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ABSTRACT
Objectives To investigate the extent to which temperature
and influenza explained seasonality of mortality in Japan
and to examine the association of the seasonality with
prefecture-specific characteristics.
Design We conducted time-series analysis to estimate
the seasonal amplitude before and after adjusting for
temperature and/or influenza-like illness (ILI). Next, we
applied linear mixed effect models to investigate the
association of seasonal amplitudes with each indicator
on prefecture-specific characteristics on climate,
demographic and socioeconomic factors and adaptations.
Setting 47 prefectures in Japan
Participants Deaths for all-cause, circulatory, and
respiratory disease between 1999 and 2015.
Outcome measures Peak-to-trough ratio (PTR, a
measure of seasonal amplitude).
Results The nationwide unadjusted-PTRs for all-cause,
circulatory and respiratory mortality were 1.29 (95%
CIs: 1.28 to 1.31), 1.55 (95% CI: 1.52 to 1.57) and 1.45
(95% CI: 1.43 to 1.48), respectively. These PTRs reduced
substantially after adjusting for temperature but very little
after a separate adjustment for ILI. Furthermore, seasonal
amplitudes varied between prefectures. However, there
was no strong evidence for the associations of PTR with
the indicators on prefecture-specific characteristics.
Conclusions Seasonality of mortality is primarily driven
by temperature in Japan. The spatial variation in seasonal
amplitudes was not associated with prefecture-specific
characteristics. Although further investigations are required
to confirm our findings, this study can help us gain a better
understanding of the mechanisms underlying seasonality
of mortality.

INTRODUCTION
Seasonality of mortality is among the oldest
observation across a broad range of population and geographical locations, typically
entailing higher mortality in cold seasons
than in warm seasons.1–6 This epidemiological phenomenon reflects a complex interaction between environment and human.2 The
understanding of its underlying drivers is yet
to be elucidated.

Strengths and limitations of this study
►► We investigated the contributions of temperature

versus influenza to seasonal variation of different
types of mortality by a common study design and
statistical framework.
►► We used indicators on a range of location-specific
characteristics to investigate their modifying effect
on seasonal variations in mortality.
►► The study was conducted in Japan characterised by
distinct seasonal weather conditions, so our results
may not be generalised to locations with different
climate (eg, tropical countries).
►► The deviance of residuals showed some autocorrelations, but it had limited impacts on our seasonality estimates.

Some of the postulated contributors to
seasonality of mortality include temperature,
infectious disease, air pollution, physiological responses and human behaviours.1 2 7–9
Temperature is of most profound interest,
with overwhelming evidence on its cold
and hot effect on mortality.10 Another well
recognised contributor to seasonality is influenza, due to its strong seasonal cycle and
association with inflammatory process.11 A
number of studies demonstrated an association between influenza and mortality in cold
seasons.11–15 Some of them focused on its role
in temperature-
mortality associations.11 12
Other publications assessed its contribution
to winter-
season increase in mortality.13–15
Although consensus exists that both temperature and influenza contribute to winter-
season increase in mortality,11–14 16 their
relative importance has not been completely
elucidated. Most research11–14 16 has focused
on either temperature or influenza only,
and few studies have comparatively assessed
their contribution to seasonality of mortality.
We are aware of only one study that has
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METHOD
Data collection
Hourly mean temperature (°C) and relative humidity
(%) measured at a single monitoring site in the capital
city of each prefecture were obtained from 1999 to 2015
from the Japan Meteorological Agency. We computed
daily mean value of temperature and relative humidity
for our analysis.
Daily mortality (counts) from all-
cause, circulatory,
respiratory disease and influenza were obtained from the
Ministry of Health, Labor and Welfare of Japan between
1999 and 2015 for each prefecture in Japan. The principal cause of death statistics is coded using the International Statistical Classification of Diseases and Related
Health Problems, 10th version (ICD-10). Cause-specific
mortality was defined according to the ICD system: circulatory mortality (ICD-10 codes I00-I99), and respiratory
J99). Weekly number of
mortality (ICD-10 codes J00-
influenza-like illness (ILI) were obtained for each prefecture from April 1999 to 2015 from National Institute of
Infectious Diseases, Japan.
specific indicators were
Yearly data on prefecture-
collected over the study period for each prefecture,
including annual mean temperature, relative humidity,
population density, the proportion of population aged
≥
6
 5 years, saving, income, Gini index (a measure of
income inequality), consumer price index, economic
power index (EPI, a measure of the wealth of a prefecture), the prevalence of air conditioning for households
2

