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ABSTRACT

Background: The impacts of extreme ambient temperatures on mental health may vary

by type of disorders, age and sex. We examined the association between extreme ambient
temperatures and emergency department (ED) visits for prevalent mental disorders, stratified
by age and sex.

Methods: We analyzed the National Emergency Department Information System data in
2015-2021, Korea. Using a case-time series design, we calculated relative risks (RRs) of

ED visits for prevalent mental disorders at extremely high (97.5th percentile) and low (2.5th)
ambient temperatures, stratified by age (0-19, 20-39, 40-64, and > 65) and sex. A lag period
of 0-5 days was considered for ambient temperature and air pollution.

Results: Of 1,351,463 ED visits due to mental disorders, neurotic, stress-related and
somatoform disorder (anxiety disorder, 31.5%), organic mental disorder (OMD, 25.2%),
substance use disorder (SUD, 24.5%) and mood disorder (MD, 15.2%) were common.

At extreme high temperatures, the RR of anxiety-related visits was 2.25 (95% confidence
interval [CI], 1.87-2.71), with men 20-39 years at higher risk (4.02; 95% CI, 2.77-5.85) than
women (1.65; 95% CI, 1.17-2.32, P for difference < 0.001), versus minimum-risk ambient
temperature. Extreme heat also raised RR for OMD in men 40-64 years (1.49; 95% CI,
1.01-2.21), SUD in women 20-39 years (2.72; 95% CI, 1.85-3.99) and MD in women > 65 years
(2.00; 95% CI, 1.42-2.80). Risk estimates at extreme low temperatures were generally
imprecise, except for anxiety in men 20-64 years. These associations were not replicated
among children and adolescents (019 years).

Conclusion: Our findings emphasize the need for more tailored climate change adaptation
strategies considering the varying vulnerabilities of populations to mental disorders.
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INTRODUCTION

Extreme ambient temperature changes substantially affect people’s lives. Severe heatwaves,
heavy rainfalls, and extreme cold have increased the risk of cardiovascular and respiratory
deaths among the population.! In a physiological response to ambient heat, people
experience heat stress which reduces working capacity and cognitive function, impairs
productivity, and pose a higher risk of accidents in the workplace.? Extreme heat also
triggers a surge in emergency department (ED) visits for cardiovascular and respiratory
disorders.3 In addition, with growing concern over the physical health risks of extreme
ambient temperatures, researchers are increasingly turning their attention to its mental
health implications.45

Although there is some research evaluating the association between mental disorder-
related ED visits and extreme ambient temperatures, limited studies are available

regarding the specific type of mental disorders sensitive to extreme ambient temperatures.
Mental disorders constitute a heterogeneous group of mental disorders, encompassing
conditions such as substance use disorders (SUD) and somatoform disorders. For instance,
SUD frequently presents symptoms of intoxication or withdrawal, often requiring urgent
medical intervention.® Conversely, somatoform disorders are characterized by the presence
of physical symptoms that lack a clear medical explanation. Effective management
necessitates comprehensive diagnostic evaluation to divide organic pathology.”

The susceptibility to different mental disorders could considerably vary depending on age
and sex, particularly in response to extreme heat or cold. For example, older adults, often
with compromised thermoregulation and underlying health conditions, may be more
vulnerable to heat stroke and hypothermia, which can exacerbate existing mental health
issues.8 The consequences of heat exposure in infants, children, and adolescents may differ
from those in adults, given the unique susceptibility of children due to their developing
bodies and different behavioral patterns.® Younger individuals, especially those with pre-
existing bipolar disorder or schizophrenia, tend to exhibit mood instability and psychotic
episodes relevant to ambient temperature fluctuations.10 This feature was replicated in a
study in South Korea, where patients with intellectual disability or mental disorder were at
higher risk for ED admissions due to heat-related health problems, and among those with
mental disorder, women and those aged 65 years or older were particularly at risk.1! Sex

or gender has been known to be a contributing factor, as some studies suggest that heat-
related mortality tends to be higher in women than in men.12 Literature examining the
variations in heat-related mental health risks across different type of mental disorders, age
and sex together have been limited and showed inconsistency. To address the knowledge
gaps on the differential susceptibility to heat, this study aimed to investigate differential
associations across different mental disorders leveraging national population data. Because
the association between temperature and mental disorder types may differ by age and sex, we
examined the relationship between extreme ambient temperatures and ED visits stratified by
age and sex.
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METHODS

Data source

We obtained data from the National Emergency Department Information System (NEDIS)
from January 1, 2015, to December 31, 2021, a nationwide database maintained by the
National Medical Center of Korea. The NEDIS is an emergency information network
established by the Ministry of Health and Welfare, collecting anonymized data on ED visits at
all 410 hospitals with EDs across the country. This comprehensive database includes patient’s
age, sex, date of visit, home addresses recorded at the municipality level (gun, gu), primary
diagnosis made by physicians, and pre- and post-ED visit status, transmitted automatically
from each hospital to a central server.13 The reliability of NEDIS data is supported by the
national emergency medical institution evaluation, which reported a 94.4% ED input rate
and a 95.8% completion rate.1415

Data on all cases of mental disorder-related ED visits from January 1, 2015 to December

31, 2021 were retrieved from the NEDIS database. Young children are less able than adults

to regulate their core body temperature and thus to protect themselves from exposure to
extreme temperatures, so their responses to extreme heat or cold may be different from
those of adults.16 In addition, since young children and adolescents have generally lower
rates of ED visits, so our analysis was conducted separately for young population (0-19)

and adults, with a primary focus on adults. Eleven subgroups of mental, behavioral, and
neurodevelopmental disorders (FOO-F99), as classified by the International Classification
of Diseases-10, were identified for analysis. Although the original dataset listed each ED visit
separately, the provider removed all personal identifiers, making it impossible to distinguish
repeat visits by the same individual. Consequently, the only feasible approach was to
aggregate visits into municipality-level daily counts for analysis. Our analysis thus focused
on municipality-level incidence of ED visits for mental disorder, stratified by age and sex.
Age- and sex-specific mid-year population estimates for each municipality sourced from

the Korean Statistical Information Service were used to calculate the age- and sex-specific
daily incidence of mental disorder-related ED visits over the study period.1” There were

252 municipalities, but since 2016, three municipalities were merged into one. Considering
the study period from 2015 to 2021, a total of 253 municipalities were identified.

