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Short- Term Effects of Particle Size and 
Constituents on Blood Pressure in Healthy 
Young Adults in Guangzhou, China
Peng- Yue Guo, MSc*; Zhi- Zhou He, MSc*; Bin Jalaludin , PhD; Luke D. Knibbs, PhD; Ari Leskinen , PhD; 
Marjut Roponen, PhD; Mika Komppula, PhD; Pasi Jalava, PhD; Li- Wen Hu, PhD; Gongbo Chen, PhD; 
Xiao- Wen Zeng, PhD; Bo- Yi Yang, MD, PhD; Guang- Hui Dong , MD, PhD

BACKGROUND: Although several studies have focused on the associations between particle size and constituents and blood 
pressure, results have been inconsistent.

METHODS AND RESULTS: We conducted a panel study, between December 2017 and January 2018, in 88 healthy university stu-
dents in Guangzhou, China. Weekly systolic blood pressure and diastolic blood pressure were measured for each participant 
for 5 consecutive weeks, resulting in a total of 440 visits. Mass concentrations of particles with an aerodynamic diameter of 
≤2.5 µm (PM2.5), ≤1.0 µm (PM1.0), ≤0.5 µm (PM0.5), ≤0.2 µm (PM0.2), and number concentrations of airborne particulates of di-
ameter ≤0.1 μm were measured. Linear mixed- effect models were used to estimate the associations between blood pressure 
and particles and PM2.5 constituents 0 to 48 hours before blood pressure measurement. PM of all the fractions in the 0.2-  to 
2.5- μm range were positively associated with systolic blood pressure in the first 24 hours, with the percent changes of effect 
estimates ranging from 3.5% to 8.8% for an interquartile range increment of PM. PM0.2 was also positively associated with di-
astolic blood pressure, with an increase of 5.9% (95% CI, 1.0%– 11.0%) for an interquartile range increment (5.8 μg/m3) at lag 0 
to 24 hours. For PM2.5 constituents, we found positive associations between chloride and diastolic blood pressure (1.7% [95% 
CI, 0.1%– 3.3%]), and negative associations between vanadium and diastolic blood pressure (−1.6% [95% CI, −3.0% to −0.1%]).

CONCLUSIONS: Both particle size and constituent exposure are significantly associated with blood pressure in the first 24 hours 
following exposure in healthy Chinese adults.
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Short- term exposures to ambient particulate air 
pollution are closely linked to increased risks of 
morbidity and mortality from cardiovascular diseas-

es1– 3; however, the exact mechanisms underlying these 
associations remain unclear. High blood pressure (BP) 
is one of the major risk factors for cardiovascular dis-
eases, and even young adults with elevated BP might 
have increased risks of cardiovascular events in later 
life.4 In air pollution epidemiology, high blood pressure 

is usually hypothesized to be a mediator for the rela-
tionships between ambient particulate air pollution and 
cardiovascular diseases.5 Although numerous epidemi-
ological studies have explored the associations between 
particulate matter (PM) and blood pressure, the results 
are still inconsistent.6,7 For example, while some stud-
ies reported that short- term PM exposures were sig-
nificantly associated with increased blood pressure,8– 14 
others showed a null or inverse association.15– 20
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The associations between PM and blood pres-
sure changes could be influenced by many factors. 
First, PM pollution could differ in different cities be-
cause of its spatiotemporal variation and socioeco-
nomic drivers, leading to varying degrees of health 
effects.21 PM pollution has long been a major public 
health concern in China, but most previous studies 
were based on heavily polluted areas in northern 
China,12,22,23 with fewer studies conducted in south-
ern China where particulate air pollution levels are 

lower compared with northern China. Furthermore, 
aerodynamic diameter and chemical composition 
are the main physical characteristics of particles, and 
different sizes and composition of particles may have 
different toxicological and physicochemical proper-
ties,24,25 thus leading to the heterogeneous findings 
of PM health impact. Because most of these stud-
ies have been conducted among patients or specific 
populations,11,26– 28 evidence from the general popu-
lation is still scarce.

Therefore, in this study, our objective was to de-
termine the acute effects of size- fractionated PM 
as well as chemical composition on blood pressure 
in healthy young adults in Guangzhou in southern 
China.

METHODS
Data Availability
All the data presented in this study are available from 
the authors upon request.

Study Participants
We carried out a panel study between December 
2017 and January 2018 in healthy young adults aged 
20 to 26 years. Participants were recruited from the 
North campus of Sun Yat- Sen University, which cov-
ers only an area of ≈0.39 km2 in Guangzhou, China, 
and met the following criteria: (1) lived and studied in 
North campus during the study period; (2) no pre-
vious smoking or no alcohol consumption during 
the study period; (3) no cardiovascular, pulmonary, 
or other chronic diseases, and (4) free of medica-
tions that may influence cardiovascular function. We 
scheduled 5 weekly visits for each of the study par-
ticipants during the study period, from December 7, 
2017 to January 5, 2018. Finally, 88 students partici-
pated in our study. The demographic information of 
each participant, including name, sex, ethnicity, ex-
ercise frequency, and medical history or health sta-
tus were collected at the first measurement. Height 
and weight of each participant were also measured, 
and body mass index was calculated as the weight 
(kg) divided by the square of the height (meters). All 
study participants provided written informed consent 
at the beginning of the study. The Human Studies 
Committee of the School of Public Health, Sun Yat- 
Sen University approved this study (Ethics Approval 
Number: L2017024).

