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Individual PM2.5 exposure is associated with the impairment
of cardiac autonomic modulation in general residents
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Abstract Fine particulate matter (PM2.5) is one of the major
pollutants in metropolitan areas. The current study was con-
ducted to observe the effects of PM2.5 on cardiac autonomic
modulation. The participants included 619 men and women
aged from 35–75 in a residential area in Shanghai, China. All
the participants were divided into four categories according to
the distance between their apartments and major road. In ad-
dition, individual PM2.5 was measured using SIDEPAKTM
AM510 (TSI, USA) from 8:00 am to 6:00 pm. At the end of
the individual PM2.5 measurement, the systolic pressure, dia-
stolic pressure, heart rate (HR), low-frequency (LF), high-
frequency (HF), and LF/HF were determined. The association
between individual PM2.5 level and the above health effects
was analyzed using generalized linear regression. The results
showed that the average concentration of individual PM2.5

was 95.5 and 87.0 μg/m3 for men and women. Residential
distance to major road was negatively correlated with the in-
dividual PM2.5. The results indicated that per 1.0 μg/m3 in-
crease of individual PM2.5 was associated with a 2.3 % in-
crease for systolic pressure, 0.3 % increase for diastolic pres-
sure, 0.4 % decrease for LF, and 0.4 % decrease for HF.
Nevertheless, there was no statistical association between in-
dividual PM2.5 and heart rate and LF/HF in the total model. In
addition, the similar results were found in men and women

excluding a significant association between PM2.5 and the
heart rate in men. The alterations of cardiac autonomic mod-
ulation hinted that PM2.5 exposure might be associated with
the potential occurrence of cardiovascular disease, such as
arrhythmia and ischemic heart diseases.
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Introduction

Numerous studies have consistently shown that exposure to am-
bient fine particulate matter (PM2.5) increases daily deaths
(Schwartz et al. 2002), cardiopulmonary mortality, and morbid-
ity (Brook et al. 2004; Dockery et al. 1993; Peters et al. 2001a, b;
Pope et al. 2002). The adverse effects have been associated with
both short- and long-term PM2.5 exposure (Brook and
Rajagopalan 2007;Mills et al. 2009; Pope 2007). However, little
is known about the mechanisms linking PM2.5 and the increased
risk of cardiovascular disease. The potential mechanisms such as
the increase in oxidative stress (Sorensen et al. 2003; Xu et al.
2011), inflammatory response (Peters et al. 2001a, b), autonomic
modulation impairment (Hampel et al. 2014; Luttmann-Gibson
et al. 2006), and blood coagulation (Ghio et al. 2000; Schwartz
2001) have been reported. In our previous animal experimental
study, ambient PM2.5 caused significant changes of cardiovascu-
lar injury-related indicators (Zhao et al. 2010), such as inflam-
mation, endothelial dysfunction, and coagulation disorder.
Recently, it has been reported that impaired cardiac autonomic
modulation induced by particulate matter might be a risk factor
of incidence of arrhythmia events (Bartell et al. 2013) and sud-
den cardiac death (Baranchuk et al. 2009). Accordingly, an as-
sociation has been found between traffic exhaust and the onset of
a myocardial infarction within 1 h afterward (Peters et al. 2004).
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Therefore, the detailed mechanisms linking PM2.5 and cardiac
autonomic modulation need to be further elucidated. Nowadays,
epidemiologic evidence regarding the alterations of cardiac au-
tonomic modulation at the individual level due to PM2.5 is more
limited. Several studies have conducted the relationship between
PM2.5 and cardiac autonomic modulation. Most of them obtain-
ed the exposure assessment from monitoring sites (Bortkiewicz
et al. 2014;Hoffmann et al. 2009a, b) or from land use regression
model (Cesaroni et al. 2013). In the current study, we attempted
to monitor the personal PM2.5 exposure to assess the adverse
effects of air pollution. The personal PM2.5 could represent the
actual PM2.5 exposure for individual. One study has measured
the individual level of environmental tobacco smoke (ETS)
using personal monitor, suggesting that subjects with different
inductions of CYP1A1 expression in CYP1A1*2A and
CYP1A1*2A/*2B carriers may have increased susceptibility to
the genotoxic effects of ETS (Georgiadis et al. 2005). Moreover,
another study observed the association between PM2.5 exposure
and immediate impairment of cardiac autonomic modulation by
estimating 24-h individual-level real-time PM2.5 exposure (He et
al. 2011), indicating that the increases in preceding 1–6-h mov-
ing averages of PM2.5 were significantly associated with the
lowering of high-frequency (HF) and low-frequency (LF).

