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Abstract: We investigated decadal (2010–2019) cardiovascular, cerebrovascular, and respiratory mor-
tality sensitivity to annual warm temperatures in major Japanese cities: Sapporo, Tokyo (23 wards),
and Osaka. The summer mortalities (June–August) increased with the monthly mean temperature for
acute myocardial infarction, other acute ischemic heart diseases, cerebral infarction, and pneumonia
in the three cities. Monthly mean temperatures were an indicator of these disease mortalities in Japan.
However, similar responses were not found for cardiac arrhythmia and heart failure (excluding
Sapporo), subarachnoid hemorrhage, and intracerebral hemorrhage. The decadal sensitivities and
risk ratios between the maximum and minimum monthly mean temperatures were calculated using a
linear regression model. In Sapporo, Tokyo, and Osaka, for example, the analyses of acute myocardial
infarction showed summer positive responses of 0.19–0.25, 0.13–0.18, and 0.12–0.30, respectively, as
the mortality rate (per 100,000 population) per 1 ◦C of monthly mean temperature, which estimated
increased risks (between the coolest and hottest months) of 37–65% in Sapporo, 31–42% in Tokyo,
and 35–39% in Osaka.

Keywords: cardiovascular disease; cerebrovascular disease; respiratory disease; mortality; warm
season climate; Japanese cities

1. Introduction

Many studies have suggested a relationship between exposure to summer heat stress due
to atmospheric warming and an increase in heat-related mortality or morbidity [1–4]. The recent
heat-related mortality burden for global, regional, and rational scales was clarified by Zhao et al.
(2021) [5]. Additionally, many researchers have revealed that a higher risk of developing
cardiovascular diseases (CVD), cerebrovascular diseases (CBD), and respiratory diseases (RD)
during the warm season is caused by global warming and urban heat islands [6–9]. For
example, Li et al. (2015) [10] used the results of global atmospheric circulation models to
predict that concerns regarding CVD and RD will increase in the future in Beijing.

Bunker et al., (2016) [11] conducted a meta-analysis on the epidemiological relationship
between air temperature and heat-related deaths and illnesses in people who are older (over
65 years of age) worldwide. A 1 ◦C rise in temperature increased the CVD, CBD, and RD
mortalities in summer months, as revealed by their results. Although Japanese data were
not included in their analysis, some epidemiological studies investigating the influence
of temperature on CVD, CBD, and RD mortality and morbidity have been reported in
domestic Japanese papers [12–14]. However, no Japanese research has been reported on
epidemiological data in recent years, especially in international journals. In this study,
using recent decadal death data, the CVD, CBD, and RD mortalities in large Japanese cities
were found to be associated with annual differences in warm season climates.
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2. Materials and Methods
2.1. Epidemiological Data

This study investigated three densely populated cities in Japan: Sapporo, Tokyo
(23 wards), and Osaka (Figure 1), which have populations of approximately 1.95, 9.27, and
2.69 million people, respectively, according to the 2015 national census. These cities rank as
the top five most populous in Japan. Table 1 summarized the disease classification adopted
in this study, which adheres to the Japanese Ministry of Health, Labor and Welfare (MHLW),
based on the International Classification of Diseases, 10th revision (ICD-10) [15]. For CVD,
four classifications were chosen for analysis: acute myocardial infarction (AMI), other
ischemic heart disease (IHD), cardiac arrhythmia and conduction disorder (CACD), and
heart failure (HF). For CBD, three classifications were chosen: subarachnoid hemorrhage
(SAH), intracerebral hemorrhage (ICH), and cerebral infarction (CI). Moreover, pneumonia
(PNA) was considered RD in this study.
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Figure 1. Locations of Osaka, Tokyo (23 wards), and Sapporo in Japan.

Table 1. Disease classification adopted in this study, which adhered to the Japanese Ministry of Health, Labor and Welfare
(MHLW), based on the International Classification of Diseases, 10th revision (ICD-10). Abbreviation names indicate the
notation used in this study.

