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Abstract
Characterizing multiple risk stemming from automobiles are required from the viewpoint of priority setting for future risk 
management. However, little is known about such issues given the inadequacy of indicators. In this research, with the illus-
tration of the metropolitan city of Osaka, Japan, using disability-adjusted life years (DALYs), impacts of road traffic noise 
and exhausts gas (nitrogen dioxide (NO2) and particulate matter (PM2.5)) were quantified and compared with the risks of 
ischemic heart disease and high sleep disturbance; and respiratory disease as endpoints, respectively. Health risks due to 
automobile noise were 3102.1 and 97.8 DALYs under the condition of open and closed windows, respectively. The health 
risks were reduced by 96.8% under closed-window condition. On the other hand, the health risks caused by NO2 and PM2.5 
from automobiles were 137.6 DALYs, which was lower than the health risks due to automobile noise. These results indicate 
the effectiveness of DALYs as an indicator to characterize different kinds of burden of health and environmental impacts 
from automobiles, and they were successfully used to evaluate the effectiveness of risk reduction options such as the dif-
ference between open and closed windows. Furthermore, most people were found to have been exposed to 55–60 dB noise 
level. Although they easily get used to and can tolerate this level, it is also the stage at which health risks begin to occur. 
Therefore, with continuous exposure, qualitative estimation showed that open windows under this noise level subsequently 
leads to high potential health risks.
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1  Introduction

The number of automobiles in Japan has spread rapidly 
along with the post-war economic growth, considering that 
the country’s number of automobiles had increased from 
approximately 8 million in 1966 to an estimated 30 million 
in 1976 (AIRIA 2020). The current number of automobiles 
is nearly 80 million (AIRIA 2020), which is equivalent to 
two-thirds of the population of Japan with an estimated 120 
million people. Furthermore, the number of automobiles to 
land area is 207 automobiles/km2 in Japan and much higher 
than that in the United States, which has the largest num-
ber of automobiles in the world (29 automobiles/km2), and 
China, which has the largest population (24 automobiles/
km2) (AIRIA 2020). This scenario indicates that Japan is one 

of the world’s leading automotive nations, and automobile 
is regarded an essential transportation for the daily life and 
economic activities of the citizens. Nonetheless, automo-
biles have caused problems such as air pollution, carbon 
dioxide emission, and unhampered noise and vibration (van 
Gent and Rietveld 1993; Fenger 1999; Xu and Lin 2015). 
The Ministry of Internal Affairs and Communications in 
Japan has summarized complaints to the “National Pollution 
Complaints Center.” The most frequent complaint received 
in fiscal year (FY) 2018 was related to noise, accounting 
for 32.9% (15,665 cases) of the total number of complaints 
(MIC 2019). Noise is a familiar problem in our lives, and it 
remains to be a problem that cannot be ignored.

In Japan, the regulation against road traffic noise was 
discussed for the first time in the “National Diet of Pollu-
tion” in 1970. The environmental quality standards at that 
time were based on the principle that noise should not cause 
sleep disturbance, conversation disturbance, reduced work 
efficiency, or discomfort in daily life (INCE/J 2019). Babisch 
(2008) found that noise stimulates the autonomic nervous 
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system and endocrine system, resulting in ischemic heart 
disease, further contributing to the understanding of the 
exposure–response relationship in several epidemiological 
studies. Miedema et al. (2003) determined the relationship 
between road traffic noise and sleep disturbance based on the 
results of “self-reported sleep disturbance.” WHO/Europe 
(2011) estimated the burden of certain diseases, such as car-
diovascular disease, cognitive impairment in children, sleep 
disturbance, tinnitus, and annoyance, as a result of road traf-
fic noise in EU countries. Their results showed that at least 
one million disability-adjusted life years (DALYs) are lost 
per year (WHO/Europe 2011).

Although the quality of life (QOL), years of life lost 
(YLL), years lost due to disability (YLD), and DALYs 
have been used in Japan, the first one does not assess mor-
tality and morbidity, and the second and third ones only 
assess mortality or morbidity, respectively (MHLW 2000). 
However, DALYs are able to account for both the YLL and 
YLD, and are widely used in the fields of environmental 
epidemiology and public health. It also enables us to quan-
tify and compare different types of health endpoints, which 
consider both mortality and morbidity by simplifying the 
loss of health status based on the concept of the physical 
labor productivity, age-weighting, and disability-weight-
ing (GBD 2017 DALYs and HALE Collaborators 2018). 
Although quantification processes to calculate DALYs have 
been pointed out from the viewpoints of ethical and medi-
cal aspects (Sayers and Fliedner 1997), for its quantification 
capability, it is widely used in the decision-making process 
on health and environmental regulation such as prior evalu-
ation of Registration, Evaluation, Authorization and Restric-
tion of CHemical (REACH) in the European Union (WWF 
2003).

The addition of the health effects of ischemic heart dis-
ease and high sleep disturbance and the quantification of 
these risks with DALYs are also useful in the conception of 
future policies regarding automobiles in Japan, because the 
health effects of road traffic noise have been regarded the 
only sensory pollution in Japan.

Tagusari et al. (2017) developed a noise map for Sapporo 
City and estimated the exposed population and health effects 
based on the map. Their result showed that an estimated 
20 people had died annually due to ischemic heart disease 
caused by road traffic noise at daytime (Tagusari et al. 2017). 
This number was reported to be higher than the number of 
deaths from tuberculosis (14 deaths) and influenza (6 deaths) 
(Tagusari et al. 2017). In addition, approximately 2% of the 
population (44,186 people individuals) of Sapporo City had 
been affected by high sleep disturbance caused by road traf-
fic noise at night-time (Tagusari et al. 2017). In this study, 

the number of deaths and mortality rates were compared with 
the other causes of death. Although the risks of patients with 
ischemic heart disease who did not die and the population 
affected by high sleep disturbance with other diseases could 
not be easily compared, an assessment of the health risks by 
using DALYs could help to overcome the challenge.

