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Abstract

Noise in housing environments may increase the risk of cardiovascular diseases (CVDs);

however, the most significant sources of noise among elderly individuals remain poorly

understood. A nationwide cross-sectional study comprised of 6,181 elderly people (age�

65 years) was conducted using a web-based self-reported questionnaire in 2014. Questions

pertaining to CVD-related subjective symptoms within the past year addressed symptoms

of chest pain, disturbances in pulse, acute impaired tongue movement, limb paralysis, and

foot pain or numbness during walking. Questions concerning noise included awakening dur-

ing the night due to noise, automobile, neighborhood, construction, railway, and aircraft

noise. The multivariable analyses revealed that all symptoms were significantly associated

with awakening during the night due to noise. Automobile, construction, railway, and aircraft

noise were significantly associated with more CVD-related symptoms at nighttime than at

daytime. Our results suggest that noise at nighttime is an important risk factor for CVDs.

Although several different sources of environmental noise, including automobile, neighbor-

hood, construction, railway, and aircraft noise were found to be significantly associated with

CVD-related symptoms, the strongest association was observed for construction noise, fol-

lowed by neighborhood and automobile noise. The adjusted odds ratios (95% confidence

intervals) for construction noise at nighttime were 1.12 (1.06–1.19) with disturbances in

pulse, 1.21 (1.08–1.35) in acute impaired tongue movement, 1.25 (1.15–1.36) in limb paral-

ysis, and 1.19 (1.12–1.28) in foot pain or numbness during walking. The associations with

railway and aircraft noise were found to be weaker than those with automobile, neighbor-

hood, and construction noise. Our study suggests that CVD-related symptoms may exhibit

a greater association with construction, neighborhood, and automobile noise than with rail-

way and aircraft noise.
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Introduction

Cardiovascular diseases (CVDs) continue to be the leading cause of death and a major

source of health disparities in both Japan and throughout the world [1–3]. Moreover,

there has been a rapid increase in CVD-related mortality among elderly individuals [1–3].

Multiple studies have documented associations between risk of CVD and neighborhood

socioeconomic characteristics (e.g., diet, smoking, physical activity, psychosocial aspects,

and environmental factors) [4]. In addition, environmental noise levels may be related to

risk of CVD through the effects of noise on sleep disturbance and possibly stress [4,5]. Fur-

thermore, while some reports have linked exposure to noise with cardiovascular risk factors

(e.g., elevated blood pressure and myocardial infarction), evidence of this relationship is

mixed [6].

Epidemiological studies have indicated that environmental noise is an important risk factor

for CVDs in housing, and indicated that exposure to noise from various sources (e.g., residen-

tial neighborhoods, workplaces, road traffic, railway, and aircraft) is associated with CVDs and

CVD risk factors, including obesity and hypertension [7–11]. A recent meta-analysis also sug-

gested that individuals over 65 years of age had a higher risk of developing ischemic heart dis-

ease (IHD) compared to those under 65 years following exposure to road and aircraft noise

[9].

Noise annoyance and the related health problems among residents might be associated

with noise emission during the process of building construction, as well as exposed workers

[12]; however, the association between CVDs has not been reported to date. Since previous

studies have commonly focused on occupational noise sources and transport-related noise;

there is a gap that the present study should attempt to address. Therefore, the purpose of this

study was to investigate the most significant noise sources associated with CVDs and the CVD

risk factors in housing environment among elderly individuals.

