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a b s t r a c t

The impact of ambient air pollution on health causes concerns in China. However, little is known about
the association of short-term air pollution exposure with blood pressure (BP) in children. The goal of
present study was to assess the association between short-term air pollution and BP in children from a
highly polluted area in China. This study enrolled 9354 children in 24 elementary and middle schools
(aged 5e17 years) from the Seven Northeast Cities (SNEC) study, respectively, during the period of 2012
e2013. Ambient air pollutants, including particulate matter with an aerodynamic diameter of �10 mm
(PM10), sulfur dioxide (SO2), nitrogen dioxide (NO2) and ozone (O3) on the days (1e5 days) preceding BP
examination were collected from local air monitoring stations. Generalized additive models and two-
level regression analyses were used to evaluate the relationship between air pollution and BP after
adjusting for other covariates. Results showed that with an interquartile range (IQR) increase in PM10

(50.0 mg/m3) and O3 (53.0 mg/m3) level during the 5-day mean exposure, positive associations with
elevated BP were observed, with an odds ratio of 2.17 (95% CI, 1.61e2.93) for PM10 and 2.77 (95% CI, 1.94
e3.95) for O3. Both systolic BP and diastolic BP levels were positively associated with an IQR increase of
four air pollutants at different lag times. Specifically, an IQR increase in the 5-day mean of PM10 and O3

was associated with elevation of 2.07 mmHg (95% CI, 1.71e2.44) and 3.29 mmHg (95% CI, 2.86e3.72) in
systolic BP, respectively. When stratified by sex, positive relationships were observed for elevated BP
with NO2 exposure only in males. This is the first report on the relationship between ambient short-term
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air pollution exposure and children BP in China. Findings indicate a need to control air pollutants and
protect children from heavy air pollution exposure in China.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Having an elevated blood pressure (BP) as a child is a risk factor
for hypertension and CVD as an adult, therefore understanding the
possible causes is imperative (Liang and Mi, 2011). Previous studies
conducted concerning short-term or long-term exposure to air
pollution have shown acute increases in BP among subjects, espe-
cially with regard to particulate matter [(PM) � 2.5/10 mm in
aerodynamic diameter (PM2.5/PM10)] (Chan et al., 2015; Dong et al.,
2013; Hoffmann et al., 2012; van Rossem et al., 2015). High blood
pressure is a known risk factor for cardiovascular disease (CVD) in
adults, however, little research has investigated the relationship
between air pollution and blood pressure in children. There are
varied results among the limited studies conducted to evaluate the
effect of air pollution on BP in children. A cross-sectional study in
Germany showed that long-term air pollution and BP among 2368
children (mean age of 10) are not consistently linked (Liu et al.,
2014). On the other hand, long-term exposure to traffic-related
air pollution, specifically NO2 and PM2.5, was shown to increase
diastolic blood pressure among subjects of a birth cohort study
conducted in the Netherlands (Bilenko et al., 2015). In another
cohort study of 6e13 year olds living in high air pollution areas,
they found significant links between short-term exposure (7 days
exposure) to PM2.5 and mean arterial pressure (Calder�on-
Garcidue~nas et al., 2007). In addition, results from a different
study in Pakistan found that children had higher systolic and dia-
stolic BP (115.9/70.9 mm Hg) when exposed to short-term traffic
pollution than children from lower air pollution areas (108.3/
66.4 mm Hg) (Sughis et al., 2012).

Previous research showed that short-term elevated particulate
matter is connected to increased risk of heart attack and stroke
among adults, and our study in China revealed a higher risk of
hypertension among children living in polluted cities (Dong et al.,
2014). Nevertheless, there is still a knowledge gap regarding the
relationship between short-term air pollution and BP in children
(Peters et al., 2001; Dong et al., 2014). The aim of this investigation
is to enhance the understanding of this association by studying an
area with high pollution levels in China, which includes pollutants
such as PM10, ozone (O3), sulfur dioxide (SO2) and nitrogen dioxide
(NO2). The children in this study were recruited from the Seven
Northeast Cities (SNEC) study (Dong et al., 2014).
2. Methods

2.1. Study population

This cross-sectional study investigates associations between
ambient air pollution and a series of health outcomes in children.
(see Dong et al., 2014 for additional description of the SNEC study).
We studied the region of Liaoning province in Northeastern China
starting from April 2012 to June 2013. Seven cities (Shenyang,
Dalian, Anshan, Fushun, Benxi, Liaoyang, and Dandong) were
selected based on their mean air pollution level data recorded be-
tween 2009 and 2011. These cities were selected to contrast the
differences in inter- and intra-city ambient air pollution levels.