Tobias et  al. (2015) estimated the number of annual 
deaths that could be avoided by reducing road traffic noise 
for people over 65 years old in Madrid. They found that 
road traffic noise was associated with cardiovascular and res-
piratory diseases, and 1 dB reduction in daytime road traffic 
noise was equivalent to 284 reductions in annual deaths from 
cardiovascular diseases and 184 reductions in annual deaths 
from respiratory diseases (Tobias et al. 2015). The study 
also showed the change in deaths with 10 μg/m3 reduction 
in particulate matter (PM2.5), which can be compared with 
the risk of road traffic noise, and concluded that exposure 
to traffic noise should be considered an important environ-
mental factor because of its significant impact on health, 
(Tobias et al. 2015). WHO/Europe (2011) estimates that the 
DALYs for sleep disturbance were the highest among EU 
countries; therefore, the effect of sleep disturbance due to 
road traffic noise should be integrated into the estimation of 
traffic noise impacts.

Eriksson et al. (2017) assessed the burden of disease from 
automobile and railroad noise using DALYs for the whole of 
Sweden. The endpoints were annoyance, sleep disturbance, 
hypertension, and myocardial infarction, and the approach 
of WHO/Europe (2011) was used to calculate the DALYs. 
An estimated 41,033 DALYs were lost from the transport 
sector, in which 36,711 DALYs were due to road traffic noise 
(Eriksson et al. 2017). However, considering that the popula-
tion in Sweden is approximately 10 million, which is nearly 
one-twelfth of the population of Japan, and its land area is 
large and the population density is low compared with those 
of Japan, we assume that the derived results regarding the 
effects in Sweden are somewhat limited in Japan’s context.

With the aforementioned backgrounds, a risk assessment 
that sets ischemic heart disease and high sleep disturbance in 
Japan as the endpoint of health risk should be implemented. 
The objectives of this study are (i) to clarify the health risks 
due to road traffic noise in Osaka City, which was reported 
as having the highest traffic volume and population density 
in Japan, and (ii) to compare the health risks due to road traf-
fic noise with those due to air pollutants from automobiles 
in the same area using the common indicator, DALYs. This 
study can promote the recognition of the significant health 
effects of road traffic noise and the discussion of transporta-
tion policies that consider health risks.
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2 � Selection of locations for evaluation

A densely populated location is considered to be highly sen-
sitive to the impact of road traffic noise due to the density of 
roads, residences, and workplaces. Traffic volume is one of 
the factors that can help to determine the level of road traf-
fic noise (Sakamoto 2014). Therefore, we decided to select 
locations with high traffic volume and population density as 
the target locations of this study. Osaka Prefecture, which 
is the center of the economy, culture, and transportation in 
western Japan, was reported as having the highest transport 
ton-kilometers (12,782,090 thousand ton-kilometers) in FY 
2018 among the six major prefectures (Tokyo, Kanagawa, 
Aichi, Osaka, Hyogo, and Fukuoka prefectures) (MLIT 
2019a) and the second highest transport person-kilometers 
(5,412,465 thousand person-kilometers) in FY 2018 follow-
ing the 10,618,884 thousand person-kilometers of Tokyo, 
the capital of Japan (MLIT 2019b). The population and 
density of Osaka City is estimated to be 2.7 million people 
and 11,949 person/km2, respectively, which are the highest 
among the ordinance-designated cities (Statistics Bureau of 
Japan 2016). On the basis of the aforementioned considera-
tions, we can deduce that Osaka City is the most appropriate 
location for this study (Fig. 1). Furthermore, National Road 
43, which is known as the place where the Supreme Court 
of Japan ruled for the first time in 1995 on road traffic noise 
(Supreme Court of Japan 1995a, b), is also a significant rea-
son for the target location selection. A stretch of National 
Road 43 runs through Osaka City.

In this study, we mainly used data from several actual 
observations. The time period when the data coincide with 
one another was desirable for this research. The year 2010, 
the most recent year in which the study conditions could 
be generally met and data were available, was selected 
as the target period. The target area was the roadside of 
Osaka City where the Road Traffic Census was conducted; 
the Road Traffic Census is a survey of road traffic con-
ducted regularly by the Ministry of Land, Infrastructure, 
Transport and Tourism in Japan and contains automobile 
type, travel speed, running condition, and traffic volume 
data, which are necessary in noise level estimation (JSTE 
2012). The Ministry of Environment in Japan defines the 
area within 50 m of the road edge as “the area where noise 
from automobile is the dominant source of noise” (MOE 
2015a). Therefore, in this study, the area within 50 m of 
the road edge was selected as the target for the evaluation 
(Fig. 2). However, the National Expressways and Urban 
Expressways were excluded from the study because most 
of their road stretches are parallel to the General National 
Highway and General Prefectural Highway, and estimating 
the exposed population is difficult. In addition, Fukazawa 
et al. (2016) reported that individual building height and 
building use are unnecessary information when estimating 
the population with health effects from the distribution of 
population exposed to vehicle noise. Therefore, this study 
assumed the presence of one-story buildings in the evalu-
ation area that are within 50 m of the road edge. 

Fig. 1   Location of Osaka City. Osaka City is the center of Osaka Prefecture, which consists of 24 wards and is located in Western Japan and 
includes numerous schools, offices, and factories
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3 � Methodology

3.1 � Prediction of road traffic noise

3.1.1 � Estimation of A‑weighted equivalent sound pressure 
level

The health effects at the receiving point in this study were 
estimated by predicting the level of road traffic noise at the 
source. The A-weighted equivalent sound pressure level is 
one of the indices used to express the average noise level of 
time-varying noise, such as road traffic noise, in line with the 
environmental quality standards in Japan. The sound power 
level is that of energy emitted by one automobile from a 
point source, whereas the A-weighted sound power level is 
the variable corrected for human health risk estimation, as 

human hearing varies with frequency (e.g. low-frequency 
sounds are hard to hear). Therefore, the A-weighted equiva-
lent sound pressure level at the analysis site was estimated 
initially prior conducting the health risk assessment derived 
from noise. The ASJ RTN-Model 2013 (Sakamoto 2014), 
which is a prediction model for road traffic noise, was used 
to estimate the A-weighted equivalent sound pressure level. 
Figure 3 shows the process of estimating the A-weighted 
equivalent sound pressure level. For the prediction of road 
traffic noise, the Road Traffic Census (JSTE 2012) was used 
to provide information on automobile type, travel speed, 
running condition, and traffic volume, in which a “traffic 
survey base section number” could be assigned to each road 
section. In this study, the A-weighted equivalent sound pres-
sure level was estimated for each road section with a “traffic 
survey base section number.” The method for determining 

Fig. 2   Evaluation target. The 
gray and dotted areas repre-
sent the road and roadsides, 
respectively. We estimated the 
exposed population assum-
ing that the population in the 
dotted evaluation area is evenly 
distributed with the population 
density of the ward in which the 
road is located

Fig. 3   Flowchart of road traffic noise prediction
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the A-weighted equivalent sound pressure level in section i 
is presented in the succeeding discussions.

