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Association Between Road Traffic Noise and Incidence of Diabetes
Mellitus and Hypertension in Toronto, Canada: A Population-Based
Cohort Study
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Background—Exposure to road traffic noise has been linked to cardiometabolic complications, such as elevated blood pressure
and glucose dysregulation. However, epidemiologic evidence linking road traffic noise to diabetes mellitus and hypertension
remains scarce. We examined associations between road traffic noise and the incidence of diabetes mellitus and hypertension in
Toronto, Canada.

Methods and Results—Using the Ontario Population Health and Environment Cohort, we conducted a retrospective, population-
based cohort study of long-term residents of Toronto, aged 35 to 100 years, who were registered for provincial publicly funded
health insurance, and were without a history of hypertension (n=701 174) or diabetes mellitus (=914 607). Road traffic noise
exposure levels were assessed by the equivalent continuous A-weighted sound pressure level (dBA) for the 24-hour day and the
equivalent continuous A-weighted sound pressure level for the night (11 pm—7am). Noise exposures were assigned to subjects
according to their annual residential postal codes during the 15-year follow-up. We used random-effect Cox proportional hazards
models adjusting for personal and area-level characteristics. From 2001 to 2015, each interquartile range increase in the
equivalent continuous A-weighted sound pressure level (dBA) for the 24-hour day (10.0 dBA) was associated with an 8% increase in
incident diabetes mellitus (95% Cl, 1.07-1.09) and a 2% increase in hypertension (95% Cl, 1.01-1.03). We obtained similar
estimates with the equivalent continuous A-weighted sound pressure level for the night (11 pm—7am). These results were robust to
all sensitivity analyses conducted, including further adjusting for traffic-related air pollutants (ultrafine particles and nitrogen
dioxide). For both hypertension and diabetes mellitus, we observed stronger associations with the equivalent continuous A-
weighted sound pressure level (dBA) for the 24-hour day among women and younger adults (aged <60 years).

Conclusions—Long-term exposure to road traffic noise was associated with an increased incidence of diabetes mellitus and
hypertension in Toronto. (/ Am Heart Assoc. 2020;9:e013021. DOI: 10.1161/JAHA.119.013021.)
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C ardiometabolic diseases are highly prevalent conditions with hypertension.? Patients with these 2 conditions are at a
that pose a significant challenge to many countries.'? high risk of developing adverse cardiovascular events, such as
Globally, an estimated 8% of the adult population has stroke and myocardial infarction, and the concomitant
developed diabetes mellitus, and >25% of adults are living presence of diabetes mellitus and hypertension confers an
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Clinical Perspective

What Is New?

* In this population-based retrospective cohort study, we
explored the association between long-term exposure to
road traffic noise with cardiometabolic diseases, including
diabetes mellitus and hypertension, in Toronto, Ontario,
Canada.
The results demonstrated that every 10-dBA increase of
long-term exposure to road traffic noise was associated with
an 8% increased risk of incident diabetes mellitus and a 2%
increased risk of incident hypertension among individuals,
aged 35 to 100 years, who resided in Toronto.
* We found independent associations for road traffic noise
with diabetes mellitus and hypertension from air pollution
(nitrogen dioxide and ultrafine particles).

What Are the Clinical Implications?

* As the burden of environmental risk factors and car-
diometabolic diseases increases in North America, under-
standing such relationship can have important public health
implications.

» Given these findings, long-term exposure to road traffic
noise may be an important risk factor for cardiometabolic
diseases.

even greater risk.** To mitigate the burden of cardiometabolic
diseases and related complications, the identification of
modifiable risk factors related to lifestyle and environment
has emerged as an important public health priority. Previous
accumulated evidence from mechanistic studies suggested an
elevated risk of cardiometabolic disease associated with road
traffic noise, which is a pervasive source of environmental
stress.” Exposure to noise provokes a stress response and
reduces sleep quality, which can activate the autonomic
nervous and the endocrine systems, and increase levels of
circulating stress hormones, blood pressure, heart rate, and
glucose dysregulation.®” These noise-induced pathophysio-
logical changes may be contributing to the development of
diabetes mellitus and hypertension.®""

Despite the biological plausibility of persistent exposure to
noise affecting cardiometabolic diseases, epidemiologic stud-
ies linking long-term effects of road traffic noise to diabetes
mellitus and hypertension remain scarce, especially in North
America. Most epidemiologic studies of road traffic noise
were conducted in Europe, where architectural and urban
design settings, such as the proximity between buildings and
roads, often differ from conditions found in North America. 2
Few studies have examined the associations between past
exposure to road traffic noise and the incidence of diabetes
mellitus. In 1 Canadian and 2 European cohorts, road traffic

noise was associated with increased incidence of diabetes
mellitus.” " In contrast, the effects of long-term exposure to
road traffic noise on the incidence of hypertension were
inconsistent in prior studies. The ESCAPE (European Study of
Cohorts for Air Pollution Effects) reported a positive associ-
ation with self-reported hypertension,'® whereas other studies
did not find evidence of an association.' "

With the global shift toward urbanization, traffic-related
noise pollution appears to be a widespread public health issue
for cities, where residents may be exposed to levels
exceeding the recommended World Health Organization
guidelines.12’20 Thus, we conducted a large population-based
cohort study in Toronto, Canada, the fourth largest city in
North America, to investigate whether past exposure to road
traffic noise is associated with increased incidence of
diabetes mellitus and hypertension.

Methods

The health administrative data used in this study are held
securely in coded form at ICES. Data sharing agreements and
privacy regulations in Ontario prohibit ICES from making the
data publicly available, and access may be granted to those
who meet prespecified criteria for confidential access (www.
ices.on.ca/DAS).

Study Design and Participants

This study used the population-based, retrospective Ontario
Population Health and Environment Cohort, described in detail
previously.?' Briefly, the Ontario Population Health and
Environment Cohort comprises long-term residents of Ontar-
io, aged >35 years on April 1, 1996, who were registered for
provincial publicly funded health insurance. Those who were
not born in Canada were excluded using the Immigration,
Refugee and Citizenship Canada (IRCC) Permanent Resident
Database. The health insurance program of Ontario provides
universal access to both hospital and physician services. We
created this cohort by linking health administrative and
environmental databases using unique encoded identifiers at
ICES.?! The use of data in this study was authorized under
section 45 of Ontario’s Personal Health Information Protec-
tion Act, which does not require review by a Research Ethics
Board.

