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I

Background: Many studies have shown a consistent association between ambient air pollution and an
increase in death due to cardiovascular causes. An increase in blood pressure is a common risk factor for a
variety of cardiovascular diseases. However, the association between air pollution and blood pressure has
not been evaluated extensively.
Methods: In this cross-sectional study, we measured blood pressure in 10 459 subjects who had a health
examination from 2001 to 2003, and calculated individual’s exposure to ambient levels of air pollutants. To
evaluate the relationship between exposure to air pollutants and blood pressure with respect to season, we
performed a multiple regression analysis, separately, according to season, controlling for individual
characteristics and meteorological variables.
Results: In the warm-weather season (July–September), particulate air pollutant of ,10 mm (PM10) and
nitrogen dioxide (NO2) concentrations were significantly associated with measures of blood pressure. During
cold weather (October–December), blood pressure was significantly associated with sulphur dioxide (SO2)
and ozone (O3) concentrations. The significant association between PM10 or NO2 and blood pressure
disappeared during the cold-weather season.
Conclusion: We found a seasonal variation for the association between ambient air-pollutant concentrations
and blood pressure.

n the past decade, many studies have reported an association
between air pollution and daily deaths resulting from either
respiratory or cardiovascular causes.1 In particular, exposure
to fine particulate air pollution was found to be associated with
increased cardiopulmonary deaths.2 3 Although the mechanisms responsible for this association remain unclear, it is
commonly explained by alteration in the autonomic nervous
system, change in blood coagulability or inflammation. As a
result of the observations that exposure to fine particulate air
pollutants (,2.5 mm in diameter, PM2.5) is associated with an
altered autonomic balance, it might be reasonable to expect
that air pollution exposure can affect blood pressure by
stimulating sympathetic activation.4–6
In the population-based study by Ibald-Mulli et al,7 an
increase in systolic blood pressure was associated with exposure
to total suspended particulates and sulphur dioxide (SO2).7
However, de Paula Santos et al8 have reported that particulate
matter (,10 mm in diameter, PM10) and nitrogen dioxide
(NO2) concentrations had no significant effect on blood
pressure, but concentrations of SO2 were associated with both
systolic and diastolic blood pressure. Many other studies have
been performed with a variety of subjects or study designs, but
the results on the association between air-pollutant concentrations and blood pressure have been inconsistent.9–12
It has been shown that the chemical characteristics of the
particulate air pollutants change throughout the year.13
Therefore, exposure to particulate air pollutants can affect the
short-term health effects of air pollution differently in different
seasons. On the other hand, gaseous air pollutants do not
change in quality according to season, possibly giving a robust
effect on blood pressure regardless of season.
Therefore, we conducted this study to investigate the effects
of particulate and gaseous air pollutants on measures of blood
pressure and evaluated the seasonal change of the effects of air
pollution.
www.jech.com