Two urban districts from Liaoyang, three from Anshan, Benxi,
and Dandong, four from Fushun, four from Dalian, and five from
Shenyang were selected for investigation. Each of the 24 districts
had an elementary and middle school within 1 km of a municipal
air monitoring station (48 schools in total). The final sample for this
study (9354 children, n ¼ 4771 males and n ¼ 4583 females)
included children who had lived in the district for more than 2
years prior to the study.

All study participants and parents of participants provided
written informed consent. This research was conducted according
to the World Medical Association Declaration of Helsinki-Ethical
Principles for Medical Research Involving Human Subjects. The
Human Studies Committee of Sun Yat-sen University has approved
the study.

2.2. BP measurements

Trainees involved in the study were required to take a qualifying
exam in order to obtain a BP observer certificate, and all in-
vestigators were trained based on the procedures of the American
Academy of Pediatrics (National High Blood Pressure Education
Program Working Group on High Blood Pressure in Children and
Adolescents, 2004). Study participants were encouraged not to
drink coffee, or tea, and to abstain from exercise for at least 30 min
prior to BP measurements. After resting for 5 min, participants
should have seated with their back supported, feet on the floor and
right arm supported, cubital fossa at heart level. The trainees
measured the brachial artery BP on upper right arm of children
using a standardized mercuric-column sphygmomanometer. This
was done three times at 2 min intervals. We used the average of
three measurements of BP as reported BP value. If average systolic
blood pressure (SBP) and/or diastolic blood pressure (DBP) was
higher than the 95th percentile based on sex, age, and height, the
child's blood pressure was considered elevated. This definition is
based on guidelines from the National High Blood Pressure
Education Program Working Group on High Blood Pressure in
Children and Adolescents (2004).

2.3. Air pollution and meteorological data

Air monitoring stations, located away from major roads, indus-
trial sources or residential sources of emissions, recorded hourly
ambient concentrations of PM10, SO2, NO2 and O3 as well as daily
mean temperature. Monitoring was performed according to stan-
dards set by the State Environmental Protection Administration of
China (1992). PM10 was measured using beta-attenuation, SO2
was measured using ultraviolet fluorescence, NO2 was measured
using chemiluminescence, and O3 was measured using ultraviolet
photometry. After excluding outliers, the data was composed of
measurements from days where at least 75% of the 1-h values were
available. We subsequently calculated each participant's exposure
using 24-h average concentration of PM10, SO2 and NO2, and 8-h
daily mean O3 (10:00 a.m. to 6:00 p.m.) at short-term exposure,
1e5 days preceding BP measurement in each district. Day 1 was set
as the day BP was assessed.

2.4. Statistical analysis

After testing for normality using Shapiro-Wilks W-test and
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testing for homogeneity using Bartlett's test for unequal variances,
we utilized a generalized additive model to approximate the as-
sociation of short-term air pollution exposure with BP. We a used a
two-staged multiple regression model to determine the relation-
ship between short-term air pollutants and the increase of elevated
BP.

The model we used has been described elsewhere (Dong et al.,
2014). Briefly, participants were the first-level units and districts
were the second-level units. At the participant level, we modeled
the logit of the prevalence of elevated BP as a function of k cova-
riates (X1, … , Xk) as follows:

logit
�
Probability

�
Yij

�� ¼ aj þ b1X1ij þ … þ bkXkij þ eij (1)

where the outcome variable (Y) is elevated BP based on the BP
diagnosis criteria described previously, the subscript i indicates the
participant (i¼ 1,… , nj), the subscript j is for districts (j¼ 1,… , 24),
aj is the intercept at the district level, b1 … bk are the regression
coefficients of the covariates, and eij is the random error assumed to
havemeans of zero and constant variance. In general, a district with
a higher aj predicts higher BP prevalence rate than a district with a
lower aj.