and the number of registered physicians, nurses and
hospital beds per 10 000 population. For each indicator,
we computed the averaged value across the years 1999–
2015 for each prefecture. The details for data collection
were described in previous studies24 25 and summarised in
online supplemental material.
Data analysis
We conducted our data analysis in three steps. First, we
assessed seasonality of mortality without adjustments for
temperature or ILI. Then, we examined the changes in
the seasonality after adjusting for temperature and ILI
separately, as well as both at the same time. Lastly, we
evaluated the associations between each indicator and
seasonality estimates before and after adjustments.
We applied a generalised linear model with a quasi-
Poisson family to assess seasonality of mortality in each
prefecture without any adjustment for temperature and
ILI. Day-of-year was treated as an indicator for seasonality,
taking values from 1 to 366 corresponding to 1 January
through 31 December for both common and leap years
(from 60th day to 365th day in common years, values were
taken from 61 to 366). We used a cyclic cubic spline with 4
df for day of year to estimate seasonality. The days-of-year
with maximum and minimum mortality estimates from
generalised linear models were identified as the peak and
trough days, respectively, and were subsequently used
to calculate the peak-to-trough ratio (PTR) to provide a
measure of seasonality. When constructing CIs for PTR,
previous studies enforced the boundary constraint by
truncating the lower confidence limit at one for PTR.26 27
However, doing that may introduce a positive bias into the
PTR.28 In order to show the statistical variability in PTR,
therefore, we did not truncate the lower confidence limit
at one for PTR. Indicators for year, day-of-week and their
interaction were used to control for the long-term trend
and the effect of day-of-week. We excluded the data on 11
March 2011, the day of the Great East Japan Earthquake.
To assess the contribution of temperature and ILI
to seasonality of mortality, we attempted three types of
adjustment. First, we added temperature to our main
model using a bi-
dimensional cross-
basis function to
account for its non-linear and delayed effect on mortality.
We modelled the exposure-response curve with a natural
cubic B-spline with three internal knots at 25th, 50th, and
75th percentiles of temperature distribution, and the lag-
response association with another natural cubic spline
basis with 3 df with extended lags up to 21 days.10 25
Second, we removed temperature and adjusted for ILI
in main model. We assumed ILI cases distributed evenly
across day of week and computed daily average ILI cases.
A natural cubic spline with 3 df was then used to control
for daily ILI cases in the model. Third, adjustment was
made using both temperature and influenza.
The prefecture-specific PTR was pooled for the whole of
Japan for all-cause, circulatory and respiratory mortality,
respectively, by meta-analysis with prefecture as a random
factor. To explore if patterns of interest varied over time,
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compared their contributions to seasonality of all-cause
mortality among people aged ≥
7
 5 years in Britain and
suggested more seasonality was explained by temperature
than influenza.14
The strength of seasonality in mortality varies geographically.8 For example, a larger seasonal amplitude was
observed in areas with milder climates, suggesting that
individuals living in warm areas might be more vulnerable
to seasonal variations in mortality.2 Several local characteristics on climate, demographic and socioeconomic
factors, and adaptations have been linked with such
spatial variation. However, only a few studies have evaluated their impact on effect on seasonality of mortality.1 17
Another question remains unclear is if their impact effect
will remain when we remove the effect of temperature
and influenza from seasonal variations in mortality, given
that the same local characteristics can also modify associations between influenza, temperature and mortality.18–23
In the current study, we collected daily mortality data
between 1999 and 2015 from 47 prefectures in Japan to
investigate the contribution of temperature and influenza to seasonality of mortality as well as to study the
associations between prefecture-
specific indicators and
seasonality of mortality. This study will strengthen our
understanding of seasonality of mortality and provide
important evidence to associate managements of seasonal
risk factors to local conditions.

