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BACKGROUND: The impact of temperature on morbidity remains largely unknown. Moreover, extensive evidence indicates contrasting patterns between
temperature–mortality and temperature–morbidity associations. A nationwide comparison of the impact of temperature on mortality and morbidity in
more specific subgroups is necessary to strengthen understanding and help explore underlying mechanisms by identifying susceptible populations.

OBJECTIVE:We performed this study to quantify and compare the impact of temperature on mortality and morbidity in 47 prefectures in Japan.
METHODS:We applied a two-stage time-series design with distributed lag nonlinear models and mixed-effect multivariate meta-analysis to assess the
association of temperature with mortality and morbidity by causes (all-cause, circulatory, and respiratory) at prefecture and country levels between
2015 and 2019. Subgroup analysis was conducted by sex, age, and regions.

RESULTS: The patterns and magnitudes of temperature impacts on morbidity and mortality differed. For all-cause outcomes, cold exhibited larger
effects on mortality, and heat showed larger effects on morbidity. At specific temperature percentiles, cold (first percentile) was associated with a
higher relative risk (RR) of mortality [1.45; 95% confidence interval (CI): 1.39, 1.52] than morbidity (1.33; 95% CI: 1.26, 1.40), as compared to the
minimum mortality/morbidity temperature. Heat (99th percentile) was associated with a higher risk of morbidity (1.30; 95% CI: 1.28, 1.33) than mor-
tality (1.04; 95% CI: 1.02, 1.06). For cause-specific diseases, mortality due to circulatory diseases was more susceptible to heat and cold than morbid-
ity. However, for respiratory diseases, both cold and heat showed higher risks for morbidity than mortality. Subgroup analyses suggested varied
associations depending on specific outcomes.

DISCUSSION:Distinct patterns were observed for the association of temperature with mortality and morbidity, underlying different mechanisms of tem-
perature on different end points, and the differences in population susceptibility are possible explanations. Future mitigation policies and preventive
measures against nonoptimal temperatures should be specific to disease outcomes and targeted at susceptible populations. https://doi.org/10.1289/
EHP12854

Introduction
Nonoptimal temperature exposure (both heat and cold) is among
the ten leading causes of death worldwide.1 Substantial epidemi-
ological evidence has suggested nonoptimal temperatures affect
human health and may be associated with increased risks of mor-
tality and morbidity.2,3

To date, the relationship between temperature and mortality has
been investigated by a large number of studies,4,5 across multiple
locations,6,7 and over time.8,9 However, the understanding of the
effect of temperature on morbidity (hospitalization, outpatient, or
emergency department visit) is limited, and most of the extant stud-
ies on morbidity were limited to restricted locations and usually
focused on heat.2,3,10Moreover, existing studies on the topic reported
different exposure–response associations for temperature-related
mortality and morbidity.11–14 For example, a Spanish study compar-
ing the effects of temperature on cardiovascular and respiratory

disease mortality and hospitalization found that increased risks of
both mortality and morbidity were associated with cold, but not to
the same extent, whereas heat only affected mortality.14 Therefore,
the evidence on temperature–mortality association cannot be directly
applied to the temperature-morbidity association. A detailed compar-
ative study in the same population by subgroups is needed to better
understand temperature effect on human health. It could provide im-
portant evidence to the riskmanagement of climate change andmore
insight into identifying susceptible population.

Here, we conducted a nationwide comparative study to esti-
mate and compare the association of ambient temperature with
mortality and morbidity in 47 prefectures in Japan. We performed
subgroup analyses stratified by specific causes, sex, age, and
regions. To our knowledge, this study is the first to address this
question and undertake a comprehensive assessment of specific
subgroups in the Japanese population.

Methods

Data Collection
Daily mortality data was extracted fromMinistry of Health, Labor
and Welfare of Japan. All-cause, circulatory, and respiratory mor-
tality data were disaggregated by sex and age groups for 47 prefec-
tures for the study period of 2015–2019. Circulatory causes for
mortality were coded by the International Classification of
Diseases, tenth revision (ICD-10) codes I00–I99. Respiratory
causes of deathwere coded by J00–J99 (ICD-10).

Daily time series data on all-cause and cause-specific (circula-
tory and respiratory) emergency ambulance dispatch (EAD) data
for 47 prefectures between 2015 and 2019 (except for Tokyo
mainland, which was available during 2016–2019) were collected
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from the Fire and Disaster Management Agency of the Ministry
of Internal Affairs and Communication. Circulatory and respira-
tory system EADs were coded in the accordance with the ICD-10
codes I00–I99 and J00–J99, respectively. The severity of illness
for each EAD case was classified into six levels (death, life-
threatening, severe, moderate, mild, or other) and was determined
by the physician who initially evaluated the patient upon their ar-
rival to the hospital. The details of the emergency medical serv-
ices and registration system have been explained elsewhere.15

Mortality and EAD data were aggregated by cause, sex, and
age groups (<65 and ≥65 years of age) in each prefecture. Daily
mean temperature and relative humidity for each prefecture were
obtained from the Japan Meteorological Agency for the same
study period. Ethical approval was not required since all data col-
lected in this study was secondary data without any personal in-
formation and not transferable.

