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Abstract

Background: This study examines the correlation between extreme weather events and
acute endodontic treatment-related emergency visits (AET-related EVs). Methods: A total
of 11,541 AET-related EVs at the Medical University Graz from January 2016 to August
2022 were analyzed using a distributed lag non-linear model. Extreme weather was defined
as conditions beyond the 5th or 95th percentiles, and relative (RR) and cumulative risks
(cRR) were assessed over 14 days. Results: High temperatures (>21 ◦C) increased AET-
related EVs (cRR 1.41 [1.20–1.65], p < 0.001), while cold spells reduced cRR (0.81 [0.68–0.96],
p = 0.014). Prolonged humidity around 65% raised cRR to 1.38 (1.21–1.59, p < 0.001). Heavy
precipitation elevated cRR (1.24 [1.04–1.46], p = 0.016). Lower wind speeds were linked
to a reduced cRR of EVs within four days following a single weather event (minimum
of 0.86 [0.75–0.99], p = 0.032), and within four, seven and 14 days after prolonged low
wind speeds (minimum of 0.69 [0.58–0.83], p < 0.001). Three-day low atmospheric pressure
increased RR after seven days (1.04 [1.01–1.08], p = 0.014), while a single event reduced cRR
by one day (0.78 [0.63–0.95], p = 0.016). Conclusions: Extreme weather events significantly
influence AET-related EV rates, with various conditions affecting risk differently. Potentially
causative pathophysiological mechanisms need to be researched.

Keywords: pulpitis; endodontic treatment; dental pulp diseases; tooth diseases; weather

1. Introduction
Climate change is an increasingly debated topic that impacts not only ecological

systems but also the field of medicine. Air pollution and increasingly frequent extreme
meteorological phenomena such as heat waves, droughts, forest fires, and floods signifi-
cantly affect the world [1]. Such phenomena precipitated 45 catastrophic events in 2019,
resulting in an immediate loss of numerous lives [2]. In addition, it is critical to recognize
that extreme meteorological events not only have immediate damaging effects but also
possess the potential to exert a far-reaching, long-term impact on human health [3]. In this
context, increased susceptibility to cardiovascular disease, pneumonia, transmission of
infectious diseases, and otolaryngology disorders should be mentioned [4–9].
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Regarding oral health, exacerbation of air pollution driven by climate change has been
associated with reduced saliva production and a consequent rise in the risk of dental caries.
Additionally, malnutrition due to droughts resulting from heat waves enhances the risk of
gingivitis and ulcerative periodontal lesions. Furthermore, decreased ozone levels due to
rising greenhouse gases increase exposure to harmful ultraviolet radiation, increasing the
risk of lip cancer [10,11]. The potential link between alterations in weather patterns and
the occurrence of odontogenic abscesses must be mentioned. While some authors failed to
prove a direct correlation between weather phenomena and the occurrence of odontogenic
abscesses [12–14], other researchers elucidated the influential factors substantiating this
connection [15–17]. Finally, acute oral pain has been observed not to be directly correlated
with absolute air pressure values but rather with deviations in air pressure levels [18].

Common causes of oral pain include acute apical periodontitis (AP), caries, abscesses,
pericoronitis, periodontitis, residual root, and unexplained facial pain [18]. Dental trauma
is a common complaint in the emergency department, which should be mentioned [19].
However, the two main reasons for emergency presentation are AP and deep caries [18].

AP is one of the most common inflammatory diseases in humans and is caused mainly
by bacteria but also by archaea, viruses, or fungal infections of the root canals, followed
by pulp necrosis [20]. The main reason for pulp necrosis is untreated dental caries [21].
Other reasons include trauma or a failed endodontic treatment [22]. Microorganisms are
mainly found in the main root canal; however, especially in chronic infections, they can
spread to other areas of the tooth, such as apical ramifications, lateral canals, isthmuses,
and dentinal tubules. Therefore, in the case of persistent infections, timely treatment and
customized disinfection are crucial [23]. Primary root canal treatments, in particular, have
a high success rate of up to 95% in a four-year follow-up period [24].

