;
among individual pollutants, ground-level ozone (O3) was associated
with an elevated risk of allergic rhinitis (OR = 1.058, 95% CI:
1.020-1.095) and non-significant association with asthma risk (OR =
1.032, 95% CI: 0.892-1.171) in pooled analyses (Zhang et al., 2025).
The findings suggest that air pollutants may contribute to respiratory
symptoms through irritant effects and by enhancing responses to aller-
gens, rather than directly causing allergic rhinitis. Another meta-
analysis on the short-term effects of pollen from multiple allergenic
species showed that a 10 grains/m?® increase in pollen exposure was
associated with a 2% increase (effect estimate (EE) = 1.02; 95% CI:
1.01-1.03) in the risk of any allergic or asthmatic symptom (Kitinoja
et al., 2020a).

Despite the predominance of single-exposure analysis in epidemio-
logical studies, real-world environmental conditions are largely char-
acterized by the simultaneous occurrence of multiple exposures. These
co-occurring environmental stressors may interact which may amplify
the risk and severity of allergic respiratory diseases. Existing evidence
indicates that rising air temperatures and climate patterns are associated
with earlier and longer allergenic pollen seasons, higher ambient pollen
concentrations, and increased air pollutants, which can trigger the onset
of rhinitis or exacerbate its symptoms (Luschkova et al., 2022; Niu et al.,
2025; Schreurs et al., 2022; Zhaobin et al., 2024; Ziska, 2021). A sys-
tematic review of 56 studies investigated interactions between air
pollution, heat, and pollen and found that there is only low quality and
limited evidence for their synergistic effects (Anenberg et al., 2020). A
study in northern and central Europe further exhibited that the risk of
uncontrolled allergic rhinitis is higher during grass pollen season when
air pollution level is also high (Bédard et al., 2020).

Though the joint health effects of heat, air pollution, and aero-
allergen exposures remain underexplored in epidemiological studies, a
biological mechanism supports their interaction in driving allergic res-
piratory diseases. Studies suggested that environmental heat exposure
may have adverse effects on asthma development through multiple
biological mechanisms, including bronchial epithelial remodeling and
heat-induced changes in the environmental distribution of allergens
(Celebi Sozener et al., 2023a; D’Amato and Cecchi, 2008). Exposure to
pollen allergens may induce the release of immunomodulatory and pro-
inflammatory mediators, and exacerbates respiratory allergy and
asthma (Cecchi et al., 2018; D’Amato and D’Amato, 2023). Air pollut-
ants including particulate matter and ozone can increase pollen aller-
genicity, enhance airway permeability, and promote the release or
fragmentation of pollen into smaller allergen-carrying particles that can
reach the deeper respiratory tract, thereby exacerbating allergic
inflammation (Ziska, 2021). Moreover, extreme weather conditions
whose frequency has been increased by climate change, like lightning
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storms during periods of high pollen concentration, can break down
pollen into fine particles which becomes small enough to enter the
deeper parts of the airways and cause sudden allergic rhinitis and
asthma attacks, a phenomenon known as thunderstorm asthma (Thien
et al., 2018).

Considering the growing evidence on plausible biological mecha-
nisms, the limited epidemiological studies, and the geographic co-
occurrence of multiple environmental exposures across Europe, there
remains a critical knowledge gap regarding their potential joint and
synergistic effects on allergic respiratory diseases. This gap is especially
relevant in Belgium, a densely populated country with substantial ur-
banization and traffic-related emissions, leading to frequent co-exposure
to multiple environmental stressors. Our study therefore aims to inves-
tigate the joint and synergistic effects of ambient heat, air pollution
(PM,.5 and ozone), and airborne grass pollen concentrations on allergic
rhinitis and asthma. We focused on grass pollen as its season in Belgium
overlaps with the timing of potential heat episodes, in contrast to the
Betulaceae pollen season (sensu latu: pollen of hazel, alder and birch),
which occurs in winter and spring. Dynamic exposure data is utilized to
monitor short-term, lagged, and nonlinear reactions, especially during
overlapping extreme exposure conditions, in addition to two decades of
general practitioner (GP) data that, while remaining underexplored
within environmental epidemiology, captures clinically relevant events
for AR and asthma morbidity.

2. Methods
2.1. Data source and study design

We employed a time-series design, utilizing existing routinely
collected GP data in Flanders, the Dutch-speaking northern region of
Belgium, over a period of two decades (2005-2024). The analysis was
restricted to Belgium’s annual warm season (May 1°-September 30'),
to define when the levels of heat, air pollution and concentration of grass
pollen are high, which is most relevant for allergic respiratory outcomes.

Health outcome data were obtained from Intego, a general practi-
ce-based morbidity registry managed by the Academic Center for Gen-
eral Practice at KU Leuven. By the end of 2024, Intego database included
data 180 general practices, of which 135 were actively contributing
data. A total of 973,444 unique patients registered in the acceptable
cohort (patients with at least two registered encounters and with un-
ambiguous sex and birth date), and 512,093 active patients (non-
deceased individuals with at least one recorded encounter within the
preceding two years). The database contains over 18 million recorded
diagnoses, 44.7 million prescriptions, and 224 million laboratory test
results. Details on the data collecting procedures, its structure, data
quality, and validation procedures of the Intego registry have been
described elsewhere (Zayed et al., 2025).