Measurement of ambient temperature

There are various ways to quantify temperature. Among them, the apparent temperature is
calculated by a combination of temperature, humidity, wind speed, and radiant heat. On the
other hand, the ambient temperature is the temperature of the air itself in the environment,
and is an objective physical quantity measured by a standard thermometer.18 Since the
apparent temperature estimates the overall thermal comfort level of the human body in

the surrounding atmospheric environment, the ambient temperature is more appropriate
for consistent measurement of extreme temperatures. Ambient temperature data were
sourced from the public database of the Korea Meteorological Administration (KMA), which
operates a network of weather observation stations across South Korea. The KMA uses

the Automated Synoptic Observing Systems (ASOS) and Automatic Weather Systems

(AWS) to collect ground-based meteorological data. ASOS stations provide simultaneous
observations from multiple locations to assess atmospheric conditions, while AWS stations
focus on monitoring weather phenomena for the purpose of monitoring natural disasters.
Currently, Korea has 96 ASOS stations and 464 AWS stations.19 Each ASOS station, covering
an average area of 36 km by 36 km, is designed to provide real-time local weather data and
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forecasts. We assigned the daily average ambient temperature to each municipality. For
152 municipalities having multiple observation stations, we used average of the multiple
measurements. For 27 municipalities without measurement data, we used the average
ambient temperature of the province to which the municipality belongs.

Covariates

Confounding factors were identified a priori using a directed acyclic graph (Supplementary
Fig. 1). The explanatory model incorporated daily mean concentrations of air pollutants,
relative humidity, the level of urbanization in the municipality, and the year of the visit. The
air pollutants considered were particulate matter with a diameter of 2.5 micrometers or less
(PM,5s), and nitrogen dioxide (NO,), both of which have the potential to influence mental
disorders.20 Excluding two islands (Ulleung-gun in Gyeongsangbuk-do and Jeju-do) due to
unavailable exposure modeling data, we used machine-learning-validated models to predict
daily mean concentrations of ambient PM, s and NO, at a 1 km? spatial resolution across all
contiguous municipalities in Korea.21-24 Pollutant concentrations for each municipality were
determined using centroid points within municipality boundaries, with daily averages of

the two air pollutants assigned to individuals residing in the respective municipalities. Daily
average relative humidity (%) was sourced from ground-based meteorological data, following
the same methodology as ambient temperature assignment.25 The patient’s home address
and ED visit date of the NEDIS data served as the matching keys. KMA data and air pollutant
data were linked based on Korea area codes and observation dates. This combined data
allowed us to assess the association between extreme ambient temperatures and ED visits for
mental disorders, with additional analyses stratified by sex and age.

Statistical analysis

Summary statistics were calculated to present the characteristics of mental disorder-related
ED visits stratified by age (0-19, 20-39, 40-64 and > 65 years) and sex (men, women). Daily
mean of municipality-level incidence of ED visits for mental disorders-related ED visits per
100,000 person-days at the municipal level was calculated for overall and prevalent mental
disorders. 95% confidence interval (CI) was calculated using standard deviation.

We applied a case time series design, which is appropriate for taking into account a self-
matched structure for analyzing time-varying risk factors and transient health associations.
A case time series design model used equationZ26:

J

JEGD) = o + [Gi D+ D 50 + Y hyie)
p=1

j=1

A case represents a municipality-level incidence of mental disorder-related ED visits.

In the equation, trepresents time and yit represents incidence for each of the /=1, ...,

253 municipalities. We modelled the relationships over a lag period of 0-5 days (corresponds
to /), using an unconstrained distributed lag linear model (DLM) for the linear association
with air pollution, and natural-spline distributed lag non-linear models (DLNM) for
specifying non-linear dependencies with ambient temperature and relative humidity. These
variables are used in equation at x. The 0-5 lag for ambient temperature and air pollutants
were determined in reference to prior studies.10:27 We fitted a cross-basis function of a
natural cubic spline for the exposure-response association with three degrees of freedom
and a natural cubic spline for the lag-response association with one internal knot for ambient
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temperature and relative humidity. Utilizing a conditional quasi-Poisson log-link regression
model, we included distinct, year, month strata as stratified intercepts (corresponds to ci(k)
for each time stratum k), day of the week (in particular, it is widely known that ambient
temperatures are lower on weekends than on weekdays28-30), and natural splines of time
(with 4 df/year) to take into account of differential baseline risk and trends among the various
spatiotemporal strata (corresponds to other terms, represents trends or seasonality using
multiple transformations of sj, and potential time-varying predictors hp) such as ambient
temperature, relative humidity, PM, s, and NO,.31

Lag-cumulative relative risks (RRs) for heat and cold were defined as the risks at the

point of extremely high (97.5th percentile) and at the extremely low (2.5th percentile of

the distribution) ambient temperatures relative to the risk at the minimum risk ambient
temperature (MRT).27 We used a consistent MRT to simplify the interpretation of