High-frequency and LF are two key indicators which re-
flect the heart rate variability (HRV), and the latter is a measure
of beat-to-beat temporal changes in heart rate and could pro-
vide indirect insight into autonomic nervous system tone.
Reduction of the HRV has been associated with an increased
risk of mortality in middle-aged and elderly subjects (Dekker
et al. 1997), in patients with diabetes mellitus, and in survivors
of myocardial infarction (Tapanainen et al. 2002). High-
frequency is a representative of respiration-linked parasympa-
thetic cardiac modulation, and LF is considered to be an in-
dicative of both parasympathetic and sympathetic modulation
(Cavalcanti et al. 1997; Latalova et al. 2010). The individual
PM2.5-induced alterations of cardiac autonomic function have
been investigated in cardiac patients and hypertensive patients
(Chuang et al. 2005). In the current study, we attempt to further
explore the effects of individual PM2.5 on cardiac autonomic
nervous function in general population whose apartments with
different distances to a major road. The individual PM2.5,
blood pressure, and HRV-related index are measured to ex-
plore the potential mechanisms linking individual PM2.5 and
cardiac autonomic function.

Materials and methods

Study population and design

The participants included 619 men and women aged from 35–
75 in Shanghai, China. The study was performed from
September to December 2013. All participants live in a big

community which is close to the major road. The total popu-
lation is around 20,000 residents in the community. The com-
munity consists of a residential district and several small busi-
ness districts. All the participants live or work in the commu-
nity from 8:00 am to 6:00 pm every day. The residential areas
were categorized as ≤50, 51–100, 101–200, and >200 m ac-
cording to the distance to major road. The study was approved
by the relevant institutional ethics committees and followed
strict internal and external quality assurance protocols. The
participants gave informed consent before the experiment.
The research included a self-administered questionnaire and
the further cardiac autonomic nervous function detection. At
the end of the individual PM2.5 measurement, the participants
answered a self-administered questionnaire including a per-
sonal interview regarding age, address, highest education lev-
el, sociodemographic characteristics, lifestyle factors, and
physician-diagnosed chronic disease history. The chronic dis-
ease histories such as CVD, hypertension, and diabetes were
confirmed as a self-reported history. The education condition
was classified according to the International Standard
Classification of Education as total years of formal education,
combining primary schooling and vocational or professional
education. Three categories were defined with the highest cat-
egory of ≥18 years of education (equivalent to a university
degree) and the lowest category of ≤10 years (equivalent to
a basic school degree and no vocational training). Smoking
status was divided into current smoking, cessation of smoking
within last year, cessation of smoking more than 1 year, and
non-smoking. Body mass index (BMI) was calculated accord-
ing to standardized protocols.

Individual PM2.5 exposure monitoring

Individual PM2.5 exposure was measured using SIDEPAKTM
AM510 (TSI, USA). Every participant carries one AM510.
The machine attached a sampling plastic tube that was con-
nected to an inlet port. The plastic tube was placed at the
height that was at the same height of breathing, so that it
would represent the individual’s actual exposure. The ma-
chine was set to record PM2.5 data every 5 min. The measure-
ment duration was from 8:00 am to 6:00 pm, which represent-
ed the work hour for 1 day.

Cardiac autonomic modulation determination

At the end of the individual PM2.5 measurement, the partici-
pants returned the AM510 at 6:00 pm. The participants quietly
seated in a chair for determining the HRV. The Model SKY-
A4 Bioelectric Signals Processing System (Shanghai Sky-
Tech Co., Ltd, China) was used to determine the HRV. The
major equipment connects with an electrode that is fixed with
an arm. The electrode is put on the position of pulse wave. The
signaling of pulse wave can be transmitted to a connecting
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computer. After record of more than 256 continuous heart-
beats, the output signaling can be transmitted to a computer.
Then, the computer can give the HRV-related data, such as
HF, LF, and HF/LF. If there are any artifacts or missing beats,
the software can automatically adjust them. The systolic blood
pressure (SBP), diastolic blood pressure (DBP), and heart rate
(HR) were detected using Omron arm blood pressure monitor.
The averages of the three times measures of seated systolic
and diastolic blood pressures were used to represent a partic-
ipant’s blood pressure.

Statistical analysis

The entire study population consisted of 619 participants.
There were 12 participants whose measurements for cardiac
autonomic modulation were incomplete, and six participants
have not finished the questionnaire, thus leaving 601 partici-
pants for the final analyses. For each participant, the average
PM2.5 was calculated according to the monitoring data from
8:00 am to 6:00 pm. The mean, median, and interquartile
range for personal PM2.5 were assessed for total, men, and
women, respectively. The distribution was divided into seven
categories according to a progressive increase as 35 μg/m3 of
individual PM2.5. The number of participants for every cate-
gory was calculated. The data of LF and HFwere expressed as
Log-LF and Log-HF using a logarithm transformation.