Environmental exposure data were obtained from multiple authori-
tative sources. Daily meteorological variables, including minimum
temperature (Tmin), maximum temperature (Tmax), and relative hu-
midity (RH), were measured at Uccle weather station (the Belgian
meteorological reference station) and provided by the Royal Meteoro-
logical Institute (RMI) of Belgium(RMI, 2024). Air pollution data,
including daily maximum 8-hour average ozone (O3) concentrations and
daily mean particulate matter with aerodynamic diameter <2.5 pm
(PM,.5), were obtained from the Interregional Environment Agency
(IRCEL-CELINE) and measured at the Uccle monitoring station(IRCEL-
CELINE, 2024). Mean daily airborne grass pollen concentration data
measured at Brussels station were obtained from the Belgian aero-
biological surveillance network (AirAllergy, managed by the One Health
institute Sciensano);(Sciensano, 2026) all pollen concentrations in this
study refer to grass pollen (Poaceae family) unless otherwise specified.

Outcome selection

We identified patients with allergic rhinitis (AR) or asthma using
both diagnostic and prescription records from general practice.
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Diagnoses were coded using the International Classification of Primary
Care, second edition (ICPC-2), which is specifically designed for use in
primary care. We defined acute AR as either a diagnosis of allergic
rhinitis (ICPC-2 code R97) or a prescription (ATC codes RO1AC (Anti-
allergic agents, excluding corticosteroids), RO1AD (Corticosteroids,
nasal), or RO6A (Antihistamines, systemic use)), and asthma as either a
diagnosis (ICPC-2 code R96) or a prescription (ATC codes RO3A (Ad-
renergics, inhalants), RO3B (Other drugs for obstructive airway diseases,
inhalants), or RO3C (Adrenergics, systemic use)). To reduce misclassi-
fication related to routine follow-up visits, only the first recorded event
per individual was included, and subsequent events were considered as
new episodes only if they occurred at least 270 days later. In a routinely
collected healthcare data, longer washout periods improve internal
validity by more thoroughly excluding prevalent or ongoing episodes,
thereby reducing misclassification (Roberts et al., 2015). Events with
both a diagnosis and a prescription recorded on the same day were
counted once. Detailed descriptions of ICPC-2 and ATC codes are pro-
vided in the Supplementary Material (Supplementary A, Table S1).

2.2. Statistical analysis

We conducted a structured three-step analysis that included esti-
mating independent exposure effects, stratified analysis, and joint ef-
fects to quantify the synergy of multiple exposures. This approach allows
us to capture the non-linear, delayed, and interactive nature of the ef-
fects of environmental factors on allergic respiratory morbidity.

Single-exposure analysis

In the first step, we quantified the independent associations between
each environmental exposure and allergic rhinitis and asthma outcomes.
Within the Distributed lag non-linear models framework ,we fitted
separated generalized linear models (GLM) for daily maximum tem-
perature, air pollution (ozone and PMy.5) and grass pollen concentra-
tions. While we evaluated exposure effects individually, each single-
exposure model simultaneously controlled for the remaining environ-
ment exposures, which were included as smooth terms specified using
natural cubic splines (ns) with 3 degrees of freedom (df). This approach
reduces residual confounding due to correlated environmental condi-
tions while allowing for flexible nonlinear adjustment (Gasparrini et al.,
2010).

To capture potential delayed effects and short-term harvesting ef-
fects, a maximum lag period of 14 days was used for all exposures. A
DLNM was used to quantify the non-linear and delayed exposure-
response and lag-response association (Gasparrini et al., 2010). The
quasi-Poisson distribution was used to account for overdispersion in
daily counts of outcomes.

For each exposure, we specified the exposure-response function
using ns with 3 df, knots placed at equally spaced quantiles of the
exposure distribution. The lag-response association was modeled using
ns with 2 df, knots placed at equally spaced quantiles on the log scale to
allow greater flexibility at shorter lags (Gasparrini and Armstrong,
2011). We used a ns with 4 df per year to control long-term trends.
This specification was chosen because the analysis was restricted to the
summer season of each year, thereby reducing the need for higher df. A
short-term fluctuation is also controlled by including day of week
(DOW) in the model. We have also included relative humidity as ns with
3 df. The relative risk (RR) was quantified at the g5th percentile of each
exposure compared to the corresponding 50" percentile.

Stratified analysis

The second step quantified effect modification and interactions
among exposures (Coker et al., 2025). We discretized each continuous
exposure into four meaningful groups using quantiles for maximum
temperature ([6.42, 18.2), [18.22, 20.9), [20.92, 24.0), [24.03, 39.7]),
PM,.5 ([1.99, 6.77), [6.77, 9.75), [9.75, 14.45), [14.45, 62.87]), ozone
([22.9, 63.5) [63.5, 75.4), [75.4, 91.5), [91.5, 206.2]), custom con-
centration interval for pollen ([0, 10), [10, 30), [30, 50), 50+) in line
with the threshold values applied by the Belgian aerobiological
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surveillance network, and for which 50 grains/m? is considered as the
symptomatic threshold for most people allergic to grass pollen (Hoebeke
et al., 2018).

