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We investigated associations between short-term exposure to air pollution and central augmentation index and

augmentation pressure, correlates of arterial stiffness, in a cohort of elderly men in the Boston, Massachusetts, met-

ropolitan area. This longitudinal analysis included 370 participants from the Veterans Affairs Normative Aging Study

with up to 2 visits between 2007 and 2011 (n = 445). Augmentation index (as %) and augmentation pressure (in

mmHg) were measured at each visit by using radial artery applanation tonometry for pulse wave analysis and

modeled in amixed effects regressionmodel as continuous functions of moving averages of air pollution exposures

(over 4 hours and 1, 3, 7, and 14 days). The results suggest that short-term changes in air pollution were associated

with augmentation index and augmentation pressure at several moving averages. Interquartile range (IQR) in-

creases in 3-day average exposure to particles with aerodynamic diameter less than 2.5 μm (3.6-μg/m3 IQR

increase) and sulfate (1.4-μg/m3 IQR increase) and 1-day average exposure to particle number counts (8,741-

counts/cm3 IQR increase) were associated with augmentation index values that were 0.8% (95% confidence inter-

val (CI): 0.2, 1.4), 0.6% (95% CI: 0.1, 1.2), and 1.7% (95% CI: 0.4, 2.9) higher, respectively. Overall, the findings

were similar for augmentation pressure. The findings support the hypothesis that exposure to air pollutionmayaffect

vascular function.

air pollution; particulate matter; pulse wave analysis

Abbreviations: AIx, augmentation index; AP, augmentation pressure; PM10, particles with aerodyamic diameter less than 10 μm;

PM2.5, particles with aerodynamic diameter less than 2.5 μm; PNC, particle number count; PWA, pulse wave analysis.

The associations between short-term exposure to particles
with aerodynamic diameter less than 2.5 μm (PM2.5) and car-
diovascular morbidity and mortality are well documented (1).
In recent years, more emphasis has been placed on identify-
ing the underlying mechanisms of the observed associations,
for which there is moderate evidence from observational and
experimental studies to suggest the role of vascular function
(1). Short-term exposures during the first 30 minutes and up
to 6 days for PM2.5 and its components including sulfate and
black carbon have been shown to be associated with de-
creased brachial artery diameter and decreased brachial artery
flow–mediated dilation in healthy and diabetic adults (2–6).
Exposures to PM2.5 averaged over 5 and 30 days were also

associated with higher systolic blood pressure in healthy
and diabetic adults (7, 8).
Another component of vascular function, arterial stiffness,

may also be affected by short-term exposure to particulate
matter. Stiffening of the arteries is a process associated
with aging and cardiovascular risk factors. Arterial stiffness
measured as the carotid-femoral pulse wave velocity, which
is the “gold standard” for arterial stiffness assessment (9), is
associated with risk of cardiovascular death (10). A correlate
of arterial stiffness and measure of wave reflection, the aug-
mentation index (AIx), is also associated with increased risk
of cardiovascular disease and death (11, 12). Risk factors
observed in association with AIx include age (13), sex
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(14), race (15), body weight (16), smoking (17, 18), and
alcohol consumption (19).

Few studies have examined whether arterial stiffness in-
creases after short-term exposure to air pollution. AIx values
have been shown to increase in welders after acute exposure
to PM2.5 (20) and in healthy men exposed to diesel exhaust in
a chamber-controlled setting (21). In a prospective panel
study of adults with type 2 diabetes mellitus, both large-
and small-artery elasticity indices decreased in association
with PM2.5 exposure with a lag of 3 days (4).

A large, cross-sectional, community-based study consist-
ing of hypertensive patients and normotensive controls did
not find any association between AIx and short-term expo-
sure to particles with aerodynamic diameter less than
10 μm (PM10) but identified a positive association restricted
to men between PM10 exposure averaged over 5 days and
augmentation pressure (AP) (22); no association was ob-
served between PM10 exposure and carotid-femoral pulse
wave velocity. PM10 was the only air pollutant examined
by the study investigators, and it is not known if short-term
exposure to ambient PM2.5 and its components and gaseous
air pollutants are associated with AIx in community- or
population-based settings.

