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SYSTEMATIC REVIEW AND META-ANALYSIS

Effects of Ambient Air Pollution on Blood
Pressure Among Children and Adolescents:
A Systematic Review and Meta-Analysis
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Yao Lu "=, MD, PhD
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BACKGROUND: Previous studies have investigated the association of ambient air pollution with blood pressure (BP) in chil-
dren and adolescents, however, the results are not consistent. We conducted a systematic review and meta-analysis to as-
sess the relationship between short-term and long-term ambient air pollutant exposure with BP values among children and
adolescents.

METHODS AND RESULTS: We searched PubMed, Web of Science, and Embase before September 6, 2020. Two reviewers inde-
pendently searched and selected studies, extracted data, and assessed study quality. The studies were divided into groups
by composition of air pollutants (NO,, particulate matter (PM) with diameter <10 um or <2.5 pm) and length of exposure. The
beta regression coefficients (8) and their 95% Cls were calculated to evaluate the strength of the effect with each 10 pg/m?3
increase in air pollutants. Out of 36 650 articles, 14 articles were included in this meta-analysis. The meta-analysis showed
short-term exposure to PM with diameter <10 um (3=0.267; 95% ClI, 0.083-0.501) was significantly associated with elevated
systolic BP values. In addition, long-term exposure to PM with diameter <2.5 pm (3=1.809; 95% ClI, 0.962-2.655), PM with
diameter <10 pm (3=0.526; 95% ClI, 0.095-0.958), and NO,, (3=0.754; 95% ClI, 0.541-0.968) were associated with systolic BP
values and long-term exposure to PM with diameter <2.5 pm (3=0.931; 95% Cl, 0.157-1.705), and PM with diameter <10 pm
(B=0.378; 95% Cl, 0.022-0.735) was associated with diastolic BP.

CONCLUSIONS: Our study indicates that both short-term and long-term exposure to some ambient air pollutants may increase
BP values among children and adolescents.
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growing body evidence indicates that elevated BP in

come 1 of the 10 largest contributors to global

disease burden,! which contributed to 211.8 mil-
lion disability adjusted life-years per year. In particular,
the increasing prevalence of childhood hypertension
has gained worldwide concern.? Childnood and ado-
lescence are periods of rapid growth and in this period
organ systems are particularly susceptible to injury,
leading to lifelong consequences. In recent years, a

H igh blood pressure (BP) or hypertension has be-

childhood and adolescence is arisk factor for hyperten-
sion and cardiovascular disease in adults.®* Therefore,
it is important to identify the possible causes.
Previous studies have found that the lungs of chil-
dren may be exposed to higher concentrations of am-
bient particles than adults,® suggesting that children
would be at greater risk from the adverse effects of
air pollution. Recent epidemiological studies have
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CLINICAL PERSPECTIVE

What Is New?

e Thisis the first meta-analysis to assess the qual-
ity and magnitude of the associations between
air pollution and blood pressure values among
children and adolescents.

e In the present meta-analysis of 14 articles,
short-term exposure to particulate matter with
diameter <10 um and long-term exposure to
NO,, particulate matter with diameter <10 pm
and particulate matter with diameter <2.5 pm
were significantly associated with elevated
blood pressure values.

What Are the Clinical Implications?

e QOur findings raise concerns for the health of
children and adolescents in areas with high air
pollution, by providing evidence toward a posi-
tive association between both short-term and
long-term exposure to some ambient air pollut-
ants and blood pressure among children and
adolescents.

Nonstandard Abbreviations and Acronyms

DBP  diastolic blood pressure
PM particulate matter
PM, particulate matter with diameter <1 pm

PM,, particulate matter with diameter <10 pm
PM,; particulate matter with diameter <2.5 ym
SBP  systolic blood pressure

evaluated the effect of short-term and long-term expo-
sure to air pollutants on BP values among children and
adolescents. However, the results are not consistent.
Some studies revealed that exposure to air pollutants
increase BP values,®® while others found that there
was no association between air pollution and BP val-
ue.'®-12 To better understand the effects of air pollution
on blood pressure among children and adolescents,
this inconsistency needs to be resolved. Systematic re-
views and meta-analysis are useful methods for quanti-
tatively synthesizing and interpreting existing evidence.
However, no meta-analysis specifically addressing the
effect of air pollution on BP values among children and
adolescents has been published to date.

To provide more information about the associa-
tion of air pollutant exposure with BP values in child-
hood and adolescence for researchers and medical
personnel, we pooled the evidence from epidemio-
logical studies to assess the effect of short-term and
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long-term air pollutant exposure on BP values among
children and adolescents in this systematic review and
meta-analysis.

METHODS

The authors declare that all supporting data are avail-
able within the article.

Data Sources and Search Strategies

This meta-analysis was conducted according to the
PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analysis) guidelines (Table S1).'
We searched 3 electronic databases (PubMed, Web
of Science, and Embase) for articles published be-
fore September 6, 2020. The search strategies were
composed of keywords related to ambient air pollut-
ants (air pollution, particulate matter [PM], particles,
air pollutants, SOy, SO,, NO,, NO,, O;, and CO), BP
(hypertension, high BP, hypertensive, BP, systolic BP
[SBP], diastolic BP [DBP]) and children/adolescents
(child, children, childhood, adolescent, teenager, and
kids) (Table S2). We also searched the references of
the included articles.

Study Selection

Studies were included if they: (1) were original stud-
ies exploring the effect of ambient air pollution expo-
sure (long-term: >30 days or/and short-term exposure:
<30 days) on BP among adolescents or/and children;
(2) provided quantitative estimates and their 95% ClI (or
sufficient data to calculate these estimates). The stud-
ies were not included if they: (1) were reviews, case
reports, repeated studies, or animal studies; (2) only
involved hypertension without including specific BP
values.

All references retrieved from the databases were
imported into a reference manager (EndNote X9,
Thomson ResearchSoft, US). Duplicate references
were deleted directly through the software. We then
screened the titles and abstracts of the remaining arti-
cles. Studies were excluded if they did not explore the
effect of ambient air pollution exposure on BP among
children or adolescents. Finally, we evaluated the full
text of the remaining references using the same criteria
(Figure 1). Two researchers (Miao Huang and Jingyuan
Chen) independently searched and screened all the
studies.

Data Extraction

The following information was extracted from all of
the included articles: last name of the first author,
publication year, country of the study, study de-
sign, study period, short-term or long-term effect,
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Records obtained from database
search (n=36650)

Records obtained from references

(n=35)

l

Records after duplicates removed(n=33204)

v

Excluded based on screened the titles

and abstracts (n=33067)

Full text evaluated for eligibility (n=137)

y

Excluded: irrelevant research: reviews:
repeated studies; no sufficient data for

pooling (n=123)

Articles included in quantitative synthesis (n=14)

Figure 1. Flowchart of study selection.

study population, sample size, age, sex propor-
tion, assessment method of air pollution exposure,
BP measurement method, effect sizes and 95% Cl,
and confounding factors. We tried to contact the au-
thor if quantitative information was not provided in
the articles. The data for each article were extracted
independently by 2 researchers (Miao Huang and
Jingyuan Chen).

Quality Evaluation

Two investigators, Miao Huang and Jingyuan Chen, in-
dependently assessed the quality of each study. Any
disagreement was resolved through discussion. The
quality of included studies was assessed using the

Newcastle-Ottawa Scale'™ for cohort and panel stud-
ies and the Joanna Briggs Institute'® meta-analysis of
statistics assessment and review instrument for cross-
sectional studies. The score range for the Newcastle-
Ottawa Scale is 0 to 9 and the score range of Joanna
Briggs Institute meta-analysis of statistics assessment
and review instrument is 0 to 20. Higher scores cor-
responded to higher quality.