Methods

Study design and population

To include individuals exposed to various environmental noise sources, a nationwide popula-

tion-based cross-sectional design was selected. A web-based survey was conducted targeting

elderly Japanese subjects (age� 65 years) randomly selected based on demographic data

obtained from a web panel of a leading Internet-based research institute in Japan (Macromill

Research Panel). An increasing number of population-based epidemiological surveys using a

web panel have been reported during the past 10 years and their reliability has been demon-

strated [13–16]. Moreover, this research panel has been used in other Japanese epidemiological

studies [17–19]. A total of 1,160 thousand members were registered for the web panel as of

May 1st, 2014, of whom 28,581 were elderly individuals. This research institute has developed a

highly credible web panel via thorough quality control and management and planned recruit-

ment. The research institute has periodically evaluated the demographic characteristics of the

web panel and has reported that many factors, such as marital status, family structure, annual

income, property, alcohol intake, lifestyle, consumption habit, interests, distress, anxiety, life

consciousness, and personality, excluding knowledge or use of a computer, considerably corre-

sponded to the results of population-based surveys conducted using traditional sampling mea-

sures [20].

This study was approved by the ethical committee for human research at the Louis Pasteur

Center for Medical Research (LPC.14). The study was conducted in accordance with the Dec-

laration of Helsinki.

Environmental noise and cardiovascular symptoms
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Data collection

A total of 12,000 members (5,114 males and 6,886 females) were selected from the web panel

by stratified random sampling to ensure that the gender ratio matched the Japanese demo-

graphic data obtained from the 2010 Population Census [21].

Members of the web panel received an invitation via e-mail to complete the self-reported

questionnaire on a website. To prevent unauthorized access by a third party to the website dis-

playing the survey form, the registered e-mail address and passwords were required when par-

ticipants accessed the website. To avoid information bias, no information on the topic of the

questionnaire was provided in the invitation. Inconsistent or incomplete responses to the

questionnaire were controlled by a quality control system provided by the research institute.

Members responding to the invitation were provided with a link to the website hosting ques-

tionnaire, and were directed to complete and transmit their responses. This web-based survey

was conducted from May 9th to May 27th, 2014 and two reminders were sent to the selected

members during the survey.

Questionnaires

The questionnaire consisted of items concerning personal characteristics, including gender,

age, employment status, and body mass index (BMI); lifestyle, including smoking status,

drinking habits, regular exercise as physical activity, sufficiency of sleep duration, and depth

of sleep; and housing characteristics, including the duration of residence, housing structure,

location of the bedroom, proximity of housing to the main road, visibility of the main road,

use of an unvented-heating appliance in winter, and the use of incense in the house. The

main road was defined in the question as an important road that leads from one town or city

to another, such as an expressway, highway, national route, prefectural roads, or municipal

road.

The questions regarding health status complied with the Japan Public Health Center-

based Prospective Study on Cancer and Cardiovascular Diseases [22]. Questions concerning

health outcomes included CVDs under treatment (including those of the parents), such as

stroke (cerebral infarction or intracerebral hemorrhage) and IHDs (angina or myocardial

infarction). Questions regarding CVD-related subjective symptoms within the past year

addressed chest pain: “Have you experienced abrupt chest pain lasting for more than 10 sec-

onds?,” disturbances in pulse: “Have you experienced disturbances in pulse or arrhythmia?,”

acute impaired tongue movement: “Have you experienced sudden feeling of thickness of the

tongue?,” limb paralysis: “Have you experienced crippled feelings or numb hands and feet?,”

and foot pain or numbness during walking: “Have you experienced intermittent claudication

in the legs?.”

To evaluate the overall effects of environmental noise on sleeping, the nuisance-related

question on environmental noise included awakening during the night due to noise. The

source of the noise is not limited in this question. The questions assessing annoyance in

response to environmental noise, “Do you feel annoyed by any noise in the home that you are

living in now?” included 10 items, including daytime/nocturnal automobile (road traffic),

neighborhood (e.g., sound of music, television, radio, bathing, showering, speaking from

nearby housing or facilities), vicinal construction, railways, and aircraft noise. The responses

regarding perceived annoyance due to environmental noise were rated on a six-point Likert

scale ranging from no noise (1) to highly annoyed (6) with reference to the reported noise

annoyance scales [23,24]. We added “no noise” to the reported scales for participant not hav-

ing exposure to environmental noise.