RR changes across all four mental disorders, as well as across different age and sex groups,
following the approach used in previous studies.32,33 The net RR cumulated in the lag period
of 0-5 days as overall lag-cumulative exposure-response associations between daily mean
ambient temperature and ED visits was calculated. We quantified the short-term effects

of ambient temperature on mental disorder-related ED visits by calculating lag-specific

RRs for 1°C increase from the mean ambient temperature. To evaluate potential effect
modification by age and sex, we conducted stratified analyses for each mental disorder and
check Cochran’s Q test. We conducted four sensitivity analyses to assess the robustness

of the results: 1) modeling with lag period up to 7 days,34 2) applying lag-cumulative RR of
ED visits for heat-related mental disorder for extreme heat and cold, by adjusting only one air
pollutant (PM, s or NO,), 3) replacing degree of freedom of 4 with 8 for year, and 4) adopting
from unconstrained DLM to constrained DLM for air pollutants. R software (version 4.3.2;

R Foundation for Statistical Computing, Vienna, Austria) was used for all statistical analyses.
The nonlinear associations between ambient temperature and mental disorder-related

ED visit were modeled using the 'dlnm', and the conditional quasi-Poisson regression models
were fitted using the 'gnm' package.

Ethics statement
This study was approved by the Korea University Institutional Review Board and the
requirement for informed consent was waived (KUIRB-2023-0264-01).

RESULTS

Study population characteristics, meteorological factors, and air pollution
levels

In 1,351,463 ED visits due to mental disorders, anxiety disorder3> (31.5%; F40-F48), organic
mental disorder (OMD, 25.2%; FOO-F09), SUD (24.5%; F10-F19), and mood disorders
(MD, 15.2%; F30-39) were most prevalent (Supplementary Table 1). When restricting to
the 1,226,629 ED visits related to these four prevalent conditions, including overlapping
cases, the majority involved individuals aged 40-64 (38.4%), women (53.9%), and those
residing in urban areas (41.5% in metropolitan cities and 46.6% in cities). In the mental
disorder-related ED visits among aged 0-19, the proportion living in cities was higher than
in metropolitan areas (Table 1). Among men aged 20-39 who visited the ED for mental
disorder-related reasons, the proportion residing in metropolitan cities was comparable to
the proportion living in smaller cities. In contrast, for women within the same age group, the
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Table 1. Characteristics of the study population with emergency department visits due to four common mental disorders from Jan 1, 2015 to Dec 31, 2021 in South
Korea, the National Emergency Department Information System, stratified by sex and age

Temperature and Differential Risk of Mental Disorder

Variables 0-19yr 20-39yr 40-64 yr > 65yr Total
Men Women Men Women Men Women Men Women
No. of visits 26,202 37,532 97,716 134,656 251,847 218,817 189,337 270,522 1,226,629
Level of urbanization
Metropolitan city 10,997 16,430 44,978 65,077 106,923 90,436 792,631 101,992 509,464
(42.0) (43.8) (46.0) (48.3) (42.5) (41.3) (38.4) (37.7) (41.5)
City 13,496 18,865 45,465 62,693 115,841 106,067 85,783 123,309 571,519
(51.5) (50.3) (46.5) (46.6) (46.0) (48.5) (45.3) (45.6) (46.6)
Rural area 1,709 2,237 7,273 6,886 29,083 29,314 30,923 45,991 145,646
(6.5) (6.0) (7.4) (5.1) (11.6) (10.92) (16.3) (16.7) (11.9)
Year
2015-2017 11,872 13,401 43,352 56,661 117,726 102,879 76,585 110,615 533,091
(45.3) (35.7) (44.4) (42.1) (46.8) (47.0) (40.5) (40.9) (43.5)
2018-2019 8,230 12,502 30,689 41,570 79,827 68,141 58,803 84,326 384,088
(31.4) (33.3) (31.4) (30.9) (31.7) (31.1) (31.1) (31.2) (31.3)
2020-2021 6,100 11,629 23,675 36,425 54,294 47,797 53,949 75,581 309,450
(23.3) (31.0) (24.2) (27.1) (21.6) (21.8) (28.5) (27.9) (25.2)
Season
Spring (Mar-May) 7,193 9,810 24,188 39,773 63,820 54,551 47,377 67,212 306,924
(27.5) (26.1) (24.8) (24.3) (25.3) (24.9) (25.0) (24.9) (25.0)
Summer (Jun-Aug) 6,943 10,424 26,903 38,042 67,291 61,019 49,527 69,936 330,085
(26.5) (27.8) (27.5) (28.3) (26.7) (27.9) (26.2) (25.9) (26.9)
Fall (Sep-Nov) 6,043 9,799 24,342 34,702 62,891 54,231 47,063 68,070 307,141
(23.1) (26.1) (24.9) (25.8) (25.0) (24.8) (24.9) (25.2) (25.0)
Winter (Dec-Feb) 6,023 7,499 292,283 29,139 57,845 49,016 45,370 65,304 282,479
(23.0) (20.0) (22.8) (21.6) (23.0) (22.4) (24.0) (24.1) (23.0)
Day of week
Weekdays (Mon-Fri) 17,815 27,221 66,108 91,643 175,245 147,671 136,522 193,595 855,820
(68.0) (72.5) (67.7) (68.1) (69.6) (67.5) (72.1) (71.6) (69.8)
Weekends (Sat-Sun) 8,387 10,311 31,608 43,013 76,602 71,146 52,815 76,927 370,809
(32.0) (27.5) (32.4) (31.9) (30.4) (32.5) (27.9) (28.4) (30.2)
Mental disorders?
Organic mental disorder 2,760 1,541 4,319 2,974 95,494 14,225 114,945 173,700 339,958
(10.5) (4.1) (4.4) (2.2) (10.1) (6.5) (60.7) (64.2) (27.7)
Substance use disorder 10,543 10,665 38,357 36,054 142,973 47,611 32,940 13,187 331,630
(40.2) (28.4) (39.3) (26.8) (56.5) (21.8) (17.4) (4.9) (27.0)
Mood disorder 4,747 12,902 18,107 36,586 27,625 42,145 23,932 39,776 205,820
(18.1) (34.4) (18.5) (27.2) (11.0) (19.3) (12.6) 14.7) (16.8)
Anxiety disorder 9,244 15,165 42,163 67,932 70,504 127,756 29,620 63,548 425,932
(35.3) (40.4) (43.1) (50.4) (28.0) (58.4) (15.6) (23.5) (34.7)