Data Synthesis and Statistical Analysis

In this review, we used beta regression coefficients ([3)
as the effect size of exposure to air pollutants on BP
among children and adolescents. All of the effect sizes
were converted to a common exposure unit increase
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(10 ug/md) so that we were able to quantitatively pool
effect sizes from different studies. In studies evalu-
ating the effect of air pollution short-term exposure,
different studies have assessed different lag patterns,
with some reporting 1-day lags and some reporting
cumulative lags. We followed the methodology pre-
sented by Atkinson et al to choose lag patterns.'®
Briefly, if only 1 lag pattern was provided, this esti-
mated effect was recorded. If several lag patterns
were provided, we chose the lag that was statistically
significant or stated as a priority. In studies included
in short-term exposure analysis, only Yang et al (2019)
reported lag patterns, and the statistically significant
lag (lag 0—6) was chosen. Some studies reported sev-
eral estimated effect sizes from different models that
adjusted for different covariates/confounding factors.
In the present meta-analysis, we only extracted the
estimated effect sizes from the main analysis or full-
adjusted model performed by investigators.

We used the meta-analysis model to calculate the
pooled effect size. The weight of the forest plots was based
on the sample size of each study and on the estimated
effect trend and 95% CI of each study. Heterogeneity
between studies was assessed using Cochran Q statis-
tic and I° statistic. P, value was obtained by comparing
the Q statistic with a x? distribution with k—1 degrees of
freedom, where k was the number of included studies.
If the P, value was <0.05, the random-effect model was
selected; otherwise, the fixed-effect model was selected.
A value of the coefficient of inconsistency (I°) >50% indi-
cated that the heterogeneity was statistically significant.
We used funnel plot and Egger regression to detect the
potential publication bias. Egger regression was applied
to test the funnel plot symmetry, in which the standard
error of the estimated effect was the independent variable
and the estimated effect was the dependent variable.'”

We performed subgroup analyses of the type of
study (cross-sectional versus cohort) for the long-
term exposure effect. Because of the limited num-
ber of studies that assessed the short-term exposure
effect, we could not perform subgroup analysis. To
explore potential modification effects of age, male
proportion, and study location, we conducted sin-
gle variable and multiple variable meta-regression
analysis for long-term exposure groups, which was
a method for detecting more sources of heteroge-
neity. Both age and male proportion were included
as continuous variables in the meta-regression
model. Study location was included as a classifica-
tion variable, specifically, China is coded as 1 and
other countries are coded as 2. Finally, we performed
sensitivity analyses to test the stability of the pooled
effect size by sequentially removing each study and
recalculating the meta-analysis. We only conducted
sensitivity analyses for the meta-analyses that in-
cluded >3 studies.
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All statistical analyses were performed using STATA
version 16 (StataCorp, College Station, TX). P<0.05 (2-
side) was considered to be statistically significant un-
less otherwise stated.

RESULTS

Search Results and Characteristic of the
Included Studies

As shown in Figure 1, 36 650 articles were identified
through preliminary search through the electronic data-
bases. After removing duplicate articles, 33 204 articles
were screened. After screening the titles and abstracts,
33 067 articles were excluded as not meeting the in-
clusion criteria. Among the remaining 137 articles, 14
articles were included after examing the full text. These
14 articles finally were included in this meta-analysis.

The characteristics of the included studies®'"18-25
are shown in Table and Table S3. The study designs
included cross-section and cohort. Of all the 14 stud-
ies, 8 were conducted in China, 2 were conducted
in the Netherlands, 1 was conducted in Belgium, 1
was conducted in Germany, 1 was conducted in the
United Kingdom, and 1 was conducted in Europe
(United Kingdom, France, Spain, Lithuania, Norway,
and Greece). Four focused on the effects of short-term
exposure on BP values, 9 studies focused on the ef-
fects of long-term exposure, and 1 focused on both
short-term and long-term exposure. The total sample
size was 351 766. The mean ages of the study pop-
ulations ranged from 5.4 to 12.7 years. Most studies
measured air pollutant concentration based on data
from monitoring stations or models including a land-
use regression model, a machine learning method with
a Random Forests model, or a combined emission-
dispersion and regression model.

Short-Term Effects of Air Pollutants on
SBP and DBP Values

Three studies investigated the effect of short-term PM
with diameter <10 pm (PM,,) exposure on SBP values
among children and adolescents. A 10 pg/m® PM,, in-
crease was significant associated with 0.276 mm Hg
(95% CI, 0.033-0.501) increase in SBP (Figure 2,
Figure S1). Three studies evaluated the short-term ef-
fects of PM with diameter <2.5 ym (PM, ) exposure
on DBP values and 4 studies evaluated the short-term
effects of PM,, exposure on DBP values (Figure 3 and
Figures S2, S3). We did not find a statistically significant
relationship of DBP values with PM, ; (3=-0.107; 95%
Cl, -1.036 to 0.823) or PM,, (3=0.215; 95% Cl, —0.070
to 0.500). The heterogeneity analyses revealed that the
above meta-analyses had significant heterogeneity:
95.99% for PM,, with SBP, 70.60% for PM, 5 with DBP,
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Air pollutant No. of estimates Sample size Countries spanned 12 P egger SBP (mmHg) with 95% CI
Short-term effects
PM10 3 1956834 2 95.99% 0.796 Hl 0.267(0.033.0.501)
Long-term effects
NO2 e 15408 9 43.09% 0.160 = 0.754(0.541,0.968)
PM2.5 7 €8102 9 0.00% 0.353 —lbgG 1.809(0.962.2.655)
PM10 8 137865 10 91.50%  0.380 - 0.526{(0.095,0.958)

1T 1 1 1 11
0051152253

Figure 2. Forest plots for the pooled association between air pollutants (per 10 pg/m? increment) and systolic blood

pressure (mm Hg).

The green boxes represent the pooled mean effect estimates. The horizontal bars represent 95% Cls of pooled mean effect estimates.
The 12 statistic was used to evaluate study heterogeneity and Egger regression was used to detect publication bias. PM,, indicates
particulate matter with diameter <10 um; PM, ¢, particulate matter with diameter <2.5 um; and SBP, systolic blood pressure.

and 97.19% for PM,, with DBP (Figures S1 through S3).
The funnel plot and the results of Egger test showed sig-
nificant publication bias for the association of PM, ; with
DBP (P=0.009) and of PM,, with DBP (P=0.009), but not
for PM,, with SBP (P=0.796) (Figures S4 through S6).

Sensitivity analysis showed that the association of
PM,, with DBP was not robust (Table S4). Because of
the limited number of studies that investigated the ef-
fect of PM,, on SBP and PM, 5 on DBP, we could not
perform a sensitivity analysis.

Long-Term Effects of Air Pollutants on
SBP and DBP Values

The effect of long-term exposure to NO,, PM, 5, and
PM,, on BP values was investigated in 6, 7, and 8

studies, respectively. For SBP, significant associa-
tion was found for PM, . (3=1.809; 95% CI, 0.962-
2.655), PM,, (B=0.526; 95% ClI, 0.095-0.958), and
NO, (B=0.754; 95% Cl, 0.541-0.968) (Figures S7
through S9). For DBP, significant association was
found for PM, . (3=0.931; 95% ClI, 0.157-1.705) and
PM,, (3=0.378; 95% Cl, 0.022-0.735), but not for NO,
(Figures S10 through S12). The heterogeneity analyses
revealed that most of the above meta-analyses did not
have significant heterogeneity except for PM,, with
SBP (91.50%) and NO, (54.82%) and PM,, (90.65%)
with DBP (Figures S7 through S12). The funnel plot and
the Egger test found no publication bias for the associ-
ation of PM, ¢, PM,,, and NO, with SBP and the asso-
ciation of PM, ¢, PM,,, and NO,, with DBP (Figures S13
through S18).

