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A B S T R A C T

Introduction: Global temperature rise has become a major health concern. Most previous studies on the impact of 
heat on morbidity have used hospital data.
Objective: This study aimed to quantify the association between ambient temperature and a variety of potentially 
heat-related medical conditions and symptoms using general practitioner (GP) data, in Flanders, Belgium.
Methods: We used eight years (2012–2019) of aggregated data of daily GP visits during the Belgian summer 
period (May-September). A distributed lag nonlinear model (DLNM) with time-stratified conditional quasi- 
Poisson regression was used to account for the non-linear and delayed effect of temperature indicators (mini
mum, mean and maximum). We controlled for potential confounders such as particulate matter, humidity, and 
ozone.
Results: The overall (lag0-14) association between heat and most of the outcomes was J-shaped, with an 
increased risk of disease observed at higher temperatures. The associations were more pronounced using the 
minimum temperatures indicator. Comparing the 99th (20 ◦C) to the minimum morbidity temperature (MMT) of 
the minimum temperature distribution during summer, the relative risk (RR) was significantly higher for heat- 
related general symptoms (RR = 1.30 [95 % CI: 1.07, 1.57]), otitis externa (RR = 4.87 [95 % CI:2.98, 7.98]), 
general heart problems (RR = 2.43 [95 % CI: 1.33, 4.42]), venous problems (RR = 2.48 [95 % CI:1.55, 3.96]), 
respiratory complaints (RR = 1.97 [95 % CI: 1.25, 3.09]), skin problems (RR = 3.26 [95 % CI: 2.51, 4.25]), and 
urinary infections (RR = 1.37 [95 % CI: 1.11, 1.69]). However, we did not find evidence for heat-related in
creases in gastrointestinal problems, cerebrovascular events, cardiovascular events, arrhythmia, mental health 
problems, upper respiratory problems and lower respiratory problems. An increased risk of allergy was observed 
when the minimum temperature reached 17.8 ◦C (RR = 1.50 [95 % CI: 1.23, 1.83]). Acute effects of heat were 
observed (largest effects at the first few lags).
Summary: Our findings indicated that the occurrence of certain symptoms and illnesses during summer season is 
associated to high temperature or environmental exposures that are augmented by elevated temperatures. 
Overall, unlike hospitalization data, GP visits data provide broader population coverage, revealing a more ac
curate representation of heat-health association.
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1. Introduction

The impact of environmental factors, particularly increasing tem
peratures, on human health has gained significant attention in both 
scientific and public health communities. Devastating floods, forest fires 
and heat waves are mainly due to a rapid increase in global temperature 
(WMO, 2022). According to the Intergovernmental Panel on Climate 
Change (IPCC), the global surface temperatures were 1.09 [95 % con
fidence interval (CI): 0.95 to 1.20] ◦C higher in 2011–2020 compared to 
1850–1900, with higher increases on land (1.59 [95 % CI: 1.34 to 1.83] 
◦C) than over the ocean (0.88 [95 % CI: 0.68 to 1.01] ◦C) (Nigel et al., 
2021) Table 1.

A substantial amount of studies has evidenced an adverse effect of 
hot weather on human health, with increased exposure to heat being 
widely accepted to negatively affect human health, resulting in 
increased mortality and morbidity (Casas et al., 2022; Cheng et al., 
2019; De Troeyer et al., 2020; Martinez et al., 2018). Heat impacts on 
health (mortality and morbidity) are twofold: direct heat illnesses 
(Faurie et al., 2022; Gifford et al., 2019) and indirect (exacerbation of 
other diseases: CVD, respiratory, renal, mental disorders diabetes, etc.) 
(Bunker et al., 2016; Cheng et al., 2019). A large spectrum of direct heat 
illness, ranging from mild to severe heat stroke, are pathologically 
associated with high temperature. A meta-analysis found that heat was 
associated with an overall increased risk of direct heat-related illness 
such as dehydration, heat exhaustion, and heat stroke, which can 
contribute to morbidity and mortality (Faurie et al., 2022). It has been 
shown in one systematic review and meta-analysis that there was a 
positive association for cardiovascular morbidity and mortality with 
high temperatures and heatwaves (Liu et al., 2022). In another meta- 
analysis, heatwaves were not found to be significantly associated with 
cardiovascular disease or respiratory disease morbidity. However, they 
reported an association between heatwaves and mortality due to car
diovascular disease (Cheng et al., 2019). It was found in a meta-analysis 
by Thompson et al., (2023) that heat was significantly associated with 
hospitalization due to mental health problems, and heat waves have 
been associated with a higher suicide rate (Casas et al., 2022). There is a 
monotonically increasing mortality risk associated with an increase in 
temperature during summer period in Europe (Masselot et al., 2023). A 
study showed that in Belgium, heat is significantly associated with an 
increase in overall natural mortality and respiratory disease mortality 
(Demoury et al., 2022a).

Extreme heat exposure has become a major problem and is a risk for 
everyone, but, some people are more vulnerable than others. Various 
studies found that the global increase in frequency and intensity of 
extreme heat spells poses the greatest threat to elderly people (Achebak 
et al., 2019; Khatana et al., 2022; Saucy et al., 2021) and people with 
comorbidity (Achebak et al., 2019; Tonelli et al., 2015), as extreme heat 
may trigger chronic pre-conditions including cardiovascular disease, 
cerebrovascular disease, and respiratory disease (Cheng et al., 2019; Ebi 
et al., 2021; Huang et al., 2022; Sohail et al., 2020). Studies indicate that 
people confined to bed are at a high risk of heat as they are less able to 
take steps to mitigate the effects of heat. They are also at increased risk 

due to their dependency on others for care and their potential health 
vulnerabilities (Kenny et al., 2010; Watts et al., 2015). A meta-analysis 
shows that being confined to bed was significantly associated with 
deaths during heat wave (Bouchama, 2007).

In many studies, temperature is shown to have a nonlinear associa
tion with morbidity, which is often U-shaped with increases in adverse 
health outcomes at both ends of the temperature distribution. Although 
it might be that the exact lag with the highest heat effect is slightly 
different for different conditions (Turner et al., 2012), it is well accepted 
that heat effects are quite acute (some days) and cold effects more 
delayed (up to some weeks) (Barnett et al., 2005; Ye et al., 2012).