At the district level, we regressed the district-specific intercepts
aj on the district-specific pollutant level (Zj) to explain the varia-
tions of aj, as follows:

aj ¼ aþ gjZj þ uj (2)

Equation (2) predicts the prevalence in a district by Zj. If gj is
positive, then adjusting for covariates, the prevalence of elevated
BP is higher in districts with a higher pollutant levels. If gj is
negative, then adjusting for covariates, the prevalence is lower in
districts with a higher pollutant levels. The random error at the
district level, uj, is assumed to be independent and to follow a
normal distribution with a mean of zero and constant variance.
These random errors represent the between-district variation and
are assumed independent from eij at the participant level. It should
be noted that a, b1, … , bk, and gj are not assumed to vary across
districts. Therefore, they have no subscript j to indicate to which
district they belong. They are therefore referred to as fixed effects as
they apply to all districts.

We used a single regression (3) to simplify the above description
by substituting model (2) into model (1):

logit
�
P
�
Yij

�� ¼
�
aþ gjZj þ b1X1ij þ…þ bkXkij

�
þ �

uj þ eij
�

(3)

We conducted data analyses using GLIMMIX in SAS version 9.4
(SAS Institute, Cary, North Carolina). All estimates adjusted for
temperature age, sex, BMI, breast feeding, birth weight, exercise
time, personal area, passive smoking exposure, parental education,
family income, family history of hypertension, and district. All
statistical tests were two-sided and an a priori P-value of less than
0.05 demonstrated statistical significance.
3. Results

In current study, a total of 10,428 children were selected origi-
nally from 24 districts of the seven cities, with 9567 children
completing survey and examination (response rate: 97%). After
excluding 213 children for not living in their current district for at
least 2 years prior to the study, a total of 9354 children were
selected in this investigation. Table 1 displays the study subjects'
characteristics. Among the 5762 elementary school students, the
prevalence rate of elevated BP was 10.1% for males and 10.8% for
females. The rate of elevated BP among the 3592 middle schoolers
was 20.1% for males and 18.2% for females. During the study period,
daily ambient PM10 concentrations were 108.8 mg/m3, which
exceeded the 50 mg/m3 Grade I level set forth by the Chinese Na-
tional Ambient Air Quality Standards (Table 2). Ambient air pol-
lutants, including PM10, SO2 and O3, and temperature were
correlated with each other (P < 0.05), such as PM10 correlate with
O3 positively (r¼ 0.75), and correlatedwith temperature negatively
(r ¼ �0.54).

We evaluated the relationship between short-term exposure to
ambient air pollution and increased of elevated BP in children with
a two-level binary logistics regression model, results of which can
be seen in Table 3. There was no significant association between
SO2 and NO2 and elevated BP in children, however we observed an
associated between elevated BP and an increased IQR for PM10 and
O3. For all participants there was an increased of elevated BP. Each
IQR increase in PM10 (ranged from 42.7 to 50.0 mg/m3) and O3
(ranged from 48.3 to 53.0 mg/m3) during day 1 through day 5 of
exposure was associated with an increased of elevated BP in chil-
dren, and associations were more significant for O3 (odds ratios, OR
ranged from 2.59 to 2.85 for 1e5 day mean). There was a positive
relationship for elevated BP with NO2 exposure in males, with
mean OR that ranged from 1.32 (95% CI, 1.00e1.73) to 1.45 (95% CI,
1.04e2.02) with each IQR increase during 1e5 day mean exposure,
which was apparent when the populationwas stratified by sex (see
Table 3). However, when stratified by schools, there is no significant
interation between air pollution exposure and school types on the
elevated BP (Table 4).

In Fig. 1 we see the relationship between short-term ambient air
pollutant exposures and SBP and DBP. Short-term air pollutant
exposure was positively associated with the change of BP levels at
different lag times for all participants (Fig. 1). Both SBP and DBP
tended to increase consistently with the levels of PM10 averaged
over the 1e5 days before examination. Elevated PM10 and O3 were
more clearly linked to increase SBP in the model (Fig. 1.A). For
example, in the single pollutant model, an IQR increase in ambient
PM10 (47.4 mg/m3) and O3 (51.4 mg/m3) in the previous 5-day mean
exposure predicted an increase in SBP of 2.07 mmHg (95% CI,
1.71e2.44) and 3.29 mmHg (95% CI, 2.86e3.72), respectively (Fig. 1.
A).