We performed generalized linear models with a quasi-Poisson dis-
tribution. All models included adjustment for relative humidity (ns with
3df) and long-term trend and seasonal variation. To assess effect
modification and potential synergistic effects between exposures, we
employed pairwise stratified analyses. For example, the association of
pollen with outcomes was estimated within each category of tempera-
ture, PM5 5 and Os. We quantified stratified rate ratios (RRs) and 95%
CIs across exposure combinations. Reference category for each exposure
was defined as the quartile or interval containing the 50" percentile,
making it consistent with the single-exposure analysis.

Two-way interactions and synergistic effects

In this step, we quantified the joint and synergistic effects of expo-
sures and examined whether their combined impact exceeded the sum of
their individual effects (Coker et al., 2025). It captures the interaction
under extreme conditions and evaluates short-term delayed
associations.

Extreme events were defined using high-percentile thresholds of the
exposure distributions. We defined it at the 90™ and 95 percentiles of
daily Tmax, PMs.5, O3, and pollen concentration calculated over the
study period (Coker et al., 2025). For each exposure, binary indicators
were constructed, taking the value of 1 when the daily exposure
exceeded the specified percentile threshold and 0 otherwise. The
reference category therefore consisted of days when the exposure was
below the threshold. To examine the delayed effects of extreme expo-
sure, lag-specific (lag O to lag 14 days) binary indicators were generated
for each exposure. We assessed the lag effects individually or in selected
lag windows, to avoid multicollinearity. This lag-specific approach
allowed transparent assessment of delayed associations without
assuming a distributed lag structure.

We performed two-way interaction analysis for the pairs of extreme
exposures using GLMs with quasi-Poisson. To evaluate joint effects, we
compared rate ratios across four exposure combinations defined by bi-
nary extreme indicators. Using Tmax and PMy.5 as an example, days
were classified as: neither exposure exceeding its threshold (reference),
only Tmax exceeding the threshold, only PMs.5 exceeding the threshold,
and simultaneous exceedance of both Tmax and PM,.s. All RRs were
calculated relative to the reference category. All interaction models
were adjusted for long-term trends, dow, and confounding effects, as
applied in the single-exposure and stratified analyses.

To examine whether joint exposure effects (quantified at P90)
exceeded their individual additive effects, we estimated the relative
excess risk due to interaction (RERI), the attributable proportion due to
interaction (AP), and the synergistic index (SI) (Coker et al., 2025; Knol
and VanderWeele, 2012; Rahman et al., 2022; Xu et al., 2023). We
calculated the CIs for RERI, AP and SI using delta method, which ac-
counts for the covariance between regression coefficients (Hosmer and
Lemeshow, 1992). Additionally, we also estimated lag-specific excess
risks (ER) for single and joint extreme exposure scenarios at selected lag
days (lag O, 3, 7, 10, and 14) (Rahman et al., 2022). Excess risk was
calculated as the percentage increase in outcome risk relative to the
reference category (no extreme exposure).

2.3. Sensitivity analysis

We performed a series of sensitivity analyses to assess the robustness
of the estimates joint effect. First, we redefined extreme exposure
thresholds at 95™ percentile instead of 90™ percentile. Second, we
assessed model specification by varying df used to model long-term
temporal trends and humidity. Third, we repeated the analysis by
using daily minimum temperature instead of Tmax in order to assess the
effects of possible exposure misclassification. Fourth, we repeated the
analysis using two alternative case definitions: (1) diagnosis only, (2)
prescription only among individuals without a recorded diagnosis, and



E.A. Ali et al.

(3) prescription (all), defined as any medication prescription related to
the condition, regardless of whether a formal diagnosis was recorded.
Fifth, we used alternative minimum event-free intervals of 6 months and
1 year to assess the robustness of the episode definition. We also assessed
temporal variation by repeating the analysis across three predefined
periods (2005-2011, 2012-2018, and 2019-2024). We performed an-
alyses by excluding the COVID-19 period (2020-2021) to assess the
robustness of the results to potential changes in respiratory disease
patterns during the pandemic. Finally, to address the potential role of
relative humidity in respiratory physiology and its interaction with
temperature, we conducted a sensitivity analysis examining the joint
effects of heat and relative humidity.

All statistical analyses and visualization were performed in R
(version 4.2.1) (R-team, 2022).

3. Results

Patients in the yearly contact group (YCG) increased from approxi-
mately 200,000 to nearly 470,000 between 2005 and 2022, followed by
a gradual decline from 2023 to 2024 (Supplementary B, Fig. S1, Panel
A). The mean age increased gradually from approximately 41 years in
2005 to around 44 years in 2024, with a modest increase in the standard
deviation (Panel B). The sex distribution was relatively constant, with
females consistently comprising approximately 53-54% of the popula-
tion, although a slight decline in the proportion of females was observed
in the most recent years (Panel C). Environmental exposures showed
substantial variability over the study period, and a total of 101,221
allergic rhinitis events and 32,480 asthma events were recorded
(Table 1).