BP Measurements
In order to obtain a BP observer certificate, a quali-
fying examination was taken for trainees involved 
in the study, and all investigators were trained 

CLINICAL PERSPECTIVE

What Is New?
• Size- fractionated particulate matter with a wide 

range of smaller diameters (5 cumulative size 
fractions with upper limits from 0.1 to 2.5 μm) 
and various particulate matter 2.5- μm constit-
uents were measured in a region with high air 
pollution levels, adding more evidence to the 
understanding of the association between par-
ticulate matter size and constituents and blood 
pressure.

What Are the Clinical Implications?
• Our results could add evidence to the associa-

tion of particulate matter– related blood pres-
sure in the young population, help us to more 
deeply understand the physiological mecha-
nisms of the development of hypertension, and 
also provide healthcare professionals with sug-
gestions or treatments for people to take pre-
ventive measures, and ultimately to mitigate the 
effects of air pollution on hypertension.

Nonstandard Abbreviations and Acronyms

DBP diastolic blood pressure
EC elemental carbon
IQR interquartile range
OC organic carbon
PM particulate matter
PM0.2 particles with an aerodynamic diameter 

of ≤0.2  µm
PM0.5 particles with an aerodynamic diameter 

of ≤0.5  µm
PM1.0 particles with an aerodynamic diameter 

of ≤1.0  µm
PM2.5 particles with an aerodynamic diameter 

of ≤2.5  µm
PN0.1 airborne particulates of diameter ≤0.1  μm
SBP systolic blood pressure
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according to the guideline of the European Society 
of Hypertension.29

Before BP measurements, study participants were 
advised not to exercise for at least 30  minutes, and 
not to drink coffee or tea on the visit day. With their 
back and right arm supported, participants sat in a 
quiet room for at least 5 minutes, feet on the floor and 
cubital fossa at heart level. The upper right arm bra-
chial artery BP of participants, including systolic blood 
pressure (SBP) and diastolic blood pressure (DBP), 
was measured on 3 consecutive occasions using au-
tomated oscillometric monitors. The final reported BP 
value was the average of the 3 BP measurements and 
was used for analyses. Pulse pressure was calculated 
as the SBP minus the DBP, and mean arterial pressure 
(MAP) was calculated as of the DBP plus one third of 
the pulse pressure.

Five weekly study visits were taken for each partic-
ipant over the entire study in a school building at the 
campus. In every repeated measurement on the 88 
participants, half of them were measured on Thursday 
at 6:00 to 10:00 pm to collect their BP information, and 
the rest of the participants were measured on Friday at 
the same time and place.

Environmental Data
Using standard methods and quality controls, data of 
real- time PM mass and number concentration as well 
as meteorological exposure were measured on the 
roof of a 10- story building from December 1, 2017 to 
January 5, 2018 at the same campus where partici-
pants were recruited. A measurement site was estab-
lished that was clear from any structures that would 
obstruct the air flow. At the site, minute- to- minute mass 
concentrations of PM with an aerodynamic diameter of 
≤2.5 µm (PM2.5), ≤1.0 µm (PM1.0), ≤0.5 µm (PM0.5), and 
≤0.2 µm (PM0.2) were measured. In addition, minute- 
to- minute number concentrations of PM with an aero-
dynamic diameter of ≤0.1 µm (PN0.1) were measured. 
The measurements used a combination of an Optical 
Particle Sizer Spectrometer (Model OPS3330; TSI, 
USA) and a NanoScan Scanning Mobility Particle Sizer 
(Model 3910; TSI, USA), and the optical diameter was 
then converted into an aerodynamic diameter through 
the method suggested by Alas et al.30 A Vaisala 
Weather Transmitter (Model WXT530; Vaisala, Finland) 
was used to continuously measure temperature and 
relative humidity.

At the same time and site of the real- time PM 
sampling, daily PM2.5 sampling was also performed 
for further measurement of PM2.5 constituents. The 
high- volume samplers (TH- 1000H; Tianhong Co. Ltd., 
China) were used with a sampling rate of 1 m3/min 
and the collection time of each sample was 24 hours. 
Quartz microfiber filters and Teflon filters were used. 