Statistical Analysis
The statistical analysis consists of two stages.Wefirst applied stand-
ard time-series quasi-Poisson regressionmodels that allow for over-
dispersion in each of the 47 prefectures to derive prefecture-specific
estimates of temperature–morbidity and temperature–mortality
associations for specific causes (all-cause, circulatory, and respira-
tory causes). Specifically, the association with temperature was
specified with a standard distributed lag nonlinear model (DLNM).
This class of models can describe complex nonlinear and lagged
dependencies through a cross-basis function, obtained by the combi-
nation of two functions that define the conventional exposure–
response relationship and the additional lag–response relationship,
respectively.16 The exposure–response curve was modeled using a
quadratic B-spline, with three internal knots located at the 10th,
75th, and 90th percentile of the temperature distribution, and the
lag–response curve was modeled using a natural cubic B-spline
with three internal knots equally placed in the log scale. The lag pe-
riod was extended up to 21 d to capture the long-delayed effects of
cold. The model included a natural cubic spline of 8 degrees of free-
dom (df) per year to control for seasonality and long-time trend, an
indicator variable to adjust for the day-of-week effect, and a binary
variable for the holiday effect.6,9,14

In the second stage, a mixed-effects multivariate meta-analysis
was fitted to pool the overall cumulative association at the country
level and obtain the best linear unbiased prediction (BLUP) for
each prefecture.17,18 This meta-analysis model included random-
effect indicators for the prefecture to account for variations in risks
across prefectures, and fixed-effects predictors of prefecture-
specific average temperature and temperature range to reduce pos-
sible differences in temperature distribution that account partially
for the between-prefecture heterogeneity. We then extracted mini-
mum mortality or morbidity temperature (MMTs) and respective
percentiles (MMTPs) from the pooled exposure–response associa-
tion and prefecture-specific BLUP. The search of the MMTP was
restricted to the 1st to the 99th percentile. The empirical confidence
intervals (eCIs) forMMT andMMTPwere calculated usingMonte
Carlo simulations (n=5,000).19 Then, the risks of mortality and
morbidity associated with cold and heat are estimated, respec-
tively, defined as the risk increment at the 1st and 99th percentiles
of the temperature distribution relative to MMTP. The lag patterns
for cold and heat are also examined at country level.

The morbidity and mortality burdens attributable to nonopti-
mal temperatures for each outcome were calculated and reported
as attributable fraction (AF).16 The overall relative risk (RR) cor-
responding to each day of the series was used to calculate the
AFs for that day and the following 21 d. The total mortality and
morbidity AFs due to nonoptimal temperatures were given by the
sum of contributions for all days of the series with temperatures

higher or lower than the MMT. The components attributable to
cold and heat were computed in turn by separating the associa-
tions corresponding to days with temperatures below or above
the MMT, respectively. The total attributable number (AN) of
mortality and morbidity caused by nonoptimal temperature as
well as separate components of cold and heat were calculated.
The 95% eCIs of attributable risks were calculated using Monte
Carlo simulations (n=1,000).

Subgroup Analyses
We performed subgroup analyses stratified by sex (male and
female) and age groups (<65 y old and ≥65 y old) for each cause-
specific outcome using the same two-stage modeling approach as
described above. In addition, we investigated the differences
between regions by repeating the two-stage analysis separately for
the prefectures within northern and southern regions, as previous
local evidence showed temperature–mortality associations shared
similarities within each region but differed between the regions.9

The northern and southern regions are separated at the prefecture-
level by Shiga prefecture from its northern boundary point located
at 136.0 E longitude and 35.1N latitude (see Figure S1). The differ-
ences in the RRs related to cold and heat for each outcome across
sex, age, and region subgroupswere tested and quantified as the ra-
tio of RR (RRR).20

Sensitivity Analyses
Multiple sensitivity analyses were performed to determine the
robustness of our results.We first conducted analyses for modeling
exposure–response relationship in the first stage by changing the
number and locations of knots, using quadratic B-splines with two
knots at the 33rd and 66th percentiles or with three knots at the
25th, 50th, and 75th percentiles. The knots set was compared and
decided by incorporating relationship curves, effect estimates,
and the quasi-Akaike information criteria (Q-AIC). Further, we
repeated the two-stage analysis with adjustment for average dew-
point, an absolute measure of humidity as most relevant for
health, calculated using relative humidity and temperature.21 The
3-d moving average dewpoint was included in the first stage
model with a natural cubic spline with 3 df.22 To further demon-
strate the robustness of the comparison against different MMTs
for mortality and morbidity, a common reference temperature
was defined as the 10th and 90th percentiles of the temperature
distribution for the cold and heat effects, respectively. Cold/
heat-related mortality and morbidity risks were calculated as risk
increments at the 1st/99th percentile of the temperature distribu-
tion relative to common cold/heat reference temperatures. We
used R software (version 4.2.1; R Development Core Team) with
the packages dlnm andmixmeta to perform the two-stage analysis
andNipponMap package for generating maps.