The values in parentheses are percentage (%).
2Sum of ED-visits due to four mental disorders may not equal to the total number of visits due to overlapping cases.

greatest proportion of ED visits was observed during the summer season. For individuals aged
40-64, the distribution of mental disorder-related ED visits according to urbanization level,
season, year, and day of the week was generally similar between men and women, showing
little variation by sex. This pattern of minimal differences across sexes was also seen in the
population aged 65 years and older. Most ED visits related to OMD occurred among those
aged 65 years and older (84.9%; Supplementary Table 2). For SUD, the largest proportion was
among those aged 40-64 (57.3%), with men accounting for most cases (67.6%). About one-
third of MD-related visits were among those aged 40-64 (33.9%) and those aged > 65 (31.0%).
Women represented most MD-related visits (63.9%). Similarly, most ED visits due to anxiety
disorders were seen in the 40-64 age group (46.6%) and among women (64.4%).

The overall mean ambient temperature and relative humidity during the study period were

13.2°C and 67.4%, respectively (Supplementary Table 3). The extremely high ambient
temperature (> 97.5") was 28°C, the extremely low ambient temperature (< 2.5%) was -5°C,
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D Mood disorder
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the MRT was -19.5°C, and the maximum risk ambient temperature was 34.4°C during the
study period. The overall mean concentrations PM, s and NO, over the case and control days
were 22.62 pug/m?® and 17.21 ppb, respectively.

Geographic and demographic patterns of four prevalent mental disorders
The overall mean of municipality-level incidence rate for all four mental disorders-

related ED visits per 100,000 person-days was 1.16 (95% CI, 1.16-1.17), ranging from O to
6.05 (Supplementary Table 4). When stratified by sex and age, women aged > 65 had the
highest risk (2.59; 95% CI, 2.58-2.60), and men aged 0-19 had the lowest risk 0.24 (95%

CI, 0.23-0.24). For individual disorders, SUD-related ED visits were most common among
men aged 40-64 (0.67, 95% CI, 0.66—0.67), whereas risk of ED visits due to OMD (1.64;
95% CI, 1.63-1.64), MD (0.36; 95% CI, 0.36-0.36), and anxiety disorder (0.64; 95% CI,
0.63-0.64) were highest in women aged > 65. The risk for different mental disorders varied
across geographic regions (Fig. 1). OMD-related ED visits were generally comparable across
non-metropolitan areas. SUD-related ED visits occurred more frequently in the northeastern

B Organic mental disorder C Substance use disorder

Q1) . Q1(0)
| ] ¢ | |

s, N W Q4 (1.75) . e .o W Q4(116)

E Anxiety disorder

Q1(0)
]

u
= Q4(2.97)

Fig. 1. Geographic distribution of the overall mean of municipality-level risk for emergency department visits related to (A) all four mental disorders, (B) organic
mental disorder, (C) substance use disorder, (D) mood disorder, and (E) anxiety disorder by region, per 100,000 person-days, from Jan 1, 2015 to Dec 31, 2021.
The results are presented in quartiles, with darker shades indicating higher risk.
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regions, while MD-related and anxiety disorder-related ED visits were most common in the
southwestern and central regions, respectively.

Temperature and Differential Risk of Mental Disorder

Risk of ED visits for overall and specific mental disorders by sex and age
The risk of mental disorder-related ED visits generally was higher when the ambient
temperature is high. The MRT for the combination of all four conditions was

-19.5°C. Compared to the MRT, the overall lag-cumulative RR of ED visits for any mental
disorders was higher when the daily mean ambient temperature was > 2°C (Supplementary
Fig. 2). In the four common disorders, the risk of ED visits for SUD was consistently higher
when the ambient temperature was > 13°C, and the risks of MD and anxiety disorder were
higher at > 5°C and > 2°C, respectively, while the association between ambient temperature
and OMD-related ED visits did not show a clear linear pattern.

Stratified by sex and age, men aged 0-19 had higher risk of ED visits at all temperatures
higher than MRT for MD and anxiety disorder (Supplementary Fig. 3). Similarly, higher risk
of anxiety disorder-related ED visits was observed in women aged 0-19 (Supplementary
Fig. 4), men aged 20-39 (Supplementary Fig. 5), and men aged 40-64 (Supplementary

Fig. 6 top panel of Fig. 2E). Among women aged 20-39, a higher risk was observed for

SUD with ambient temperature higher than MRT (Supplementary Fig. 7, top panel of

Fig. 2C). The risk of ED visits due to any of all four mental disorders was consistently
higher when the ambient temperature is > 0°C (top left panel of Fig. 2A) among men

aged 40-64. A similar pattern was observed among women in the same age group, but

with higher threshold ambient temperatures (Supplementary Fig. 8). Among individuals
aged > 65, the positive association between mental disorder-related ED visits and higher
ambient temperatures was consistently observed for all four mental disorders, with varying
threshold ambient temperatures. For example, the positive association with extremely high
temperature was evident at > 8°C for OMD and SUD, and at > 20°C for anxiety disorder-
related ED visits (Supplementary Fig. 9, top panel of Fig. 2B). On the other hand, the positive
association of high ambient temperatures with OMD and SUD was not evident in women
aged > 65 (Supplementary Fig. 10).