Air pollutant No. of estimates Sample size Countries spanned 12 P egger DBP (mmHg) with 95% CI
Short-term effects
PM25 3 194474 2 70.860% 0.009 + -0.107(-1.026.0.823)
PM10 - 204988 3 97.19% 0.009 - 0.215(-0.070.0.500)
Long-term effects
NO2 6 15408 9 54.82% 0.888 i 0.388(-0.075,0.851)
PM2.5 7 68102 9 0.00% 0.157 —a— 0.931(0.157,1.705)
PM10 8 137865 10 90.65% 0.548 - 0.378(0.022,0.735)
[ e e |
1050051152

Figure 3. Forest plots for the pooled association between air pollutants (per 10 pg/m? increment) and diastolic blood

pressure (mm Hg).

The blue boxes represent the pooled mean effect estimates. The horizontal bars represent 95% Cls of pooled mean effect estimates.
The I? statistic was used to evaluate study heterogeneity and Egger regression was used to detect publication bias. DBP indicates
diastolic blood pressure; PM,, particulate matter with diameter <10 pm; and PM, 5, particulate matter with diameter <2.5 ym.

J Am Heart Assoc. 2021;10:e017734. DOI: 10.1161/JAHA.120.017734
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The sensitivity analyses showed that the pooled
estimates were generally robust except for the associ-
ation between NO, and SBP (Tables S5 through S10).

Subgroup analyses by type of study showed that
the associations were generally significant or more ap-
parent in cross-sectional studies (Tables S11 and S12).

The results of single variable meta-regression
showed that a 1-year increase in age of the subjects
was significantly associated with the effect sizes of
long-term exposure to PM,, (3=-0.361, P<0.001) on
SBP and PM,, (B=-0.322, P<0.001) on DBP, a 1%
increase in the proportion of males in the population
was significantly associated with the effect sizes of
long-term exposure to PM,, (3=0.512, P<0.001) on
SBP and NO, (3=0.461, P<0.001) on DBP, and the
study location was significantly associated with the
effect sizes of long-term exposure to NO, on SBP
(B=-0.657, P=0.016) and DBP (3=-0.794, P=0.001)
(Table S13). Multiple variable meta-regression
showed that a 1-year increase in age was still sig-
nificantly associated with the effect sizes of long-
term exposure to PM,, (3=-0.693, P=0.001) on SBP
and PM,, (B=-0.536, P=0.003) on DBP and that the
study location was still significantly associated with
the effect sizes of long-term exposure to NO, on SBP
(B=-0.562, P=0.007) and DBP (3=-0.860, P=0.001)
(Table S14). The results showed that the heteroge-
neity of the meta-analysis may be attributable to the
age and sex distribution of the study population and
the study location of the studies.

DISCUSSION

Principal Finding

A total of 14 studies encompassing 351766 par-
ticipants from 10 countries were enrolled in this sys-
tematic review and meta-analysis. To the best of our
knowledge, we have conducted the most detailed
assessment of all of the data from studies that have
been published to date on the relationship between
exposure to 3 ambient air pollutants (NO,, PM, ., and
PM,,) and BP values in children and adolescents. The
overall meta-analysis showed that short-term expo-
sure to PM,, was significantly associated with elevated
SBP values. Long-term exposure to NO,, PM, 5, and
PM,, were associated with SBP values and long-term
exposure to PM,;, PM,, was associated with DBP.
Subgroup analyses showed that the association be-
tween long-term exposure to NO, and PM,, and BP
values of children and adolescents was significantly
positive in cross-sectional studies.

Short-Term Exposure Effects on BP

Numerous previous studies have demonstrated some
degree of positive relationship between short-term
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(<80 days) ambient outdoor air pollution exposure
and higher BP in adults.®'" A recent meta-analysis
by Yang and colleagues using pooled data from 100
studies, reported that short-term exposure to some
ambient air pollutants showed a significant associa-
tion with hypertension and BP levels in the general
population.?®

Childhood high BP is a significant predictor of
hypertension and cardiovascular risk later in life.?”
However, few studies have previously explored the
association between short-term air pollution expo-
sure and BP among children and adolescents. Sughis
et al investigated the effect of particulate air pollution
(PM with diameter <1 pm [PM,], PM, 5, and PM,) on
BP among 179 children in Pakistan, including 100
children in high-air pollution areas and 79 children in
low-air pollution areas. Results showed that BP val-
ues were significantly higher in children living in the
high-pollution areas (115.9/70.9 mm Hg) compared
with in the low-pollution areas (108.3/66.4 mm Hg).?®
Zeng et al reported on the relationship between short-
term exposure to 4 ambient air pollutants (PM,,, NO,,
SO, and O,) and childhood BP in a highly polluted
area of China. Their findings indicated that there was
no significant association between SO, or NO, and
elevated BP in children, however, they observed an
association between elevated BP and an increased
interquartile range for PM,, and O,.” Yang et al
conducted a study on 194 104 children in Suzhou,
China and concluded that short-term exposure to
ambient PM (PM, . and PM,,) was significantly as-
sociated with elevation of SBP and DBP. However,
Pieters et al enrolled 130 schoolchildren in Belgium
and concluded that short-term exposure to air pollu-
tion (PM, 5 and PM, ;) was not significantly associated
with blood pressure.”” Baumgartner et al investigated
240 schoolchildren in Yunnan, China, and found that
increased personal exposure to PM, . were not asso-
ciated with higher BP among children in households
cooking with biomass fuel.?* A cohort study among
1432 children in the Netherlands reported that short-
term air pollution exposure (NO,, O,, and PM,,) was
not associated with BP.?° Considering these incon-
sistent results, we conducted this current meta-
analysis, which showed only short-term exposure to
PM,, was significantly associated with SBP values. In
conclusion, there was evidence that short-term ex-
posure to air pollution was associated with increased
BP among children and adolescents.

Long-Term Exposure Effects on BP

Numerous epidemiological studies have consistently
suggested that long-term exposure to ambient air pol-
lutants increases cardiovascular morbidity and mor-
tality rates. Moreover, increasing scientific proofs also
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concluded that long-term air pollution exposure was
associated with hypertension and elevated BP values in
adults.?® However, few studies explored the association
of childhood long-term exposure to air pollutants with
BP values. Most published articles consistently dem-
onstrated that long-term exposure to PM, , and PM,,
was significantly associated with elevated BP, which
was consistent with our results.58222330 Few parts of
studies reached an inconsistent conclusion. For exam-
ple, Ntarladima et al assessed the association between
long-term exposure to PM, . and PM,, and SBP/DBP
among the 733 5-year-old children in the Netherlands,
and found that no associations were observed.?!

Numerous epidemiological studies supported that
long-term exposure to NO, (a marker of traffic exhaust
emissions) was significantly associated with elevated
BP among children and adolescents.?82223.30 However,
there are some inconsistent conclusions. Clark et al en-
rolled 719 children in the UK and observed no associ-
ation between long-term exposure to NO, and BP. The
Prevention and Incidence of Asthma and Mite Allergy
birth cohort study from the Netherlands also found
there was no significant association with long-term ex-
posure to NO, with BP in adolescents.?® Ntarladima et
al assessed 733 5-year-old children in the Netherlands
and concluded that there was no association between
long-term exposure to NO, and BR.2" Long-term ex-
posure to ultrafine particles (<0.1 mm), associated with
traffic emission, was associated with higher SBP in
adults.3" Among children, short-term exposure to ul-
trafine particles was associated with increased SBP."
Volatile organic compounds, another component of
traffic-derived air pollution exposure, were associated
with oxidative stress and increased BP in adults,3? and
contributed to the risk of preeclampsia.3® These re-
sults indicated that volatile organic compounds may
be associated with the variation in BP among children
and adolescents. Furthermore, a relationship between
long-term exposure to other air pollutants (SO, and O,)
and childhood BP has been reported. Dong et al en-
rolled 384 Chinese children and found long-term expo-
sure to SO, and O, were significantly associated with
increased BP.?3

In our meta-analysis, the results of the hetero-
geneity analysis showed significant heterogeneity
for the association between long-term exposure to
PM,, and SBP/DBP. The heterogeneity among the
enrolled studies may result from differences in the
study settings, research design, exposure evalua-
tion, constituents of air pollutants, and confounder
adjustment. The meta-regression results indicated
that the effects of air pollution exposure on BP varied
with age, sex, and location. Subgroup analyses by
type of study showed that the effects of long-term
exposure to air pollutants were generally significant
in cross-sectional studies.
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In addition, our meta-analysis focuses on the as-
sociation between postnatal long-term air pollution
exposures and BP among children and adolescents.
However, maternal or in-utero exposures to air pol-
lutants could also affect the children’s BP. Previous
evidence supported that utero tobacco exposure is
associated with elevated child BP.343% A recent study
indicated that prenatal exposure to NO, was associ-
ated with higher SBP in 11-year-old children.®® A pro-
spective study including 1131 infants born in the United
States showed that higher mean PM, . and black car-
bon exposures during the third trimester (90 days be-
fore birth) were associated with higher newborn SBP.”