First, the A-weighted sound power level LWA,i (Eq. 1) 
(Sakamoto 2014) was calculated from the travel speed Vi , 
which is the value obtained by dividing the distance of a cer-
tain section by the time needed to pass through. Considering 
that the traffic conditions in Osaka City differ between day-
time (6:00–22:00) and night-time (22:00–6:00) and the night-
time data needed for this research were lacking, the “daytime 
12-h average travel speed” and the “daytime non-congested 
average travel speed” (JSTE 2012) were set as the daytime 
travel speed and night-time travel speed, respectively. The 
constants a given for each automobile type and the coefficients 
b give for each travel speed (Sakamoto 2014) are shown in 
Table 1. The constants a differ between small-sized automo-
biles (passenger cars/small freight vehicles) and large-sized 
automobiles (medium/large vehicles). The coefficients b differ 
between “steady-state sections” (automobiles travel in close 
proximity to top gear) and “non-steady-state sections” (auto-
mobiles frequently accelerate and decelerate). The “steady-
state section” is defined as the section with average travel 
speed of more than 40 km∕h , whereas the “non-steady-state 
section” is defined as the section with average travel speed of 
less than 40 km∕h . The correction term C includes road pave-
ment, slope, and noise directivity (Sakamoto 2014).

where
LWA,i: A-weighted sound power level in section i (dB).
a: Constants given for each automobile type (-).
b: Coefficients given for each travel speed (-).
Vi: Travel speed in section i (km/h).
C: Correction term (dB).

Then, the A-weighted sound pressure level LA,i (Eq. 2) 
(Sakamoto 2014) was calculated from the A-weighted sound 
power level obtained from Eq. 1, which can describe the 
noise level observed at the predicted point away from the 
noise source when one automobile is driving. In this study, 
the distance from the source to the predicted point was set 
to ri∕2 by using road width ri for section i (Fig. 2) because 

(1)LWA,i = a + b log10 Vi + C

the source is assumed to exist in the middle of the road. The 
correction term ΔLcor,i includes attenuation associated with 
diffraction, attenuation related to ground surface effects, 
and attenuation due to acoustic absorption of air (Sakamoto 
2014).

where.
LA,i: A-weighted sound pressure level in section i (dB).
ri: Distance from the source to the predicted point in sec-

tion i (m).
∆Lcor,,i: Correction term (dB).
Subsequently, the single-event sound exposure level 

LAE,i (Eq.  3) (Sakamoto 2014) was calculated from the 
A-weighted sound pressure level obtained from Eq. 2. The 
single-event sound exposure level represents the value 
obtained by converting the single-event noise, such as noise 
that lasts for 1 s, was converted into a level of steady-state 
noise. Δti represents the time when the noise source was pre-
sent on the road in section i and was substituted by dividing 
the length of the road in section i by the average travel speed.

where.
LAE,i : Single-event sound exposure level in section i (dB).
T0 : Unit time (s).
Δti : The time when the noise source is present in section 

i (s).
The A-weighted equivalent sound pressure level LAeq,i 

(Eq. 4) (Sakamoto 2014) was calculated from the single-
event sound exposure level obtained from Eq.  3. The 
A-weighted equivalent sound pressure level indicates the 
average noise level for time-varying noise, such as road 
traffic noise, at a fixed time (daytime and night-time). T  is 
the predicted time, with 57,600 s for daytime (6:00–22:00) 
and 28,800 s for night-time (22:00–6:00). NT represents 
the traffic volume during the predicted time. The traffic 
volume at daytime is calculated by multiplying “daytime 
12-h (7:00–19:00) traffic volume” of the Road Traffic Cen-
sus (JSTE 2012) by 16/12, whereas the traffic volume at 
night-time is calculated by multiplying the value obtained 
by subtracting “daytime 12-h traffic volume” from the “24-h 
traffic volume” by 8/12.

where.
LAeq,i : A-weighted equivalent sound pressure level in sec-

tion i (dB).
T  : Predicted time (s).

(2)LA,i = LWA.i − 8 − 20 log10
(

ri∕2
)

+ ΔLcor,i

(3)LAE,i = 10 log10

(

1

T0
⋅ 10LA,i∕10 ⋅ Δti

)

(4)LAeq,i = 10 log10

(

10LAE,i∕10 ⋅
NT

T

)

Table 1   Values of constant a and coefficient b at each of steady-state 
or non-steady-state section

Steady-state section Non-steady-
state section

a b a b

Small-sized automobiles 46.7 30 82.3 10
Large-sized automobiles 53.2 88.8
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NT  : Traffic volume during the predicted time T  
(automobiles).

In Eqs. 1–4, the A-weighted equivalent sound pressure 
level is estimated for each automobile type. In Eq. 5, these 
A-weighted equivalent sound pressure levels are integrated. 
Here, Lsmall

Aeq,i
 and Llarge

Aeq,i
 are the A-weighted equivalent sound 

pressure levels for the small-sized and large-sized automo-
biles, respectively.

where.
Lsmall
Aeq,i

 : A-weighted equivalent sound pressure level from 
small-sized automobiles (dB).

L
large

Aeq,i
 : A-weighted equivalent sound pressure level from 

large-sized automobiles (dB).
In Osaka City, road traffic noise is measured every year 

to grasp the achievement status of the environmental quality 
standards. The National Institute for Environmental Studies 
(2020) summarizes the location, date and time of measure-
ment, observed values, etc., and the information is available 
for download. We compared the measured values and esti-
mated values in Eq. 5 and subsequently calibrated the data 
based on the least-square method.

