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Abstract

Background—Epidemiological studies in humans that have evaluated the association between 

fine particulate matter (PM2.5) and atherosclerosis have yielded mixed results.

Design—In order to further investigate this relationship, we conducted a comprehensive search 

for studies published through May 2014 and performed a meta-analysis of all available 

observational studies that investigated the association between PM2.5 and three noninvasive 

measures of clinical and subclinical atherosclerosis: carotid intima media thickness, arterial 

calcification, and ankle-brachial index.

Methods and results—Five reviewers selected studies based on predefined inclusion criteria. 

Pooled mean change estimates and 95% confidence intervals were calculated using random-effects 

models. Assessment of between-study heterogeneity was performed where the number of studies 

was adequate. Our pooled sample included 11,947 subjects for carotid intima media thickness 

estimates, 10,750 for arterial calcification estimates, and 6497 for ankle-brachial index estimates. 

Per 10 μg/m3 increase in PM2.5 exposure, carotid intima media thickness increased by 22.52 μm 

but this did not reach statistical significance (p = 0.06). We did not find similar associations for 

arterial calcification (p = 0.44) or ankle-brachial index (p = 0.85).

Conclusion—Our meta-analysis supports a relationship between PM2.5 and subclinical 

atherosclerosis measured by carotid intima media thickness. We did not find a similar relationship 

between PM2.5 and arterial calcification or ankle-brachial index, although the number of studies 

was small.

Reprints and permissions: sagepub.co.uk/journalsPermissions.nav

Corresponding author: John A Dodson, Leon H Charney Division of Cardiology, Department of Medicine, New York University 
School of Medicine, 227 East 30th Street, TRB 851, New York, NY 10016, USA., John.Dodson@nyumc.org, Twitter: 
@emmassontweet. 

Conflict of interest
The authors declare that there is no conflict of interest.

HHS Public Access
Author manuscript
Eur J Prev Cardiol. Author manuscript; available in PMC 2016 December 02.

Published in final edited form as:
Eur J Prev Cardiol. 2016 April ; 23(6): 602–612. doi:10.1177/2047487315588758.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Particulate matter; air pollution; tunica intima; vascular calcification; ankle-brachial index

Introduction

Exposure to fine particulate matter with aerodynamic diamete ≤2.5 μm (PM2.5) has been 

shown to have adverse health effects on multiple organ systems.1,2 Inhaled PM2.5 can be 

deposited deep in alveoli and is hypothesized to enhance inflammation and oxidative stress 

and alter cardiac autonomic activity.3–5 Though earlier studies primarily focused on 

respiratory health outcomes, there is evidence that PM2.5 is a risk factor for cardiovascular 

disease (CVD) events5,6 including hypertension,7,8 cardiovascular mortality,1,9 and 

increased hospital admissions for CVD.10

Experimental animal studies have reported more rapid progression of atherosclerosis with 

long-term ambient particulate matter exposure compared with filtered air.4,11 However, 

human studies, which cannot be performed in a controlled manner, are limited to 

observational cohorts that have yielded mixed results.12–14 In addition, these studies have 

assessed different measures of clinical and subclinical atherosclerosis, including carotid 

intima media thickness (CIMT), arterial calcification (coronary aortic calcification (CAC); 

abdominal aortic calcification (AAC); or thoracic aortic calcification (TAC)), and ankle-

brachial index (ABI). In light of the prior inconclusive associations between PM2.5 and 

atherosclerosis, as well as the potential heterogeneity in study methodologies and outcomes, 

we therefore conducted a systematic review and meta-analysis of studies published to date.

Methods

Search strategy

We followed the recommendations of the Meta-analysis of Observational Studies in 

Epidemiology (MOOSE) Group in the design, implementation and reporting of our study.15 

We conducted a comprehensive literature search of four databases –MEDLINE, EMBASE, 

Web of Science and Environmental Index – to identify relevant articles that were published 

through May 2014. Our search queries combined the exposure (PM2.5) with atherosclerosis 

and surrogate markers of atherosclerosis. Search terms for MEDLINE were (“Particulate 

Matter”[mesh] OR “Air Pollution”[mesh] OR air pollution[tiab] OR particulate*[ tiab] OR 

fine partic*[tiab] OR pm2.5[tiab] OR pm 2.5[tiab]) AND (“Arteriosclerosis”[mesh] OR 

“Tunica Intima”[Mesh] OR intima[tiab] OR “Vascular Calcification”[Mesh] OR “coronary 

artery calcification” OR “ankle brachial index” [Mesh] OR arterioscleros*[tiab] OR 

atheroscleros*[tiab] OR atherogen*[ tiab] OR arterial disease*[tiab] OR arterial 

occlus*[tiab]) NOT (“animals”[mesh] NOT “humans”[mesh]). Full details of our search 

strategies for the other databases are available in Supplementary Material online 

(Supplemental Table).
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Study selection

We included cross-sectional and longitudinal cohort studies evaluating associations between 

PM2.5 and clinical or subclinical atherosclerosis as assessed by CIMT, arterial calcification, 

or ABI. All languages were included in our search. For the meta-analysis, we excluded non-

human studies, studies reporting environmental exposures other than PM2.5, and studies 

reporting estimates other than absolute change in outcome per change in the level of PM2.5. 

In addition, for overlapping studies from the same cohort, we included only the most 

comprehensive or updated study with the most extensive method of covariate adjustment. 

Five authors (EA, LS, IO, OM, JAD) independently evaluated non-duplicate abstracts found 

in the four databases (N = 1505) using our search algorithm. Articles deemed relevant to our 

study (N = 220) were then selected for independent review of full text and references by two 

separate authors (Figure 1). We applied our inclusion and exclusion criteria to determine 

articles for final inclusion; disagreements between two authors were resolved by a third 

author. Reference lists of all relevant articles (including review articles) were scanned to 

identify publications that were potentially missed by our initial literature search.