After sampling, the filter- based samples were placed 
in a desiccator for initial weighing and gravimetric 
quantification and then stored in a refrigerator (−20°C) 
for further chemical composition analysis. Using a 
semicontinuous OC/EC analyzer (Model 4G; Sunset 
Laboratory, OR) and thermo/optical transmission 
method, organic carbon (OC), elemental carbon (EC), 
total carbon, and water- soluble organic carbon were 
measured in quartz- fiber filters. Ten water- soluble inor-
ganic ions, including ammonium (NH4

+), sodium (Na+), 
potassium (K+), calcium (Ca2+), magnesium (Mg2+), 
chloride (Cl−), fluoride (F−), sulfate (SO2−

4
), nitrite (NO−

2

), and nitrate (NO−

3
) were measured by ion chromatog-

raphy (model ICS- 2000; Dionex Corp., Sunnyvale, CA). 
Fifteen trace elements, including sodium (Na), potas-
sium (K), calcium (Ca), magnesium (Mg), aluminum (Al), 
phosphorus (P), vanadium (V), copper (Cu), chromium 
(Cr), manganese (Mn), iron (Fe), nickel (Ni), zinc (Zn), 
barium (Ba), and lead (Pb) were measured by induc-
tively coupled plasma mass spectrometry (ICP- MS; 
Thermo Scientific, USA).

Statistical Analysis
Because all the outcome variables (SBP, DBP, pulse 
pressure, and MAP) were not normally distributed, we 
applied a log transformation. Spearman correlations 
were used to evaluate the relationship between study 
pollutants before including them in the regression 
analyses. Minute- to- minute pollutant concentrations, 
measured 0 to 48 hours before BP measurement every 
week, were used to calculate the lag concentrations in 
the following time windows: lag 0 to 6 hours, lag 7 to 
12 hours, lag 13 to 24 hours, lag 0 to 24 hours, lag 25 
to 48 hours, and lag 0 to 48 hours.

We used linear mixed models to estimate the as-
sociations between PM and BP, and random intercept 
that included each participant was included in each 
model to adjust for the within-  participant correla-
tions in repeated measurements. Covariates included 
as fixed- effect terms in these models were: age, sex, 
body mass index, exercise times per week, average 
temperature, and humidity.31 To adjust for any possi-
ble weekly time trends, we also included “week” of BP 
measurements as an indicator variable. In the weekly 
repeated measurements, each participant was mea-
sured on the same day of week and at the same time 
of day in the same place, so that potential confounding 
because of day of week, time of measurement, and 
site was minimized. In addition, the study was con-
ducted in 1 season with less changing in climate, so 
that seasonal factors were not considered as con-
founding factors.

We use 3 models to investigate the effects and 
robustness of the associations between PM2.5 chem-
ical composition and BP changes.12,32 First, particles 
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or PM2.5 constituents were incorporated one at a 
time with adjustment for the above- mentioned po-
tential confounders. In addition, we built the constit-
uent- PM2.5 joint model in which PM2.5 total mass was 
introduced in the single- constituent model to ac-
count for potential confounding by PM2.5 and all other 
constituents that covary with PM2.5. Furthermore, for 
the constituent- residual model, we first created the 
residual of each constituent by establishing a linear 
regression model between the constituent and PM2.5 
total mass, and then replaced the constituent in the 
single- constituent model by its residual. This model 
could be regarded as a crude measure of the inde-
pendent contribution of each constituent because 
the residual of each constituent was uncorrelated 
with PM2.5 total mass.33– 35

We calculated the percent changes of effect esti-
mates in BP variables for an interquartile range (IQR) in-
crease of particle or a constituent as [10(β×IQR)−1]×100%, 
and the 95% CIs were [10[IQR×(β±1.96×SE)]−1]×100%, 
where β and SE were the estimated regression coeffi-
cient and its SE, respectively.36

All analyses in this study were conducted in R 
software (Version 3.6.1, R Foundation for Statistical 
Computing, Vienna, Austria) and the “lme4” package 
was used. Statistical significance level was defined as 
P<0.05 (two sided).

RESULTS
Descriptive Statistics
Overall, a total of 88 participants completed all of the 
5 weekly control visits, resulting in a total of 440 vis-
its. Characteristics of the study participants are shown 
in Table 1. The average age of study participants was 
21.5±1.1 years old and their average body mass index 
was 21.4±2.9 kg/m2. Fifty- four participants were female 
(n=54), and more than half of the participants exercised 
at least once a week. During the study period, all par-
ticipants did not have any disease that would affect the 

study result and did not take any medication, dietary 
supplements, or alcoholic beverages. Sex- stratified 
descriptive statistics of study participants are shown 
in Table S1.

Table  2 shows descriptive statistics on BP, aver-
age concentrations of air pollutants, weather condi-
tions, and PM2.5 composition during the study period. 
The mean SBP, DBP, pulse pressure, and MAP were 
112.5±14.1 mm Hg, 71.0±8.9 mm Hg, 41.5±11.7 mm Hg, 
and 84.8±9.4  mm  Hg, respectively. On average, 
daily PM2.5 mass concentration was 72.7±35.1  μg/
m3 (mean±SD), and PN0.1 number concentration was 
20.2±11.7 (1000 particles/cm3) (mean±SD). Correlations 
among PM metrics were highest for PM2.5 and PM1.0 
(Table S2). Correlations between PM mass or number 
concentrations and temperature were low (r values be-
tween 0.27 and 0.46), and it was the same for relative 
humidity (r values between −0.14 and 0.16).