When assessing lag-specific risk in the pairs with positive associations, higher RR for all

four mental disorder-related ED visits per 1°C increase in the mean ambient temperature was
noted at O- (1.48; 95% CI, 1.33-1.65) and 1-day lags (1.10; 95% CI, 1.05-1.15), among men
aged 40-64. A similar pattern was observed for OMD among men aged > 65, and anxiety
disorder among men aged 40-64. Among women aged 20-39, higher RRs of SUD were noted
at 1- to 4-day lags, ranging from 1.00 to 1.01 (Fig. 2, lower panel).

When assessing the heterogeneities in the risk estimates across different sexes, we observed
sex-based differences for all four groups of mental disorders. The RR of anxiety disorder-
related ED visits was higher among men aged 20-39 (4.02; 95% CI, 2.77-5.85) than among
women in the same age group (1.65; 95% CI, 1.17-2.32, P for difference < 0.001). The
association between extreme heat and OMD-related ED visits was stronger in men aged 40—
64 (1.49; 95% CI, 1.01-2.21) than in women of the same age group (1.29; 95% CI, 0.84-1.97,
Pfor difference < 0.001). In contrast, for SUD-related ED visits, the association was more
pronounced in women aged 20-39 (2.72; 95% CI, 1.85-3.99) than in men of the same age
group (0.96; 95% CI, 0.66-1.39, P for difference = 0.009). The RR of MD-related ED visits
was highest among men aged 0-19 (6.62; 95% CI, 4.04-10.86) among all age-sex strata.

https://jkms.org https://doi.org/10.3346/jkms.2026.41.e25 8/18
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At extreme low temperatures, lag-cumulative risk estimates were generally imprecise,
although elevated RRs were observed for anxiety disorder in men 20-39 (1.41; 95% CI,
1.12-1.78) and for OMD (2.15; 95% CI, 1.53-3.01) and MD (5.14; 95% CI, 3.79-6.97) in
men 0-19 (Table 2, Fig. 3). Lower risks of ED-visits were observed for OMD (0.51; 95% CI,

0.37-0.70) and MD (0.36; 95% CI, 0.28-0.46) among 0-19 year-old women.

Evaluation of the robustness of findings
A series of sensitivity analyses confirmed the robustness of our findings. First, extending
the lag period to 7 days yielded similar RRs to the main analysis (Supplementary Table 5).
Second, including individual air pollutants in the model did not alter the results, with
consistent RRs for PM, 5 (2.35; 95% CI, 1.95-2.82) and NO, (2.19; 95% CI, 1.83-2.63;
Supplementary Table 6). Third, applying 8 degrees of freedom for year showed comparable
results to the main analysis for all outcomes (Supplementary Table 7). Finally, using a
constrained DLM for air pollutants did not significantly affect the direction or magnitude of

the associations (Supplementary Table 8).

DISCUSSION

Leveraging national population data, the study found that extreme ambient temperatures,
both high and low, were associated with increased risk of ED visits for specific mental

disorders. We observed some positive associations between ambient temperatures and

anxiety disorder-related ED visits. Notably, higher ambient temperatures were associated

with higher risks for anxiety disorder, particularly among young and middle-aged men.

Table 2. Lag-cumulative relative risk and 95% confidence intervals about emergency department visit for types of mental disorder for heat and cold

Mental disorders

Heat (97.5%)

Cold (2.57)

Total

Men

Women

Total

Men

Women

All four mental disorders, yr

0-19
20-39
40-64

65 and over

Organic mental disorder, yr

0-19
20-39
40-64

65 and over

Substance use disorder, yr

0-19

20-39

40-64

65 and over
Mood disorder, yr

0-19

20-39

40-64

65 and over
Anxiety disorder, yr

0-19

20-39

40-64

65 and over

1.53 (1.39-1.69)
1.72 (1.36-2.18)
1.70 (1.46-1.98)
1.74 (1.49-2.04)
1.37 (1.20-1.57)
1.16 (0.96-1.40)
0.70 (0.42-1.17)
0.33(0.21-0.53)
1.44 (1.01-2.05)
1.29 (1.04-1.44)
1.53 (1.24-1.88)
1.47 (1.00-2.19)
1.46 (1.06-2.02)
1.43 (1.14-1.78)
1.72 (1.23-2.40)
1.34 (1.02-1.75)
0.41 (0.27-0.61)
1.03 (0.74-1.43)
1.27 (0.93-1.74)
1.70 (1.26-2.29)
2.95 (1.87-2.71)
1.66 (1.08-2.57)
2.38 (1.77-3.21)
2.33(1.87-2.91)
1.64 (1.26-2.13)

1.69 (1.47-1.94)
1.96 (1.31-2.93)
1.67 (1.23-2.26)
1.82 (1.50-2.29)
1.50 (1.23-1.83)
1.34 (1.05-1.71)
0.86 (0.50-1.47)
0.09(0.05-0.14)
1.49 (1.01-2.21)
1.41 (1.11-1.80)
1.56 (1.26-1.93)
1.52 (1.00-2.32)
0.96 (0.66-1.39)
1.52 (1.19-1.94)
1.98 (1.38-2.86)
1.17 (0.85-1.61)
6.62 (4.04-10.86)
0.77 (0.52-1.14)
1.20 (0.81-1.79)
1.26 (0.86-1.86)
2.96 (2.32-3.79)
2.66 (1.67-4.26)
4,02 (2.77-5.85)
3.37 (2.49-4.55)
1.75 (1.22-2.51)