To the best of our knowledge, there is a lack of data in the current literature related to
the impact of extreme weather conditions on the number of acute endodontic treatment-
related emergency visits (AET-related EVs). The current study aimed to examine both the
immediate and delayed effects of extreme weather events on the prevalence of AET-related
EVs at a tertiary hospital in Graz, Austria. A distributed-lag non-linear model (DLNM)
was used. Short-term and long-term effects of various meteorological factors, including
mean temperature, relative humidity, mean wind speed, precipitation, and atmospheric
pressure, were assessed over a 14-day period.

2. Materials and Methods
2.1. Study Population and Meteorological Data

This study focuses on evaluating the immediate and delayed effects of extreme weather
conditions on the frequency of AET-related EVs in Graz, Austria, during the period from
1 January 2016 to 31 August 2022. This study protocol was approved by the ethics committee
of the Medical University of Graz (35–057 ex 22/23; IRB00002556). Written informed consent
was waived due to the retrospective study design.

To evaluate AET-related EVs, data from the digital medical record system for all
emergency department visits related to acute endodontic treatments within the specified
time frame was extracted. These were identified using the treatment code from the Austrian
dental fee catalog, representing emergency root canal treatments initiated but not completed
in a single visit due to acute pulpal or periapical symptoms. This dataset included basic
demographics (e.g., age, sex) as well as the respective visit’s date.

Meteorological data for Graz from 1 January 2016 to 31 August 2022 was obtained
from the online platform “Open-Meteo”. All weather measurements were recorded at
Graz, Austria (latitude: 47.07◦; longitude: 15.45◦). These coordinates were chosen to

https://doi.org/10.3390/app16136505

https://doi.org/10.3390/app16136505


Appl. Sci. 2026, 16, 6505 3 of 11

represent the entire region of Graz, with a catchment area of 127.6 km2 and a population of
approximately 300,000.

2.2. Statistical Analysis

The assessment of immediate and delayed effects of extreme weather conditions on
the frequency of AET-related EVs was conducted using a DLNM [25]. DLNMs have been
previously employed to investigate the effects of meteorological events on morbidity and
mortality [26–28].

Separate models were developed for each meteorological variable. The response
variable was defined as the daily number of EVs related to an AET. The exposure-response
and lag-response dimensions were modeled flexibly with natural cubic splines, allowing
non-linear associations between daily weather conditions and subsequent AET-related
emergency visits. A 14-day lag structure was selected to capture delayed associations while
accounting for possible short-term displacement of emergency visits [29].

Temporal patterns unrelated to short-term weather variation were adjusted by mod-
eling calendar time with natural cubic splines using seven degrees of freedom per year.
Further indicator variables were introduced for weekdays to accommodate variations in
demand during the week, including the increased demand on weekends. To account for
the expected increase in EVs during public holidays, a holiday dummy variable was used.
Because of the closing of dental practices during public holidays in Austria, the University
Clinic of Dental Medicine and Oral Health is the primary provider of dental care, resulting
in an increase in visitation rates. Due to the possibility of public holidays occurring on
weekends, potentially diminishing their impact on the EVs, an interaction between the
weekday indicator variable and the public holiday dummy variable was added.

Extreme weather events were characterized as the 1st, 5th, 95th, and 99th percentiles
of each distinct meteorological parameter (i.e., p1, p5, p95, and p99), apart from precipita-
tion, for which extreme weather events were defined using the 95th and 99th percentiles.
Lag-specific relative risks (RR) of AET-related EVs were estimated by comparing extreme
meteorological values with the median exposure level of the same variable. For the cumu-
lative RR (cRR), the model summarized the total relative change in AET-related emergency
visits across predefined lag intervals, using the median value of each meteorological vari-
able as the reference condition. Effect estimates were reported for selected single lag
days and cumulative lag windows, including 95% confidence intervals and corresponding
p-values (RR: lag0, lag1, lag4, lag7, and lag14; cRR: lag0–1, lag0–4, lag0–7, and lag0–14).
Next to single-day events, prolonged extreme weather conditions were examined by con-
sidering a three-day mean for specific weather variables. For sustained weather exposure,
three-day exposure periods were generated, and the corresponding emergency visit counts
were assigned to the final day of each period. Lag0 designates the final day within this
three-day window.