One-way ANOVA was used to analyze the difference of
individual PM2.5 for the participants who were divided into
four categories on the basis of the residential distance to major
road (≤50, 51–100, 101–200, >200 m). To assess the associ-
ation between the individual PM2.5 exposure and cardiac au-
tonomic modulation, generalized linear regression was per-
formed. The SBP, DBP, HR, LF, HF, or LF/HF were separate-
ly used as dependent variables, and the individual PM2.5 was
used as the independent variable. The factors such as BMI,
educational level, smoking status, history diseases, and home
decoration status were adjusted in the model. The statistical
package was the SPSS16.0 for Windows. The level of 5 % is
considered as significant.

Results and discussion

Individual PM2.5 exposure and distribution of participants

The results showed that the average individual PM2.5 for total,
men, and womenwas 90.2, 95.5, and 87.0μg/m3, respectively
(Table 1). The personal PM2.5 concentration in most of the
participants (n = 338) was between 35 and 105 μg/m3

(Fig. 1a). Figure 1b displayed the individual PM2.5 concentra-
tion for participants in different category. The results indicated
that the individual PM2.5 concentration decreased with the
increase of residential proximity to major road. The average

individual PM2.5 concentration exceeded 120 μg/m3 in those
participants whose apartments were within 50 m of a major
road. For the subjects living within 200 m of a major road, the
reduction of the individual PM2.5 exposure was associated
with the residential distance to major road. The participants
living within 50 m of a major road compared with those living
more than 200 m away had 51 % higher of the individual
PM2.5.

Traffic was one of the major sources of environmental pol-
lution in metropolitan areas, emitting pollutants such as par-
ticulate matter and noise. Because of the growing traffic-
related air pollution and rising population in most metropoli-
tans in China, most of the population live closely to the heavy
traffic road and are exposed to high concentration of traffic-
related air pollution. Recently, the ambient PM2.5 exposure
has become the main air pollutant in China. The Chinese
government has paid more attention in controlling the PM2.5

air pollution. In 2012, the government established the air qual-
ity standard for PM2.5 (the 24-h average, 75 μg/m

3). Previous
study indicated that the risk of developing deep vein throm-
bosis was increased in subjects living near a major traffic road
when compared with those living away from the major road
(Baccarelli et al. 2009). Another study indicated that long-
term residential exposure to high level of PM2.5 was associat-
ed with systemic inflammatory markers (Hoffmann et al.
2009a, b). In the current study, one of the key findings was
that most of participants were exposed to high concentration
of PM2.5, which was significantly higher than the Chinese
national ambient Air Quality Standard for PM2.5.
Importantly, for subjects living within 200 m of a major road,
the reduction of the individual PM2.5 exposure was associated
with the residence distance to major road. The current results
indicated that traffic-related PM2.5 pollution has been the main
source of individual PM2.5 exposure.

Descriptive statistics of the study population

Table 2 describes the statistics of the study population. The
total participants were 619, and 18 participants with incom-
plete data were excluded. There are 226 men and 375 women
in the final analysis. BMI was expressed as mean±SD. The
number and rate of CVD, hypertension, and diabetes were
calculated. Educational level, smoking status, and home dec-
oration status in the last 6 months were obtained to control the
confounding factor. The SBP, DBP, HR, LF, HF, and LF/HF in
total, men, and women were analyzed.

In this study, the morbidity of CVD, hypertension, and
diabetes in participants was roughly 10 %, respectively.
Prior study reported that chronic cardiovascular disease acted
as a significant effect modifier in the relationship between PM
air pollution and decreased HRV (Holguin et al. 2003; Park et
al. 2005). It has been reported that the PM2.5 was associated
with reduced HF and increased LF/HF in elderly subjects with
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stable coronary artery disease (Timonen et al. 2006). In this
study, the history disease was adjusted in the model, which
may contribute to find the real association between exposure
and effects.

Multiple linear regression analyses

Table 3 shows the total and sex-stratified results. In the mul-
tiple linear regression analysis, the factors such as BMI, dis-
ease history, educational level, smoking status, and home dec-
oration status were adjusted. In total model, per 1.0 μg/m3

increase in individual PM2.5 was associated with an increase
in systolic pressure of 2.3 % [95 % confidence interval (CI),
2.1 to 2.4 %] and diastolic pressure of 0.3 % (95 % CI, 0.2 to
0.4 %). On the contrary, per 1.0 μg/m3 increase of PM2.5

induced 0.4 % (95 % CI, −0.6 to −0.3 %) decrease in HF
and 0.4 % (95 % CI, −0.5 to −0.3 %) decrease in LF.
Meanwhile, there was no statistical association between indi-
vidual PM2.5 and LF/HF and heart rate.