Open access

Patient and public involvement
There was no patient or public involvement.
RESULTS
This study included 18 985 036 deaths from all causes, 5
541 277 deaths from circulatory diseases and 2 894 314
deaths from respiratory diseases. The nationwide time
series of daily mortality showed a significant seasonal
pattern (online supplemental figure S1). Daily mean
temperature for the whole country between 1999 and

2015 ranged from −1.0℃ to 30.7℃, with a mean value
at 15.6℃ (table 1). ILI cases showed a large variation,
ranging from 7 cases to 1 652 147 cases with a median
value at 7626 (table 1). Prefecture-specific summary was
provided in online supplemental table S1.
We observed a high variability for healthcare capacity
(online supplemental tables S2 and S3), while a low variability for socioeconomic indicators. Most of the indicators are correlated (online supplemental figure S2). In
particular, EPI was highly correlated with population
density, proportion of individuals aged over than 65
years old, and numbers of physicians, nurses and hospital
beds (correlation >0.70). In addition, saving is highly
correlated with income (correlation >0.70).
Figure 1 and table 2 show the pooled results for the
whole of Japan for seasonality of all-cause, circulatory
and respiratory mortality before and after adjustments
for temperature and/or influenza. We observed a clear
seasonal pattern with higher numbers of deaths in cold
seasons than in warm seasons. Before any adjustments,
the nationwide pooled PTR for all-cause, circulatory and
respiratory mortality were 1.29 (95% CIs: 1.27 to 1.30),
1.55 (95% CI: 1.52 to 1.57) and 1.45 (95% CI: 1.43 to
1.48), respectively. After adjustments for temperature and
ILI, the shape of seasonality remained (figure 1), but its
amplitude reduced to different extents. Adjusting for just
temperature reduced PTRs substantially in particular for
all-cause and circulatory mortality to 1.06 (95% CI: 1.05
to 1.07) and 1.07 (95% CI: 1.05 to 1.09). Adjusting for
just ILI reduced PTRs only very slightly to 1.27 (95% CI:
1.26 to1.29), 1.52 (95% CI: 1.49 to 1.55) and 1.40 (95%
CI: 1.38 to 1.43) for all-cause, circulatory and respiratory
mortality, respectively. Notably, adjusting for temperature
and ILI did not flatten the seasonal pattern or reduce the
PTR to 1.
specific PTRs also showed a
Similarly, prefecture-
substantial reduction with temperature adjustment while
a slight reduction when ILI was adjusted only, although an
apparent reduction was observed in ILI-adjusted PTR for
respiratory mortality (figure 2). Furthermore, PTR for all
mortality types varied across prefectures, and the spatial
variation after adjustments was less apparent in particular
for all-cause and circulatory mortality. Prefectures with
higher latitude (northern areas), including Hokkaido,

Table 1 Nationwide summary of daily mean temperature (℃), daily death (numbers of cases) and weekly influenza-like illness
(ILI) between 1999 and 2015
Variables

Median (IQR)

Mean temperature
All-cause mortality

16.09 (8.04 to 22.8)
3046 (2726 to 3350)

15.6 (8.2)
3058 (443.7)

−1.0 to 30.7
2114 to 4712

866 (768 to 1003)

892.6 (157.1)

570 to 1454

Circulatory mortality
Respiratory mortality
ILI

464 (388 to 535)
7626 (1575 to 106 199)

Mean (SD)

465.2 (105.9)
142 113 (295 087.3)

