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ABSTRACT

Background: Extreme temperatures pose a substantial respiratory health threat, yet their impact on
severe clinical outcomes in temperate settings remains unclear. We examined associations between
heat and cold exposure and respiratory mortality and hospitalizations in Copenhagen, Denmark.
Methods: We conducted a time-stratified case-crossover study among adults aged > 30 years from 2002
to 2018. Daily temperature was related to mortality, hospitalizations, and fatal hospitalizations for all
respiratory diseases, acute lower respiratory infection (ALRI), and chronic obstructive pulmonary disease
(COPD). Conditional logistic regression estimated relative risks (RRs) with 95% confidence intervals (ClIs)
across lags up to 21 days. Stratified analyses evaluated susceptibility by sex, age, and income.
Results: We identified 162,665 respiratory hospitalizations, 23,600 fatal respiratory hospitalizations, and
16,610 respiratory deaths. Extreme heat (99th percentile, lag 0-7 days) was associated with respiratory
hospitalizations (RR=1.07; 95% CI: 1.01, 1.14), with stronger associations for fatal respiratory hospitaliza-
tions (RR=1.25; 95% CI: 1.08, 1.43) and fatal ALRI (RR = 1.34; 95% CI: 1.09, 1.65). Heat effects on mortality
exceeded those on hospitalizations for all respiratory diseases (RR=1.35; 95% CI: 1.14, 1.59) and COPD
(RR=1.48; 95% CI: 1.17, 1.86). Risks were most pronounced among males and adults >75 years. Pro-
longed cold increased respiratory hospitalizations but showed a non-significant association with fatal
hospitalizations.
Conclusion: Extreme heat and prolonged cold both increased respiratory morbidity, while extreme heat
additionally elevated the risk of fatal respiratory hospitalization and mortality, particularly among males
and older adults, suggesting a substantial preventable burden.

© 2026 The Authors. Published by Elsevier Espaiia, S.L.U. on behalf of SEPAR. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

were estimated across Europe [5]. Heat- and cold-related mortal-
ity is particularly documented for respiratory outcomes, especially

Due to accelerating climate change, a better understanding of
the profound impact of extreme temperatures on human health
has become increasingly urgent [1]. There is substantial evidence
of an increased risk of mortality and hospitalization associated
with exposure to extreme temperatures, both cold and hot [2]. A
recent study assessed the health impact of extreme temperatures
across 854 European cities in 30 countries, estimating that, annu-
ally, 206,203 deaths are attributable to cold exposure and 20,173
to heat [3]. For the summer of 2022, then the hottest season on
record (now surpassed by 2024 [4]), 61,672 heat-related deaths
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in the elderly, as summarized in a systematic review [2].

As climate change progresses and global warming introduces
new pathogens to new areas, infectious diseases are predicted to
become more frequent [6], potentially leading to a higher preva-
lence of acute lower respiratory infections (ALRI). Similarly, with
population aging, the prevalence of chronic obstructive pulmonary
disease (COPD) is expected to rise [7]. Climate change-related
extreme weather events, such as wildfires, dust storms, and sand-
storms, may further compound this burden by increasing exposure
to air pollution, including elevated ozone levels [8]. Given these
trends, we focused on ALRI and COPD, recognizing the combined
impacts of climate change and an aging population on respiratory
health and their implications for future respiratory morbidity and
mortality.
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Evidence on extreme temperatures has demonstrated increased
respiratory mortality at both extremely cold and extremely hot
temperatures [3]. However, fewer studies have examined respira-
tory morbidity [9]. Hospitalization data offers valuable insights into
the detailed prognosis and risk management of respiratory disease
related to climate change. Moreover, fatal hospitalizations, defined
as respiratory hospitalizations resulting in death within 28 days of
admission [10,11], serve as a valuable surrogate for severe hospital-
based events that may be at least partially preventable through
timely intervention, early warning systems, and targeted clinical
management. However, few studies have examined fatal respira-
tory hospitalization in relation to environmental stressors due to
the limited access to data on detailed cause-specific mortality and
hospitalization records at the individual level [12].

Regional differences, climate variations, and population com-
position are critical factors in understanding the health impacts
of temperature exposure. However, most studies have focused on
cities with extreme temperature fluctuations, leaving a research
gap for northern European cities, where maximum temperatures
are relatively lower. This lack of region-specific evidence under-
scores the need for further investigation into how temperature
affects health outcomes in these climates, where summer temper-
atures are far below the mean in many other countries, to inform
targeted public health strategies and mitigate potential risks. Addi-
tionally, there is limited evidence on which population groups
are most vulnerable to temperature-related health effects in these
settings. Vulnerability may vary by sex and age due to physiologi-
cal differences in thermoregulation, and by socio-economic status
(SES), as individuals with lower SES often experience greater expo-
sure and have fewer resources for adaptation [13].