The objective of this study was to evaluate associations be-
tween short-term changes in air pollution and correlates of ar-
terial stiffness (AIx and AP), in a community-based cohort of
elderly men in the Boston, Massachusetts, metropolitan area.
We analyzed the following air pollutants: PM2.5, black car-
bon, sulfate, particle number counts (PNCs), nitrogen diox-
ide, and ozone. Many of the study participants presented
with hypertension, coronary heart disease, or diabetes at
the time of examination. Therefore, we evaluated whether
these conditions modified the observed associations.

MATERIALS AND METHODS

Study population and design

Participants included in this analysis were enrolled in the
Normative Aging Study, an ongoing longitudinal study of
aging established by the US Department of Veterans Affairs
in 1963, details of which have been published previously
(23). Briefly, the Normative Aging Study is a closed cohort
of 2,280 male volunteers from the greater Boston, Massachu-
setts, area, aged 21–80 years at study entry, who enrolled after
an initial health screening determined that they were free of
known chronic medical conditions. Participants have been re-
evaluated every 3–5 years by using detailed, onsite physical
examinations and questionnaires. The present study was ap-
proved by the human research committees of Brigham and
Women’s Hospital (Boston, Massachusetts) and the Veterans
Affairs Boston Healthcare System, and written informed con-
sent was obtained from subjects prior to participation. Eligi-
bility for this study required continued participation as of the
time when pulse wave analysis (PWA) measurements began.
From July 2007 through August 2011, PWA measurements
were collected at each visit. From the 432 study participants
whowere followed-up during this period, we collected a total
of 481 PWA measurements from 397 participants. This anal-
ysis included a maximum of 445 PWA measurements from

370 participants, depending on the number of measurements
available for the air pollutant of interest. For the purpose of
this analysis, we will refer to the first visit with PWA mea-
surement as the baseline visit. Refer to the Web Appendix
(Web Figure 1, available at http://aje.oxfordjournals.org/)
for a more detailed description of the participation and inclu-
sion criteria in this analysis.

Air pollution and meteorology data

Ambient particulate pollutant concentrations were moni-
tored at our Harvard Air Pollution Supersite located near
downtown Boston, Massachusetts, 1 km from the Veterans
Affairs medical center. Measurements included PM2.5, sul-
fate, black carbon, and PNCs. We measured hourly PNCs
(0.007- to 3-μm counts/cm3) with a condensation particle
counter, model 3022A (TSI Inc., Shoreview, Minnesota).
PNCs are primarily influenced by freshly generated particles
from local traffic (24). Through 2009, we measured hourly
PM2.5 concentrations with a tapered element oscillation mi-
crobalance, model 1400A (Rupprecht & Patashnick, East
Greenbush, New York), after which the beta attenuation
monitor 1020 (Met One Instruments, Inc., Grants Pass, Ore-
gon) was used. Hourly black carbon concentrations were
measured using an aethalometer, model AE-16 (Magee Sci-
entific Corp., Berkeley, California). Black carbon is associ-
ated with traffic emissions, especially those related to diesel
fuel combustion. Daily sulfate concentrations were calculated
from elemental sulfur, measured by x-ray fluorescence anal-
ysis of the PM2.5 filter samples. On days when sulfate mea-
surements were not available, we calculated daily sulfate
concentrations from a sulfate particulate analyzer, model
5020 (Thermo Electron Corp., Franklin, Massachusetts). Sul-
fate particles are formed through the oxidation of sulfur diox-
ide emitted primarily by coal- and oil-burning power plants
and can be transported regionally over long distances (e.g.,
hundreds of kilometers) (25). We obtained hourly ozone
and nitrogen dioxide concentration data (in ppm) from
local state monitors within greater Boston, and we estimated
average hourly concentrations (see Web Appendix for a de-
tailed description of nitrogen dioxide and ozone monitoring
and exposure estimation). Hourly temperature and humidity
data were obtained from the Logan International Airport
(Boston, Massachusetts) weather station (12 km from the
Veterans Affairs medical center). Pollutant sampling, pro-
cessing of samples, analysis, and reporting were conducted
according to standard operating procedures (26). At least
75% of all hourly measurements were needed to estimate
daily PNCs and the daily concentrations of PM2.5, black car-
bon, nitrogen dioxide, and ozone, and we considered moving
averages based on the short-term exposure windows of 4
hours, 24 hours, and 3, 7, and 14 days preceding each partic-
ipant’s examination. Hourly sulfate measurements were not
available; thus, the 4-hour moving average exposure for sul-
fate could not be estimated.