In summary, many epidemiologic studies support
an association of long-term exposure to PM, 5, PM,,,
and NO, with increased BP among children and ado-
lescents, consistent with our meta-analysis results.

Mechanism of Blood Pressure and Air
Pollution Association

The exact mechanisms by which exposure to ambi-
ent air pollutants contribute to the elevated BP values
remain unclear. PM may increase BP by influencing
the cardiovascular system.®® The body exposure to
environmental stressors could trigger autonomic
reflexes via pulmonary receptors, or impair them in
baroreceptors and chemoreceptors to promote ar-
terial constriction. The outcome of these responses
may lead to further arterial vasoconstriction.® PM
could induce endothelial dysfunction and further
impair hemodynamics.*>*' PM exposure can also
trigger systemic inflammation and oxidative stress,
which can affect vascular function and hemody-
namics and ultimately cause arterial remodeling.*?-44
Other air pollutants, such as NO, and O;, may af-
fect the cardiovascular system via autonomic imbal-
ance favoring sympathetic modulation.*>#¢ Another
possible mechanism linking elevated BP and O,
exposure is increased serotonin-induced vasocon-
striction and decreased acetylcholine-induced vaso-
dilation.*” Experimental studies demonstrated acute
exposure to SO, and SO, may cause a decrease in
blood pressure of the rat in both dose-dependent
and time-dependent manners.*® Moreover, ani-
mal experiments showed that co-exposure to SO,,
NO,, and PM, ; may induce inflammatory response
and endothelial dysfunction in the heart.*® In addi-
tion, certain constituents of air pollutants (eg, metals,
nano-sized particles) may be able to pass through
the systemic circulation and directly affect the car-
diovascular system.50-52

Strengths and Limitations

A significant strength of our meta-analysis was that, to our
knowledge, we are the first to evaluate the association
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between short-term and long-term exposure ambient air
pollution and BP among children and adolescents using
meta-analysis. And our study provided strong evidence
supporting the positive association between short-term
or long-term exposure to some ambient air pollutants
and BP among children and adolescents. However, there
are some limitations to our review. First, the number of
included articles of our study is limited, which possibly lim-
its how generalizable the results of the meta-analysis are.
Furthermore, we could not conduct a meta-analysis to
assess the effect of some air pollutants, such as O,, NO,,
SO, and CO, because of too few studies. Second, the
large variation in sample size (130-194 104) of included
studies could prevent us from drawing a robust con-
clusion between ambient air pollutants and BP among
children and adolescents. Several included studies that
comprised small sample sizes could be difficult to evalu-
ate the association with sufficient statistical power. Third,
most enrolled studies used a single-pollutant model to es-
timate the association between each pollutant and BP de-
spite the fact that there are possible interactions between
different pollutants. Fourth, although all enrolled original
studies calculated adjusted estimates, the covariates ad-
justed in these studies were not the same. In particular,
traffic noise, as a significant risk factor for increased BP,
which often coexists with many urban air pollutants,®®
was not adjusted in some included studies. Furthermore,
considering the highly variable correlations between traffic
noise and air pollution,%* the effects of air pollution on BP
may be confounded if not adjusting traffic noise.

CONCLUSIONS

This is the first meta-analysis to assess the quality and
magnitude of the associations between air pollution
and blood pressure values among children and ado-
lescents. Our study indicates that both short-term and
long-term exposure to some ambient air pollutants may
increase BP values among children and adolescents.
Lower exposure to air pollutants during childhood and
adolescence might decrease the risk of hypertension
and cardiovascular disease in adulthood. Furthermore,
the existing evidence we reviewed cannot test for the
association between some air pollutants (NO,, SO.,,
O,, and CO) exposure and BP values because of lim-
ited studies. Therefore, further high-quality studies
should focus on the multiple air pollutants and BP of
children and adolescents.
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| on page #
TITLE
Title 1 | Identify the report as a systematic review, meta-analysis, or both. 1
ABSTRACT
Structured 2 | Provide a structured summary including, as applicable: background; 2
summary objectives; data sources; study eligibility criteria, participants, and
interventions; study appraisal and synthesis methods; results; limitations;
conclusions and implications of key findings; systematic review registration
number.
INTRODUCTION
Rationale 3 | Describe the rationale for the review in the context of what is already known. | 5
Objectives 4 | Provide an explicit statement of questions being addressed with reference to 5
participants, interventions, comparisons, outcomes, and study design (PICOS).
METHODS
Protocol and 5 | Indicate if a review protocol exists, if and where it can be accessed (e.g., Web | n/a
registration address), and, if available, provide registration information including
registration number.
Eligibility criteria 6 | Specify study characteristics (e.g., PICOS, length of follow-up) and report 6
characteristics (e.g., years considered, language, publication status) used as
criteria for eligibility, giving rationale.
Information 7 | Describe all information sources (e.g., databases with dates of coverage, 7
sources contact with study authors to identify additional studies) in the search and date
last searched.
Search 8 | Present full electronic search strategy for at least one database, including any | 6
limits used, such that it could be repeated.
Study selection 9 | State the process for selecting studies (i.e., screening, eligibility, included in 6-7
systematic review, and, if applicable, included in the meta-analysis).
Data collection 10 | Describe method of data extraction from reports (e.g., piloted forms, 7
process independently, in duplicate) and any processes for obtaining and confirming
data from investigators.
Data items 11 | List and define all variables for which data were sought (e.g., PICOS, funding | 7
sources) and any assumptions and simplifications made.
Risk of bias in 12 | Describe methods used for assessing risk of bias of individual studies 8
individual studies (including specification of whether this was done at the study or outcome
level), and how this information is to be used in any data synthesis.
Summary measures | 13 | State the principal summary measures (e.g., risk ratio, difference in means). 7-8




Section/topic

Reported
Checklist item P
on page #

Risk of bias across
studies

Specify any assessment of risk of bias that may affect the cumulative evidence | 8

(e.g., publication bias, selective reporting within studies).

Additional analyses

16

Describe methods of additional analyses (e.g., sensitivity or subgroup 8-9
analyses, meta-regression), if done, indicating which were pre-specified.

RESULTS

Study selection

17

Give numbers of studies screened, assessed for eligibility, and included in the | 9
review, with reasons for exclusions at each stage, ideally with a flow diagram.

Study
characteristics

18

For each study, present characteristics for which data were extracted (e.g., 9
study size, PICOS, follow-up period) and provide the citations.

Risk of bias within

studies

19

Present data on risk of bias of each study and, if available, any outcome level | 10-11
assessment (see item 12).

Results of
individual studies

20

For all outcomes considered (benefits or harms), present, for each study: (a) 10-11
simple summary data for each intervention group (b) effect estimates and
confidence intervals, ideally with a forest plot.

Synthesis of results

21

Present results of each meta-analysis done, including confidence intervals 10-11
and measures of consistency.

Risk of bias across
studies

22

Present results of any assessment of risk of bias across studies (see Item 15). | 10-11

Additional analysis

23

Give results of additional analyses, if done (e.g., sensitivity or subgroup 10-11
analyses, meta-regression [see ltem 16]).

