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Background: Ambient particulate air pollution is a major threat to the cardiovascular health of people.
Inflammation is an important component of the pathophysiological process that links air pollution and cardi-
Inflammation ovascular disease (CVD). A classical marker of inflammation—C-reactive protein (CRP), has been recognized as
Cardiovascular disease an independent predictor of CVD risk. Exposure to ambient particulate matter (PM) may cause systemic in-
Meta-analysis flammatory response but its association with CRP has been inconsistently reported.

Objectives: To estimate the potential effects of short-term and long-term exposures to ambient particulate air
pollution on circulating CRP level based on previous epidemiological studies.

Methods: A systematic literature search of PubMed, Web of Science, Embase, and Scopus databases for pub-
lications up to January 2018 was conducted for studies reporting the association between ambient PM (PM, 5 or
PM,;, or both) and circulating CRP level. We performed a meta-analysis for the associations reported in in-
dividual studies using a random-effect model and evaluated the effect modification by major potential modifiers.
Results: This meta-analysis comprised data from 40 observational studies conducted on 244,681 participants.
These included 32 (27 PM, 5 studies and 13 PM, studies) and 11 (9 PM, 5 studies and 5 PM;, studies) studies
that investigated the associations of CRP with short-term and long-term exposure to particulate air pollution,
respectively. A 10 ug/m3 increase in short-term exposure to PM, s and PM;, was associated with increases of
0.83 % (95% CI: 0.30%, 1.37%) and 0.39% (95% CI: -0.04%, 0.82%) in CRP level, respectively, and a 10 pg/m*
increase in long-term exposure to PM, 5 and PM;, was associated with much higher increases of 18.01% (95%
CI: 5.96%, 30.06%) and 5.61% (95% CI: 0.79%, 10.44%) in CRP level, respectively. The long-term exposure to
particulate air pollution was more strongly associated with CRP level than short-term exposure and PM, s had a
greater effect on CRP level than PM.

Conclusion: Exposure to ambient particulate air pollution is associated with elevated circulating CRP level
suggesting an activated systemic inflammatory state upon exposure, which may explain the association between
particulate air pollution and CVD risk.

1. Introduction factor for the increased mortality and morbidity of CVD (Hoek et al.,
2002; Katsouyanni et al., 1997; Samet et al., 2000). Exposure to one of

A considerable amount of epidemiological evidence supports that the major ambient air pollutants, particulate matter (PM), can con-
ambient air pollution represents a serious threat to the health of people tribute substantially to both the onset of CVD and exacerbation of ex-
in recent decades and has been widely recognized as an important risk isting cardiovascular conditions (Dabass et al., 2016; Newby et al.,
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2015). One of the most relevant underlying pathophysiological path-
ways involved in the air pollution-related cardiovascular outcomes is
the activation of system inflammation upon exposure to ambient par-
ticulate air pollution.

PM is a complex mixture of particles from a wide variety of sources
(Pope et al., 2009). The health impact of PM increases with decreasing
particle size. PM with an aerodynamic diameter <2.5um (PM,s) is
capable to reach alveoli and deposit deeper in the lung while PM with
an aerodynamic diameter <10 um (PM;,) is much larger and mostly
stopped at the upper bronchi and it can stimulate pulmonary in-
flammation (Nemmar et al., 2002). Herein, we focus on a typical bio-
marker of inflammation—C-reactive protein (CRP), an acute-phase
protein of hepatic origin that is also widely recognized as a biomarker
for CVD to reflect the role of the ambient particles in causing systemic
inflammation, thus influencing the cardiovascular outcome. CRP is a
sensitive downstream systemic marker of inflammation. Its level re-
mains very low among healthy individuals but rises to 10,000-fold
during the acute phase when inflammation or major tissue damage
occurs (Gabay and Kushner, 1999). Slight elevation in CRP level is
associated with a high number of medical conditions such as atrial fi-
brillation, hypertension, moderate chronic obstructive pulmonary dis-
ease, and type 2 diabetes (Kushner et al., 2006).

