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Abstract

Background: Emerging evidence links road proximity and air pollution with cognitive impairment. Joint effects of
noise and greenness have not been evaluated. We investigated associations between road proximity and exposures
to air pollution, and joint effects of noise and greenness, on non-Alzheimer’s dementia, Parkinson’s and Alzheimer’s
disease and multiple sclerosis within a population-based cohort.

Methods: We assembled administrative health database cohorts of 45–84 year old residents (N ~ 678,000) of Metro
Vancouver, Canada. Cox proportional hazards models were built to assess associations between exposures and non-
Alzheimer’s dementia and Parkinson’s disease. Given reduced case numbers, associations with Alzheimer’s disease
and multiple sclerosis were evaluated in nested case-control analyses by conditional logistic regression.

Results: Road proximity was associated with all outcomes (e.g. non-Alzheimer’s dementia hazard ratio: 1.14, [95%
confidence interval: 1.07–1.20], for living < 50 m from a major road or < 150 m from a highway). Air pollutants were
associated with incidence of Parkinson’s disease and non-Alzheimer’s dementia (e.g. Parkinson’s disease hazard
ratios of 1.09 [1.02–1.16], 1.03 [0.97–1.08], 1.12 [1.05–1.20] per interquartile increase in fine particulate matter, Black
Carbon, and nitrogen dioxide) but not Alzheimer’s disease or multiple sclerosis. Noise was not associated with any
outcomes while associations with greenness suggested protective effects for Parkinson’s disease and non-
Alzheimer’s dementia.

Conclusions: Road proximity was associated with incidence of non-Alzheimer’s dementia, Parkinson’s disease,
Alzheimer’s disease and multiple sclerosis. This association may be partially mediated by air pollution, whereas noise
exposure did not affect associations. There was some evidence of protective effects of greenness.
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Background
Neurological disorders, such as Parkinson’s disease, are
one of the leading causes of disability in Canada and in
other high income countries [1]. They are associated
with a range of adverse impacts that pose daily chal-
lenges to patients, their families and health care systems
[1, 2]. Estimated costs to the Canadian health care sys-
tem in 2012 were more than 10 billion dollars [3]. Indi-
viduals over 65 years old are expected to comprise
approximately 25 % of the Canadian population by 2035

[4, 5]. As neurological disorders display a strong age de-
pendence with incidence peaking at 60–70 years, new
cases of neurological disorders along with their eco-
nomic burden are forecasted to dramatically increase in
the next decades [6–8]. Of the neurological disorders,
dementia is an umbrella term used to represent a wide
range of illnesses that affect the brain and cause progres-
sive decline in cognitive function in adults [9, 10].
Alzheimer’s disease is the most commonly diagnosed
type of dementia [11] with previous studies classifying
dementia into non-Alzheimer’s dementia and Alzhei-
mer’s disease [12–14].
Despite the population health burden of neurological

disorders, modifiable risk factors are largely unidentified,
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although certain behavioural risks such as smoking and
physical activity are suggested to contribute to disease
onset [3, 4, 6, 15]. A number of recent studies have fo-
cused on environmental exposures such as traffic prox-
imity and air pollution as potential risk factors [16, 17].
Epidemiological studies have reported associations be-

tween road proximity and traffic-related air pollution
(e.g. nitrogen dioxide) with impaired cognitive function
in adults and incidence of neurological disorders [18–
21]. Two longitudinal studies in Germany reported that
shorter residential distance to roads was positively asso-
ciated with worse cognitive performance [22, 23]. A
large population-based administrative data cohort study
in Canada found associations with road proximity and
increased incidence of several neurological disorders
[18]. Decreased cognitive and central nervous system
function from long-term traffic-related air pollution was
also reported in cohort studies in the United States [20,
24]. A cross-sectional study in Germany reported a posi-
tive association between exposure to traffic-related air
pollution and cognitive impairment [21], while weak as-
sociations between traffic-related PM2.5 and decline in
memory performance were found in the United
Kingdom [25]. Nitrogen oxides, common markers of
traffic-related air pollution, were associated with greater
incidence of Alzheimer’s disease in longitudinal studies
in Sweden and China [19, 26].
While epidemiological evidence is emerging with re-

spect to the relationships between road proximity,
traffic-related air pollution and neurological disorders,
additional studies with large populations and considering
multiple exposures related to traffic proximity are
needed to assess causality. We therefore evaluated asso-
ciations in population-based linked administrative data
cohorts, similar to those previously analyzed with re-
spect to diabetes, cardiovascular and respiratory disease
[27–32]. Specifically, we investigated the links between
road proximity and air pollution on non-Alzheimer’s de-
mentia (NAD), Alzheimer’s disease (AD), Parkinson’s
disease (PD) and multiple sclerosis (MS). As noise and
greenness are spatially correlated with road proximity
and traffic-related air pollution [33–39] and may also
have some impacts on neurological disorders, we evalu-
ated potential joint effects of these environmental expo-
sures on the incidence of these neurological disorders.