Most previous studies examined the impact of heat on health, with 
limited studies based on diagnoses made by General Practitioners (GPs) 
(Alsaiqali et al., 2022; Hajat et al., 2017; Smith et al., 2016). Primary 
care is the first point of contact for health problems. Hence, studies using 
data from GP consultations are essential for reaching a wider population 
and including mild symptoms and diseases. It also allows us to look at 
the broader clinical context of disease as it presents to GPs. Thermal 
stress poses a significant threat to human health and the temperature 
rise due to climate change is exacerbated by industrialization and ur
banization as urban heat islands further increase temperatures 
(Heaviside et al., 2017). A study in Australia was also showed that heat 
heatwaves increase GP visits, with the impacts varying between pop
ulations (Varghese et al., 2021). Therefore, understanding the associa
tion between heat exposure and various morbidities becomes 
fundamental for effective public health management and intervention 
strategies. In this study, therefore, we accounted several morbidity 
outcomes and examined their separate association with heat stress.

The aim of this study was to investigate whether high environmental 
temperatures were associated with a wide variety of symptoms and 
diseases as diagnosed and treated by general practitioners during the 
summer period in Flanders, northern part of Belgium.

2. Methods

2.1. Data

This study used general practitioners (GPs) data between 2012 and 
2019 from Flanders, the Dutch- speaking northern part of Belgium. We 
only used data for the summer seasons, i.e. May to September. Poten
tially heat-related medical conditions and symptoms were chosen based 
on literature (Alsaiqali et al., 2022; Bunker et al., 2016; Ebi et al., 2021; 
Ghazani et al., 2018; Gronlund et al., 2014; Lam and Chan, 2019). We 
extracted them using their International Classification of Primary Care 
Code 2 (ICPC-2). Daily numbers of diagnosis associated with specific 
ICPC, age group (0–14, 15–64, 65+ years) were obtained from INTEGO, 
a general practice-based morbidity registry managed by the Academic 
Center for General Practice, KU Leuven. INTEGO receives various in
formation from GPs including diagnoses (ICPC2 and ICD-10 codes), 
prescriptions (ATC codes), sick leave notes, physiotherapy referrals, 
laboratory tests, vaccinations, clinical parameters such as height, weight 
and smoking status. During the study period 2012–2019, the INTEGO 

Table 1 
Summary statistics (Minimum, 1st percentile (P1), 5th Percentile (P5), Median (50th percentile (P50)), 95th percentile (P95), and 99th percentile (P99)) for mete
orological and air pollution variables measured at the station of Uccle, Belgium, in the summer periods (May-September) of 2012–2019.

Summary statistics

Percentiles

Exposure/covariate Minimum P1 P5 Median (P50) P95 P99 Maximum

Minimum temperature (◦C) − 1.3 2.5 5.1 12.2 17.8 20.0 23.7
Mean temperature (◦C) 3.4 7.0 10.1 16.8 23.7 27.1 30.8
Maximum temperature (◦C) 7.7 11.5 14.8 22.3 30.8 34.3 41.1
Relative humidity (%) 31.5 42.8 51.3 71.5 89.9 95.7 100
Ozone (µg/m3) 32.5 39.5 48.5 75.0 122.5 151.0 204.0
Particulate matter 2.5 (µg/m3) 2.0 3.0 4.0 9.5 26 36.5 60
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project contained data from 134 general practices and involves the 
participation of, 7884 GPs, covering approximately 786,000 patients. 
The INTEGO practices were found in 60 of the 300 municipalities of 
Flanders, with most of the practices in the central-eastern part of the 
region (Fig. 1, right panel). Since patients often live outside the mu
nicipalities where their practices are located, INTEGO patients came 
from every Flemish municipality except Herstappe, the smallest one 
(Fig. 1, left panel). We performed analysis for ICPC groups as well as 
single ICPC codes within each group.

The exposures of interest in this study were daily minimum (Tmin), 
mean (Tmean), and maxi- mum temperature (Tmax). We also collected 
data on potential environmental confounders of the association between 
heat and morbidity, i.e. relative humidity (RH) (Baldwin et al., 2023), 
and air pollution (Rai et al., 2023). Meteorological data measured in one 
monitoring station, Uccle weather station were provided by the Royal 
Meteorological Institute (RMI) of Belgium (RMI, 2024). Ozone (O3) and 
particulate matter with aerodynamic diameter less than 2.5 µm (PM2.5) 
in Belgium are measured by the Interregional Environment Agency 
(IRCEL-CELINE, 2024). We used daily maximum 8-hour average O3 and 
daily average PM2.5 concentrations measured at the station of Uccle for 
this analysis.

INTEGO procedures were approved by the Belgian Privacy Com
mission (no. SCSZG/13/079), and the ethical review board of the 
Medical School of the KU Leuven (no. ML 1723) (Herestraat 49, 3000 
Leuven), waived the requirement of informed consent and approved the 
INTEGO protocol. Patients who prefer not to have their data included in 
INTEGO can choose to opt out. In this study, a daily aggregated data was 
used.