Augmentation index and pressure

AIx and AP values were derived from PWA, conducted
with a SphygmoCor Px Pulse Wave Analysis System, model
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SCOR-Px (Atcor Medical Pty. Ltd., Sydney, Australia).
The PWA measurements were performed in a temperature-
controlled room by 1 of 3 trained study personnel; 1 of the
trained personnel performed approximately 90% of all PWA
measurements, including those from repeat visits. After 5
minutes of rest in a seated position, each participant extended
the dominant arm onto a flat surface, ensuring that the elbow
was at heart level. Applanation tonometry of the radial artery,
guided by visual inspection of the pulse pressure waveform
and by a built-in quality score of the homogeneity of the ob-
served waveforms, was conducted to record 10 seconds of 20
sequential peripheral pulse waveforms. The peripheral wave-
forms were transformed into corresponding central aortic
waveforms via a previously validated transfer function (27).
Pulse pressure, AP, and AIx values were derived from the
aortic pressure wave. The AIx is defined as the difference be-
tween the first and second systolic peak pressure (AP in
mmHg) divided by the pulse pressure and expressed as a per-
centage as follows: AIx (as %) = [AP / pulse pressure] × 100.
Larger values indicate a higher pulsewave velocity and earlier
return of the reflected wave, which is caused by increased ar-
terial stiffness or vascular resistance. AIx values were also
normalized for a heart rate of 75 bpm because AIx is influ-
enced by heart rate in a linear and inverse fashion (28). The
PWA device simultaneously measures heart rate, and the sys-
tem software provides heart rate–adjusted AIx and AP values.

Statistical analysis

All statistical analyses were carried out using SAS, version
9.2, software (SAS Institute, Inc., Cary, North Carolina) and
R software (R Foundation for Statistical Computing, Vienna,
Austria). We used linear mixed-effects regression models
with random participant-specific intercepts accounting for
the correlation of repeated measures (29) to model AIx
(as %) and AP (in mmHg) as a continuous function of mov-
ing averages (of 4 hours, 24 hours, and 3, 7, and 14 days) of
PM2.5, black carbon, PNCs, sulfate, nitrogen dioxide, and
ozone. Estimates are given per interquartile range of the pol-
lutant for the specific moving average. We fit each moving
average exposure of each pollutant 1 at a time in an estab-
lished fixed confounder model that was adjusted for age,
body mass index (weight (kg)/height (m)2), high density li-
poprotein cholesterol level (in mg/dL), years of education,
race (black or white), alcohol intake (≥2 or <2 drinks/day),
smoking status (current/former smoker or never smoker), cu-
mulative pack-years smoked, diabetes status (physician diag-
nosed diabetes or fasting blood glucose greater than 126 mg/
mL), seasonality, weekday of examination, and 3-day mov-
ing average of absolute temperature (in °C) and relative hu-
midity (as %). These covariates were chosen a priori as
potential confounders or important determinants of AIx
and AP. After demonstrating the best model fit for AIx and
AP in a preliminary analysis, the 3-daymoving average of ab-
solute temperature and relative humidity was selected for ad-
justment. Presence of hypertension, coronary heart disease,
and diabetes at each visit was assessed by review of the sub-
ject′medical records, and these factors were evaluated as po-
tential modifiers of the association between air pollution and
AIx and AP by using interaction terms.