Data extraction

Data from the final selected manuscripts were independently extracted by two authors and 

compared to ensure accuracy. Information extracted included citation data, authors’ names, 

publication year, data source, country, sample size, age distribution, sex distribution, year of 

data collection, study design, baseline exposure level, outcome measure, effect estimate, and 

standard error of effect estimate. For studies that reported multiple effect estimates, we 

extracted the estimate from the main model or model that reflected the greatest degree of 

control for potential confounders. For each included manuscript, we extracted mean change 

in CIMT, relative risk for arterial calcification, or mean change in ABI, as applicable.

Statistical analysis

In order to ensure uniformity of exposure across studies, all estimates were standardized to 

per 10 μg/m3 increase in PM2.5. Effect measures were pooled using the random effect model 

of DerSimonian and Laird to account for between-study variation.16

Heterogeneity between studies was explored by visual inspection of the forest plot, Cochran 

Q statistic (p<0.05), and I-squared (I2) statistic. Consistent with prior thresholds we 

considered an I2 statistic ≥50% to represent substantial heterogeneity and ≥75% to represent 

considerable heterogeneity.17 We assessed potential sources of heterogeneity such as year of 

publication, country, study design, sample size, and baseline level of exposure by using 

meta-regression. We did not perform an assessment for publication bias given the small 

number of studies for each endpoint.18

All statistical tests were two-sided and p values less than 0.05 were considered to be 

statistically significant. Analyses were conducted with STATA Version 13.
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Results

Of the 12 manuscripts considered for data extraction, four were from the Multi-ethnic Study 

of Atherosclerosis (MESA; providing three CIMT, three arterial calcification, and one ABI 

estimate), four were from the German Heinz Nixdorf Recall Study (HNRS; providing one 

CIMT, two arterial calcification, and one ABI estimate), and two (both CIMT) were from the 

same author (Kunzli et al.). After retaining only one article per cohort for each endpoint, our 

final sample included eight manuscripts, from which we extracted five CIMT, two CAC, and 

two ABI estimates. We analyzed a total of 18,590 subjects (mean age 58 years, 52% 

female). As some studies reported more than one type of atherosclerotic marker (e.g. all 

markers were evaluated in the MESA cohort), 11,947 subjects contributed to the CIMT 

estimates, 10,750 contributed to the arterial calcification estimate and 6497 contributed to 

the ABI estimates. The mean level of PM2.5 exposure among studies ranged from 13.66 

μg/m3 to 22.8 μg/m3. Other study characteristics are summarized in Table 1.12–14,19–27 

Although there were some differences in exposure assessment, overall the methods of 

assessment were comparable across studies and within each endpoint (Table 2).

CIMT

Meta-analysis of the five studies evaluating the outcome of CIMT demonstrated that CIMT 

increased by 22.52 μm for every 10 μg/m3 increase in PM2.5 but this association did not 

reach statistical significance (p = 0.06) (Figure 2). There was considerable heterogeneity 

between studies (I2 = 83%, p<0.01), although exploration using meta-regression showed that 

year of publication (p = 0.61), country (p = 0.23), study design (p = 0.52), sample size (p = 

0.50), and baseline level of exposure (p = 0.97) did not explain this heterogeneity.

Arterial calcification

We found five manuscripts reporting on the association between PM2.5 exposure and three 

subtypes of arterial calcification: CAC (three), AAC (one), and TAC (one), but three were 

from the MESA cohort while the remaining two were from the HNRS cohort. After 

excluding overlapping studies from the same cohort, only two manuscripts reporting on 

CAC were retained for the final analysis, which yielded a non-significant positive 

association (relative risk = 1.35 per 10 μg/m3 increase in PM2.5, p = 0.44) (Figure 3). Given 

the small number of studies we did not test for heterogeneity.

ABI

Only two manuscripts reported on the association between PM2.5 exposure and peripheral 

arterial disease by ABI. Our meta-analysis of these two studies yielded a non-significant 

association between PM2.5 and ABI (change in ABI per 10 μg/m3 increase in PM2.5 = – 

0.001, p = 0.85) (Figure 4). As with arterial calcification, we did not consider a test for 

heterogeneity given the low number of studies.

Discussion

Human studies that have investigated the association between PM2.5 and clinical and 

subclinical atherosclerosis have yielded mixed results. In addition, a variety of different 
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outcome measures have been used. In order to summarize the available evidence in the 

literature, we conducted a meta-analysis among eight studies comprising 18,590 subjects. 

We found marginal evidence to support the association between PM2.5 exposure and CIMT. 

While there was considerable heterogeneity (I2 = 83%) among CIMT studies, the positive 

association between PM2.5 and CIMT appeared to be consistent across all but one study.

Though not statistically significant, our findings demonstrated that for every 10 μg/m3 

increase in PM2.5, CIMT increased by 22.52 μm (95% confidence interval (CI) –1.26, 46.29 

μm). This estimate is within the range of change in CIMT that has been associated with 

CVD events.28 While the magnitude of effect of PM2.5 exposure may appear relatively 

small, PM2.5 exposure is common with a wide range in world-wide exposures. It can vary 

from as low as a US Environmental Protection Agency recommended level of ≤35 μg/m3 to 

as high as over 200 μg/m3 in countries such as China,29,30 with levels that may exceed 500 

μg/ m3. Therefore, a 200 μg/m3 increase in PM2.5 would be expected to translate into 

roughly a 450 μm increase in CIMT, an estimation that would be of significant clinical 

impact given that average CIMT in the general population is around 800 μm.31 Also of note, 

potential interactions were evaluated in three of the five CIMT studies, and two of these 

(Lenters et al.,22 Kunzli et al.21) suggested that the association between PM2.5 and CIMT 

was stronger in females than in males. Kunzli et al. also reported a significant interaction 

with age, indicating a stronger association in participants ≥60 years compared with 

participants<60 years. Accordingly, there may be subgroups that are at particularly high risk 

of adverse effects from PM2.5.