Methods
Study area and population
Metro Vancouver is a rapidly growing urban area, lo-
cated in the southwest mainland of the province of
British Columbia (BC), Canada. As of 2016, approxi-
mately 2.5 million people resided in the metropolitan re-
gion, covering 2882 km2. Population Data BC provided
administrative health data used for creating the study

cohort. The Medical Services Plan (MSP) is a mandatory
health insurance program in the province of BC, cover-
ing nearly all residents [40]. Registration, Physician Visit,
and Hospital Discharge data from the MSP were pro-
vided by the BC Ministry of Health [41–43]. Vital statis-
tics data were provided by the BC Vital Statistics Agency
[44, 45]. The study cohort was established from the MSP
central registry and consisted of all adults aged 45–84
years old who resided in Metro Vancouver, were regis-
tered with the provincial health insurance plan (MSP),
and had lived in Metro Vancouver during the exposure
period (January 1994 – December 1998) and follow-up
period (January 1999 – December 2003).
Individuals who had a diagnosis of NAD, AD, PD or

MS at baseline (January 1999) were excluded. During
the exposure period, individual exposures to road prox-
imity, air pollution, noise and greenness were estimated
at each person’s residence (residential postal code) using
DMTI road network [46], land-use regression models
[47–49], a noise prediction model [50] and the satellite-
derived Normalized Difference Vegetation Index (NDVI)
[51] measure of greenness, respectively. In the urban
study area, a postal code generally refers to one side of a
block or single multi-unit building. Linkage of the ad-
ministrative and exposure data were approved by the Be-
havioural Research Ethics Board of the University of
British Columbia (#H05–80442). The linked data
allowed for residential history assignment by coding of
individuals’ residence locations. Changes of residential
postal codes were also accounted for individuals who
moved during the study period.

Case ascertainment
Diagnosis from hospital records, physician visits from
MSP [41–45] and prescriptions from PharmaNet (a pro-
vincial network linking all pharmacies to a central set of
data systems) [52] were applied to identify incident cases
of NAD, AD, PD and MS during the 4-year follow-up
period. Case definitions of NAD, AD and PD were the
same as those applied in a previously published study in
Ontario, Canada [18] and based upon published compar-
isons with primary care physician charts with sensitivity
of 78–84% and specificity of 99–100% [53–55].
Specifically, cases of dementia (NAD and AD) were

defined as participants having 1) at least one diagnosis at
hospital (International Classification of Diseases, ICD,
9th version diagnostic code: 46.1, 290.0–290.4, 294,
331.0, 331.1, 331.5, 331.82 or ICD 10th version diagnos-
tic code F00-F03, G30 after 2002), or 2) three physician
claims (code 290, 331) over a two-year period, or 3) a re-
lated prescription (e.g., donepezil). Next, cases of AD
were selected using code 331 (ICD 9th version) and G30
(ICD 10th version). The remaining cases were NAD.
Cases of PD were defined as participants having 1) at
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least two physician claims (code 332) within a one-year
period, or 2) a physician claim and a prescription relat-
ing to PD (e.g., Monoamine Oxidase B inhibitors) within
6 months.
Case definition of MS was adopted from that applied

in a previously published study in Canada and based
upon published comparisons with primary care phys-
ician charts with a sensitivity of 80–84% and specificity
of approximately 100% [18, 53, 56]. Cases of MS were
defined as participants having 1) at least 3 relevant codes
(ICD 9th version code 323, 340, 341, 377 or ICD 10th
version code G35) for either hospitalization or out-
patient visits, 2) at least 1 of the codes was for MS (code
340) or neuromyelitis optica (code 341), and 3) at least
one of the 3 codes was for a visit to a neurologist.

Exposure assessment
Road proximity
The CanMap road network (DMTI Spatial, Richmond
Hill, ON, Canada) was used to classify roads [46]. Roads
that fell in road Category 1 (expressway) and 2 (multi-
lane conduits for intracity traffic) were defined as High-
ways. Road Categories 1 and 2 had 115,000 and 20,000
vehicles per day on average, respectively [57]. Roads that
fell in Categories 3 (secondary highways with multiple
lanes and large traffic capacity) and 4 (roads for shorter
trips within the city) were defined as Major roads. Road
Category 3 and 4 had 15,000 and 18,000 vehicles per day
on average [57]. For Highways and Major roads, residen-
tial proximity to the nearest road was categorized as 1)
less than 50m, or 2) greater than 50 m but less than or
equal to 150m from the postal code centroid as in prior
analyses [58].

Air pollution
Land-use regression (LUR) models [47–49] specific to
Metro Vancouver were applied to estimate exposures to
fine particulate matter (PM2.5), black carbon, nitrogen
dioxide (NO2), and nitric oxide (NO). The models were
developed based on air pollutant measurements at 116
monitoring sites for NO/NO2, 25 monitoring sites for
PM2.5 and 39 sites for black carbon, along with 55 geo-
spatial variables such as population density, land use and
road length. For PM2.5, the coefficient of determination
(R2) of the model was 0.52, including commercial and
industrial land use within 300 m, residential land use
within 750 m, and elevation. For black carbon, the model
(R2 = 0.56) included secondary roads within a 100m buf-
fer, distance to the nearest highway, and industrial land
use within 750 m. For NO2, the model (R2 = 0.56) in-
cluded major roads within 100 m and 1000 m radius cir-
cular buffers, the number of secondary roads within a
100 m buffer, the population density within a 2500 m ra-
dius, and elevation. For NO, the model (R2 = 0.62)