Extreme environmental exposures, defined as values at or above the
90'™ and 95" percentiles, occurred in approximately 10% and 5% of
study days, respectively, across temperature, PMs.5, ozone, and pollen
(Supplementary A, Table S2). A summary of allergic rhinitis and asthma
events occurring on days with extreme environmental exposures is
provided in Supplementary A, Table S3. For both outcomes, a greater
proportion of events occurred during single-exposure extremes than
during combined extreme exposures.

Fig. 1 illustrates the distribution of extreme environmental

Table 1
Descriptive statistics of environmental exposures and health outcomes during
the study period.

Variables Mean (sd) Median P5-P95 Min-Max
(IQR)
Environmental exposures
Tmin 12.30 (3.33) 12.51 6.69-17.50 0.95-23.51
Tmax 21.30 (4.59) (4.42) 14.15-29.28 8.43-39.68
20.90
(6.14)
PMa.5 11.59 (6.91) 9.75 4.28-25.61 1.99-62.87
(7.67)
Ozone 79.83 (23.97) 75.36 49.48-127.41 22.92-206.2
(28.04)
Pollen 19.86 (36.28) 5.00 0.00-98.00 0.00-433.00
concentration (19.75)
Relative 71.22 (11.51) 72.03 50.00-88.28 31.34-99.57
humidity (15.50)

Health outcomes

Allergic rhinitis 30.07 (42.391)

N =101,221
Asthma 9.65 (9.66)
N = 32,480

Units: temperature in °C; PM2.5 and ozone in pg/m?; pollen in grains/m?
relative humidity in %.

Summary statistics: values are presented as mean (standard deviation), median
(inter quartile range), 5th_ggth percentiles, and minimum-maximum for envi-
ronmental exposures. Health outcomes are presented as total event counts (N)
and mean (standard deviation).
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exposures. Across all exposures, days above the 95th percentile are
clearly right-shifted relative to those above the 90" percentile, with
high concentration levels within the extreme tail of the distribution. This
separation is most pronounced for Tmax, where the 95th percentile days
occur at higher values. For PM,.5 and ozone, the density curves for the
90™ and 95™ percentile categories are more closely clustered.

The overall cumulative exposure-response analyses indicated clear
non-linear associations between pollen, ozone, and temperature and the
risk of allergic rhinitis, with increased risk observed at g5th percentile
(Supplementary B, Fig. S2). In contrast, asthma exhibited largely flat
exposure-response relationships across most environmental exposures,
except pollen, which was associated with an increased risk.

Cumulative RRs (lag 0-14 days) and 95% CIs, quantified at 95%
percentile of each exposure compared to 50th percentile, are presented
in Table 2. We observed strong associations between pollen and allergic
rhinitis (RR=2.54, 95% CI: 2.40-2.69), as well as a significant increase
in asthma risk (RR=1.49, 95% CI: 1.38-1.61). We also found that higher
ozone levels were associated with an increased risk of allergic rhinitis
(RR=1.34, 95% CI :1.23-1.47), whereas no association with asthma.

Our findings showed that higher daily maximum temperature was
strongly associated with an increased risk of allergic rhinitis (RR=1.20,
95% CI: 1.14-1.26), whereas no clear association with asthma
(RR=1.01, 95% CI: 0.96-1.07). In contrast, PMs.5 exhibited small effect
estimates for allergic rhinitis (RR=1.05, 95% CI: 0.98-1.12), albeit not
statistically significant.

The results of stratified analysis for some selected associations are
presented in Fig. 2. The risk of allergic rhinitis appears to increase with
high maximum temperature, and the magnitude of this effect is modified
by pollen levels. We observed that at the highest pollen category (50+
grains/rns), the risk associated with heat (24.03-39.7°C) increases.
Conversely, at low pollen concentrations (0,10), high Tmax shows
minimal effect. Our study showed that allergic rhinitis risk increases
significantly during high pollen concentration (50+ grains/m?), espe-
cially when Tmax is over 18.22°C. We have also performed the stratified
analysis for each possible pairwise stratification of exposures and
allergic rhinitis (Supplementary B, Fig. S3). There is no strong evidence
for the impact of heat on allergic rhinitis across the air pollutants
category. The association with PM; 5 or Ozone, stratified by either Tmax
or Pollen, is less pronounced.

Our findings revealed that environmental exposures generally
exhibited no strong association with asthma, regardless of exposure used
for stratification. However, high temperatures might increase asthma
risk when pollen concentrations reach their highest levels. However, this
potential effect remained modest and did not reach statistical signifi-
cance. High pollen concentration showed increased risk of asthma, when
PM, 5 reached 14.45-62.87ug/m> (Supplementary B, Fig. $4). We did
not find strong associations for other exposures.

Joint exposure to extreme heat, air pollution, and aeroallergens was
associated with substantial increases in allergic rhinitis risk (Table 3),
quantified at the goth percentile, compared to exposure levels below the
threshold.

