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BACKGROUND: Evidence for an association between transportation noise and cardiovascular disease has increased; however, few studies have exam-
ined metabolic outcomes such as diabetes or accounted for environmental coexposures such as air pollution, greenness, or walkability.

OBJECTIVES: Because diabetes prevalence is increasing and may be on the causal pathway between noise and cardiovascular disease, we examined
the influence of long-term residential transportation noise exposure and traffic-related air pollution on the incidence of diabetes using a population-
based cohort in British Columbia, Canada.

METHODS: We examined the influence of transportation noise exposure over a 5-y period (1994-1998) on incident diabetes cases in a population-
based prospective cohort study (n=2380,738) of metropolitan Vancouver (BC) residents who were 45-85 y old, with 4-y of follow-up (1999-2002).
Annual average transportation noise (Lden), air pollution [black carbon, particulate matter with aerodynamic diameter <2.5 um (PM, s), nitrogen
oxides], greenness [Normalized Difference Vegetation Index (NDVI)], and neighborhood walkability at each participant’s residence were modeled.
Incident diabetes cases were identified using administrative health records.

RESULTS: Transportation noise was associated with the incidence of diabetes [interquartile range (IQR) increase, 6.8 A-weighted decibels (dBA);
OR=1.08 (95% CI: 1.05, 1.10)]. This association remained after adjustment for environmental coexposures including traffic-related air pollutants,
greenness, and neighborhood walkability. After adjustment for coexposure to noise, traffic-related air pollutants were not associated with the inci-
dence of diabetes, whereas greenness was protective.

CoNcLusIoN: We found a positive association between residential transportation noise and diabetes, adding to the growing body of evidence that
noise pollution exposure may be independently linked to metabolic health and should be considered when developing public health interventions.

https://doi.org/10.1289/EHP1279

Introduction

Over the past decade, there has been increasing evidence that
transportation noise exposure, such as road traffic noise, leads to
poorer cardiovascular health. A recent review suggested that risk
for adverse cardiovascular health outcomes, such as heart attacks
and stroke, increased by 7-17% for a 10-dB increase in road traf-
fic noise exposure (Basner et al. 2014). This increase is biologi-
cally plausible (Babisch 2014; Recio et al. 2016): Noise exposure
is hypothesized to cause physiological stress reactions in individ-
uals (Recio et al. 2016), which in turn lead to increases in cardio-
vascular disease risk factors such as blood pressure, blood fats,
and blood glucose concentrations. These risk factors lead to
increased risk of high blood pressure and arteriosclerosis (e.g.,
narrowing of arteries because of fat deposits) and are related to
serious events such as heart attacks and strokes (Babisch 2014;
Basner et al. 2014). Noise exposure at night may also interfere
with sleep, which may also affect diabetes via effects on glucose
regulation, appetite, and energy expenditure (Eriksson et al.
2014).

Given the widely accepted causal pathways for noise and car-
diovascular health (Babisch 2014; Recio et al. 2016), we would
expect to observe associations between noise exposure and meta-
bolic risk factors. To date, relatively few studies have examined
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the influence of transportation noise exposure on metabolic risk
factors for cardiovascular health such as body mass index (BMI),
waist circumference, central obesity (Oftedal et al. 2015; Pyko
et al. 2015), and blood fats (Sgrensen et al. 2015), with studies
suggesting small effects on these outcomes. Diabetes is another
metabolic risk factor that places an enormous burden on the
Canadian population (PHAC 2011) but has received only limited
study. A cohort study of 57,053 Danish adults, 50-64 y old, who
were exposed to annual average road traffic noise ranging from
48-70 dB found that a 10-dB higher level of road traffic noise
during the 5 y preceding diagnosis was associated with an
increased risk of incident diabetes identified from registry data
{incidence rate ratio of 1.11 [95% confidence interval (CI) 1.05,
1.18]} after adjusting for age, sex, body mass index, waist cir-
cumference, education, air pollution (nitrogen oxides), and life-
style characteristics (Sgrensen et al. 2013).