METHODS
Study participants, weather and air pollution data
The subjects were participants at Inha University Hospital
(Incheon, South Korea) health examination, from 2001 to
2003. Because of the possible influence of pre-existing
circulatory disease, those who had a medical history of
hypertension or other cardiovascular disease were excluded
from the study, and all the evaluated individuals were residents
of the city. In all, 10 459 (6715 males and 3744 females)
individuals participated in the study during three warmweather seasons (July–September 2001–2003) and three coldweather seasons (October–December 2001–2003). The information obtained included age, sex, smoking habits and alcohol
consumption. In addition, weight and height were measured at
the time of the examination. Blood pressure measurements
were recorded by nurses from both arms in a sitting position
after at least a 5 min resting period using a fully automated
electronic device (BP-203RVII, Colin Corporation, Tokyo,
Japan) and the mean values from both measurements were
recorded. The blood pressure measurements and other health
examinations were performed in the morning from 9:00 to
12:00. Automated instruments for measuring blood pressure
are known to reduce observer error, ensuring that recorded data
are accurate.14 We also collected data on serum total cholesterol
and fasting blood sugar.
The city of Incheon is the third largest city in Korea and
located on the western side of the country, with the sea to the
west and metropolitan Seoul to the east. It has a four-season
climate and low-level temperature inversions are common
during the winter months. Data on air pollutants (PM10, NO2,
SO2 and O3) were provided by the National Institute of
Environmental Research (Korea). We calculated the hourly
Abbreviations: PM2.5, particulate air pollutant of ,2.5 mm diameter;
PM10, particulate air pollutant of ,10 mm diameter
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mean of PM10, NO2 and SO2 by averaging the data from nine
monitoring stations and then computed their 24 h averages.
The 8 h average for O3 between 9:00 and 17:00 was calculated
from the data obtained from the monitoring stations because
we thought daytime exposure to O3 is more relevant to health
effects than 24 h averages. Hourly mean temperature, humidity
and barometric pressure data were obtained from the Incheon
Meteorological Administration. Our study was approved by the
Institutional Review Board of Inha University Hospital and
written informed consent was obtained from all participants.
Statistical analysis
The associations of personal characteristics and blood pressure
were assessed using the t test and analysis of variance. To
evaluate the relationship between exposure to air pollutants and
blood pressure with respect to season, we performed a regression
analysis separately according to season controlling for age, sex,
body mass index, total cholesterol, fasting blood sugar, smoking
habits and alcohol consumption in addition to meteorological
variables such as temperature, relative humidity and barometric
pressure. Air pollutants may affect blood pressure with a time lag
and the appropriate average time for exposure may exceed 24 h.
Therefore, exposures from the same day to the 3 days before
(lag0, lag1, lag2 and lag3) were examined. The 24 h averages of
weather variables subject to corresponding lag days were also
used in the statistical models. All tests of statistical significance

were two-sided and p,0.01 was considered significant. Statistical
analyses were conducted using the SAS V.8.02.

RESULTS
The subjects included 6715 males and 3744 females with a
mean (SD) age of 43.08 (12.3) years, mean (SD) height 165.3
(8.7) cm and mean (SD) weight 64.4 (11.1) kg (table 1). Age,
sex, height, weight, cholesterol, glucose, smoking and alcohol
consumption were found to be significantly associated with
blood pressure (p,0.01).
Table 2 shows the air-pollutant concentrations and weather
conditions for each season. The 24 h average (SD) concentrations of PM10, NO2 and SO2 were 42.1 (20.9) mg/m3, 22.5 (7.1)
ppb and 5.1 (1.4) ppb for the warm-weather season (July–
September), and 53.5 (29.3) mg/m3, 29.2 (11.8) ppb and 6.9
(2.3) ppb for the cold-weather season (October–December),
respectively. The 8 h average (SD) concentrations of O3 were
26.6 (11.8) and 17.5 (7.3) ppb, respectively.
In the warm-weather season, PM10 concentrations were
significantly associated with systolic blood pressure of lag0–
lag2 days and diastolic blood pressure of lag0 and lag1 days
(p,0.01). Considering the distribution of lag effects of PM10
exposure in the adjusted model, we found that the 1-day-lag
model was the most appropriate for evaluating the air pollution
effect on blood pressure. Concentrations of NO2 were also
significantly associated with blood pressure of lag1 day.

Table 1 Characteristics of the study population and the relationship with blood pressure
(n = 10 459)
Blood pressure (mean (SD))
(mm Hg)
Variables

n (%)

Systolic BP

p Value

Diastolic BP

p Value

Gender
Male
Female

6715 (64.2)
3744 (35.8)

127.2 (15.8)
119.1 (16.6)

,0.001

77.6 (11.1)
72.4 (10.7)

,0.001

Age (years)
>43
,43

5258 (50.3)
5201 (49.7)

126.1 (17.7)
122.4 (15)

,0.001

77.5 (11.5)
74.0 (10.6)

,0.001

Height (cm)
>166
,166

5070 (48.5)
5389 (51.5)

126.4 (15.2)
122.3 (17.4)

,0.001

77.0 (10.8)
74.5 (11.4)

,0.001

Weight (kg)
>64
,64

5309 (50.8)
5150 (49.2)