DISCUSSION

Summary of 24 | Summarize the main findings including the strength of evidence for each main | 12-16

evidence outcome; consider their relevance to key groups (e.g., healthcare providers,
users, and policy makers).

Limitations 25 | Discuss limitations at study and outcome level (e.g., risk of bias), and at 17
review-level (e.g., incomplete retrieval of identified research, reporting bias).

Conclusions 26 | Provide a general interpretation of the results in the context of other evidence, | 17
and implications for future research.

FUNDING

Funding 27 | Describe sources of funding for the systematic review and other support (e.g., | 18

supply of data); role of funders for the systematic review.




Table S2. Literature search strategy.

Database

Search strategies Results

PubMed

Embase

(("air pollution"[Mesh Terms] OR "air pollution"[All Fields]) OR ("particulate matter"[Mesh Terms] OR "particulate 19689
matter"[All Fields]) OR "particles"[All Fields] OR ("air pollutants"[Mesh Terms] OR "air pollutants"[All Fields]) OR "fine records
particulate" [All Fields] OR ("sulfur dioxide"[Mesh Terms] OR "sulfur dioxide"[All Fields]) OR ("sulfur oxide" [Mesh Terms]

OR " sulfur oxide"[ All Fields]) OR ("nitrogen dioxide"[Mesh Terms] OR "nitrogen dioxide"[All Fields]) OR("nitrogen

oxide"[Mesh Terms] OR "nitrogen oxide"[All Fields]) OR ("ozone"[Mesh Terms] OR "ozone"[All Fields]) OR ("carbon
monoxide"[Mesh Terms] OR "carbon monoxide"[All Fields]) OR ("black carbon" [Mesh Terms] OR "black carbon"[All

Fields]) OR "PM.s"[All Fields] OR "PMo"[All Fields] OR "SO;"[All Fields] OR "SOx"[All Fields] OR "NO"[All Fields] OR
"NOx"[All Fields] OR "O3"[All Fields] OR "CO"[All Fields] OR "BC"[All Fields]) AND (("hypertension"[Mesh Terms] OR
"hypertension"[All Fields]) OR "high blood pressure"[All Fields] OR hypertensive[All Fields] OR ("blood pressure"[Mesh

Terms] OR "blood pressure"[ All Fields]) OR "systolic blood pressure"[All Fields] OR "diastolic blood pressure"[All Fields])

OR ("hypotension" [Mesh Terms] OR "hypotension"[ All Fields]) OR "hypotensive"[All Fields] OR ("arterial pressure" [Mesh

Terms] OR "arterial pressure"[ All Fields]) OR ("arterial tension" [Mesh Terms] OR "arterial tension"[All Fields]) OR

("elevated blood pressure" [Mesh Terms] OR "elevated blood pressure"[All Fields])) AND (("child"[Mesh Terms] OR

"child"[All Fields]) OR ("children"[Mesh Terms] OR "children"[All Fields]) OR "childhood"[All Fields] OR

("adolescent"[Mesh Terms] OR "adolescent"[All Fields]) OR ("teenager" [Mesh Terms] OR "teenager"[All Fields]) OR

"kids"[ All Fields])

(‘air pollution'/exp OR 'air pollution' OR 'particulate matter'/exp OR 'particulate matter' OR 'particles' OR 'air pollutants'/exp 14878
OR 'air pollutants' OR 'fine particulate' OR 'sulfur dioxide'/exp OR 'sulfur dioxide' OR 'sulfur oxide'/exp OR 'sulfur oxide' OR  records
'nitrogen dioxide'/exp OR 'nitrogen dioxide' OR 'nitrogen oxide'/exp OR 'nitrogen oxide' OR 'ozone'/exp OR ozone OR 'carbon
monoxide'/exp OR 'carbon monoxide' OR 'black carbon'/exp OR 'black carbon' OR 'PM:s' OR 'PMi¢' OR 'SO>' OR 'SOx' OR

'NO2' OR 'NOx' OR 'O3' OR 'CO' OR 'BC') AND (‘hypertension'/exp OR hypertension OR 'high blood pressure'/exp OR 'high

blood pressure' OR hypertensive OR 'blood pressure'/exp OR 'blood pressure' OR 'systolic blood pressure'/exp OR 'systolic

blood pressure' OR 'diastolic blood pressure'/exp OR 'diastolic blood pressure' OR 'hypotension'/exp OR 'hypotension' OR




Web of
Science

'hypotensive' OR 'arterial pressure'/exp OR 'arterial pressure' OR 'arterial tension' OR 'arterial tension' OR 'elevated blood
pressure' OR 'elevated blood pressure') AND (‘child/exp OR 'child' OR 'children'/exp OR 'children' OR 'childhood' OR
'adolescents'/exp OR 'adolescents' OR 'teenager'/exp OR 'teenager' OR 'kids')

TS=(“air pollution” OR "particulate matter" OR "particles" OR "air pollutants" OR "fine particulate" OR "sulfur dioxide" OR 2083
"sulfur oxide" OR "nitrogen dioxide" OR "nitrogen oxide" OR "ozone" OR "carbon monoxide" OR "black carbon" OR "PMys"  records
OR "PMj¢" OR "SO," OR "SOx" OR "NO;" OR "NOx" OR "O3" OR "CO" OR "BC") AND TS=("hypertension" OR "high

blood pressure" OR "hypertensive" OR "blood pressure" OR "systolic blood pressure" OR "diastolic blood pressure" OR

"hypotension" OR "hypotensive" OR "arterial pressure" OR "arterial tension" OR "elevated blood pressure") AND TS=(“child”

OR “children” OR “childhood” OR “adolescents” OR “teenager” OR “kids™)

Table S3. Contextual details of included studies: exposure and blood pressure measurements and confounding factors.

Author ) Exposure assessment Confounding
. Subjects Pollutants NO2 PM:z s PMio
(Publication year) method factors
Zhang et Children from five PMas - 39.00 61.10 Monitoring stations  age, sex, weight
al.(2020)'® schools in five districts PMio and inverse distance  status, humidity,
of Guangzhou weighting breast, outdoor
interpolation method  physical activity
time, parental
education, parental
smoking status and
family history of
hypertension
Wu et al.(2020)" Children from the PMas - 54.16 - Monitoring station age, sex, parental
Chinese Seven education, income,
Northeast Cities passive tobacco

(SNEC) Study smoke exposure,




Warembourg et
al.(2019)*

Ntarladima et
al.(2019)?!

Yang et
al.(2019)°

Child from the HELIX
(Human Early-Life
Exposome) project

Children from the
Wheezing Illnesses
Study Leidsche Rijn

(WHISTLER)

Children from the 2016
Health Promotion
Program for Children
and Adolescents
(HPPCA)

NO;
PM:s
PMio

NO;
PM:s
PMio

PM:s
PMio

22.10

29.40

13.50

16.70

45.70

25.60 Land use regression
or dispersion models

25.00 Land use regression
model

76.20 Monitoring station

home coal use,
exercise time, and
BMI.

age, sex, height,
maternal age,

maternal education

level, maternal
pre-pregnancy
body mass index,
parity, parental
country of birth
and cohort
sex, age, parental
socio-economic
status
characteristics,
exposed to smoke
during pregnancy,
child exposed to
smoke later in life
gender, age, body
mass index,
outdoor
temperature, O3




Zhang et Children and PM. s
al.(2019)8 adolescents from PMio
seven
provinces/municipalities
(Chongqing, Hunan,
Guangdong, Liaoning,
Ningxia, Shanghai and
Tianjin) in China

Li et al(2018)?? Primary or middle PMio
school students from the
2010 Chinese National
Survey on Students’
Constitution and

Health(CNSSCH)