To evaluate whether the association between each pollu-
tant and each outcome was nonlinear, we fit generalized ad-
ditive mixed models with penalized splines for the pollutant
variable. The generalized cross-validation criterion of the
model was used to determine the degrees of freedom of the
spline for the nonlinear term, and we compared the Akaike
information criterion to assess model fit between models
with the linear and nonlinear terms. For all models, the linear
term for the pollutant variable was the better fit.
Of the 370 participants who continued to follow up in

2007, when PWA measurements began, only 75 (20.3%)
had participated in a subsequent follow-up visit with repeated
measurements of AIx and AP by the end of the study period.
Healthier men may be more likely to participate in a subse-
quent follow-up visit, so we used stabilized inverse probabil-
ity weights to correct for this potential survival bias in all
models (30) (see the Web Appendix for additional descrip-
tion of stabilized inverse probability weights).

Secondary analyses

All linear mixed-effects regression models were restricted
to participants with repeat visits. Because approximately
80% of the study participants did not have a repeat visit
with PWA measurements in this analysis, we also conducted
a baseline cross-sectional analysis of AIx and AP using mul-
tiple linear regression, excluding the available second visits
from participants. To assess whether colder or warmer room
temperature may influence the association between ambient
air pollution and AIx and AP, we additionally adjusted for
room temperature. Beginning in July 2007, hourly PM10 con-
centrations were measured concurrently with PM2.5 using 2
beta attenuation monitors. Taking the difference between PM10

and PM2.5 concentrations, we estimated the coarse fraction
(PM2.5-10) concentrations, and evaluated whether 4-hour,
24-hour, and 3-, 7-, and 14-day moving average PM2.5-10

was associated with AIx and AP.

RESULTS

Characteristics of the participants at the baseline visit are
presented in Table 1. The mean age of participants was
78.0 years, and the majority were either current or former
smokers and diagnosed with hypertension. Of the 75 partic-
ipants who had a repeat visit, we observed a strong correlation
between the first and second measurements of AIx (intraclass
correlation coefficient = 0.72); a moderate correlation was
observed between first and second AP measurements (intra-
class correlation coefficient = 0.65) (with 0–0.2, 0.3–0.4,
0.5–0.7, 0.7–0.8, and >0.8 indicating poor, fair, moderate,
strong, and very strong correlations, respectively). A very
strong correlation was observed between AIx and AP among
all visits (Pearson correlation coefficient = 0.84).
Air pollution and meteorology distributions over the study

period are reported in Table 2. The daily concentrations of
PM2.5 during the study period were always below the US
daily fine particle standard (35 μg/m3), ranging from 1.1 to
34.3 μg/m3. The yearly average PM2.5 concentrations steadily
decreased from 10.8 μg/m3 (standard deviation, 5.8) in 2007
to 7.5 μg/m3 (standard deviation, 3.1) in 2011, and all yearly
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averages were below the US yearly fine particle standard,
which was recently lowered to 12 μg/m3. A strong correlation
was observed between PM2.5 and sulfate, and fair to moderate
correlations were observed between PM2.5 and black carbon
and nitrogen dioxide. PM2.5 was poorly correlated with PNC.
Fair to moderate correlations were also observed between
black carbon, nitrogen dioxide, and sulfate.