Though the exact mechanism of the association between PM2.5 and cardiovascular disease 

remains uncertain, experimental animal studies have suggested some mechanistic links 

between PM2.5 and increased CIMT. PM2.5 may provoke an inflammatory response and 

cytokine release from the pulmonary vascular bed, altering vasomotor tone and lipid 

peroxidation.4,11,32,33 These studies have emphasized the relationship between PM2.5 

exposure and pro-oxidant and pro-inflammatory mediators important in the pathogenesis of 

atherosclerosis. However, most of these experiments involve concurrent administration of a 

high fat diet in order to accelerate atheroma formation, thereby indicating that dietary factors 

may be an important modifier of the effect of PM2.5.

We did not find evidence of an association between PM2.5 and either CAC (estimated based 

on Agatston score34) or ABI (measured by Doppler ultrasound). For both measures we 

found a low number of studies and thereforewemay have been underpowered to find a 

meaningful association. Alternatively, it is possible that CIMT may identify areas of 

increased thickness and nonocclusive atherosclerotic plaque, which may represent earlier 

stages of arterial injury or atherosclerosis than measures of arterial calcification orABI.28 It 

is also possible that the atherosclerotic mechanism of PM2.5 directly alters CIMT with little 

or no influence on arterial calcification or ABI.

Our meta-analysis has several strengths, including a protocol-driven approach in order to 

limit bias in study selection, as well as a broad population represented, including a wide age 

range that was studied across three different countries (United States, Germany, and 

Netherlands). However, there are potential limitations that deserve consideration. First, the 
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number of studies, particularly for arterial calcification and ABI, was small, limiting our 

ability to derive strong conclusions from these analyses and to explore for potential sources 

of heterogeneity. Second, we found evidence of significant heterogeneity among CIMT 

estimates, thereby limiting the generalizability of our results. Third, most studies were cross-

sectional, which limits estimations of causality given the lack of temporality between 

exposure and outcome. However, these cross-sectional studies did adjust for major 

cardiovascular risk factors, demographic information, as well as socio-economic status, 

which could potentially confound the association between PM2.5 and atherosclerosis. Lastly, 

despite a rigorous methodology within each study, there is the potential for measurement 

error in the assessment of exposure and/or outcome that may have biased study estimates 

towards no-association.

In conclusion, we found a positive association across multiple studies between PM2.5 and 

subclinical atherosclerosis as measured by CIMT, although this did not reach statistical 

significance. There was considerable heterogeneity among studies, which may limit the 

generalizability of this finding. We did not find similar associations between PM2.5 and 

other surrogate markers of atherosclerosis (arterial calcification or ABI), which may be due 

to lower sensitivity of these indices or lack of a sufficient number of studies. More studies 

may be needed to explore potential sources of heterogeneity among CIMT estimates, and to 

further assess the association between PM2.5 and the other surrogate markers.
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Figure 1. 
Screening and selection process. Of 1505 non-duplicate articles found, 220 were retained 

after screening titles and abstracts. These articles underwent full-text review by two separate 

investigators; there were 12 studies that met our predefined inclusion criteria; after removing 

overlapping cohorts, our final sample included eight studies.
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Figure 2. 
Meta-analysis of mean change in carotid intima media thickness (CIMT) per 10 μg/m3 

increase in PM2.5. Mean change in CIMT from each study was standardized to per 10 μg/m3 

increase in PM2.5.

ES: standardized estimate; CI: confidence interval; PM2.5: particulate matter with 

aerodynamic diameter ≤2.5 μm
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Figure 3. 
Meta-analysis of relative risk of arterial calcification per 10 μg/m3 increase in PM2.5. 

Relative risk estimates from each study were standardized to per 10μg/m3 increase in PM2.5.

ES: standardized estimate; CI: confidence interval; PM2.5: particulate matter with 

aerodynamic diameter ≤2.5 μm
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Figure 4. 
Meta-analysis of mean change in ankle-brachial index (ABI) per 10μg/m3 increase in PM2.5. 

Mean change in ABI from each study was standardized to per 10 μg/m3 increase in PM2.5.

ES: standardized estimate; CI: confidence interval; PM2.5: particulate matter with 

aerodynamic diameter ≤2.5 μm

Akintoye et al. Page 12

Eur J Prev Cardiol. Author manuscript; available in PMC 2016 December 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Akintoye et al. Page 13

Ta
b

le
 1

D
em

og
ra

ph
ic

 c
ha

ra
ct

er
is

tic
s 

of
 th

e 
12

 s
tu

di
es

 th
at

 e
va

lu
at

ed
 th

e 
as

so
ci

at
io

n 
be

tw
ee

n 
PM

2.
5 

an
d 

at
he

ro
sc

le
ro

si
s.

F
ir

st
 a

ut
ho

r 
an

d 
ye

ar
O

ut
co

m
e

C
ou

nt
ry

St
ud

y 
de

si
gn

D
at

a 
co

lle
ct

io
n

N
A

ge
, y

ea
rs

 M
ea

n 
(S

D
/r

an
ge

)
%

 f
em

al
e

D
at

a 
so

ur
ce

B
as

el
in

e 
ex

po
su

re
 le

ve
l 

(m
g/

m
3 )

A
da

r 
20

13
12

 a
C

IM
T

U
SA

L
on

gi
tu

di
na

l
20

00
–2

00
5

53
62

62
 (

10
)

52
M

E
SA

16
.6

B
au

er
 2

01
013

C
IM

T
G

er
m

an
y

C
ro

ss
-s

ec
tio

na
l

20
00

–2
00

3
33

80
60

 (
7.

7)
48

H
N

R
S

16
.8

B
re

to
n 

20
12

14
C

IM
T

U
SA

C
ro

ss
-s

ec
tio

na
l

20
07

–2
00

9
76

8
20

 (
1.