In this study, we used 17 years of data from the popula-
tion of Greater Copenhagen, Denmark, to examine the association
between exposure to extreme temperatures and three respiratory
disease outcomes (mortality, hospitalizations, and fatal hospital-
izations), each evaluated for all respiratory diseases, ALRI, and
COPD. Additionally, we aimed to identify the most susceptible pop-
ulations to the adverse effects of extreme temperatures by sex, age,
and income.

Methods
Population

The study was conducted in Greater Copenhagen, Denmark,
encompassing eight municipalities on the eastern coast of Zealand
(Supplementary Fig. S1). The region has a temperate coastal climate
characterized by mild winters and cool summers due to maritime
influences.

The study population comprised all individuals aged 30 years
or older residing in Greater Copenhagen between 2002 and 2018,
identified through the Population register, with daily counts of
respiratory mortality and hospital admissions obtained from the
Danish Cause of Death Register [14] and the Danish National Patient
Register [15].

Health outcomes

We linked individuals to three health outcomes (mortality,
hospitalizations, and fatal hospitalizations) across three disease
categories (all respiratory diseases, ALRI, and COPD). Cause-specific
mortality data were obtained from the Danish Cause of Death Regis-
ter, while data on all and fatal hospitalizations were retrieved from
the Danish National Patient Registry (Supplementary Fig. S2). Dis-
ease categories were defined using International Classification of
Diseases, 10th Revision (ICD-10) codes for all respiratory diseases
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(ICD-10: J00-J99), specifically ALRI (ICD-10: J09-18, J20-22) and
COPD (ICD-10: J40-44). Based on the primary cause of the diagnoses
mentioned above, we defined cause-specific inpatient hospitaliza-
tion and mortality. For hospitalization, we included both new and
pre-existing cases of respiratory diseases (all respiratory diseases,
ALRI, and COPD). To ensure the independence of each event and
avoid overestimating risk due to follow-up visits or clinical seque-
lae, we defined a single episode of care using a 28-day washout
period. Any recurrent admission within 28 days following the most
recent discharge for the same cause was excluded from the case
count. It also aligns with the time-stratified approach, controlling
day-of-week effects and seasonality within a 4-week cycle. Finally,
we investigated fatal respiratory hospitalization, i.e., respiratory
hospitalization resulting in death within 28 days of admission
[10,11]. For each hospitalization or death, information on sex and
age groups (ages 30-64, 65-74, and >75 years) was extracted
from the Population register based on the date of hospitalization
or death, respectively. Additionally, we assessed SES using house-
hold disposable income (total household income weighted by the
number of adults and children) obtained from the Income regis-
ter. Income was adjusted for the Consumer Price Index, normalized
to 2015, and classified as low (< median) or high (> median) of
annual total household income, approximately 157,000 DKK or
25,000 USD. Public holidays in Denmark were recorded according
to national holidays.

Exposure

Hourly temperature data (°C) were obtained from the fifth
version of a high-resolution global climate reanalysis dataset
produced by the European Centre for Medium-Range Weather
Forecasts (ECMWEF), which was downloaded from the Copernicus
Climate Data Store [16]. The hourly temperature was modeled for
a 10km x 10 km grid, which integrates observations from multi-
ple sources, including weather stations, satellites, and atmospheric
models, rather than relying on individual stations within each grid
cell. The selected grid cell (grid identifier number: 617_72) covers
the residential locations of most individuals in the study area, the
Greater Copenhagen region (Supplementary Fig. S1). Daily mean,
minimum, and maximum temperatures in the grid were calculated
from the hourly data. As the temperature data is derived from a
comprehensive reanalysis dataset with a spatially and temporally
continuous grid, there were no missing exposure values. Outliers
were handled during the production phase by ECMWF’s rigorous
quality control, which filters out physically inconsistent observa-
tions to maintain data integrity [17].