We restricted our study population to individuals who were
residents of Toronto for >5 years, were aged between 35 and
100 years, and were free from hypertension or diabetes
mellitus at baseline (January 1, 2001). All individuals were
followed up until the year of diabetes mellitus or hypertension
diagnosis, death, relocation outside of Toronto, or the end of
follow-up (December 31, 2015).
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Assignment of Road Traffic Noise

Our estimates of traffic noise levels were obtained from a noise
propagation model, described elsewhere.?? Briefly, the noise
model was developed using SoundPLAN noise modeling
software (Backnang, Germany). In SoundPLAN, traffic noise
emissions were estimated using the US Federal Highway
Administration Traffic Noise Model (TNM2.5), which implements
the attenuation standards for road surface reflectance and
ground absorption.?? This model has been used often in other
North American cities, such as New York City.?* Sound pressure
propagation was modeled according to the International Orga-
nization for Standardization calculation method (96 13-2), taking
into account physical effects, such as vehicle type, geometrical
spreading, and reflection from surfaces. International Organiza-
tion for Standardization 9613-2 is a widely used technique in
noise mapping to predict long-term average A-weighted sound
pressure levels (dBA) with an accuracy of 3 dBA for distances up
to 1 km.?* Various geospatial inputs were prepared with ArcGIS
10.4 software (ESRI, Redlands, CA), including a digital elevation
model from the Ontario Ministry of Natural Resources to
evaluate topographic effects on road network elevation changes
and associated impacts on noise emissions, building mass data
to account for fagade reflection of noise, and the center line
network and associated traffic volume data based on a suite of
past traffic counts from Toronto.??

The integrated model was validated with 193 noise mea-
surements from a monitoring study completed between August
and October 2016 throughout Toronto. The noise monitoring
was conducted for a week using a Noise Sentry RT sound level
meter data logger that was selected from a combination of
population densities, land uses (ie, residential, open space,
employment, and industrial /commercial), and sites of particular
interest (eg, schools, long-term care facilities, and hospitals)
because of concerns surrounding noise exposures.?? The traffic
noise model used in the current study explains 59% and 60% of
variance for the equivalent continuous A-weighted sound
pressure level (dBA) for the 24-hour day (Laeq24 n) and the
equivalent continuous A-weighted sound pressure level for the
night (11 pu—7am), respectively, in observed noise levels.”?

Using the estimates derived from the traffic noise model, we
assigned each subject a 3-year moving average of Laeg 24 1 and
Laeg,nignt at his/her annual residential postal code for every year
of follow-up. For instance, an individual’s exposure in 2001 was
estimated as the mean exposure over the years 1998 to 2000.
This moving average approach accounted for the variability in
exposures caused by residential mobility patterns.

Ascertainment of Outcomes

We identified incident cases of diabetes mellitus and hyper-
tension using the Ontario Diabetes Dataset and the Ontario

Hypertension Dataset, respectively. These data sets were
created from health administrative databases and algorithms
previously validated against patient’s charts in Ontario, using
the Ontario’s physician fee codes and the /International
Classification of Diseases, Ninth Revision (ICD-9), and the
International Classification of Diseases, Tenth Revision (ICD-
10).2"%” An incident case of diabetes mellitus was defined as
an individual with 2 physician claims with a diabetes mellitus
diagnostic code (/CD-9 code 250 and /CD-10 codes E10-E14),
1 physician claim with a diabetes mellitus—related fee code
(G040, K029, K030, K045, and K046), or 1 hospitalization
with a diabetes mellitus diagnostic code within 2 years.?® This
validated algorithm has a high sensitivity (86%) and specificity
(97%).2° Similarly, we identified an incident case of hyperten-
sion based on >1 hospitalization with a hypertension diagno-
sis or one physician claim followed by another physician claim
or hospitalization with a hypertension diagnosis within 2 years
(ICD-9 codes 401-405 and /CD-10 codes 110-115).%” This
validated algorithm has a sensitivity of 72% and a specificity of
95%.%

Covariates

We considered several covariates available from the admin-
istrative databases, including age at baseline and sex. We also
included 4 time-varying neighborhood-level contextual vari-
ables, derived on the closest census years (ie, 1996, 2001,
and 2006 Canadian censuses). At the census tract level (small
and relatively homogeneous geographic units consisting of a
population of 2500-8000), variables included the following:
(1) proportion of residents aged >15 years with less than a
high school education; (2) unemployment rate for residents
aged >15 years; (3) proportion of recent immigrants; and (4)
community-specific income quintile, which is based on
household income (accounting for household size).?® Further-
more, we selected several preexisting comorbidities, previ-
ously related to individual-level lifestyle and risk factors of
cardiovascular outcomes,zg*33 including stroke, diabetes
mellitus (in the analysis where hypertension was the outcome
of interest), hypertension (in the analysis where diabetes
mellitus was the outcome of interest), chronic obstructive
pulmonary disease, asthma, and cancer (Table S1).

Given that long-term noise exposure shares many sources
with ambient air pollution,®* we also obtained estimates of
ultrafine particles (UFPs; or particles with aerodynamic
diameter of <0.1 um) and nitrogen dioxide (NO,), both of
which were derived from land-use regression models for
Toronto.?>® For residential exposure to UFPs, the land-use
regression model was developed from mobile monitoring data
in Toronto, conducted over 2 weeks in September 2010 and 1
week in March 2011.%>* Real-time ambient UFP levels at 1-
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second resolution were monitored using 3 vehicles equipped
with roof-top monitoring devices (TSI model 3007) and
sampled on 405 road segments across Toronto.®” Briefly,
this UFP model was constructed using variables related to the
distance to highways, major roadways, the central business
district, the international airport, bus routes, as well as several
land-use variables for park land, open space, on-street trees,
and length of bus routes (R*=0.67).%” Similarly, we obtained
mean annual estimates of NO, from a land-use regression
model, constructed by combining NO, measurements with a
range of predictors, including the lengths of expressways and
major roads, industrial land use, density of dwellings, 24-hour
traffic counts, and being downwind of an expressway
(R?=0.69).%¢ The samples were collected over 2-week periods
in September 2002 and May 2004 using duplicate 2-sided
Ogawa passive diffusion samplers at 95 fixed-site monitors in
Toronto.®® These land-use regression models for UFP and NO,
have been used in previous studies to examine the associ-
ations of traffic-related air pollution with chronic disease.®®*°
Similar to the noise exposures, we estimated UFP and NO,
exposures using a 3-year moving window for each year of
follow-up.