Statistically significant (P < 0.05) positive associations
were observed between exposure to PM2.5, PNCs, and sul-
fate, and AIx (Figure 1) for several moving averages, begin-
ning at 24 hours for PNCs and 3 days for PM2.5 and sulfate.
An interquartile range increase in 3-day average pollutant ex-
posure was associated with a 0.8% higher AIx (95% confi-
dence interval (CI): 0.2, 1.4) for a 3.6-μg/m3 increase in
PM2.5, and a 0.6% (95% CI: 0.1, 1.2) higher AIx for a
1.4-μg/m3 increase in sulfate. The observed associations
for PM2.5 and sulfate exposures averaged over 7 and 14
days were of similar magnitudes. Among the air pollutants
examined in this analysis, the largest changes in AIx were ob-
served in association with PNC averaged over 24 hours and
3, 7, and 14 days; an interquartile range increase in 3-day

Table 1. Baseline Characteristics of Study Participants (n = 370) in

the Veterans Affairs Normative Aging Study, Boston, Massachusetts,

July 2007–August 2011

Characteristic No. % Mean (SD)

AIx normalized at 75 bpm, % 21.4 (7.4)

AP normalized at 75 bpm, mmHg 10.5 (5.3)

Age, years 78.0 (6.2)

Race

Black 10 2.7

White 360 97.3

Body mass indexa 27.8 (4.1)

High-density lipoprotein, mg/dL 48.6 (12.8)

Years of education 15.1 (2.9)

Alcohol consumption, drinks/day

≥2 63 17.0

<2 307 83.0

Smoking status

Former 243 65.7

Current 7 1.9

Never 120 32.4

Cumulative smoking, pack-yearsb 26.3 (21.2)

Diabetes mellitusc 80 21.6

Hypertension 293 79.2

Coronary heart disease 142 38.4

Participated in follow-up visit 75 20.3

Abbreviations: AIx, augmentation index; AP, augmentation

pressure; SD, standard deviation.
a Weight (kg)/height (m)2.
b Among current and former smokers; median and interquartile

range were 20.0 and 30.0, respectively.
c Diabetes mellitus was defined as having physician diagnosis of

diabetesmellitus or fasting blood glucose level greater than 125 mg/dL.

T
a
b
le

2
.

S
u
m
m
a
ry

S
ta
ti
s
ti
c
s
a
n
d
P
e
a
rs
o
n
C
o
rr
e
la
ti
o
n
C
o
e
ff
ic
ie
n
ts
o
f
2
4
-H

o
u
r
M
e
a
n
A
ir
P
o
llu
ta
n
t
C
o
n
c
e
n
tr
a
ti
o
n
s
a
n
d
M
e
te
o
ro
lo
g
ic
a
lV

a
ri
a
b
le
s
in
th
e
V
e
te
ra
n
s
A
ff
a
ir
s
N
o
rm

a
ti
v
e
A
g
in
g
S
tu
d
y
,

B
o
s
to
n
,
M
a
s
s
a
c
h
u
s
e
tt
s
,
J
u
ly
2
0
0
7
–
A
u
g
u
s
t
2
0
1
1

E
x
p
o
s
u
re

S
u
m
m
a
ry

S
ta
ti
s
ti
c
s

r

N
o
.

M
e
a
n
(S
D
)

M
e
d
ia
n
(I
Q
R
)

P
M

2
.5

B
la
c
k
C
a
rb
o
n

P
N
C

N
O

2
O

3
S
O

42
−

T
e
m
p
e
ra
tu
re

R
e
la
ti
v
e
H
u
m
id
it
y

P
M

2
.5
,
μg

/m
3

1
,5
0
8

8
.6

(4
.7
)

7
.3

(5
.7
,
1
0
.2
)

1
.0
0

0
.6
5

−
0
.0
6

0
.3
7

0
.2
4

0
.7
9

0
.2
9

0
.1
6

B
la
c
k
c
a
rb
o
n
,
μg

/m
3

1
,5
0
3

0
.7

(0
.3
)

0
.6

(0
.5
,
0
.8
)

1
.0
0

0
.2
0

0
.6
5

−
0
.2
0

0
.4
8

0
.1
3

0
.2
8

P
N
C
,
c
o
u
n
ts
/c
m

3
1
,4
2
4

1
3
,1
6
0
(5
,5
7
7
)