One potential confounding factor in studies examining
associations of environmental noise on diabetes is air pollution
(Eze et al. 2015; Thiering and Heinrich 2015). There is robust
evidence for a prospective association between air pollution
and cardiovascular health, and emerging evidence suggests an
association between air pollution and the incidence of type 2
diabetes (Balti et al. 2014; Thiering and Heinrich 2015; Wang
et al. 2014) and diabetes-associated mortality (Li et al. 2014).
The hypothesized pathological mechanism between air pollu-
tion and cardiovascular disease differs from that proposed for
noise. Air pollution is thought to provoke inflammatory and
oxidative stress responses, which promote a variety of patho-
logical processes related to cardiovascular disease including
thrombosis, hypercoagulability, atherosclerosis, endothelial dys-
function, mitochondrial dysfunction, and insulin resistance
(Chin 2015; Thiering and Heinrich 2015). However, few stud-
ies of air pollution and diabetes have taken into account
coexisting noise exposure or other potential environmental
confounders such as neighborhood walkability (Creatore et al.
2016; Paquet et al. 2014; Sundquist et al. 2015) or greenness
(Thiering and Heinrich 2015), which have also been found to
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have associations with diabetic risk factors, incidence of diabe-
tes, and cardiovascular disease and mortality.

This study examined the influence of long-term residential ex-
posure to transportation noise and traffic-related air pollution on
the incidence of diabetes using a population-based cohort drawn
from linked health administration databases in British Columbia
(Canada). We have previously reported the joint influences of air
pollution (Henderson et al. 2007) and noise (Gan et al. 2012b) on
cardiovascular mortality (Gan et al. 2012a) in this cohort. In the
present study, we also examined the impacts of exposure to
neighborhood greenness and neighborhood walkability on the
association of residential transportation noise and air pollution
exposure with the incidence of diabetes.

Methods
Study Population

Cohort data were accessed through Population Data BC (www.
popdata.bc.ca/data). British Columbia has a mandatory health in-
surance program that covers nearly all of the residents in the
province (Chamberlayne et al. 1998). We used the Central
Registry data, Physician Visit, and Hospital Discharge data sets
of the BC Medical Services Plan (MSP) provided by the BC
Ministry of Health (British Columbia Ministry of Health; British
Columbia Ministry of Health) and vital statistics data provided
by the British Columbia Vital Statistics Agency. The cohort was
enumerated from the MSP central registry and comprised all met-
ropolitan Vancouver adult residents 45-84 y old who were regis-
tered with the provincial health insurance plan and who had lived
in the study region during the 5-y exposure period (January
1994-December 1998) and during a 4-y follow-up period
(January 1999-December 2002). Persons missing data for more
than a total of 15 mo or in more than 3 consecutive months dur-
ing the exposure period were also excluded to reduce misclassifi-
cation of exposures. We excluded individuals who had a
diagnosis of diabetes before or during the 5-y exposure period
(1994-1998) (n=55,965). The study was approved by the
Behavioral Research Ethics Board of the University of British
Columbia (certificate # H08-00185). Informed consent was not
sought or required: Anonymized data were provided by
Population Data BC, and no contact was made with individuals
in the cohort.

Air Pollution and Noise Exposure Estimation

Individual-level residential exposures to transportation noise
(predominantly road traffic noise but including aircraft and rail
noise) and to traffic-related air pollutants were estimated using
noise propagation and land-use regression models, respectively.
A detailed methodology for noise exposure is described else-
where (Gan et al. 2012b). Briefly, we used CadnaA, a model-
based computer program developed by DataKustik (Greifenberg,
Germany), with the following inputs. Traffic volumes were
obtained from a 2003 transportation planning model, road widths
were estimated as the distance between the center lines of the out-
ermost lanes, and road type was based on the provincial Digital
Road Atlas (Setton et al. 2005); each road type was automatically
assigned a specific percentage of truck traffic. The model also
took into account the influence of road speed limits, traffic lights
at intersections, road gradients (changes in elevation along a
given road), road surface (paved or loose surface), bridges
(heights of the road segments above ground), buildings (height,
footprint, and reflection/absorption characteristics), and topogra-
phy. Aircraft noise was estimated from the Airport Authority air-
craft noise exposure forecast contours for 2003 (Transport
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Canada 2005). Railway noise exposure assessment was based on
railway operation data including length of trains, velocity, per-
centage of disc brakes, and number of each type of train by day,
evening, and night.

Based on the data above, annual day-evening-night A-
weighted equivalent continuous noise levels (Lden dbA) were
calculated for a 10 mx 10 m grid. The Lden metric integrates
noise levels during the day (Lday, 0600 hours—1800 hours), the
evening (1800 hours—2200 hours), and the night (Lnight, 2200
hours—0600 hours); it reflects increased sensitivity of residents to
community noise during the evening and the night by adding a
5-dBA weight to evening noise levels and a 10-dBA weight to
nighttime noise levels (WHO 2011).

Based on the estimated noise levels, we calculated an annual
average noise level for each 6-character postal code area by geo-
metrically averaging the noise levels of all 10 m x 10 m grid cell
values contained in a postal code area; this geometric mean was
assigned to all subjects in the postal code. Noise levels were cal-
culated from road traffic and aircraft separately and from all sour-
ces combined.