2.2. Data analysis

In this study, we employed a Distributed Lag Non-Linear Model 
(DLNM) (Gasparrini et al., 2010) integrated with time-stratified condi
tional quasi-Poisson distribution. We used a time-stratified conditional 
quasi-Poisson regression to account for seasonal, long-term trends, and 
the weekly diagnosis cycle, conditioning on the interaction of calendar 
year, month, and day of the week (Armstrong et al., 2014). DNLMs are 
widely used in environmental epidemiology to account for the delayed 
and non-linear effects of various exposures on human health, modelling 
the exposure-lag-outcome association. A two-dimensional space of 
functions called DLNM cross-basis in which the exposure–response as
sociation and the spread effect over the different days (lag-response 
association) are simultaneously estimated on the basis of non-linear 
functions. To fully capture the potential lagged effects and to account 
for possible harvesting effects, we used a maximum lag of two weeks (14 
days) (Demoury et al., 2022b). The non-linear exposure-effect associa
tion was accounted for using a natural cubic spline (NS) with 3 degrees 
of freedom (df), placing the spline knots at equally spaced quantiles 
along the temperature range. The lag structure was modelled using a NS 
with 4 df, setting the knots at equally-spaced values on the log scale of 
lags to allow more flexible lag effects at shorter delays (Gasparrini and 
Armstrong, 2011). Covariates included in the study were relative hu
midity (RH), PM2.5 and O3, and were corrected for by using a natural 

spline with 3 df. For RH and air pollutants (PM2.5 and O3), mean values 
of the current and the previous day (mean of lag0 and lag1) were used. 
Analyses were done for the total study population (all ages), and by age 
group (15–64 and 65+ years). Although children (0–14 years) were 
included in the total population analysis, this group was not analysed 
separately because of the low number of observations. Total population 
models were additionally adjusted for age group. In ICPC-specific ana
lyses, we included only those with median N per day greater than zero, 
while in ICPC groups, all ICPCs were included, regardless of their me
dian N per day. We obtained the minimum mortality temperature 
(MMT) for each disease groups and specific ICPC separately, and used 
them as a centering values of the association (Gasparrini and Armstrong, 
2013). The MMT was determined based on the first percentile (P1) and 
99th percentile (P99), excluding the most extreme temperature to avoid 
using them as reference values (Fu et al., 2018). Results are presented as 
relative risks (RR) with 95 % CI estimated at the 95th percentile (P95) 
and the 99th percentile of the temperature distributions, compared to 
the corresponding MMT of each health outcome.

In epidemiological analyses, attributable risk measures play an 
important role, especially in interventions aimed at preventing chronic 
diseases. We calculated the attributable fraction (AF) as a relative excess 
measure and the attributable numbers (AN) as an absolute excess 
measure (Armstrong et al., 2014). The attributable risk was calculated 
over a range of extreme heat conditions, specifically from the 99th 
percentile and above of the daily minimum temperature, setting the 
reference at MMT. Our analysis focuses on this high temperature range 
to quantify the specific ICPC and diseases caused by heat, providing 
valuable insight into the public health burden of heat.

A sensitivity analysis for minimum temperature was conducted by 
applying a Negative-Binomial (NB) model that introduces a shape 
parameter to directly model the overdispersion instead of quasi-Poisson 
model.

We used the dlnm package (Gasparrini, 2011), gnm package 
(Armstrong et al., 2014), and applied in R studio (R 4.2.1 version) (R 
Development Core Team, 2010) (R-team, 2022).

3. Result

During the study period, the highest daily minimum, mean and 
maximum temperatures reached 23.7◦C, 30.8 ◦C and 41.1 ◦C, respec
tively, with 99th percentiles (P99) at 20.0 ◦C, 27.1 ◦C, and 34.3 ◦C. The 
median (50th percentile) minimum, mean and maximum temperatures 
were 12.2 ◦C, 16.8 ◦C and 22.3 ◦C, respectively. It was found that PM2.5 
had a minimum value of 2.0 µg/m3 and a maximum value of 36.5 µg/m3, 
while RH had a minimum value of 31.5 % and a maximum of 100 %. The 
minimum Ozone concentration was 32.5 µg/m3, and the maximum was 
204.0 µg/m3. The total number of diagnoses during the study period at 
INTEGO practices were presented by ICPC groups according to sex and 
age groups (Appendix S2, Table S2.1).

Table 2 illustrates disease categories (hereafter referred to as ICPC 
groups) with their specific list of ICPCs, their ICPC code and median 
number (N) of GP visits per day. Over the entire summer of the study 
period, the median number of upper respiratory problems per day was 

Fig. 1. The distribution of the INTEGO practices across the municipalities in Flanders (left), and INTEGO coverage (in percent) of Flanders’ population, with 
Brussels, which is outside the Flemish Region, represented as an unshaded area (right).

E. Alemayehu Ali et al.                                                                                                                                                                                                                        Environment International 193 (2024) 109097 

3 



31, followed by gastrointestinal problems and cystitis/other urinary 
infection with median number per day of 12 and 10 respectively.

Fig. S1.1 (in Appendix) clearly showed that there is an increase in the 
number of cases in all ICPC groups as of 2018, which can be controlled 
by the stratum used in the model.

Increases in RRs associated with heat were most pronounced for the 
minimum temperature indicator. Fig. 2 illustrates the overall cumula
tive (lag0-14) association between minimum temperature and total 
population GP consultations for the 15 ICPC groups. Most curves are J- 
shaped, showing a RR close to 1 for a broad range of minimum tem
peratures and an increased RR only at the highest temperatures (P95 or 
even only P99), except for allergies and skin problems, for which the 
increase in RR is already observed at relatively low temperature (from 
P5 on wards). Corresponding figures for mean and maximum tempera
tures are presented in Appendix Fig. S1.4, showing similar curves as 
observed for minimum temperature. The overall association of mini
mum temperature and specific symptoms within ICPC groups is pre
sented in Appendix Fig. S1.2.

For all studied ICPC groups and codes, Fig. 3 presents the cumulative 
(lag 0–14) RR with the 95 % CI at the P95 (17.8 ◦C) and the P99 
(20.0 ◦C) relative to the MMT, estimated for the total study population.