All statistical analyses, model fitting, and data visualization were performed using R
software (version 4.1.3, R Foundation for Statistical Computing, Austria). DLNMs were
fitted using the “dlnm” package [30]. Data presentation includes RR or cRR along with
their 95% confidence intervals (CIs).

3. Results
3.1. Study Population and Weather

Between 1 January 2016 and 31 August 2022, a total of 11,541 AET-related EVs were
recorded at the University Clinic of Dentistry and Oral Health, Medical University Graz,
Graz, Austria (n = 11,541). The patients’ characteristics of this cohort (n = 9079) are
comprehensively presented in Table 1.
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Table 1. Detailed description of patients’ characteristics.

Number Percent Mean Age ± SD

Male 6.229 68.6 42.7 ± 20.1
Female 2.850 31.4 43.0 ± 20.3

Total 9.079 42.8 ± 20.2

3.2. Temperature

The impact of mean temperature on AET-related EVs was investigated in this analysis.
Low temperatures (p1 and p5) were associated with RR values ranging from 0.79 [0.50–1.23]
at −8 ◦C the day after the event, to 1.12 [0.82–1.54] at −8 ◦C on the same day. Extremely
high temperatures (p95 and p99) showed RRs ranging from 0.90 [0.68–1.18] on the same
day at 23 ◦C to 1.23 [0.84–1.80] the day after the event at 23 ◦C. Neither extremely low
temperatures of −8 ◦C and −3 ◦C (p1 and p5), nor extremely high temperatures of 21 ◦C
and 23 ◦C (p95 and p99) exhibited a statistically significant change in the RR for AET-related
EVs (p > 0.05, Supplementary Table S1). However, there were significant differences in
the cRR within 14 days (lag 0–14) at high temperatures, with a cRR of 1.25 [1.00–1.56,
p = 0.046] and 1.36 [1.01–1.84, p = 0.042] at 21 ◦C and 23 ◦C, respectively (as detailed in
Supplementary Table S2).

For prolonged periods of extreme temperatures lasting three days, a similar trend was
observed. The RR after 14 days was significantly elevated to 1.08 [1.01–1.84, p = 0.020] after
a heatwave at 23 ◦C over a three-day period (Supplementary Table S3). Concerning the
cRR in the aftermath of an extended period of extreme weather conditions, a diminished
cRR at −7 ◦C and −3 ◦C was observed across several lag periods (i.e., lag 0–4 at −7 ◦C
0.81 [0.68–0.96, p = 0.014], lag 0–7 at −7 ◦C 0.81 [0.69–0.94, p = 0.006], lag 0–4 at −3 ◦C 0.84
[0.73–0.96, p = 0.014]). Conversely, an increased cRR in response to prolonged high temper-
atures in various lag periods was noted (i.e., lag 0–7 at 21 ◦C 1.18 [1.04–1.34, p = 0.012], lag
0–14 at 21 ◦C 1.28 [1.13–1.44, p < 0.001], lag 0–7 at 23 ◦C 1.21 [0.05–1.40, p = 0.010], lag 0–14
at 23 ◦C 1.41 [1.20–1.65, p < 0.001]) (Figure 1, Supplementary Table S4).

In brief, the data highlights that high temperatures and prolonged heat waves (21 ◦C
and above) increase the cumulative risk for AET-related EVs 0–14 days after the weather
event. At low temperatures, prolonged cold spells reduce the cumulative risks four and
seven days after the event.