60.10

99.40

97.00

Machine learning

method with Radom

Forests model

Monitoring station

age, sex, height,
body mass index,
exercise, dietary,
parental education,
parental smoking,
parental
hypertension,
region (south vs
north), rurality
(urban vs
rural),annual
average
temperature and
GDP per capita
effect of school,
age, gender,
height, weight of
each child, GDP
per capital, relative
humidity in 2010
of each city, the
spline term of
temperature, NO2,
SO2, children’s
physical activity
level




Zeng et al(2017)’ Children from the PMio - 108.80 Monitoring station temperature, age,
Chinese Seven sex, BMI, breast
Northeast Cities feeding, birth
(SNEC) Study weight, exercise
time, personal
area, passive
smoking exposure,
parental education,
family income,
family history of
hypertension, and
district.
Piters et Primary schools PMas 35.00 24.00 Air pollution sex, age, height
al.(2015)'"! students from Health PMio monitoring devices and weight of the
Effects of Air Pollution child, parental
in Antwerp education,
Schools(HEAPS) study neighborhood
SES, fish

consumption, heart
rate, school, day of
the week, season,
wind, speed,
relative humidity,
temperature




Bilenko et Children from the NO; 13.3

al.(2015)° Prevention and PMzs (short-term)
Incidence of Asthma PMio 7.8(long-term)
and Mite Allergy
(PIAMA) birth cohort
study

1.1(long-term)

11.1(short-term)
1(long-term)

Land use regression sex, age, height,
model and BMI, cuff
size, gestational
age at birth,
birthweight,
weight gain during
the first year of
life, breast
feeding, maternal
smoking during
pregnancy,
parental smoking
in child’s home,
physical activity,
puberty
development scale,
maternal
education,
maternal
hypertension
during pregnancy,
pneumonia and/or
otitis media during
the first 2 years of
life, ambient
temperature, and




Dong et
al.(2014)*

Children from the NO2
Seven Northeastern PMo
Cities Chinese
Children's Study
(SNECCS)

36.44

88.90

Monitoring station

room temperature

age, sex, BMI,
parental education,
low birth weight,
premature birth,
breast, income,
passive smoking
exposure, home
coal use, exercise
time, area
residence per
person, family
history of
hypertension, and
district




Liu et al.(2014)!° Children from the NO:
German Infant PM. s
Nutritional Intervention PMio
plus environmental and
genetic influences on
allergy development

study (GINIplus)
Baumgartner et Children from villages PM. s
al.(2012)* in Yunnan, China

23.31

14.88 22.12 Land use regression
model
53.00 - Portable,
battery-operated
pump

cohort study, area,
gender, age of
child, BMI,
physical activity,
maternal smoking
during pregnancy,
parental education
level, parental
history of
hypertension,7-day
level of air
pollutants, 7-day
temperature
sex, age, height,
body mass index,
passive smoking,
socioeconomic
status, salt intake,
monosodium
glutamate use,
physical activity




Clark et Children from the Road NO: 42.73
al.(2012)» Traffic and Aircraft
Noise Exposure and
Children’s Cognition
and Health (RANCH)
project

Combined age, gender,
emission-dispersion employment
and regression model  status, crowding,
home ownership,
mother’s
educational level,
long-standing
illness, main
language spoken at
home, parental
support for
schoolwork,
body mass index,
cuff-size, room
temperature, birth
weight, parental
high blood
pressure, and
prematurity.

Abbreviations: O3, ozone; GDP, Gross Domestic Product; SES, socio-economic status; NOa, nitrogen dioxide; SO, sulfur dioxide; BMI, body mass index.

The levels of pollutants are present with mean/interquartile range: Piters et al.(2015) and Bilenko et al.(2015) are present with interquartile range and the rest

are present with mean.



Table S4. Results of the sensitivity analysis for short-term exposure to PMio and change in
DBP.

. Estimated P of publication
Excluded article 95% CI P I? ]
effect bias
Yang et al.(2019)° 0.051 -0.506, 0.608  0.858 84.23% 0.001
Zeng et al(2017)’ 0.041 -0.407, 0.49 0.857 76.15% 0.007
Pieters et al.(2015)! 0.327 0.16, 0.493 <0.001 93.35% 0.120
Bilenko et al.(2015)° 0.358 0.229,0.487  <0.001 87.59% 0.039

Table S5. Results of the sensitivity analysis for long-term exposure to PM2 s and change in
SBP.

) Estimated P of publication
Excluded article 95%ClI P I )
effect bias
Zhang et al.(2020)8 1.978 1.114,2.841  <0.001 0.00% 0.850
Wu et al.(2020)"° 1.268 0.097,2.439 0.03 0.00% 0.702
Warembourg et
1.826 0.951,2.701  <0.001 10.49% 0.355
al.(2019)*
Ntarladima et al.(2019)?! 1.778 0.924,2.631  <0.001 5.90% 0.177
Zhang et al.(2019)3 2.003 0.946,3.059  <0.001 4.72% 0.269
Bilenko et al.(2015)° 1.84 0.988,2.692  <0.001 4.04% 0.4787
Liu et al.(2014)!° 1.786 0.925,2.647  <0.001 9.57% 0.2525

Table S6. Results of the sensitivity analysis for long-term exposure to PM» s and change in
DBP.

) Estimated P of publication
Excluded article 95%Cl P I ]
effect bias

Zhang et al.(2020)'® 0.952 0.156,1.748 0.0191 1.89% 0.1128
Wu et al.(2020)" 1.041 0.069,2.012  0.0357 0.20% 0.1714
Warembourg et al.(2019)* 0.835 0.037,1.633  0.0404 0.00% 0.2433
Ntarladima et al.(2019)?! 0.867 0.087,1.646  0.0293  0.00% 0.4043
Zhang et al.(2019)3 1.048 0.017,2.080 0.0464 0.62% 0.1588
Bilenko et al.(2015)° 0.86 0.079,1.641  0.0310 0.00% 0.3735
Liu et al.(2014)!° 1.002 0.209,1.795 0.0133  0.00% 0.0668

Table S7. Results of the sensitivity analysis for long-term exposure to PMo and change in
SBP.

) Estimated P of publication
Excluded article 95%CI P I2 ]
effect bias




Zhang et al.(2020)'3
Warembourg et al.(2019)%°

Ntarladima et al.(2019)?!
Zhang et al.(2019)®

Li et al(2018)2

Bilenko et al.(2015)°
Dong et al.(2014)%

Liu et al.(2014)'

0.529
0.548

0.516
0.409
0.692
0.529
0.079
0.538

0.074,0.983
0.066,1.030

0.085,0.948
-0.007,0.826
0.573,0.811
0.094,0.964
0.062,0.096
0.064,1.012

0.0226
0.0257

0.0189
0.0540
0.0000
0.0173
0.0000
0.0262

93.11%
93.68%

92.57%
90.68%
0.00%
92.72%
20.54%
93.52%

0.3685
0.3556

0.5363
0.5709
0.6841
0.2996
0.0429
0.3705

Table S8. Results of the sensitivity analysis for long-term exposure to PMo and change in

DBP.
. Estimated P of publication
Excluded article 95%CI P I _
effect bias

Zhang et al.(2020)'8 0.387 0.009,0.766  0.045 92.50% 0.4827
Warembourg et al.(2019)%° 0.359 -0.027,0.744  0.068  92.60% 0.6129
Ntarladima et al.(2019)?! 0.37 0.013,0.727  0.042 91.88% 0.8301
Zhang et al.(2019)3 0.332 -0.068,0.731  0.104  92.67% 0.6291
Li et al(2018)* 0.626 0.524,0.727  0.000  0.00% 0.8247
Bilenko et al.(2015)° 0.366 0.008,0.725  0.045 91.91% 0.7731
Dong et al.(2014)%3 0.081 0.067,0.095  0.000 0.00% 0.1672
Liu et al.(2014)!° 0.435 0.068,0.802  0.020 91.91% 0.2444

Table S9. Results of the sensitivity analysis for long-term exposure to NO> and change in

SBP.
) Estimated P of publication
Excluded article 95%ClI P )
effect bias

Warembourg et 0.436 -0.156, 1.028 0.1488 53.14% 0.897
al.(2019)*

Ntarladima et al.(2019)?! 0.487 -0.001,0.976 0.0506 51.81% 0.262
Bilenko et al.(2015)% 0.824 0.603,1.045 <0.001  0.00% 0.682
Dong et al.(2014)% 0.228 -0.251,0.707 0.3508  0.00% 0.311
Liu et al.(2014)!° 0.791 0.571,1.012 <0.001 42.48% 0.866
Clark et al.(2012)* 0.481 -0.057,1.019 0.0796  53.82% 0.160

Table S10. Results of the sensitivity analysis for long-term exposure to NO; and change in

DBP.
) Estimated P of publication
Excluded article 95%ClI P 12 )
effect bias
Warembourg et al.(2019)% 0.408 -0.133,94.90%  0.139  59.72% 0.7251



Ntarladima et al.(2019)?!