Statistical Analysis

We used spatial random-effects Cox proportional hazards
models, with random effects represented by baseline neigh-
borhoods in Toronto (a total of 140), to estimate the
associations between Lagq 24 n OF Laegnight @and the incidence
of diabetes mellitus and hypertension. Similar to previous
studies, we considered neighborhood-level random effects to
account for the spatial patterns of health where subjects in
the same neighborhoods would be expected to be more
similar than those in more distant neighborhoods.??*° We
incrementally adjusted our models for a series of covariates.
First, we stratified by age and sex to account for the possible
differences in health status in the baseline characteristics of
the individuals. We then added 4 time-varying neighborhood-
level contextual variables. The latter model was considered as
the fully adjusted main model. In addition to considering noise
estimates as a continuous variable, we also modeled noise
estimates as categorical variables in 5-dBA increments.
Similar to previous studies,‘”_44 we considered <55 dBA for
Laeg,24 nh @and <45 dBA for Laeq nignt @s the reference category
based on the World Health Organization guidelines for road
traffic noise (53 dBA day-evening-night noise level over a
whole day with a penalty of 10 dBA for night-time noise and 5
dBA for evening noise and 45 dBA for Laeqnight) and the
Ontario Ministry of Environment and Climate Change recom-
mendations (55 dB for daytime and 50 dB for nighttime).***
In addition, we also considered quantiles of long-term
exposure to road traffic noise.

Several sensitivity analyses were conducted by further
adjusting for additional covariates to the fully adjusted main
model. First, we additionally adjusted for traffic-related air
pollutants, UFPs, and NO,. Second, we further adjusted for
selected preexisting comorbidities. Third, we indirectly
adjusted for the potential influence of 2 unavailable behav-
ioral-level risk factors (smoking and obesity). Briefly, we used
a previously validated method to mathematically adjust the
hazard ratios (HRs) for smoking and obesity while simultane-
ously controlling for the variables that were included in our
models (eg, area-level socioeconomic status variables).*” The
details of this method have been reported previously,*” and
the method has been implemented in previous Ontario
Population Health and Environment Cohort studies*®*° and
other cohorts.®®>". This method requires spatial associations
between observed and unobserved variables (ie, smoking and
obesity) from an auxiliary data set. To do this, we used data
from the 2001, 2003, 2005 and 2007 cycles of the Canadian
Community Health Survey.*’*? We also obtained the associ-
ations between the 2 risk factors and outcomes using the
survey cohorts (Table S2). Last, we repeated the analyses by
considering 2- and 5-year moving averages of noise exposure
estimates.

We conducted subgroup analyses to investigate potential
effect modification between Laeq24 n and cardiometabolic
disorders by age (<60, 60—74, and >75 years), sex, income
quintile, and preexisting comorbidities (hypertension or dia-
betes mellitus, depending on the outcome). In addition, we
conducted a subgroup analysis to estimate the association
between long-term exposure to road traffic noise and
incidence of diabetes mellitus and hypertension among
individuals with hearing loss (Table S3). We also examined
the potential effect modification by quintiles of UFPs and NO,.
Given the high correlation between 2 exposure metrics for
road traffic noise, we only reported the findings from Laeq,24 -

We present the HRs from categorical predictors and linear
associations, which were expressed per interquartile range
(IOR) increase (ie, HRjgr) and 95% Cls for Lagg24 nh and Laeg,
night to facilitate comparisons among the different exposure
metrics in this study.

Results

Baseline Characteristics

Of the 914 607 subjects in the diabetes mellitus cohort, 53.7%
were women, and the mean age at baseline was 55.3 years,
whereas of the 701 174 subjects in the hypertension cohort,
52.0% were women, and the mean age at baseline was
51.9 years (Table 1). During the 15-year follow-up, we identi-
fied 159 442 incident cases of diabetes mellitus (17.4% of the
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Table 1. Baseline Characteristics of the Study Cohorts by Outcome in Toronto, Canada, in 2001

Diabetes Mellitus Cohort

Hypertension Cohort

Characteristic

(=914 607)

(=701 174)

Incident cases during follow-up, n (%)

159 442 (17.4)

262 488 (37.4)

Individual-level risk factors

Age, mean (SD), y 55.3 (14.4) 51.9 (13.0)
Sex, n (%)
Men 423 463 (46.3) 336 564 (48.0)
Women 491 144 (53.7) 364 610 (52.0)
Comorbid conditions, n (%)
Hypertension 254 261 (27.8)
Diabetes mellitus . 40 668 (5.8)
Stroke 12 804 (1.4 3506 (0.5)
Chronic obstructive pulmonary disease 82 315 (9.0 50 485 (7.2)
Asthma 25 609 (2.8 17 529 (2.5)
Cancer 51 218 (5.6 29 449 (4.2)
Area-level risk factors*
Less than high school education, % 24.5 24.2
Unemployment, % 6.7 6.7
Recent immigrants, % 9.8 9.8
Average household income, 1000 CAD 63.9 63.3

CAD indicates Canadian dollars.

*Area-level risk factors are derived from Canadian censuses at the census-tract level. Information on unemployment and less than high school education was derived for individuals who

are aged >15 years.

diabetes mellitus cohort) and 262 488 incident cases of
hypertension (37.4% of the hypertension cohort) (Table S4).