Results
The dataset includes 6,676,551 deaths and 28,254,980 EADs for
all causes between 2015 and 2019 in the 47 prefectures in Japan
(Table 1). Among all-cause mortality, circulatory death took
25.9%, and respiratory cause accounts for 14.8%. Among all-
cause EAD, the proportions of circulatory and respiratory cause
were 8.4% and 5.0%, respectively. The proportions of older adults
aged 65 years and older were over 90% for deaths and more than
half for EADs across different causes. About 1.3%, 4.1%, and
0.7% of all-cause, circulatory, and respiratory EAD cases were
classified as deaths (Table S1). Figure 1 shows the spatial map
and estimates of mean temperature in 47 prefectures. Table S2
shows the distributions of prefecture-level average weather varia-
bles, ranging from 9.6°C to 23.8°C for daily mean temperature
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and 61.5% to 76.7% for daily relative humidity. Table S3 shows
the summary statistics of deaths, EAD, and weather variables at
the prefectural level.

Figure 2 and Figure S2 show the pooled temperature–mortality
and temperature–morbidity associations and attributable risks
among overall population and subgroups at the country level,
respectively. In general, the exposure–response curves for mortal-
ity and morbidity due to all studied causes exhibit higher risks
associated with both heat and cold temperatures (Figure 2). The
MMTPs are similar between mortality and morbidity within each
cause group. The heat and cold impacts, however, are distinct
between mortality and morbidity, and the pattern is different for
different causes. A total of 793,272 deaths and 2,323,649 EADs
due to all-causes are attributable to nonoptimal temperatures
nationwide (Table 2). Exposure to cold is associated with a higher

risk for both mortality and EAD but not with the same magni-
tude. For example, the effect estimates for cold at −1:4�C (the
first percentile of the temperature distribution at the country
level) compared with MMT(P)s were larger for all-cause mor-
tality (RR=1:45; 95% CI: 1.39, 1.52) than for all-cause EAD
(RR=1:33; 95% CI: 1.26, 1.40). Exposure to heat at 30.6°C
(the 99th percentile) is linked with a higher risk of all-cause
EAD (RR=1:30; 95% CI: 1.28, 1.33) but a relatively lower risk
for all-cause mortality (RR=1:04; 95% CI: 1.02, 1.06), with a
decreasing trend in mortality risk observed as heat temperature
increases toward the end of the distribution. Contrasting pat-
terns of attributable mortality and morbidity due to heat and
cold remain consistent, with a higher total fraction observed for
all-cause mortality (AF%=11:88; 95% eCI: 10.75, 12.82) than
EAD (AF%=8:22; 95% eCI: 7.28, 8.97) (Table 2; Figure S2).

Table 1. Summary statistics for mortality and emergency ambulance dispatch for the 47 prefectures between 2015 and 2019 in Japan.

Cause All counts Male (%) Female (%) <65 y (%) ≥65 y (%)
Daily

mean±SD

All-cause
Mortality 6,676,551 3,434,144 (51.4) 3,242,407 (48.6) 664,894 (10.0) 6,011,528 (90.0) 77.8 (66.2)
EADa 28,254,980 14,352,066 (50.8) 13,652,039 (48.3) 11,604,636 (41.4) 16,472,970 (58.3) 330.6 (374.2)
Circulatory
Mortality 1,731,910 822,052 (47.5) 909,858 (52.5) 140,498 (8.1) 1,591,383 (91.9) 20.2 (17.2)
EADb 2,367,433 1,255,037 (53.0) 1,108,472 (46.8) 543,573 (23.0) 1,823,860 (77.0) 27.7 (28.2)
Respiratory
Mortality 990,745 575,776 (58.1) 414,969 (41.9) 26,637 (2.7) 964,106 (97.3) 11.5 (10.4)
EADc 1,425,928 761,067 (53.4) 662,857 (46.5) 371,451 (26.0) 1,054,477 (74.0) 16.7 (20.2)

Note: EAD data for Tokyo prefecture (main island) is available from 2016 to 2019. EAD, emergency ambulance dispatch; SD, standard deviation.
aThe missing proportion of sex and age groups for all-cause EAD is 0.9% and 0.3%, respectively.
bThe missing proportion of sex groups for circulatory EAD is 0.2%.
cThe missing proportion of sex groups for respiratory EAD is 0.1%.