3.3. Relative Humidity

Subsequently, the effects of extreme relative humidity conditions on occurrences of
AET-related EVs were investigated. Under low humidity conditions of 56% (p1) and 64%
(p5), no immediate or delayed significant effects were observed within a 14-day post-
weather event timeframe. The RR remained relatively stable, ranging from 0.98 [0.92–1.06]
by day seven to 1.13 [0.87–1.47] on the day after the event, at a humidity level of 56%. In
the case of high relative humidity events, at 95% (p95) and 98% (p99), no significant change
in RR, with values ranging from 0.94 [0.70–1.11] (lag 1, 95% humidity) to 1.02 [0.95–1.08]
(lag 4, 98% humidity), was noted (Supplementary Table S1). Notably, these humidity
conditions did not significantly impact the cumulative Relative Risk (cRR) for either low
or high humidity events (Supplementary Table S2). Sustained low humidity conditions
(67% humidity, p5) over a continuous span of three days yielded a modest yet statistically
significant increase in RR to 1.14 [1.03–1.27; p = 0.012] observed on the last day of the
relevant weather episode (Supplementary Table S3). Moreover, the same prolonged hu-
midity level of 67% exhibited a substantial increase in cRR over all observed time periods
(p < 0.001; Supplementary Table S4). In summary, the data collectively indicate that periods
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of humidity levels at around 67% have a statistically significant impact on the incidence of
AET-related EVs in our department.

Figure 1. Cumulative RR (cRR) of acute endodontic treatment-related emergency visits after ex-
treme weather events. cRR over 14 days after single temperature (A)/humidity (C)/precipitation
(E)/wind speed (G)/pressure (I) event. cRR over 14 days after prolonged temperature (B)/humidity
(D)/precipitation (F)/wind speed (H)/pressure (J) event (3 days).
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3.4. Precipitation

On the same day, the RR stood at 0.91 [0.83–1.01] for 11 mm (p95) and 0.90 [0.75–1.09]
for 19 mm (p99). No significant impact on RR or cRR was observed on any lag-
day during the 14-day observation period (Supplementary Tables S1 and S2). Pro-
longed heavy precipitation totaling 24 mm (p95) resulted in a slight increase in RR to
1.02 [1.00–1.05; p = 0.028] and 1.04 [1.01–1.08; p = 0.016] after seven and 14 days, respec-
tively (Supplementary Table S3). Furthermore, within 14 days subsequent to the onset, the
cumulative risk increased to 1.24 [1.04–1.46; p = 0.016] (Supplementary Table S4). This data
suggests a progressive influence of prolonged heavy precipitation on AET-related EVs over
a 14-day period, while no immediate effect was observed following single-day events.

3.5. Wind Speed

Low mean wind speeds of 2.5 m/s (p1) and 3.2 m/s (p5) exhibited a consistent range
from 0.94 to 1.00 and 0.96 to 1.00, respectively, both on the same day and extending to
day 14 (p > 0.05). At wind speeds of 11.7 m/s (p95) and 16.1 m/s (p99), the RR ranged
from 0.92 to 1.05 and 0.98 to 1.11 throughout the 14-day observation period (p > 0.05, as
outlined in Supplementary Table S1). However, the cRR displayed a statistically significant
decrease within four days after the weather event (cRR lag 0–4: 0.88 [0.67–0.99] p = 0.016
at 2.5m/s and 0.86 [0.75–0.99] p = 0.016 at 3.2 m/s) (Supplementary Table S2). Extended
periods of low wind speeds over three days indicated a noteworthy reduction in RR to
0.96 [0.92–1.00; p = 0.016] at 3.0 m/s (p1), specifically 14 days following the relevant weather
event (Supplementary Table S3). Moreover, a statistically significant reduction in cRR was
observed within four, seven, and 14 days, both at wind speeds of 3.0 m/s (p1) and 3.8 m/s
(p5) (as indicated in Supplementary Table S4). Lower wind speeds were linked to a reduced
cRR of EVs within four days following a single weather event, and within four, seven and
14 days after prolonged low wind speeds.

3.6. Atmospheric Pressure

Very low atmospheric pressure resulted in a same-day RR of 0.90 [0.73–1.10] to
0.99 [0.87–1.14] at 918 hPa (p1) and 924 hPa (p5), respectively. Very high atmospheric
pressure showed a same-day RR of 1.03 [0.90–1.17] at 947 hPa (p95) and 1.09 [0.90–1.33] at
952 hPa (p99) (p > 0.05, Supplementary Table S1). A significant change in cRR at 918hPa
(p1) was noticed at lag0–1 over the 14-day observation period with a cRR of 0.78 [0.63–0.95;
p = 0.016] (Supplementary Table S2). Prolonged low atmospheric pressure of 920hPa (p1)
over three days showed a significantly increased RR to 1.04 [1.01–1.08; p = 0.014] seven days
after the weather event (Supplementary Table S3). Prolonged atmospheric pressure events
did not significantly alter the cRR at any lag period over 14 days (Supplementary Table S4).
In summary, prolonged low atmospheric pressure is associated with an increased RR seven
days after the event, whereas a single occurrence of low atmospheric pressure reduces the
cumulative risk by one day.