127.4 (15.6)
121.1 (16.9)

,0.001

78.0 (11)
73.4 (11)

,0.001

Body mass index (kg/m2)
>23.4
,23.4

5219 (49.9)
5240 (50.1)

127.3 (16.2)
121.3 (16.3)

,0.001

78.0 (11)
73.5 (10.9)

,0.001

Cholesterol (mg/dl)
>185
,185

5267 (50.4)
5192 (49.6)

126.2 (16.8)
122.3 (16)

,0.001

77.4 (11.3)
74.0 (10.9)

,0.001

Glucose (mg/dl)
>94
,94

5377 (51.4)
5082 (48.6)

127.6 (6.7)
120.8 (15.6)

,0.001

77.9 (11.3)
73.4 (0.7)

,0.001

Smoking
Never smoker
Former smoker
Current smoker

5518 (52.8)
1041 (9.9)
3900 (37.3)

122.3 (17)
127.9 (16.4)
126.0 (15.5)

,0.001

74.5 (11.3)
78.3 (11.1)
76.8 (10.9)

,0.001

Alcohol consumption
Non-drinker
2–3 times/month
1–2 times/week
Almost everyday
Everyday

4590 (43.9)
2247 (21.5)
2513 (24)
842 (8)
267 (2.6)

121.9
124.0
126.7
129.0
129.6

,0.001

74.2
75.3
77.3
79.7
79.7

,0.001

(16.8)
(15.6)
(16)
(16.7)
(16.4)

(10.9)
(10.8)
(11.3)
(11.6)
(11)

BP, blood pressure.
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Distribution of air pollution concentrations and meteorological measures

Table 2
Pollutants

Mean

SD

Warm-weather season (July–September)
42.1 20.9
PM10 (mg/m3)
NO2 (ppb)
22.5 7.1
5.1 1.4
SO2 (ppb)
26.6 11.8
O3 (ppb)
Weather
23.8 2.5
Temperature ( ˚C)
Humidity (%)
77.3 10.9
Air pressure (hPa)
1009.7 5.3
Cold-weather season (October–December)
53.5 29.3
PM10 (mg/m3)
29.2 11.8
NO2 (ppb)
SO2 (ppb)
6.9 2.3
17.5 7.3
O3 (ppb)
Weather
Temperature ( ˚C)
8.0 6.9
Humidity (%)
62.0 12.6
Air pressure (hPa)
1022.1 5.5

Minimum
15.4
8.4
2.5
5.2
16.8
41.7
990.8

11.9
9.9
2.9
3.8
25.2
33.7
1006.0

25%
26.7
17.2
4.0
17.4

Median
36.7
22.3
5.0
26.9

22.0
23.9
70.0
79.5
1006.4 1010.0

34.3
19.9
5.3
10.9

45.7
27.2
6.5
17.4

2.4
7.7
53.2
61.1
1018.4 1021.9

75%

Maximum

52.2
26.9
5.9
34.8

136.7
49.3
11.3
62.4

25.4
30.9
85.5
95.8
1013.0 1025.6

64.5
34.7
8.1
22.9

209.6
74.0
15.1
33.9

14.1
20.3
71.5
92.4
1025.3 1035.9

PM10, particulate air pollutant of ,10 mm in diameter.

However, SO2 and O3 concentrations were not significantly
associated with blood pressure of lag1 day in the adjusted
model (p,0.01; table 3). Outdoor temperature was significantly
associated with blood pressure in the warm-weather season.
For the cold-weather season, the pollutants were associated
with blood pressure differently. Systolic blood pressure was
significantly associated with concentrations of SO2 1 day
before. In addition, systolic blood pressure of lag0 and lag2
was significantly associated with O3 concentrations (table 4).
However, the significant association between PM10 or NO2
concentrations and blood pressure disappeared during the coldweather season. When we evaluated the interactive effect
between season and air pollutants, we found that PM10, NO2
and O3 were significantly interactive with season for the effect
on blood pressure whereas there was no significant interaction
between SO2 and season. Figures 1 and 2 show the pollutant
effect on blood pressure of lag1 day by an increase of 10 mg/m3
or ppb for PM10, NO2 and O3 and an increase of 1 ppb for SO2
according to season. Outdoor temperature was not significantly
associated with blood pressure in the cold-weather season.