Environmental noise and cardiovascular symptoms
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Statistical analyses

The internal consistency of the perceived noise annoyance scales was evaluated using Cron-

bach’s alpha. We examined correlations (Spearman’s test) between the variables on the per-

ceived noise annoyance responses for multicollinearity by creating a correlation matrix and

scanning for highly correlated variables [25,26].

We used χ2 tests to assess the association of the noise factors with potential confounders.

To determine the noise factors (predictor variables) associated with CVDs and the related

subjective symptoms (dependent variable), noise nuisance and the selected noise annoyance

were tested using multiple logistic regression analyses. Confounders that is common causes

of both exposure and outcome [27] were selected by reviewing the literature on the noise

factors and CVDs [4–11]. Potential confounders included employment status, proximity of

housing to the main road, visibility of the main road, location of the bedroom, duration of

residence, housing structure, gender, and age. To be comprehensive, we also adjusted for

covariates that might impact CVDs but are unlikely to determine noise exposures, including

BMI, medical history in parents related to health outcomes, smoking status, drinking habits,

regular exercise, sufficiency of sleep duration, depth of sleep, use of an unvented-heating

appliance in winter, and use of incense in the house. We built models in stages to examine

the effects of measured confounding. Model 1 adjusted for employment status, proximity of

housing to the main road, visibility of the main road, location of the bedroom, duration of

residence, housing structure, gender, and age. To control for the association with personal

characteristics, based on Model 1 we additionally adjusted for variables of BMI and medical

history in parents related to health outcomes (Model 2). Finally, to control for the associa-

tion with lifestyle (smoking status, drinking habits, regular exercise, sufficiency of sleep

duration, depth of sleep, use of an unvented-heating appliance in winter, and use of incense

in the house), based on Model 2 we additionally adjusted for these variables in Model 3. We

used p< 0.05 to indicate statistical significance. Odds ratios (ORs) and 95% confidence

intervals (CIs) were determined for the univariate and multivariable associations. All data

analyses were performed using IBM SPSS version 23 for Windows (IBM Corp, Armonk,

NY, USA).

Results

Participants

Of the 12,000 members who received an invitation, 6,181 responses (response rate 59.0%)

were obtained from 47 prefectures in Japan. For examining the sample of participants on a

nationwide scale, correlation test was performed between the number of participants and the

Japanese elderly population (age� 65 years) [21] in 47 prefectures in Japan. The Pearson’s cor-

relation coefficient was 0.96 (p< 0.001). In addition, the mean proportion of participants to

the Japanese elderly population for each of the 47 prefectures was 0.0211% (standard deviation,

0.0087%). Rates of current smoking for every day and sometimes in this study were 10.5% and

1.0%, respectively, and those in the Comprehensive Survey of Living Conditions 2011, Japan

[28] were 10.0% and 1.0%, respectively. Rates of drinking habits for once or more a week and

less than once a week or never in this study were 47.9% and 52.0%, respectively, and those in

the Comprehensive Survey of Living Conditions 2011, Japan [28] were 30.0% and 68.2%,

respectively. The prevalence of stroke and IHDs in this study were 2.1% and 4.5%, respectively,

and those in the Comprehensive Survey of Living Conditions 2011, Japan [28] were 3.5% and

5.5%, respectively. Similar tendencies were obtained in comparison with the overall elderly

population in Japan.

Environmental noise and cardiovascular symptoms
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The characteristics of the participants by noise exposure status are presented in Table 1 and

the detailed data are shown in supplemental material as S1 Table. The mean age of the subjects

was 69.4 years (range: 65–93 years; 51.2% females and 48.8% males). Regarding environmental

noise annoyance, the highest proportion of participants responded with construction noise,

followed by aircraft, automobile, and neighborhood noise, whereas railway noise had the low-

est proportion of responses. The proportion of noise annoyance were higher at nighttime com-

pared with daytime for automobile, neighborhood, and railway noise; however, the inverse

relationship was found for construction and aircraft noise.