Figure 1. Spatial map of mean temperature in 47 prefectures between 2015 and 2019 in Japan. See Table S3 for the corresponding numeric data.
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Figure 2. Cold and heat effects on all-cause and cause-specific mortality and EAD for the general population and different sex and age subgroups between
2015 and 2019 in Japan. The vertical lines represent the percentile of minimum mortality/morbidity temperature (dotted) and the 1st and 99th percentiles of the
temperature distribution (dashed). See Table 2 for the corresponding numeric data for overall population and Table S7 for subgroup estimates. Note: EAD,
emergency ambulance dispatches; RR, relative risk.
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Figure S3 shows the lag-cumulative RR curves for cold and
heat, suggesting that the higher RR of cumulative effect is
mainly due to the long lag period in the association. For all-
cause outcomes, cold-related mortality and EAD peaked at the
same day (lag-2 d), with mortality exhibiting longer delayed
effect, whereas pooled lag-effect of heat on morbidity was
larger than mortality during the lag period. Contrasting patterns
of temperature impacts on mortality and morbidity varied by
cause (Table 2; Figure 2). In general, cold is associated with a
higher risk of circulatory mortality than EAD due to circulatory
causes, whereas both cold and heat are associated with a higher
risk of respiratory EAD than mortality from respiratory causes.
Such differences in risk are consistent with the different length
of the lag effects observed for cause-specific lag–response rela-
tionships (Figure S3).

The nationwide contrasting patterns between mortality and
morbidity by cause remain consistent at the prefecture level
(Figure S4–S6). Figure 3 shows the spatial distribution of
prefecture-specific cold- and heat-related risks for overall popula-
tion (point estimates of RRs). Overall, the RRs for cold tended to
be higher in the southern prefectures, especially for all-cause and
circulatory mortality and respiratory EAD. Whereas, those for heat
were higher in the northern prefectures, particularly for all-cause
EAD, circulatory mortality, and respiratory EAD. The prefecture-
specific MMTs, MMTPs, risks, and attributable fractions are listed
in Tables S4–S6.

The observed contrasting pattern between mortality and mor-
bidity among the overall population remains consistent for all sub-
groups (Figure 1; Figure S7). Figure 4 shows the cold- and
heat-related RRs for specific causes stratified by sex, age, and
region subgroups. We observed that the estimates of temperature–
morbidity association exhibited some differences among sub-
groups with nonoverlapped CIs but not for mortality. Specifically,
the RRs of all-cause and circulatory cause of EAD for cold were
higher in people 65 years of age and older than in those younger
than 65 years of age, whereas the opposite pattern showed in all-
cause EAD for heat, with a higher RR in people below 65 years of
age. We also found a higher RR of respiratory EAD for cold in
males than among females. For cold, the RRs for all-cause EAD
were higher in the south than in the north. For heat, the RRs for all-
cause and respiratory EAD were higher in the north than in the
south. The detailed estimates along with the significance test of
difference across subgroups within cause-specific outcome is
reported in Table S7.

Sensitivity analyses suggest that the estimates were generally
robust given the altered modellings of the number and location of
knots for the temperature–response curve and adjustment for
dewpoint (Table S8). The results with and without the adjustment
for dewpoint were nearly identical, and we reported the ones
without the adjustment. Furthermore, consistent contrasting pat-
terns of temperature-related mortality and morbidity risks were
observed when fitting a common reference temperature (Table
S9; Figure S8).

Discussion
In this study, we conducted a comprehensive nationwide study to
assess and compare the impacts of temperature on mortality and
morbidity. The results suggest increased risks of both mortality
and morbidity associated with cold but not to the same extent,
whereas heat showed a less evident association with mortality
and a large effect on morbidity. In addition, these findings varied
across subgroups by causes, sex, age, and regions, suggesting
that nonoptimal temperature may affect mortality and morbidity
in different ways, as indicated by differed vulnerable subgroups.T

ab
le

2.
C
ol
d
an
d
he
at
ef
fe
ct
s
an
d
at
tr
ib
ut
ab
le

ri
sk
s
on

al
l-
ca
us
e
an
d
ca
us
e-
sp
ec
if
ic
m
or
ta
lit
y
an
d
em

er
ge
nc
y
am

bu
la
nc
e
di
sp
at
ch

fo
r
ov
er
al
lp

op
ul
at
io
n
fo
r
th
e
47

pr
ef
ec
tu
re
s
be
tw
ee
n
20
15

an
d
20
19

in
Ja
pa
n.