We observed that the joint effects of extreme heat and high PMy.5
was not statistically significant (RR=1.10, 95% CI: 0.94-1.30). Additive
interaction indices were small and imprecise, indicating that most of
these excess risk reflects the sum of individual effects rather than strong
biological synergy. Our findings showed that a substantially high risk of
allergic rhinitis was associated with the combined effects of heat and
extreme ozone (RR=1.21, 95% CI: 1.10-1.32). However, the interaction
measures were close to zero, suggesting largely additive joint effects.

The joint effects of extreme heat and high pollen doubled the risk of
allergic rhinitis (RR= 2.07, 95% CI: 1.77-2.41). Positive and significant
interaction measures (RERI=0.48, 95% CI: 0.32-0.64, AP=0.23, 95%
CI: 0.17-0.30) show strong synergistic effects, implying that about 23%
of the excess risk among individuals exposed to both exposures is
attributable to the interaction itself rather than to the sum of indepen-
dent contributions of heat and pollen. Using daily minimum
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Fig. 1. Density distributions of environmental exposure values restricted to days exceeding the 90th percentile of each exposure-specific study-period distribution.
Light grey areas represent values exceeding the 90™ percentile, and dark grey areas represent values exceeding the 95th percentile over the study period.

Table 2
Cumulative RRs and 95% ClIs for allergic rhinitis and asthma associated with
exposure levels, quantified at the 95" percentile compared with the 50
percentile of daily maximum temperature (Tmax), PMa,.s5, ozone, and pollen
concentrations during the summer months (May-September) in Flanders,
Belgium.

Exposures Outcomes

Allergic rhinitis Asthma

RR (95% CI) RR (95% CI)
Tmax 1.20 (1.14, 1.26) 1.01 (0.96,1.07)
PM2.5 1.05(0.98,1.12) 1.00 (0.93, 1.08)
Ozone 1.34 (1.23, 1.47) 0.99 (0.90, 1.10)
Pollen 2.54 (2.40, 2.69) 1.49 (1.38,1.61)

temperature rather than maximum temperature, synergistic effects be-
tween heat and pollen on allergic rhinitis is weaker (RERI=0.33, 95% CI:
0.16-0.49; AP=0.17, 95% CI: 0.09-0.24) (Supplementary A, Table S4).
Similarly, we also found that ozone combined with high pollen resulted

a significant rise in allergic rhinitis risk (RR=2.03, 95% CI: 1.76-2.34.
Interaction metrics also showed a clear positive additive interaction
(RERI=0.40, 95% CI: 0.25-0.54; AP=0.20, 95% CI: 0.13-0.26).

Our findings suggested a possible joint effect of extreme PMa.5 and
high pollen exposure on allergic rhinitis (RR=1.77, 95% CI: 1.45-2.16).
However, interaction indices showed no synergism on the additive scale
(AP=-0.02= 95% CI: —0.15-0.10). We further quantified lag-specific
excess risk attributable to both individual and combined exposures at
the 90™ and 95™ percentiles, relative to exposure levels below the
corresponding thresholds (Supplementary B, Fig. S5). These findings
revealed pronounced acute short-term joint effects, particularly for
exposure combinations involving pollen. Elevated excess risks were
consistently observed for heat-pollen, PMs.s—pollen, and ozone-pollen
co-exposures at shorter lags (lag O to lag 3), indicating an immediate
increase in allergic rhinitis risk following simultaneous extreme envi-
ronmental conditions.

The combined environmental exposure risk of asthma estimated
when the exposure values are above the 90" percentile threshold
compared with below this threshold is summarized in Table 4. The
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Fig. 2. Stratified associations between environmental exposures and outcomes for selected stratified analyses to highlight effect-modification patterns observed.
Estimated RRs and 95% Cls are presented for allergic rhinitis and asthma across categories of environmental exposures. The reference group was defined as the

category containing the 50 percentile of the exposure distribution.

Table 3

Joint associations between extreme exposures and allergic rhinitis, quantified at the 90™ percentile. Results include the combined RR, ER, and interaction measures

(RERI, AP, and SI) with delta-method 95% CI.

Exposure pairs RR (95% CI) ER (95% CI)

RERI (95% CI) AP (95% CI) SI (95% CI)

Heat+PMa.5 1.10 (0.94,1.30) 10.4 (—6.3,30.2)
Heat + Pollen’ 2.07 (1.77,2.41) 106.5 (77.1,140.9)
Heat+Ozone 1.21 (1.10,1.32) 20.6 (10.2,32.0)
PMs,.5 + Pollen 1.77 (1.45-2.16) 77.0 (44.9-116.3)
Ozone+Pollen' 2.03 (1.76-2.34) 103.1 (76.3-134.1)

—0.152 (—0.34,0.04)
0.48 (0.32,0.64)
—0.01 (-0.15,0.13)
—0.04 (—0.25-0.18)
0.40 (0.25-0.54)

—0.138 (-0.33,0.05)
0.23 (0.17,0.30)
—0.01 (—0.13,0.11)
—0.02(—0.15-0.10)
0.20(0.13-0.26)

0.41 (—0.25,1.06)
1.81 (1.46,2.16)
0.96 (0.31,1.60)
0.95 (0.69-1.22)
1.62(1.34-1.91)