In the study region, postal code areas varied greatly in size
depending on the population density: in urban areas, a postal
code typically represents one high-rise building or one side of a
city block; however, in rural areas, a postal code may represent a
larger area. Because metropolitan Vancouver is a highly urban-
ized region, most postal codes represent small geographical
areas: on average, a residential postal code included ~ 35 indi-
viduals. In larger postal code areas, the use of the geometric
mean noise level reduces bias casued by heterogeneous exposure
areas because it gives heavier weighting to higher noise esti-
mates, which are grid points closer to roads where residences are
most likely situated.

The noise level (Lden dBA) was analyzed for interquartile
increases in exposure (IQR =6.8 dBA). Noise level was also ana-
lyzed categorically, following the method described by Gan et al.
(2012a). We compared cohort members in the 10th decile of ex-
posure (>70dBA), the sixth through ninth deciles of exposure
(62-69 dBA), and the second through fifth deciles of exposure
(58-61 dBA) with a reference group comprising cohort members
in the lowest (first) decile of exposure (<57dBA) (Gan et al.
2012a).

High-spatial-resolution land-use regression models were used
to estimate residential exposures to air pollutants including nitro-
gen dioxide (NO,), nitric oxide (NO), particulate matter with
aerodnamic diameter <2.5pum (PM,s), and black carbon in
2003. The models were built at a resolution of 10 m and then
smoothed for a final resolution of 30 m. Land-use regression
models can be used to assign household-level exposures in com-
munity health studies by combining information about land use
(e.g., traffic indicators, population density), with air monitoring
data of the urban airshed (Bertazzon et al. 2015). We have previ-
ously demonstrated the stability of the spatial component of these
exposure estimates, supporting their application to the time pe-
riod of interest (Wang et al. 2012). In this airshed, black carbon,
based on the particle light absorption coefficient, was highly cor-
related with the concentration of elemental carbon measured by
traditional thermal/optical reflectance (R*>=0.7-0.8); 107> /m
Black carbon is approximately equivalent to 0.8 jig/m?® elemental
carbon (Rich 2002). As in previous analyses of this cohort, these
estimates were then temporally adjusted with regulatory air qual-
ity monitoring data to calculate monthly concentrations and aver-
age concentrations during the 5-y exposure period for each postal
code area (Gan et al. 2012a; Henderson et al. 2007). IQR meas-
ures were calculated for each air pollutant. Both the noise and the
air pollution estimates took residential changes of address within
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Table 1. Descriptive statistics showing the exposures, outcomes, and covariates: Metropolitan Vancouver resident cohort, 45-85 y old (1994-1998),

n=380,738.
Category n=380,738 Mean or % IQR Range
Exposures
Transportation noise Lden (dBA) 63.4 6.8 <45-98.5
Transportation noise Lden (dBA) lowest decile 36,685 9.6% - <57
Transportation noise Lden (dBA) 2nd—5th deciles 154,796 40.6% - 58-61
Transportation noise Lden (dBA) 6th-9th deciles 151,989 39.9% - 62-69
Transportation noise Lden (dBA) 10th decile 37,268 9.9% - >70
NO; (ug/m?) 32.1 8.4 144 -578
NO (ng/m?) 32.0 13.13 8.8-126.0
PM, 5 (ng/m?) 4.1 1.6 0-10.2
Black carbon (107 /m) 1.5 0.9 0-5.0
Greenness (NDVI Index) 100 m 0.32 0.12 —-0.08-0.6
Neighborhood Walkability Index 0.31 4.3 —7.7-13.4
Outcomes
Incident diabetes cases over 4 years 12,941 3.4%
Covariates
Age (years) 58 17 45-83
Male 175,219 46.0%
Quintiles of area level household income from census
Income: 0 55,626 14.6%
Income: 1 65,567 17.2%
Income: 2 73,602 19.3%
Income: 3 84,426 22.2%
Income: 4 101,517 26.7%
>10% South Asian population in neighborhood 74,911 19.6%
>10% Chinese population in neighborhood 183,044 48.1%

Note: dBA, A-weighted decibels; IQR, interquartile range; Lden, annual average noise exposure; NDVI, Normalized Difference Vegetation Index; NO, nitric oxide; NO,, nitrogen

dioxide; PM, s, particulate matter with aerodynamic diameter <2.5 pm.

the exposure period into account, resulting in 5-y time-weighted
exposure averages.