At baseline, the mean levels of the 3-year moving averages
Of Lpeg,24 h @nd Laeqnignt Were ~56 and ~50 dBA, respec-
tively, for both diabetes mellitus and hypertension cohorts
(Table S5). The IQRs for both Laeq 24 h @nd Laegnignt in the
diabetes mellitus and hypertension cohorts were 10.0 dBA.
The mean exposure to NO, at baseline was ~29.3 parts per
billion for both cohorts, whereas the mean exposure to UFPs
was 28 200 and 28 430 counts/cm3 for diabetes mellitus
and hypertension cohorts, respectively. We found moderate
correlations between models of road traffic noise and air
pollution exposures (=0.19-0.35, depending on the pollutant)
(Table Sé6).

Association Between Noise Exposure and
Outcomes

In linear analysis, we found that exposure to Laeg24 n Was
associated with an increased incidence of both diabetes
mellitus (HR,qr=1.08; 95% CI, 1.08-1.09) and hypertension
(HRiqr=1.02; 95% Cl, 1.02—1.03) (Table 2). Similar HRjqr
values were observed with Laegnight (HRiqr=1.08 for

diabetes mellitus, and HR,gr=1.02 for hypertension)
(Table 2). The associations between exposures to Laeqg 24 n
and  Laegnight and incident diabetes mellitus were not
sensitive to additional adjustments for comorbidities and
traffic-related air pollution (HR,qr=1.07; 95% Cl, 1.06—1.08).
Similarly, we found positive associations (HR,qr=1.02)
between hypertension and Laeg24 n @nd Laegnights after
adjusting for comorbidities and UFPs and NO,. Further-
more, indirectly adjusting for smoking and obesity had little
influence on the estimated HRs for both incident diabetes
mellitus and hypertension (Table 2).

In the fully adjusted model using categorical predictors, we
found that individuals exposed to higher levels of Laeg 24 n
generally had stronger associations with incident diabetes
mellitus than those in low levels (ie, HR=1.08 for 55-60 dBA,
HR=1.07 for 60-65 dBA, and HR=1.12 for >65 dBA compared
with those with exposures below the guideline level of <55
dBA) (Table 2). Similarly, higher levels of Laegnight Were
associated with increased incidence of diabetes mellitus (ie,
HR=1.06 for 45-50 dBA, HR=1.12 for 50-55 dBA, and
HR=1.15 for >55 dBA compared with the reference at <45
dBA). There was an increasing dose-response relationship
between road traffic noise and diabetes mellitus when we
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Table 2. HRs and 95% Cls for the Associations Between Long-Term Exposure to Road Traffic Noise and Incidence of Diabetes

Mellitus and Hypertension

Shin et al

HR (95% Cl)
Exposure Model* Diabetes Mellitus Hypertension
Laeq.24 Stratified by age and sex 1.08 (1.08-1.09) 1.02 (1.02-1.03)
+ Neighborhood-level SES™ 1.08 (1.07-1.08) 1.02 (1.01-1.03)
Additional adjustments*
+ UFPs and NO, 1.07 (1.06-1.08) 1.02 (1.01-1.03)
+ Comorbidities® 1.07 (1.06-1.08) 1.02 (1.01-1.02)
+ Smoking and BMI 1.07 (1.04-1.11) 1.01 (1.00-1.03)
Time windows of exposure
2-y Moving average 1.08 (1.07-1.09) 1.02 (1.02-1.03)
5-y Moving average 1.07 (1.06-1.08) 1.02 (1.01-1.02)
Laeg,night Stratified by age and sex 1.08 (1.08-1.09) 1.02 (1.02-1.03)
+ Neighborhood-level SES™ 1.08 (1.07-1.09) 1.02 (1.01-1.03)

Additional adjustments*

+ UFPs and NO,

1.07 (1.06-1.08)

1.02 (1.01-1.03)

+ Comorbidities®

1.07 (1.06-1.08)

1.02 (1.01-1.02)

+ Smoking and BMI

1.07 (1.04-1.11)

1.01 (1.00-1.03)

Time windows of exposure

2-y Moving average

1.08 (1.07-1.09)

1.02 (1.01-1.02)

5-y Moving average

1.07 (1.06-1.08)

1.01 (1.00-1.03)

HRs and 95% Cls are for an interquartile range increase in noise exposures (10 dB). BMI indicates body mass index; HR, hazard ratio; Laeq 24 n, the equivalent continuous A-weighted sound
pressure level (dBA) for the 24-hour day; Laeq,night, the equivalent continuous A-weighted sound pressure level for the night (11 pm—7am); NO,, nitrogen dioxide; SES, socioeconomic status;

UFP, ultrafine particle.

*Mixed-effect Cox proportional hazards models with neighborhoods (n=140) at baseline as the random effects.

TFully adjusted model, adjusting for age, sex, and 4 SES variables derived from Canadian censuses at the census-tract area level: proportions of residents (aged >15 years) who were
unemployed, proportions of residents (aged >15 years) who had not completed high school, proportions of residents who were recent immigrants, and community-specific income quintile.
*Sensitivity analyses using the fully adjusted model above and additionally adjusting for the listed covariates.

SComorbidities include stroke, chronic obstructive pulmonary disease, asthma, and cancer. For diabetes mellitus, we also adjusted for hypertension; for hypertension, we also adjusted for

diabetes mellitus.

considered noise as a categorical variable and in quantiles
(Table 3 and Table S7, respectively). With the hypertension
cohort, evidence for a heightened risk of hypertension in
association with noise levels exceeding the Ontario Ministry
of Environment and Climate Change guidelines for noise (55
dB for 24 hours and 50 dB for nighttime) (eg, Laeq24 n:
HR=1.04; and Lacqnight: HR=1.05) remained, but the linear
trend of the dose-response relationship was less clear. We
found a similar pattern of associations with quartiles of
Laeq24 h and Laegnight a@nd incident diabetes mellitus and
hypertension (Table S7). With incident diabetes mellitus, we
found increasingly stronger associations in higher quartiles of
Laeq,24 h @nd Laeqnight» Whereas with incident hypertension, we
found a supralinear relationship where the degree of change
in association from the lowest quartile was generally consis-
tent between higher quartiles. For example, in the fully
adjusted model, individuals in the lowest quartile of Laeg24 n
were associated HRs of 1.06 (95% Cl, 1.03—1.10), 1.07 (95%

Cl, 1.04-1.11), and 1.05 (95% Cl, 1.01-1.10) in individuals in
the second, third, and fourth quartiles, respectively.