O
ut
co
m
e

M
M
T
P

[%
(9
5%

C
I)
]

M
M
T

[°
C
(9
5%

C
I)
]

T
ot
al
A
N

[n
(9
5%

C
I)
]

T
ot
al
A
F

[%
(9
5%

C
I)
]

C
ol
d

H
ea
t

R
R
(9
5%

C
I)

A
N
(9
5%

C
I)

A
F
(9
5%

C
I)

R
R
(9
5%

C
I)

A
N
(9
5%

C
I)

A
F
(9
5%

C
I)

A
ll-
ca
us
e

M
or
ta
lit
y

82
(8
1,

83
)

24
.8

(2
4.
5,

25
.1
)

79
3,
27
2
(7
18
,3
19
;8

50
,8
93
)

11
.8
8
(1
0.
75
,1

2.
82
)

1.
45

(1
.3
9,

1.
52
)

75
9,
80
4
(6
93
,6
23
;8

20
,6
41
)

11
.3
8
(1
0.
25
,1

2.
25
)

1.
04

(1
.0
2,

1.
06
)

33
,4
67

(2
8,
95
2;

37
,5
13
)

0.
50

(0
.4
4,

0.
56
)

E
A
D

78
(7
7,

79
)

23
.7

(2
3.
5,

24
.0
)

2,
32
3,
64
9
(2
,0
69
,1
36
;2

,5
22
,0
09
)

8.
22

(7
.2
8,

8.
97
)

1.
33

(1
.2
6,

1.
40
)

1,
61
1,
64
4
(1
,3
70
,9
90
;1

,8
06
,5
76
)

5.
70

(4
.8
4,

6.
47
)

1.
30

(1
.2
8,

1.
33
)

71
2,
00
4
(6
26
,6
00
;7

93
,2
33
)

2.
52

(2
.1
9,

2.
82
)

C
ir
cu
la
to
ry

M
or
ta
lit
y

83
(8
2,

85
)

25
.1

(2
4.
8,

25
.7
)

32
7,
07
4
(2
98
,4
04
;3

49
,2
52
)

18
.8
9
(1
7.
33
,2

0.
10
)

1.
80

(1
.6
6,

1.
94
)

31
5,
96
9
(2
90
,1
03
;3

36
,3
42
)

18
.2
4
(1
6.
74
,1

9.
52
)

1.
10

(1
.0
5,

1.
14
)

11
,1
05

(9
,7
96
;1

2,
14
3)

0.
64

(0
.5
7,

0.
70
)

E
A
D

85
(8
2,

90
)

25
.7

(2
4.
8,

27
.4
)

30
5,
15
0
(2
59
,6
25
;3

37
,7
39
)

12
.8
9
(1
1.
09
,1

4.
37
)

1.
38

(1
.2
8,

1.
49
)

29
5,
13
4
(2
54
,6
23
;3

28
,3
92
)

12
.4
7
(1
0.
56
,1

3.
93
)

1.
07

(1
.0
3,

1.
11
)

10
,0
16

(8
,1
94
;1

1,
62
6)

0.
42

(0
.3
4,

0.
49
)

R
es
pi
ra
to
ry

M
or
ta
lit
y

83
(8
1,

99
)

25
.1

(2
4.
5,

30
.6
)

13
3,
33
0
(1
15
,3
13
;1

47
,1
72
)

13
.4
6
(1
1.
60
,1

4.
98
)

1.
36

(1
.2
4,

1.
50
)

13
0,
64
3
(1
11
,7
84
;1

43
,0
44
)

13
.1
9
(1
1.
34
,1

4.
63
)

1.
01

(0
.9
7,

1.
06
)

2,
68
7
(1
,9
87
;3

,3
29
)

0.
27

(0
.2
0,

0.
33
)

E
A
D

85
(8
3,

87
)

25
.7

(2
5.
1,

26
.3
)

28
6,
95
2
(2
64
,1
37
;3

02
,8
20
)

20
.1
2
(1
8.
44
,2

1.
28
)

1.
69

(1
.5
0,

1.
90
)

27
3,
35
4
(2
51
,7
83
;2

89
,4
77
)

19
.1
7
(1
7.
53
,2

0.
28
)

1.
19

(1
.1
3,

1.
25
)

13
,5
98

(1
1,
76
9;

15
,1
57
)

0.
95

(0
.8
2,

1.
06
)