Regression Results
The relationship between different lag times of PM ex-
posure and BP are shown in Figures 1 and 2. PM of all 
the fractions in the 0.2 to 2.5 μm range were positively 
associated with SBP in the first 24 hours. For an IQR 
increment of particles between 0.2 and 2.5 μm, this 
positive effect ranged from 3.5% to 8.8% at different 
lag times. Furthermore, PM0.2 was also positively as-
sociated with DBP and MAP. These associations were 
first seen at 7 to 12 hours, but were not significant after 
lag 25 to 48 hours and lag 0 to 48 hours. At lag 0 to 
24 hours, an IQR increase in PM2.5 (45.9 μg/m3) was 
significantly associated with an increase of 8.8% (95% 
CI, 1.5%– 16.6%) in SBP, and an IQR increase in PM0.2 
(5.8 μg/m3) was associated with an increase of 5.9% 
(95% CI, 1.0%– 11.0%) in DBP and an increase of 5.1% 
(95% CI, 1.4%– 8.8%) in MAP. The results for PN0.1 were 
mixed, which had both positive and negative associa-
tions in SBP, DBP, and MAP, and was not similar to the 
results of particles between 0.2 and 2.5 μm. More spe-
cifically, for an IQR increase in PN0.1 (12.8 [1000 par-
ticles/cm3]), the estimated percent changes showed 
no statistically significant in PN0.1 and SBP at lag 0 to 
24 hours (0.9% [95% CI, −5.2% to 7.5%]), showed neg-
ative association with DBP at lag 0 to 6 hours (−5.4% 
[95% CI, −10.3% to −0.3%]), and showed positive as-
sociation with DBP at lag 13 to 24 hours (5.4% [95% CI, 
0.8%– 10.2%]). These results were similar for both the 
crude and adjusted models.

For PM2.5 constituents, significant positive associ-
ations were found between chloride and DBP in all 3 
models, and in the single- constituent model, the incre-
ment was 1.7% (95% CI, 0.1%– 3.3%) in DBP. In addition, 
significant negative associations were found between 
DBP and vanadium, and between MAP and fluoride in 
all 3 models, with estimated percent changes of −1.6% 

Table 1. Basic Characteristics of the Study Participants

Characteristics Total (n=88)*

Age, y 21.5±1.1

Female (%) 54 (61.4%)

BMI, kg/m2 21.4±2.9

Exercise time (%)

0 time per wk 41 (46.6%)

1 time per wk 19 (21.6%)

2 times per wk 20 (22.7%)

≥3 times per wk 8 (9.1%)

BMI indicates body mass index.
*In this column, for some parameters an arithmetic mean is given and for 

some the number of occurrences.
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Table 2. Descriptive Statistics on Blood Pressure, Average Concentrations of Air Pollutants, Weather Conditions, and 
PM2.5 Constituents During Study Period