The estimated RR at the P99 relative to the corresponding MMT was 
1.30 [95 % CI: 1.07,1.57] for general symptoms, 4.87 [95 % CI: 2.98, 
7.98] for otitis externa, 2.48 [95 % CI: 1.55, 3.96] for venous problems, 
3.26 [95 % CI: 2.51, 4.25] for skin problems, 2.43 [95 % CI: 1.33, 4.42] 
for general heart problems and 1.97 [95 % CI: 1.25, 3.09] for respiratory 
complaints, 1.37 [95 % CI: 1.11, 1.69] urinary infections. We found an 
increased risk allergy at P95: RR = 1.60 [95 % CI: 1.23, 1.83], There was 
also an increased risk for gastrointestinal problems: RR = 1.13 [95 % CI: 
0.95, 1.34], cardiovascular events: RR = 1.19 [95 % CI: 0.81, 1.75], 
cerebrovascular events: RR = 1.12 [95 % CI: 0.55, 2.28], arrhythmia: 
RR = 1.16 [95 % CI: 0.83, 1.63], upper respiratory problems: RR = 1.00 
[95 % CI: 1.01, 1.06] and lower respiratory problems: RR = 1.12 [95 % 
CI0.95, 1.32], but none of these reached significance. We found a pro
nounced increase in the allergy risk at P95 (RR = 1.50 [95 % CI: 1.23, 
1.83]). For mean temperature (Appendix, Fig. S1.5), RRs at the P99 
(27.1 ◦C) relative to the MMT were often lower and were significant for: 
otitis externa (9.20 [95 % CI: 2.79, 30.30]), venous problems (2.35 [95 
% CI: 1.52, 3.62]), and skin problem (3.08 [95 % CI: 2.37, 4.02]). 
Similar results were observed for maximum temperature (Appendix, 
Fig. S1.5), where the same ICPC groups showed significant associations, 
except an increased risk was found for gastrointestinal problems for 
maximum temperature.

For individual ICPC codes, the RRs for minimum temperature at P99 

Table 2 
The ICPC group (in bold) along with their list of specific ICPCs, their ICPC code, 
and the median diagnosis per day during summer. *Represents specific ICPC that 
were considered in a separate ICPC-specific analysis (median N per day > 0).

ICPC categories ICPC 
code

Median 
N per 
day

ICPC categories ICPC 
code

Median 
N per 
day

General 
symptoms

​ 15 Arrhythmia ​ 2

Weakness/ 
tiredness 
general

A04 4* Atrial fibrillation/ 
flutter

K78 1*

Feeling ill A05 0 Paroxysmal 
tachycardia

K79 0

Fainting/syncope A06 1* Cardiac 
arrhythmia NOS

K80 1*

Adverse effect 
physical factor

A88 0 Cerebrovascular 
event

​ 1

Orthostatic 
hypotension

K88 1* Transient cerebral 
ischemia (TIA)

K89 0

Headache N01 3* Stroke/ 
cerebrovascular 
accident

K90 1*

Vertigo, dizziness N17 3* Mental health 
problems

​ 6

Decreased appetite T03 0 Anxious/nervous 
feeling

P01 0

Dehydration T11 0 Acute stress 
response

P02 2*

Other bladder 
symptoms/ 
complaints

U13 0 Depressed feeling P03 0

Allergy ​ 6 Sleep disorder P06 2*
Allergy/allergic 

reaction
A92 1* Suicide/suicide 

attempt
P77 0

Other symptom F29 0 Post-traumatic 
stress disorder

P82 0

Allergic/ 
unspecified 
conjunctivitis

F71 0 Respiratory 
complaints

​ 1

Allergic rhinitis R97 2* Shortness of 
breath/dyspnoea

R02 1

Urticaria S98 1* Wheezing R03 0
Gastrointestinal 

problems
​ 23 Other breathing 

problems
R04 0

Nausea D09 1* Upper 
respiratory 
problems

​ 54

Diarrhea D10 1* Upper respiratory 
infection acute

R74 31*

Vomiting D11 0 Sinusitis acute/ 
chronic

R75 7*

Gastrointestinal 
infection

D70 12* Tonsillitis acute R76 5*

Gastroenteritis 
presumed 
infection

D73 8* Laryngitis/ 
tracheitis acute

R77 2*

Ulcerative colitis D94 0 Influenza R80 5*
​ ​ ​ Lower 

respiratory 
problems

​ 17

Otitis externa H70 2 Acute bronchitis/ 
bronchiolitis

R78 9*

General heart 
problems

​ 1 Pneumonia R81 2*

Pain attributed to 
heart

K01 0 Chronical 
bronchitis

R79 0

Pressure/tightness 
attributed to 
heart

K02 0 COPD R95 1*

Pain 
cardiovascular 
system

K03 0 Asthma R96 3*

Palpitations/ 
awareness of 
heartbeat

K04 1* Skin problems ​ 4

Table 2 (continued )

ICPC categories ICPC 
code 

Median 
N per 
day 

ICPC categories ICPC 
code 

Median 
N per 
day

Other irregular 
heartbeat

K05 0 Skin pain/ 
sensitivity

S01 0

Venous problems ​ 1 Pruritus S02 1*
Swollen veins K06 0 Locally red skin S06 0
Swollen ankles/ 

oedema
K07 1* Bite/sting insect S12 3*

Cardiovascular 
event

​ 1 Urinary infection ​ 11

Ischemic heart 
disease with 
angina

K74 0 Pyelonephritis/ 
pyelitis

U70 1*

Acute myocardial 
infarction

K75 0 Cystitis/urinary 
infection other

U71 10*

Ischemic heart 
disease without 
angina

K76 0 Urethritis U72 0

heart failure 
(congestive 
heart failure)

K77 0 ​ ​ ​
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relative to corresponding MMT were significantly higher than one for 
postural hypotension (2.00 [95 % CI: 1.35, 2.99]), allergy/allergic re
action(1.74 [95 % CI: 1.20, 2.51]), nausea (1.72 [95 % CI: 1.04, 2.83]), 
vomiting (2.51 [95 % CI:1.34, 4.72]) palpitations/awareness of heart 
(3.33 [95 % CI: 1.80, 6.17]), swollen ankles/oedema (2.40 [95 % 
CI:1.48, 3.89]), stroke/cerebrovascular accident (RR = 2.38 [95 % CI: 
1.28, 4.44]), shortness of breath/dyspnoea (1.93 [95 % CI: 1.14, 3.27]), 
pruritus (1.65 [95 % CI:1.04, 2.61]),insect bite (8.82 [95 % CI: 5.37, 
14.46]) and cystitis/other urinary infection (1.38 [95 % CI:1.11, 1.71]). 
However, no significant associations were observed for the remaining 
ICPC codes, except for headache, vertigo/dizziness, urticaria, gastroin
testinal infection, gastrointestinal presumed infection, atrial fibrilla
tion/flutter, cardiac arrhythmia, acute stress reaction, influenza, acute 
bronchitis/bronchiolitis, pneumonia, COPD, asthma and pyelonephri
tis/pyelitis, which showed positive associations without reaching sta
tistical significance.