1.36 (1.19-1.55)
0.73 (0.50-1.08)
1.80 (1.35-2.41)
1.63 (1.31-2.03)
1.29 (1.09-1.52)
1.07 (0.86-1.32)
0.65 (0.39-1.09)
1.28 (0.89-1.85)
1.29 (0.84-1.97)
1.13 (0.92-1.38)
1.40 (1.06-1.86)
1.32 (0.85-2.05)
2.79 (1.85-3.99)
1.35 (0.96-1.90)
1.19(0.78-1.83)
1.38 (1.06-1.81)
0.16 (0.10-0.25)
1.28 (0.89-1.85)
1.24 (0.87-1.77)
2.00 (1.42-2.80)
1.68 (1.38-2.05)
1.25 (0.78-2.01)
1.65 (1.17-2.32)
1.86 (1.42-2.49)
1.55 (1.15-2.08)

1.02 (0.96-1.09)
1.00 (0.87-1.16)
1.04 (0.94-1.14)
1.04 (0.95-1.15)
1.02 (0.94-1.11)
0.96 (0.86-1.08)
1.19 (0.87-1.64)
0.52 (0.39-0.69)
1.22 (0.98-1.51)
1.00 (0.91-1.10)
1.00 (0.88-1.13)
1.09 (0.86-1.38)
0.90 (0.74-1.10)
1.03 (0.90-1.17)
1.13 (0.92-1.39)
1.13 (0.96-1.34)
0.69 (0.54-0.88)
0.96 (0.79-1.17)
1.04 (0.86-1.26)
1.19 (0.99-1.43)
1.28 (1.10-1.49)
1.45 (1.11-1.90)
1.17 (0.98-1.41)
1.07 (0.93-1.29)
0.96 (0.82-1.13)

1.09 (1.00-1.18)
1.80 (1.41-2.30)
0.94 (0.78-1.13)
1.10(0.98-1.24)
1.06 (0.94-1.19)
1.06 (0.91-1.23)
9.15 (1.53-3.01)
0.96 (0.72-1.28)
1.22 (0.96-1.55)
1.05 (0.90-1.21)
1.06 (0.93-1.20)
1.01 (0.79-1.30)
0.74 (0.60-0.93)
1.08 (0.94-1.26)
1.13 (0.91-1.41)
1.03 (0.85-1.25)
5.14 (3.79-6.97)
0.66 (0.52-0.83)
0.98 (0.77-1.25)
1.14 (0.90-1.44)
1.21 (1.04-1.40)
2.29 (1.72-3.06)
1.41(1.12-1.78)
1.26 (1.05-1.52)
1.06 (0.85-1.32)

0.96 (0.89-1.04)
0.75 (0.59-0.94)
1.06 (0.88-1.26)
0.97 (0.85-1.11)
1.00 (0.90-1.10)
0.94 (0.82-1.07)
0.51 (0.37-0.70)
0.16 (0.12-0.292)
1.18 (0.91-1.52)
0.98 (0.87-1.10)
0.99 (0.83-1.18)
1.17 (0.90-1.52)
1.17 (0.92-1.47)
0.92 (0.75-1.13)
1.11 (0.86-1.44)
1.12 (0.95-1.31)
0.36 (0.28-0.46)
1.22 (0.98-1.52)
1.04 (0.84-1.30)
1.21 (0.98-1.48)
0.93 (0.82-1.05)
1.07 (0.80-1.44)
1.02 (0.83-1.27)
0.94 (0.80-1.11)
0.91 (0.76-1.09)

Adjusted for relative humidity, PM, s, NO,, seasonal, and day of week. All relative risks were calculated using a consistent minimum risk ambient temperature across
all four mental disorders, as well as across different age and sex groups. Lag period was 0-5 days for ambient temperature, relative humidity, PM, 5, and NO,.
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Temperature and Differential Risk of Mental Disorder

A Cumulative relative risk of ED visits for extreme heat

Cumulative relative risk about types of mental disorders related emergency department visit
for high temperature (> 97.5)
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Fig. 3. Relative risk about four mental disorders-related emergency department visits for (A) extremely high (97.5%) and (B) low (2.5%) ambient temperatures,
compared to the minimum risk ambient temperature.
ED = emergency department.
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While the impact of extremely low ambient temperatures was less pronounced, young and
middle-aged men still a high-risk group for anxiety disorder. These findings underscore
the importance of considering the varying impact of climate change on mental health and
developing more tailored strategies to effectively mitigate these risks.

The positive association between high ambient temperatures and ED visits for all four
mental disorders generally aligns with previous research. For instance, a Canadian study
linked exposure to extreme heat to increased risks of SUDs, dementia, neurotic disorders,
and schizophrenia.?’” Another studies found higher risks for SUD, MD, schizophrenia, and
dementia.34,36 However, while these studies generally concur, they diverge in terms of the
association with extremely low ambient temperatures and age or sex-specific vulnerabilities.
This discrepancy may be attributed to differences in ambient temperature distribution,
emergency healthcare systems, and study population characteristics. The average daily ambient
temperature in our study (13.2°C) was higher than that of Canadian (6.0°C), US (9.3°C), and
China (12.1°C) studies. Additionally, while there was a finding that extremely low ambient
temperatures increased the risk of ED visits due to a 14-lag day,34 there was also a finding
that the number of psychiatric patients visiting the ED decreased in extremely low ambient
temperatures.3” Our study replicates the positive association between extremely low ambient
temperatures and ED visits for anxiety disorder. A study of Toronto residents observed an
increase in ED visits due to anxiety disorder at extremely low ambient temperatures.38