Exposures Mean±SD Min P25 Median P75 Max IQR

Seated blood pressure

SBP, mm Hg 112.5±14.1 86 102 110 121 157 19

DBP, mm Hg 71.0±8.9 49 65 71 77 99 12

PP, mm Hg 41.5±11.7 18 33 40 48 79 15

MAP, mm Hg 84.8±9.4 64.3 77.7 83.7 91.3 112 13.7

PM mass concentration

PM2.5, μg/m3* 72.7±35.1 5.3 48.1 70.2 94.0 220.5 45.9

PM1.0, μg/m3 68.8±33.6 5.1 45.2 66.4 88.7 208.3 43.5

PM0.5, μg/m3 53.2±25.5 4.3 35.0 50.7 68.0 155.9 33.0

PM0.2, μg/m3 9.9±5.0 1.4 6.3 9.1 12.0 45.1 5.8

PM count concentration

PN0.1 (1000 particles/cm3) 20.2±11.7 2.6 12.2 17.3 25.0 133 12.8

Meteorology

Temperature, ℃ 17.3±3.4 6.9 15.6 17.6 19.4 26.3 3.8

Relative humidity, % 44.4±13.8 14.6 33.2 44.7 56.2 76.2 23

Constituent

Na, ng/m3 930.1±255.2 435.3 799.4 917.6 1070.9 1419.2 271.5

Mg, ng/m3 71.4±22.2 30.3 53.4 78.3 87.3 120.3 33.9

Al, ng/m3 37.5±31.5 0.04 6.8 38.5 60.4 102.9 53.6

P, ng/m3 26.8±15.9 1.4 11.6 26.0 37.2 60.3 25.7

K, ng/m3 897.2±352.9 229.6 589.3 886.5 1144.8 1636.1 555.5

Ca, ng/m3 1128.2±366.5 538.0 811.7 1109.9 1399.3 2057.5 587.6

V, ng/m3 1.7±2.0 0.2 0.6 0.8 2.1 8.5 1.6

Cr, ng/m3 1.2±0.8 0.3 0.7 1.0 1.4 3.5 0.7

Mn, ng/m3 17.9±6.2 4.6 14.2 18.5 21.5 28.6 7.3

Fe, ng/m3 44.9±27.2 2.2 19.6 44.5 58.4 97.5 38.8

Ni, ng/m3 1.0±0.8 0.2 0.5 0.6 1.3 3.5 0.8

Cu, ng/m3 17.4±12.6 3.0 8.7 12.6 24.0 56.6 15.3

Zn, ng/m3 204.2±103.2 7.6 113.4 204.9 267.7 412.0 154.3

Ba, ng/m3 7.9±2.5 3.0 6.0 7.2 9.6 12.8 3.6

Pb, ng/m3 16.5±12.4 1.6 6.4 14.7 24.1 44.3 17.7

Na+, μg/m3 0.4±0.1 0.2 0.4 0.4 0.6 0.6 0.2

NH4
+, μg/m3 3.3±1.4 0.8 2.1 3.5 4.4 5.7 2.4

K+, μg/m3 0.6±0.2 0.1 0.4 0.6 0.8 1.0 0.4

Mg2+, μg/m3 0.1±0.02 0.02 0.1 0.1 0.1 0.1 0.02

Ca2+, μg/m3 0.6±0.2 0.3 0.5 0.6 0.7 1.1 0.3

F−, μg/m3 0.02±0.02 0 0.01 0.01 0.02 0.1 0.02

Cl−, μg/m3 0.6±0.4 0.2 0.3 0.5 0.7 2.0 0.4

NO
−

2
 μg/m3 0.03±0.03 0 0.01 0.03 0.1 0.1 0.04

NO
−

3
, μg/m3 6.3±2.5 1.3 4.3 6.7 8.0 10.3 3.7

SO
2−

4
, μg/m3 6.2±2.4 2.3 3.9 6.3 7.9 10.2 4.0

WSOC, μg/m3 4.3±1.7 0.8 3.1 4.7 5.7 7.4 2.6

OC, μg/m3 14.8±5.3 5.4 10.9 14.7 19.1 23.3 8.2

EC, μg/m3 1.0±0.3 0.6 0.8 1.0 1.1 1.6 0.3

TC, μg/m3 15.8±5.5 6.1 11.6 15.7 20.1 24.5 8.4

DBP indicates diastolic blood pressure; EC, elemental carbon; IQR, interquartile range (computed by subtracting the first quartile from the third quartile); MAP, 
mean arterial pressure; Max, maximum; Min, minimum; OC, organic carbon; P25, the 25th percentile; P75, the 75th percentile; PM0.2, particle with aerodynamic 
diameter ≤0.2 µm; PM0.5, particle with aerodynamic diameter ≤0.5 µm; PM1.0, particle with aerodynamic diameter ≤1.0 µm; PM2.5, particle with aerodynamic 
diameter ≤2.5 µm; PP, pulse pressure; SBP, systolic blood pressure; TC, total carbon; and WSOC, water- soluble organic carbon.

*World Health Organization Guideline for PM2.5 is 10 μg/m3.
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(95% CI, −3.0% to −0.1%) and −1.5% (95% CI, −2.8% 
to −0.3%) in the single- constituent model, respec-
tively. Other constituents, such as OC, EC, and total 
carbon, were significantly associated with SBP based 
on single- constituent models (the estimated percent 
changes were 4.2% [95% CI, 0.6%– 7.9%], 3.2% [95% 
CI, 0.8%– 5.6%], and 4.3% [95% CI, 0.8%– 8.0%], re-
spectively), but these associations became nonsignifi-
cant in adjusted models (Figures 3 through 5).

DISCUSSION
Summary
We measured the effects of size- fractionated particu-
late matter (5 cumulative size fractions with upper limits 
from 0.1 to 2.5 μm) and 29 constituents of PM2.5 (4 
carbonaceous components, 10 inorganic ions, and 15 

trace elements) on BP in 88 healthy young adults in 
Guangzhou, China. In the first 24 hours following expo-
sure, positive associations were found between size- 
fractionated PM (particles between 0.2 and 2.5 μm) 
and SBP, and between PM0.2 and DBP and MAP. As 
for PM2.5 constituent concentrations, positive asso-
ciations were found between DBP and chloride, and 
negative associations were found between DBP and 
vanadium and between MAP and fluoride.