Fig. 4 depicts the lag-specific RRs estimated at the P99 of minimum 
temperature for the ICPC groups. The effect of heat was acute, with the 
highest RRs often observed at lag1 and lag2, except for allergy, otitis 
externa, cerebrovascular events, skin problems and urinary infections, 
showing some delayed heat effects. The lag-response association at the 
P99 of minimum temperature for individual ICPC codes is presented in 
Appendix (Fig. S1.3).

Fig. 5 presents the cumulative (lag 0–14) RRs (at P95 and P99 
relative to MMT) for minimum temperature estimated for elderly (65+) 
people. In light of the ICPC groups, heat has a positive association with 
general symptoms, gastrointestinal problems, otitis externa, general 
heart problems, venous problems, cardiovascular events, arrhythmia, 
cerebrovascular event, lower respiratory problems, respiratory 

complaints, skin problems and urinary infection, but only venous 
problems: RR = 2.97 [95 % CI: 1.60, 5.49], cerebrovascular events: RR 
= 2.12 [95 % CI: 1.08, 4.14], respiratory complaints: RR = 2.22 [95 % 
CI: 1.15, 4.29] and skin problems: RR = 4.04 [95 % CI: 2.57, 6.34] 
reached significance. In addition, we found a substantial increase in the 
relative risk of nausea (7.15 [95 % CI: 2.11, 18.27]), swollen ankles/ 
oedema (2.92 [95 % CI: 1.57, 5.45]), stroke/cerebrovascular accident 
(2.95 [95 % CI: 1.39, 6.22]), acute stress reaction (4.49 [95 % CI: 1.54, 
13.11]) and insect bite (13.42 [95 % CI: 7.84, 21.98]). Based on our 
study, there is a significant increase in gastroenteritis presumed infec
tion among the elderly (3.53 [95 % CI: 1.34, 9.29]), which was not 
observed when considering all age groups.

For adults aged 15 to 64 (Fig. 6), RRs for minimum temperature (at 
P99 relative to the corresponding MMT of each health outcome) were 
significant for Otitis externa (5.80 [95 % CI: 3.11, 10.82]), general heart 
problems (2.75 [95 % CI: 1.33, 5.70]), venous problems (2.18 [95 % CI: 
1.00, 4.75]), respiratory complaints (2.25 [95 % CI: 1.23, 4.11]), skin 
problems (2.87 [95 % CI: 2.02, 4.08]) and urinary infection (1.35 [95 % 
CI: 1.02, 1.78). Additionally, heat was associated with general symp
toms, allergy, gastrointestinal problems, arrhythmia, cerebrovascular 
events, and lower respiratory problems, although no statistical signifi
cance was reached. Corresponding estimates for individual ICPC codes 
were significant for postural hypotension (2.52 [95 % CI: 1.43, 4.43]), 
allergy/allergic reaction NOS (1.65 [95 % CI: 1.06, 2.57]), vomiting 
(4.30 [95 % CI: 1.69, 10.94]), palpitations/awareness of heart (2.92 [95 
% CI: 1.36, 6.26]), shortness of breath/dyspnea (3.34 [95 % CI: 1.36, 
8.20]), and insect bite/sting (5.93 [95 % CI: 3.24, 10.87]). RRs esti
mated at the P99 of mean temperature and maximum temperature for 
elderly aged 65+ and adults aged 15–64 are presented in (Appendix, 

Fig. 2. Cumulative (lag0-14) association of minimum Temperature and total population diagnosis for the following ICPC groups: (a) General symptoms, (b) Allergy, 
(c) Gastrointestinal problems, (d) Otitis externa, (e) General heart problems, (f) Venous problems, (g) Cardiovascular event, (h) Arrhythmia, (i) Cerebrovascular 
event, (j) Mental health problems, (k) Respiratory complaints, (l) Upper respiratory problems, (m) Lower respiratory problems, (n) Skin problems and (o) Urinary 
infections. The solid line represents the relative risk along with its 95% confidence band, while the dashed vertical lines represent the P1, P5, P95 and P99 of 
minimum temperature. The blue dots indicate the MMT.
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Table S2.2).
RRs (at P99) estimated with the quasi-Poisson and negative binomial 

models are shown in Appendix Fig. S1.6. Results are similar, except that 
the estimated RR for shortness of breath/dyspnea and pruritus did not 
reach significance in the negative binomial model.

ANs and AFs (%) with its 95 % CIs for the range of P99 and above, 
relative to the corresponding MMT for each disease group and specific 
ICPC code, are presented in Appendix Table S2.3. An increase in ICPC 
categories attributable to heat was observed for general symptoms (AN: 
124, AF: 0.47 [95 % CI: 0.09, 0.84]), otitis externa (AN: 123, AF: 2.80 
[95 % CI: 1.43, 3.89]), general heart problems (AN: 35, AF: 1.60 [95 % 
CI: 0.55, 2.23]), skin problems (AN: 144, AF: 2.34 0 [1.56, 2.95]) and 
urinary infection (AN: 90, AF: 0.52 [95 % CI: 0.12, 0.88]). An increased 
GP visits attributable to heat was also found for specific ICPCs, including 
postural hypotension (AN: 37, AF: 1.39 [95 % CI: 0.42, 2.17, vomiting 
(AN: 26, AF: 1.62 [95 % CI: 0.70, 2.12]), palpitations/awareness of heart 
(AN: 31, AF: 1.68 [95 % CI: 0.32, 2.47]), insect bite/sting (AN: 269, AF: 

4.08 [95 % CI: 2.31, 5.16]) and cystitis/other urinary infections (AN: 82, 
AF: 0.52 [95 % CI: 0.09, 0.88]).