ICD-10 Code Disease Name Abbreviation

Cardiovascular diseases
(CVD)

I21–I22 Acute myocardial infarction AMI
I20, I23–I25 Other ischemic heart disease IHD

I44–I49 Cardiac arrhythmia and conduction
disorder CACD

I50 Heart failure HF

Cerebrovascular diseases
(CBD)

I60, I69.0 Subarachnoid hemorrhage SAH
I61, I69.1 Intracerebral hemorrhage ICH
I63, I69.3 Cerebral infarction CI

Respiratory diseases
(RD) J12–J18 Pneumonia PNA

The number of deaths is published as monthly data on the Japanese government
website of e-Stat (https://www.e-stat.go.jp, accessed on 10 November 2021) for each cause
of death in five-year age classifications of 0–4, 5–9, 10–14, . . . , 80–84, and over 85 groups.
We used monthly mortality from May (spring) to October (autumn) because the features

https://www.e-stat.go.jp
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analyzed in the summer months from July to August are found by a comparison with
spring and autumn data.

2.2. Age-Adjusted Mortality

To eliminate yearly changes and city differences in the population by age group, the
age-adjusted mortality rate (MRadj) was used in this study.

MRadj =
∑k(MRk·Pk)

∑k Pk
(1)

where k is the age group number separated into five years old. MRk and Pk correspond to
the mortality rate and standard population for a specific age group k, respectively. Here,
the population structure by age group in 2015 was adopted as Pk. The MRadj of each disease
was calculated per 100,000 people in each city.

2.3. Climate Data

Table 2 shows the climatological temperatures in the three cities that were observed
by the Japan Meteorological Agency (JMA). These temperatures correspond to the normal
values averaged over the past 30 years (1981–2010) in Japan. Sapporo has a cool subtropical
climate (Dfa), while Tokyo (23 wards) and Osaka have humid subtropical climates (Cfa),
according to the Köppen–Geiger climate classification [16]. The temperature of Sapporo
is lower than 30 ◦C during summer, even in the monthly averaged maximum. Osaka has
the hottest summer of the three cities, reaching 33 ◦C according to the monthly averaged
maximum temperature. As a reference, the decadal temperatures (2010–2019) observed in
the three cities are displayed in Figure S1.

Table 2. Normal values of temperature (1981–2010) in Osaka, Tokyo (23 wards), and Sapporo from May (spring) to October
(autumn). All numerals have a unit of ◦C and are monthly averaged for daily maximum, mean, and minimum temperatures.

May Jun Jul Aug Sep Oct

max/mean/min max/mean/min max/mean/min max/mean/min max/mean/min max/mean/min
Osaka 24.5/19.7/15.6 27.8/23.5/20.0 31.6/27.4/24.3 33.4/28.8/25.4 29.3/25.0/21.7 23.3/19.0/15.5

Tokyo (23 wards) 22.9/18.2/14.0 25.5/21.4/18.0 29.2/25.0/21.8 30.8/26.4/23.0 26.9/22.8/19.7 21.5/17.5/14.2
Sapporo 17.3/12.4/8.3 21.5/16.7/12.9 24.9/20.5/17.3 26.4/22.3/19.1 22.4/18.1/14.2 16.2/11.8/7.5

In this study, the monthly average of daily mean temperature (MMT) and the monthly
number of days recording a daily maximum temperature over 25 ◦C (MN25), 30 ◦C (MN30),
and 35 ◦C (MN35) in each year from 2010 to 2019 were used as indicators of mortality. The
temperature data were sequentially measured by the JMA observational stations in each
city and published on the JMA website (https://www.jma.go.jp/jma/index.html, accessed
on 10 November 2021).

