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Abstract—Short-term elevations in ambient fine particulate matter (PM2.5) may increase resting systolic (SBP) and
diastolic (DBP) blood pressures, but whether PM2.5 alters hemodynamic responses to orthostatic challenge has not been
studied in detail. We repeatedly measured SBP and DBP during supine rest and 1 and 3 minutes after standing among
747 elderly (aged 78.3�5.3 years, mean�SD) participants from a prospective cohort study. We used linear mixed
models to assess the association between change in SBP (�SBP�standing SBP�supine SBP) and DBP (�DBP) on
standing and mean PM2.5 levels over the preceding 1 to 28 days, adjusting for meteorologic covariates, temporal trends,
and medical history. We observed a 1.4-mm Hg (95% CI: 0.0–2.8 mm Hg; P�0.046) higher �SBP and a 0.7-mm Hg
(95% CI: 0.0–1.4 mm Hg; P�0.053) higher �DBP at 1 minute of standing per interquartile range increase (3.8 �g/m3)
in mean PM2.5 levels in the past 7 days. �SBP and �DBP measured 3 minutes after standing were not associated with
PM2.5. Resting DBP (but not SBP or pulse pressure) was positively associated with PM2.5 at longer averaging periods.
Responses were more strongly associated with black carbon than sulfate levels. These associations did not differ
significantly according to hypertension status, obesity, diabetes mellitus, or sex. These results suggest that ambient
particles can increase resting DBP and exaggerate blood pressure responses to postural changes in elderly people.
Increased vasoreactivity during posture change may be responsible, in part, for the adverse effect of ambient particles
on cardiovascular health. (Hypertension. 2012;59:558-563.) ● Online Data Supplement
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Short-term changes in ambient levels of fine particulate
matter (PM2.5) have been associated with increased risk

of acute cardiovascular events.1 These effects are likely
mediated, at least in part, by a shift in autonomic nervous
system balance toward relative sympathetic dominance.2–4

Several,5–10 but not all,11–17 epidemiological studies suggest
that short-term variation in PM2.5 levels may be associated
with higher resting blood pressure (BP).

Active standing from supine rest is associated with a shift
in blood volume from the upper body to the abdomen and
lower extremities and a transient drop in both systolic (SBP)
and diastolic (DBP) BPs. In healthy adults, the compensatory
withdrawal of parasympathetic activity and subsequent acti-
vation of the sympathetic and renin-angiotensin systems help
preserve cardiac output and end-organ perfusion during

active postural changes. Aging and diseases of the central or
peripheral autonomic nervous system can impair these re-
flexes and exacerbate the drop in BP. Orthostatic hypoten-
sion, defined as a reduction in SBP of �20 mm Hg or a
reduction in DBP of �10 mm Hg within 3 minutes of
standing,18 is common in the elderly, is an important risk
factor for falls,19 and has been associated with increased risk
of acute cardiovascular events.20,21 On the other hand, pa-
tients with essential hypertension, diabetes mellitus, and
specific autonomic disorders can exhibit higher BP after
standing.22 This orthostatic hypertension, presumably attrib-
uted to excessive sympathoexcitation, has been associated
with increased risk of stroke and end-organ damage.23,24

Given its documented effects on autonomic nervous sys-
tem function and resting BP, PM2.5 may also affect the
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dynamic regulation of BP in response to orthostatic chal-
lenge, but this hypothesis has only been evaluated in 1 prior
study.25 Evaluating the effects of PM2.5 on postural BP
changes may provide novel insights into the role of PM2.5 in
the regulation of dynamic BP control mechanisms. Accord-
ingly, we assessed the association between ambient PM2.5

levels and dynamic BP responses to postural changes in a
cohort of community-dwelling seniors.

Materials and Methods
Study Design
We evaluated the association between short-term changes in ambient
PM2.5 levels and dynamic BP responses to orthostatic challenge
within the context of the MOBILIZE Boston Study, a prospective,
community-based cohort study of healthy aging.26 MOBILIZE
stands for “Maintenance of Balance, Independent Living, Intellect,
and Zest in the Elderly of Boston.” Between 2005 and 2008, we
recruited 747 noninstitutionalized men and women aged �70 years,
able to communicate in English, residing within 5 miles of the study
clinic, and able to walk 20 feet without personal assistance. Individ-
uals not planning to reside in the study area for �2 years and those
with terminal diseases, severe vision or hearing impairment, or
cognitive impairment defined as a Mini-Mental State Examination
score �18 were excluded. On enrollment, subjects participated in an
in-home interview, followed within 4 weeks by a clinic examination.
A second assessment consisting of an in-home interview and clinic
examination was performed a median of 16.5 months after the
baseline assessment. All of the subjects provided written informed
consent on enrollment. This analysis was approved by the institu-
tional review boards at Hebrew SeniorLife and Brown University.