4. Discussion

Little information exists regarding the link between short-term
exposure to ambient air pollutants and measured BP in children,
even thoughmany studies have evaluated the relationship in adults
(Giorgini et al., 2016). To help close this knowledge gap, we
investigated the association between short-term ambient air
pollution and childhood blood pressure in China, using participants
from the SNEC study. Our results suggest a positive association
between air pollutants and both systolic and diastolic blood
pressure.

It is clear that pediatric hypertension is a risk factor for elevated
BP in adults and impacts heart and blood vessel health (Dwyer
et al., 2013). Therefore, it is important to identify possible causes
of pediatric hypertension and take early intervention properly (Rao,
2016).

Based on a systematic Medline search, we believe this study is
the first to report the association between short-term ambient air
pollution and BP in children in China. For other countries, four
previous studies reported on the association between short-term
air pollution exposure and BP in children (Bilenko et al., 2015;
Calder�on-Garcidue~nas et al., 2007; Pieters et al., 2015; Sughis
et al., 2012). Our findings are consistent with two other studies. A
cross-sectional study (n ¼ 179) out of Pakistan found a higher SBP



Table 1
Characteristics of the children in the Chinese Seven Northeast Cities Study (SNEC), 2012e2013.

Characteristics Elementary school Middle school

Males (n ¼ 3006) Females (n ¼ 2756) Males (n ¼ 1765) Females (n ¼ 1827)

Age (years)a 9.4 ± 2.0 9.3 ± 1.9 13.5 ± 1.2 13.3 ± 1.1
Height (cm)a 141.7 ± 12.4* 140.7 ± 12.7 167.1 ± 8.6* 160.1 ± 5.8
BMI (kg/m2)b 19.1 ± 4.2* 17.7 ± 3.4 21.9 ± 4.9* 20.7 ± 3.8
Low birth weight (%) 93 (3.1)* 113 (4.1) 56 (3.17)* 86 (4.7)
Premature birth (%) 169 (5.6) 151 (5.5) 86 (4.9) 88 (4.8)
Breast feeding (%) 2006 (66.7)* 1907 (69.2) 1194 (67.7)* 1365 (74.7)
Family history of hypertension (%) 1084 (36.1)* 1107 (40.1) 679 (38.5) 729 (39.9)
Parental education � high school (%) 1985 (66.0) 1818 (66.0) 1101 (62.4) 1172 (64.2)
Income per year
�5000 RMB (%)c 318 (10.6) 319 (11.6) 206 (11.7) 189 (10.3)
5000e10,000 RMB (%) 400 (13.3) 368 (13.4) 208 (11.8) 235 (12.9)
10,000e30,000 RMB (%) 1039 (34.6) 945 (34.3) 614 (34.8) 632 (34.6)
30,000e100,000 RMB (%) 1105 (36.8) 979 (35.5) 659 (37.3) 698 (38.2)
>100,000 RMB (%) 144 (4.8) 145 (5.3) 78 (4.4) 73 (4.0)

Passive smoking exposure
None (%) 1567 (52.1) 1388 (50.0) 942 (53.4) 971 (53.2)
Father smoking (%) 883 (29.4) 860 (31.2) 560 (31.7) 607 (33.2)
Mother smoking (%) 268 (8.9) 245 (8.9) 141 (8.0) 136 (7.4)
Others (%) 288 (9.6) 263 (9.5) 122 (6.9) 113 (6.2)

Home coal use (%) 292 (9.7) 249 (9.0) 170 (9.6) 177 (9.7)
Walking time from home to school (min) 14.5 ± 9.3* 13.9 ± 8.8 17.4 ± 10.3 16.8 ± 9.9
Personal area (m2/person) 22.6 ± 9.7 22.1 ± 9.9 23.6 ± 12.5* 22.7 ± 8.9
Excise time (hour/week) 8.5 ± 8.3* 7.7 ± 8.0 7.0 ± 6.9 6.6 ± 7.0
Elevated BP (%)d 305 (10.1) 297 (10.8) 354 (20.1) 333 (18.2)

*indicates significance comparisons between males and females at P < 0.05, performed with ttests.
a Variables: Mean ± SD.
b BMI ¼ Body mass index.
c RMB ¼ Renminb: the official currency of the People's Republic of China; the baseline of poverty in China: 2300 RMB/person/year.
d BP ¼ Blood pressure.