Finally, the health risk in the indoor environment is esti-
mated by taking into account the sound performance of 
buildings. The sound performance of buildings is not nec-
essarily uniform across buildings, but the average difference 
of noise levels in a normal building with opened windows 
can be set to 10 dB, whereas those with closed windows is 
25 dB (MOE 2015b). Thus, in this study, 10 and 25 dB were 
subtracted from the calibrated values for each case consid-
ered in the evaluation.

3.1.2 � Estimation of exposed population

People with constant population density Di (Statistics 
Bureau of Japan 2014) in each section of the road is assumed 
in this study. We have also assumed that the length of the 
road in section i is li , and the exposed population Pi in sec-
tion i is given by Eq. 6. The range of the evaluation area is 
50 m from the edge of the road, but we doubled the range 
because of the presence of people on both sides of the road.

where
Pi : Exposed population in section i ( person).
li : Length of the road in section i ( km).
Di : Population density in the ward where section i is 

located ( person∕km2).

(5)LAeq,i = 10 log10

(

10
Lsmall
Aeq,i

∕10
+ 10

L
l arg e

Aeq,i
∕10

)

(6)Pi = 2 ⋅
(

50 ⋅
1

1000
⋅ li ⋅ Di

)

The daytime population in Osaka City is larger than the 
night-time population, and this difference can be attributed 
to the locations of many offices and schools in the city. In 
this study, the exposed population at daytime (6:00–22:00) 
was calculated by multiplying the exposed population at 
night-time (22:00–6:00) by the ratio of daytime population 
per ward (24 wards) (Statistics Bureau of Japan 2014).

3.2 � Estimation of health risks due to road traffic 
noise

3.2.1 � Effects on ischemic heart disease

The autonomic nervous and endocrine systems stimulated 
by noise affect blood pressure, heart rate, and cardiac output, 
leading to cardiovascular disease (Babisch 2011). Although 
it includes ischemic heart disease, hypertension, and strokes, 
Babisch (2008) showed a strong association between 
ischemic heart disease and noise. The odds ratio for ischemic 
heart disease and the exposure–response relationship for the 
A-weighted equivalent sound pressure level (Eq. 7) were 
obtained from two descriptive studies and five analytical 
studies (Babisch 2008). WHO/Europe (2011) has adopted 
it to estimate the health effects of noise quantitatively, and 
this method has also been applied to Japan (Tagusari et al. 
2017) and thus was also used in this study. We decided to 
estimate the health risk at noise levels higher than 55 dB 
because this equation has been applied by Babisch (2008) 
via the 55–80 dB range and MOE (2012) for the environ-
mental standard set as 55 dB at daytime for residential areas 
in Japan.

where
OR : Odds ratio (-).
Lday,16h : Daytime (16 h) A-weighted equivalent sound 

pressure level (dB).
The process of estimating the health risk of ischemic 

heart disease due to road traffic noise DALYIHD,automobiles is 
shown in Fig. 4. The health risk of ischemic heart disease 
due to road traffic noise is calculated as the product of the 
health risk of ischemic heart disease DALYIHD and “popu-
lation attributable fraction ( PAF )” (Eq. 8) (WHO/Europe 
2011). DALYIHD is the sum of YLLIHD and YLDIHD (Eq. 9) 
(Murray and Lopez 1996). PAF is the proportion of deaths 
and patients of ischemic heart disease attributable to noise, 
which is calculated by Eq. 10 (WHO/Europe 2011). Pk is 
the ratio of the exposed population in noise level band k to 
the total exposed population. The value calculated by Eq. 7 
is used for ORk.

(7)
OR = 1.629657 − 0.000613 ⋅

(

Lday,16h
)2

+ 0.000007357 ⋅
(

Lday,16h
)3
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where
DALYIHD,automobiles : Disability-adjusted Life Year from 

automobiles (DALYs).
DALYIHD : Disability-adjusted Life Year (DALYs)

where
YLLIHD : Years of Life Lost (YLL).
YLDIHD : Years Lost due to Disability (YLD)

where
Pk : Ratio of the exposed population in noise level band 

k (-).
ORk : Odds ratio in noise level band k (-).
YLLIHD is the product of the number of deaths due to 

ischemic heart disease N and life expectancy L at each age 
(Eq. 11) (WHO/Europe 2011). The number of deaths due 
to ischemic heart disease at each age cohort is based on the 
number of deaths due to acute myocardial infarction and 
other ischemic heart disease in Osaka City (MHLW 2011). 
Life expectancy is based on the table of life expectancy by 
city, town, and village (MHLW 2013).

where
Nj : Number of deaths due to ischemic heart disease at 

age j (person).
Lj : Life expectancy at age j (year).
YLDIHD is obtained by multiplying the number of non-

fatal patients with ischemic heart disease I by the “disabil-
ity weight” ( DW  ) (Eq. 12) (WHO/Europe 2011). DW  is a 
weighting factor reflecting the severity of the disease on the 
scale of 0 (perfect health) to 1 (equivalent to death) (WHO 

(8)DALYIHD,automibiles = DALYIHD ⋅ PAF

(9)DALYIHD = YLLIHD + YLDIHD

(10)PAF =

∑
�

Pk ⋅ ORk

�

− 1
∑

�

Pk ⋅ ORk

�

(11)YLLIHD =
∑

(

Nj ⋅ Lj
)

2020). WHO/Europe (2011) substituted DW  for acute myo-
cardial infarction because of the lack of data on DW  for 
ischemic heart disease. Similarly, the DW for ischemic heart 
disease of 0.432 (Salomon et al. 2015) was used in this 
study. The number of non-fatal patients with ischemic heart 
disease is defined as the difference between total patients 
and deaths. As the data for Osaka City were unavailable, the 
data for total patients were derived from the total patients 
in Osaka Prefecture (MHLW 2012) by using the ratio of the 
population of Osaka Prefecture and Osaka City (Statistics 
Bureau of Japan 2014).

where
I : Number of non-fatal patients with ischemic heart disease 

(person).
DW  : Disability weight (-).