3. Results and Discussion

As a typical example, the response of each disease death rate to MMT was presented
for AMI, SAH, and PNA (Figure 2), in which the yearly variations were analyzed for the
decade. The MRadj of AMI in May (Figure 2a) had a negative response to MMT in all cities,
suggesting that the AMI mortality rate increases more in a year when the May MMT is lower.
Similar trends were found for the May PNA of RD in all cities (Figure 2c). Honda et al. [17,18]
found the optimal temperature (defined by values ranging from 80 to 85 percentiles in daily
maximum temperatures during one year), and the relative risk of mortality increased in a
V-shaped curve if the daily maximum temperature was lower or higher than this optimal
temperature. According to their analysis, the optimal temperatures in 2010–2019 can be
estimated as the ranges of 30.2–32.0 ◦C, 28.0–29.6 ◦C, and 24.4–25.7 ◦C in Osaka, Tokyo, and
Sapporo, respectively. As the monthly mean value of the daily maximum temperature in May
had respective decadal ranges of 23.8–27.0 ◦C, 21.5–25.1 ◦C, and 15.4–21.8 ◦C in Osaka, Tokyo,
and Sapporo, the negative responses found in May suggest a cold-related increase in MRadj.

https://www.jma.go.jp/jma/index.html
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Figure 2. Relationships between the monthly averaged daily mean temperatures (MMT) and the age-adjusted mortality rate
(MRadj) of (a,d) acute myocardial infarction (AMI), (b,e) subarachnoid hemorrhage (SAH), and (c,f) pneumonia (PNA) in
(a–c) May and (d–f) August from 2010 to 2019 in Osaka (green), Tokyo (23 wards, black), and Sapporo (red). Solid straight
lines indicate the regression line for the corresponding plots. Dashed curves represent the range of 95% confidence interval
for the regression line.

In contrast, the MRadj due to AMI and PNA in August (Figure 2d) had a positive
response to MMT in all cities despite a difference in the climate zone between Sapporo and
the other cities. The monthly mean value of daily “maximum” temperature in Sapporo
had the decadal range of 25.0–29.1 ◦C in August, which exceeded the optimal temperature
range of 24.4–25.7 ◦C. The meta-analysis conducted by Moghadamnia et al. [19], which
included 26 studies from around the world, demonstrated that the mortality risk of CVD
statistically increased by 1.3% for heat exposure. They mentioned the possibility that
the increase in CVD mortality was attributed to the increases in the viscosity of plasma,
cholesterol levels in serum, and red blood cell and platelet counts, due to dehydration by
high temperature exposure. Additionally, Alahmad et al. [20] suggested that the increase
in core body temperature due to the exaggerated response of thermoregulatory processes
triggered acute CVD. Meanwhile, a PNA mortality increase at hot temperatures was
demonstrated by Bunker et al. [11], using a meta-analysis. Although the underlying
physiological mechanisms by which heat triggers RD mortality are not well understood,
they seem to be largely mediated by a thermoregulatory pathway [8]. Bunker et al. [11]
noted that heat exposure could trigger the release of inflammatory factors and exacerbate
chronic obstructive pulmonary disease (COPD).

Meanwhile, the MRadj of SAH was insignificant for MMT in both May and August
(Figure 2b,e). Lavados et al. [21] indicated that the effects of ambient temperature on the
SAH risk in summer were ambiguous compared to those in winter.

The monthly variations in Pearson’s correlation coefficients (R) between the MRadj
and MMT, MN25, MN30, and MN35 for all diseases are exhibited in Figures 3 and S2.
According to the climate conditions of each city, the MN25 result was excluded in Osaka
and Tokyo, while the MN35 was excluded from Sapporo in the graphs. The monthly
variation of R in each disease can be roughly classified into three groups: (i) positive R
values during summer from June to August (AMI in Tokyo and Sapporo, IHD and CACD
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in Sapporo, HF in Tokyo, ICH in Tokyo and Sapporo, CI in Tokyo, and PNA in Tokyo),
(ii) the bimodal positive R during summer (AMI in Osaka, HF in Sapporo, SAH in Osaka
and Tokyo, ICH in Osaka, CI in Osaka and Sapporo, and PNA in Osaka and Sapporo), and
(iii) no signal of R in summer or ambiguity in seasonal variation of R (CACD in Osaka and
Sapporo, HF in Osaka, and SAH in Sapporo).
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Figure 3. Monthly variations of Pearson’s correlation coefficients (R) between the MRadj and MMT, with the number of
daily maximum temperatures over 25 ◦C (MN25), 30 ◦C (MN30), and 35 ◦C (MN35). The results are indicated for (a) AMI,
(b) SAH, and (c) PNA in Osaka, Tokyo (23 wards), and Sapporo. p-values for R are depicted for p < 0.1, 0.05, and 0.01.