Bilenko et al.(2015)°
Dong et al.(2014)%
Liu et al.(2014)10
Clark et al.(2012)%

0.371
0.439
0.090
0.800
0.384

-0.095,83.80%  0.119  60.65% 0.0154
-0.095,97.30%  0.108  57.09% 0.7392
-0.320,50.10%  0.667  0.00% 0.2082
0.613,98.70%  0.000 39.85% 0.189
-0.137,90.40%  0.148  61.59% 0.7535

Table S11  Subgroup analysis for the association between long-term exposure and SBP

Air pollutant design No. of estimates Sample size I? Pegger Estimated
effect (95%CI)

NO;
cross-sectional 3 10363 0.00% 0.874 <0.001 0.880 (0.644,1.115)
cohort 3 5045 8.56% 0.141 0.5023 0.173(-0.333,0.680)

PM:z s
cross-sectional 4 61057 41.29% 0322 <0.001 1.837(0.940,2.734)
cohort 5045 0.00%  0.692 0.2284 1.575(0.988,4.134)

PMio
cross-sectional 5 132820 96.55% 0.2179 0.0439 0.575(0.016,1.135)
cohort 3 5045 0 0.9543 0.3376 0.466(-0.487,1.419)

Table S12  Subgroup analysis for the association between long-term exposure and DBP

Air pollutant design No. of estimates  Sample size I? Pegger Estimated
effect (95%CI)

NO>
cross-sectional 3 10363 0.00% 0.795 <0.001 0.876 (0.660,1.093)
cohort 3 5045 0.00% 0973 0.7873  0.066(-0.412,0.543)

PMz s
cross-sectional 4 61057 0.00%  0.304 0.0509 0.825(-0.003,1.653)
cohort 3 5045 26.01% 0392 0.1343  1.657 (-0.512,3.825)

PMio
cross-sectional 5 132820 94.88  0.398 0.0442  0.408(0.011,0.806)
cohort 3 5045 2394 05719 0.6735  0.198(-0.722,1.117)

Table S13. The results of univariate meta-regression in the long-term exposure group.

Age Male proportion Study location
B(95%CI) P B(95%CI) P B(95%CI) P
SBP
NO; -0.176(-0.514,0.162) 0.308 0.066(-0.148, 0.281)  0.545 -0.657(-1.192,-0.122)  0.016




PMas 0.043(-0.716,0.802)  0.912 -0.302(-1.034,0.431)  0.420 0.045(-2.506,2.595) 0.973
PMio -0.361(-0.433,-0.288) <0.001 0.512(0.403,0.621) <0.001 0.423(-0.520,1.366) 0.379
DBP
NO, 0.085(-0.151,0.321)  0.479 0.018(-0.133,0.170)  0.814 -0.794(-1.251,-0.338)  0.001
PMas -0.343(-1.039,0.352)  0.333 0.123(-0.509,0.754)  0.704 1.282(-0.938,3.502) 0.258
PMio -0.322(-0.384,-0.260) <0.001 0.461(0.368,0.555) <0.001 0.165(-0.745,1.076) 0.722
Table S14. The results of multivariate meta-regression in the long-term exposure group.
Age Male proportion Study location
B(95%CI) P B(95%CI) P B(95%CI) P
SBP
NO»  -0.266(-0.625,0.093)  0.308 -0.051(-0.293,0.192) (683 -0.800(-1.377,-0.223) ¢ 007
PMas  -0.481(-1.908,0.946) 0.912 -0.695(-1.874,0.484) (248 0.197(-3.289,3.683) (912
PMio  -0.693(-1.093,-0.293)  <0.001 -0.493(-1.109,0.122) 0116 -0.562(-1.611,0.487)  .293
DBP
NO>  -0.088(-0.406,0.231)  0.479 -0.044(-0.240,0.152) (663 -0.860(-1.372,-0.348) (001
PMas  -0.493(-1.855,0.869) 0.333 -0.343(-1.442,0.755)  (.540 0.856(-1.920,3.633) () 546
PM;,  -0.536(-0.887,-0.185)  <0.001 -0.309(-0.849,0.231) (262 -0.785(-1.796,0.226) (128




Figure S1. Forest plot for the association between short-term exposure to PMio (per 10
ug/m® increment) and SBP (mmHg). The blue boxes represent estimated effects of
included studies. The blue horizontal bars represent 95% ClIs of the estimated effects. The
green box represents the pooled mean estimated effect. CI indicates confidence interval.

Estimated effect (nmHg) Weight

Authors(year) with 95% CI (%)
Yang et al.(2019)" N 0.14[ 0.12, 0.16] 4365
Zeng et al(2017) » 0.44[ 037, 0.51] 42.13
Bilenko et all.(2015)'5 L 0.14[ -0.36, 0.65] 14.22
Overall N=204858 Countries spanned = 2 i 0.27[ 0.03, 0.50]
Heterogeneity: 1° = 0.03, I = 95.99%, H® = 24.96
Test of 6 = 6;: Q(2) =65.24, p = 0.00
Testof06=0:z=224,p=0.03

-5 0 5 1

Random-effects REML model

Figure S2. Forest plot for the association between short-term exposure to PMz 5 (per 10
ug/m? increment) and DBP (mmHg).

Estimated effect (mmHg)  Weight

Authors(year) with 95% ClI (%)
Yang et al.(2019)° [ 049 0.45, 053]  49.25
Piters et al.(2015) " — 0.80[ -1.80, 0.20] 3145
Baumgartner et al.(2012) > = 050[ -2.15, 1.15]  19.30
Overall N=194474 Countries spanned = 2 = -0.11[ -1.04, 0.82]

Heterogeneity: ° = 0.46, I = 70.60%, H’ = 3.40
Test of 8 = 6;; Q(2) = 7.80, p = 0.02
Testof8=0:2=-0.23,p=0.82

Random-effects REML model

Figure S3. Forest plot for the association between short-term exposure to PMio (per 10
ug/m? increment) and DBP(mmHg).

Estimated effect (mmHg) Weight

Authors(year) with 95% CI (%)
Yang et al.(2019)° ] 0.32[ 0.29, 0.35] 35.75
Zeng et al(2017) B 044 038, 050 35.33
Piters et al.(2015)'" = 20.70[ -1.64, 0.24] 7.33
Bilenko et a|.(2015)G —— -0.02[ -0.41, 0.37] 21.59
Overall N=204988 Countries spanned = 3 i 0.21[ -0.07, 0.50]
Heterogeneity: T° = 0.06, I° = 97.19%, H’ = 35.54

Test of 8 = 6;: Q(3) = 20.32, p = 0.00

Testof8=0:z2=148,p=0.14

-15 -1 -5 0 5
Random-effects REML model



Figure S4. Funnel plot analysis in the meta-analysis of the association between short-term
exposure to PMio and SBP. The x-coordinate is the estimated effect and the y-coordinate is
the standard error of estimated effect. The two diagonal lines are the edges of the funnel
plot. The black dots represent studies that were included in the meta-analysis. The study
with small simple size is at the bottom of funnel plot, while the study with large sample is

at the top of funnel plot.
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Figure SS. Funnel plot analysis in the meta-analysis of the association between short-term

exposure to PM» s and DBP.
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Figure S6. Funnel plot analysis in the meta-analysis of the association between short-term
exposure to PMo and DBP.
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Figure S7. Forest plot for the association between long-term exposure to PMas (per 10
ug/m? increment) and SBP (mmHg).