Range

47 to 1072
7 to 1 652 147

Daily mortality on the day of the Great East Japan Earthquake (11 March 2011) was excluded from our analysis.
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we conducted yearly analyses for the entire country using
separate quasi-Poisson regression model for each year
with prefecture as a random factor.
To evaluate the modification of seasonal variation in
mortality by prefecture-
specific indicators, we applied
linear mixed effects models (LMEMs) to investigate associations of PTR with each prefecture-specific indicator
separately. We fitted LMEMs with random intercepts for
prefectures and the inverse of squared SE as weight. The
longitude and latitude for the capital city of each prefecture were included to reduce spatial correlation, except
for when we investigated annual mean temperature as the
indicator, due to their high correlation. We conducted
the analysis for all-
cause, circulatory and respiratory
mortality in separate LMEMs. Results are expressed as
the log(PTR) variation for a SD increase of the indicator.
We performed a series of sensitivity analysis to confirm
our findings. We tested the cyclic spline function for
day of year with different df of 5 and 6 and adjusted
temperature by changing the spline function, internal
knots for temperature distribution, df and lag days for
the lag-response associations. For influenza adjustment,
we varied the number of lag days using the moving averages of the previous 7, 14, 21 and 28 days, and tested the
natural cubic spline function with 2 df. For ILI adjustment, we tested moving average of previous 7, 14, 21 and
28 days for ILI cases, and 2 df for the natural cubic spline
function. Overall, we did not observe substantial changes
in our estimates.
The models were summarised in online supplemental
material including diagnostic plots. We conducted the
analysis with R software, V.3.6.0 (R Development Core
Team) using the dlnm and mixmeta packages.

Open access

Aomori and Akita, as well as the southernmost prefecture—Okinawa, showed a lower unadjusted-PTR and a
smaller reduction after adjustments for temperature.
Our yearly analyses for the entire country showed a
large reduction after adjusting for temperature while a
small reduction after adjusting for ILI for most of the
years (online supplemental figure S3). For the year of
2020, however, a higher PTR for all-cause and respiratory
mortality was observed when temperature was included
in the adjustment. We further checked the sensitivity of
our estimates to temperature adjustment. Changing the
lag period of 21 days in cross-basis function to 14 days
reduced temperature-adjusted PTR, although it remained
slightly higher than unadjusted PTR with a largely overlapped CIs. The results for the other years did not change
much (results not shown).
Online supplemental figure S4 shows associations
between the indicators and PTR. There was no strong
evidence for the association between prefecture-specific
characteristics and seasonality estimates. Diagnostic plots
for models were included in supplementary material
(online supplemental figures S5–S7).
DISCUSSION
In this study, we investigated the contribution of temperature and influenza to seasonal variation of mortality in
47 prefectures of Japan and evaluated the modifications
of seasonality by a range of prefecture-specific indicators.
Our findings show that seasonal variation in mortality

was substantially contributed by temperature and to a
lesser extent, by influenza. In addition, seasonal amplitudes varied between prefectures. There was no strong
evidence for the association between prefecture-specific
characteristics and seasonal amplitudes.
Temperature and influenza have been among the most
studied drivers of seasonality of mortality.13–16 However,
most of the investigations focused on either temperature or influenza. How much of seasonality of mortality
is dependent on temperature versus influenza remain
unsolved. Our finding showed that most of seasonality of
mortality in Japan was attributable to temperature while
little was driven by influenza. Consistent with our findings, a population-based cohort study in elderly British
people examined month-to-month variation in mortality
and its relationship with temperature and influenza A,
and discovered that most of seasonal fluctuation was
associated with cold temperature and a small component
related with influenza A. Despite the smaller contribution of influenza to seasonal variation of mortality than
temperature, our analysis suggested that influenza was
accountable for seasonal variation, especially, for respiratory mortality. The transmission of influenza virus is most
efficient under cold and dry conditions, which may lead
to considerable increase in mortality during winter. For
example, a study11 in 48 US cities observed a link between
influenza epidemic and the irregularly high winter
mortality in some certain years. Evidence thus far implies
that temperature contributes substantially to seasonality

Table 2 Nationwide pooled peak-to-trough ratio (PTR) with 95% CI with/without adjustment for temperature and/or influenza-
like illness (ILI)
All-cause mortality