included the same variables and commercial land use
within 750 m. Monthly predicted concentrations for each
of the air pollutants were generated at each residential
postal code (6-digits) during the 1994–1998 exposure
period. Based on the residential history of participants in
the study, monthly predicted air pollution concentra-
tions were averaged to obtain air pollutant concentra-
tions over the entire exposure period.
Satellite-based PM2.5 and NO2 from a national land

use regression model provided by the Canadian Urban
Environmental Health Research Consortium (CANUE)
were used in sensitivity analysis [59, 60]. Ground-level
PM2.5 over North America was estimated by combining
0.01-degree × 0.01-degree resolution optimally estimated
Aerosol Optical Depth (AOD) with simulated the aero-
sol vertical profile and scattering properties. Residual
bias in the satellite-derived PM2.5 estimates was adjusted
using geographically weighted regression (GWR) that in-
corporated ground measurements [61–63]. The national
NO2 land use regression model was developed from
2006 National Air Pollution Surveillance (NAPS) moni-
toring data. The final model (R2 = 0.73) included road
length within 10 km, 2005–2011 satellite-derived NO2

estimates, industrial land use within 2 km, and summer
rainfall. Local scale variation was modeled using a deter-
ministic gradient and kernel density measures, which
were added to the final model to produce final NO2 esti-
mates [61, 64, 65].

Noise
A deterministic noise prediction model was used to
estimate annual average community noise levels at resi-
dential addresses, as described in detail elsewhere [27].
Noise exposures (Annual day-evening-night A-weighted
equivalent continuous noise level, Lden dB(A)) were cal-
culated based on road type, traffic volume, railway data
(e.g., type of train and frequency), flight records, building
heights and footprints. Annual weighted noise exposures
were generated on a 10 m × 10m grid, which were aver-
aged for each 6-digit postal code [27]. Noise exposures
(Lden) were weighted towards evening (5-dB(A) weight-
ing) and night (10-dB(A) weighting) noise relative to
daytime noise to account for increased noise sensitivity
of residents to noise in the evening [30]. Participants’ an-
nual noise exposures were averaged based upon residen-
tial history for the exposure period.

Greenness
NDVI was used to estimate greenness. All cloud-free im-
ages of the Vancouver region from 1999 to 2002 were
downloaded from the Landsat Enhanced Thematic
Mapper Plus (ETM+) [66]. Average NDVI values in a
buffer with 100-m radius surrounding residential ad-
dresses were used to calculate yearly greenness values.
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Annual greenness exposures were averaged based on
participants’ residential history for the exposure period
(1994–1998). NDVI values range from − 1 to + 1 based
on land surface reflectance of visible and near infrared
parts of spectrum. NDVI values close to one, indicate
higher levels of greenness [51]. While 1999–2002 green-
ness values were assigned to the 1994–1998 exposure
period, greenness exposures are relatively stable over
time [67–69].

Covariates
Individual-level covariates included age, sex and comorbidi-
ties that were potentially associated with the outcomes.
Using hospital records and MSP at baseline, participants
with one of the following conditions were identified:
traumatic brain injury, diabetes, hypertension, stroke, cor-
onary heart disease, congestive heart failure, and arrhythmia
(ICD codes: 850–854; 250; 401.0, 401.1, 401.9; 434.91;
414.01; 428; 427.9). In addition to age, sex and socioeco-
nomic status, these comorbidities are accepted risk factors
for neurodegenerative pathology [18, 70–72].
Neighborhood-level covariates included household in-

come, education (as indicators of socio-economic status)
and ethnicity from the 2001 Statistics Canada Census.
Because individual socio-economic status (SES) data
were not available in this study, SES at the
neighborhood-level was used to approximate SES at the
individual level [73]. Residential postal codes were used
to assign neighborhood (dissemination area) income
quintiles to study subjects. For the 2001 Census data, a
dissemination area is the smallest census geographic unit
and contains 400–600 people. Household size–adjusted
average family income was used to rank all dissemin-
ation areas, which were divided into quintiles [58]. Edu-
cation was classified into three levels (without high
school diploma, secondary, post-secondary). Ethnicities
included Chinese, South Asian and Visible Minorities
with strata defined as living in neighborhoods with >
10% of the population of the given ethnic status.

Statistical analysis
Statistical Analysis Software (SAS version 9.4, SAS
Institute Inc., Cary, NC, the United States) [74] was used
for data analyses. A cohort study design was applied to
NAD and PD and analyzed with Cox proportional haz-
ard models. Cases without hospitalization or death re-
cords were treated as censored. Person-years were
calculated for study subjects from baseline to the date of
the first diagnosis of NAD or PD, or end of follow-up.
Household income, education, ethnicity and comorbidity
were included as covariates with additional adjustment
for age and sex in the Cox proportional hazard models.
Relevant model assumptions were examined.

The proportional hazard assumption was not met
when applying the Cox proportional hazard model to
AD and MS. Further, the number of incident cases of
AD and MS was much lower than that of NAD and PD.
Therefore, a nested case-control study design was
adopted for AD and MS. Each case was matched to 10
controls by age and sex and analyzed by conditional lo-
gistic regression. Household income, education, ethnicity
and comorbidity were included as covariates and ad-
justed in the case control analysis.
In both cohort and case-control analysis, we first

assessed if road proximity and air pollution were associ-
ated with any of the four outcomes, following previously
published research conducted in Ontario, Canada [18].
Next, we evaluated relationships with noise and NDVI
individually and in joint models with both (road proxim-
ity and air pollution) relationships. Further, in the cohort
of NAD and PD, sex, ethnicity and age were evaluated in
stratified analyses. For AD and MS, ethnicity was evalu-
ated in stratified analysis. In sensitivity analysis, we
assessed the relationships between air pollution and the
outcomes using alternative national models provided by
CANUE, adjusting by the same covariates listed above
for each outcome.