4. Discussion

4.1. Main findings

In this study, we identified significant association between heat and 
various ICPC groups including general symptoms, allergy, otitis externa, 
venous problems, skin problems, general heart problems, respiratory 
complaints, and urinary infections, as well as specific ICPC codes within 
the groups such as postural hypotension, allergy/allergic reaction, 
nausea, vomiting, palpitations/awareness of heart, swollen ankles/ 
oedema, stroke/cerebrovascular accident, shortness of breath/dyspnea, 
pruritus, insect bite/sting and cystitis/other urinary infection. However, 
no significant association was found between heat and gastrointestinal 
problems, cardiovascular event, arrhythmia, cerebrovascular event, 

Fig. 3. Cumulative (lag 0–14) relative risk (dot) and 95 % confidence interval (CI: horizontal lines) at the 95th percentile (P95: 17.8◦C) and at the 99th percentile 
(P99: 20.0 ◦C) compared to corresponding MMT of each health outcome, estimated for the total population and presented for ICPC groups (bold) and individual ICPC 
codes. Estimates are significant when the 95 % CI does not cross the vertical line (at RR = 1).
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upper respiratory problems, and lower respiratory problems. This may 
be explained by the following reasons: the broad grouping of diverse 
conditions, the low numbers of GP visits and the fact that the severity of 
these conditions lead patients to the hospital emergency, rather than an 
appointment with their GP. Though the elderly are known to be 
vulnerable to heat, our study did not show a significant association in 
most of the ICPC groups, except venous problems and urinary infection, 
which again might be explained by low statistical power in this small 
group.

4.2. Comparison to earlier studies

Epidemiological studies have shown that the overall association of 
ambient temperature and adverse health outcomes are V- or J- or U- 
shaped (Demoury et al., 2022b). A systematic review of 28 studies also 
found a non-linear association with a U-, V- or J-shaped, indicating that 
both extremely hot and cold temperatures are associated with morbidies 
(Song et al., 2017; Zafeiratou et al., 2021). In this study, we only looked 
at the summer period (May-September) and we observed J-shaped as
sociation for most conditions.

A previous study in Belgium used INTEGO data from 2000 to 2015 to 
investigate the effect of heat- waves on genera heat-related (ICPC codes 
A04, A05, A06, A88, T11 and K88, cardiovascular (K74, K75, K76, K78, 
K79, K80, K89 and K90) and respiratory morbidity (R02, R74, R77, R78, 
R81, R95, R96) (Alsaiqali et al., 2022). Similar to our findings, they 
observed an association between heat and general heat-related mor
bidities, although the included ICPC codes were slightly different (they 
did not include headache, vertigo, decreased appetite, and other bladder 
symptoms). Their estimated RR for a heatwave at lag 0 was 1.29 [95 % 
CI: 1.13, 1.47]. This association seemed to be driven by ICPC codes A88 
(adverse effect physical factor), T11 (dehydration), K88 (postural hy
potension), whereas we only observed an association for the latter (we 

did not investigate A88 as individual code because of low numbers). A 
meta-analysis carried out by Faurie et al., (2022) evaluated the impact of 
hot weather on heat-related, including dehydration, defined as intra
vascular volume depletion (International Classification of Disease (ICD- 
10 code E86), heatstroke and heat stress (ICD 10: T67), and direct 
exposure to heat (ICD 10: X30). They found that for every 1 ◦C increase 
in ambient temperature, when measured from study-specific baseline 
temperatures, there was an 18 % increase in the risk of heat-related 
illness (ICD-10: E86, T67, X30) morbidity (RR 1.18, 95 %CI 
1.16–1.19). Heat-induced headache is common among individuals 
exposed to excessive temperatures, and it is frequently accompanied by 
nausea, dizziness, sleep disturbances, or a combination of all three 
(Mukamal et al., 2009).

In our study, we found increased allergy disease in association to 
heat, specifically when the minimum temperature was around 17.8◦C. 
Within this group ICPC codes A92 (allergy/allergic reaction), R97 
(allergic rhinitis), and S98 (urticaria) showed increased RR and the 
remaining two codes (F29-other symptom and F71-allergic/unspecified 
conjunctivitis) were not analysed separately. According to a study in 
Xinxiang, China (Gao et al., 2021), both mild cold and mild hot tem
peratures were found to be associated with an increase in hospital 
outpatient visits for allergic rhinitis (lag 0–3 RR at 75th percentile 
(25 ◦C) relative to the median temperature (17 ◦C): 1.15 [95 % CI: 
1.02–1.29]). It is possible that heat may increase the level of pollutants 
in the air, such as pollen, which can trigger allergic rhinitis (Gao et al., 
2021; Small et al., 2018). We also found that people may experience 
allergy rhinitis when the daily minimum temperature reached its 95th 
percentile. It has been shown that an increase in temperature can 
aggravate the symptoms of allergic reactions, as it causes vasodilation 
and increases blood flow, resulting in discomfort and inflammation 
(Lam and Chan, 2019). Our findings are in agreement with theirs. The 
results of our study have shown that the risk of gastrointestinal problems 

Fig. 4. The lag-response association of minimum temperature (at P99: 20.0 ◦C) and ICPC groups.
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was not significantly associated with temperature indicators. However, 
an increased risk of specific symptoms including nausea (ICPC: D09) and 
vomiting (ICPC: D11) was found. A review of 11 studies on the impact of 
temperature variability on gastrointestinal infections revealed that an 
increase in temperature above certain threshold was associated with the 
diseases, acknowledging the inconsistency of different medical defini
tion and temperature indicators across the studies (Ghazani et al., 2018). 
A retrospective time series analysis in Spain was explored the associa
tion of daily average temperature (◦C) and gastrointestinal hospitaliza
tion ((ICD-9: codes 001–009) (Morral-Puigmal et al., 2018). It is 

estimated that extreme heat increases the risk of hospitalization for 
gastrointestinal conditions by 21 % (cumulative (lag0-28) RR = 1.21 
[1.09, 1.34]), with the risk being assessed at P95 of mean temperature 
compared to the minimum hospitalization temperature (12 ◦C).