3.2.2 � Effects on high sleep disturbance

The process of estimating the health risk of high sleep dis-
turbance due to road traffic noise DALYHSD,automobiles is shown 
in Fig. 5. The health risk of high sleep disturbance due to 
road traffic noise is calculated as the product of the popula-
tion affected by high sleep disturbance in noise level band 
k POPHSD,k and the DW  (Eq. 13) (WHO/Europe 2011). The 
Night Noise Guidelines for Europe (WHO/Europe 2009) 
suggested an average DW  of 0.07 for self-reported sleep 
disturbance, as presented below. Thus, the same value was 
used in this study.

where
POPHSD,k : Population affected by high sleep disturbance 

in noise level band k (person).
DW  : Disability weight (-).
The population affected by high sleep disturbance in 

noise level band k POPHSD,k is calculated by multiplying 

(12)YLDIHD = I ⋅ DW

(13)DALYHSD,automobiles = POPHSD,k ⋅ DW

Fig. 4   Flowchart of health risk of ischemic heart disease estimation
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the percentage of the exposed population POPk in noise 
level band k by the percentage of high sleep disturbance 
( %HSD ) (Eq. 14). %HSD represents the percentage of the 
exposed population affected by high sleep disturbance. 
Miedema et al. (2003) proposed a numerical relationship 
scheme between the percentage of the population affected 
by sleep disturbance and night-time A-weighted equivalent 
sound pressure level from “self-reported sleep disturbance.” 
In epidemiological studies, “self-reported sleep disturbance” 
is the easiest measurement indicator of sleep disturbance 
(Miedema et al. 2003). Using “self-reported sleep distur-
bance,” participants can relay the degree to which they are 
disturbed during sleep on a scale of 0 to 100 (Miedema et al. 
2003). Miedema et al. (2003) summarized 15 datasets from 
12 field studies using 50 and 72 as the cut-off values (i.e. in 
the order of “low sleep disturbance” (LSD), “sleep distur-
bance” (SD), and “high sleep disturbance” (HSD)) to iden-
tify the relationship between each condition and road traf-
fic noise. By contrast, WHO/Europe (2011) identified only 
“high sleep disturbance” as an effect of road traffic noise. 
Determining whether “low sleep disturbance” and “sleep 
disturbance” are caused by road traffic noise is difficult. 
Therefore, in this study, only “high sleep disturbance” was 
adopted following the work of WHO/Europe. Equation 15 
presents the relationship between %HSD and night-time 
A-weighted equivalent sound pressure level (Miedema et al. 
2003). This equation is based on data with 45–65 dB range, 
but it can be extrapolated for lower levels ( Lnight < 45 dB ) 
and higher levels ( Lnight > 65 dB ) (Miedema et al. 2003). 
Given that Japan has environmental quality standards of 
45 dB for night-time for residential areas (MOE 2012), the 
health risks at noise levels higher than 45 dB were estimated.

where
POPk : Exposed population in noise level band k (person).
%HSDk : Percentage of high sleep disturbance in noise 

level band k (-)

where
Lnight : Night-time A-weighted equivalent sound pressure 

level (dB).

3.3 � Estimation of health risks due to air pollutants 
from automobiles

In this study, the health risks of air pollutants (nitrogen 
dioxide (NO2) and PM2.5) from automobiles were esti-
mated using the exposure, effect, and damage analytical 
methods (Itsubo and Inaba 2010) (Fig. 6). First, the lost 
DALYs per 1 μg/m3 of air pollutant were calculated from 

(14)POPHSD,k = POPk ⋅%HSDk

(15)%HSD = 20.8 − 1.05 ⋅ Lnight + 0.01486 ⋅
(

Lnight
)2

Fig. 5   Flowchart of health 
risk estimation of high sleep 
disturbance

Fig. 6   Flowchart of health risk estimation per unit concentration of 
air pollutants
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the mortality and morbidity rates per 1 μg/m3 of air pol-
lutant. The mortality rate per 1 μg/m3 of air pollutant was 
calculated by multiplying the increase in mortality rate 
per 1 μg/m3 of air pollutant (European Commission 1999) 
by the mortality rate in Japan. The mortality rate was cal-
culated by dividing the number of deaths due to respira-
tory diseases (MHLW 2011) by the population of Japan 
(Statistics Bureau of Japan 2014). Then, the health risks 
in terms of DALYs were calculated using the observed 
concentrations of air pollutants. The respiratory diseases 
(acute death and respiratory hospitalization) (Itsubo and 
Inaba 2010) were adopted as the endpoint.

The difference between the median concentration of air 
pollutants observed at the ambient air pollution monitoring 
stations (Osaka Prefecture 2012) and the median concen-
tration observed at the roadside air pollution monitoring 
stations (Osaka Prefecture 2012) is defined as the increase 
in air pollution emitted by automobiles. In Osaka City, 
the NO2 and PM2.5 concentrations were observed from 14 
ambient air pollution monitoring stations and 11 roadside 
air pollution monitoring stations (Fig. 7). The ambient air 
pollution monitoring stations have been mainly set up to 
ascertain compliance with environmental quality standards 
and are not directly affected by specific sources. As for the 
roadside air pollution monitoring stations, they are located 
near the roadside where people live and work and where 
the influence of automobile emissions is most pronounced. 
Therefore, the difference in concentrations observed at 

these measuring stations can be considered an increase in 
concentration attributable to the automobiles.

3.4 � Sensitivity analysis of road traffic noise

In this study, we considered the factors that could increase 
or decrease road traffic noise and conducted a sensitivity 
analysis. Considering the correlation between noise level 
and traffic volume (Eq. 4), the health risks due to road traf-
fic noise were estimated when the traffic volume was var-
ied. A total of 62,884,000 small-sized automobiles and 
14,158,000 large-sized automobiles, including trucks and 
buses, were forecasted to be owned in Japan in 2030, which 
were 107.8% and 92.8% of those in 2010, respectively (Sou-
gougiken 2019). For all automobile types, it was expected 
to be 104.6% of that in 2010 (Sougougiken 2019). There-
fore, these values were used to assume an increase in traffic 
volume. When estimating the A-weighted equivalent sound 
pressure level for each automobile type in Eq. 4, the increase 
or decrease rate was multiplied by each automobile type.