Greenness and Walkability

Residential greenness was measured using the satellite-derived
Normalized Difference Vegetation Index (NDVI) of greenness
(Hystad et al. 2014). The average greenness values were
extracted for 100-m buffers around residential postal code cent-
roids, and both yearly (1992-2002) and seasonal greenness val-
ues were calculated. Neighborhood walkability (2001) (Frank
et al. 2010) is a composite index of built-environment characteris-
tics around residential postal codes that may influence opportunities
for physical activity (Frank et al. 2005; Hystad et al. 2014), includ-
ing net residential density, retail floor space-to-land area ratio, land
use mix, and street connectivity or intersection density, within a
1-km road network distance around each postal code centroid. High
index levels indicate an environment that encourages walking,
whereas low index levels represent environmental features that in-
hibit walking and promote driving and obesity (Frank et al. 2004).

Diabetes Case Definition

International Statistical Classification of Diseases and Related
Health Problems, 9th Revision (ICD-9; WHO 1977) and
International Statistical Classification of Diseases and Related

Health Problems, 10th Revision (ICD-10; WHO 2010) codes for
diabetes were used to identify incident diabetes cases in the
follow-up period (ICD-9 code 250, with ICD-10 coding back-
translated to ICD-9 coding). We excluded subjects who had prior
hospital or doctor visits for diabetes during the exposure period
to identify new (incident) cases. The administrative records did
not enable type 1 diabetes to be distinguished from type 2
diabetes.

Standardized Canadian definitions for identifying diabetes
using administrative data sets were used in this study (Lix et al.
2008); these case definitions have been evaluated and were found
to have good agreement with self-reporting of disease in the
Canadian Community Health Survey (Lix et al. 2008). The diabe-
tes case definition used was any one hospitalization for diabetes,
or two physician or health care provider visits for diabetes within
a 1-y period.

Covariates

Individual-level age and gender data were available from the
MSP administrative health database. Neighborhood-level data
from the 2001 Statistics Canada census were linked to the data-
base to account for variance in socioeconomic status and ethnic-
ity, both of which are potential confounders for associations of
transportation noise exposure and traffic-related air pollution with
diabetes. These data were available at the census dissemination

Table 2. Correlations between environmental exposures: Metropolitan Vancouver resident cohort, 45-85 y old (1994-1998), n =380,738.

Category Lden NO, NO PM, 5 Black carbon Greenness (NDVI) Walkability index
Lden (dBA) 1.00

NO, (ug/m?) 0.24 1.00

NO (ug/m?*) 0.42 0.47 1.00

PM,5 (ug/m?) 0.14 0.52 0.29 1.00

Black carbon (1075 /m) 0.47 0.25 0.52 0.11 1.00

Greenness (NDVI) -0.27 -0.42 -0.43 -0.36 -0.29 1.00

Walkability Index 0.16 0.38 0.38 0.28 0.14 —0.60 1.00

Notes: dBA, A-weighted decibels; Lden, annual average noise exposure; NDVI, Normalized Difference Vegetation Index; NO, nitric oxide; NO,, nitrogen dioxide.
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Table 3. Adjusted associations of transportation noise exposures with inci-
dent diabetes cases per one interquartile range increase in exposure (single-
exposure models).

Incident diabetes
Crude OR (95% CI) AOR (95% CI)

Exposure

Transportation noise exposure

Lden (dBA)
Traffic-related air pollution

NO, (ug/m*)

NO (ug/m?*)

PM, s (pg/m?)

Black carbon (107° /m)
Greenness

Greenness (NDVI) 100m
Walkability index

Walkability

1.10 (1.08, 1.13) 1.08 (1.05, 1.10)
1.05 (1.03, 1.07)
1.06 (1.05, 1.09)
1.06 (1.05, 1.08)
1.05 (1.03, 1.06)

1.00 (0.98, 1.02)
1.04 (1.01, 1.05)
1.03 (1.01, 1.05)
1.03 (1.01, 1.04)

0.83 (0.81, 0.85) 0.90 (0.87, 0.92)

1.09 (1.06, 1.11) 1.01 (0.98, 1.04)

Note: Each row is a separate model. AOR adjusted for gender, age, area-level household
income. AOR, adjusted odds ratio; CI, confidence interval; dBA, A-weighted decibels;
Lden, annual average noise exposure; NDVI, Normalized Difference Vegetation Index;
NO, nitric oxide; NO,, nitrogen dioxide; OR, odds ratio; PM, s, particulate matter with
aerodynamic diameter <2.5 pum.

area level (400-700 persons) and were assigned based on residen-
tial postal codes. Socioeconomic status was measured using
neighborhood income quintiles. South Asians in Canada have a
higher prevalence of diabetes than the general population (Rana
et al. 2014), and residences of individuals of South Asian ethnic-
ity may be spatially clustered. We therefore conducted sensitivity
analyses with the inclusion of a census measure of neighborhoods
with >10% of the population being of South Asian ethnicity. A
similar analysis was conducted for Chinese ethnicity, given the
high prevalence of this ethnicity in the study area.