4. Discussion
Existing literature related to the influence of weather conditions on dental and max-

illofacial issues primarily concentrates on immediate effects, particularly in relation to
dental abscesses. However, these studies have shown heterogeneous results, preventing
the establishment of a causative relationship between meteorological conditions and dental
emergency visits [12,13,16,17]. This research seeks to close these gaps in knowledge and
provide insights into the complex interplay between extreme weather events and AET-
related EVs over 14 days. To comprehensively capture the complex and non-linear effects
of weather on human physiology, the well-established DLNM was employed [25,30].
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Atmospheric pressure has been the most extensively studied weather variable in the
field of dentistry and maxillofacial surgery. The underlying effect, known as barodontalgia,
is characterized by a toothache associated with changes in barometric pressure. The
discomfort arises from issues such as leaky fillings or cavities that gradually adjust to
pressure alterations. This is particularly noticeable during activities like scuba diving or
when ascending from sea level to airplane altitudes [31,32]. Even minor fluctuations in
barometric pressure may impact pain levels, prompting affected individuals to seek medical
advice [15]. However, other conditions like depression and headaches have also been linked
to changes in atmospheric pressure [33,34]. These can modulate the perception of pain in
the head and neck region [35]. Kloss-Brandstatter et al. reported a higher prevalence of
painful oral conditions during periods of atmospheric pressure changes [18]. Likely, Tarle
et al. could demonstrate that pressure changes exceeding 12hPa can be seen as a predictive
factor for odontogenic abscesses five days prior to hospitalization [17]. However, several
studies could not detect any associations between barometric pressure changes and the
occurrence of dental events [12–14,16]. Seemann et al. displayed a rise in odontogenic
abscesses in periods of low barometric pressure [15]. This is consistent with the current
study, where extended periods of low atmospheric pressure are linked to an elevated RR
seven days following the event. In contrast, a singular instance of low atmospheric pressure
diminishes the cumulative risk by a single day. Therefore, the influence of atmospheric
pressure on oral diseases seems complex, with a delayed increase in AET-related EVs.

Several studies examined the impact of temperature on dental abscesses, but only Carl
et al. could demonstrate statistical significance [12–17]. However, earlier studies relied on
simple statistical approaches, such as t-tests, Spearman correlations, and chi-squared tests,
to compare abscess rates between groups [14,36,37].

The sublingual pockets serve as a reliable and easily accessible site for tempera-
ture measurement, mirroring core temperature due to a robust blood supply [38]. How-
ever, numerous influencing factors, such as dietary intake, smoking, ambient temper-
ature, convective air currents, and the presence of mucositis, significantly impact oral
temperature [38,39]. Therefore, it is conceivable that extreme temperature events impact
oral temperature and, consequently, pathological processes within the oral cavity. The
investigation revealed that elevated temperatures and prolonged heatwaves escalate the
cumulative risk of AET-related EVs within 0–14 days after the weather event. Conversely,
extended cold spells reduce the cumulative risks within four to seven days after the event.
However, one limitation of the current study is that external temperatures often do not
reflect the temperatures to which people are exposed.

Single-day extreme humidity events had no impact on AET-related EVs, while pro-
longed humidity events, at around 67%, significantly increased the RR as well as all the
cRR in all lag periods. In Austria’s climate, low humidity events usually occur in sum-
mer at high temperatures and, therefore, correlate with the increased EVs during extreme
high temperatures. However, the relative humidity levels in the oral cavity are constantly
around 100% [40]. Nevertheless, decreasing temperature and relative humidity create a less
hospitable environment for microorganisms to grow [41].