Effect of Particle Size
Several previous studies have observed that short- 
term PM exposure may be related to BP changes; 
however, the results across these studies are incon-
sistent. In our study, we observed positive association 
between size- fractionated PM and SBP; similarly, pre-
vious studies have also reported that PM2.5 exposure is 

Figure 1. Percent changes (mean and 95% CIs) in blood pressure associated with an interquartile 
range increase in size- fractionated particulate matter.
A, SBP indicates systolic blood pressure; (B) DBP indicates diastolic blood pressure. PM2.5 indicates 
particle with aerodynamic diameter ≤2.5 µm; PM1.0, particle with aerodynamic diameter ≤1.0 µm; PM0.5, 
particle with aerodynamic diameter ≤0.5 µm; PM0.2, particle with aerodynamic diameter ≤0.2 µm; and 
PN0.1, particle with aerodynamic diameter ≤0.1 µm.
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related to increased SBP.9,11,12,14,26,37,38 For example, Lin 
et al found that a 19.1 μg/m3 (IQR) increment of PM2.5 
was related to an increase of 1.9 mm Hg (95% CI, 0.7– 
3.1) in SBP.11 Zhao et al showed in a panel study that 
an increase in SBP corresponded to size- fractionated 
particulate matter among patients with type 2 diabe-
tes mellitus.26 Conversely, other studies have reported 
inverse or null associations.15,16,19,39 For instance, 
Scheers et al failed to observe significant associations 
between PM10, PM2.5 variations, and BP.39

In this panel study, we also found that PM0.2 were 
positively associated with DBP and MAP. Studies 
showed that results for PM- related DBP changes are 
mixed.10– 12,14,37,38,40 For instance, Yang et al reported 
that a 10 μg/m3 increment on 0 to 6- day mean of PM2.5 
was associated with an increase of 0.49 mm Hg (95% 
CI, 0.45– 0.53) in DBP among 6-  to 17- year- old children 

in Suzhou.14 However, Ibald- Mulli et al did not find sig-
nificant positive associations for PM2.5 and DBP among 
131 patients with coronary heart disease.17 MAP could 
be regarded as a strong predictor of cardiovascular 
events and mortality.41,42 Consistent with our study, 
Wang et al found that an IQR increment (26.78 μg/m3) 
in a 24- hour mean of PM2.5 was associated with in-
crements of 0.66 mm Hg in DBP and 0.82 mm Hg in 
MAP.38 Therefore, short- term exposure to PM may be 
also related to changes in DBP and MAP, and further 
studies are still needed to clarify these associations.

Effects of PM2.5 Constituents
Evidence linking PM2.5 chemical composition and 
cardiovascular outcomes has been growing, and 
short- term exposure to various PM2.5 constituents 

Figure 2. Percent changes (mean and 95% CIs) in blood pressure associated with an interquartile 
range increase in size- fractionated particulate matter.
A, PP indicates pulse pressure; (B) MAP indicates mean arterial pressure. PM2.5 indicates particle with 
aerodynamic diameter ≤2.5 µm; PM1.0, particle with aerodynamic diameter ≤1.0 µm; PM0.5, particle with 
aerodynamic diameter ≤0.5 µm; PM0.2, particle with aerodynamic diameter ≤0.2 µm; and PN0.1, particle 
with aerodynamic diameter ≤0.1 µm.
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Figure 3. Percent changes (mean and 95% CIs) in blood pressure associated with an interquartile 
range increase in 24- hour average concentrations of PM2.5 constituents in the single- constituent 
model.
A, SBP indicates systolic blood pressure; (B) DBP indicates diastolic blood pressure; (C) PP indicates 
pulse pressure; (D) MAP indicates mean arterial pressure. EC indicates elemental carbon; OC, organic 
carbon; PM2.5, particle with aerodynamic diameter ≤2.5 µm; TC, total carbon; and WSOC, water- soluble 
organic carbon.
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was reported to have an association with BP in 
several studies.10,12,43 For instance, Wu et al found 
positive associations among zinc, nickel, magne-
sium, strontium, lead, arsenic, and SBP and DBP, 
whereas chromium, manganese, and molybdenum 

had significant inverse associations with SBP or 
DBP.12 In our study, we found consistent positive as-
sociations between chloride and DBP but negative 
associations between fluoride and MAP in all 3 mod-
els. Airborne chloride in urban areas might mainly 

Figure 4. Percent changes (mean and 95% CIs) in blood pressure associated with an interquartile 
range increase in 24- hour average concentrations of PM2.5 constituents in the constituent- PM2.5 
joint model.
A, SBP indicates systolic blood pressure; (B) DBP indicates diastolic blood pressure; (C) PP indicates pulse 
pressure; (D) MAP indicates mean arterial pressure. EC indicates elemental carbon; OC, organic carbon; PM2.5, 
particle with aerodynamic diameter ≤2.5 µm; TC, total carbon; and WSOC, water- soluble organic carbon.
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come from polyvinyl chloride plastic burning in re-
fuse dumps, and pollutants such as fluoride might 
also come from trash compacting or incineration.44 
Consistent with our findings, epidemiologic study 

found that chloride was slightly but robustly asso-
ciated with SBP and DBP.11 Previous animal experi-
mental studies have demonstrated that dietary intake 
of chloride could be associated with increased BP 