As for the factors that could decrease the traffic volume, 
the spread of electric vehicles with high silent performance 
and the reduction in travel to prevent the spread of the cur-
rent outbreak of the novel coronavirus (Velavan and Meyer 
2020) were considered. The former exerts no major impact 
at present because the number of electric vehicles in Japan 
in 2020 was 119,159 (AIRIA 2021), which is less than 1% 
of the total. With regard to the latter, using the year-on-year 
ratios of weekly traffic volume reported by MLIT (2021), we 
averaged the year-on-year ratios of major national highways 
in the area, including Osaka City, during the declaration of 
the state of emergency (April 7 to May 21 in 2020), and 
found that the year-on-year ratio was 93.7%. Therefore, in 
this case, the change in health risk was estimated by multi-
plying by 0.937 for all automobile types as well as the case 
of increase.

4 � Results and discussions

4.1 � Prediction of road traffic noise

4.1.1 � Estimation of A‑weighted equivalent sound pressure 
level

In this study, the predictions of road traffic noise were taken 
into account from more than 700 sections. Then, the esti-
mated values of these sections were compared with the 
observed values (NIES 2020) at 47 points. The estimated 
values were larger than the observed values at all points. 
Therefore, we calculated the error in which the sum of 
the squares of the differences between the estimated and 
observed values was the smallest. The corresponding values 

Fig. 7   Fourteen ambient air pollution monitoring stations and 11 
roadside air pollution monitoring stations in Osaka City. Gray lines 
are the roads surveyed for the Road Traffic Census (JSTE 2012)
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were 16.26 dB at daytime and 16.08 dB at night-time. Sub-
sequently, 16.26 dB at daytime and 16.08 dB at night-time 
were subtracted from the estimated values to estimate the 
health risk. The comparison between the estimated and 
observed A-weighted equivalent sound pressure levels after 
calibration (NIES 2020) is shown in Fig. 8. On the basis of 
the calibration results, all of the estimated values at the 47 
points were within the error margin of ± 20% of the observed 
values.

The distribution of calibrated A-weighted equivalent 
sound pressure levels is shown in Fig. 9. The vertical axis 

represents the sum of the percentage of the section in the 
whole targeted road. The total length of the targeted road 
was 414.9 km. This finding corresponds to approximately 
11% of the total length of the roads managed by Osaka City, 
which is 3,678 km (Osaka City 2020). With the open-win-
dow scenario, the percentage increased at daytime until the 
A-weighted equivalent sound pressure level reached 55 dB, 
reaching a maximum of 39.2% in the 55–60 dB range, 
then the percentage decreased. By contrast, at night-time, 
the percentage increased until the A-weighted equivalent 
sound pressure level reached 50 dB, reaching 38.4% in the 
50–55 dB range and 34.7% in the 55–60 dB range, then the 
percentage decreased. With the closed-window scenario, 
the percentage of the A-weighted equivalent sound pressure 
level of 45 dB or less was the highest in both daytime and 
night-time, then the percentage decreased. The percentage 
was 67.5% at daytime and 94.0% at night-time. The results 
indicate that road traffic noise can be controlled below the 
environmental standard by closing windows.

4.1.2 � Estimation of exposed population

The estimated exposed populations at daytime and night-
time (with windows opened/closed) are shown in Fig. 10. 
The exposed population was 822,000 at daytime and 
534,000 at night-time. This higher population at daytime can 
be explained by the locations of many offices and schools in 
Osaka City. With the open-window scenario, the exposed 
population at daytime gradually increased from below 
45 dB to the 55–60 dB range, reaching the largest popula-
tion of 334,000 in the 55–60 dB range, then it decreased and 
reached 0 at 70 dB. The exposed population at night-time 
gradually increased from below 45 dB and reached the peak 
of 207,000 in the 55–60 dB range, then it decreased to 0 in 
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Fig. 8   Estimated and observed values of the A-weighted equivalent 
sound pressure level. Straight line means one-to-one correspondence; 
dotted line means ± 20%

Fig. 9   Percentages of length 
for each A-weighted equivalent 
sound pressure level. The road 
length for the same noise level 
band was totaled. The data with 
the closed-window scenario are 
represented using dots
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the 70 dB. The exposed population at night-time was larger 
than the exposed population at daytime until 50 dB, but the 
exposed population at daytime shifted to 5.9 times larger 
in the 60–65 dB range and more than 60 times larger in the 
65–70 dB range. This trend may be related to the difference 
in traffic volume between daytime and night-time. Accord-
ing to the “Table of Traffic Volume by Time” of the Road 
Traffic Census (JSTE 2012), the average traffic volume in 
Osaka City for the same period was 609.2 automobiles/hour 
at daytime, whereas the volume was 203.5 automobiles/hour 
at night-time. As the A-weighted equivalent sound pressure 
level was determined by the traffic volume per unit time 
in Eq. 4, the decrease in traffic volume was considered to 
be the factor for the low number of exposed population at 
night-time. With the closed-window scenario, the exposed 
population in both daytime and night-time reached the peak 
of less than 45 dB, and then decreased to more than 55 dB in 
both cases. The exposed population for the below 45 dB case 
was 75.1% of the total exposed population at daytime and 
94.2% of the exposed population at night-time. The results 
are similar to those of the distribution of A-weighted equiva-
lent sound pressure level.

4.2 � Estimation of health risks due to road traffic 
noise

4.2.1 � Effects on ischemic heart disease

Table 2 shows the results of the odds ratios for each noise 
level band calculated from the exposure–response relation-
ship of Eq. 7. The  PAF for the open-window scenario was 
0.010 after calculating Eq. 10. This value indicates that 1.0% 
of the deaths and patients with ischemic heart disease in 
Osaka City were caused by road traffic noise. WHO/Europe 
(2011) estimated a  PAF of 0.018 for the burden of disease 
from road traffic noise. Although the  PAF values in this 
study were below the WHO/Europe value, we considered 
the validity of the  PAF to be acceptable. Meanwhile, for 
the closed-window scenario, all of the exposed populations 
were exposed to below the environmental quality standards 
of 55 dB. Therefore, the  PAF was calculated to be 0 in this 
study.