Statistical analysis

We used a time-stratified case-crossover design, using condi-
tional logistic regression to compare case days with control days
matched by weekday within the same month-year strata. In this
design, each case was defined as an individual event (e.g., hos-
pitalization or death) occurring on a given day (case day), and
control days were selected from the same calendar month and
year and matched on the same day of the week. Because multi-
ple events could occur on the same day, each event was treated
as a separate observation, allowing a single day to contribute
multiple case observations. This approach assessed the associa-
tions between daily temperature exposure and three outcomes:
mortality, inpatient hospitalization, and fatal hospitalization, for
all respiratory diseases, ALRI, and COPD, and each was analyzed
separately. In the model, we incorporated a cross-basis (ch) func-
tion constructed using distributed lag non-linear models (DLNM)
using natural cubic B-splines for both the exposure-response and
lag-response functions, after adjusting for holidays. We used the
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quasi-Akaike information criterion to select knot placements in
the temperature distribution and degrees of freedom for the lag
structure in models assessing the association between cumulative
temperature exposure (maximum lag of 21 days) and respiratory
hospitalizations (Supplementary Table S1). The spline representing
the exposure-response function in the ch was modeled with two
internal knots placed at the 33rd and 67th percentiles of the daily
temperature distribution. Several studies have demonstrated that
heatwave effects are most pronounced on the same day or within
a few days after they occur, and the impacts of cold spells can per-
sist for up to a few weeks [18,19], while others have shown shorter
or varying lag periods for cold-related mortality [20,21]. Therefore,
using the DLNM framework, we estimated a single lag of 0 days (i.e.,
concurrent-day exposure) and cumulative effects at lag 0-1, 0-7,
0-14, and 0-21 days, with each estimate accounting for exposure
at all other lag days (maximum lag of 21 days) for extreme tem-
peratures. For the cumulative lags, we used a natural cubic spline
for lag days, incorporating three internal knots placed at equally
spaced values on the logarithmic scale to capture the delayed
effects of temperature. Extreme cold and heat exposures were
defined as the 1st percentile of daily mean temperature for cold
exposure at lag 0-21 days and the 99th percentile for heat expo-
sure at lag 0-7 days. Because the minimum morbidity/mortality
temperature (MMT) was not always clearly identifiable for some
health outcomes, we used percentile-based reference tempera-
tures to approximate the minimum risk temperature, a common
approach in time-series and case-crossover studies when the exact
minimum risk point is difficult to estimate and to ensure com-
parability across settings [22]. In the main analysis, the reference
temperature was defined as the 25th percentile for cold exposure
with lag 0-21 days, and the 75th percentile for heat exposure
with lag 0-7 days. The effect estimates represent the relative
risk (RR) and 95% confidence intervals (CIs) of respiratory disease
outcomes associated with exposure to extreme temperatures com-
pared to the reference temperature (25th and 75th percentile of
temperature distribution for low and high temperature exposures,
respectively).

In subgroup analyses, we examined associations stratified by sex
(female or male), age (30-64, 65-74, >75 years), and income (low
or high). Differences were assessed by comparing point estimates
and CIs between groups [23,24].

We conducted several sensitivity analyses, one of which exam-
ined the influence of the maximum lag specification. While the
main analysis used a maximum lag of 21 days, we additionally refit-
ted the DLNM model using maximum lags of 7 and 14 days, and
compared the cumulative associations between high temperature
and health outcomes over lag 0-7 days across all three specifi-
cations (maximum lags of 7, 14, and 21). Second, we estimated
associations with exposure to extreme temperatures, such as the
5th and 95th percentiles for both cold and heat exposure, using
lag 0-21 and 0-7 days, respectively. Third, we considered discrete
lags of 0-1, 2-7, 8-14, and 15-21 days, by alternatively fitting the
lag-response function using a stratification approach rather than
a natural cubic B-spline. Fourth, we used the MMT as the refer-
ence temperature instead of the 25th and 75th percentiles of the
temperature distribution. Associations between extreme temper-
atures and respiratory diseases were estimated using the MMT
when it could be reliably identified. Fifth, we assessed associa-
tions between exposure to minimum and maximum temperatures,
rather than daily mean temperatures, and respiratory diseases.
Finally, we assessed the association between extremely low and
high temperatures and respiratory mortality among individuals
with a respiratory diagnosis recorded within 1 or 5 years prior to
death.

All analyses were conducted using the Generalized Non-linear
Models (gnm) package, incorporating dinm in R. The analyses
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were performed using R software (version 4.2.1). A two-sided p-
value <0.05 was considered statistically significant.

Results
Descriptive statistics of health outcomes

Table 1 shows the total number of cause-specific health out-
comes by sex, age, and income groups in Greater Copenhagen,
Denmark, between 2002 and 2018. A total of 147,035 all-cause
deaths were recorded over the study period, of which 23,600
occurred within 28 days of a respiratory admission, constituting
fatal respiratory hospitalizations (Supplementary Fig. S2). All respi-
ratory diseases accounted for 16,610 deaths, including 5905 deaths
from ALRI, 8773 from COPD, and 1932 from other respiratory dis-
eases. A total of 162,665 respiratory inpatient admissions were
identified. Fatal respiratory hospitalizations were more common
among older individuals and among those with higher incomes
(Table 1). Daily deaths averaged 2.7 (standard deviation [SD] 1.7)
for all respiratory diseases, 1.0 (SD 1.0) for ALRI, and 1.4 (SD 1.2) for
COPD. Daily hospitalizations were 26.2 (SD 8.8), 12.8 (SD 5.5), and
6.0 (SD 2.9), respectively, while fatal hospitalizations averaged 3.8
(SD2.1),1.8(SD 1.4), and 0.5 (SD 0.7) (Supplementary Table S2).