1
3
,2
3
3
.4

(8
,5
6
8
,
1
6
,4
0
1
)

1
.0
0

0
.4
8

−
0
.4
5

−
0
.2
6

−
0
.6
6

−
0
.1
8

N
it
ro
g
e
n
d
io
x
id
e
,
p
p
m

1
,5
1
2

0
.0
2
(0
.0
1
)

0
.0
2
(0
.0
1
,
0
.0
2
)

1
.0
0

−
0
.3
7

0
.2
3

−
0
.3
6

−
0
.0
4

O
z
o
n
e
,
p
p
m

1
,5
1
2

0
.0
3
(0
.0
1
)

0
.0
3
(0
.0
2
,
0
.0
3
)

1
.0
0

0
.3
4

0
.4
2

−
0
.1
9

S
u
lf
a
te
,
μg

/m
3

1
,1
0
0

2
.3

(1
.9
)

1
.7

(1
.0
,
2
.6
)

1
.0
0

0
.3
2

0
.1
7

T
e
m
p
e
ra
tu
re
,
°C

1
,5
1
1

1
3
.3

(8
.9
)

1
4
.0

(6
.0
,
2
0
.6
)

1
.0
0

0
.1
4

R
e
la
ti
v
e
h
u
m
id
it
y
,
%

1
,5
1
1

6
6
.8

(1
5
.0
)

6
5
.9

(5
5
.3
,
7
8
.5
)

1
.0
0

A
b
b
re
v
ia
ti
o
n
s
:
IQ

R
,
in
te
rq
u
a
rt
ile

ra
n
g
e
;
P
M

2
.5
,
p
a
rt
ic
le
s
w
it
h
a
e
ro
d
y
n
a
m
ic
d
ia
m
e
te
r
<
2
.5

μm
;
P
N
C
,
p
a
rt
ic
le

n
u
m
b
e
r
c
o
u
n
t;
S
D
,
s
ta
n
d
a
rd

d
e
v
ia
ti
o
n
.

Air Pollution and Augmentation Index 195

Am J Epidemiol. 2014;179(2):192–199



average exposure of PNC was associated with a 2.2% (95%
CI: 0.9, 3.5) higher AIx for a 7,874-counts/cm3 increase
in PNC. Associations of marginal statistical significance

(P < 0.10) were observed between AIx and 3-day moving av-
erage exposure of black carbon and ozone. Interquartile range
increases of 0.3 μg/m3 and 0.013 ppm for 3-day moving

A) B)

C) D)

E) F)

Figure 1. Adjusted associations between augmentation index (AIx) and 1 interquartile range increase in 4 hours, 24 hours, and 3, 7, and 14 days
moving average exposure of A) fine particulate matter ≤2.5 µm in aerodynamic diameter, B) black carbon, C) particle number counts, D) sulfate,
E) nitrogen dioxide, and F) ozone in the Veterans Affairs Normative Aging Study, Boston, Massachusetts, 2007–2011.
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averages of black carbon and ozone, respectively, were asso-
ciated with 0.7% (95% CI: −0.1, 1.6) and 1.3% (95% CI:
−0.1, 2.7) higher AIx. No associations were observed be-
tween nitrogen dioxide and AIx. Associations between air
pollutants and AIx were not considerably different when sta-
ble inverse probability weights were not applied (Web Ap-
pendix, Web Table 1).

Similar to the findings presented for AIx, statistically sig-
nificant positive associations were observed between expo-
sure to PM2.5, PNCs, and sulfate, and AP (Web Appendix,
Web Figure 2) for several moving averages. An interquartile
range increase in 3-day average pollutant exposure was asso-
ciated with 0.6-mmHg (95% CI: 0.2, 1.0) and 1.2-mmHg
(95% CI: 0.2, 2.0) increases in AP for 3.6-μg/m3 and
7,874-counts/cm3 increases in PM2.5 and PNC, respectively.
An interquartile range increase in 14-day average exposures
was associated with a 0.6-mmHg (95% CI: 0.6, 1.1) increase
in AP for a 1.4-μg/m3 increase in sulfate.