Note: T Indicates positive additive interaction (synergistic effect). Abbreviation: RR, relative risk; CI, confidence interval; ER, excess risk; RERI, relative excess risk due

to interaction; AP, attributable proportion due to interaction; SI, synergy index.

combined effects of PMs.5 with heat or pollen were not significantly
associated with a increase in asthma risk. In contrast, concurrent
exposure to extreme heat and high pollen levels was associated with an
increased risk of asthma (RR=1.24, 95% CI: 1.09-1.41; ER = 23.9%,
95% CI: 8.7-41.1). The positive attributable proportion (AP = 0.13, 95%
CL: 0.02-0.24) indicates a supra-additive interaction, suggesting that
approximately 13% of the excess risk among individuals exposed to both
factors can be attributed to their joint effect, beyond the sum of their
independent contributions. Similar results were observed when

minimum temperature was used instead of maximum temperature (RR
= 1.22, 95% CI: 1.06-1.40; AP = 0.12, 95% CI: 0.001-0.23) (Supple-
mentary Appendix B, Table S4). Increased risk of asthma was also
observed associated with joint effects of ozone and pollen (RR=1.23,
95% CI: 1.09-1.38; ER 22.6%, 95% CI: 9.1-37.7). The lag-specific excess
risk due to each exposure and their combination did not show a pro-
nounced association, both at 90™ and 95™ percentile thresholds (Sup-
plementary B, Fig. S6).

Using the 95" percentile to define extreme exposures largely
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Table 4
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Joint associations between extreme exposures and asthma quantified at the 90" percentile. Results include the combined RR, ER, and interaction measures (RERI, AP,

and SI) with delta-method 95% CI.

Exposure pairs RR (95% CI) ER (95% CI)

RERI (95% CI)

AP (95% CI) SI (95% CI)

Heat-+PMs.s 0.98 (0.87,1.12) ~1.6 (~13.4,11.8)
Heat + Pollen' 1.24 (1.09,1.41) 23.9 (8.7,41.1)
Heat+Ozone 1.01 (0.94,1.09) 1.4 (~5.9,9.3)
PM,.5 + Pollen 1.02 (0.94—1.10) 1.5 (—6.4-10.1)
Ozone+Pollen' 1.23 (1.09-1.38) 22.6 (9.1-37.7)

—0.01 (—-0.25,0.06)
0.16 (0.02,0.30)
—0.003 (-0.13,0.13)
0.03 (-0.09-0.15)
0.14 (0.013-0.28)

—0.098 (-0.26,0.07)
0.13 (0.02,0.24)
—0.003 (-0.13,0.12)
0.028 (—0.09-0.14)
0.12 (0.02—-0.22)

—0.19 (—1.83,1.43)
3.03 (-0.57,6.64)

0.82 (—5.52,7.15)
—1.117 (-12.86—10.62)
2.76 (—0.47-5.99)

Note: T Indicates positive additive interaction (synergistic effect). Abbreviation: RR, relative risk; CI, confidence interval; ER, excess risk; RERI, relative excess risk due

to interaction; AP, attributable proportion due to interaction; SI, synergy index.

confirmed our main findings (Supplementary A, Table S5). Joint expo-
sure to heat and pollen consistently showed strong positive associations
with allergic rhinitis (RR=1.53, 95% CI: 1.28-1.82). Similarly, combi-
nations of ozone and pollen showed elevated risks.

Our analyses using greater flexibility for temporal trends (5 df/year)
and relative humidity (4 df) are consistent with the primary finding
(Supplementary A, Table S6). For allergic rhinitis, co-exposure to heat
and pollen and to ozone and pollen remained strongly associated with
increased risk and showed evidence of synergistic effects on the additive
scale. In contrast, we did not find clear joint effects or additive in-
teractions across exposure combinations and asthma.

Sensitivity analyses using alternative case definitions (diagnosis
only, prescription-only among individuals without a recorded diagnosis
and prescription (all)) showed generally consistent RERI patterns
compared with the main analysis (Supplementary B, Fig. S7). For
allergic rhinitis, heat-pollen and ozone-pollen interactions remained
positive. For asthma, additive interactions were smaller and more var-
iable, with positive RERI observed for heat-pollen only under the
prescription-only definition. Results were consistent with main findings
when alternative event-free intervals (6 months and 1 year) were
applied, with similar AP magnitudes and directions across exposure
combinations for both outcomes (Supplementary B, Fig. S8). Period-
specific analyses showed broadly consistent additive interaction pat-
terns over time for both allergic rhinitis and asthma (Supplementary B,
Fig. S9). For allergic rhinitis, positive interactions for heat-pollen and
pollen—ozone were observed across all periods, though few lost signifi-
cance. Heat-PM2.5 remained negative throughout. Heat—ozone showed
some temporal change, with negative estimates in earlier periods and a
small positive estimate in 2019-2024. Greater variability was observed
for pollen-PM2.5, with inconsistent direction across periods. For
asthma, patterns were generally stable. Heat—pollen showed consis-
tently positive, but did not reached significance for some period.
Sensitivity analyses excluding the COVID-19 period (2020-2021)
showed similar patterns to the main analysis. Positive additive in-
teractions for heat—pollen and pollen-ozone persisted for both outcomes
(Supplementary A, Table S7). The joint effect of heat and relative hu-
midity showed no clear evidence of additive interaction for allergic
rhinitis and for asthma (Supplementary A, Table S8).