Temperature patterns

Descriptive statistics of temperature variables are presented
in Table 2. During the study period, the daily mean temperature
was 9.0°C (SD 6.8°C). The 25th and 75th percentiles were 3.9°C
and 14.8 °C, respectively, while the 1st and 99th percentiles were
—5.7°C and 21.7°C (Table 2). Supplementary Table S3 shows that
the monthly mean temperature was highest in July (18.0°C, SD
2.5°C) and lowest in February (0.8 °C, SD 3.4°C), while the annual
mean temperature fluctuated more from 2010 than in prior years.

Associations with extreme temperatures

Fig. 1 visualizes the relationship between extreme temperatures
and respiratory outcomes by exposure lag days (lag 0-7 and 0-21
days). Both respiratory mortality and fatal respiratory hospital-
ization exhibited distinct non-linear patterns in their associations
with arange of minimum risk temperatures, spanning 12.6-16.6 °C,
based on cumulative temperature exposure over 21 days. At shorter
cumulative exposure (lag 0-7 days), associations were flat at low
temperatures but increased at high temperatures (Fig. 1[a] and
[c]). Results for cumulative lags 0-1 and 0-14 days were broadly
consistent with those observed at lag 0-7 days and 0-21 days,
respectively (Supplementary Fig. S3). For inpatient hospitalization,
we observed an increased risk associated with high temperature
at lag 0-7 days and with low temperature at lag 0-21 days, with
both relationships appearing approximately linear (Fig. 1[b] for all
respiratory diseases, [e] for ALRI, and [h] for COPD).

Fig. 2 and Supplementary Table S4 present associations between
a single 0-day and cumulative lag (0-1, 0-7, 0-14, and 0-21 days)
for low- and high-temperature exposures and mortality, hospi-
talizations, and fatal hospitalizations. In general, three-week cold
exposure (lag 0-21 days) and heat exposure (lag 0-1 and 0-7 days)
were associated with respiratory diseases. High temperature at
lag 0 days did not show a greater magnitude of association than
at lags 0-1 or 0-7 days across all outcomes studied (Fig. 2 and
Supplementary Table S4).

Table 3 presents the associations between high temperature and
the health outcomes studied. High temperature at a cumulative
lag of 0-7 days was strongly associated with fatal hospitalization
for all respiratory diseases (RR=1.25; 95% CI: 1.08, 1.43) and ALRI
(RR=1.34; 95% CI: 1.09, 1.65), comparing the 99th with the 75th
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Table 1

Number (percentage) of respiratory mortality, hospitalizations, and fatal hospitalizations in Copenhagen, Denmark, 2002-2018.

Cause-specific disease Group Cause-specific health outcomes, N (%)
Mortality Inpatient hospitalization Fatal hospitalization
All respiratory Overall 16,610 162,665 23,600
Male 6884 (41.4) 74,730 (45.9) 11,601 (49.2)
Female 9726 (58.6) 87,935 (54.1) 11,999 (50.8)
Age 30-64 yr 1442 (8.7) 55,459 (34.1) 3386 (14.3)
Age 65-74 yr 2718 (16.4) 35,926 (22.1) 4676 (19.8)
Age 75+ yr 12,450 (75.0) 71,280 (43.8) 15,538 (65.8)
Low income 7228 (43.5) 84,380 (51.9) 11,250 (47.7)
High income 9379 (56.5) 75,003 (46.1) 12,340 (52.3)
Acute Lower Overall 5905 79,174 11,082
Respiratory Infections Male 2474 (41.9) 37,256 (47.1) 5628 (50.8)
(ALRI) Female 3431 (58.1) 41,918 (52.9) 5454 (49.2)
Age 30-64 yr 319(5.4) 22,208 (28.0) 1128 (10.2)
Age 65-74 yr 524 (8.9) 15,922 (20.1) 1662 (15.0)
Age 75+ yr 5062 (85.7) 41,044 (51.8) 8292 (74.8)
Low income 2543 (43.1) 41,677 (52.6) 5124 (46.2)
High income 3362 (56.9) 35,998 (45.5) 5952 (53.7)
Chronic Obstructive Overall 8773 36,993 3303
Pulmonary Disease Male 3546 (40.4) 14,563 (39.4) 1316 (39.8)
(COPD) Female 5227 (59.6) 22,430 (60.6) 1987 (60.2)
Age 30-64 yr 884 (10.1) 8599 (23.2) 349 (10.6)
Age 65-74 yr 1876 (21.4) 10,743 (29.0) 794 (24.0)
Age 75+ yr 6013 (68.5) 17,651 (47.7) 2160 (65.4)
Low income 3782 (43.1) 16,600 (44.9) 1446 (43.8)
High income 4989 (56.9) 20,103 (54.3) 1857 (56.2)
Table 2
Descriptive statistics of daily ambient temperature (°C).
Exposure Mean +SD Percentile
1% 10% 25% 75% 90% 99%
Mean temperature 9.0+ 6.8 -5.7 0.0 39 14.8 17.7 21.7
Maximum temperature 11.8 £ 7.5 -33 1.7 5.9 18.0 214 26.7
Minimum temperature 59+ 6.3 -9.5 -23 1.3 11.2 13.9 17.0