Statistical Analyses

All analyses were performed using Stata (v.13; StataCorp LLC).
Initial descriptive statistics reported the prevalence and range of
exposures and outcomes. Correlations examined the associations
between the noise exposure, air pollution, walkability, and green-
ness estimates. Initial single-exposure logistic regression analyses
examined the crude univariate association for an IQR increase of
each exposure (noise, NO,, NO, black carbon, PM, s, greenness,
and walkability) with diabetes and adjusted for age, gender, and
area-level household income. Smoothing splines (gam function,
R v.2.15.0, The R Project for Statistical Computing) were used to
investigate the functional relationship between incident diabetes
cases and Lden noise exposure. We examined unadjusted values
and adjusted for age, gender, and area-level household income.
To assess whether the associations of noise exposure with dia-
betes were independent of spatially covarying air pollution, green-
ness, and walkability, incremental coexposure regression models
were run. We first adjusted individually for each air pollutant mea-
sure, greenness, and walkability; then, we adjusted for each air
pollutant that was significant in the first stage along with greenness
and walkability. All models used IQR measures of the environmen-
tal exposures to enable comparison between observed associations
for the different pollutants. To test the sensitivity of these final coex-
posure regression models for ethnicity, models were then rerun with
additional adjustment for South Asian and Chinese ethnicity.

Results

The cohort comprised 380,738 individuals. Of these, 3.4% were
identified as incident diabetes cases during the follow-up period
(Table 1). The average transportation noise exposure (Lden) for
the cohort was 63 dBA. For air pollution, the average exposures
were as follows: NO,, 32.1pg/m?; NO, 32.0pug/m?; PMys,
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4.1 ug/m?, and particle light absorbance, 107> /m. The average
subject age was 58 y, and 46% were male. One-fifth of the sample
lived in neighborhoods where >10% of the population was of
South Asian ethnicity, and nearly one-half of the sample lived in
neighborhoods where >10% of the population was of Chinese
ethnicity. All covariates were significantly associated with all of
the exposures and outcomes (p < 0.001).

Table 2 shows correlations between the environmental expo-
sures in the cohort. Transportation noise exposure was most
strongly correlated with black carbon (r=0.47) and NO
(r=0.40) but was weakly correlated with NO, (r=0.24) and
PM, 5 (r=0.14). Greenness showed a strong negative correlation
with the walkability index (r= —0.60), but both greenness and
walkability showed only weak correlations with noise and with
the air pollutants.

Noise exposure was associated with incidence of diabetes af-
ter adjustment for age, gender, and area-level household income;
there was an 8% increase in the incidence of diabetes with an
IQR increase in noise exposure (Table 3). Because there was no
a priori understanding of the shape of the relationship between
exposure and outcome, we also examined noise exposure as a cat-
egorical variable (Gan et al. 2012a). Odds ratios for diabetes
were 32% higher for those in the 10th decile of exposure
[OR =1.32 (95% CI: 1.22, 1.43)] compared with those in the first
decile. Compared with the first decile, odds ratios were 18%
higher for those in the sixth-ninth deciles of noise exposure
[OR=1.18 (95% CI: 1.11, 1.26)] and 9% higher for those in the
second-fifth deciles of noise exposure [OR =1.09 (95% CT: 1.02,
1.06)].

Figures 1 and 2 show the crude and adjusted dose-response
relationships between Lden and incident diabetes cases. The rela-
tionships were found to be linear for a wide range of the data
with the exception of extreme exposure values. Departure from
linearity with wider confidence limits was observed close to the
maximum and minimum exposure estimates, where the number
of events was substantially lower.

After adjustment for gender, age, and area-level household
income, PM, s and black carbon were significantly associated
with diabetes (Table 3): An IQR increase was associated with a
3% increase in odds for the incidence of diabetes [OR =1.03
(95% CI: 1.01, 1.05); OR=1.03 (95% CI: 1.01, 1.05) for PM, 5
and black carbon, respectively]. Similarly, an IQR increase in
NO exposure increased the risk of diabetes by 4% [OR =1.04
(95% CI: 1.01, 1.05)]. NO, and walkability were not associated
with diabetes after adjustment for gender, age, and area-level
household income, whereas increasing residential greenness
showed a protective association [OR =0.90 (95% CI: 0.87, 0.92).