BP Measurements
During the clinic examination, trained staff using a standardized
protocol measured BP while minimizing potential sources of error.
After a 5-minute period of supine rest, SBP and DBP were measured
by auscultation in the dominant arm using an aneroid sphygmoma-
nometer on 2 occasions separated by 2 minutes and averaged.
Participants were then asked to stand and, with the arm supported at
heart level, SBP and DBP were measured 1 and 3 minutes after both
feet touched the floor. The brachial pulse was documented at each
time point and used as a measure of heart rate (HR). Measurements
were obtained �2 hours after breakfast or lunch. Data from both the
baseline and first follow-up visits were used, resulting in a total of
1362 subject observations, including 2 repeated measurements for
most (82%) subjects.

Participants were classified as normotensive if BP was �140/
90 mm Hg and there was no history of hypertension or receiving
antihypertensive medications; controlled hypertensive if BP was
�140/90 mm Hg and there was a history of hypertension or
receiving antihypertensives; and uncontrolled hypertensive if BP was
�140/90 mm Hg. A blood sample was collected during the clinic
visit, and participants were classified as having diabetes mellitus if
they reported a past diagnosis of diabetes mellitus or if they reported
using any diabetes medications, hemoglobin A1c levels �7%, or
random glucose measurement �200 mg/dL. Participants with low-
density lipoprotein �130 mg/dL or total cholesterol �200 mg/dL, or
reporting using any lipid-lowering medications were classified as
having hyperlipidemia. Height and weight were measured during the
clinic visit according to a standard protocol and calculated body mass
index. Smoking history was obtained during the home visit.

Air Pollution and Meteorologic Data
Ambient levels of PM2.5, black carbon (a marker of traffic pollution),
and sulfates (generally a marker of regional pollution from coal-fired
power plants) were measured continuously at the Boston/Harvard
ambient monitoring station and daily averages (9:00 AM to 9:00 AM)
calculated, as described previously.27 Our monitoring station is
located �10 km from the study clinic site and �20 km from the

residential address of any study participant. We obtained hourly
meteorologic data from the National Weather Service station at
Boston’s Logan Airport.

Statistical Methods
We calculated pulse pressure as SBP minus DBP. The changes in
SBP, DBP, and HR at 1 and 3 minutes of standing (denoted �SBP,
�DBP, and �HR, respectively) were calculated as the standing
values minus the supine values. We used linear mixed models with
a random subject intercept to evaluate the association between each
outcome and PM2.5 levels while accounting for the within-subject
correlation. In all of the analyses, we controlled for age (natural
cubic spline with 3 degrees of freedom), sex, race (white versus
other), smoking status (never, former, or current), hypertension
status (normotension, controlled hypertension, or uncontrolled hy-
pertension), diabetes mellitus, body mass index (natural cubic spline
with 3 degrees of freedom), visit number, day of week, ambient and
dew point temperature (natural cubic splines with 3 degrees of
freedom each), season (sine and cosine of calendar day), and
long-term temporal trends (calendar day as a linear continuous
variable). Adjusting for treatment with antihypertensive medication
instead of hypertension status did not materially alter the results. We
modeled PM2.5 as a continuous variable, and the assumption of a
linear exposure-response relationship was confirmed by standard
techniques. Results are expressed as a change in each outcome per
interquartile range increase in PM2.5.

Previous studies have reported that resting BP is associated with
PM2.5 levels averaged over 2 hours to 28 days before BP measure-
ment. Accordingly, in separate models we considered pollutant
levels averaged over the 1, 3, 5, 7, 14, 21, and 28 days before BP
measurement. We repeated the main analyses considering in separate
models black carbon and sulfate levels instead of PM2.5. We
evaluated whether the observed associations with PM2.5 differed
according to hypertension, a history of diabetes mellitus, presence of
obesity (body mass index: �30 versus �30), or sex by adding
interaction terms to the model. Analyses were performed using SAS
(version 9.2; SAS Institute Inc, Cary, NC) and R statistical software
(R version 2.10). A 2-sided P value of �0.05 was considered
statistically significant.