Results
The NAD and PD cohort comprised 7.3 and 7.4 million
person-years of observations. During the follow-up
period, we identified 13,170 incident cases of NAD, 4201
incident cases of PD, 1277 incident cases of AD and 658
incident cases of MS. Characteristics and exposures at
baseline for NAD and PD cohorts are presented in
Table 1. In the cohort of NAD, road proximity was mod-
erately correlated with air pollution (e.g. r = 0.49
between major road < 50m or highway < 150 m and
black carbon). Greenness was negatively correlated with
air pollution (e.g. r = − 0.48 between greenness and NO).
The air pollution exposure estimates from national
models (CANUE) had weak correlations with most of
the exposures from local LUR models (r < 0.30). Details
of correlations between different exposures and distribu-
tions of exposures from CANUE are shown in
Additional file 1: Table S1 and S2.
For NAD, the median age (76 years) of cases was older

than that of non-cases (57 years) with a corresponding
much higher percentage of comorbidity in cases (49% vs
26%). All other measured characteristics were similar be-
tween cases and non-cases (Table 1). Among cases of
NAD, the median PM2.5 concentration during the
exposure period was 4.1 μg/m3 with an interquartile range
(IQR) of 1.5 μg/m3. The median black carbon concentra-
tion was 1.0 μg/m3 (IQR: 1.2 μg/m3) and median concen-
trations of NO2 and NO were 31.0 ppb (IQR: 9.1 ppb) and
29.5 ppb (IQR: 12.0 ppb), respectively. Distributions of the

Yuchi et al. Environmental Health            (2020) 19:8 Page 4 of 15



Ta
b
le

1
D
es
cr
ip
tiv
e
st
at
is
tic
s
sh
ow

in
g
co
va
ria
te
s
an
d
ex
po

su
re
s
in

th
e
co
ho

rt
of

no
n-
A
lz
he

im
er
’s
de

m
en

tia
an
d
Pa
rk
in
so
n’
s
di
se
as
e,
45
–8
5
ye
ar
s
ol
d,

19
94
–1
99
8

Le
ve
l

C
ov
ar
ia
te
s

N
on

-A
lz
he

im
er
’s
de

m
en

tia
(N

=
63
39
49
)

Pa
rk
in
so
n’
s
di
se
as
e
(N

=
63
44
32
)

C
as
e
(N

=
13
17
0)

N
on

-c
as
e
(N

=
62
07
79
)

C
as
e
(N

=
42
01
)

N
on

-c
as
e
(N

=
63
02
31
)