The associations between transportation noise exposure and
incidence of diabetes were independent of spatially covarying air
pollution, greenness, and walkability. In the models adjusted for
environmental coexposures (Table 4, Model 1) an interquartile
dBA increase in transportation noise exposure remained associ-
ated with a 6% increase in the odds for incidence of diabetes
[OR=1.06 (95% CI: 1.03, 1.09). This association was robust to
further adjustment for South Asian ethnicity (Table 4, Model 2)
and Chinese ethnicity (Table 4, Model 3).

Odds ratios for diabetes were 32% higher for those in the 10th
(highest) decile of noise exposure (95% CI: 22%, 43%) and 18%
higher for those in the sixth—ninth decile of noise exposure (95%
CI: 11%, 26%) compared with those in the first decile after
adjustment for age, gender, and income. These estimates were
reduced in models that included other environmental exposures:
Odds ratios in the highest noise decile were between 1.16 and
1.20 (Table 5). Again, associations were robust to further adjust-
ment for South Asian ethnicity and Chinese ethnicity.
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Figure 1. Functional relationship between noise exposure (Lden) and incident diabetes cases: unadjusted. Line is the log odds of diabetes incidence (log base

10); gray area is the 95% confidence interval.

The associations of the traffic-related air pollutants with dia-
betes were not robust to adjustment for environmental coexpo-
sures. The association of PM; s with diabetes was independent of
spatially covarying noise exposure but became borderline signifi-
cant after further adjustment for greenness and walkability (Table
4). NO and black carbon were not associated with diabetes after
adjustment for covarying noise exposure.

The protective associations of residential greenness and walk-
ability with diabetes remained in the models adjusting for envi-
ronmental coexposures. An IQR increase in greenness remained
associated with a 10% reduction in odds for diabetes, and an IQR
increase in walkability remained associated with a 5% reduction
in odds for diabetes.

Discussion

This large-scale population-based cohort study found robust asso-
ciations between residential transportation noise exposure and the
incidence of diabetes. These associations were not explained by

Environmental Health Perspectives

spatially varying environmental coexposures (a range of traffic-
related air pollutants, greenness, walkability) or by ethnicity.
Traffic-related air pollutants were not independently associated
with the incidence of diabetes after adjustment for environmental
coexposures. Neighborhood greenness and walkability showed
protective associations with the incidence of diabetes in fully
adjusted models.

Transportation Traffic Noise and the Incidence of Diabetes

This study found that an IQR increase in transportation noise ex-
posure in the Vancouver cohort (~7 dBA Lden increase) in the
preceding 5 y was associated with a 6% increase in odds for inci-
dence of diabetes over a 4-y period. This finding is similar to that
of a previous Danish cohort study of 57,053 50-64-y-olds
exposed to road traffic noise ranging from 48-70 dB Lden that
found that a 10-dBA higher level of road traffic noise during the
5 y preceding diagnosis was associated with an increased risk
for the incidence of diabetes [RR=1.11 (95% CI: 1.05, 1.18)]
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Figure 2. Functional relationship between noise exposure (Lden) and incident diabetes cases: adjusted for age, gender, and area-level household income. Line
is the log odds of diabetes incidence (log base 10); gray area is the 95% confidence interval.

after adjusting for age, gender, BMI, waist circumference, educa-
tion, air pollution (nitrogen oxides), and lifestyle characteristics
(Sgrensen et al. 2013). Both studies had large sample sizes, and
both found a prospective association of transportation noise and
incident diabetes cases after taking nitrogen oxides into account.
Our study extends the knowledge base by including adjustments
for other environmental exposures including walkability, green-
ness, and a range of traffic-related air pollutants.

Our finding of a relationship between transportation noise and
the incidence of diabetes is compatible with Babisch’s hypothe-
sized pathway (Babisch 2014) in which chronic transportation
noise exposure can lead to physiological stress reactions in the
endocrine system (e.g., the hypothalamic—pituitary—adrenal axis)
and the sympathetic nervous system that result in hormonal
changes (to, e.g., cortisol, norepinephrine, epinephrine), which in
turn lead to increases in cardiovascular disease risk factors
including blood pressure, blood fats, and blood glucose concen-
trations. Alternatively, residential transportation noise can cause
sleep loss, which has metabolic consequences in terms of glucose
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regulation, appetite, and energy expenditure (Eriksson et al.
2014). Our findings support the hypothesized role of sleep loss
and its metabolic impact as a potential explanation for the associ-
ation between transportation noise and the incidence of diabetes
because noise exposure was estimated over a 24-h period.
However, we were unable to examine sleep loss as a moderator
of our associations. Studies exploring physiological stress and
sleep loss as explanations for associations of noise with diabetic
(Eriksson et al. 2014) and cardiovascular outcomes remain a
research priority.