DISCUSSION
We found that air pollution was associated with blood pressure.
In the warm-weather season, PM10 and NO2 concentrations were
significantly associated with measures of blood pressure. During
cold weather, blood pressure was significantly associated with

SO2 and O3. Particularly, PM10 concentrations were consistently
associated with blood pressure of lag0–lag2 days in the warmweather season. Therefore, it might be postulated that the PM10 is
the pollutant most responsible for the persistent effect on blood
pressure in the warm weather. Exposure to an increase of 100 mg/
m3 of PM10 is predicted to increase 7.0 mm Hg systolic and
2.0 mm Hg diastolic blood pressure of lag1 day.
We found that NO2 concentrations were significantly
associated with systolic blood pressure of lag0–lag1 days during
the warm-weather seasons. Even though there is not enough
evidence to support this association such as increased resting
heart rate or cardiovascular disease risk in response to elevated
NO2 concentrations, other reported findings also suggest that
NO2 may have a significant role in elevating blood pressure.15 16
In the case of SO2, an observed effect on increase in blood
pressure was noted in our study and the same result was
reported in the study by de Paula Santos et al.8 Ibald-Mulli et al7
also found a positive association between SO2 concentration
and systolic blood pressure. However, there have been studies
on animal exposure to SO2, showing the opposite effect the rats
exposed to SO2 had decreased blood pressure in a dosedependent manner.17 18 The explanation for these contradictory
results between the animal model and human population is
unclear. However, the exposure concentrations of SO2 in the
animal experiments were 10–50 ppm, which is not comparable
to the ambient concentrations of SO2.

Table 3 Effects of air pollutants on the systolic and diastolic blood pressure of participants in the warm-weather season (July–
September)
Regression coefficient (p value)
Before adjusted
Observations (n)

Present

sBP

6095

dBP

6095

sBP

6095

dBP

6095

sBP
dBP

After adjusted
Lag1 day

Lag2 day

Lag3 day

Present

Lag1 day

Lag2 day

Lag3 day

0.0798 (,0.001)

0.0791 (,0.001)

0.0514 (,0.001)

0.0355 (,0.001)

0.0651 (,0.001)

0.0702 (,0.001)

0.0387 (,0.001)

0.0233 (0.023)

0.0240 (0.001)

0.0210 (,0.001)

0.0073 (0.151)

0.0010 (0.848)

0.0175 (0.004)

0.0195 (0.001)

0.0083 (0.101)

0.0056 (0.29)

0.1453 (,0.001)

0.1605 (,0.001)

0.0263 (0.331)

20.0163 (0.55)

0.1131 (0.002)

0.1858 (,0.001)

20.0188 (0.534)

20.0431 (0.147)

0.0157 (0.444)

0.0157 (0.426)

20.0368 (0.047)

20.0618 (0.001)

0.0113 (0.645)

0.0544 (0.016)

20.0201 (0.331)

20.0261 (0.197)

6095

0.0875 (0.518)

0.4526 (0.001)

0.0835 (0.512)

20.1341 (0.327)

20.2503 (0.066)

0.2443 (0.114)

20.2182 (0.089)

20.3718 (0.007)

6095

0.2764 (0.003)

0.3290 (0.001)

0.0448 (0.607)

0.0113 (0.904)

0.0571 (0.539)

0.2022 (0.022)

0.0179 (0.838)

0.0731 (0.434)

sBP

6095

20.0239 (0.199)

20.0126 (0.468)

20.0006 (0.971)

20.0006 (0.973)

20.0338 (0.067)

0.0381 (0.058)

0.0357 (0.039)

0.0002 (0.989)

dBP

6095

0.0011 (0.932)

20.0117 (0.325)

20.0163 (0.157)

20.0073 (0.512)

0.0045 (0.723)

0.0068 (0.618)