In the subgroup analysis of incident diabetes mellitus and
Laeq,24 h by sex (Figure 1 and Table S8), women exhibited
a higher risk of developing diabetes mellitus in association
with Laeg24 n (HRigr=1.10; 95% CI, 1.09-1.11) than men
(HRioqr=1.06; 95% CI, 1.04—1.07) (Pinteraction<0.001). We also
found that the associations of Laeq24 n With diabetes mellitus
varied by age, with younger individuals exhibiting a stronger
association than older adults (aged <60 years: HR,qg=1.10
[95% CI, 1.09—1.11] versus aged >75 years: HRqr=1.06 [95%
Cl, 1.04-1.08]; Pinteraction<0.001). For hypertension, we
observed similar patterns in subgroup analysis by sex and
age (Figure 2). Individuals with higher household income
exhibited a higher risk of diabetes mellitus (eg, HR;qr=1.11
[95% Cl, 1.09-1.13] in the highest income quintile versus
HRiqr=1.03 [95% CI, 1.02—1.05] in the lowest income quintile)
and hypertension (eg, HR,qr=1.03 [95% Cl, 1.02—1.05] in the
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Table 3. HRs and 95% Cls for the Associations of Incident
Hypertension and Diabetes Mellitus With Long-Term Exposure
to Road Traffic Noise Using Exposure Categories

HR (95% Cl)
Exposure Model* Diabetes Mellitus Hypertension
Laeg,24 n» | <55 (Reference) | 1.00 1.00
4BA 55 60 1.08 (1.06-1.09) | 1.04 (1.03-1.0)
60-65 1.07 (1.01-1.13) | 1.03 (1.02-1.04)
>65 112 (1.10-1.13) | 1.02 (1.01-1.03)
Laegnign, | <45 (Reference) | 1.00 1.00
A | 4550 1.06 (1.04-1.07) | 1.05 (1.04-1.06)
50-55 112 (1.10-1.14) | 1.08 (1.06-1.09)
>55 1.15 (1.14-1.17) | 1.05 (1.03-1.06)

HR indicates hazard ratio; Laeq,24 n, the equivalent continuous A-weighted sound

pressure level (dBA) for the 24-hour day; Laeq,night, the equivalent continuous A-weighted
sound pressure level for the night (11 Pv—7 Awm).

*Mixed-effect Cox proportional hazards models with neighborhoods (n=140) at baseline
as the random effects, using the fully adjusted models, stratified by age and sex, and
adjusted for 4 socioeconomic variables derived from Canadian census at the
dissemination-area level: proportions of residents aged >15 years who had not
completed high school, proportions of residents who were recent immigrants,
unemployment rate for residents aged >15 years, and community-specific income
quintile.

highest income quintile versus HR,qg=1.00 [95% CI, 0.99—
1.01] in the lowest income quintile) in association with
Laeq,24 n- There were indications of a stronger association with
Laeq,24 n among individuals living in areas with low levels of
traffic-related air pollution (eg, for diabetes mellitus,
HRiqr=1.10 [95% CI, 1.08—-1.12] in the lowest UFP quintile
versus HRgr=1.04 [95% Cl, 1.02—1.06] in the highest UFP
quintile). Similarly, we found stronger associations for diabetes
mellitus in the lowest NO, quintile (HR,gr=1.12; 95% CI, 1.10—
1.14) compared with the highest NO, quintile (HR,qr=1.02;
95% Cl, 1.01-1.04). We observed a similar pattern of
associations, albeit smaller in magnitude, for hypertension in
subgroups of traffic-related air pollution levels.

Discussion

In this large population-based cohort study, we found that
increased exposures to road traffic noise was associated with
higher incidence of both diabetes mellitus and hypertension in
Toronto, the fourth largest city in North America. These
associations were robust in various sensitivity analyses,
including adjustment for UFPs and NO,, thus suggesting the
effect of traffic noise on the development of these 2
conditions is independent of traffic-related air pollution. The
association with diabetes mellitus tended to be stronger
among women, younger individuals, people living in higher-
income neighborhoods, and those who had preexisting
hypertension. We found that the associations also varied by

levels of UFPs and NO, for both diabetes mellitus and
hypertension. A similar pattern was observed in the associ-
ation of hypertension with road traffic noise.

To date, only a handful of studies have examined the
association between long-term exposure to traffic-related
noise and diabetes mellitus. The estimated associations
across those previous studies are broadly consistent with
our findings. A recent cohort study conducted in British
Columbia, Canada, reported a positive association between
residential transportation noise and diabetes mellitus (odds
ratio=1.08; 95% CI, 1.05-1.10 per IQR increase of 6.8
dB).”> A Danish cohort study reported that a 10-dB
increase in residential exposure to ftraffic noise was
associated with an 8% (95% Cl, 1.02—1.14) higher risk of
incident diabetes mellitus, and the association remained
positive even after adjusting for residential nitrogen
oxides.' However, Eze et al did not find a statistically
significant association between diabetes mellitus incidence
and per 10-dB increase in traffic noise (relative risk, 1.17;
95% Cl, 0.88—1.53)."

On the other hand, several studies linking long-term
exposure to noise and incidence of hypertension were
conducted in Europe, with inconsistent findings. Some of
these studies indicated weak or insignificant associations
between traffic noise, blood pressure, and hypertension.'”>*"
®> Similar to our findings of a positive association when
further controlling for NO, and UPFs, 3 European studies also
reported positive associations between traffic noise and
hypertension, which were robust to adjustment for
NO,."”%%5¢ |n the ESCAPE, traffic noise was associated with
self-reported hypertension incidence, but these associations
were attenuated after adjustment for particulate matter with
an aerodynamic diameter of <2.5 pg/m®.'® The inconsisten-
cies in these findings may be attributed to the adjustments of
different pollutants, differences in local characteristics, such
as the architectural and urban designs between Europe and
North America, and characteristics of the traffic noise
sources.”’