Table 3

Relative risk (RR) with 95% confidence intervals (CI) for mortality, inpatient hospitalization, and fatal hospitalization associated with exposure to extremely low (1st percentile

or —5.7°C) and high (99th percentile or 21.7 °C) temperatures.

Disease Outcome type

RR (95% CI)

Extremely low temperature at Extremely high temperature at

lag 0-21 days lag 0-7 days
All respiratory Mortality 1.08 (0.84, 1.38) 1.35(1.14, 1.59)"
Inpatient hospitalization 1.11(1.02, 1.21)* 1.07 (1.01, 1.14)*
Fatal hospitalization 1.21 (0.98, 1.50) 1.25(1.08, 1.43)"
ALRI Mortality 0.81 (0.54, 1.23) 1.24(0.93, 1.64)
Inpatient hospitalization 1.15(1.03, 1.30)" 1.06 (0.98, 1.16)
Fatal hospitalization 1.25(0.92, 1.70) 1.34(1.09, 1.65)"
COPD Mortality 1.30(0.92, 1.83) 1.48(1.17, 1.86)*
Inpatient hospitalization 1.30(1.08, 1.55)" 1.18(1.05, 1.33)"

Fatal hospitalization

1.59 (0.92, 2.75) 1.34(0.94,1.91)

Reference temperatures for low and high temperatures are the 25th percentile temperature (3.9 °C) and the 75th percentile temperature (14.8 °C), respectively.
ALRI: Acute Lower Respiratory Infections; COPD: Chronic Obstructive Pulmonary Disease.

" Significant with a p-value < 0.05.

percentile. The magnitude of the association between high temper-
ature and respiratory hospitalizations was smaller (RR=1.07; 95%
CI: 1.01, 1.14) than that observed for fatal hospitalizations (Table 3).

Similarly, high temperature at lag 0-7 days was strongly asso-
ciated with overall respiratory mortality (RR=1.35; 95% CI: 1.14,
1.59) and COPD mortality (RR=1.48; 95% CI: 1.17, 1.86) (Table 3).
Associations were similar when restricted to individuals with a
respiratory diagnosis recorded within 1 or 5 years before death
(Supplementary Table S5).

When examining discrete lag-day windows (e.g., lag 2-7, 8-14,
and 15-21 days in Supplementary Table S6), the associations were

smaller in magnitude than those observed at cumulative lag peri-
ods. In a sensitivity analysis with a maximum lag of 7 or 14 days,
the associations between high temperature and health outcomes at
lags 0-7 were slightly larger in magnitude than those with a max-
imum lag of 21 days in the main analysis (Supplementary Table
S7). Furthermore, associations at the 5th and 95th percentiles were
generally attenuated compared with those at the 1st and 99th per-
centiles (Supplementary Table S8).