Results
MOBILIZE Boston Study participants were elderly and
predominantly white and female (Table). At baseline, more
than half of the participants had controlled hypertension, and
an additional 25% had uncontrolled hypertension. Postural
changes resulted in transient changes in SBP, DBP, and HR,
denoted as �SBP, �DBP, and �HR, respectively (Table S1 in
the online-only Data Supplement). As expected, �SBP and
�DBP exhibited considerable variability across individuals.
The prevalence of clinical orthostatic hypotension, defined as
a drop in SBP of �20 mm Hg or a drop in DBP of
�10 mm Hg within 3 minutes of standing, was 12.6%.

Daily levels of PM2.5 varied throughout the study period
(8.6�4.9 �g/m3; mean�SD). �SBP and �DBP 1 minute
after standing were associated with mean PM2.5 levels aver-
aged over the past 7 and 14 days (Figure 1). For example, we
observed a 1.4-mm Hg (95% CI: 0.0–2.8 mm Hg; P�0.046)
higher �SBP and a 0.7-mm Hg (95% CI: 0.0–1.4 mm Hg;
P�0.053) higher �DBP per interquartile range increase in
mean PM2.5 levels in the past 7 days (3.8 �g/m3), implying a
larger increase in BP on standing. These associations were
approximately linear, although a flattening of the dose-effect
relationship at higher levels of PM2.5 cannot be excluded
(Figure 2). Additional control for supine SBP or DBP did not
materially alter these results. PM2.5 levels 7 days before the
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clinic visit were also associated with a lower �HR (�0.5 per
interquartile range increase in PM2.5 [95% CI: �1.1 to 0.1 per
interquartile range increase in PM2.5; P�0.14]), implying a
smaller increase in HR on standing. �SBP and �DBP 1

minute after standing were more strongly associated with
black carbon (a marker of traffic pollution) than with sulfate
(generally a marker of regional pollution from coal-fired
power plants), but neither reached statistical significance
(Table S2). �SBP and �DBP measured 3 minutes after
standing were not associated with PM2.5 (Table S3), black
carbon, or sulfate levels (data not shown).

Supine DBP was positively associated with mean PM2.5

levels in the past 21 to 28 days (Figure 3A). Supine SBP,
pulse pressure, and HR were not associated with PM2.5 levels.
Standing DBP at 1 minute was positively associated with
mean PM2.5 levels 7 to 28 days before the clinic visit with the
strongest association observed with PM2.5 levels over the past
14 days (Figure 3B). This pattern of results was similar, but
less pronounced, for DBP 3 minutes after standing and SBP
1 and 3 minutes after standing. Supine DBP was positively
associated with 28-day mean levels of both black carbon and
sulfates, although the association was somewhat stronger for
black carbon (Table S2).

We found no statistical evidence that the association
between PM2.5 and �SBP and �DBP 1 minute after standing
differed according to hypertension status, antihypertensive
medication use, and participant characteristics, although there
was some suggestion that the association between PM2.5 and
�SBP was attenuated among participants using calcium
channel blockers (Table S4). Similarly, we found no statisti-
cal evidence that the association between PM2.5 and supine
SBP or DBP differed according to hypertension status or
participant characteristics, although again there was some
suggestion that specific antihypertensive medications might
attenuate the association (Table S5).

Discussion
In this population-based cohort of community-dwelling el-
derly residents we found that PM2.5 levels were associated
with larger (ie, more hypertensive) values of �SBP and
�DBP measured 1 minute after standing from supine rest.
These associations were approximately linear, driven by
PM2.5-related increases in standing BP, and accompanied by
PM2.5-related changes in �HR that were marginally statisti-
cally significant. We did not observe statistical evidence that
these associations differed by patient characteristics, although
some responses may have been attenuated by specific anti-
hypertensive medications.