When considering possible effect modification by the levels
of traffic-related air pollution, we found that the associations
between road traffic noise and cardiometabolic disorders
tended to be stronger among individuals living in areas with
lower concentrations of UFPs and NO,. Similar to our findings,
the Danish cohort study reported that individuals living in
areas with lower levels of nitrogen oxides tended to exhibit a
stronger association between noise and incident diabetes
mellitus.’* For example, individuals with residential exposure
to nitrogen oxides of <14.1 pg/m> were at an 11% increased
risk (95% Cl, 0.97—1.26) compared with the 2% increased risk
(95% ClI, 0.91-1.14) for those with nitrogen oxides exposure
of >25.1 pg/m?3.'* These results may be explained partly by
the fact that the average levels of road traffic noise were
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higher in areas with high levels of air pollution, and the
synergistic interaction between the environmental factors
could make individuals more desensitized to a noise-induced
stress response and less susceptible to the adverse impact of
noise exposure. However, given the small variability in the
mean levels of exposure to noise when stratified by the
quintile levels of air pollution, further studies are needed to
investigate the potential interaction between noise and air
pollution exposures.

In addition, among the selected subgroups we considered,
individuals who were younger (aged <60 years) were at an
increased risk of diabetes mellitus and hypertension from
exposure to road traffic noise. The differences could be
caused by age-related hearing loss, as typically it is more
difficult for relatively older individuals to detect noise, and the
varying degrees of stress people of different age groups
experience from noise.®® In addition, our observation that
noise exposure was more strongly associated with car-
diometabolic disease among individuals who are women and
younger, separately, suggests that menopause might play a
modifying role. Some epidemiologic studies have shown that
age-related hearing decline begins around the age of 50 to 60

years in women,’”®® which coincides with the menopausal

transition in most women. These studies implicated a
biological plausibility that menopause might be linked to
auditory deterioration and consequent reduced sensitivity to
the adverse effects of noise through the proposed mecha-
nisms by which noise induces stress related to annoyance and
sleep disturbance. It is also possible that the difference in
association by age and sex in our study might be explained by
the depletion of susceptible individuals in the older age
groups in the closed cohort design or other physiological
reasons, including the reduced responsiveness to autonomic
nervous system stimuli, which occurs among older individuals,
different genetic signatures, which could correlate with
different life span lengths, and ages of onset of major age-
related diseases, such as cardiovascular disease.®"®® Fur-
thermore, we found an increased risk of cardiometabolic
disorders from road traffic noise exposures for individuals
with a higher income. A possible explanation for the stronger
association among higher-income populations is that such
individuals tend to be in better health and have lower levels of
basic needs, such that they might be more susceptible to a
noise-induced stress response.®*®> However, given that
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Figure 1. Subgroup analysis for incident diabetes mellitus with long-term exposure to road traffic noise
by selected individual- and area-level characteristics. HTN indicates hypertension; Laeq,24 n, the equivalent
continuous A-weighted sound pressure level (dBA) for the 24-hour day; NO,, nitrogen dioxide (parts per
billion); Q, quintile; UFP, ultrafine particle (counts/cm3).
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Figure 2. Subgroup analysis for incident hypertension with long-term exposure to road traffic noise
stratified by selected individual- and area-level characteristics and levels of ultrafine particles (UFPs;
counts/cm®) and nitrogen dioxide (NO,; parts per billion). DM indicates diabetes mellitus; Laeq,24 h the
equivalent continuous A-weighted sound pressure level (dBA) for the 24-hour day; Q, quintile.

environmental risks may be jointly and independently asso-
ciated with adverse cardiometabolic effects, further explo-
ration of exposures to road traffic noise and the social
gradient in cardiometabolic health is needed to better
understand the unequal health effects between socioeco-
nomic groups.

The association of road traffic noise with incidence of
diabetes mellitus and hypertension is in line with existing
experimental evidence demonstrating the adverse car-
diometabolic effects of noise. The proposed mechanisms
suggest that traffic noise may lead to the development of
diabetes mellitus and hypertension through multiple stress
responses.’ Noise may induce a typical stress response, with
the activation of the sympathetic autonomic nervous system,
followed by increased blood pressure, heart rate, and
vasoconstriction.®® Also, stress responses to long-term acti-
vation of the hypothalamic-pituitary-adrenal axis may result in
metabolic impairment, insulin resistance, and increased levels
of stress hormones, including cortisol.>” Moreover, exposure
to noise during the night has been associated with sleep
disturbances, which might affect metabolic, endocrine, and
immune functions, as sleep is known to have a strong

regulatory influence on the immune system.®’ Disturbances
in sleep have also been associated with inflammation,
endothelial dysfunctions, and oxidative stress, all of which
contribute to an increased risk of cardiometabolic disease.?”
" In addition to such possible mechanisms through which
long-term exposure to noise can affect the cardiometabolic
system on the basis of repeated exacerbations of car-
diometabolic risk factors potentially leading to long-term
progression of cardiometabolic disease, growing evidence has
noted associations between short-term exposures to noise
and acute physiological changes, including increases in blood
pressure, heart rate, cardiac output, and blood Iipids.67 Thus,
further research to explicate the differences between short-
term and long-term effects of road traffic noise on car-
diometabolic events is warranted, which will further elucidate
the pathological mechanism of cardiometabolic disease.
Some limitations of our study merit mention. Because of
data limitations, the precise impact of the soundscape and
the temporal variability of traffic data, particularly the annual
average daily traffic data, could not be characterized. As a
result, the levels of noise exposures during the 15-year follow-
up were highly correlated and attributed to residential mobility
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patterns, which may have contributed to exposure misclas-
sification. However, noise propagation models have been
developed to provide increasingly accurate and reliable
predictions of long-term noise estimates, and such misclas-
sification represents nondifferential error across our study
population, biasing the risk estimates toward the null. We also
lacked information on individual characteristics, such as
hearing ability, time spent at home, sleep quantity and quality,
bedroom location, and occupational and indoor exposures.
Given that our area-based exposure assessment was likely
subject to nondifferential misclassification, this could have
attenuated our associations. In addition, by using health
administrative databases, we were only able to obtain
physician-diagnosed incident cases of diabetes mellitus and
hypertension. Similarly, we were only able to identify physi-
cian-diagnosed cases of hearing loss in our sensitivity
analysis, and thus were unable to account for the potential
influence of subclinical hearing loss on the associations of
noise and diabetes mellitus and hypertension. However, both
measurement errors are expected to be independent of
exposure to noise, which may have led to an underestimation
of the associations. In addition, given that age is upstream of
hearing loss and has minimal measurement misclassification,
our analytical approach in which we stratified our Cox
proportional hazards models by age at baseline may have
reduced the potential influence of hearing loss (if any) on the
associations between road traffic noise exposure and inci-
dence of diabetes mellitus and hypertension. More important,
we lacked information on individual-level lifestyle and behav-
ioral risk factors related to cardiometabolic disease, such as
smoking and obesity. To address the concern of residual
confounding, we conducted various sensitivity analyses by
further adjusting for selected comorbidities that are likely to
be associated with behavioral factors, as well as by indirectly
adjusting for body mass index and smoking. We found that
our associations remained generally consistent. Despite these
efforts, we were unable to completely rule out the possibility
of residual confounding by unmeasured individual-level con-
founders.