In
di
vi
du

al
A
ge

M
in
im

um
45

45
45

45

M
ed

ia
n

76
57

72
58

M
ax
im

um
83

83
83

83

In
te
rq
ua
rt
ile

9
18

12
18

C
ou

nt
%

C
ou

nt
%

C
ou

nt
%

C
ou

nt
%

Se
x

Fe
m
al
e

77
85

59
.1

32
59
67

52
.5

19
41

46
.2

33
22
55

52
.7

M
al
e

53
85

40
.9

29
48
12

47
.5

22
60

53
.8

29
79
76

47
.3

C
om

or
bi
di
ty
a

N
o

66
84

50
.7

45
43
99

73
.2

23
19

55
.2

45
89
96

72
.8

Ye
s

64
86

49
.3

16
63
80

26
.8

18
82

44
.8

17
12
35

27
.2

N
ei
gh

bo
rh
oo

d
H
ou

se
ho

ld
in
co
m
e

Lo
w
es
t

34
26

26
.0

11
30
02

18
.2

96
8

23
.0

11
55
66

18
.4

Lo
w

27
13

20
.6

11
35
05

18
.3

85
7

20
.4

11
54
41

18
.3

M
id
dl
e

23
07

17
.5

12
21
22

19
.7

77
2

18
.4

12
37
81

19
.6

U
pp

er
m
id
dl
e

23
23

17
.6

13
08
43

20
.1

74
5

17
.7

13
25
09

21
.0

U
pp

er
24
01

18
.3

14
13
07

23
.7

85
9

20
.5

14
29
34

22
.7

Ed
uc
at
io
n

Le
ss

th
an

se
co
nd

ar
y

18
51

14
.0

80
50
1

12
.9

57
4

13
.7

81
88
3

13
.0

Se
co
nd

ar
y

35
75

27
.2

16
81
56

27
.1

11
08

26
.4

17
07
56

27
.1

Po
st
-s
ec
on

da
ry

77
44

58
.8

37
21
22

60
.0

25
19

59
.9

37
75
92

59
.9

C
hi
ne

se
<
10
%

of
po

pu
la
tio

n
in

N
ei
gh

bo
rh
oo

d
63
25

48
.0

29
54
42

47
.6

20
24

48
.2

30
00
35

47
.6

>
10
%

of
po

pu
la
tio

n
in

N
ei
gh

bo
rh
oo

d

68
45

52
.0

32
53
37

52
.4

21
77

51
.8

33
01
96

52
.4

So
ut
h
A
si
an

<
10
%

of
po

pu
la
tio

n
in

N
ei
gh

bo
rh
oo

d
65
38

49
.7

29
48
34

47
.5

20
19

48
.1

29
96
08

47
.5

>
10
%

of
po

pu
la
tio

n
in

N
ei
gh

bo
rh
oo

d

66
32

50
.3

32
59
45

52
.5

21
82

51
.9

33
06
23

52
.5

Vi
si
bl
e
m
in
or
ity

<
10
%

of
po

pu
la
tio

n
in

N
ei
gh

bo
rh
oo

d
10
29
3

78
.2

48
71
42

78
.5

33
05

78
.7

49
44
77

78
.5

>
10
%

of
po

pu
la
tio

n
in

N
ei
gh

bo
rh
oo

d

28
77

21
.8

13
36
37

21
.5

89
6

21
.3

13
57
54

21
.5

Ex
po

su
re
s

N
on

-A
lz
he

im
er
’s
de

m
en

tia
(N

=
63
39
49
)

Pa
rk
in
so
n’
s
di
se
as
e
(N

=
63
44
32
)

C
as
e

(N
=
13
17
0)

N
on

-c
as
e

(N
=
62
07
79
)

C
as
e

(N
=
42
01
)

N
on

-c
as
e

(N
=
63
02
31
)

Ro
ad

pr
ox
im

ity
C
ou

nt
%

C
ou

nt
%

C
ou

nt
%

C
ou

nt
%

H
ig
hw

ay
<
50
m

N
o

12
89
6

97
.9

60
75
94

97
.9

41
04

97
.7

27
97
41

97
.9

Ye
s

27
4

2.
1

13
18
5

2.
1

97
2.
3

13
37
5

2.
1

H
ig
hw

ay
<
15
0m

N
o

12
41
7

94
.3

58
60
89

94
.4

39
61

94
.3

59
50
05

94
.4

Yuchi et al. Environmental Health            (2020) 19:8 Page 5 of 15



Ta
b
le

1
D
es
cr
ip
tiv
e
st
at
is
tic
s
sh
ow

in
g
co
va
ria
te
s
an
d
ex
po

su
re
s
in

th
e
co
ho

rt
of

no
n-
A
lz
he

im
er
’s
de

m
en

tia
an
d
Pa
rk
in
so
n’
s
di
se
as
e,
45
–8
5
ye
ar
s
ol
d,

19
94
–1
99
8
(C
on

tin
ue
d)

Ye
s

75
3

5.
7

34
69
0

5.
6

24
0

5.
7

35
22
6

5.
6

M
aj
or

ro
ad

<
50
m

N
o

12
11
2

91
.9

57
58
18

92
.8

38
78

92
.3

58
44
93

92
.7

Ye
s

10
58

8.
1

44
96
1

7.
2

32
3

7.
7

45
73
8

7.
3

M
aj
or

ro
ad

<
50
m

or
H
ig
hw

ay
<

15
0m

N
o

11
47
2

87
.1

54
65
63

88
.0

36
79

87
.6

55
47
83

88
.0

Ye
s

16
98

12
.9

74
21
6

12
.0

52
2

12
.4

75
44
8

12
.0

A
ir
po

llu
tio

n
M
in
im

um
M
ed

iu
m

M
ax
im

um
In
te
rq
ua
rt
ile

M
in
im

um
M
ed

iu
m

M
ax
im

um
In
te
rq
ua
rt
ile

M
in
im

um
M
ed

iu
m

M
ax
im

um
In
te
rq
ua
rt
ile

M
in
im

um
M
ed

iu
m

M
ax
im

um
In
te
rq
ua
rt
ile

PM
2.
5
(μ
g/
m
³)

0.
00

4.
1

10
.3

1.
5

0.
00

4.
0

10
.6

1.
6

0.
1

4.
1

10
.4

1.
7

0.
0

4.
0

10
.6

1.
6

Bl
ac
k
ca
rb
on

(μ
g/
m
³)

0.
00

1.
1

5.
02

1.
2

0.
00

0.
8

5.
6

1.
0

0.
0

1.
1

5.
0

1.
3

0.
0

1.
0

5.
6

1.
0

N
O
2
(p
pb

)
12
.0

31
.1

61
.4

9.
2

10
.9

29
.9

66
.6

9.
0

12
.0

31
.3

57
.7

9.
2

10
.9

29
.9

66
.6

9.
0

N
O
(p
pb

)
6.
8

29
.5

11
9.
3

12
.1

6.
6

28
.4

17
6.
6

13
.6

8.
2

29
.7

10
1.
0

13
.7

6.
6

28
.4

17
6.
6

13
.6

N
oi
se

(L
d
en

dB
(A
))

33
.0

60
.8

86
.5

6.
0

4.
4

60
.7

92
.4

5.
5

35
.4

60
.8

79
.7

5.
6

4.
4

60
.7

92
.4

5.
5

G
re
en

ne
ss

(N
D
VI
)