Table 2
Summary statistics and Spearman correlation of daily mean air pollutant levels and meteorological variable in the 24 districts of seven cities, China, 2012e2013.

Exposure Summary statistics r

Mean Median Max Min Interquartile range SO2 NO2 O3 Temperature

PM10 (mg/m3) 108.8 108.6 189.0 45.2 47.4 0.35* 0.31* 0.75* �0.54*

SO2 (mg/m3) 30.2 24.6 80.4 4.4 22.8 1.00 0.54* 0.30* �0.34*

NO2 (mg/m3) 26.9 25.5 64.0 3.6 18.6 1.00 0.26 �0.14
O3 (mg/m3) 69.0 69.4 132.4 19.0 51.4 1.00 �0.57*

Temperature (�C) 14.2 15.3 24.0 1.5 10.0 1.00

*P < 0.05.
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(115.9 mm Hg, 95% CI: 114.0e117.9 mmHg) and DBP (66.4 mm Hg,
95% CI: 64.4e68.4 mmHg) in 10-year-old children (8e12 years old)
living in areas with heavy traffic air pollution (mean daily value of
PM2.5: 183.0 mg/m3) than in children living in areas with less traffic
air pollution (mean daily value of PM2.5: 28.5 mg/m3) (Sughis et al.,
2012). Additionally, a significant association between short-term
(7-day) cumulative PM2.5 levels and mean pulmonary arterial
pressure and systolic pulmonary arterial pressure in 59 children
(6e13 years old) living in Mexico City exposed to high air pollution
levels was observed by Calder�on-Garcidue~nas et al. (2007). How-
ever, two studies came to conclusions that are inconsistent with
what we found. In the PIMA study, a birth cohort consisting of 1432
children 12 years of age in the Netherlands evaluated different
long-term exposure and short-term exposure to traffic-related air
pollution conditions (Bilenko et al., 2015). While there was no
relationship with short-term air pollution, long-term exposure to
NO2 and PM2.5 may increase DBP (adjusted mean difference
0.83 mm Hg, 95% CI: 0.06 to 1.61 for NO2 and 0.75 mm Hg, 95%
CI: �0.08 to 1.58 for PM2.5) (Bilenko et al., 2015). A Belgian study of
130 children (6e12 years old) showed that an IQR (860 particles/
cm3) increase in nano-sized ultra-fine PM fraction (20e30 nm) was
associatedwith a 6.35mmHg (95% CI: 1.56,11.14; P¼ 0.01) increase
in SBP, but no effects on SBP or DBP were found for PM2.5 (Pieters
et al., 2015). The inconsistence findings from these four available
published studies may likely due to different methodological
design in investigation, including different geographical regions
(North America, Europe and Asia), exposure concentration (low and
high exposure levels), BP measurement devices (auto device and
mercury sphygmomanometer) as well as population characteris-
tics. For example, air pollutant levels in panel study conducted by
Calder�on-Garcidue~nas et al. (2007) were collected from govern-
ment atmospheric monitoring system (same as our study) while air
pollutant concentrations in PIMA study reported by Bilenko et al.
(2015) were estimated by Land-Use Regression models. In addi-
tion, the range of air pollutant exposure level may also contribute to
the observed health outcome. Take PM10 for example, the ambient
PM10 level in our study (mean:108.8 mg/m3) and study from Sughis
et al. (2012) (mean: 223.0 mg/m3 for low pollution area and
728.6 mg/m3 for high pollution area) were much higher than that
reported by Bilenko et al. (2015) (mean: 24.7 mg/m3) and Pieters
et al. (2015).