5)
59

T
R

O
Y

15
.7

Su
n 

20
13

19
C

IM
T

U
SA

C
ro

ss
-s

ec
tio

na
l

20
00

–2
00

2
62

56
62

 (
45

–8
4)

52
M

E
SA

13
.6

6

D
ie

z 
R

ou
x 

20
08

 20
a

C
IM

T
U

SA
L

on
gi

tu
di

na
l

20
00

–2
00

2
50

37
62

 (
45

–8
4)

53
M

E
SA

16
.7

K
ün

zl
i 2

00
521

C
IM

T
U

SA
C

ro
ss

-s
ec

tio
na

l
19

98
–2

00
3

79
8

59
 (

9.
8)

45
V

E
A

PS
 &

 B
V

A
IT

20
.3

L
en

te
rs

 2
01

022
C

IM
T

N
et

he
rl

an
ds

L
on

gi
tu

di
na

l
19

99
–2

00
0

74
5

28
 (

0.
9)

53
N

ot
 r

ep
or

te
d

20
.7

K
ün

zl
i 2

01
023

a
C

IM
T

U
SA

L
on

gi
tu

di
na

l
19

95
–2

00
7

14
38

59
 (

9.
6)

63
Fi

ve
 tr

ia
ls

b
20

.7
9

A
lle

n 
20

09
24

 a
A

A
C

U
SA

C
ro

ss
-s

ec
tio

na
l

20
00

–2
00

2
11

47
66

 (
9.

4)
50

M
E

SA
15

.8

K
äl

sc
h 

20
14

25
 a

TA
C

G
er

m
an

y
C

ro
ss

-s
ec

tio
na

l
20

00
–2

00
3

42
38

60
 (

7.
8)

50
H

N
R

S
16

.6
2

Su
n 

20
13

19
C

A
C

U
SA

C
ro

ss
-s

ec
tio

na
l

20
00

–2
00

2
62

56
62

 (
45

–8
4)

52
M

E
SA

13
.6

6

D
ie

z 
R

ou
x 

20
08

 20
a

C
A

C
U

SA
C

ro
ss

-s
ec

tio
na

l
20

0–
20

02
21

49
62

 (
45

–8
4)

53
M

E
SA

16
.7

H
of

fm
an

n 
20

07
26

C
A

C
G

er
m

an
y

C
ro

ss
-s

ec
tio

na
l

20
0–

20
03

44
94

60
 (

7.
8)

51
H

N
R

S
22

.8

H
of

fm
an

n 
20

09
27

A
B

I
G

er
m

an
y

C
ro

ss
-s

ec
tio

na
l

20
0–

20
03

43
48

60
 (

7.
8)

51
H

N
R

S
22

.8

D
ie

z 
R

ou
x 

20
08

 20
A

B
I

U
SA

C
ro

ss
-S

ec
tio

na
l

20
00

–2
00

2
21

49
62

 (
45

–8
4)

52
M

E
SA

16
.7

a St
ud

y 
w

as
 e

xc
lu

de
d 

fr
om

 th
e 

m
et

a-
an

al
ys

is
 d

ue
 to

 c
oh

or
t o

ve
rl

ap
.

b T
he

 f
iv

e 
tr

ia
ls

 in
cl

ud
ed

 in
 K

un
zl

i 2
01

0 
ar

e:
 B

-v
ita

m
in

 A
th

er
os

cl
er

os
is

 I
nt

er
ve

nt
io

n 
T

ri
al

 (
B

V
A

IT
),

 V
ita

m
in

 E
 A

th
er

os
cl

er
os

is
 P

re
ve

nt
io

n 
St

ud
y 

(V
E

A
PS

),
 E

st
ro

ge
n 

in
 th

e 
Pr

ev
en

tio
n 

of
 A

th
er

os
cl

er
os

is
 

T
ri

al
 (

E
PA

T
),

 T
ro

gl
ita

zo
ne

 A
th

er
os

cl
er

os
is

 R
eg

re
ss

io
n 

T
ri

al
 (

TA
R

T
),

 W
om

en
’s

 E
st

ro
ge

n-
Pr

og
es

tin
 L

ip
id

-L
ow

er
in

g 
H

or
m

on
e 

A
th

er
os

cl
er

os
is

 R
eg

re
ss

io
n 

T
ri

al
 (

W
E

L
L

-H
A

R
T

).
 P

M
2.

5:
 p

ar
tic

ul
at

e 
m

at
te

r 

w
ith

 a
er

od
yn

am
ic

 d
ia

m
et

er
 ≤

 2
.5

 μ
m

; C
IM

T
: c

ar
ot

id
 in

tim
a 

m
ed

ia
 th

ic
kn

es
s;

 C
A

C
: c

or
on

ar
y 

ar
te

ry
 c

al
ci

fi
ca

tio
n;

 A
B

I:
 a

nk
le

-b
ra

ch
ia

l i
nd

ex
; H

N
R

S:
 H

ei
nz

 N
ix

do
rf

 R
ec

al
l S

tu
dy

; M
E

SA
: M

ul
ti-

E
th

ni
c 

St
ud

y 
of

 A
th

er
os

cl
er

os
is

; T
R

O
Y

: T
es

tin
g 

R
es

po
ns

es
 O

n 
Y

ou
th

 s
tu

dy

Eur J Prev Cardiol. Author manuscript; available in PMC 2016 December 02.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Akintoye et al. Page 14

Ta
b

le
 2

M
et

ho
do

lo
gi

ca
l d

et
ai

ls
 in

 e
ig

ht
 s

tu
di

es
 in

cl
ud

ed
 in

 th
e 

m
et

a-
an

al
ys

is
.

F
ir

st
 a

ut
ho

r 
an

d 
ye

ar
L

oc
at

io
n

E
xp

os
ur

e
M

et
ho

d 
of

 e
xp

os
ur

e 
m

ea
su

re
m

en
t

O
ut

co
m

e
M

et
ho

d 
of

 o
ut

co
m

e 
m

ea
su

re
m

en
t

C
on

fo
un

de
rs

 a
dj

us
te

d 
fo

r

B
au

er
 2

01
013

E
ss

en
, M

ul
he

im
 a

nd
 

B
oc

hu
m

PM
2.

5
A

ve
ra

ge
 o

f 
th

e 
pr

ev
io

us
 3

65
 d

ay
s 

of
 

da
ily

 s
ur

fa
ce

 c
on

ce
nt

ra
tio

ns
 o

f 
PM

2.
5 

w
er

e 
ta

ke
n 

fo
r 

ea
ch

 
pa

rt
ic

ip
an

t. 
A

 c
he

m
is

tr
y 

tr
an

sp
or

t 
m

od
el

 w
as

 u
se

d 
w

ith
 in

pu
t d

at
a 

fr
om

 e
m

is
si

on
 in

ve
nt

or
ie

s,
 

m
et

eo
ro

lo
gy

, a
nd

 r
eg

io
na

l 
to

po
gr

ap
hy

.