-0
.1

0.
2

0.
6

0.
1

-0
.1

0.
3

0.
6

0.
1

-0
.0

0.
3

0.
6

0.
1

-0
.1

0.
3

0.
6

0.
1

a C
om

or
bi
di
tie

s
in
cl
ud

e
tr
au

m
at
ic
br
ai
n
in
ju
ry
,d

ia
be

te
s,
hy

pe
rt
en

si
on

,s
tr
ok

e,
co
ro
na

ry
he

ar
t
di
se
as
e,
co
ng

es
tiv

e
he

ar
t
fa
ilu
re

an
d
ar
rh
yt
hm

ia

Yuchi et al. Environmental Health            (2020) 19:8 Page 6 of 15



exposures in individuals without NAD were similar to
those of cases (Table 1).
Similarly, PD cases were much older (median age

72 vs 58 years old) and with a higher proportion of
comorbidity (44% vs 27%) compared to non-cases.
The remaining characteristics were similar in cases
and non-cases (Table 1). Distributions of the expo-
sures in individuals without PD were similar with
those of cases (Table 1) and those described above
for NAD. Details of descriptive statistics for Alzhei-
mer’s disease and Multiple sclerosis are presented
in Table 2.
Based on the magnitude and patterns of effect esti-

mates with non-symmetric confidence intervals around
1, living near major roads or a highway was associated
with increased hazard ratios for both NAD and PD
(Additional file 1: Figure S1; Table 3). The effects of road
proximity for both outcomes were attenuated after ac-
counting for greenness, with reductions (0.3–6.2%) in
hazard ratios observed in all proximity categories. Simi-
lar increasing patterns with respect to odds ratios (OR)
associated with road proximity were observed for AD
and MS with large attenuation (11–28%) of the AD asso-
ciation by greenness. Greenness did not attenuate the
OR for MS and there were with some indications of in-
creased MS odds ratios after accounting for greenness
(Additional file 1: Figure S2).
Air pollutants, except for NO, were generally associ-

ated with slightly increased hazard ratios (HR) for both
NAD and PD (e.g. HR for NAD = 1.02, 95% CI: 0.98–
1.06 per IQR increase in NO2). While there were small
effects of noise on both outcomes, including noise in
models had essentially no impacts on air pollutant HRs.
In single exposure models, greenness was associated
with a lower HR for developing NAD (HR: 0.94, 95% CI:
0.92, 0.97) and PD (HR: 0.96, 95% CI: 0.92, 1.01) and
when included in models with air pollutants, greenness
attenuated the effects of air pollution on both NAD and
PD. The protective effect of greenness was more evident
for PD compared to NAD (Fig. 1, Table 3).
Specifically, for PM2.5 we observed increased HRs for

NAD, PD and MS. Elevated HRs were also observed for
BC and NO2 for NAD and PD, but not for MS. Associa-
tions between air pollutants, AD and MS were generally
null with wide confidence intervals. There was no evi-
dence of primary effects of noise, while greenness was
associated with increased ORs for both AD and MS
(Additional file 1: Figure S3). In sensitivity analysis, no
patterns of increasing effect estimates were observed be-
tween air pollution estimates from CANUE and any of
the outcomes.
We did not observe consistent patterns of increased

risk by sex, although for PD and NAD with air pollut-
ants hazard ratios were somewhat higher for females.

Individuals living in neighborhoods where > 10% of the
population was Chinese had higher incidence of NAD
when they lived near a major road or a highway com-
pared to those in neighborhoods with < 10% Chinese
residents. Both road proximity and air pollution had
greater effects on incidence of NAD and PD among
people aged under 65. Individuals living in areas with >
10% visible minorities who lived near major roads had a
much greater risk of developing AD and MS than indi-
viduals living in areas with < 10% visible minorities
(Additional file 1: Table S3-S5).

Discussion
We observed increasing patterns of associations between
road proximity across subcategories (e.g. Major road <
50m, Major road < 50m or Highway < 150m, etc.) with
hazard and odds of developing NAD, PD, AD and MS.
PM2.5, black carbon and NO2 were associated with in-
creased incidence of NAD and PD. While noise did not
affect any of the associations with air pollution, there
were indications that greenness was protective for the
development of NAD, PD and AD. Overall, we saw indi-
cations of associations between air pollution with NAD
and PD, but in general not with AD or MS. We did ob-
serve increased OR for MS in association with PM2.5,
but not for any of the other air pollutants. We found as-
sociations for air pollution from locally developed LUR
models, while sensitivity analysis using air pollution ex-
posure estimated in national exposure models showed
no associations. One possible reason was that observed
associations related to air pollution estimated from LUR
models describe microscale variations in which traffic
was a major source and which are not as well-
characterized by the national scale models. Greenness
was associated with higher incidence of both AD and
MS. While this may indicate a harmful effect of green-
ness proximity on these outcomes, this finding may also
result from residual confounding due to unmeasured
and/or unidentified spatially-varying risk factors for AD
and MS. Overall, we did not find associations with AD
or MS for any exposures besides road proximity.
This analysis was the first large population-based study

to investigate the onset of four major neurological disor-
ders in association with road proximity and air pollution
as well as joint effects of noise and greenness. To our
knowledge, only three previous studies describing rela-
tionships between air pollution and neurological disor-
ders were population-based [18, 75, 76] with sample
sizes ranging from 95,000–4.4 million (e.g. number of
cases of PD was about 30,000 in a Canadian population-
based study with a sample size of 2.2 million). Our
results were mostly consistent with previous population-
based studies which reported positive associations
between road proximity and neurological disorders. For
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example, a large population-based cohort study using
similar measures of traffic proximity in Canada found
that living close to heavy traffic was associated with a 7%
increase in the hazard of developing dementia, compared
to our estimates of 3–15% increases, depending on the
type of road. While we found associations between road
proximity and all four neurological disorders, the previ-
ous study did not observe associations between road
proximity, with PD or MS [18].
Our results with respect to associations between air