Within the context of the all-male Normative Aging
Study,25 we previously found a 0.7-mm Hg (95% CI: -0.2 to
1.5 mm Hg) change in �SBP per 10-�g/m3 increase in mean
PM2.5 over the past 48 hours but no association for �DBP.
For comparison, the results from the current study scaled to a
10-�g/m3 increase in PM2.5 would be a 3.6-mm Hg (95% CI:
0.1–7.2 mm Hg) change in �SBP and a 1.8-mm Hg (95% CI:
0.0 to 3.7 mm Hg) change in �DBP. However, the results of
these 2 studies are not directly comparable, because the
Normative Aging Study measured BP responses 30 seconds
after standing from a seated position, whereas we measured
BP responses 1 and 3 minutes after standing from a supine
position. The physiological mechanisms, and, therefore, the
effects of external stimuli, may differ depending on
the timing of �SBP and �DBP measurements.28 However,

Table. Baseline Characteristics of 747 Participants Aged >70
y From the MOBILIZE Boston Study, 2005–2008

Characteristic Mean�SD or n (%)

Age, mean�SD 78.3�5.3

Female, n (%) 471 (63.1)

White, n (%) 578 (77.4)

Hypertension, n (%)

Normotension 151 (20.2)

Controlled hypertension 398 (53.3)

Uncontrolled hypertension 190 (25.4)

Diabetes mellitus, n (%) 151 (20.2)

Hyperlipidemia, n (%) 354 (47.3)

History of stroke, n (%) 74 (9.9)

History of coronary artery disease, n (%) 197 (26.4)

Smoking history, n (%)

Never 331 (44.3)

Former 381 (51.0)

Current 34 (4.6)

Body mass index, mean�SD 27.3�5.1

Antihypertensive medication

ACE inhibitor or ARB 278 (37.2)

Thiazide diuretic 200 (26.8)

Calcium channel blocker 177 (23.7)

�-blocker 342 (45.8)

ACE indicates angiotensin-converting enzyme; ARB, angiotensin receptor
blocker; MOBILIZE, Maintenance of Balance, Independent Living, Intellect, and
Zest in the Elderly.
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Figure 1. Change (95% CIs) in systolic blood pressure (�SBP) and
diastolic blood pressure (�DBP) 1 minute after standing associated
with an interquartile range increase in ambient fine particulate mat-
ter (PM2.5) over different averaging periods. �SBP and �DBP rep-
resent the changes in systolic and diastolic blood pressures 1 min-
ute after standing from a supine rest calculated as standing value
minus supine value, respectively. In all of the models, we con-
trolled for age, sex, race, smoking, hypertension, diabetes mellitus,
body mass index, visit number, season, day of week, ambient tem-
perature, dew point temperature, and time.

560 Hypertension March 2012



the fact that both studies showed similar effects on orthostatic
BP regulation within 1 minute of standing while we found no
effect after 3 minutes of standing, suggests that PM2.5 may
have a more pronounced effect on rapid autonomic control
mechanisms, such as parasympathetic withdrawal, rather than
the slower sympathetic or renin-angiotensin activation.

�SBP and �DBP 1 minute after standing were most
strongly associated with mean PM2.5 levels over the past 7 to
14 days, with the association weakening at longer averaging
times (Figure 1). This pattern of results can be explained by
the observation that, although PM2.5 was associated with both
supine and standing BP, the strongest associations were seen
in relation to different PM2.5 averaging periods (Figure 3).
For example, although the association between standing DBP
and PM2.5 was similar in magnitude considering PM2.5

averaged over the previous 14 and 28 days, 28-day PM2.5 was
associated with higher supine DBP, whereas 14-day PM2.5

was not.
That we did not find evidence of an association between

supine BP and mean PM2.5 levels over the past 5 or 7 days is
in contrast to some previous studies.7,10,11 However, we did
find that mean PM2.5 levels in the past 28 days were
associated with increased supine DBP (but not supine SBP or

pulse pressure). The magnitude of this association
(3.4 mm Hg [95% CI: 0.5–6.4 mm Hg] per 10 �g/m3

increase in PM2.5) is similar to that observed in previous
studies.6 If causal and sustained, an increase in DBP of this
magnitude in an elderly population would be expected to be
associated with an �20% increase in risk of death from stroke
or ischemic heart disease.29 Indeed, because nearly everyone
is exposed, the public health burden of ambient particulate
matter on cardiovascular events can be substantial, even in
comparison with less common exposures associated with
much higher relative risks.30