Some evidence have suggested that higher risks occur in longer-
term pollutants exposure than shorter-term exposure (Brook et al.,
2010). We then compared this study with Dong et al. (2014) which



Table 3
Adjusted OR and 95% CI for the elevated BP related to short-term exposure to air pollutants stratified by sex.

Exposure IQR of exposure Males (n ¼ 4771)
OR (95% CI)a

Females (n ¼ 4583)
OR (95% CI)a

Total (n ¼ 9354)
OR (95% CI)a

Interaction p-value

PM10 (mg/m3)
1-day mean 50.0 1.88 (1.39e2.55) 1.73 (1.27e2.34) 1.80 (1.34e2.42) 0.311
2-day mean 43.5 1.79 (1.36e2.36) 1.72 (1.30e2.27) 1.76 (1.34e2.30) 0.589
3-day mean 42.7 2.05 (1.51e2.71) 1.89 (1.42e2.50) 1.97 (1.50e2.58) 0.284
4-day mean 45.0 2.08 (1.55e2.80) 1.99 (1.48e2.68) 2.03 (1.53e2.71) 0.560
5-day mean 47.4 2.22 (1.63e3.03) 2.11 (1.55e2.89) 2.17 (1.61e2.93) 0.558

SO2 (mg/m3)
1-day mean 23.0 1.23 (0.96e1.58) 1.21 (0.95e1.55) 1.22 (0.96e1.55) 0.777
2-day mean 21.5 1.21 (0.97e1.51) 1.20 (0.96e1.49) 1.20 (0.97e1.49) 0.820
3-day mean 18.7 1.18 (0.96e1.44) 1.17 (0.96e1.43) 1.17 (0.97e1.43) 0.875
4-day mean 22.0 1.20 (0.94e1.55) 1.21 (0.94e1.55) 1.21 (0.94e1.54) 0.966
5-day mean 22.8 1.20 (0.92e1.57) 1.21 (0.93e1.58) 1.21 (0.93e1.56) 0.925

NO2 (mg/m3)
1-day mean 18.0 1.33 (1.01e1.76) 1.17 (0.89e1.54) 1.25 (0.96e1.63) 0.055
2-day mean 18.5 1.32 (1.00e1.73) 1.15 (0.87e1.52) 1.23 (0.94e1.61) 0.065
3-day mean 20.0 1.40 (1.03e1.33) 1.16 (0.88e1.40) 1.28 (0.93e1.76) 0.037
4-day mean 19.8 1.45 (1.04e2.02) 1.19 (0.85e1.66) 1.32 (0.95e1.81) 0.023
5-day mean 18.6 1.38 (1.00e1.91) 1.15 (0.83e1.59) 1.26 (0.92e1.73) 0.030

O3 (mg/m3)
1-day mean 53.0 2.57 (1.82e3.64) 2.61 (1.85e3.69) 2.59 (1.86e3.61) 0.882
2-day mean 52.0 2.84 (2.02e4.00) 2.75 (1.96e3.87) 2.80 (2.02e3.88) 0.7481
3-day mean 51.3 2.88 (1.99e4.18) 2.82 (1.94e4.08) 2.85 (1.99e4.08) 0.819
4-day mean 48.3 2.70 (1.91e3.81) 2.70 (1.91e3.81) 2.70 (1.94e3.76) 0.995
5-day mean 51.4 2.76 (1.91e4.00) 2.77 (1.92e4.01) 2.77 (1.94e3.95) 0.982

IQR, Interquartile range; OR, odds ratio; CI, confidence interval; BP, blood pressure.
All estimates adjusted for temperature age, sex, BMI, breast feeding, birth weight, exercise time, personal area, passive smoking exposure, parental education, family income,
family history of hypertension, and district.

a OR was scaled to the IQR for each pollutant. The number in bold indicates the interaction of p-value < 0.05.

Table 4
Adjusted OR and 95% CI for the elevated BP related to short-term exposure to air pollutants stratified by school.