C
IM

T
B

-m
od

e 
ul

tr
as

ou
nd

. T
he

 m
ea

n 
of

 a
ll 

10
 m

an
ua

l m
ea

su
re

m
en

ts
 

on
 b

ot
h 

w
as

 u
se

d 
as

 th
e 

ou
tc

om
e 

va
ri

ab
le

.

C
ity

, a
re

a 
of

 r
es

id
en

ce
, a

ge
, s

ex
, e

du
ca

tio
n,

 
ec

on
om

ic
 a

ct
iv

ity
, s

m
ok

in
g 

va
ri

ab
le

s,
 

en
vi

ro
nm

en
ta

l t
ob

ac
co

 s
m

ok
e,

 a
lc

oh
ol

 
co

ns
um

pt
io

n,
 p

hy
si

ca
l a

ct
iv

ity
, B

M
I,

 d
ia

be
te

s,
 

L
D

L
-C

, H
D

L
-C

, i
nt

ak
e 

of
 s

ta
tin

s.

B
re

to
n 

20
12

14
So

ut
he

rn
 C

A
PM

2.
5

R
es

id
en

tia
l a

dd
re

ss
es

 g
eo

co
de

d.
 

Sp
at

ia
l i

nt
er

po
la

tio
n 

of
 a

m
bi

en
t a

ir
 

qu
al

ity
 d

at
a 

fr
om

 f
ou

r 
st

at
io

ns
 u

se
d 

al
on

g 
w

ith
 g

eo
co

de
d 

re
si

de
nt

ia
l 

ad
dr

es
s 

of
 p

ar
tic

ip
an

ts
. A

ir
 q

ua
lit

y 
da

ta
 w

as
 in

te
rp

ol
at

ed
 u

si
ng

 in
ve

rs
e 

di
st

an
ce

 s
qu

ar
ed

 w
ei

gh
tin

g.
 A

ir
 

po
llu

ta
nt

 e
st

im
at

es
 w

er
e 

fr
om

 
E

PA
’s

 A
ir

 Q
ua

lit
y 

Sy
st

em
 d

at
ab

as
e.

C
IM

T
T

he
 m

ea
n 

of
 7

0–
10

0 
m

ea
su

re
m

en
ts

 o
f 

th
e 

ri
gh

t 
co

m
m

on
 c

ar
ot

id
 a

rt
er

y 
w

as
 

us
ed

. I
ns

tr
um

en
t w

as
 a

 h
ig

h 
re

so
lu

tio
n 

B
-m

od
e 

ul
tr

as
ou

nd
 

at
ta

ch
ed

 to
 a

 1
0M

H
z 

lin
ea

r 
ar

ra
y 

tr
an

sd
uc

er
.

A
ge

, s
ex

, r
ac

e/
et

hn
ic

ity
, B

M
I,

 s
ys

to
lic

 b
lo

od
 

pr
es

su
re

, s
ec

on
dh

an
d 

sm
ok

e 
in

 c
hi

ld
ho

od
, 

cu
rr

en
t s

ec
on

dh
an

d 
sm

ok
e,

 h
sC

R
P,

 L
D

L
-C

, 
H

D
L

-C
. N

o 
ef

fe
ct

 m
od

if
ic

at
io

n 
by

 a
ny

 v
ar

ia
bl

e 
w

as
 f

ou
nd

 o
n 

an
al

ys
is

L
en

te
rs

 2
01

022
U

tr
ec

ht
, N

et
he

rl
an

ds
PM

2.
5

O
ve

ra
ll 

co
nc

en
tr

at
io

ns
 o

f 
PM

2.
5 

fo
r 

th
e 

ye
ar

 2
00

0 
at

 th
e 

re
si

de
nt

ia
l 

ad
dr

es
s 

w
er

e 
as

se
ss

ed
 r

eg
io

na
lly

 v
ia

 
in

te
rp

ol
at

io
n 

of
 r

eg
io

na
l 

ba
ck

gr
ou

nd
 c

on
ce

nt
ra

tio
ns

. T
he

 
ur

ba
n 

co
m

po
ne

nt
 w

as
 a

ss
es

se
d 

w
ith

 
re

gr
es

si
on

 m
od

el
s 

us
in

g 
da

ta
 o

n 
10

 
ca

te
go

ri
es

 o
f 

la
nd

 u
se

 in
 1

00
-m

 
gr

id
s,

 p
op

ul
at

io
n 

de
ns

ity
 a

nd
 la

nd
 

us
e 

pr
ed

ic
to

rs
.

C
IM

T
H

ig
h 

re
so

lu
tio

n 
B

-m
od

e 
ul

tr
as

ou
nd

 o
f 

th
e 

ri
gh

t a
nd

 le
ft

 
co

m
m

on
 c

ar
ot

id
 a

rt
er

ie
s 

us
in

g 
a 

7.
5M

H
z 

lin
ea

r 
ar

ra
y 

tr
an

sd
uc

er
. 

B
ot

h 
th

e 
m

ea
n 

an
d 

th
e 

m
ax

im
um

 C
IM

T
 w

er
e 

as
se

ss
ed

.

A
ge

, s
ex

, B
M

I,
 p

ac
k 

ye
ar

s 
of

 a
ct

iv
e 

sm
ok

in
g,

 
ex

po
su

re
 to

 s
ec

on
dh

an
d 

sm
ok

e 
in

 c
hi

ld
ho

od
, 

al
co

ho
l i

nt
ak

e,
 h

ig
he

st
 e

du
ca

tio
n,

 h
ig

he
st

 
pr

of
es

si
on

, d
ia

be
te

s 
m

el
lit

us
, n

ei
gh

bo
rh

oo
d 

in
co

m
e,

 h
yp

er
te

ns
io

n,
 H

D
L

-C
, L

D
L

-C
, f

am
ily

 
hi

st
or

y 
of

 C
V

D
.