The estimated associations of PM2.5, PNC, and sulfatewith
AIx and AP, as presented in Figure 1 and in Web Figure 2 of
the Web Appendix, were not considerably different between
those participants with and without hypertension, coronary
heart disease, and diabetes, with no consistent pattern of effect
modification (data not shown). Generally, the 95% confi-
dence intervals of the estimated associations present or absent
of the condition of interest widely overlapped each other.

Secondary analyses

After we restricted the longitudinal analysis to participants
with follow-up visits, stronger positive associations for each
air pollutant moving average and AIx were generally ob-
served, except the 4-hour and 24-hour moving average expo-
sures of ozone (Web Appendix, Web Table 2). Similar
findings were observed for the associations between PNC
and AIx and AP from the baseline cross-sectional analysis
(Web Appendix, Web Table 3), but weak, nonsignificant as-
sociations were observed for PM2.5 and sulfate. Additional
adjustment for room temperature resulted in very little change
in the associations between air pollutant moving averages and
AIx (Web Appendix, Web Table 4). Finally, no associations
were observed between PM2.5-10 and AIx (Web Appendix,
Web Figure 3).

DISCUSSION

Our results suggest that short-term changes in air pollution
are associated with correlates of arterial stiffness, as charac-
terized by AIx and AP. A 1.7% or higher AIx was observed
after an interquartile range increase in 1-day and up to 14-day
moving average of PNC. Smaller increments in AIx were
observed in association with moving averages of PM2.5 and
sulfate. Overall, the findings were similar for AP. The associ-
ations were strengthened after restricting the analysis to par-
ticipants with repeat visits. When the analysis was restricted
to baseline visits, associations of similar magnitude were ob-
served for PNC, however, no associations were observed for
PM2.5 and sulfate.

Whereas earlier studies of healthy participants exposed to
diesel exhaust (20) and welders exposed to PM2.5 (21)

reported increases in AIx after very short-term exposure,
the associations between air pollutants and AIx in our
study were observed at longer lags. In the former study, in
which 12 participants were exposed to filtered air or to diesel
exhaust (∼350 μg/m3) for 1 hour, the mean AIx was 7.8%
higher comparing 10 minutes postexposure (0.8%, 95% CI:
−5.5, 7.1) to filtered air (−7.0%, 95% CI: −11.5, −2.5). In
the latter study, exposure to welding fumes during 6 hours
of welding was associated with a 2.8% (95% CI: −1.4, 7.0)
higher AIx immediately postexposure compared with pre-
exposure and during exposure; a smaller increment of 1.0%
(95% CI: −0.3, 2.4) in AIx was observed for a 2.6-μg/m3 in-
terquartile range increase in PM2.5.

A previous large cross-sectional community-based study
in Greece consisting of 1,222 participants observed a signifi-
cant association between PM10 concentration and higher AP
(2.0 mmHg (95%CI: 0.56, 3.39) per 43.4 μg/m3), but did not
observe an association between AIx and PM10 (11). How-
ever, the authors of that study were not able to investigate
PM2.5 or its components, which may also be relevant in ex-
amination of AIx, because these pollutants have been shown
to be associated with decreased brachial artery diameter and
decreased brachial artery flow–mediated dilation in healthy
and diabetic adults (2–6).

Investigators from theMulti-Ethnic Study of Atherosclero-
sis did not observe any association between long-term expo-
sure to PM10 or PM2.5 and measures of arterial elasticity and
compliance (31). The Atherosclerosis Risk in Young Adults
Study, based in the Netherlands, reported that a 25-μg/m3 in-
crease in long-term exposure to nitrogen dioxide was associ-
ated with 4.1% and 37.6% higher carotid-femoral pulse wave
velocity and AIx, respectively (32). Future studies should
evaluate and compare the impact of long- and short-term ex-
posure to air pollutants on changes in augmentation index.