4. Discussion

Principal findings

In this large population-based time-series analysis integrating
meteorological, air pollution, and aeroallergen data, we observed, as
expected, that pollen exposure was the dominant environmental driver
of allergic rhinitis. However, increased ozone and higher maximum
temperature were also associated with increased allergic rhinitis risk.
The asthma risk is strongly associated with higher pollen concentrations,
and weak associations were found with ozone, temperature, and PM2.5
alone. Most importantly, our findings demonstrated clear synergistic
effects between heat and pollen, and between ozone and pollen, on
allergic rhinitis or asthma, with additive interaction metrics indicating
true effect modification rather than simple co-exposure. The joint effects
are generally acute and stronger over shorter lag-days for allergic

rhinitis.

Comparison to previous studies

Our finding that pollen exposure is strongly associated with allergic
rhinitis and asthma is highly consistent with the existing literature. A
recent meta-analysis based on 31 studies showed that pollen concen-
trations significantly increased allergic risk (Berezhanskiy et al., 2025).
Similarly, another meta-analysis found that pollen exposure increases
allergic or asthmatic symptoms (Kitinoja et al., 2020b). A strong asso-
ciation of heat and allergic rhinitis in our study is consistent with evi-
dence that warmer conditions can extend pollen seasons through wind,
humidity or floodings (Ziska and Beggs, 2012). According to a system-
atic review, the evidence on the association of ambient temperature and
allergic rhinitis remains inconclusive; some studies found a substantial
increase, while others showed no significant correlation (Wei Rong
et al.,, 2024a). A recent meta-analysis by Hu et al. (2025) involving
over 5 million participants across 22 studies found that a 1°C increase in
temperature corresponded to a 14% increase in the risk of allergic
rhinitis, which is slightly higher than our estimate (Li et al., 2025).

The positive association of ozone with allergic rhinitis aligns with
prior evidence linking ozone exposure to increased allergic inflamma-
tion and upper airway irritation. A study in China, for example, found
that the risk of asthma and bronchitis is associated with high levels of O3
(Zhou et al., 2021). There was a meta-analysis that found emergency
hospitalizations for respiratory disease increased by 2.97% (1.05,
4.94%) per 10ppb 24-hr ozone among the elderly (Ji et al., 2011). The
absence of strong independent associations of ozone with asthma and
PM,.5 with either allergic rhinitis or asthma in our study might be
because these exposures may exert their effects mainly through inter-
action with other dominant triggers such as pollen and heat, or through
long-term pathways not fully captured by short-term analyses.

Our stratified analyses revealed distinct effect-modification patterns.
Specifically, we observed that the association between high maximum
temperature and allergic rhinitis risk was substantially amplified at
elevated pollen concentrations. This pattern of effect modification aligns
with mechanistic and epidemiological studies. Mechanistic studies show
that warmer temperatures accelerate plant growth and pollen release,
and may enhance the concentration of allergenic proteins in pollen
grains, thereby increase respiratory immune responses under high
allergen loads (Reid and Gamble, 2009). A scoping review on pollen
potency/allergenicity found large spatio-temporal variability and,
inconclusive evidence regarding climatic and meteorological drivers,
including temperature (Tegart et al., 2021). A meta-analysis also
showed positive associations of ambient temperature and allergic
rhinitis, while the pooled association did not reach statistical signifi-
cance (Wei Rong et al., 2024b). Our stratified findings extend these in-
sights by demonstrating that heat alone is a relatively weak driver of
allergic rhinitis, but in the presence of high pollen loads becomes a
significant modifier, suggesting synergistic enhancement of allergen
exposure. In contrast, we found weak associations of air pollution ex-
posures and both allergic rhinitis and asthma across temperature and
pollen concentration, except ozone showed strong association during
high pollen levels.

Our joint exposure analysis showed strong association for the con-
current exposure to heat and pollen as well as ozone and pollen increases



E.A. Ali et al.

allergic rhinitis risk. A retrospective analysis of data from the 2024
Lancet Countdown on health and climate change found a 69% increase
in per-person exposure to three or more hazards, where heatwaves
contributed significantly for the increase in both single-hazard and
multi-exposure analysis (Stalhandske et al., 2025). Experimental and
clinical studies have shown that warmer conditions can increase the
expression of allergenic proteins in pollen and intensity airway inflam-
matory responses, providing a strong biological basis of interaction
rather than simple co-exposure (Celebi Sozener et al., 2023b; Kanan-
nejad et al., 2025). In epidemiological studies, however, such synergy
has rarely been quantified. For example, a systematic review highlighted
the scarcity of studies formally assessed heat-pollen interactions
(Anenberg et al., 2020). However, recent planetary health evidence
showed that climate change has intensified pollen-related allergic dis-
ease burden, primarily through increased pollen emissions, prolonged
pollen seasons, and geographic expansion of allergenic species (Ziska
et al., 2019). Our study shows a strong synergistic effect of pollen and
ozone on allergic rhinitis and asthma, which is consistent with previous
experimental studies showing that ozone exposure damages airway
epithelium, induces oxidative stress, and increases penetration and
immunogenicity (Bronte-Moreno et al., 2023; D’Amato et al., 2015;
Reinmuth-Selzle et al., 2017).