pollution (from LUR models), NAD, PD, and AD were
consistent with several previous studies. Large-scale

multi-city studies in the United States found that for every
1 μg/m3 increase in annual PM2.5, risk of NAD and PD in-
creased by 1.3 to 8% [77, 78], compared to our estimate of
a 9% increase per an interquartile range increase in PM2.5

of 1.5 μg/m3. A matched case-control study in Denmark
found 9% risk increase in PD for one interquartile range
increase (2.97 μg/m3) in NO2 [79], somewhat smaller than
our estimate of a 12% increase for an interquartile range
increase in NO2 of ppb ( ~17 µg/m3). A cohort study in
China reported 9% higher risk for AD for 1 μg/m3 increase
in PM2.5 [76], whereas our findings for AD were largely
null. However, a recent study in Netherlands reported that

Table 3 Hazard and odds ratios (per one Interquartile range for whole population) between exposures and Non-Alzheimer’s
dementia, Parkinson’s disease, Alzheimer’s disease and Multiple sclerosis

Exposures Non-Alzheimer’s dementia* Parkinson’s disease* Alzheimer’s disease** Multiple sclerosis**

Hazard ratio (95% CI) per
Interquartile Range [IQR]

Hazard ratio (95% CI) per
Interquartile Range [IQR]

Odds ratio (95% CI) per
Interquartile Range [IQR]

Odds ratio (95% CI) per
Interquartile Range [IQR]

Road proximity

Highway < 50 m 1.03 (0.91, 1.16) 1.12 (0.91, 1.38) 1.19 (0.74, 1.91) 1.20 (0.69, 2.09)

Highway < 50 m + Greenness 1.02 (0.87, 1.20) 1.12 (0.85, 1.46) 0.85 (0.42, 1.74) 1.09 (0.52, 2.29)

Highway < 150m 1.10 (1.02, 1.19) 1.06 (0.93, 1.22) 1.03 (0.75, 1.41) 0.97 (0.68, 1.39)

Highway < 150m + Greenness 1.06 (0.96, 1.17) 1.02 (0.86, 1.21) 0.81 (0.53, 1.24) 1.05 (0.66, 1.67)

Major road < 50 m 1.15 (1.08, 1.23) 1.09 (0.96, 1.23) 1.26 (0.96, 1.64) 1.45 (1.06, 1.97)

Major road < 50 m + Greenness 1.15 (1.07, 1.24) 1.02 (0.89, 1.18) 1.12 (0.81, 1.54) 1.75 (1.19, 2.54)

Major road < 50 m or
Highway < 150m

1.14 (1.07, 1.20) 1.07 (0.96, 1.18) 1.19 (0.95, 1.49) 1.25 (0.96, 1.63)

Major road < 50 m or
Highway < 150m + Greenness

1.12 (1.05, 1.20) 0.99 (0.88, 1.13) 1.02 (0.77, 1.36) 1.50 (1.08, 2.08)

Air pollution

PM2.5 (μg/m3) 1.02 (0.98, 1.05)
[1.54]

1.09 (1.02, 1.16)
[1.65]

0.90 (0.76, 1.07)
[1.54]

1.25 (0.93, 1.70)
[1.72]

PM2.5 (μg/m3) + Noise 1.02 (0.98, 1.05) 1.08 (1.01, 1.15) 0.91 (0.76, 1.09) 1.40 (0.98, 1.97)

PM2.5 (μg/m3) + Greenness 1.02 (0.98, 1.05) 1.08 (1.01, 1.15) 0.95 (0.80, 1.13) 1.43 (1.04, 1.97)

Black carbon (μg/m3) 1.01 (0.98, 1.04)
[1.06]

1.03 (0.97, 1.08)
[1.02]

1.02 (0.88, 1.18)
[1.09]

0.93 (0.75, 1.15)
[0.90]

Black carbon (μg/m3) + Noise 1.01 (0.98, 1.04) 1.02 (0.96, 1.09) 0.91 (0.76, 1.08) 0.95 (0.74, 1.23)

Black carbon (μg/m3) + Greenness 1.01 (0.98, 1.04) 1.01 (0.96, 1.07) 1.05 (0.90, 1.22) 0.97 (0.78, 1.21)

NO2 (ppb) 1.02 (0.99, 1.06)
[9.06]

1.12 (1.05, 1.20)
[9.03]

0.84 (0.70, 0.99)
[8.96]

1.02 (0.78, 1.44)
[8.70]

NO2 (ppb) + Noise 1.01 (0.97, 1.06) 1.09 (1.01, 1.18) 0.77 (0.63, 0.95) 1.06 (0.69, 1.62)

NO2 (ppb) + Greenness 1.02 (0.99, 1.06) 1.10 (1.03, 1.19) 0.87 (0.72, 0.15) 1.16 (0.80, 1.68)

NO (ppb) 1.00 (0.96, 1.04)
[13.47]

1.03 (0.96, 1.11)
[13.59]