It has been reported that lung lesion following exposure to
ambient particles may impact cardiac functions indirectly
(Cozzi et al. 2007; Gilmour et al. 2006). The possible mech-
anisms involved in these events include disturbances in cardi-
ac autonomic control (Shields et al. 2013), reduction in cardi-
ac vagal control (He et al. 2011), and an imbalance in cardiac
autonomic control (Min et al. 2008). Previous study suggested
that there were elevations in PM2.5-predicted risk for exercise-
induced ST segment depression in subjects with coronary

artery disease (Pekkanen et al. 2002). Several other studies
have demonstrated a link between changes in heart rate vari-
ability and PM2.5 inmice (Chen and Hwang 2005), rats (Farraj
et al. 2011) and elderly humans (He et al. 2011). However, to
our knowledge, few studies utilize the personal PM2.5 to as-
sess the short-term effect of PM2.5 exposure on cardiac auto-
nomic function. The current study measured the personal
PM2.5 exposure for 601 participants, which may represent
the actual exposures that the participants experienced. Our
individual PM2.5 determination was suggestive of an acute
adverse effect of PM2.5 on cardiac autonomic function impair-
ment. Such an acute effect on cardiac autonomic modulation
suggested an acute triggering effect of PM2.5 in terms of its
mechanistic impact on the onset of cardiac events, such as
arrhythmia and sudden cardiac death. In most studies, acute
short-term PM increases that might trigger an acute cardiovas-
cular event have been investigated (Delfino et al. 2008;
Dubowsky et al. 2006; Ruckerl et al. 2007; Yue et al. 2007).
In the adjusted model, the results indicated that elevated indi-
vidual PM2.5 induced the decrease of LF and HF. The reduced
LF and HF value induced by PM2.5 reflects the activity of both
the sympathetic and parasympathetic nervous systems
(Cavalcanti et al. 1997; Latalova et al. 2010).

Recently, the link between environmental factors such as
air pollution and propensity to hypertension has gained atten-
tion (Dong et al. 2013). Imbalanced activation of the autonom-
ic nervous system has been postulated to play a role in the
pathogenesis of acute increases in blood pressure in response

Table 1 Personal PM2.5

exposure in participants Individual PM2.5

(μg/m3)
No. Mean± SD Minimum Maximum Median [interquartile range (IR)]

Total 601 90.2 ± 61.3 8.2 463.0 78.6 (59.9)

Men 226 95.5 ± 62.7 8.2 463.0 65.1 (83.4)

Women 375 87.0 ± 60.4 10.0 429.0 58.3 (76.1)

Fig. 1 Distribution of individual fine particulate matter (PM2.5) exposure
and residents distance to major roads for 601 participants. The
distribution was divided into seven categories according to a

progressive increase as 35 μg/m3 of individual PM2.5 every category
(a). The individual PM2.5 exposure for participants according to the
residential distance to major road (b)
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to PM2.5 exposure, primarily on account of the alterations of
sympathetic activation-related heart rate variability (Brook et
al. 2009; Cosselman et al. 2012). Our results showed an asso-
ciation between PM2.5 and the increase of blood pressure,
verifying the possible changes of the sympathetic activation-
related autonomic nervous system. Although the mechanisms
linking the autonomic nervous modulation and short- or long-
term PM2.5 exposure might be different, our short-term results
were consistent with the previous study which suggested that
long-term concentrated ambient PM2.5 exposure increased
blood pressure through sympathetic nervous system activation
(Ying et al. 2014).

In the current study, the effect estimates were analyzed in
men and women, respectively. The results showed that per
1.0 μg/m3 increase of PM2.5 is associated with the 3.2 % in-
crease in SPB, 0.7 % increase in DBP, 0.4 % decrease in LF,
and 0.4 % decrease HF in men. Similarly, very similar results
were observed in women. The only difference was that there
was a 1.4 % increase in heart rate in men but not in women.
Although there is no significant relationship between PM2.5

concentration and heart rate in the total model and women.
One potential explanation might be the different sympathetic
modulation in various organs in response to diverse stimuli
(Do et al. 2011). Besides, the obvious reaction of heart rate in

Table 2 Demographic
characteristics of study
population (n = 601)