N
on

-s
ig

ni
fi

ca
nc

e 
ev

id
en

ce
 o

f 
ef

fe
ct

 
m

od
if

ic
at

io
n 

by
 s

ex
 (

st
ro

ng
er

 a
ss

oc
ia

tio
n 

in
 

w
om

en
),

 s
m

ok
in

g 
st

at
us

 (
st

ro
ng

er
 a

ss
oc

ia
tio

n 
w

ith
 s

m
ok

er
s)

, a
nd

 e
du

ca
tio

n 
(s

tr
on

ge
r 

as
so

ci
at

io
n 

in
 th

e 
le

ss
 e

du
ca

te
d)

.

K
ün

zl
i 2

00
521

L
os

 A
ng

el
es

, C
A

PM
2.

5
G

eo
st

at
is

tic
al

 m
od

el
 d

er
iv

ed
 f

or
 

m
ea

n 
ho

m
e 

ou
td

oo
r 

PM
2.

5 
le

ve
l, 

da
ta

 s
ou

rc
e 

w
as

 y
ea

r 
20

00
 d

at
a 

ob
ta

in
ed

 f
ro

m
 2

3 
st

at
e 

an
d 

lo
ca

l 
di

st
ri

ct
 m

on
ito

ri
ng

 s
ta

tio
ns

. 
R

es
id

en
tia

l g
eo

co
di

ng
 u

se
d.

C
IM

T
H

ig
h-

re
so

lu
tio

n 
fa

r 
w

al
l B

-m
od

e 
ul

tr
as

ou
nd

 im
ag

es
 o

f 
th

e 
ri

gh
t 

co
m

m
on

 c
ar

ot
id

 a
rt

er
y.

A
ge

, s
ex

, e
du

ca
tio

n,
 in

co
m

e,
 c

ur
re

nt
 

se
co

nd
ha

nd
 s

m
ok

e,
 c

ur
re

nt
 p

er
so

na
l s

m
ok

in
g,

 
fo

rm
er

 p
er

so
na

l s
m

ok
in

g,
 b

lo
od

 p
re

ss
ur

e,
 L

D
L

-
C

, a
nt

ih
yp

er
te

ns
iv

e 
m

ed
ic

at
io

ns
, l

ip
id

 lo
w

er
in

g 
m

ed
ic

at
io

ns
.

E
ff

ec
t m

od
if

ic
at

io
n 

by
 a

ge
 a

nd
 s

ex
 w

as
 f

ou
nd

, 
w

ith
 th

e 
as

so
ci

at
io

n 
st

ro
ng

es
t a

m
on

g 
el

de
rl

y 
w

om
en

 a
ge

d 
≥6

0 
ye

ar
s.

Su
n 

20
13

19
L

os
 A

ng
el

es
 C

ou
nt

y,
 

C
A

; C
hi

ca
go

, I
L

; 
B

al
tim

or
e 

M
D

; S
t P

au
l, 

M
N

; F
or

sy
th

 C
ou

nt
y,

 
N

C
; a

nd
 N

ew
 Y

or
k,

 N
Y

PM
2.

5
R

es
id

en
tia

l a
dd

re
ss

es
 g

eo
co

de
d.

 
T

hr
ee

 d
if

fe
re

nt
 a

pp
ro

ac
he

s 
w

er
e 

us
ed

: t
he

 a
nn

ua
l a

ve
ra

ge
 

co
nc

en
tr

at
io

n 
of

 th
e 

tw
o 

w
ee

k 
m

ea
su

re
m

en
t a

t t
he

 m
on

ito
r 

ne
ar

es
t 

to
 e

ac
h 

st
ud

y 
pa

rt
ic

ip
an

t’
s 

re
si

de
nc

e,
 in

ve
rs

e 
di

st
an

ce
 

w
ei

gh
tin

g 
of

 a
ll 

an
nu

al
 a

ve
ra

ge
 

m
on

ito
r 

co
nc

en
tr

at
io

ns
 in

 e
ac

h 
ar

ea
 

re
la

tiv
e 

to
 e

ac
h 

su
bj

ec
t’

s 
re

si
de

nc
e,

 

C
IM

T
C

A
C

H
ig

h 
re

so
lu

tio
n 

B
-m

od
e 

ul
tr

as
ou

nd
. M

ea
n 

fa
r 

w
al

l 
th

ic
kn

es
s 

of
 th

e 
ri

gh
t c

om
m

on
 

ca
ro

tid
 r

et
ro

sp
ec

tiv
el

y 
ga

te
d 

to
 

en
d-

di
as

to
le

 w
as

 u
se

d.
Tw

o 
ch

es
t C

T
 s

ca
ns

 p
er

 
pa

rt
ic

ip
an

t. 
M

ea
n 

A
ga

ts
to

n 
sc

or
e34

 o
f 

th
e 

sc
an

s 
us

ed
 f

or
 

an
al

ys
is

.

A
ge

, g
en

de
r, 

ra
ce

 a
nd

 e
th

ni
ci

ty
, t

ot
al

 
ch

ol
es

te
ro

l, 
L

D
L

-C
, s

m
ok

in
g 

st
at

us
, 

hy
pe

rt
en

si
on

, l
ip

id
 lo

w
er

in
g 

m
ed

ic
at

io
ns

, l
ev

el
 

of
 e

du
ca

tio
n,

 w
ai

st
 c

ir
cu

m
fe

re
nc

e,
 f

am
ily

 
in

co
m

e,
 b

od
y 

su
rf

ac
e 

ar
ea

, B
M

I,
 s

qu
ar

ed
 B

M
I,

 
di

ab
et

es
, H

D
L

-C
, t

ri
gl

yc
er

id
es

.
E

ff
ec

t m
od

if
ic

at
io

n 
by

 v
ar

ia
bl

es
 n

ot
 a

ss
es

se
d.