When the minimum and maximum temperatures were used
in place of mean temperature, the strong associations between
maximum temperature and respiratory diseases persisted; how-
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Fig. 1. Associations of temperature exposure with mortality (left column), inpatient hospitalization (middle column), and fatal hospitalization (right column) by cumulative
lag 0-7 days (black splines) and lag 0-21 days (gray splines): Respiratory (RSP, 1st row), acute lower respiratory infections (ALRI, 2nd row), and chronic obstructive
pulmonary disease (COPD, 3rd row). (a) Respiratory mortality; (b) Respiratory inpatient hospitalization; (c) Fatal respiratory hospitalization; (d) ALRI mortality; (e) ALRI
inpatient hospitalization; (f) Fatal ALRI hospitalization; (g) COPD mortality; (h) COPD inpatient hospitalization; and (i) Fatal COPD hospitalization. Temperatures at the 1st,

25th, 75th, and 99th percentiles were drawn as vertical dashed lines.

ever, those for minimum temperature were slightly attenuated
(Supplementary Table S9). When the MMT was used as the ref-
erence rather than the fixed 75th percentile reference, stronger
associations were observed between high temperature and fatal
ALRI hospitalization (MMT: 11.2°C; RR=1.41; 95% CI: 1.11, 1.77)
and COPD mortality (MMT=7.5°C; RR=1.73; 95% CI: 1.31, 2.29)
compared with the fixed reference, while estimates for other out-
comes were similar in direction and magnitude (Supplementary
Table S10).

In Table 3, we also observed adverse associations between low
temperature and respiratory diseases. In particular, the associa-
tions between low temperature (1st percentile, lag 0-21 days) and
hospitalization was statistically significant for all respiratory dis-
eases (RR=1.11; 95% CI: 1.02, 1.21), ALRI (RR=1.15; 95% CI: 1.03,
1.30), and COPD (RR=1.30; 95% CI: 1.08, 1.55), compared with the
25th percentile of temperature (Table 3). While the association
between low temperature and fatal hospitalizations was positive,
but not statistically significant when using the 25th percentile
as the reference, it was statistically significant for all respiratory
diseases and ALRI when low temperature was compared against

MMT (12.6°C for all respiratory diseases and 11.2°C for ALRI)
(Supplementary Table S10).

Subgroup analyses

Fig. 3 (all respiratory diseases) and Supplementary Fig. S4 (ALRI)
and S5 (COPD) present subgroup analyses by sex, age, and income.
No consistent patterns of susceptibility were observed across
health outcomes by sex, age, or income. Nevertheless, associations
between extremely high temperature and all respiratory disease
mortality, hospitalizations, and fatal hospitalizations tended to be
stronger among males and older adults. For example, RRs for fatal
respiratory hospitalizations were 1.37 (95% CI: 1.12, 1.67) among
males and 1.34 (95% CI: 1.13, 1.60) among older adults, although
differences by sex and age were not statistically significant (Fig. 3,
Supplementary Table S11). Males and older adults also showed
significant associations between high temperature and fatal ALRI
and COPD hospitalizations (Supplementary Figs. S4[f] and S5[f]).
Counter-intuitively, those with high income showed significant
associations between high temperature and COPD mortality, hos-
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Fig. 2. Cumulative relative risk (RR) with 95% confidence intervals (CI) for mortality, inpatient hospitalization, and fatal hospitalization associated with exposure to extremely
low (1st percentile or —5.7 °C) and high (99th percentile or 21.7 °C) temperatures. RSP: all respiratory; ALRI: Acute Lower Respiratory Infections; COPD: Chronic Obstructive
Pulmonary Disease. Solid squares and empty circles represent relative risk for respiratory diseases with exposure to low (1st percentile or —5.7°C, lag 0-21 days) and high
(99th percentile or 21.7 °C, lag 0-7 days) temperatures, respectively. Whiskers represent 95% confidence intervals. (a) Respiratory mortality; (b) ALRI mortality; (c) COPD
mortality; (d) Respiratory inpatient hospitalization; (e) ALRI inpatient hospitalization; (f) COPD inpatient hospitalization; (g) fatal respiratory hospitalization; (h) fatal ALRI

hospitalization; (i) fatal COPD hospitalization.

pitalizations, and fatal hospitalizations (Supplementary Fig. S5[b],
[d], and [f]). Notably, significant associations between low tem-
perature and respiratory mortality were observed among adults
younger than 65 years.

Discussion
Summary of key findings

In Greater Copenhagen, Denmark, high-temperature exposure
at lag 0-7 days was strongly associated with inpatient hospi-

talization, particularly with markedly higher risks observed for
fatal respiratory hospitalizations and respiratory mortality. Pro-
longed exposure to low temperature for up to three weeks (lag
0-21 days) was associated with inpatient hospitalization, though
the association with fatal respiratory hospitalization was sugges-
tive but non-significant. This observation emphasizes that patients
with severe respiratory disease are particularly vulnerable to heat
exposure and highlights the need for targeted early intervention
strategies, including clinical monitoring and heat-health warning
systems. Although effect modification by sex and age did not reach
statistical significance, males and older adults were most suscepti-
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Fig. 3. Associations between exposure to low (left column) and high (right column) temperatures and respiratory diseases by subgroups (sex, age, and income). Circles
represent relative risk, and whiskers represent 95% confidence intervals for respiratory diseases with exposure to low (1st percentile or —5.7 °C, lag 0-21 days) or high (99th
percentile or 21.7 °C, lag 0-7 days) temperatures. Solid and empty circles represent significant and non-significant associations, respectively. (a), (b) Respiratory mortality;

(c), (d) Respiratory inpatient hospitalization; (e), (f) Fatal respiratory hospitalization.

ble to the adverse effects of heat exposure on all respiratory disease
mortality, hospitalization, and fatal hospitalization.