Figure 5. Percent changes (mean and 95% CIs) in blood pressure associated with an interquartile 
range increase in 24- hour average concentrations of PM2.5 constituents in the constituent– 
residual model.
A, SBP indicates systolic blood pressure; (B) DBP indicates diastolic blood pressure; (C) PP indicates 
pulse pressure; (D) MAP indicates mean arterial pressure. EC indicates elemental carbon; OC, organic 
carbon; PM2.5, particle with aerodynamic diameter ≤2.5 µm; TC, total carbon; and WSOC, water- soluble 
organic carbon.
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in rats,45 which indicates that chloride might be as-
sociated with increased BP. Wu et al found smaller 
consistent associations between fluoride and DBP.12 
Evidence for the association between airborne ions 
such as chloride and fluoride and BP still requires 
further investigation.

We also found that increased BP is associated 
with OC, EC, and total carbon in single- constituent 
models, but the result became inconsistent in ad-
justed models. Studies have demonstrated that 
carbonaceous particles (such as OC and EC) might 
come from traffic emissions.44 Lin et al found that 
ambient OC and EC exposure had significant asso-
ciations with increased risk of cardiovascular disease 
mortality in Guangzhou,46 and another panel study 
in Shanghai found that OC and EC had associations 
with BP increment among people with chronic ob-
structive pulmonary disease.11

However, we also found negative associations between 
vanadium and DBP, in which vanadium can be generated 
from oil combustion.47,48 Similarly, Jacobs et al found neg-
ative associations between DBP and vanadium,10 and 
Sorensen et al found that vanadium was associated with 
oxidative stress,49 which may have influenced BP.

Plausible Biological Mechanisms
We found consistent associations among PM2.5, PM1.0, 
PM0.5, PM0.2, and BP except for PN0.1. PM2.5 and PM1.0 
were highly correlated in our study, which was consist-
ent with a previous study showing that that PM1.0 is 
the major component of PM2.5 in China.50 Associations 
between PM2.5 and PN0.1 were inconsistent, and one 
possible biological mechanism for this result could be 
the weak correlation between PM2.5 and PN0.1 (r=0.18). 
Similarly, Rich et al found that ultrafine particles and 
PM2.5 were weakly correlated (r=0.11),51 and some 
studies have found that ultrafine particles and PM2.5 
have a weak inverse correlation (r=−0.18).52 De Jesus  
et al found that particle number concentration and PM2.5 
measurements show little correlation, and they are not 
representative of each other.53 That may be because 
particles sized smaller than 0.1 µm do not contribute 
very much to PM2.5 because the ultrafine particles 
mass is low compared with those of the larger frac-
tions. Gong et al found that PM- induced pathophysi-
ological pathways affected by the fine and ultrafine size 
fraction of PM2.5 might be independently.52 Therefore, 
although some studies have found that PM- related 
health effects may be greater with smaller- sized PM,26 
other studies have shown that fine and coarse parti-
cles, instead of ultrafine particles, might be responsible 
for the associations between PM and health.54,55 The 
differences in health effects between size- fractionated 
particles might reflect differences in clearance, deposi-
tion, and translocation after inhalation.24,52

Possible mechanistic explanations for the observed 
association include autonomic nervous system imbal-
ance, systemic inflammation and oxidative stress, and 
the increase in plasma endothelin- 1.10 Sympathovagal 
balance of cardiovascular regulation is regarded as 
the major determinant of BP variability.56 Inhaled par-
ticles stimulate the nerve endings and receptors in the 
airways, resulting in an imbalance of the autonomic 
nervous system57 and vasoconstriction.58,59 This may 
help explain the rapid changes of BP in response to 
short- term exposure to PM in our study. Second, sys-
temic inflammation and oxidative stress induced by 
PM may enhance vasoconstriction and play a vital role 
in the cardiovascular diseases pathophysiologic pro-
cess such as hypertension.60 Short- term exposure to 
PM can lead to measurable systemic inflammation and 
oxidative stress in adults.61,62 Third, short- term PM ex-
posure may be associated with acute endothelial re-
sponse and artery vasoconstriction.63

Strengths and Limitations
Our study has several strengths. First, we recruited 
nonsmoking, healthy college students rather than a 
susceptible population, that is, our participants had 
good compliance, were free of any cardiovascular 
disease, and did not take antihypertensive medica-
tion. Compared with the elderly, young people are less 
likely to be chronically exposed to various environ-
mental confounders that may have cumulative effects 
on health. Second, size- fractionated PM with a wide 
range of smaller diameters (5 cumulative size fractions 
with upper limits from 0.1 to 2.5 μm) and various PM2.5 
constituents were measured in a region where air pol-
lution levels are much higher than those in developed 
countries, adding more evidence to the understanding 
of the relationship between PM size and constituents 
and BP.