The mechanisms by which PM2.5 may influence BP are
incompletely understood. In healthy adults, the initial drop in
BP associated with active standing results in activation of
compensatory responses, including increased peripheral vas-
cular resistance. Sun et al31 found that 9 weeks of PM2.5

pre-exposure potentiated hypertension in response to angio-
tensin II infusion in Sprague-Dawley rats, increased the
vasoconstrictor response of aortic rings to phenylephrine, and
attenuated the response of aortic rings to the endothelium-
dependent vasodilator acetylcholine, suggesting that longer
PM2.5 exposures can augment vascular responses to pressor
stimuli. Our finding that PM2.5 levels over the past week or 2
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Figure 2. Dose-response relationship
between quintiles of mean ambient fine
particulate matter (PM2.5) levels 7 days
before assessment and change in systol-
ic blood pressure (�SBP; A) and diastol-
ic blood pressure (�DBP; B) 1 minute
after standing, controlling for potential
confounders, as in Figure 1. Solid circles
denote the magnitude of the association
at quintiles of exposure, and the vertical
lines denote 95% CIs. The x axis shows
the median PM2.5 levels (micrograms per
cubic meter) in each quintile.
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ing (B) associated with an interquartile range increase in ambient fine particulate matter (PM2.5) levels over different averaging periods
controlling for potential confounders, as in Figure 1.
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were associated with increased �SBP and �DBP is consistent
with this hypothesis.

Hypertension blunts the vagally-driven baroreflex change
in HR, but not the sympathetically mediated vascular re-
sponses.32 Thus, our finding that PM2.5 tended to be associ-
ated with lower �HR might be expected, assuming that
longer term PM2.5 levels are indeed associated with higher
BP, but stands in contrast to a previous study which found
that PM2.5 exposure increased cardiovagal baroreflex sensi-
tivity in dogs.33 Additional studies assessing the relationship
between pollutants and the cardiovagal baroreflex in humans
and studies evaluating how baroreflex-mediated alterations in
sympathetic outflow are modified by PM2.5 exposure are
needed to further elucidate these mechanisms.

PM2.5 represents a heterogeneous mixture of constituents
derived from multiple sources and subjected to complex
atmospheric reactions. Identifying the source(s) or constitu-
ents of PM2.5 most responsible for the observed effects is of
great public health and regulatory interest. A detailed source
apportionment analysis of Boston-area PM2.5 is currently
underway to specifically address this question. In the mean-
time, we note that the observed responses were more strongly
associated with black carbon than with sulfate levels, sug-
gesting that traffic pollution may be particularly important in
terms of the effects on systemic hemodynamics, in accor-
dance with previous studies in other geographic areas.9,34

Our study has some limitations. First, the use of air quality
measures from a single monitoring site may lead to misclas-
sification of exposure, potentially increasing the width of our
CIs but not otherwise biasing our health effect estimates in
either direction.35 Second, because the effects of PM2.5 likely
vary depending on pollution sources, particle constituents,
and population characteristics, our results are not necessarily
generalizable to other geographic locations or study popula-
tions. Third, we did not have data on the sodium or hydration
status of participants. Although these factors are known to
affect orthostatic BP changes, they are unlikely to confound
our health effect estimates. Fourth, we measured supine BP
twice and standing BP once at each time point. Additional BP
determinations would likely have reduced the width of our
CIs but not have otherwise altered our health effect estimates.

On the other hand, important strengths of our study
include detailed assessment of BP responses in a large,
prospective cohort of community-dwelling elderly subjects
evaluated repeatedly. Because MOBILIZE Boston Study
participants are representative of seniors in the Boston area
in terms of age, sex, race, and ethnicity,26 our results are
broadly relevant to elderly individuals rather than a se-
lected patient population.

In conclusion, the results of this study suggest that expo-
sure to elevated levels of PM2.5 can exaggerate BP responses
to postural changes in community-dwelling elderly people.
The observed effects are consistent with animal studies
showing that several weeks of exposure to PM2.5 increases
the sensitivity of vascular endothelium to pressor stimuli,
although additional human mechanistic studies are needed to
elucidate the role of altered baroreflex responses. Increases in
BP and vasoreactivity during posture change may be respon-

sible, in part, for the adverse effect of ambient particles on
cardiovascular events.

Perspectives
A recent scientific statement from the American Heart Asso-
ciation concluded that PM2.5 is a modifiable risk factor
contributing to cardiovascular morbidity and mortality. The
putative mechanisms of the acute effects of PM2.5 include
sympathetic activation/parasympathetic withdrawal leading
to hemostatic and hemodynamic changes that are presumed to
increase the risk of cardiovascular events. The current study
adds to the existing knowledge by demonstrating that, in
elderly adults, PM2.5 exposure may also affect the dynamic,
beat-to-beat regulation of BP and HR, either through altered
vascular responses to pressor stimuli or modulation of baro-
reflex responses. Studies directly evaluating vascular and
baroreflex function in human subjects are needed to verify
these results and further clarify the effects of PM2.5 on
dynamic BP regulation.
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