The positive associations between extremely high ambient temperatures and mental
disorder-related ED visits may reflect thermoregulatory vulnerability caused by psychotropic
medications. Medications such as antipsychotics, anticholinergics, antidepressants,
tranquilizers, and mood stabilizers used to treat conditions such as anxiety disorders are drugs
that cause patients to sweat or increase heat production.39 People who regularly take opioids
have found that their efficacy decreases in warmer weather, and they are more likely to take
higher doses on hot days, which may lead to more ED visits due to SUD.40 High temperatures
affect the levels and balance of serotonin and dopamine, neurotransmitters in the brain that
play a role in mood, cognitive function, and performing complex tasks, and heat exposure can
cause significant neuroinflammatory responses and neuronal cell death in the hippocampus of
the brain. This may explain the increased ED visits for acute events related to mood disorders
and dementia.#! These disease characteristics may explain why they have been shown to
increase the risk of ED visits during extreme heat. However, findings on vulnerability across
sex, age, and mental disorder types were inconsistent. Regarding the short-term impact of
ambient temperature on mental disorder hospitalizations, a study in Lisbon, Portugal, found
that women were more vulnerable than men.42 In Shanghai, China, the association between
high ambient temperature and mental disorder hospitalizations was observed only in women
and for those aged > 44 years.3 An Australian study observed more pronounced effect of high
ambient temperature among men aged > 75 years, especially with schizophrenia, schizotypal,
and delusional disorders.3 This inconsistency reflects variations in the epidemiology of
mental disorders and gender-specific factors influencing the exacerbation of these disorders
across different countries. SUD-related ED visits were more frequent for men than for women
at any age group, while MD-related ED visits were more common among women.44 In general,
however, women are more likely to visit ED due to mental problems than men.4> Sex
differences in mental disorders have been generally observed with varying prevalence by sex,
particularly when categorized into internalizing and externalizing disorders.4¢ The incidence
of mental disorders generally decreases in older age groups, contributing to the difference in
the pattern of association between ambient temperature and mental disorders.4”

https://doi.org/10.3346/jkms.2026.41.e25 12/18



Temperature and Differential Risk of Mental Disorder

JKMS

https://jkms.org

The mechanism underlying sex-specific vulnerability to extreme heat remains unclear. Biological
differences between men and women, including hormonal status, may explain sex-based
differences in ambient temperature regulation and heat stress response. For example, the
women reproductive hormone estrogen alters thermoregulation, promoting heat dissipation and
tending to lower body temperature, providing a protective effect against heat stress.48:49 On the
other hand, heat stress increases testicular temperature and interferes with testosterone
synthesis, which can negatively affect male fertility.50 Social gender roles can further exacerbate
these vulnerabilities. Many men may be at higher risk of death from heatstroke because they
tend to have outdoor jobs or engage in more physical activities that expose them to extreme
ambient temperatures.> Women often spend time in indoor spaces without adequate air

flow, which exposes them to more heat than men, making them more vulnerable to heat
stress.52 Understanding these mechanisms will aid in developing more effective preventive
strategies to address extreme ambient temperatures for both men and women.

This study has several limitations. First, due to the case-based nature of the data, individual-
level analysis was not possible because the same person was recognized as a different person
even if they visit on different days. However, by analyzing the municipality-level incidence that
include individual-level information such as sex and age, the potential bias attributed to ED visit
by the same individual would have been minimized.53 Second, we could not take into account of
the severity of mental disorders. Nonetheless, our study focusing on ED visits provides a robust
measure of acute exacerbations requiring immediate treatment. Third, detailed information

on specific subtypes of mental disorders was lacking. However, our classification still provides
valuable insight into the differential impact of ambient temperature on major mental disorders.
Lastly, to determine the effects of extremely low temperatures, long-term exposure to extremely
low temperatures would be desirable, but since we only examined short-term effects, there

is a possibility that the effects of extremely low temperatures may be inaccurate.>4 However,
looking at short-term effects of extremely low temperatures can also provide important insights
and serve as a basis for future related research.

Both extremely high and low ambient temperatures were associated with increased risk of
mental disorder-related ED visits. Specifically, extremely high ambient temperatures were
associated with higher risk of anxiety disorder in young and middle-aged men. Developing
tailored climate change adaptation strategies that account for the differential vulnerabilities
of different population groups, particularly those with specific mental health conditions
would be necessary.
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Supplementary Table 1
Eleven subgroups of mental, behavioral and neurodevelopmental disorders (ICD-10 codes of
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Supplementary Table 2

Characteristics of the study population with emergency department visits due to three
common mental disorders from Jan 1, 2015, to Dec 31, 2021 in South Korea, the National
Emergency Department Information System

Supplementary Table 3
Daily concentration of ambient temperature, relative humidity, and air pollutants of
emergency department visit cases for types of mental disorder from 2015 to 2021

Supplementary Table 4
Overall mean district-level incidence rate of mental disorder-related emergency department
visits per 100,000 person-days, stratified type of mental disorders, sex, and age

Supplementary Table 5
Sensitivity analysis for lag-cumulative relative risk of emergency department visits due to
different mental disorders under extreme heat and cold, with lag lengths of 0-7 days

Supplementary Table 6
Sensitivity analysis for lag-cumulative relative risk of emergency department visits for anxiety
disorder under extreme heat and cold, when adjusting for single air pollutant (PM, s, or NO,)

Supplementary Table 7

Sensitivity analysis for lag-cumulative relative risk of emergency department visit due to
different mental disorders under extreme heat and cold, when applying 8 degree of freedom
for year

Supplementary Table 8

Sensitivity analysis for lag-cumulative relative risk of emergency department visits due
to different mental disorders under extreme heat and cold, when applying a constrained
distributed lag linear model for air pollutants.