Exposure IQR of exposure Elementary school
(n ¼ 4771)
OR (95% CI)a

Middle school
(n ¼ 4583)
OR (95% CI)a

Interaction p-value

PM10 (mg/m3)
1-day mean 50.0 1.82 (1.22e2.73) 1.72 (1.12e2.64) 0.841
2-day mean 43.5 1.92 (1.31e2.81) 1.60 (1.13e2.27) 0.459
3-day mean 42.7 2.43 (1.61e3.67) 1.67 (1.19e2.34) 0.147
4-day mean 45.0 2.52 (1.65e3.84) 1.71 (1.20e2.44) 0.142
5-day mean 47.4 2.67 (1.75e4.08) 1.78 (1.22e2.61) 0.135

SO2 (mg/m3)
1-day mean 23.0 1.01 (0.67e1.53) 1.33 (0.99e1.77) 0.289
2-day mean 21.5 1.07 (0.70e1.63) 1.23 (0.96e1.58) 0.574
3-day mean 18.7 1.06 (0.73e1.54) 1.21 (0.96e1.52) 0.568
4-day mean 22.0 1.06 (0.67e1.69) 1.25 (0.97e1.66) 0.555
5-day mean 22.8 1.05 (0.65e1.68) 1.26 (0.93e1.72) 0.506

NO2 (mg/m3)
1-day mean 18.0 1.12 (0.67e1.87) 1.27 (0.93e1.75) 0.675
2-day mean 18.5 1.26 (0.75e2.12) 1.18 (0.86e1.64) 0.853
3-day mean 20.0 1.18 (0.67e2.10) 1.27 (0.85e1.91) 0.834
4-day mean 19.8 1.26 (0.70e2.28) 1.28 (0.86e1.91) 0.966
5-day mean 18.6 1.23 (0.70e2.16) 1.23 (0.83e1.82) 0.999

O3 (mg/m3)
1-day mean 53.0 3.24 (2.03e5.18) 2.12 (1.40e3.23) 0.151
2-day mean 52.0 3.40 (2.18e5.31) 2.32 (1.54e3.50) 0.170
3-day mean 51.3 3.33 (2.10e5.28) 2.34 (1.46e3.75) 0.240
4-day mean 48.3 3.05 (2.01e4.65) 2.25 (1.43e3.55) 0.283
5-day mean 51.4 3.17 (2.00e5.04) 2.29 (1.41e3.71) 0.291

IQR, Interquartile range; OR, odds ratio; CI, confidence interval; BP, blood pressure.
All estimates adjusted for temperature, age, sex, BMI, breast feeding, birth weight, exercise time, personal area, passive smoking exposure, parental education, family income,
family history of hypertension, and district.

a OR was scaled to the IQR for each pollutant.

X.-W. Zeng et al. / Environmental Pollution 224 (2017) 698e705702
investigate the association between long-term exposure of air
pollutant and BP in the same population. For PM10, both of us
revealed that exposure to PM10 was associated with elevated BP in
the SNEC study. Higher increasing of elevated BP in associationwith
IQR increment to PM10 was found in males (OR: 1.79e2.22 for 1-
d to 5-d mean) in our study compared to that in long-term expo-
sure (OR: 1.55) (Dong et al., 2014). For O3, our result also found
stronger positive associationwith elevated BP (OR: 2.59e2.85 for 1-
d to 5-dmean) than that reported in long-term exposure study (OR:
1.12 for males and 1.11 for females) by Dong et al. (2014). For SO2,



Fig. 1. Estimated absolute increase of (A) SBP (mm Hg) and (B) DBP (mm Hg) related to short-term increase of air pollutants, per IQR of the exposure metric. All estimates adjusted
for temperature, age, sex, BMI, breast feeding, birth weight, exercise time, passive smoking exposure, parental education, family income, family history of hypertension, and district.
Error bars indicate the standard errors.
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Dong et al. (2014) found a significant association between long-
term SO2 exposure and elevated BP (OR: 1.32 for males and 1.35
for females), whereas our current study did not see the relationship
between SO2 with elevated BP. Findings in long-term and short-
term pollutants exposure in the SENC study concordantly suggest
harmful sequences on BP level after PM10 exposure. The positive
association between O3 exposure and elevated BP seems more
obvious in children for short-term exposure in the SNEC study.