In contrast, our analyses revealed no strong synergistic or interaction
effects for the combination of heat-ozone, heat-PMj3 5 or PMj s—pollen.
These findings are consistent with a systematic review examining
heat-air pollution interactions that has reported heterogeneous and
generally modest interaction effects, with stronger and more consistent
synergy observed for mortality and cardiovascular outcomes than for
allergic or respiratory morbidity (Anenberg et al., 2020). According to a
recent systematic review, the combined effects of air pollution and
temperature are often inconsistent across studies (D’ Amato et al., 2015).
Another systematic review noted that only one-third of epidemiological
studies identified significant allergen—pollutant interactions (Lam et al.,
2021). The absence of strong synergistic effects in our findings, specif-
ically joint effects involving PMj 5 may reflect its short-term effects on
AR and asthma are generally modest and heterogeneous, limiting to
detect meaningful interactions with acute exposures such as tempera-
ture or pollen. In addition, PM,.5 likely operates through more cumu-
lative inflammatory pathways,(Piao et al., 2021) whereas pollen-related
allergic responses are rapid and IgE-mediated, reducing the likelihood of
strong short-lag synergism (Abbas and Goldin, 2025).

Strengths and limitations

Our study has several strengths. A major strength is the integrated
assessment of multiple environmental exposures, including meteoro-
logical factors, air pollutants, and aeroallergens in a unified longitudinal
framework. Unlike several existing studies, which typically examined
these exposures separately, our study explicitly evaluated joint and
synergistic effects, allowing for a more realistic representation of real-
world environmental conditions. Second, we explicitly quantified ad-
ditive interaction using public health-relevant metrics including relative
excess risk due to interaction and attributable proportion. Third, the
study leverages a large population-based routine healthcare dataset and
applies established additive interaction measures (RERI, AP, and SI) to
rigorously quantify potential synergistic effects between environmental
exposures. Our study used routinely collected GP data covering two
decades, which allowed us to examine environmental health effects
across a wide range of climatic conditions, pollution levels, and pollen
seasons. Moreover, GP data reflect real-world, primary-care-based
morbidity, capturing a broader spectrum of allergic disease severity.
Finally, the consistent findings across single-exposure, stratified, and
joint-effects analyses increase internal validity.

Several limitations should also be acknowledged. First, grass pollen
exposure was assessed using area-level monitoring data, which might
not fully reflect spatial heterogeneity in pollen concentrations at ground
level, especially in urban environments or near specific vegetation
sources. However, dispersion modelling evaluated that the Belgian
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aerobiological surveillance network overall covers a large fraction of the
potential source areas for grass pollen across Belgium, which supports
the robustness and spatial representativeness of the network’s airborne
grass pollen concentration data (Verstraeten et al., 2025). Moreover,
previous epidemiological studies assumes that the distribution of pollen
concentration across study area are not significantly different (Guilbert
et al., 2016; Osborne et al., 2017). Second, outcome misclassification is
possible, particularly for asthma, which is a heterogeneous condition
with varying phenotypes and triggers that cannot be distinguished in our
data. To assess robustness, we conducted sensitivity analyses using di-
agnoses only, prescriptions without a corresponding diagnosis, and all
prescriptions. These analyses yielded consistent results.. Third, we
evaluated multiple exposure combinations, and specifically using pair-
wise exposure, rather than simultaneously modelling three or more
interacting environmental stressors. This is to preserve statistical power
and ensure stable estimation of interaction effects, as higher-order in-
teractions require substantially larger sample sizes and can lead to
sparse data in extreme exposure categories. Fourth, our findings may be
influenced by co-seasonal exposure to other aeroallergens including
Cladosporium, Alternaria, Plantago and Rumex. In polysensitized patients,
these simultaneous exposures may produce additive or synergistic ef-
fects on airway inflammation. Finally, as with all observational studies,
we cannot completely exclude residual confounding. Although our time-
series design inherently controls for time-invariant confounders and we
adjusted for key temporal factors, unmeasured time-varying influences,
such as respiratory infections or behavioral changes during extreme
weather, may have affected our estimates.

Implications for daily practice, policy, and research

Our findings have direct implications for both clinical management
and environmental health policy. Our study showed a rise in respiratory
illnesses, especially when multiple environmental exposures were pre-
sent at the same time. These increases may translate into a meaningful
number of additional cases at the population level during high-exposure
periods. This highlights the significance of combining exposure mixture
regulations rather than regulating each exposure separately. For clinical
practice, this may help guide preventive measures during periods of
elevated environmental risk. As climate and environmental changes
continue to occur globally, future studies should identify susceptible
populations and quantify how combined exposures contribute to disease
burden..

In conclusion, aeroallergens appear to be the primary drivers of
short-term allergic respiratory morbidity, with heat and ozone contrib-
uting to increased risk under extreme environmental conditions,
emphasizing the importance of multi-exposure approaches in assessing
climate-sensitive health impacts.
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