On the basis of the 1970 deaths from “acute myocardial 
infarction” and “other ischemic heart disease” (MHLW 
2011) and the life expectancy (MHLW 2013) in Osaka City, 
the years of life lost due to ischemic heart disease YLLIHD 
was calculated to be 27,530.2 YLL. Meanwhile, as the 
total number of patients with ischemic heart disease in the 
Osaka Prefecture was reported to be 55,000 (MHLW 2012), 
the total number of patients with ischemic heart disease in 
Osaka City was estimated to be 16,535. Subsequently, the 
number of non-fatal patients with ischemic heart disease 

Fig. 10   Exposed population by 
each equivalent sound pressure 
level. The data with the closed-
window scenario are repre-
sented using dots
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Table 2   Odds ratios by each 
equivalent sound pressure level

Daytime equivalent sound pressure levels (dB)

 < 55 55 ~ 60 60 ~ 65 65 ~ 70 70 ~ 75 75 ~ 80

Odds ratios ( −) 1.000 1.002 1.031 1.099 1.211 1.372
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in Osaka City was estimated to be 14,565 in this study; the 
number was derived by subtracting the number of deaths 
from the total number of patients. As the DW  of ischemic 
heart disease was assumed to be 0.432 (Salomon et al. 2015), 
the years lost due to disability YLDIHD was 6,292.3 YLD. 
From the above discussions, DALYIHD was estimated to be 
33,822.5 DALYs for the sum of YLLIHD and YLDIHD , and 
PAF was 0.010. Thus, the health risk of ischemic heart dis-
ease due to road traffic noise DALYIHD,automobiles was finally 
estimated to be 342.9 DALYs. Meanwhile, for the closed-
window scenario, the health risk of ischemic heart disease 
due to road traffic noise DALYIHD,automobiles was 0.

4.2.2 � Effects on high sleep disturbance

Figure 11 shows the exposed population and the population 
affected by high sleep disturbance for each noise level band. 
With the open-window scenario, the affected population 

increased as the exposed population increased, reaching 
the peak of 17,746 in the 55–60 dB range. The population 
exposed to 60–65 dB was reduced to approximately one-
sixth of the population exposed to 55–60 dB, but the affected 
population was reduced to only one-fourth. These findings 
can be explained by the high noise levels that were more 
sensitive to high sleep disturbance. Using Eq. 13, the health 
risk was estimated by multiplying the affected population by 
the DW of 0.07 (WHO/Europe 2009), which was estimated 
to be 2,755.2 DALYs. With the closed-window scenario, 
the maximum number of people exposed to 45 dB or less, 
which was excluded from the effects of night-time noise, 
was approximately 500,000. The affected population was 
only 1377 in the 45–50 dB range and 21 in the 50–55 dB 
range. Similar to the case of opened windows, the health risk 
was estimated to be 97.8 DALYs. Thus, closed windows can 
reduce the health risk to 3.5% of the risk with respect to the 
case of opened windows.

Fig. 11   a Population exposed 
to night-time road traffic noise 
and population with high sleep 
disturbance. b Exposed popula-
tion and affected population in 
the case of closed windows. The 
numbers in the graph represent 
the ratio of affected population 
to exposed population
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4.3 � Estimation of health risks due to air pollutants 
from automobiles

Table 3 shows the health risks of air pollutants from auto-
mobiles. The health risk per unit concentration shown in 
Fig. 6 is 4.48 × 10−9DALYs/(μg/m3) for acute death and 
1.85 × 10−7DALYs/(μg/m3) for respiratory hospitaliza-
tion due to NO2, while the values are 8.95 × 10−9DALYs/
(μg/m3) for acute death and 4.56 × 10−7DALYs/(μg/m3) 
for respiratory hospitalization due to PM2.5. The health 
risk per unit concentration for respiratory hospitalization 
was 41.2 and 50.9 times greater than the health risk per 
unit concentration for acute death for each air pollutant. 
Thus, the effect on respiratory hospitalization was greater 
than that on acute death. Moreover, one acute death and 
one respiratory hospitalization would lose 0.75 DALYs 
and 0.011 DALYs, respectively. Although the value for 
acute death was larger than the value for respiratory hos-
pitalization, the final health risk per unit concentration 
was estimated to be greater for respiratory hospitaliza-
tion because of the smaller mortality rate from respira-
tory diseases in Japan. The total health risk, including 
concentration and population, was estimated to be 3.1 
DALYs for acute death and 134.5 DALYs for respira-
tory hospitalization, totaling 137.6 DALYs. The health 

risk per unit concentration was greater for PM2.5 than 
for NO2, but the trend for the total health risk was the 
opposite. The difference can be attributed to the differ-
ence in PM2.5 concentrations observed at the roadside air 
pollution monitoring stations, and the ambient air pollu-
tion monitoring station was smaller than the difference in 
NO2 concentrations.

4.4 � Comparison of health risks 
and countermeasures

The health risks estimated in this study is shown in Fig. 12. 
The health risks due to road traffic noise were estimated 
to be 3,102.1 DALYs with the opened windows and 97.8 
DALYs with the closed windows. The health risks were 
reduced to 3.2% with the closed windows. Meanwhile, the 
health risks of air pollutants from automobile was 137.6 
DALYs, which were higher than the health risks of road 
traffic noise in the closed-window case. The health risks 
of air pollutants from automobile were estimated using the 
observed values obtained in outdoor stations and should be 
compared with the health risks due to road traffic noise with 
windows open. In this case, the health risks due to road traf-
fic noise was 22.5 times greater than that due to air pollut-
ants from automobile.