A study in Austria looked at the association of acute otitis externa 
and daily mean temperature using an emergency department visits 
during January 1st, 2015, to December 31st, 2018 (Nieratschker et al., 
2024). Their study indicated an increase in RR of otitis externa when the 
daily average temperature reached 27 ◦C (P95 relative to P50: 1.95 [95 
% CI: 1.04, 3.65]). We also found that an increase in minimum 

Fig. 5. Cumulative (lag 0–14) relative risk (dot) and 95 % confidence interval (CI: horizontal lines) at the 95th percentile (P95: 17.8 ◦C) and at the 99th percentile 
(P99: 20.0 ◦C) compared to the corresponding MMT of each outcome, estimated for elderly (aged 65+) and presented for ICPC groups (bold) and individual ICPC 
codes. Estimates are significant when the 95 % CI does not cross the vertical line (at RR = 1).
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temperature (at P95 and P99) significantly increases the risk of devel
oping otitis externa, which is consistent with their findings.

In our study, heat stress was not found to significantly impact car
diovascular events. This is in agreement with the study that was con
ducted in Belgium using GP visit INTEGO data (Alsaiqali et al., 2022). 
The results of meta-analysis based on 266 relevant studies shows that 
heat was associated with cardiovascular morbidity (RR = 1.005 [95 % 
CI: 1.003–1.008]). They also found a significant association of heat and 
mortality (RR = 1.021 [1.020, 1.023]) (Liu et al., 2022). Another meta- 
analysis investigated the effects of high and low temperatures on cause- 
specific mortality and cardiovascular morbidity, including 31 studies 
related to the morbidity (Bunker et al., 2016). They included studies that 
used time-series or case-crossover analysis with any of hospitalization, 
emergency visits, GP consultations or home visits data. A positive as
sociation was found among people aged 65 and older. Cheng et al., 

(2019), carried out a meta-analysis on the impact of heatwave on 
cardiorespiratory, identifying 18 studies on the heatwave- 
cardiovascular morbidity associations. The study showed that there 
was no pronounced effect of heatwave on cardiovascular morbidity. 
Overall, the heat-related cardiovascular event is not clear, where some 
study found positive association (Aklilu et al., 2020; Jin et al., 2023) and 
others showed opposite association (Gronlund et al., 2014; Schulte et al., 
2021). In our case, it might be explained by the fact that patients with 
more serious diseases like cardiovascular disease may instead direct 
themselves to an emergency department, resulting in their absence from 
the primary care data set. We also found strong association of heat and 
general heart problems. This was consistent with a study conducted in 
Spain, where they found that heart attack and stroke occurred at a 15.3 
% higher rate during extreme heat (OR: 1.153 [95 %CI 1.010–1.317]) 
(Salvador et al., 2023). However, similar to our study for the elderly age 

Fig. 6. Cumulative (lag 0–14) relative risk (dot) and 95 % confidence interval (CI: horizontal lines) at the 95th percentile (P95: 17.8◦C) and at the 99th percentile 
(P99: 20.0 ◦C) compared to the corresponding MMT of each health outcome, estimated for the adults (aged 15–64 years) and presented for ICPC groups (bold) and 
individual ICPC codes. Estimates are significant when the 95 % CI does not cross the vertical line (at RR = 1).
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group, they did not find any significant effect for a specific age group. In 
general, variations in study findings can be attributed to the diversity of 
study population, study design, statistical models, definition of heat 
events and the consideration of lag effects (Cicci et al., 2022; Dang et al., 
2019).

There is inconsistent evidence regarding the effect of heat on cere
brovascular diseases. A meta-analysis conducted by Bunker et al., (2016)
looked at the impact of extreme temperature (both cold and hot) on 
cerebrovascular diseases, considering a total of 31 studies, of which 15 
studies were only heat-related. They found that heat-related cerebro
vascular mortality and morbidity risk was increased for the shorter lags, 
0–1 days. However, the overall association with morbidity was not 
significant. Our study did not show strong association of heat and ce
rebrovascular events. We also found no association of heat and mental 
health problems. A systematic review of 35 studies was conducted on the 
association of high ambient temperatures and heat waves with mental 
health (Thompson et al., 2018). Admission data from psychiatric hos
pitals or emergency visits were used in 15 studies. They found an 
increased risk of mental health-related admission and emergency visits 
at higher temperatures. They also identified several studies that showed 
positive association of suicide and increased in temperature. We did not 
quantify the suicide-heat association due to low number. Overall, the 
weak association of heat with cerebrovascular and mental health 
problem in our case might be explained by the fact that patients with 
serious diseases like cerebrovascular diseases and mental health prob
lems often prefer to go directly to the emergency department instead of 
visiting their GP.

In our study, temperature indicators showed a significant effect on 
respiratory complaints. A meta-analysis examining the impact of heat
waves on cardiorespiratory morbidity and mortality identified 17 
studies focused on the association between heatwaves and respiratory 
morbidity (Cheng et al., 2019). The study included hospital admissions, 
emergency department visits, and ambulance attendances data, and 
outcomes with confirmed ICD codes. Their finding suggested that there 
was no evidence for the association of heatwave and respiratory 
morbidity (RR = 1.043 [95 %CI: 0.995, 1.093]). They also carried out 
the meta-analysis per country, which included Australia (7 studies), 
China (2 studies), South Korea (2 studies), USA (5 studies) and Vietnam 
(1 study), and observed in significant association except in South Korea 
(RR:1.07, [95 %CI: 1.05, 1.10]). A time-stratified case-crossover study 
was carried out based on daily records of hospital outpatient visits of 
respiratory diseases (ICD-10: J00-J99) during January 1, 2007, to 
December 31, 2019 (Yang et al., 2022). They reported the RR at P95 of 
daily mean temperature compared to P5 for different cumulative lag 
effect (lag0-7, lag0-14 and lag0-14). A slightly increased risk of respi
ratory diseases was found in their study (lag0-14: 1.014 [95 % CI: 
1.002,1.025]). They also found a positive association of heat and upper 
respiratory tract infection (ICD-10: J00-J06 and J30-J39) (lag0-14: 
1.119 [95 % CI: 1.104,1.135]). There was, however, a protective asso
ciation was found at lag0-21 (0.948 [95 % 0.939,0.957]). In our study, 
however, the rise in temperature did not appear to be strongly associated 
with the upper respiratory problems. A previous study of INTEGO data 
found a protective effect of heat waves on respiratory tract infections in 
upper and lower respiratory tracts (Alsaiqali et al., 2022).