Eur J Prev Cardiol. Author manuscript; available in PMC 2016 December 02.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Akintoye et al. Page 15

F
ir

st
 a

ut
ho

r 
an

d 
ye

ar
L

oc
at

io
n

E
xp

os
ur

e
M

et
ho

d 
of

 e
xp

os
ur

e 
m

ea
su

re
m

en
t

O
ut

co
m

e
M

et
ho

d 
of

 o
ut

co
m

e 
m

ea
su

re
m

en
t

C
on

fo
un

de
rs

 a
dj

us
te

d 
fo

r

an
d 

ci
ty

 w
id

e 
av

er
ag

e 
co

nc
en

tr
at

io
ns

 b
as

ed
 o

n 
al

l 
m

on
ito

rs
 w

ith
in

 e
ac

h 
ar

ea
.

H
of

fm
an

n 
20

07
26

T
he

 th
re

e 
ci

tie
s:

 E
ss

en
, 

M
ul

he
im

 a
nd

 B
oc

hu
m

 
(G

er
m

an
y)

 o
f 

th
e 

R
uh

r 
ar

ea
 in

 G
er

m
an

y

PM
2.

5
R

es
id

en
tia

l g
eo

co
di

ng
. E

U
R

A
D

 
m

od
el

in
g 

of
 d

ai
ly

 m
ea

n 
va

lu
es

 f
or

 
PM

2.
5 

fo
r 

th
e 

ye
ar

 2
00

2 
w

ith
 in

pu
t 

da
ta

 f
ro

m
 o

ff
ic

ia
l e

m
is

si
on

 
in

ve
nt

or
ie

s,
 m

et
eo

ro
lo

gi
ca

l 
in

fo
rm

at
io

n,
 a

nd
 r

eg
io

na
l 

to
po

gr
ap

hi
ca

l d
at

a.
 A

nn
ua

l a
ve

ra
ge

 
ca

lc
ul

at
ed

 f
or

 e
ac

h 
gr

id
 a

nd
 

as
si

gn
ed

 to
 e

ac
h 

pa
rt

ic
ip

an
t l

iv
in

g 
in

 th
at

 g
ri

d.

C
A

C
U

se
 o

f 
ch

es
t C

T
s 

fo
r 

ea
ch

 
pa

rt
ic

ip
an

t. 
C

A
C

 s
co

re
 

ca
lc

ul
at

ed
 b

y 
th

e 
A

ga
ts

to
n 

sc
or

e.
 F

in
al

 C
A

C
 s

co
re

 w
as

 
su

m
m

at
io

n 
of

 C
A

C
 s

co
re

s 
of

 a
ll 

fo
ci

 in
 th

e 
ep

ic
ar

di
al

 c
or

on
ar

y 
sy

st
em

.

A
ge

, s
ex

, c
ity

 o
f 

re
si

de
nc

e,
 a

re
a 

of
 r

es
id

en
ce

, 
ed

uc
at

io
n,

 s
m

ok
in

g,
 p

hy
si

ca
l i

na
ct

iv
ity

, w
ai

st
 to

 
hi

p 
ra

tio
, d

ia
be

te
s,

 b
lo

od
 p

re
ss

ur
e 

an
d 

lip
id

s.
N

o 
ef

fe
ct

 m
od

if
ic

at
io

n 
w

as
 c

ar
ri

ed
 o

ut
 a

lth
ou

gh
 

a 
su

bg
ro

up
 a

na
ly

si
s 

of
 e

ld
er

ly
 p

at
ie

nt
s 

w
as

 
ca

rr
ie

d 
ou

t.

H
of

fm
an

n 
20

09
27

T
he

 th
re

e 
ci

tie
s:

 E
ss

en
, 

M
ul

he
im

 a
nd

 B
oc

hu
m

 
(G

er
m

an
y)

 o
f 

th
e 

R
uh

r 
ar

ea
 in

 G
er

m
an

y

PM
2.

5
R

es
id

en
tia

l g
eo

co
di

ng
. E

U
R

A
D

 
di

sp
er

si
on

 a
nd

 c
he

m
is

tr
y 

tr
an

sp
or

t 
m

od
el

in
g 

of
 d

ai
ly

 m
ea

n 
va

lu
es

 f
or

 
PM

2.
5 

fo
r 

th
e 

ye
ar

 2
00

2 
w

ith
 in

pu
t 

da
ta

 f
ro

m
 o

ff
ic

ia
l e

m
is

si
on

 
in

ve
nt

or
ie

s,
 m

et
eo

ro
lo

gi
ca

l 
in

fo
rm

at
io

n,
 a

nd
 r

eg
io

na
l 

to
po

gr
ap

hi
ca

l d
at

a.
 A

nn
ua

l a
ve

ra
ge

 
ca

lc
ul

at
ed

 f
or

 e
ac

h 
gr

id
 a

nd
 

as
si

gn
ed

 to
 e

ac
h 

pa
rt

ic
ip

an
t l

iv
in

g 
in

 th
at

 g
ri

d.

A
B

I
8M

H
z 

D
op

pl
er

 tr
an

sd
uc

er
 u

se
d.

 
T

he
 in

de
x 

w
as

 c
al

cu
la

te
d 

as
 th

e 
ra

tio
 o

f:
 h

ig
he

st
 a

nk
le

 a
rt

er
y 

pr
es

su
re

s 
m

ea
su

re
d 

ei
th

er
 in

 th
e 

po
st

er
io

r 
tib

ia
l o

r 
th

e 
do

rs
al

is
 

pe
di

s 
ar

te
ry

 a
nd

 th
e 

hi
gh

es
t 

sy
st

ol
ic

 b
ra

ch
ia

l p
re

ss
ur

e 
m

ea
su

re
d 

in
 th

e 
ri

gh
t a

nd
 le

ft
 

ar
m

.

A
ge

, s
ex

, c
ity

 o
f 

re
si

de
nc

e,
 a

re
a 

of
 r

es
id

en
ce

, 
ed

uc
at

io
n,

 s
m

ok
in

g,
 p

hy
si

ca
l i

na
ct

iv
ity

, w
ai

st
 to

 
hi

p 
ra

tio
, d

ia
be

te
s,

 B
M

I,
 s

oc
io

ec
on

om
ic

 s
ta

tu
s,

 
lip

id
 lo

w
er

in
g 

m
ed

ic
at

io
n,

 a
nt

ih
yp

er
te

ns
iv

e 
m

ed
ic

at
io

n,
 b

lo
od

 p
re

ss
ur

e 
an

d 
lip

id
s.