Supplementary Fig. 1
Directed acyclic graph for the causal relationship between variables.

Supplementary Fig. 2

Results of the analysis on the association between ambient temperature and emergency
department visits presented as relative ratios: all three mental disorders (far left), organic
mental disorders (second from left), substance use disorder (third from left), mood disorder
(fourth from left), and anxiety disorder for total population. The top row of panels displays
the net risk relative to -19.5°C cumulated in the lag period 0-5 days as overall cumulative
exposure—response associations. The red point indicates extreme heat (97.5%) and the

blue point presents extreme cold (2.5%). The bottom row of panels shows instead the full
exposure-lag-response associations, represented as the bi-dimensional risk surface.

Supplementary Fig. 3

Results of the analysis on the association between ambient temperature and emergency
department visits presented as relative ratios: all three mental disorders (far left), organic
mental disorders (second from left), substance use disorder (third from left), mood disorder
(fourth from left), and anxiety disorder (far right) for men aged 0-19. The top row of panels
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displays the net risk cumulated in the lag period 0-5 days as overall cumulative exposure—
response associations. The red point indicates extreme heat (97.5") and the blue point
denotes extreme cold (2.5%). The bottom row of panels shows instead the full exposure-lag-
response associations, represented as the bi-dimensional risk surface.

Supplementary Fig. 4

Results of the analysis on the association between ambient temperature and emergency
department visits presented as relative ratios: all three mental disorders (far left), organic
mental disorders (second from left), substance use disorder (third from left), mood disorder
(fourth from left), and anxiety disorder for women aged 0-19. The top row of panels displays
the net risk cumulated in the lag period 0-5 days as overall cumulative exposure-response
associations. The red point indicates extreme heat (97.5%) and the blue point denotes
extreme cold (2.5"). The bottom row of panels shows instead the full exposure-lag-response
associations, represented as the bi-dimensional risk surface.

Supplementary Fig. 5

Results of the analysis on the association between ambient temperature and emergency
department visits presented as relative ratios: all three mental disorders (far left), organic
mental disorders (second from left), substance use disorder (third from left), mood disorder
(fourth from left), and anxiety disorder for men aged 20-39. The top row of panels displays
the net risk cumulated in the lag period 0-5 days as overall cumulative exposure—response
associations. The red point indicates extreme heat (97.5%) and the blue point denotes
extreme cold (2.5"). The bottom row of panels shows instead the full exposure-lag-response
associations, represented as the bi-dimensional risk surface.

Supplementary Fig. 6

Results of the analysis on the association between ambient temperature and emergency
department visits presented as relative ratios: all three mental disorders (far left), organic
mental disorders (second from left), substance use disorder (third from left), mood disorder
(fourth from left), and anxiety disorder for men aged 40-64. The top row of panels displays
the net risk cumulated in the lag period 0-5 days as overall cumulative exposure—response
associations. The red point indicates extreme heat (97.5") and the blue point denotes
extreme cold (2.5"). The bottom row of panels shows instead the full exposure-lag-response
associations, represented as the bi-dimensional risk surface.

Supplementary Fig. 7

Results of the analysis on the association between ambient temperature and emergency
department visits presented as relative ratios: all three mental disorders (far left), organic
mental disorders (second from left), substance use disorder (third from left), mood disorder
(fourth from left), and anxiety disorder for women aged 20-39. The top row of panels
displays the net risk cumulated in the lag period 0-5 days as overall cumulative exposure—
response associations. The red point indicates extreme heat (97.5") and the blue point
denotes extreme cold (2.5%). The bottom row of panels shows instead the full exposure-lag-
response associations, represented as the bi-dimensional risk surface.

Supplementary Fig. 8

Results of the analysis on the association between ambient temperature and emergency
department visits presented as relative ratios: all three mental disorders (far left), organic
mental disorders (second from left), substance use disorder (third from left), mood disorder
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(fourth from left), and anxiety disorder for women aged 40—64. The top row of panels
displays the net risk cumulated in the lag period 0-5 days as overall cumulative exposure—
response associations. The red point indicates extreme heat (97.5") and the blue point
denotes extreme cold (2.5%). The bottom row of panels shows instead the full exposure-lag-
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response associations, represented as the bi-dimensional risk surface.

Supplementary Fig. 9

Results of the analysis on the association between ambient temperature and emergency
department visits presented as relative ratios: all three mental disorders (far left), organic
mental disorders (second from left), substance use disorder (third from left), mood disorder
(fourth from left), and anxiety disorder for men aged > 65. The top row of panels displays
the net risk cumulated in the lag period 0-5 days as overall cumulative exposure-response
associations. The red point indicates extreme heat (97.5%) and the blue point denotes
extreme cold (2.5"). The bottom row of panels shows instead the full exposure-lag-response
associations, represented as the bi-dimensional risk surface.

Supplementary Fig. 10

Results of the analysis on the association between ambient temperature and emergency
department visits presented as relative ratios: all three mental disorders (far left), organic
mental disorders (second from left), substance use disorder (third from left), mood disorder
(fourth from left), and anxiety disorder for women aged > 65. The top row of panels displays
the net risk cumulated in the lag period 0-5 days as overall cumulative exposure-response
associations. The red point indicates extreme heat (97.5%) and the blue point denotes
extreme cold (2.5"). The bottom row of panels shows instead the full exposure-lag-response
associations, represented as the bi-dimensional risk surface.
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