0.0110 (0.35)

0.0093 (0.395)

PM10

NO2

SO2

O3

dBP, diastolic blood pressure; PM10, particulate air pollutant at ,10 mm diameter; sBP, systolic blood pressure.
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Table 4 Effect of air pollutants on the systolic and diastolic blood pressure in the cold-weather season (October–December)
Regression coefficient (p value)
Before adjusted

After adjusted

Observations (n)

Present

Lag1 day

Lag2 day

Lag3 day

Present

Lag1 day

Lag2 day

Lag3 day

sBP

4364

20.0190 (0.028)

20.0110 (0.265)

20.0240 (0.008)

20.0147 (0.083)

dBP

4364

20.0171 (0.003)

20.0093 (0.159)

20.0133 (0.027)

20.0126 (0.025)

20.0114 (0.178)

20.0032 (0.749)

20.0169 (0.06)

20.0173 (0.04)

20.0103 (0.068)

0.0007 (0.917)

20.0041 (0.494)

20.0125 (0.025)

sBP

4364

0.0034 (0.863)

0.0073 (0.723)

20.0429 (0.043)

dBP

4364

20.0244 (0.062)

20.0226 (0.1)

20.0230 (0.105)

20.0167 (0.417)

0.0256 (0.181)

0.0275 (0.195)

20.0273 (0.223)

20.0118 (0.579)

20.0277 (0.044)

20.0072 (0.573)

0.0035 (0.802)

0.0114 (0.445)

20.0198 (0.16)

sBP

4364

20.1290 (0.289)

0.1602 (0.19)

dBP

4364

20.1653 (0.042)

0.0207 (0.8)

20.1677 (0.196)

20.1650 (0.218)

20.0074 (0.951)

0.3897 (0.001)

0.0670 (0.57)

0.0842 (0.515)

0.0058 (0.947)

20.1106 (0.216)

20.1217 (0.126)

0.1596 (0.043)

0.1596 (0.051)

0.0025 (0.977)

sBP

4364

0.1345 (,0.001)

0.0685 (0.058)

0.1497 (,0.001)

dBP

4364

0.0316 (0.148)

0.0382 (0.113)

0.0313 (0.158)

0.0705 (0.034)

0.1170 (0.001)

0.0490 (0.177)

0.1413 (,0.001)

0.0157 (0.654)

0.0150 (0.498)

0.0397 (0.066)

0.0532 (0.027)

0.0247 (0.288)

0.0132 (0.569)

PM10

NO2

SO2

O3

dBP, diastolic blood pressure; PM10, particulate air pollutant ,10 mm in diameter; sBP, systolic blood pressure.

We found a significant association between O3 and blood
pressure in the cold-weather season. Ozone is a highly reactive
gas, but cellular responses to O3 may not be the result of direct
reaction of O3 with cell-surface components. They are mediated
through a cascade of secondary, free-radical-derived ozonation
products.19 Thus, it is possible that O3 could promote systemic
oxidative stress through activation of lung macrophages or
alveolar cells by interaction with the cell membranes.20
There is little information available on the underlying
biological mechanisms that might explain the change of blood
pressure in association with air pollutants. A study on the acute
effect of inhaled urban air-pollution particles in the rat showed
increased plasma levels of endothelin-1, which is thought to
have an active role in the maintenance of basal systemic
vascular tone.21 In the animal model, injection of endothelin-1
leads to dose-related increases in sympathetic nerve activity,
therefore alteration in the central endothelin-1 system could
result in blood pressure elevation.22 However, these studies have
been performed in animal models and therefore, the mechanisms require confirmation in the human population.
In a controlled experimental design, Urch et al6 found
evidence that air pollution actually has a causal role in
elevating blood pressure. In a study on healthy adults, Brook
et al23 showed that inhalation of PM2.5 and O3 causes acute
arterial vasoconstriction. A potential biological mechanism for
vasoconstriction was suggested to include a reflex increase in
the sympathetic nervous system activity. Oxidative stress and
subsequent systemic inflammation caused by air pollution is
also suggested as a possible mechanism for many cardiovascular diseases including hypertension.24 PM2.5 inhalation has
been shown to induce systemic inflammation, which is possibly
related to the free radical activity of components in particulate