N
ot
e:
T
he

to
ta
ln

um
be
rf
or

m
or
ta
lit
y
is
6,
67
6,
55
1
(a
ll-
ca
us
e)
,1

,7
31
,9
10

(c
ir
cu
la
to
ry
),
an
d
99
0,
74
5
(r
es
pi
ra
to
ry
),
an
d
th
e
to
ta
ln

um
be
rf
or

E
A
D
is
28

,2
54
,9
80

(a
ll-
ca
us
e)
,2

,3
67
,4
33

(c
ir
cu
la
to
ry
),
an
d
1,
42
5,
92
8
(r
es
pi
ra
to
ry
).
A
ttr
ib
ut
ab
le
m
or
ta
lit
y

an
d
m
or
bi
di
ty

co
m
pu
te
d
as

to
ta
la
nd

as
se
pa
ra
te
co
m
po
ne
nt
s
fo
r
co
ld

an
d
he
at
.R

R
is
de
fi
ne
d
as

th
e
ri
sk

in
cr
em

en
ta
tc
ol
d
an
d
he
at
(t
he

1s
ta
nd

99
th

pe
rc
en
til
es

of
th
e
te
m
pe
ra
tu
re

di
st
ri
bu
tio

n,
co
rr
es
po
nd
in
g
to

−
1:
4�
C
an
d
30
.6
°C

at
th
e
co
un
tr
y

le
ve
lr
es
pe
ct
iv
el
y)

re
la
tiv

e
to

M
M
T
P.

A
F,

at
tr
ib
ut
ab
le
fr
ac
tio

n;
A
N
,a
ttr
ib
ut
ab
le
nu
m
be
r;
C
I,
co
nf
id
en
ce

in
te
rv
al
;E

A
D
,e
m
er
ge
nc
y
am

bu
la
nc
e
di
sp
at
ch
;M

M
T
(P
),
m
in
im

um
m
or
ta
lit
y/
m
or
bi
di
ty

te
m
pe
ra
tu
re

(p
er
ce
nt
ile
);
R
R
,r
el
at
iv
e
ri
sk
.