This study has shown the benefits of closing windows. 
By closing windows, all of the exposed population can stay 
below the environmental quality standards of 55 dB expo-
sure at daytime. Moreover, this study found that the health 
risk can be reduced by 96.5% at night-time. Furthermore, 
closing windows is expected to reduce the health risks 
due to air pollutants from automobile. Therefore, closing 
windows is an effective countermeasure against the chal-
lenges posed by automobiles. As for the 55–60 dB range, 
this study found that the highest percentage of the exposed 

Table 3   Health risks due to air pollutants (NO2 and PM2.5) caused by 
automobiles

Respiratory disease (DALYs)

Acute death Hospitalization

NO2 2.4 99.5
PM2.5 0.7 35.0
Total 3.1 134.5

Fig. 12   Comparison of health 
risks between road traffic noise 
and air pollutants derived from 
automobiles. Numbers in the 
graph indicate the health risk 
for each disease. The health 
risks caused by NO2 and PM2.5 
are integrated into the health 
risks of “air pollutants”
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population had been for the open-window case, and the per-
centage of people who feel extremely uncomfortable with 
road traffic noise is only approximately 10% (Miedema and 
Oudshoorn 2001; Kuno 1998). Furthermore, people would 
become accustomed to repeated exposure to noise (Basner 
et al. 2011). However, the risk of ischemic heart disease 
increases at exposures beginning 55 dB (Babisch 2008). The 
environmental quality standards have been set as 55 dB at 
daytime for residential areas (MOE 2012), the risk of high 
sleep disturbance increases starting from 45 dB (Miedema 
et al. 2003), and the environmental quality standards are set 
as 45 dB at night-time for residential areas (MOE 2012). 
Thus, health risks are likely to occur even at the noise lev-
els of 55–60 dB in cases in which people do not normally 
perceive these dB ranges as noise. The highest percentage 
of the population was unconsciously exposed to noise for a 
long time when their windows were opened, and they might 
have been at risk of eventual health problems.

4.5 � Sensitivity analysis of road traffic noise

The results of sensitivity analysis in this study are shown 
in Table 4. The numbers in parentheses are the percentage 
changes compared with usual. In the forecast of increased 
traffic volume in 2030, the health risk of ischemic heart 
disease was 348.1 DALYs with the open-window scenario, 
an 1.5% increase than usual. With the closed-window sce-
nario, it was 0 DALYs, the same as usual. Conversely, the 
health risk of high sleep disturbance increased by 0.8% to 
2780.6 DALYs with the open-window scenario compared 
with usual but decreased by 4.2% to 93.8 DALYs with the 
closed-window scenario. This result is thought to be due to 
the decrease in the number of large-sized automobiles with 
large values of constant a given for each automobile type 
in Table 1.

When the traffic volume was decreased during the decla-
ration of the state of emergency, the health risk of ischemic 

heart disease decreased by 8.7% to 313.0 DALYs with the 
open-window scenario. With the closed-window scenario, 
it was 0 DALYs, the same as usual. Meanwhile, the health 
risk of high sleep disturbance was 2699.3 DALYs with the 
open-window scenario and 87.7 DALYs with the closed-
window scenario, a decrease of 2.2% and 10.4%, respec-
tively. Decreasing traffic to prevent the spread of the novel 
coronavirus reduced the health risk of high sleep disturbance 
by more than 10% with closed windows, suggesting that 
reducing traffic is effective in controlling health effects.

5 � Conclusions

In this study, we successfully estimated the health risks 
due to road traffic noise using DALYs as a common indica-
tor, and compared it with those due to air pollutants from 
automobiles.

The health risks due to road traffic noise were estimated 
and compared with those due to air pollutants from auto-
mobiles in Osaka City. As road traffic noise level varies 
with the sound performance of buildings, the health risks 
were estimated using two scenarios, namely, (1) opened 
windows and (2) closed windows. The number of peo-
ple exposed to the daytime A-weighted equivalent sound 
pressure level was 822,000, whereas the number of peo-
ple exposed to night-time A-weighted equivalent sound 
pressure level was 534,000. The larger population at day-
time than that at night-time can be explained by the many 
offices and schools located in Osaka City. With opened 
windows, the largest exposed population was 334,000 at 
daytime (55–60 dB), whereas the largest exposed popula-
tion was 207,000 at night-time (55–60 dB). With closed 
windows, the exposed population was largest at less than 
45 dB exposure at both daytime and night-time. The risk 
of ischemic heart disease was 342.9 DALYs for the open-
window scenario and 0 DALYs for the closed-window 
case. The difference can be attributed to all of the exposed 
population that was below the daytime environmental 
quality standards of 55 dB. The risk of high sleep distur-
bance was 2755.2 DALYs with opened windows and 97.8 
DALYs with closed windows. The closed windows had 
reduced the health risk by 96.5%.

The health risk due to air pollutants from automobiles 
was 3.1 DALYs for acute death and 134.5 DALYs for res-
piratory hospitalization. The total health risks due to road 
traffic noise were 3102.1 DALYs with the open-window 
scenario and 97.8 DALYs with the closed-window sce-
nario. The health risk due to air pollutants from automo-
biles was estimated using the observed values obtained 
from the roadside air pollution monitoring stations, which 
were better for comparison with the health risks due to 
road traffic noise for the open-window scenario. In this 

Table 4   Results of sensitivity analysis

Increase in traffic volume Ischemic heart 
disease (DALYs)

High sleep distur-
bance (DALYs)

With open-window 
scenario

348.1 (101.5%) 2780.6 (100.8%)

With closed-window 
scenario

0 (–) 93.8 (95.8%)

Decrease in traffic volume Ischemic heart 
disease (DALYs)

High sleep distur-
bance (DALYs)

With open-window 
scenario

313.0 (91.3%) 2699.3 (97.8%)

With closed-window 
scenario

0 (–) 87.7 (89.6%)
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case, the health risk due to road traffic noise was 22.5 
times larger than those due to air pollutants from auto-
mobiles. This study has shown that closing windows 
contributes to the reduction of health risks due to road 
traffic noise. However, in the 55–60 dB range in which 
the population was most likely exposed because of their 
opened windows, only approximately 10% of the popula-
tion felt extremely uncomfortable with road traffic noise, 
further suggesting that those people might be living with 
their windows open. In addition, people accustomed to 
noise through long-term exposure in the open-window 
case might have been unconsciously exposed to noise level 
bands that pose risks of ischemic heart disease and high 
sleep disturbance.
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