This study has notable strengths. To our knowledge, this is
the largest epidemiological study to date in North America
that examined the long-term impact of exposure to road
traffic noise on incidence of diabetes mellitus and hyperten-
sion. Given universal access to health care in Canada, the
potential for selection bias was minimized. In addition, we
adjusted for traffic-related air pollution, including NO,, and for
the first time UFPs, which were moderately correlated with
traffic noise. We found that exposure to traffic noise was
significantly associated with an increased risk for diabetes
mellitus and hypertension, despite adjustment for these 2 air
pollutants, suggesting an independent effect of traffic noise
on these outcomes. Furthermore, we used random-effects

Cox models with a frailty term for 140 neighborhoods in
Toronto, which allowed us to control for unmeasured factors
affecting health that are common to subjects within a spatial
cluster but may vary between adjacent clusters, including
immigration, ethnic composition, opportunities for physical
activity, and access to healthy and unhealthy food.

Conclusions

Exposure to traffic noise was associated with increased
incidence of hypertension and diabetes mellitus in Toronto,
Canada.
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SUPPLEMENTAL MATERIAL



Table S1. Diagnostic codes for comorbidities at baseline in 2001

Comorbidity Case definition ICD-9/ ICD-0O-3 Codes
Stroke >1 hospitalization Ischemic: 434, 436
Hemorrhagic: 430, 431

Chronic obstructive >1 hospitalization or day surgery 491, 492, 496
pulmonary disease” summary, or >1 physician claim
Asthma” >1 hospitalization, or >2 physician 493

claims within a 2-year period
All cancer (other than >1 hospitalization or day surgery 140-208
non-melanoma skin summary, or a pathology report, or a
cancer)” record of referral to one of Cancer

Care Ontario’s nine specialized
institutions treating cancer patients in
Ontario

ICD-9, International Classification of Diseases, ninth revisions; ICD-O-3, International
Classification of Diseases for Oncology, third edition.

“Selected health outcomes were obtained from validated ICES-derived cohorts, including
Chronic Obstructive Pulmonary Disease (COPD) for chronic obstructive pulmonary disease
cases, Ontario asthma dataset (ASTHMA) for asthma cases, and Ontario Cancer Registry (OCR)
for cancer cases.



Table S2. Linear associations of smoking and body mass index (BMI) with noise measures,
adjusted for neighborhood-level covariates and an indicator of neighborhoods from the

Canadian Community Health Survey

Missing risk factors L e 2 L peqnight
Delta 95% CI Delta 95% CI
Smoking Status
Never smoker (reference) - - - - - -
Current smoker 0.00294 0.00057 0.00530 0.00236 0.00013 0.00459
Former smoker 0.00074 -0.00028 0.00176 0.00067 -0.00028 0.00162
BMI (kg/m?)
<25.0 (reference) - - - - - -
25.0-29.9 -0.00535 -0.02262 0.01191  -0.00380 -0.01973 0.01213
> 30 0.00392 -0.02041 0.02825 0.00354 -0.01889 0.02598

L aeq,24n, the long-term average A-weighted sound pressure level for the 24-hour day; Laeg,Nignt,
the long-term average A-weighted sound pressure level for the night (2300-0700 hours); ClI,

confidence interval, BMI, body mass index.



Table S3. Hazard ratios (HR) and 95% confidence intervals (ClI) for the associations of
incident diabetes and hypertension with interquartile range increase of long-term exposure
to road traffic noise (10 dBA) in individuals with hearing loss.

Diabetes Hypertension
Noise Type HR (95% CI) HR (95% CI)
Laeg.24n (ABA) 1.08 (1.06-1.11) 1.02 (1.00-1.04)

L acqnight (ABA) 1.08 (1.06-1.11) 1.02 (1.00-1.03)




Table S4. Descriptions of loss to follow-up in our cohorts by outcome from 2001 to 2015.

Diabetes Hypertension
(n=914,607) (n=701,174)
Reason for loss to follow-up, n (%)
Developed outcome 159,442 (17.4) 262,488 (37.4)
Died 140,569 (15.4) 50,408 (7.2)
Moved outside of Toronto 21,900 (2.4) 11,172 (1.6)

Reached the end of follow-up 592,696 (64.8)

377,106 (53.8)




Table S5. Baseline characteristics of estimated long-term average exposures by outcome in
the City of Toronto, 2001.

Road Traffic Noise Air Pollutants
Laeg24h (ABA)  Laegnight (ABA) UFPs (counts/cm®)  NO:2 (ppb)
Diabetes
Mean 56.3 50.0 28,380 29.3
Median 54.0 48.0 25,930 29.0
Maximum 85.3 82.0 109,800 65.8
Minimum 15.0 7.0 3,795 4.2
IQR 10.0 10.0 10,230 5.6
Hypertension
Mean 56.2 49.9 28,200 29.3
Median 54.0 48.0 25,800 29.0
Maximum 85.3 82.0 109,800 65.8
Minimum 15.0 7.0 3,795 4.2
IQR 10.0 10.0 9,970 5.6

L aeq24n, the long-term average A-weighted sound pressure level for the 24-hour day; Laeg,Night,
the long-term average A-weighted sound pressure level for the night (2300-0700 hours); UFP,
ultrafine particles; and NO2, nitrogen dioxide; IQR, interquartile range



Table S6. Pearson correlation coefficients between long-term averages exposures to noise
and air pollution.