The correlation of MRadj with MN35 in Osaka tended to be low or negative in July
for many diseases and it was negative in Tokyo in August (Figures 3 and S2). In Osaka,
extremely hot days for MN35 began to appear in July (the decadal average was 4.6 days,
and the yearly was 14 days at the maximum); however, the MN35 was 0–2 in July in Tokyo.
One possible explanation is a behavioral change in which residents reduced their amount of
individual extreme heat exposure, which is considered the reason for the abovementioned
summer bimodal pattern (ii). In August, the MN35 increased in Tokyo, while the MN30
increased in Sapporo. Although the August MMT in Sapporo was 22.3 ◦C and the monthly
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average daily maximum temperature was lower than 30 ◦C (cf. Table 2), the MN30 (days
exceeding 30 ◦C) was recorded as the decadal average of 5.5 days and an annual of 13 days
at the maximum. Lim et al. [22] verified that dehydration markers in the blood (as indicators
of cardiovascular burden) increased when the daily mean apparent temperature exceeded
27 ◦C. Days exceeding 30 ◦C in air temperature had a relative humidity of 40–60% in
Sapporo, which corresponded to more than 30 ◦C in the apparent temperature.

Figure 4 displays mortality sensitivities to temperature for each disease denoted as
the value of monthly MRadj/◦C. HF in Tokyo and Osaka, and SAH and ICH in all cities
showed little MRadj sensitivity during summer, in addition to the abovementioned group
of (iii). Therefore, risks of these diseases are insignificant for a hot summer climate in cities.
Significant sensitivities and risk ratios obtained from the decadal data are summarized in
Table 3. Here, the decadal risk ratio was defined as a ratio of the MRadj (estimated by the
regression line) in the highest MMT of the decade to that in the lowest MMT. As displayed
in Figure 4, summer months from June to August presented a higher positive sensitivity of
MRadj to the increase in MMT for many diseases in the cities. The results shown in Figure 4
and Table 3 clarified significant MRadj and risk increases in AMI and IHD of the CVD, CI of
the CBD, and PNA of the RD. In Sapporo only, risk increases of CACD and HF of the CVD
appeared. In all cities, for example, risk ratios in AMI suggested that the monthly MRadj
increased by 30% (i.e., 1.3 in the risk ratio) at the minimum between the decadal lowest and
highest MMTs in the decade. The maximum increase in MRadj risk was estimated in AMI
in Sapporo (65% increase), IHD in Osaka (65% increase), CACD in Sapporo (63% increase),
and CI in Sapporo (76% increase).

Table 3. The significant sensitivity of MRadj to MMT (“Sen” of the upper value with a unit of MRadj/◦C) and that risk
ratio for decade (“Risk” of the lower value) in each disease. These values are obtained from months presenting positive
sensitivities (MRadj/◦C) and only indicated with the risk ratio of 1.10 and over.

Osaka Tokyo (23 Wards) Sapporo

Cardiovascular diseases
(CVD)

AMI Sen: +0.12–0.30
Risk: 1.35–1.39

Sen: +0.13–0.18
Risk: 1.31–1.42

Sen: +0.19–0.25
Risk: 1.37–1.65

IHD Sen: +0.41–0.69
Risk: 1.25–1.65

Sen: +0.19–0.47
Risk: 1.10–1.54

Sen: +0.11–0.18
Risk: 1.28–1.32

CACD – – Sen: +0.14–0.23
Risk: 1.39–1.63

HF – – Sen: +0.36–0.54
Risk: 1.28–1.41

Cerebrovascular diseases
(CBD)