Comparison with previous studies

This finding aligns with previous research indicating that
associations between extreme temperatures and mortality are par-
ticularly strong among individuals with respiratory diseases [25].
Moreover, our results also agree with findings from Barcelona
and Madrid in Spain, where extreme heat above each city’s MMT
was linked to sharp rises in fatal respiratory hospitalization [12].
However, our study showed lower RR for fatal respiratory hos-
pitalization at the 99th percentile of high temperature against
MMT (12.6 °C, RR=1.28, 95% CI: 1.10, 1.49) than the Spanish study
(RR=1.39,95% CI: 1.21, 1.61 in Madrid and RR=1.61, 95% CI: 1.38,
1.88 in Barcelona), which used MMTs of 8.9°C in Madrid and
11.4°Cin Barcelona. This pattern is consistent with findings from a
large multi-country, multi-city (MCC) study of 854 European cities,
which reported that the mortality burden attributable to heat was
lowest in Northern European countries, although it is projected to
increase [3,26].

Linearity vs. non-linearity

We observed distinct patterns in the relationship between
extreme temperatures and respiratory diseases. The linear asso-
ciation between high temperatures and respiratory inpatient
hospitalizations, particularly at lags of 0-1 or 0-7 days, indi-
cates that acute exposure increases the risk of hospitalization.
This finding supports the need for immediate public health inter-
ventions during heat events. Additionally, prolonged exposure to
low temperatures for more than 21 days adversely affects respi-

ratory health. In contrast, the non-linear patterns associated with
fatal respiratory hospitalizations and respiratory deaths reveal a
more complex relationship. The identified minimum-risk temper-
aturerange (12.6-16.6 °C) indicates that health risks are minimized
within this range. Outside this range, both high and low tem-
peratures increase the risk of adverse outcomes, especially for
conditions such as ALRI and COPD. This non-linear behavior under-
scores the need for nuanced public health strategies that consider
critical temperature thresholds (or the minimum-risk temperature
range). Targeted interventions should be designed to protect vul-
nerable populations during both extreme heat and cold.

Potential biological explanations

The exact mechanisms by which extreme temperatures impact
respiratory health remain unclear, but several plausible expla-
nations exist. Cold air typically dries out the nasal and airway
mucosa [27], causing irritation and bronchoconstriction, which
narrows and tightens the airways, leading to shortness of breath
[27]. Conversely, hot air can increase the risk of infection by highly
pathogenic respiratory viruses due to reduced immunity in the res-
piratory tract [28], and cause acute respiratory inflammation and
damage as a result of heat stroke [29].

Together with the elevated risk of respiratory mortality, the
stronger association observed for fatal respiratory hospitalizations
during high temperature days, compared with overall respiratory
inpatient hospitalizations, may reflect the heightened suscepti-
bility of patients with severe or advanced respiratory disease to
heat-related physiological stress. Patients hospitalized for severe
respiratory conditions often have limited physiological reserve, and
heat exposure may accelerate disease progression or overwhelm
adaptive responses, such as the body’s ability to regulate tempera-
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ture and maintain homeostasis, therefore increasing the likelihood
of in-hospital death rather than survival to discharge. In contrast,
less severe cases may respond to timely medical intervention, and
heat-related mortality occurring outside the hospital setting may
be underrepresented in cause-specific mortality records. Addition-
ally, high temperatures can exacerbate coexisting conditions such
as cardiovascular disease [30] and renal dysfunction [31], which
commonly accompany severe respiratory illness and may con-
tribute to fatal outcomes during hospitalization. Together, these
factors may explain why heat exposure shows a more pronounced
association with fatal respiratory hospitalizations than with overall
hospitalization.

Subgroup and vulnerability patterns

Our stratified analyses revealed that males and older adults
experienced greater vulnerability to respiratory mortality, hospi-
talization, and fatal respiratory hospitalization associated with high
temperature exposure, although formal interaction tests did not
show statistically significant differences. This pattern among older
adults is consistent with evidence from Switzerland, where they
were found to be particularly susceptible to heat-related mortal-
ity [32]. However, the greater vulnerability observed among males
contrasts with findings from the same study, which reported higher
susceptibility among females, reflecting the broader inconsistency
in sex differences in heat vulnerability across study settings [2].