Traffic-Related Air Pollutants and the Incidence of Diabetes

This study found a modest association of PM, s with the inci-
dence of diabetes that was attenuated by covarying noise expo-
sure. NO and black carbon were not associated with the
incidence of diabetes after adjustment for environmental coexpo-
sures. NO, was not associated with the incidence of diabetes.
Recent meta-analyses concluded that there was emerging
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Table 5. Associations of transportation noise exposure (percentiles) with incident diabetes cases, further adjusted for environmental coexposures; AOR

(95% CI).
Environmental coexposures added to the model containing noise exposure (noise percentiles)
PM, s, greenness, Black carbon, greenness, NO, greenness, NO,, greenness,
Exposures walkability walkability walkability walkability

Model 1: Environmental coexposures
Noise: 2nd-5th percentile
Noise: 6th-9th percentile 1.10 (1.02, 1.17)"
Noise: 10th percentile 1.16 (1.07, 1.26)"

Model 2: Model 1 + further adjustment for South Asian ethnicity
Noise: 2nd-5th percentile 1.03 (0.96, 1.09)
Noise: 6th-9th percentile 1.07 (1.00, 1.14)"
Noise: 10th percentile 1.13 (1.04, 1.23)"

Model 3: Model 1 + further adjustment for Chinese ethnicity
Noise: 2nd-5th percentile 1.03 (0.97, 1.10)
Noise: 6th-9th percentile 1.07 (1.00, 1.14)"
Noise: 10th percentile 1.13 (1.04, 1.23)"

1.04 (0.98, 1.12)

1.05 (0.98, 1.12)
1.10 (1.02, 1.16)°
1.20 (1.11, 1.30)"

1.03 (0.96, 1.11)
1.07 (1.00, 1.14)°
1.13(1.03, 1.22)"

1.03 (0.96, 1.11)
1.07 (1.00, 1.14)°
1.13(1.03, 1.22)"

1.05 (0.98, 1.13)
111 (1.04, 1.19)°
1.17 (1.08, 1.27)"

1.05 (0.98, 1.13)
1.11 (1.03, 1.19)"
1.17 (1.08, 1.28)"

1.03 (0.96, 1.11)
1.07 (1.00, 1.14)"
1.13(1.03, 1.22)"

1.03 (0.97, 1.11)
1.08 (1.01, 1.15)
1.14 (1.05, 1.25)"

1.03 (0.97, 1.11)
1.07 (1.00, 1.15)"
1.13 (1.04, 1.23)"

1.04 (0.97, 1.11)
1.08 (1.01, 1.16)
1.15 (1.06, 1.25)"

Note: All models are adjusted for age, gender, and area-level household income. Reference group is “Noise: Ist percentile.” AOR, adjusted odds ratio; CI, confidence interval; NO, ni-

tric oxide; NO,, nitrogen dioxide. 'kSlalistically significant (p < 0.05).

evidence for an association between air pollution and the inci-
dence of type 2 diabetes (Balti et al. 2014; Thiering and Heinrich
2015; Wang et al. 2014), but these studies did not take coexisting
noise exposure or other environmental confounders into account.
Our findings contrast with those of previous studies that sug-
gested robust associations between air pollutants and diabetes
(Balti et al. 2014; Chen et al. 2013; Krimer et al. 2010; Thiering
and Heinrich 2015; Wang et al. 2014). We examined NO in addi-
tion to NO;, because NO has a different spatial distribution that is
more indicative of primary traffic pollutant emissions (Henderson
et al. 2007; Wang et al. 2012). Our findings suggest that NO, and
NO did not increase risk for the incidence of diabetes after taking
environmental coexposures into account. Previous studies of
NO, and diabetes provided inconclusive evidence (Andersen
et al. 2012; Balti et al. 2014; Kriamer et al. 2010; Wang et al.
2014).

Greenness and the Incidence of Diabetes

Greenness showed a protective association with the incidence
of diabetes, with an IQR increase in greenness being associated
with a 10% decrease in odds for the incidence of diabetes in
the fully adjusted models. Our findings are consistent with
those of previous studies that suggest short-term associations
between greenness and improved diabetic outcomes (Astell-
Burt et al. 2014; Thiering et al. 2016). However, our study is
the first to confirm the association using prospective data, and
it is the first to show that the associations for greenness were
independent of air pollution, in contrast with a smaller-scale
study of adolescents that examined insulin resistance (Thiering
et al. 2016).