Although similar findings were observed for PNC in the
baseline cross-sectional and repeated analyses, weak, nonsig-
nificant associations were observed for PM2.5 and sulfate in
the baseline cross-sectional analysis. The discrepancy of the
estimated associations between the models suggests that the
within-individual variation of AIx and AP may be consider-
ably greater than the between-individual variation. Another
possible explanation is that loss to follow-up prior to the col-
lection of PWAmeasurements may have led to a healthier se-
lection of participants resulting in a downward bias for the
associations between air pollutants and AIx and AP toward
the null.

The biological mechanisms for the observed associations
between air pollution and AIx and AP are not fully under-
stood. Impaired endothelial function, characterized as re-
duced brachial artery flow–mediated dilation, has been
shown to be associated with measures of arterial stiffness in-
cluding pulse wave velocity and AIx (33, 34). Short-term ex-
posure to ambient particulate matter has also been shown to
be associated with reduced brachial artery flow–mediated
dilation (3, 4, 6). Therefore, it may be hypothesized that the
observed associations between short-term changes in air pol-
lution and AIx and AP are partially explained by endothelial
dysfunction. Additionally, AIx is measure of wave reflection
and considered a negative effect of arterial stiffening rather than
a direct measure of arterial stiffness (e.g., carotid-femoral
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pulse wave velocity) (35). In future studies, it will be impor-
tant to evaluate more direct measures of arterial stiffness in
association with these exposures to confirm or refute our find-
ings. AIx is associated with cardiovascular events and mor-
tality, and a meta-analysis has shown that a 10% increase in
AIx corresponds with risk increases of 31.8% and 34.8% for
cardiovascular events and total mortality, respectively (11).
The changes in AIx observed in this analysis were much
smaller and likely do not correspond with cardiovascu-
lar health risk of similar magnitude, particularly in healthy
participants.
This study has a number of strengths, including prospec-

tive design, methods to address selection bias, and adjustment
for multiple confounders, but there are several limitations that
should be considered. First, AIx and AP are noninvasive
indirect correlates of aortic arterial stiffness, for which a val-
idated transfer function was applied to transform radial
pressure waveforms into aortic pressure waveforms (16). Ap-
plication of the transfer function may result in measurement
error of the true measurement of aortic arterial stiffness, but
measurement errors of AIx and AP are likely independent of
air pollutant exposure measurements assigned to participants
in this study. We hypothesize that any measurement errors of
AIx and AP would result in a downward bias and underesti-
mation of the true associations between air pollution and AIx
and AP.
Exposure measurement error is also a potential source of

bias because we relied on a central monitoring site for mea-
surement of ambient particulate concentrations, which may
not be representative of where the participants resided. An ex-
posure validation study of 25 individuals living in Boston,
Massachusetts, (36) compared home indoor and outdoor con-
centrations of PM2.5 and sulfate with ambient concentrations
as measured from the central monitoring site used in the pres-
ent study and observed that ambient PM2.5 and sulfate were
both significantly associated with home indoor and outdoor
concentrations. Measurement error from using a single site
in this study will result in primarily Berkson-type measure-
ment error (37); therefore, the standard errors but not the
estimated associations may be biased. Lastly, the study pop-
ulation consists of predominantly elderly white men, so our
results may not be generalizable to the general population if
the associations between air pollutants and AIx are modified
by sex, age, and race and or ethnicity, factors that have shown
to be associated with AIx (13–15).
In conclusion, short-term exposures to air pollution were as-

sociated with correlates of arterial stiffness in this study sample
of predominantly elderly white men. The findings support the
hypothesis for the role of vascular function in the cardiovascu-
lar health effects associated with air pollution.
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