While older adults showed adverse effects of heat exposure on
both respiratory inpatient hospitalizations and fatal respiratory
hospitalizations, significant associations between low tempera-
ture and respiratory mortality were notably observed among
those under 65. The relatively small number of patients under 65
(N=3386) makes it difficult to draw firm conclusions about this
younger group. However, the finding is not without precedent,
as previous studies have similarly reported no clear or consis-
tent effect modification by age [33-35]. Moreover, this finding is
unlikely to have meaningfully influenced the overall estimates,
which are largely driven by the older age groups. Older adults may
be more vulnerable to heat exposure due to reduced ability to per-
ceive and respond to heat stress, as well as greater dependence on
environmental conditions. They are also more likely to live alone,
spend more time indoors, and may not recognize excessive heat in
a timely manner or take appropriate protective actions [36].

We notably observed that those with high income showed
greater associations between heat exposure and COPD mortality,
hospitalizations, and fatal hospitalizations, which is counterintu-
itive, but has been found in other European countries [37]. One
possible explanation in the Danish context is that high-income indi-
viduals with COPD may be older or have more severe diseases.
Alternatively, in Denmark’s universal healthcare system, income
may be a less direct indicator of heat vulnerability than other
factors, such as housing conditions or social isolation. Given that
differences by income were not statistically significant, this finding
should be interpreted with caution and warrants further investiga-
tion.

Strengths and limitations

This study has several strengths. First, it leverages a 17-year
dataset to examine the association between temperature exposure
and respiratory health outcomes, including the novel outcome of
fatal respiratory hospitalization, in addition to more commonly
studied outcomes such as respiratory mortality and inpatient
respiratory hospitalization. Fatal respiratory hospitalization may
represent the combined effects of acute environmental stress
and limited physiological reserve in patients with severe respira-
tory disease. This outcome may therefore capture disease severity
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beyond incidence alone and beyond mortality occurring outside the
hospital setting. Second, the linkage of individual-level data across
multiple national registers enabled us to assess differential health
effects by sex, age, and income. This comprehensive approach
enhances understanding of the impacts of temperature extremes
on respiratory morbidity and mortality and provides emerging evi-
dence on the severity of health outcomes associated with extreme
temperatures.

However, this study also has limitations. As it was conducted
in Greater Copenhagen, the findings may not be directly general-
ized to regions with different climates, population characteristics,
or healthcare systems. Using a single temperature grid may not
capture intra-urban exposure variability. Moreover, individuals
temporarily residing outside the study area or admitted to hospitals
outside Greater Copenhagen were excluded from the analysis.

In addition, reliance on aggregated exposure data may obscure
individual-level variation in responses to temperature extremes,
including differences in lifestyle or adaptive behaviors. Although
the case-crossover design controls for time-invariant individual
confounders, unmeasured time-varying factors (e.g., short-term
changes in health behaviors) may still influence the observed
associations. However, we had daily relative humidity data, and
adjusting for it did not substantially change the main results (data
not shown). Furthermore, we did not account for potential changes
in public health policies or healthcare practices over the study
period, which could have affected hospitalization rates and mor-
tality.

Finally, air pollution was not included in the adjustment, as it
may act as a mediator rather than a confounder, because extreme
temperatures can directly influence the formation and dispersion of
pollutants (e.g., fine particulate matter or ozone) [38,39]. Accord-
ing to the causal inference framework, adjusting for a factor on
the causal pathway (i.e., a mediator) would lead to overadjust-
ment bias, masking the true heat-related effects on fatal respiratory
disease. Moreover, influenza epidemics were not adjusted for in
the statistical model, as these factors typically vary gradually over
weeks or months. Their potential confounding effects are therefore
largely minimized within the narrow time window of the case-
crossover design. Additionally, we explicitly adjusted for day of
the week and public holidays to account for short-term tempo-
ral variation. Taken together, the absence of separate indicators
for influenza activity is unlikely to have substantially biased our
findings.

Conclusion

This study highlights a significant association between high
temperature and respiratory mortality and hospitalization, includ-
ing fatal hospitalization (i.e., those resulting in death within 28 days
of admission) in a setting characterized by a relatively mild-to-
moderate climate and modest temperature variation. Our findings
emphasize the urgent need to address the health impacts, par-
ticularly of heat exposure, which is projected to increase due to
climate change. Comprehensive public health strategies are needed
to protect respiratory health, with a special focus on vulnerable
populations, including those with underlying respiratory diseases.
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