Exposure” LAeq,24h L Aeq,night NO2 UFP
L Aeq,24n 1.00 0.99 0.34 0.19
LAeq,night - 1.00 0.35 0.21
NO; - - 1.00 0.30
UFP - - - 1.00

L aeq,24n, the long-term average A-weighted sound pressure level for the 24-hour day; Laeg,Nignt,
the long-term average A-weighted sound pressure level for the night (2300-0700 hours); UFP,
ultrafine particles; and NOz, nitrogen dioxide.

“All Pearson correlation coefficients between noise and air pollutants had a p-value of <0.001.



Table S7. Hazard ratios (HRs) and 95% confidence intervals (Cls) for the associations between quartiles of long-term
exposure to road traffic noise and incidence of diabetes and hypertension.

Noise Type

Model

Exposure Level

Diabetes

Hypertension

HR (95% CI)

HR (95% CI)

Laeq24n (ABA)

LAeq,Night (d BA)

Stratified by age and sex

+ Neighborhood-level SESt

+ UFP and NO»

Stratified by age and sex

+ Neighborhood-level SESt

+ UFP and NO>

QL1 (ref)
Q2

Q4

1.06 (1.04-1.08)
1.14 (1.12-1.15)
1.17 (1.15-1.19)

1.06 (1.04-1.07)
1.12 (1.11-1.14)
1.16 (1.13-1.18)

1.05 (1.04-1.07)
1.11 (1.09-1.13)
1.14 (1.12-1.16)

1.06 (1.04-1.08)
1.13 (1.12-1.15)
1.17 (1.15-1.20)

1.06 (1.04-1.07)
1.12 (1.10-1.14)
1.16 (1.14-1.18)

1.05 (1.04-1.07)
1.11 (1.09-1.13)
1.14 (1.12-1.17)

1.06 (1.03-1.10)
1.07 (1.04-1.11)
1.06 (1.01-1.10)

1.06 (1.03-1.10)
1.07 (1.04-1.11)
1.05 (1.01-1.10)

1.06 (1.03-1.10)
1.07 (1.04-1.11)
1.04 (1.00-1.09)

1.06 (1.02-1.09)
1.08 (1.04-1.11)
1.05 (1.01-1.10)

1.06 (1.02-1.10)
1.07 (1.04-1.11)
1.05 (1.01-1.10)

1.06 (1.02-1.10)
1.07 (1.03-1.11)
1.04 (0.99-1.09)

L aeq,22h, the long-term average A-weighted sound pressure level for the 24-hour average; HR, hazard ratio; Cl, confidence interval,

SES, socioeconomic status; UFP, ultrafine particles; and NO3, nitrogen dioxide.



Table S8. Hazard ratios (HRs) and 95% confidence intervals (Cls) for the subgroup analysis by selected characteristics for

L Aeg,24h.

Characteristic

Group

L Aeq,24h (SD)

Diabetes

Hypertension

HR (95% CI)

HR (95% CI)

Sex

Male
Female
Pheterogeneity

1.06 (1.04-1.07)
1.10 (1.09-1.11)
<0.001

1.00 (0.99-1.01)
1.04 (1.03-1.05)
0.001

Age

<60

60-74

>75
Pheterogeneity

1.10 (1.09-1.11)

1.03 (1.02-1.04)

1.06 (1.04-1.08)
<0.001

1.04 (1.03-1.05)

0.99 (0.98-1.00)

0.98 (0.96-1.00)
<0.001

Comorbidities

Hypertensive
Not hypertensive
Pheterogeneity
Diabetic

Not diabetic

Pheterogeneity

1.05 (1.04-1.06)
1.09 (1.08-1.10)
<0.001

0.99 (0.97-1.01)
1.02 (1.01-1.02)
0.019

Income Quintile

Q1
Q2
Q3
Q4
Q5

Pheterogeneity

58.8 (7.5)
56.2 (7.1)
55.5 (6.4)
55.2 (6.4)
54.7 (6.8)

1.03 (1.02-1.05)
1.04 (1.02-1.05)
1.06 (1.04-1.08)
1.12 (1.10-1.15)
1.11 (1.09-1.13)
<0.001

1.00 (0.99-1.01)
1.01 (1.00-1.03)
1.02 (1.00-1.04)
1.03 (1.01-1.05)
1.03 (1.02-1.05)
0.001

UFP

Q1 (<21,315)

Q2 (21,315-24,166)
Q3 (24,166-27,642)
Q4 (27,642-34,305)

Q5 (=34,305)

Pheterogeneity

55.1 (6.7)
54.9 (6.6)
56.1 (6.9)
56.8 (7.5)
58.2 (7.0)

1.10 (1.08-1.12)
1.11 (1.09-1.13)
1.08 (1.06-1.10)
1.05 (1.03-1.07)
1.04 (1.02-1.06)
<0.001

1.04 (1.02-1.05)
1.05 (1.03-1.06)
1.03 (1.01-1.04)
1.02 (1.00-1.03)
0.98 (0.96-0.99)
<0.001

NO2

Q1 (<25.8)
Q2 (25.8-28.1)

54.3 (5.5)
54.6 (5.8)

1.12 (1.10-1.14)
1.08 (1.05-1.10)

1.05 (1.03-1.07)
1.05 (1.03-1.07)



Q3 (28.1-30.0) 54.7 (6.4) 1.09 (1.07-1.12) 1.03 (1.01-1.05)

Q4 (30.0-32.8) 56.8 (7.5) 1.05 (1.03-1.07) 1.02 (1.00-1.03)
Q5 (>32.8) 60.5 (7.8) 1.02 (1.01-1.04) 0.97 (0.96-0.99)
Pheterogeneity <0.001 <0.001

L aeg,24h, the long-term average A-weighted sound pressure level for the 24-hour average; HR, hazard ratio; Cl, confidence interval,
SD, standard deviation; UFP, ultrafine particles; and NO2, nitrogen dioxide.