Environmental Health Perspectives 127008-5 131(12) December 2023



Cold−related RR of all−cause mortality

1.81 to 2.54
1.65 to 1.81
1.42 to 1.65
1.25 to 1.42
1.00 to 1.25

  Cold−related RR of circulatory mortality

1.81 to 2.54
1.65 to 1.81
1.42 to 1.65
1.25 to 1.42
1.00 to 1.25

  Cold−related RR of respiratory mortality

1.81 to 2.54
1.65 to 1.81
1.42 to 1.65
1.25 to 1.42
1.00 to 1.25

  Cold−related RR of all−cause EAD

1.81 to 2.54
1.65 to 1.81
1.42 to 1.65
1.25 to 1.42
1.00 to 1.25

  Cold−related RR of circulatory EAD

1.81 to 2.54
1.65 to 1.81
1.42 to 1.65
1.25 to 1.42
1.00 to 1.25

  Cold−related RR of respiratory EAD

1.81 to 2.54
1.65 to 1.81
1.42 to 1.65
1.25 to 1.42
1.00 to 1.25

Heat−related RR  of all−cause mortality

1.48 to 1.78
1.26 to 1.48
1.14 to 1.26
1.05 to 1.14
1.00 to 1.05

  Heat−related RR of circulatory mortality

1.48 to 1.78
1.26 to 1.48
1.14 to 1.26
1.05 to 1.14
1.00 to 1.05

  Heat−related RR of respiratory mortality

1.48 to 1.78
1.26 to 1.48
1.14 to 1.26
1.05 to 1.14
1.00 to 1.05

  Heat−related RR of all−cause EAD

1.48 to 1.78
1.26 to 1.48
1.14 to 1.26
1.05 to 1.14
1.00 to 1.05

  Heat−related RR of circulatory EAD

1.48 to 1.78
1.26 to 1.48
1.14 to 1.26
1.05 to 1.14
1.00 to 1.05

  Heat−related RR of respiratory EAD

1.48 to 1.78
1.26 to 1.48
1.14 to 1.26
1.05 to 1.14
1.00 to 1.05

B

A

Figure 3. Spatial variations in the cold- and heat-related RRs of all-cause and cause-specific mortality and EAD between 2015 and 2019 in Japan. RR is
defined as the risk increment at cold and heat (the 1st and 99th percentiles of the temperature distribution) relative to MMTP. See Table S4–S6 for the corre-
sponding prefecture-specific numeric data. Note: EAD, emergency ambulance dispatch; MMTP, minimum mortality/morbidity temperature percentile; RR, rel-
ative risk.
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Our results are largely consistent with previous findings sug-
gesting contrasting patterns of mortality and morbidity due to
nonoptimal temperatures.11–14 However, comparison with previ-
ous investigations assessing simultaneous, nonlinear exposure–
response relationships is more complex, due to differences in
modeling approaches, data availability, and quality. A compari-
son between 1,096 deaths and 16,937 hospital admission for all
causes during a six-day heat wave in 1995 in the UK demon-
strated effects only for mortality but not for morbidity.11 Another
analysis for hot spell effects on mortality and morbidity due to
cardiovascular diseases during 1994–2009 in the Czech Republic
consistently reported a significant increase in mortality, while the
association with hospital admissions was weak and mostly insig-
nificant.12 A comparative assessment in Taiwan of mortality and
morbidity (emergency room visits and outpatient visits) due to cir-
culatory diseases in association with extreme temperatures between
2000 and 2014, using a DLNM with different lag periods for cold
(10 lag days) and heat (5 lag days), observed that extreme low and
high temperatures were associated with higher risks of mortality
than of morbidity.13 Their study also showed an inverse direction of
lagged associations with mortality and morbidity for cold, which is
similar to our findings. The lagged effect of cold on emergency
room visits peaked immediately on the current day of exposure,
whereas mortality peaked 5 d later. A larger study, including 52
cities in Spain during the period of 1997–2014, reported that both
mortality and morbidity (hospital admissions) due to cardiovascular
and respiratory diseases increased with cold, whereas heat was only
found to have an impact on mortality but not on morbidity.14
However, the between-city heterogeneity was large in their analysis,
and the data lacked representativeness due to large missing values
of morbidity data. These issues highlight the advantage of our study
design and modeling technique, where analyses are performed using
a nationwide dataset aggregated at the prefecture-level and allow
consistent modeling of nonlinear and delayed effects of both heat
and cold temperature.

The observed contrasting patterns might have several
explanations. One possible explanation is the difference in

disease distribution between mortality and morbidity.
Emergency ambulance dispatch may better reflect the less
severe and more acute response to nonoptimal temperature,
which could therefore be captured earlier, potentially better dif-
ferentiating susceptibility to nonfatal effects. The observed
stronger effect of heat on all-cause morbidity than mortality
may be explained by the higher proportion of heat-sensitive
diseases (such as heatstroke and genitourinary diseases) with
less severe conditions in EADs, as previous investigations in
Japan showed high heat-related risks of EAD due to these dis-
orders.23 However, the mechanism by which nonoptimal tem-
peratures trigger fatal outcomes may vary, as for those with
long-term chronic illness or higher severity, they may encoun-
ter death before being admitted to a hospital or receiving medi-
cal attention.11,12 Based on our findings, we also hypothesize
that the distinct effects of temperature on different outcomes
are more likely to be driven by longer lag periods. A more
detailed study of the different patterns of lagged associations of
mortality and morbidity with nonoptimal temperatures will fur-
ther contribute to the topic.

In our study, the analysis on this topic was further extended by
assessing sex-, age-, and regional differences in the associations.
Only one assessment among previous comparisons has evaluated
gender and age differences, with more pronounced effects of hot
spells on cardiovascular mortality in males and the older popula-
tion.12 In contrast to their findings, our results demonstrated age
and sex differences for temperature–morbidity association only.
Contrast subgroup differences in temperature-relatedmortality and
morbidity could point toward differences in the above-motioned
disease distribution and the prevalence of comorbid chronic dis-
eases but could also imply differences in exposure related to fatal
and nonfatal diseases in terms of age and sex distribution, behavior,
lifestyle, and occupation. Based on our analysis, subgroup differen-
ces were only prominent in temperature–morbidity association. In
particular, for all-cause morbidity, people younger than 65 years of
age were more susceptible to heat, whereas those 65 years of age
and older were more susceptible to cold. This trend is largely

Figure 4. Pooled RRs with 95% CIs (vertical bars) of heat and cold on all-cause and cause-specific mortality and EAD in subgroup analyses by sex, age, and
region groups. RR is defined as the risk increment at cold and heat (the 1st and 99th percentiles of the temperature distribution) relative to MMTP. See Table
S7 for the corresponding numeric data and test for the difference. Note: CI, confidence interval; EAD, emergency ambulance dispatch; MMTP, minimum mor-
tality/morbidity temperature percentile; RR, relative risk.
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driven by different MMTs, a critical indicator characterizing the
complex exposure–response association and representing climate
adaptation.7 The low MMT (13.2°C) for the younger age group
indicates greater room for adaptation; therefore, more effective
adaptive strategies targeting younger populations should be imple-
mented. For heat, many heat-related morbidities in temperate
regions are mainly coronary and cerebral thromboses resulting
from hemoconcentration due to loss of salt and water in sweat.24

We hypothesize that younger people are more likely than older
people to have outdoor work or activities and face situations where
mitigation behaviors, such as cooling, cannot be used in time. For
cause-specific morbidity, we observed that people 65 years of age
and older and males were more susceptible to cold-related circula-
tory and respiratory morbidity, respectively. In terms of cold
effects, the increase in circulatory morbidity could be explained by
increases in blood pressure in older people but not younger
groups.25 Cold stress also leads to an increase in blood thrombotic
factors in the blood of older adults due to their much higher base-
line fibrinogen levels. Respiratory infections spread more easily in
cold temperatures, and people tend to congregate in poorly venti-
lated spaces when it is cold.24 Therefore, we speculate that part of
the reason formales to bemore susceptible to respiratorymorbidity
in cold weather may be that males are the main labor force for clus-
ter works, such as factories. In addition, women are suspected to be
better at copingwith health risks thanmen,9 such as wearingmasks
and taking medication early in the onset of symptoms before sec-
ondary infections within this context; further investigations are
required to verify these hypotheses.