matter.25 Cytokines have been reported to be involved in the
systemic inflammatory response induced by exposure to
particulate matter air pollutants.26
In this study, PM10-induced increases in blood pressure were
observed in the warm-weather season whereas no significant
effect was found in the cold-weather season. The seasonal
variation may be explained by the fact that particles from different
seasons have different toxicity profiles due to the different
composition, concentrations and dimensions of the particles.27
We also found that gaseous air pollutants affected blood pressure
differently according to the season. In particular, NO2 showed the
same pattern of seasonal change with PM10 for the effect,
indicating that NO2 possibly represents toxic chemicals shared
with particulate pollutants. SO2 and O3 showed a relatively smaller
change of effect between seasons, even though their effects on
blood pressure were more apparent in the cold weather.
Our results are subject to the following limitations. First, we
used environmental monitoring data for the exposure of each
individual to air pollution. Therefore, measurement errors
resulting from differences between actual exposure and
ambient levels cannot be avoided. However, this error is more
likely to cause a bias towards the null and underestimate the
pollution effects. Second, there is also a possibility of error in
the blood pressure measurement because we used the data
measured once from both arms by an automated electronic
device. The possible misclassification of blood pressure could
cause an underestimation of the pollutant effect if the
measurement error occurred non-differentially. Third, the
cross-sectional design of this study makes causal inference
limited. We can only infer that an individual sampled on a
higher-pollution day tends to have a higher blood pressure than
an individual sampled on a lower-pollution day.
1.2

3.0

SBP (mm Hg)

2.5
2.0
1.5
1.0
0.5
0.0
_ 0.5

PM10

NO2

SO2

O3

Pollutant
Figure 1 Systolic blood pressure (SBP) change by the increase of 10 mg/
m3 or ppb for particulate air pollutant of ,10 mm in diameter (PM10), NO2
and O3 and an increase of 1 ppb for SO2 1 day before, according to
season. Solid and dotted lines indicate 95% CI.

Warm weather
Cold weather

1.0

DBP (mm Hg)

Warm weather
Cold weather

0.8
0.6
0.4
0.2
0.0
_ 0.2

PM10

NO2

SO2

O3

_ 0.4

Pollutant
Figure 2 Diastolic blood pressure change (DBP) by the increase of 10 mg/
m3 or ppb for particulate air pollutant of ,10 mm in diameter (PM10), NO2
and O3 and an increase of 1 ppb for SO2 1 day before according to
season. Solid and dotted lines indicate 95% CI.
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What is already known about the topic

What this paper adds

N
N

N
N
N

The study results on the association between air pollution
concentrations and blood pressure have been inconsistent
Exposure to air pollution can affect short-term health
effects differently in different seasons

Despite these limitations, this study has several strengths.
We controlled many potential confounding factors such as body
mass index, total cholesterol, fasting glucose, smoking and
alcohol consumption in the statistical model. In addition, our
findings were based on blood pressure measurements for a
large number of subjects. Therefore, our findings strongly
support the evidence that air pollution is associated with an
increase in blood pressure. Even though a relatively small
increase in blood pressure was found during the daily change in
level of air pollution, this increase in blood pressure could
increase the risk of cardiovascular diseases and strokes in
susceptible individuals. In addition, the mean increase in blood
pressure could indicate that a susceptible subgroup might
actually experience a much greater effect because susceptibility
to air pollution differs within the population.28
In conclusion, our study showed the association between
ambient air-pollutant concentrations and blood pressure. PM10
and NO2 concentrations were significantly associated with
blood pressure in the warm season whereas SO2 and O3 were
more likely associated with blood pressure in the cold season.
As we increase our understanding that the exposure to air
pollution leads to elevated blood pressure, which causes an
increase in risk for a cardiovascular event or stroke, it will be
necessary to keep air pollution level as low as possible for
prevention of blood pressure-related diseases.
.......................
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