A pro-hypertensive response mediated by air pollution is a hy-
pothesized pathway that links air pollution and hypertension
(Brook et al., 2009). Mechanistic evidence supports that air pol-
lutants can mediate increase of BP driven by increased arterial
vasoconstrictor responsiveness due to endothelial dysfunction,
oxidative stress, and inflammation (Giorgini et al., 2016). Endo-
thelial dysfunction may contribute to increased systemic vascular
resistance, thus leading to the development of hypertension,
probably due to impaired endothelium-dependent vasodilation
(Dinh et al., 2014). In addition, oxidative and inflammation play
central role in the pathogenesis of endothelial dysfunction, there-
fore, affect hemodynamic responses (Giorgini et al., 2016). Experi-
mental studies have demonstrated that exposure to PM and O3
promote vascular dysfunction and oxidative stress, producing sig-
nificant inflammation and injury to epithelial cells and inducing
elevated atherogenesis (Brook et al., 2010; Chuang et al., 2009).



X.-W. Zeng et al. / Environmental Pollution 224 (2017) 698e705704
Besides, Breton et al. (2016) demonstrated the relationship be-
tween childhood O3 exposure and elevated subclinical atheroscle-
rosis in 861 college students averaging 20-years old from the
University of Southern California. We recommend additional
research to understand the mechanisms by which key molecular
evens air pollution leads to hypertension.

We observed that males were more vulnerable to NO2 exposure
than females, which is in line with epidemiological evidence that
associations between air pollution and health effects for males and
females are different (Clougherty, 2010). Children may have
different reactions to air pollution due to differences in lung func-
tion and the stage of lung development (Keitt et al., 2004), thus sex
effects may be more complex. In a prospective cohort study in
Poland, stronger associations were seen in males compared to fe-
males between SO2 and total suspended particle (TSP)
(Jedrychowski et al., 1999). Further exhibiting this difference, res-
piratory hospitalizations were associated with PM10 among males
and with NO2 among females in a Canadian case-crossover study
(Lin et al., 2005). Greater airway resistance and lower respiratory
volumes found in male children may affect this association
(Bjornson and Mitchell, 2000). Smooth muscle function, vascular
function, and hormonal levels may also influence sex-related sus-
ceptibility to air pollution effects on respiratory infections (Lin
et al., 2005). In addition, gendered activities may also shape
pollution response as demonstrated by a study in which males had
longer outdoor physical activity time compared with females,
especially for elementary school males (8.5 ± 8.3 h, Table 1).
Different responses to air pollution may be due to societal factors.

The large sample size, which covered 24 districts in North-
eastern China, is a strength of this study. The sample size of 9354
children, is one of the largest published studies evaluating the as-
sociation between children's blood pressure and ambient air
pollution. Furthermore air pollution concentrations were moni-
tored across seven cities. For these reasons, our results may provide
more robust conclusions on the health effects of ambient air
pollution exposure even though we cannot establish causation that
air pollution exposure increases BP levels due to the cross-sectional
design of the study. Several possible exposure misclassification
have to be noted. There is the possibility of inaccuracies in the
exposure estimates due to the use of data from the existing
municipal air monitoring stations. The lack of residential exposure
assessments, including indoor air pollution measurement, traffic-
related air pollution together with traffic noise which could have
affected the observed outcome were the major limitations in this
study. In addition, the mercury sphygmomanometer devices used
in current study is prone to errors induced by the observer's bias
toward particular digits. However, our BP observers were well
trained nurses so that the possible bias could be minimized. Finally,
we observed inter-correlation between PM10, SO2, NO2 and O3 level
in current study. Therefore, we could only get the single-pollutant
model analysis since it would be inappropriate to fit these four
air pollutants in multi-pollutants model.

5. Conclusion

Little is known about the effect of short-term air pollution on BP
in children compared to adults, especially in highly polluted areas.
Our aimwas to examine the association between short-term effects
of air pollution, including PM10, O3, SO2 and NO2 and BP in school-
aged children from the Seven Northeast Cities (SNEC) study. To our
knowledge, this is the first study to report evidence that short-term
ambient air pollution is positively associated with elevated BP in
Chinese children. These findings suggest that control of air pollut-
ants and initiation of efforts to protect children from heavy air
pollution exposure in China should be a priority.
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