Walkability and the Incidence of Diabetes

Neighborhood walkability showed a protective association with
the incidence of diabetes, with an interquartile increase in walk-
ability score being associated with a 5% decrease in odds for the
incidence of diabetes in the fully adjusted models. A previous
study found a protective association between neighborhood walk-
ability and 4-y incidence of diabetes; however, this association
was attenuated by adjustment for individual sociodemographic
factors (Sundquist et al. 2015) and did not take environmental
coexposures, including noise, air pollution, and greenness, into
account (Sundquist et al. 2015). A recent Canadian time-series
study found that the incidence of diabetes was lowest in neigh-
borhoods with the highest walkability scores compared with less-
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walkable neighborhoods (Creatore et al. 2016), taking sociode-
mographic factors and distance to the nearest park into account.
Our analyses suggest that associations of neighborhood walkabil-
ity with the incidence of diabetes were independent of noise and
air pollution.

Comparing the increased risk for the incidence of diabetes
with an interquartile increase among the different environmental
exposures in the fully adjusted models, the largest change in risk
was observed for greenness, followed by transportation noise ex-
posure and neighborhood walkability. Traffic-related air pollu-
tants showed smaller influences on the incidence of diabetes than
the other environmental exposures examined.

Limitations and Strengths

Individual-level environmental exposures were linked using
postal codes for the residential addresses. No method can mea-
sure true exposure, and sources of error in estimated exposure
include not modeling all salient features of the local environment
and not taking individual factors, such as room orientation and
time spent at home, into account (Gan et al. 2012a). Further limi-
tations of the noise modeling include potential measurement error
caused by the lack of data for some environmental aspects; there
are no transport prediction guidelines for Canada, so we used
noise prediction guidelines from Germany for road and railway
noise. The use of administrative health databases meant that we
were unable to take individual-level socioeconomic and diabetic
risk factors (BMI, family history of diabetes, smoking history,
diet, and local food environment) into account. Such factors may
confound findings observed between noise and the incidence of
diabetes. However, we were able to partially adjust for some of
these factors by using neighborhood-level socioeconomic status
(SES) measures, and the risk estimates found in the present study
are similar to those found in a similar Danish study that did adjust
for individual-level socioeconomic and diabetic risk factors
(Sgrensen et al. 2013). We have attempted to account for certain
diabetic risk factors such as physical activity and obesity via
adjustment for neighborhood-level walkability and greenness, but
residual confounding remains a possibility. Census-based income
measures used in this study do not fully capture variations in
accumulated wealth. Wealthier people live in neighborhoods that
are more conducive to being physically active and maintaining
healthier diets. Affluent communities have higher-quality pedes-
trian environments and tend to be safer and to promote active liv-
ing. This study was reliant on administrative records for
diabetes diagnosis, which will have missed undiagnosed cases
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and residents who do not attend health care providers, although
registration in the BC universal health care system is very high
(nearly 100%). These administrative records do not distinguish
between type 1 and type 2 diabetes; environmental exposures
may be more important for type 2 diabetes given the impor-
tance of disease-conducive environmental factors for type 2
versus type 1 diabetes. However, when we compared a case
definition of one hospitalization or two physician or health care
provider visits within a 2-y period with our case definition
based on a 1-y period, similar results were obtained (results not
shown). In the Canadian population, the age-standardized inci-
dent rate for diabetes cases in 1999-2000 was 5.3 individuals
per 1,000 population (PHAC 2011). In our sample of 380,738
individuals over 4 y, we would therefore have expected an inci-
dent case rate of 8,071 if there were no age restrictions on our
sample. We actually observed 12,941 incident diabetes cases;
this higher rate reflected the higher prevalence in incidence for
South Asian and Chinese populations residing in the Vancouver
area as well as for our older population, which was focused on
the key age group for the incidence of type 2 diabetes.
Therefore, our prevalence rate seems much as would be
expected.

Further strengths of the study include the estimation of envi-
ronmental exposures over a 5-y period (taking into account resi-
dential mobility), with follow-up for the incidence of diabetes
over a 4-y period. We believe that the conclusions could be gen-
eralizable to other North American cities because similar correla-
tions have been observed between these environmental exposures
in other North American cities: for example, road traffic noise
and air pollution (Allen et al. 2009); air pollution and walkability
(James et al. 2015); and greenness and air pollution (Rao et al.
2014; Su et al. 2011).

Conclusion

Our study found an increasing risk of diabetes with increasing ex-
posure to transportation noise, but not with increasing exposure
to traffic-related air pollutants. The results highlight the impor-
tance of taking noise into account when planning interventions to
reduce the health impact of transportation. Noise pollution was
independently associated with the incidence of diabetes in adult
residents of metropolitan Vancouver, British Columbia. Further
studies of environmental coexposures and individual-level poten-
tial confounders are needed.
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