N
on

-s
ig

ni
fi

ca
nt

 e
ff

ec
t m

od
if

ic
at

io
n 

by
 a

ge
 w

as
 

fo
un

d 
w

ith
 a

 s
tr

on
ge

r 
as

so
ci

at
io

n 
am

on
g 

en
ro

lle
d 

su
bj

ec
ts

 ≥
60

 y
ea

rs
 o

f 
ag

e.

D
ie

z 
R

ou
x 

20
08

20
L

os
 A

ng
el

es
 C

ou
nt

y,
 

C
A

; C
hi

ca
go

, I
L

; 
B

al
tim

or
e 

M
D

; S
t P

au
l, 

M
N

; F
or

sy
th

 C
ou

nt
y,

 
N

C
; a

nd
 N

ew
 Y

or
k,

 N
Y

PM
2.

5
Sp

at
io

te
m

po
ra

l m
od

el
in

g 
of

 th
e 

m
on

th
ly

 m
ea

n 
PM

2.
5 

m
ea

su
re

s 
fo

r 
th

e 
pr

io
r 

20
 y

ea
rs

 w
ith

 d
at

a 
ob

ta
in

ed
 f

ro
m

 th
e 

U
S 

E
PA

’s
 

ae
ro

m
et

ri
c 

in
fo

rm
at

io
n 

re
tr

ie
va

l 
se

rv
ic

e 
da

ta
ba

se
. R

es
id

en
tia

l 
ge

oc
od

in
g 

us
ed

.

A
B

I
5 

M
H

z 
pr

ob
e 

on
 a

 h
an

d 
he

ld
 

D
op

pl
er

 in
st

ru
m

en
t. 

Fo
r 

ea
ch

 
lo

w
er

 e
xt

re
m

ity
, A

B
I 

nu
m

er
at

or
 

w
as

 th
e 

hi
gh

es
t p

re
ss

ur
e 

(d
or

sa
lis

 p
ed

is
 o

r 
po

st
er

io
r 

tib
ia

l 
fr

om
 th

at
 le

g)
 o

bt
ai

ne
d.

 A
B

I 
de

no
m

in
at

or
 w

as
 th

e 
av

er
ag

ed
 

br
ac

hi
al

 a
rt

er
y 

bl
oo

d 
pr

es
su

re
 

ex
ce

pt
 if

 th
er

e 
w

as
 a

 d
if

fe
re

nc
e 

of
 1

0m
m

H
g 

or
 m

or
e,

 in
 w

hi
ch

 
ca

se
 th

e 
hi

gh
es

t s
ys

to
lic

 b
lo

od
 

pr
es

su
re

 w
as

 u
se

d.
 R

at
io

s 
w

er
e 

ca
lc

ul
at

ed
 s

ep
ar

at
el

y 
fo

r 
th

e 
le

ft
 

an
d 

ri
gh

t s
id

es
 a

nd
 th

e 
m

in
im

um
 v

al
ue

 w
as

 u
se

d 
fo

r 
an

al
ys

es
.

A
ge

, S
ex

, r
ac

e,
 s

oc
io

ec
on

om
ic

 f
ac

to
rs

, B
M

I,
 

hy
pe

rt
en

si
on

, H
D

L
-C

, L
D

L
-C

, s
m

ok
in

g,
 

di
ab

et
es

, d
ie

t a
nd

 p
hy

si
ca

l a
ct

iv
iti

es
. T

he
 

fo
llo

w
in

g 
va

ri
ab

le
s 

w
er

e 
ex

pl
or

ed
 f

or
 e

ff
ec

t 
m

od
if

ic
at

io
n:

 a
ge

, s
ex

, l
ip

id
 le

ve
ls

, s
ite

, 
ed

uc
at

io
n,

 r
ac

e/
et

hn
ic

ity
, d

ia
be

te
s,

 B
M

I,
 

sm
ok

in
g.

 N
o 

ef
fe

ct
 m

od
if

ic
at

io
n 

by
 th

es
e 

va
ri

ab
le

s 
w

as
 f

ou
nd

.

PM
2.

5:
 p

ar
tic

ul
at

e 
m

at
te

r 
w

ith
 a

er
od

yn
am

ic
 d

ia
m

et
er

 ≤
 2

.5
 μ

m
; C

IM
T

: c
ar

ot
id

 in
tim

a 
m

ed
ia

 th
ic

kn
es

s;
 B

M
I:

 b
od

y 
m

as
s 

in
de

x;
 L

D
L

-C
: l

ow
-d

en
si

ty
 li

po
pr

ot
ei

n 
ch

ol
es

te
ro

l; 
H

D
L

-C
: h

ig
h-

de
ns

ity
 

lip
op

ro
te

in
 c

ho
le

st
er

ol
; h

sC
R

P:
 h

ig
h-

se
ns

iti
vi

ty
 C

-r
ea

ct
iv

e 
pr

ot
ei

n;
 E

PA
: E

nv
ir

on
m

en
ta

l P
ro

te
ct

io
n 

A
ge

nc
y;

 C
V

D
: c

ar
di

ov
as

cu
la

r 
di

se
as

e;
 C

A
C

: c
or

on
ar

y 
ao

rt
ic

 c
al

ci
fi

ca
tio

n;
 C

T
: c

om
pu

te
d 

to
m

og
ra

ph
y;

 
E

U
R

A
D

: E
ur

op
ea

n 
A

ir
 P

ol
lu

tio
n 

D
is

pe
rs

io
n;

 A
B

I:
 a

nk
le

-b
ra

ch
ia

l i
nd

ex

Eur J Prev Cardiol. Author manuscript; available in PMC 2016 December 02.


	Abstract
	Introduction
	Methods
	Search strategy
	Study selection
	Data extraction
	Statistical analysis

	Results
	CIMT
	Arterial calcification
	ABI

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1
	Table 2