Prevalence of CVDs and related symptoms

Table 2 shows the prevalence of CVDs currently under treatment and the related subjective

symptoms within the past year. Regarding the subjective symptoms, pulse disturbances had

the highest prevalence, followed by foot pain or numbness during walking, chest pain, and

limb paralysis, whereas acute impaired tongue movement exhibited the lowest prevalence

among the participants. Significantly more men than women reported all CVDs and symp-

toms of pulse disturbances, limb paralysis, and foot pain or numbness during walking; how-

ever, there was no significant relationship for the symptoms of chest pain and acute impaired

tongue movement.

Risk factors associated with CVDs and related symptoms

The Cronbach’s alpha coefficient for the perceived environmental noise annoyance scales was

0.938. The Cronbach’s alpha coefficients excluding each item ranged from 0.933 to 0.938.

Moreover, the Cronbach’s alpha coefficients were high (range: 0.85–0.96) for all scales. We

examined the correlations among the 10 variables pertaining to sources of environmental

noise annoyance (data shown in S2 Table). Correlations between daytime and nighttime noises

for all types of the sources of environmental noise annoyance were high (correlation� 0.7).

The univariate associations between the CVD-related symptoms and environmental noise

annoyances are listed in Table 3. The results of multiple logistic regression analysis models for

the association with CVDs and related symptoms are presented in Table 4. No significant asso-

ciation was observed between sources of environmental noise annoyance and CVDs under

treatment. All CVD-related symptoms were significantly associated with awakening during

the night due to noise in all models.

In the associations between noise sources and CVD-related symptoms in the final model,

automobile noise was significantly associated with chest pain and disturbances in pulse at both

daytime and nighttime. Automobile noise was significantly associated with limb paralysis and

foot pain or numbness during walking at nighttime, whereas the associations were not signifi-

cant at daytime. Neighborhood noise was significantly associated with limb paralysis and foot

pain or numbness during walking at both daytime and nighttime. Neighborhood noise was

significantly associated with chest pain and acute impaired tongue movement at daytime,

whereas the associations were not significant at the nighttime. Construction noise was signifi-

cantly associated with disturbances in pulse, limb paralysis, and foot pain or numbness during

walking at both daytime and nighttime. Besides, the association between construction noise

and chest pain at daytime was significant. The association between construction noise and

acute impaired tongue movement was also significant at nighttime. Railway and aircraft noise

were significantly associated with chest pain at both daytime and nighttime. Railway and air-

craft noise were significantly associated with limb paralysis at nighttime. In addition, aircraft

noise was significantly associated with foot pain or numbness during walking at nighttime.

However, other symptoms were not significantly associated with railway and aircraft noise.

Environmental noise and cardiovascular symptoms
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Discussion

This study was based on a large nationally sample with extensive individual information

among elderly individuals, which allowed for better control of known cardiovascular risk and/

or modifying factors. Our findings suggested that relationships between sources of environ-

mental noise annoyance and CVDs under treatment were not significant. This may be due to

the time difference between the current exposure to noise and the onset of CVDs.

On the other hand, our findings also suggested relationships between sources of environ-

mental noise annoyance and CVD-related symptoms within the past year. Although a signifi-

cant association was observed for several different sources of environmental noise, including

automobile, neighborhood, construction, railway, and aircraft noise, the strongest association

was found for construction noise at both daytime and nighttime, followed by neighborhood

noise at daytime and automobile noise at nighttime. The associations with railway and aircraft

noise were weaker than those with construction, neighborhood, and automobile noise. Auto-

mobile, construction, railway, and aircraft noise were significantly associated with more CVD-

related symptoms at nighttime than at daytime. All CVD-related symptoms were significantly

associated with awakening during the night due to noise. Our results suggest that noise at

nighttime is a significant risk factor for CVDs, as suggested by previous reports [5,11].