SAH – – –
ICH – – –

CI Sen: +0.48–0.55
Risk: 1.26–1.41

Sen: +0.13–0.37
Risk: 1.10–1.34

Sen: +0.16–0.63
Risk: 1.19–1.76

Respiratory diseases
(RD) PNA Sen: +0.56–0.86

Risk: 1.15–1.16
Sen: +0.33
Risk: 1.21

Sen: +0.58–1.01
Risk: 1.31–1.54

As shown in Table 3, the summer highly sensitive MRadj to MMT was IHD in Osaka
(+0.41–0.69), HF in Sapporo (+0.36–0.54), CI in Sapporo (+0.16–0.63) and Osaka (+0.48–0.55),
and PNA in Sapporo (+0.58–1.01) and Osaka (+0.56–0.86). As with the risk ratio, large
values of MR sensitivity were found in many diseases in Sapporo. This result is probably
attributed to the vulnerability of Sapporo residents to hot climate exposure. Keatinge et al. [23]
demonstrated that heat-related mortality rapidly increased for lower temperatures in cities
or countries with cool climate zones in summer compared with cities or countries with a
hot climate. Consequently, the results of this study provide monthly mean temperatures as
an indicator of several CVD, CBD, and RD mortalities for use in climate change evaluation
in Japan.
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Figure 4. MRadj sensitivities (MRadj/◦C) of each disease to MMT from May to October. Results of (a) AMI, (b) IHD,
(c) CACD, (d) HF, (e) SAH, (f) IHC, (g) CI, and (h) PNA for three cities.

4. Conclusions

We investigated decadal (2010–2019) cardiovascular, cerebrovascular, and respiratory
mortality sensitivity to annual warm temperatures in major Japanese cities: Sapporo,
Tokyo (23 wards), and Osaka. No Japanese research has been reported in epidemiological
data in recent years. By analyses including spring and autumn months, a characteristic
response of those mortalities to temperature was found in the summer months. The
summer mortalities (June–August) increased with the monthly mean temperature (MMT)
for acute myocardial infarction, other acute ischemic heart diseases, cerebral infarction,
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and pneumonia in the three cities. This result suggested MMTs could be a simple indicator
of these disease mortalities in Japan. However, similar responses were not found for
cardiac arrhythmia and heart failure (excluding Sapporo), subarachnoid hemorrhage, and
intracerebral hemorrhage.

Using a linear regression analysis, the decadal sensitivities between the maximum
(hottest) and minimum (coolest) MMTs showed, for acute myocardial infarction, as an
example, summer positive responses of 0.19–0.25 in Sapporo, 0.13–0.18 in Tokyo, and
0.12–0.30 in Osaka, as the mortality rate (per 100,000 population) per 1 ◦C of MMT. Their
risk ratios were estimated increased risks (between the coolest and hottest months) of
37–65% in Sapporo, 31–42% in Tokyo, and 35–39% in Osaka. As with the risk ratio, large
values of MR sensitivity were found in many diseases in Sapporo. This result is probably
attributed to the vulnerability of Sapporo residents to hot climate exposure.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos12121546/s1, Figure S1: Monthly mean temperatures averaged from 2010 to 2019 (black
line), the highest value for ten years (red line), and the lowest value for ten years (blue line) in (a)
Sapporo City, (b) Tokyo (23 wards), and (c) Osaka City. Bars in the graphs indicate the temperature
difference between the highest and the lowest years (i.e., red minus blue), Figure S2: Monthly
variations in Pearson’s correlation coefficients (R) between the MRadj and MMT, the number of
daily maximum temperatures over 25 ◦C (MN25), 30 ◦C (MN30), and 35 ◦C (MN35). The results are
indicated for (a) IHD, (b) CACD, (c) HF, (d) ICH, and (e) CI, in Osaka City, Tokyo (23 wards), and
Sapporo City. p-values for R are depicted for p < 0.1, 0.05, and 0.01.
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