In the southern part of Japan, relatively lower heat risks for mor-
bidity were observed. This suggests that the mechanisms of adapta-
tion to heat might differ between two regions. Possible adaptation
can occur directly following physiological adaptation or through
multiple adaptive changes, including planned adaptive measures
such as infrastructural change and spontaneous adaptive behavior
such as appropriate clothing.26,27 Physiological adaptation can
occur following a warmer climate in southern prefectures, as popu-
lations are more exposed to hotter weather compared to those in
northern prefectures and may be better adapted to heat. Moreover,
one previous nationwide study proved a generally higher air condi-
tioning (AC) prevalence in the south, reflecting a higher need to
copewith heat.9 The additionalmechanism through similar adaptive
behaviors adopted during the summer might have contributed to the
observed risk difference between regions: these include differences
in awareness of the health consequence of heat exposure and corre-
sponding preventable behaviors, such as the use of light clothes, the
increase in AC prevalence, better housing conditions, or improved
health care.8 Our findings suggest that varied population suscepti-
bility might be one of the reasons to explain the contrasting pat-
terns of temperature effect on mortality and morbidity.

Our study has several strengths. First, the present study bene-
fits from the possibility of comparing impacts from a large
nationwide data set. The data covered all 47 prefectures and
involved about 6,676,551 deaths and 28,254,980 morbidity cases,
capable of including enough sample size to capture the associa-
tion between temperature and health outcomes and allowing for
investigation on spatial variation. Second, the application of a
unified framework and modeling selection enabled us to compare
the impact of temperature on mortality and morbidity simultane-
ously. Less-stringent approaches could produce very misleading
results. Third, the availability of information of specific causes
enabled us to focus on more distinct patterns across mortality and
morbidity due to circulatory and respiratory diseases, known from
previous evidence to exhibit the strongest association with ambient
temperature.24 Finally, to further understand differences in impact
patterns and population susceptibility, we performed a series of

subgroup analyses stratified by sex, age, and regions. This would
help identify subpopulations at an increased risk and higher sus-
ceptibility to the harmful effects of nonoptimal temperature.

It should be noted that some limitations also deserve further
consideration and improvement. First, as the meteorological data
were collected at representative weather stations in cities, there is
potential misclassification of the exposure due to factors such as
urban heat island effect. Second, the diagnosis of EAD was made
by preliminary examination rather than definitive diagnosis. The
primary diagnosis was recorded with a single ICD code for each
case, and there may be possible misclassification causing potential
underestimation or overestimation of EAD risk related with tem-
perature.25 Moreover, although EAD is a sensitive indicator of
morbidity, it cannot represent all of the occurrences of diseases.
Future studies should also include sufficient scales of patients who
do not use ambulances, such as hospitalization and emergency
room visits, to reexamine and verify the relationship. Third, indi-
vidual level of other environmental exposures and personal factors,
including medical history, were not available; therefore, we were
not able to investigate their possiblemodifying effect on the associ-
ations. Last, although the present study provides a comparative
estimate at a nationwide scale of the impacts of temperature on
mortality and morbidity, more research in various countries with
different climate, demographic, and socioeconomic conditions is
needed to further understand the generalizability of the results.
Meanwhile, the study period was 5 years due to data availability of
emergency ambulance dispatches, but it offers no information on
the temporal changes of past and current susceptibility in determin-
ing the differences in the observed patterns. Future studies applying
long-term historical data might contribute to the understanding of
the varied patterns by identifying susceptibility change through
time.

The findings of the present study have several critical implica-
tions for public health policy and strategies. First, the contrasting
patterns between mortality and morbidity by cause can be in-
formative for earlier preparation for health risk due to nonoptimal
temperatures and better allocation to manage medical resources
through preparations accordingly by disease categories between
inpatient vs. outpatient and emergency rooms. In addition, the
observed sex and age differences for the temperature–morbidity
association imply that related health risk management for vulner-
able subpopulations may require different strategies. Higher risks
for heat-related morbidity among the young population and cold-
related respiratory morbidity for males suggest that a linking
strategy may be needed between working conditions and the
health risks of weather stressors. This, combined with the higher
cold risk of circulatory morbidity among older people, warrants
attention to be improved by equalizing the awareness and avail-
ability of emergency ambulance calls across prefectures. Last,
further investigations and management of risk factors that con-
tribute to region-specific effects might be more beneficial.
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