In the case of precipitation, one day of heavy rain or snow events had no impact
on AET-related EVs. In contrast, extended heavy precipitation increased the incidence of
AET-related EVs over a 14-day period. Using a multilinear regression model, Ristow et al.
found no correlation between precipitation and oral abscesses [12]. However, they did not
assess possible lag periods. In Graz, hibernal precipitation is largely attributed to snow.
However, the analysis of available weather data made no distinction between snowfall and
rain. Consequently, the impact of precipitation in the form of rain may be underestimated
in our study. Furthermore, the impact of precipitation could be influenced by behavioral
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patterns, as individuals may refrain from seeking medical advice in less urgent cases during
precipitation. While this could not be statistically demonstrated as significant in this study,
it is noteworthy that all same-day risk values were below 1.

Lastly, the effects of wind speed on dental issues have been sparsely investigated
to date. This study’s data shows that extremely low wind speeds are significantly asso-
ciated with reduced AET-related EVs. This phenomenon may arise due to the potential
exacerbating effect of thermal or osmotic stimuli, such as exposure to cold wind [42].

Moreover, the observed gender distribution, which indicates a higher proportion of
men seeking emergency endodontic treatment compared to women, is noteworthy. Numer-
ous studies have observed that males tend to display an augmented inclination towards
neglecting their oral health, practising inferior oral hygiene habits, and experiencing height-
ened occurrences of periodontal disease, oral cancer, and dental trauma. Additionally, men
tend to visit the dentist less regularly than women. As a result, they are more likely to seek
dental care only when acute problems arise, leading to a higher frequency of emergency
visits [43,44]. Further, the study period included the COVID-19 pandemic, which may
have influenced dental emergency visit patterns, patient behavior, and access to routine
dental care.

The current study presents several limitations. The interpretation of these findings
is limited by the retrospective design and by the fact that all data were obtained from
a single tertiary dental care center. The data originate from a tertiary care center, intro-
ducing a selection bias towards patients lacking a regular dentist and those with severe
cases. Additionally, it is important to acknowledge that this study assesses the overall
risk for AET-related EVs across the entire population, precluding the interpretation of
individual risk. Because meteorological exposure was assigned from one regional weather
source, individual-level exposure may have differed from the recorded values depending
on patients’ exact location and daily movement patterns. Furthermore, patient-related
clinical factors, including smoking status, medication use, systemic health conditions, and
standardized pain intensity scores, were not systematically documented in the retrospec-
tive dataset and therefore could not be included in the statistical analysis. As previously
stated, another bias arises from the fact that meteorological weather conditions can differ
significantly from the ambient weather conditions experienced by individuals. Lastly, the
DLNM used is designed for time series data of single variables. Accordingly, the analysis
focused on separate meteorological predictors and did not model combined or interactive
weather patterns. Because multiple meteorological variables, percentiles, lag periods, and
outcome measures were analyzed, the risk of type I error due to multiple testing must
be acknowledged. This study was not designed to establish any causal link between the
observed associations.

5. Conclusions
Extreme weather events are correlated with changes in the AET-related EVs rate in

Graz, Austria. Although no causal relationship can be inferred from the retrospective
observational design, the incorporation of external factors such as weather conditions could
ensure optimized planning and resource utilization in emergency rooms and emergency
scenarios and ultimately lead to better patient care. Still, these findings highlight the need
for further investigation into the pathophysiological mechanisms driving these associations,
emphasizing the impact of weather on health emergencies within a multicenter design,
including different climates.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app16136505/s1, Supplementary Table S1: Relative risk of acute
endodontic treatment (AET)-related emergency visits (EV) after a single extreme meteorological
event. p = percentiles of each distinct meteorological parameter. Supplementary Table S2. Cumulative
relative risk (cRR) of acute endodontic treatment (AET)-related emergency visits (EV) after a single
extreme meteorological event. p = percentiles of each distinct meteorological parameter. Supplemen-
tary Table S3. Relative risk of acute endodontic treatment (AET)-related emergency visits (EV) after
prolonged extreme weather conditions over three days. p = percentiles of each distinct meteorological
parameter. Supplementary Table S4. Cumulative relative risk (cRR) of acute endodontic treatment
(AET)-related emergency visits (EV) after prolonged extreme weather conditions over three days.
p = percentiles of each distinct meteorological parameter.
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