A study conducted in China analysed hospital admission data to 
explore the association between temperature indicators (minimum, 
mean, maximum daily temperature) and skin problems (ICD- 10: L00- 
L99) (Huang et al., 2022). Their multi-city study showed that a 1 ◦C 
increase in daily mean temperature during warm season (June- 
September) increased skin disease risk by 1.25 % (95 % CI: 0.34 %, 2.16 
%). In agreement with their findings, we did also find a significant as
sociation between heat and skin problems, despite using a different 
medical code definition (ICPC code instead of an ICD code). In our study, 
we did also find evidence of an association between heat and urinary 
infections. A study by examined Borg et al., (2019) the association be
tween heat wave and urinary disease (ICD-10: N00-N39) in Adelaide, 

South Australia. They used hospital emergency department and inpa
tient admission data, covering the period 1 July 2003 to 31 March 2014. 
Their finding revealed that emergency presentations increased during 
heat waves compared to no-heat wave-days for urinary disease (inci
dence risk ratio = 1.046 [95 % CI: 1.016, 1.076]). Additionally, a meta- 
analysis based on 82 studies was also found that with a 1 ◦C increase in 
temperature, the risk of kidney-related morbidity increased by 1 % (RR 
= 1.010; 95 % CI: 1.009–1.011), with the greatest risk of urolithiasis 
(RR = 1.022, 95 % CI:1.016, 1.027)), and an increased risk of urinary 
tract infections (RR = 1.008, 95 % CI: 1.004–1.012) (Liu et al., 2021). 
Another single study also found a slightly increased association of daily 
minimum temperatures and urinary tract infections (RR = 1.004 [95 % 
CI: 1.00, 1.007] (Borg et al., 2017). Based on our findings, the estimated 
cumulative effects were higher in models with a minimum temperature 
than in models with mean or maximum temperatures, suggesting that 
the lack of cooling during the night is an important risk factor for heat- 
related deaths. It may also be related to urban heat islands. It has been 
shown that the risk of indoor heat does not always decrease with a 
reduction in outdoor temperatures (Buchin et al., 2016). The RRs for 
minimum temperature were often highest during the first few lags. This 
is not surprising since the minimum temperature occurs much earlier in 
the day (early morning) than the maximum temperature (which in 
summer is sometimes measured only after 4p.m.).

Overall, we found less significant associations for specific age groups. 
In this analysis, we found more associations with heat in the group of 
15–64 year olds than in the over 65 s, which could be explained by a lack 
of power due to the limited sample size in the over 65 group. On the 
other hand, it might also be related to the fact that heat effects are often 
more severe in the elderly and/or they are more likely than younger 
people to head to the emergency room rather than their GP. There is also 
a possibility that heat exposure may have a greater impact on young 
adults, since they tend to be more active outdoors at high temperatures. 
For example, according to a study conducted in the USA, extreme 
summer heat events increased asthma hospitalization of youths and 
adults (Soneja et al., 2016). In the analysis combining all ages, we found 
the most associations, which may indicate that lower numbers within 
age groups may explain the insignificant results.

4.3. Strengths and limitations

Our study has several strengths: most studies assessing the associa
tion between extreme temperatures and morbidity use data from hos
pital admissions or emergency services, which often lack information on 
mild illnesses or symptoms requiring urgent care. Our study, using GP 
data, extends this type of association to include these conditions. This 
gives a more complete view of which events may arise more often in 
situations of extreme temperature. Furthermore, we took into account 
how heat affected grouped ICPCs and specific symptoms within each 
individual ICPCs. A comprehensive picture of the association between 
temperature and morbidities were accounted by using data covering a 
period of eight years and different temperatures indicators as exposure 
(minimum, mean, and maximum).

We also acknowledged that there are some limitations in our study. 
We did not include specific ICPC with daily median GP consultation less 
than 1. This is to avoid a very wide confidence interval and extremely 
high RR. However, we included them to the grouped ICPC analysis. 
When conducting age-specific- analysis, particularly among the elderly 
(aged 65+), we observed a lower number of GP visits, leading to a loss of 
statistical power and unclear association. We realized that this is 
because we used the data only from primary care, but not emergency 
care. The data for this study were collected primary through opportu
nistic sampling. This means that patients visited their GPs based on their 
own availability and how they felt about their illness. This can be seen as 
a form of self-selection bias, and this may result in an over- 
representation of people with easy access to GP care (urban pop
ulations). We also acknowledge that unmeasured variables such as 
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socioeconomic status, comorbidities, or access to healthcare can 
confound the relationship between heat exposure and the outcomes. 
Some patients might have chosen to see their GP for a mild illness 
immediately, while others may wait for several days until their illness 
was more severe. This affects the number of lag days to consider. To 
account longer delay of patients to visit their GPs, we allowed a 
maximum of 14 days lag effect. We did not examine the trend of asso
ciation over the entire study periods. The temperature indicators used in 
this study were measured at a single location, which might have led to 
exposure miss-classification. Future study may further explore the 
spatial and temporal variation of heat-health outcomes.

5. Conclusion

In conclusion, our study provides valuable insights into the impact of 
heat on various health conditions, focusing on GP visits data instead of 
hospitalization and emergency department data. As primary care data at 
GP consultation is the first point of contact for most of the patients, our 
study accounted for large number of patients. We identified various 
disease groups including heat-related general symptoms, otitis externa, 
venous problems, and general heart problems, respiratory complaints, 
skin problems, and urinary infections, and other specific symptoms 
significantly associated with heat. Future studies might combine data 
from both GP visits and hospitalizations, allowing a full range of ana
lyses, from mild to severe cases, and utilize additional registries to adjust 
exposure-outcome models for important SE confounders.
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