0.91 (0.77, 1.11)
[13.68]

0.85 (0.62, 1.16)
[13.41]

NO (ppb) + Noise 0.99 (0.95, 1.04) 1.01 (0.93, 1.11) 0.84 (0.67, 1.05) 0.88 (0.59, 1.29)

NO (ppb) + Greenness 0.99 (0.95, 1.04) 0.99 (0.92, 1.08) 0.98 (0.80, 1.20) 0.93 (0.66, 1.29)

Noise (Lden dB(A)) 1.01 (0.99, 1.04)
[5.53]

1.01 (0.97, 1.05)
[5.54]

0.99 (0.92, 1.08)
[5.75]

0.92 (0.82, 1.03)
[5.50]

Greenness (NDVI) 0.95 (0.92, 0.97)
[0.11]

0.97 (0.93, 1.01)
[0.11]

1.24 (1.13, 1.35)
[0.12]

1.14 (1.00, 1.30)
[0.12]

*Covariates included for Non-Alzheimer’s dementia and Parkinson’s disease: Age, sex, comorbidities, household income, education and ethnicity; **Covariates
included for Alzheimer’s disease and Multiple sclerosis: comorbidities, household income, education and ethnicity
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there was no positive relationship between ambient air
pollution and Parkinson’s disease [80].
Results indicating that including only noise in models

did not modify any of the associations between air pollu-
tion and adult neurologic diseases were also consistent
with previous studies. A recent population-based longi-
tudinal study on memory and aging in Sweden and a
retrospective cohort study in England found no evidence
that exposure to noise contributed to the risk of demen-
tia in combination with air pollution [81, 82]. These
indications of null effects of noise on adult neurologic

diseases differ from studies of children where consistent
associations with cognitive impairments have been re-
ported [83]. As has been shown for other outcomes such
as mental health and all-cause mortality [36, 84–87], we
found that greenness had some protective effects and at-
tenuated effects of road proximity on NAD, PD, AD and
MS. Greenness also attenuated effects of air pollution on
NAD and PD. In single exposure models, greenness was
associated with lower hazards of developing NAD and
PD. These results indicate potential beneficial effects of
green space [87] and the importance of accounting for

Fig. 1 Hazard ratios (95% confidence interval) associated with air pollution, noise and greenness (per Interquartile range as indicated in Table 3)
for non-Alzheimer’s dementia and Parkinson’s disease. PM2.5 = fine particulate matter, NO2 = Nitrogen dioxide, NO = Nitric oxide
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potential joint effects of greenness to reveal unbiased
associations between road proximity, air pollution and
neurological disorders.
Our study has several strengths. First, while we could not

account for all potential risk factors in this large
population-based cohort, we included neighborhood-level
household income and education in the models but did not
have individual-level information on education, income or
behavioural risk factors. Further, the study population in-
cluded essentially all adults within the study region. Case
ascertainment was based on validated algorithms with high
sensitivity and specificity [53–55]. In addition, because of
the availability of detailed information on medical and resi-
dential history, we were able to account for changes in ad-
dresses and comorbidities which may be associated with
both exposures and outcomes.
Despite these strengths, our study has several limita-

tions. First, due to data availability we were unable to
account for certain lifestyle or behavioral risk factors
(e.g. smoking, physical activity, etc.) [88, 89]. Second, ex-
posures to air pollution, noise and greenness were
assessed based on residential postal codes, which may
lead to some exposure misclassification. As is common
in such large cohort analyses, these exposure estimates
did not fully represent personal exposures as they did
not account for individual factors (time spent at home
and travelling patterns etc.) or exposures encountered
indoors. Third, the analyses were focused on the 1999–
2003 period and may not accurately reflect current
exposures, disease management and progression or the
role of other risk factors. Fourth, the issue of under-
representation exists. While cases were ascertained
based on criteria with very high specificity and relatively
high (78–84%) sensitivity compared to physician diagno-
sis, not all incident cases were captured in our study.
Fifth, the exposure period was relatively short (1994–
1998), in contrast to the longer period during which PD
or AD may develop. Given that exposures before 1994
were not available, this limitation may lead to non-
differential exposure misclassification and bias towards
the null. While we did account for changes in address
during the exposure period, during the period of disease
progression, people may choose to move in order to ac-
commodate the disabling conditions of their diseases.
Therefore, the exposures that we assessed may only
include those exposures occurring after changes in resi-
dence to accommodate worsening of disease, but not
include exposures that contribute to the onset of the dis-
ease. Last, as the postal code data alone do not allow us to
identify types of residences (e.g. high-rise, single house),
we were unable evaluate the potential influence of vertical
gradients in distance or pollution. However, a study in
Hong Kong reported that including vertical gradient infor-
mation did not lead to meaningful differences or changes

in estimates of effect for the association between air pollu-
tion with mortality [90].

Conclusions
In this large population-based study, living near roads
was linked with higher incidence of NAD, PD, AD and
MS. Although results were not entirely consistent, air
pollution was linked with NAD and PD, but not AD or
MS. Greenness was found to have some protective ef-
fects while impacts of noise were generally null. Given
the high proportion of the population living in proximity
to traffic, the spatial correlations with proximity, several
environmental factors and the growing prevalence of
neurological disorders, future studies in other urban
areas which address potential joint effects of multiple
environmental exposures are warranted.
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