Characteristics Total (601)a Men (226) Women (375)

Age 56.7 ± 10.4 55.6 ± 11.9 57.3 ± 9.3

BMI [kg/m2 (mean ± SD)] 23.6 ± 3.4 23.7 ± 3.2 23.5 ± 3.5

CVD history (%) 55 (9.2) 23 (10.2) 32 (8.5)

Hypertension history (%) 153 (25.5) 60 (26.5) 93 (24.8)

Diabetes history (%) 46 (7.7) 20 (8.8) 26 (6.9)

Educational level [n (%)]

≤12 years 535 (89.0) 194 (85.8) 341 (90.9)

13–17 years 61 (10.1) 29 (12.8) 32 (8.5)

≥18 years 5 (0.8) 3 (1.3) 2 (0.5)

Smoking status [n (%)]

Current smoker 85 (14.1) 80 (35.4) 5 (13.3)

Ex-smoker, ≤1 year 8 (1.3) 8 (3.5) 0 (0)

Ex-smoker, >1 year 34 (5.6) 32 (14.2) 2 (0.5)

Never-smoker 474 (78.9) 110 (48.7) 364 (19.5)

Home decoration in the last 6 months [n (%)] 112 (18.6 %) 39 (17.3 %) 73 (19.5 %)

Blood pressure (mmHg)

Systolic 128.8 ± 18.2 132.7 ± 18.7 126.3 ± 17.5

Diastolic 76.0 ± 11.0 78.3 ± 11.0 74.6 ± 10.8

Log-LF (ms2) 4.36 ± 0.85 4.34± 0.85 4.37 ± 0.85

Log-HF (ms2) 4.47 ± 0.85 4.42± 0.84 4.50 ± 0.86

Square root LF/HF 0.89± 0.20 0.92± 0.20 0.87 ± 0.10

HR (b.p.m.) 74.5 ± 11.6 76.2 ± 11.3 74.1 ± 9.6

Results are presented as mean ± SD for continuous variables
a Excludes the participants with incomplete data for responses or questionnaire (n= 18)

Table 3 Associations between
individual PM2.5 exposure and
blood pressure, cardiac
autonomic modulation, and heart
rate [% change (95 % CI)]

Totala Mena Womena

β (95 % CI) Sig. β (95 % CI) Sig. β (95 % CI) Sig.

Systolic pressure 2.3 (2.1, 2.4) <0.001 3.2 (3.0, 3.4) <0.001 2.2 (2.1, 2.4) <0.001

Diastolic pressure 0.3 (0.2, 0.4) <0.001 0. 7 (0. 5, 1.0) <0.001 0.3 (0.2, 0.4) <0.001

Log-LF −0.4 [−0.6, (−0.3)] <0.001 −0. 4 [−0.6, (−0.2)] <0.001 −0.4 [−0.6, (−0.3)] <0.001

Log-HF −0.4 [−0.5, (−0.3)] <0.001 −0. 4 [−0.6, (−0.1)] <0.001 −0.4 [−0.5, (−0.3)] <0.001

Square root-LF/HF 0.03 [−0.01,0.01] 0.119 0.02 [−0.01, 0.02] 0.301 0.02 [−0.01, 0.02] 0.058

HR 0.0 [−0.002, 0.0] 0.162 1.4 (1.2, 1.6) <0.001 −0.1 (−0.2, 0.0) 0.120

aModel represents the sufficient adjustment set, including PM2.5, age, sex, BMI, disease history, educational
level, smoking status, and home decoration
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men in our study might associate with the higher individual
PM2.5 exposure in men. Similarly, prior study observed the
association between high levels of PM2.5 and new-grade sys-
temic inflammatory state in men but not in women (Hoffmann
et al. 2009b).

In this study, short-term PM2.5 exposure induced the de-
crease of LF and HF and the increase of systolic pressure and
diastolic pressure both in men and women. Such an acute
effect on cardiac autonomic nervous suggested an acute trig-
gering effect of PM2.5, which hinted its mechanistic impact on
the onset of cardiac events, such as arrhythmia and sudden
cardiac death.

Conclusion

The key finding of our study was that elevated PM2.5 was
associated with the alterations of cardiac autonomic modula-
tion in participants. The similar results were observed in men
and women. The results indicated that short-term exposure to
ambient PM2.5 might induce the alteration of sympathetic
modulation-related autonomic nervous function. Our findings
provided a possible explanation for prior results about the
association between air pollution and autonomic nervous sys-
tem, suggesting that the alterations of autonomic nervous
function might be a potential mechanism linking PM2.5 and
cardiovascular disease.
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