Multiple previous studies have reported the association with transportation noise

[9,11,29,30]. Nevertheless, our findings suggest that vicinal construction noise was the most

significant noise among elderly individuals in our study. In China, 42.1% of environmental

complaints have been reported to be associated with noise, 64.4%, 25.0%, 7.4%, and 2.2% of

which were attributed to neighborhood noise, construction noise, industrial noise, and traffic

noise, respectively; thus, noise is becoming a more serious problem due to rapid urbanization

throughout China [31]. In our study, regarding environmental noise annoyance, the highest

proportion of participants responded with construction noise, followed by aircraft, automo-

bile, and neighborhood noise. Construction activities or projects (e.g., redevelopment or

renewal) at a local site in the city are progressing on a daily basis, and are not limited to large-

scale urbanization or city development. Therefore, construction noise is a common environ-

mental threat for public health in many countries or local regions.

The majority of local residents who had nearby construction activities in the Western Iran

reported high levels of noise annoyance [12]. Moreover, daily sleep disturbance was the most

Table 2. Prevalence of CVDs under treatment and related subjective symptoms within the past year.

Total, prevalence (95% CI)

(n = 6,181)

Females, prevalence (95% CI)

(n = 3,163)

Males, prevalence (95% CI)

(n = 3,018)

CVDs

Stroke *** 2.1 (1.7–2.4) 1.0 (0.7–1.4) 3.2 (2.6–3.8)

IHDs *** 4.5 (4.0–5.0) 1.7 (1.2–2.1) 7.5 (6.5–8.4)

CVD-related symptoms

Chest pain 6.6 (6.0–7.2) 6.5 (5.7–7.4) 6.6 (5.7–7.5)

Disturbances in pulse *** 15.3 (14.4–16.2) 12.5 (11.3–13.6) 18.2 (16.8–19.6)

Acute impaired tongue movement 3.0 (2.6–3.5) 2.7 (2.1–3.2) 3.4 (2.8–4.1)

Limb paralysis *** 5.5 (4.9–6.1) 3.6 (3.0–4.3) 7.5 (6.5–8.4)

Foot pain or numbness during walking *** 10.0 (9.2–10.7) 8.0 (7.1–8.9) 12.0 (10.9–13.2)

Values are expressed as prevalence (95% CI, assumed as a Poisson distribution). Abbreviations: CVD, cardiovascular disease; IHD, ischemic heart

diseases.

*** Significant difference between males and females at p < 0.001 by Fisher’s exact test.

https://doi.org/10.1371/journal.pone.0188236.t002
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frequent problem reported by the participants. The main sources of construction worksite

noise were included diesel power generators, cutting and welding processes, heavy machinery

(e.g., trucks), and the transport of materials. In addition, most of the residents had heard the

construction noise and believed that loudness to be the main reason for their annoyance. The

analysis revealed that the measured mean noise level near the participants homes was 74.6

decibels (dB) (standard deviation [SD]: 7.1 dB] during the operation of construction machin-

ery; in particular, it was 97 dB (SD: 2.2 dB) when the diesel generators were the primary source

of the noise. In a Chinese study on local construction noise in residential buildings, noise levels

between 67.8–73.9 dB were measured during nighttime construction activity [31]. The World

Health Organization summarized that when night noise level exceeds 55 dB, adverse health

effects occur frequently, a sizable proportion of the population is highly annoyed and sleep-

disturbed, and there is evidence that the risk of CVD increases [32]. In addition, a recent

meta-analysis indicated that the relative risk for IHD was significantly increased following

transportation noise exposure, with the linear exposure-response starting at 50 dB [9].