Estimated effects (mmHg) Weight

Authors(year) with 95% CI (%)

zhang et al.(2020)'8 —— -243[ -6.75, 1.89] 3.84
Wu et al (2020)'° E B 240[ 1.18, 3.63] 47.76
Warembourg et al.(2019)2° — - 1.55[ -1.81, 4.90] 6.37
Ntarladima et al.(2019)21 3.60[ -2.90, 10.10] 1.70
Zhang et al.(2019)8 HE 1.46[ 0.04, 2.88] 35.80
Bilenko et al.(2015)° -0.58[ -8.04, 6.87] 1.29
Liu et al.(2014)10 — 248[ -2.21, 7.17] 325
Overall N=66102 Countries spanned = 9 L 4 1.81[ 0.96, 2.66]

Heterogeneity: I° = 0.00%, H> = 0.94
Test of 8, = 8;: Q(6) = 5.61. p = 0.47
Testof 8=0:z=4.19, p=0.00

Fixed-effects inverse-variance model



Figure S8. Forest plot for the association between long-term exposure to PMio (per 10
ug/m? increment) and SBP (mmHg).

Estimated effects (mmHg) Weight

Authors(year) with 95% CI (%)
zhang et al.(2020)'8 —_— 0.60[ -1.36, 2.56] 4.23
Warembourg et al.(2019)°° —m— 0.43[ -0.89, 1.76] 8.13
Ntarladima et al.(2019)1 2.70[ -3.80, 9.20] 0.44
Zhang et al.(2019)8 —— 1.36 [ 0.34, 2.38] 11.68
Li et al.(2018)22 F 0.08[ 0.06, 0.10] 34.25
Bilenko et al.(2015)6 0.30 [ -4.90, 5.50] 0.68
Dong et al.(2014)23 [ 0.69[ 0.57, 0.81] 33.37
Liu et al.(2014)1° —r-— 0.52[ -0.91, 1.94] 723
Overall N=137865 Countries spanned = 10 & 0.53[ 0.09, 0.96]
Heterogeneity: 1° = 0.14, I = 81.50%, H* = 11.77

Test of 8, = 8;: Q(7) = 102.72, p = 0.00

Testof 8 =0:z=2.39, p=0.02

Random-effects REML model

Figure S9. Forest plot for the association between long-term exposure to NO; (per 10
ug/m? increment) and SBP (mmHg).

Estimated effects (mmHg) Weight

Authors(year) with 95% CI (%)
Warembourg et al.(2019)%° = 0.70[ -0.23, 1.64] 5.20
Ntarladima et al.(2019)2" 2.70[ -3.80, 9.20] 0.1
Bilenko et al.(2015)° —-— -0.24 [ -1.08, 0.59] 6.56
Dong et al.(2014)%3 [ | 088[ 065, 1.12] 80.13
Liu et al.(2014)1° —— 0.17 [ -0.70, 1.04] 6.01
Clark et al.(2012)25 —f— 0.58 [ -0.93, 2.09] 2.00
Overall N= 15408 Countries spanned = 9 ¢ 0.75[ 0.54, 0.97]
Heterogeneity: I° = 43.09%, H® = 1.76
Testof 8, = 6; Q(5)=8.79, p=0.12
Testof@=0:z=6.92, p=0.00

r T :

Fixed-effects inverse-variance model

Figure S10. Forest plot for the association between long-term exposure to PMas (per 10
ug/m? increment) and DBP (mmHg).

Estimated effects (mmHg) Weight

Authors(year) with 95% CI (%)
zhang et al.(2020)'® T 0.57[ -2.71, 3.86] 5.55
Wu et al.(2020)'® 0.74 [ -0.54, 2.02] 36.55
Warembourg et al.(2019)%° o 2.42[ -0.73, 5.56] 6.05
Ntarladima et al.(2019)21 5.40[ -1.10, 11.90] 1.42
Zhang et al.(2019)8 -+ 0.78[ -0.39, 1.95] 43.75
Bilenko et al.(2015)° 4.67 [ -1.00, 10.33] 1.86
Liu et al.(2014)1° — = -0.47 [ -3.99, 3.06] 4.82
Overall N=66012 Countries spanned =9 o 0.93[ 0.16, 1.70]
Heterogeneity: I’ = 0.00%, H’ = 0.86

Test of 8, = 8;: Q(6) = 5.14, p = 0.53

Testof 8 =0:z=2.36, p = 0.02

-5 [0} 5 10
Fixed-effects inverse-variance model



Figure S11. Forest plot for the association between long-term exposure to PMjo (per 10
ug/m? increment) and DBP (mmHg).

Estimated effects (mmHg) Weight

Authors(year) with 95% CI (%)
zhang et al.(2020)'8 e 0.24[ -1.27, 1.75] 4.82
Warembourg et al.(2019)2° o 0.64 [ -0.58, 1.87] 6.85
Ntarladima et al.(2019)21 3.20[ -3.30, 9.70] 0.30
Zhang et al.(2019)? - 0.72[ -0.13, 1.57] 11.79
Li et al.(2018)%2 0.08[ 0.07, 0.10] 35.76
Bilenko et al.(2015)8 % 1.90[ -2.05, 5.85] 0.80
Dong et al.(2014 12 0.63[ 0.53, 0.73] 34.74
Liu et al.(2014)10 —-— -0.70 [ -2.19, 0.79] 4.94
Overall N=137865 Countries spanned = 10 & 0.38[ 0.02, 0.73]
Heterogeneity: T° = 0.09, I° = 90.65%, H” = 10.70

Test of 6; = 8;: Q(7) = 113.26, p = 0.00

Testof ® =0: z=2.08, p = 0.04

Random-effects REML model

Figure S12.Forest plot for the association between long-term exposure to NO: (per 10
ug/m? increment) and DBP (mmHg).

Estimated effects (mmHg) Weight

Study with 95% ClI (%)
Warembourg et al.(2019)%° + 0.21[ -0.66, 1.09] 15.86
Ntarladima et al.(2019)" 3.90[ -3.10, 10.90] 0.43
Bilenko et al.(2015) 8 0.10[ -0.71, 0.91] 17.31
Dong et al.(2014)23 [ | 0.88[ 068, 1.08] 34.32
Liu et al.(2014)10 -0.09[ -0.75, 0.56] 21.18
Clark et al.(2012)%° 0.33[ -0.84, 1.50] 10.90
Overall N=15408 Countries spanned = 9 0.39[ -0.07, 0.85]

Heterogeneity: T° = 0.15, I’ = 54.82%, H> = 2.21
Test of 8, = 8;: Q(5) = 13.29, p = 0.02
Testof 8=0:z=1.64,p=0.10

Random-effects REML model



Figure S13. Funnel plot analysis in the meta-analysis of the association between
long-term exposure to PM s and SBP,
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Figure S14. Funnel plot analysis in the meta-analysis of the association between
long-term exposure to PM2 s and DBP.
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Figure S15. Funnel plot analysis in the meta-analysis of the association between

long-term exposure to PMjo and SBP.
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Figure S16. Funnel plot analysis in the meta-analysis of the association between
long-term exposure to PM;o and DBP.
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Figure S17. Funnel plot analysis in the meta-analysis of the association between
long-term exposure to NO> and SBP.
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Figure S18. Funnel plot analysis in the meta-analysis of the association between
long-term exposure to NO2 and DBP.
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