There are also several limitations to our study. First, 
PM measurement data were obtained on the rooftop 
of the school building rather than personal exposure 
measurements; thus a potential exposure measure-
ment error cannot be fully excluded in this study. 
However, the measurement site was at the same cam-
pus where participants were recruited and the campus 
only covers an area of ≈0.39 km2, so that the exposure 
misclassification may be quite low. Second, ambient 
gaseous pollutants and noise, both of which may con-
tribute to the BP, were not monitored in this study, and 
their effect on BP should not be ignored. Third, the 
strong correlations among different particle- size frac-
tions meant that we were not able to identify the inde-
pendent effects of the different- sized PM. Fourth, we 
assessed the associations between 5 individual PMs 
with 6 different lag times and 4 BP outcomes, leading 
to a large number of statistical tests that might have 



J Am Heart Assoc. 2021;10:e019063. DOI: 10.1161/JAHA.120.019063 12

Guo et al Particle Size and Constituents and Blood Pressure

inflated the amount of type I errors, leading to false- 
positive results, or results by chance. However, we did 
not correct for multiple testing in order to maximize our 
ability to detect and confirm modest effects of PM ex-
posures by future investigations. Fifth, because study 
participants are young and nonhypertensive, there are 
limits to applying this result to other populations such 
as older or hypertensive adults. Finally, other informa-
tion, such as dietary intake and detailed daily activities, 
which may have an influence on BP, were unfortunately 
not collected in this study and therefore we were not 
able to account for them.

Perspectives
In summary, this study suggests that short- term PM 
exposure is positively associated with SBP, DBP, and 
MAP in the first 24 hours following exposure and some 
PM2.5 constituents also seem to be related to BP in 
China. The observed PM– BP associations should not 
only focus on PM2.5, but also on smaller particles as 
well as PM2.5 constituents. It should be noted that the 
prevalence of hypertension in younger adults is stead-
ily rising,64 and young adults with elevated BP may 
have an increased risk of cardiovascular events later 
in life.4 Our results could add evidence to the asso-
ciation of PM- related BP in the young population, help 
us more deeply understand the physiological mecha-
nisms of the development of hypertension, and also 
provide healthcare professionals with suggestions or 
treatments for people to take preventive measures, 
and ultimately to mitigate the effects of air pollution on 
hypertension. Further studies will help to clarify the role 
of particle size and chemical composition on BP.
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SUPPLEMENTAL MATERIAL



Table S1. Basic main characteristics of study participants (n = 88). 

Characteristics Male (n = 34) Female (n = 54) Total (n = 88) 

Age, mean ± SD, years 21.35 ± 1.12 21.61 ± 1.09 21.51 ± 1.10 

BMI, kg/m2, mean ± SD 21.65 ± 1.67 21.3 ± 3.53 21.43 ± 2.94 

Exercise time, n (%) 

0 time per week 13 (31.71%) 28 (68.29%) 41 (46.59%) 

1 time per week 8 (42.11%) 11 (57.89%) 19 (21.59%) 

2 times per week 10 (50.00%) 10 (50.00%) 20 (22.73%) 

≥3 times per week 3 (37.50%) 5 (62.50%) 8 (9.09%) 

Seated blood pressure 

SBP, mean ± SD, mmHg 120.38 ± 12.80 107.45 ± 12.50 112.45 ± 14.07 

DBP, mean ± SD, mmHg 73.83 ± 8.52 69.20 ± 8.69 70.99 ± 8.90 

PP, mean ± SD, mmHg 46.55 ± 11.62 38.25 ± 10.57 41.46 ± 11.68 

MAP, mean ± SD, mmHg 89.35 ± 8.54 81.95 ± 8.81 84.81 ± 9.40 

SD, standard deviation; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure. 



Table S2. Spearman correlations of air pollutants and meteorological conditions* 

Exposures PM2.5 PM1.0 PM0.5 PM0.2 PN0.1 Temperature (℃) Relative humidity (%) 

PM2.5 1.00       

PM1.0 1.00 1.00      

PM0.5 0.99 0.99 1.00     

PM0.2 0.71 0.71 0.75 1.00    

PN0.1 0.18 0.17 0.20 0.54 1.00   

Temperature (℃) 0.27 0.29 0.33 0.46 0.40 1.00  

Relative humidity (%) 0.12 0.14 0.16 0.10 -0.14 0.17 1.00 

PM2.5, particle with aerodynamic diameter ≤ 2.5 µm; PM1.0, particle with aerodynamic diameter ≤ 1.0 µm; PM0.5, particle with aerodynamic diameter ≤ 0.5 µm; PM0.2, 

particle with aerodynamic diameter ≤ 0.2 µm; PN0.1, particle with aerodynamic diameter ≤ 0.1 µm; 

* All correlations are statistically significant. 
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