On the other hand, due to the different acoustic characteristics for a diverse number of

noise sources (e.g., sound level, frequency spectrum, time course, sound level rise time, and

psychoacoustic measures), noise levels generated from different sources cannot be merged

into one decibel indicator. In addition, various exposure-response curves related to CVDs

have been generated for exposure to road traffic and aircraft noise [33]. In these curves, the rel-

ative risk of CVDs were highly variable, even at the same noise level. Regarding neighborhood

noise, the association with CVDs or related symptoms has yet to be investigated. In addition,

our study suggested significant associations between neighborhood noise and two symptoms

related to stroke. Recently, one cross-sectional questionnaire study also suggested associations

between neighborhood noise (e.g., equipment in the house, restaurants, cultural facilities, and

commercial activities) and the incidence of stroke [34]. Therefore, an investigation of the

exposure-response relationships between construction noise, neighborhood noise, and CVDs

or related symptoms is required. The guidelines for environmental noise should likely be

established on the grounds of the exposure-response relationships of respective noise sources.

There are several limitations associated with our study. First, we used a nationwide cross-

sectional survey to examine the associations between perceived environmental noises and the

subjective symptoms related to CVDs that the participants experienced within the past year.

This cross-sectional design makes it difficult to determine the cause and effect of temporal

relationships.

Second, this study was based on a self-reported questionnaire survey. Environmental

reports from participants are highly subjective and the resulting inaccuracies may have

resulted in bias. This is also true of the subjective, self-reported health outcome assessments

used in this study, despite the use of a well-known questionnaire that has been validated in

Japan.

Third, the limitation of this web-enabled methodology, as with other survey techniques, is

the potential selection bias that exists if some individuals do not participate in the web panel

because of concerns regarding the technology or other personal reasons. However, the conclu-

sions drawn from this study may be unaffected by this limitation because the demographic

characteristics and prevalence of CVDs between the study participants and other population-

based statistical data using traditional measures showed similar tendencies.

Fourth, noise-induced hearing loss or presbycusis might be associated with effect of noise

nuisance or annoyance; however, those were not investigated in this study. Occupational

stress, educational level, passive smoking, and cholesterol level [7] were also not investigated.

The geographic classifications (rural, suburban, or urban) of participants might be associated

with CVDs. Thus, we investigated the proximity of housing to the main road and the visibility
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of the main road, and controlled for these in the models. In addition, we analyzed the associa-

tions between participant prefectures and CVDs and the related symptoms; however, the

results were not significant.

Fifth, this study did not consider other environmental factors that may be associated with

CVDs, such as exposure to fine particulate air pollution [35]. Environmental factors could

potentially impact the effect estimates in the present study; however, long-term exposure to

fine particulate matter and nocturnal traffic noise were both independently associated with

subclinical atherosclerosis and may contribute to the association between road traffic and cor-

onary artery disease [29]. In addition, a systematic review concluded that the confounding car-

diovascular effects induced by noise or air pollutants was low [9,36], although this may be

related to the quality of the methods used to assess air pollutants. Studies of the combined

effects of noise and air pollution have revealed largely independent effects, which could be

explained by different mechanisms pertaining to how both exposures impact health (cognitive

and autonomic stress response vs. inflammatory processes) [33]. With regards to other envi-

ronmental factors, one study reported that exposure to violent crimes, environmental noise,

and proximity to a major road were independently associated with increased odds of CVDs

[37]. Thus, these relevant factors may not substantially impact the observed associations in our

study.

Finally, we analyzed mass variable factors that could introduce a systematic statistical bias.

Therefore, we performed correlation analyses, univariate analyses, and three multivariable

models, for which the results were similar for the different models used; thus, it is unlikely that

the results from the analysis of risk factors on environmental noise annoyance were affected by

a particular statistical model or the large number of statistical tests performed.

In conclusion, our findings suggest that the associations with CVD-related symptoms

might be greater for construction, neighborhood, and automobile noise than that with railway

and aircraft noise. While several previous studies focused specifically on transportation noise,

our findings suggest that although transportation noise is an important risk factor for CVDs,

construction and neighborhood noise may be of equal or greater importance. Moreover,

annoyance caused by environmental noise appears to exert its effects in the form of CVD-

related symptoms. Therefore, clarification of the relationships between the acoustic character-

istics associated with different noise sources and CVDs or related symptoms is required in

future studies.
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