Circulatory mortality

Respiratory mortality

Adjustment

PTR

95% CI

PTR

95% CI

PTR

95% CI

None
Temperature

1.29
1.06

1.28 to 1.31
1.05 to 1.07

1.55
1.07

1.52 to 1.57
1.05 to 1.09

1.45
1.16

1.43 to 1.48
1.12 to 1.21

ILI
Temperature+ILI

1.27
1.07

1.26 to 1.29
1.06 to 1.07

1.52
1.08

1.49 to 1.55
1.06 to 1.09

1.40
1.12

1.38 to 1.43
1.09 to 1.16

4

Madaniyazi L, et al. BMJ Open 2021;11:e044876. doi:10.1136/bmjopen-2020-044876

BMJ Open: first published as 10.1136/bmjopen-2020-044876 on 7 July 2021. Downloaded from http://bmjopen.bmj.com/ on November 10, 2021 at Nagasaki University. Protected by
copyright.

Figure 1 Pooled seasonality of all-cause, circulatory and respiratory mortality between 1999 and 2015 before and after
adjustments (black: without any adjustment; blue: adjusted for influenza-like illness (ILI) only; green: adjusted for temperature
only; red: adjusted for both temperature and ILI). PTR, peak-to-trough ratio.

Open access

of mortality in general, while influenza is related with
seasonal variations of mortality to a less extent.
Notably, removing the effect of temperature and
influenza from seasonal variation in mortality did not
completely flatten the seasonal pattern of mortality, in
particular, respiratory mortality. Seasonality of mortality
is resulted from complex interaction between human
behaviour and environment. In addition to temperature
and influenza, other infectious diseases (eg, respiratory
syncytial virus), air pollutants, behavioural changes based
on a seasonal basis (eg, dietary pattern and physical activities) have been linked with seasonal variation of diseases
and mortality. However, there is no direct evidence
assessing their contribution to seasonality of mortality.
Despite of a similar seasonal shape across prefectures,
seasonal amplitudes varied across 47 prefectures. Previous
studies have suggested that individuals living in cold locations show less seasonal variation in mortality, partially
due to a better cold acclimatisation from the combination of habituation, metabolic adjustment and insulative
acclimatisation.8 29–31 In addition, less developed locations is likely to exhibit a larger seasonal variation in
mortality,1 which can be related with high vulnerabilities
Madaniyazi L, et al. BMJ Open 2021;11:e044876. doi:10.1136/bmjopen-2020-044876

to cold and heat effect of temperature because of poorer
housing conditions, lower prevalence of air conditioning
and limited access to healthcare.18 23 In our study, we did
not observe strong evidence for any associations between
prefecture-specific characteristics and seasonal variations
in mortality. This could be partially explained by the
limited range of variations in the indicators and possible
confounding effect between them. Furthermore, our data
on the indictors are population-level, and future investigations with individual-level data are recommended to
examine these issues.
This study has several limitations. First, our study was
conducted in Japan that has distinct seasonal weather
conditions, hence our results may not be applicable to
other areas with different climate (eg, tropical countries).
Second, we assumed the association of mortality with influenza and temperature did not change between 1999 and
2015, and our findings for 2000 were sensitive to temperature adjustment. Furthermore, we observed some autocorrelation in the model residuals despite our attempts to
model it (online supplemental figure S6). However, sensitivity testing showed that it had limited impacts on the
estimate of seasonality (online supplemental table S4). It
5
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Figure 2 Prefecture-specific peak-to-trough ratio (PTR) with 95% CIs for all-cause (left), circulatory (middle), and respiratory
(right) mortality before (black) and after adjustments for influenza-like illness (ILI) only (blue), temperature only (green) and both
(red).
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analysis investigating the role of temperature, influenza
and other local characteristics on seasonality of mortality
across multiple locations. A strength of current study
was the investigation of contributions of temperature
versus influenza to seasonal variation of different types of
mortality by a common study design and statistical framework, while previous studies mostly focused on either
temperature or influenza only.
This study suggests that seasonality of mortality is
primarily driven by temperature. Furthermore, seasonal
amplitudes varied between prefectures. However, this
spatial variation was not explained by the differences
in prefecture-specific characteristics on climate, demographic and socioeconomic factors and adaptations.
Further investigations are required to confirm our findings. In sum, this study can help us to gain a better understanding of seasonality of mortality.
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