Over a dozen prospective epidemiological studies demonstrated that
the level of CRP is a strong predictor of future CVDs such as coronary
heart disease, stroke, and peripheral artery disease, as well as secondary
cardiovascular events including myocardial infarction, ischemic stroke
and sudden cardiac death among CVD patients and also individuals
with no prior history of CVD (Chen et al., 2017; Koenig et al., 1999;
Ridker, 2003; Shrivastava et al., 2015). There is also evidence showing
that CRP is a valid predictor of CVD risk even 20 years after the initial
blood sample was obtained (Sakkinen et al., 2002). Traditional CRP
detection methods such as nephelometry (detection range 1-10 mg/L)
can only detect obvious inflammatory responses instead of subtle
changes in CRP level (Kamath et al., 2015). In contrast, the measure-
ment of high-sensitivity CRP (hs-CRP) using highly sensitive assay
techniques such as immunonephelometry, immunoturbidimetry, high-
sensitivity enzyme-linked immunosorbent assay (ELISA), and resonant
acoustic profiling is more precise (detection range 0.01-10 mg/L). It is
also a more sensitive way of measuring CRP than normal CRP (Kamath
et al., 2015). This improved sensitivity makes hs-CRP suitable for de-
tecting low-grade inflammation and determining CVD risk among see-
mingly healthy people. Results from a comprehensive meta-analysis
suggested that risk ratios per three-fold higher of CRP were 1.37, 1.27,
1.55, and 1.54 for coronary heart disease, ischemic stroke, vascular
mortality, and non-vascular mortality, respectively (The Emerging Risk
Factors Collaboration®, 2010).

Existing epidemiological studies reported inconsistent results re-
garding whether exposure to air pollution can lead to an elevation in
circulating CRP. A previous systematic review published in 2012 stated
that epidemiological studies among children reported generally con-
sistent positive associations between exposure to particulate air pollu-
tion and CRP (Li et al., 2012). Whereas, this positive association be-
tween PM and CRP in adults could only be observed at higher peak
levels of PM and no consistent result was found in adults with chronic
inflammatory conditions (Li et al., 2012). However, this review did not
include a quantitative analysis to summarise the changes in CRP level in
association with PM exposure. Moreover, many new studies with larger
sample sizes and improved exposure assessment have been published
since 2012, strengthening the necessity of conducting a formal meta-
analysis study. In this study, we focused on the associations between
short/long-term exposures to both PM, 5 and PM;, and circulating CRP
level, and conducted a comprehensive meta-analysis to summarise the
currently available study findings (till January 2018).
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2. Methods
2.1. Search strategies

The studies were comprehensively examined using the same com-
bination of keywords of exposure and health outcomes in the following
databases: Science Direct (EMBASE) (all fields), PubMed (all fields),
Web of Science (topic), and Scopus (article title, abstract and keywords)
up to January 2018 (no start date specified). The studies included in
this meta-analysis consisted of epidemiological studies that evaluated
the association between ambient PM, s/PM;o and CRP/hs-CRP level.
The search terms related to exposure were “air pollutants”, “air pollu-
tion”, “particulate matter”, “PM”, “PM, 5", “PM;,”, or “particles”. The
terms that described health outcomes were “high-sensitivity C-reactive
protein”, “high-sensitivity CRP”, “hs-CRP”, “hsCRP”, “C-reactive pro-
tein”, or “CRP”.

2.2. Study selection criteria

We examined all abstracts, full texts, and supplementary materials
of the identified records by inclusion and exclusion criteria. Eligible
studies must have reported quantitative measurements such as percent
change (%-change), beta coefficient (f3), fold change or relative differ-
ence in the magnitude of the association between ambient PM and
biomarker CRP level in human blood in adults. Specific exclusion cri-
teria were listed in the supplementary material (see supplementary
material).

2.3. Data extraction

Two investigators (Q. Liu and X. Gu) evaluated all records and data
extractions independently. Initial screening was conducted by skim-
ming through the titles, abstracts, and keywords against the inclusion
and exclusion criteria. Full-text articles were reviewed for all poten-
tially eligible records. Discrepancies were resolved by discussions be-
tween the two investigators. If consensus was not reached, decisions
were made by the third investigator (S. Wu).

Data and study characteristics from all eligible studies were ex-
tracted and recorded including: (1) study reference, (2) study period,
(3) study location (country), (4) participant characteristics (total
number, age and disease status), (5) circulating hs-CRP/CRP level, (6)
exposure level, (7) total number of observations (total number of blood
samples obtained from the study population), (8) exposure (PM,s,
PM;,) assessment methodology, (9) effect estimates and 95% Cis, (10)
unit of the effect estimates, and (11) study design. For articles with
missing information, we contacted the corresponding authors to obtain
specific data. In this meta-analysis, the estimated effect of PM was ca-
tegorised into estimated short-term effect (within days or several
weeks) (Lee et al., 2017) and a long-term effect (more than 6 months)
(Rodosthenous et al., 2018). During data extraction, study results from
all available models and exposure metrics were extracted and recorded,
including the results for the full study of population and subgroups.
However, only the largest effect (either positive or negative) with the
narrowest confidence interval among the short-term exposure and/or
long-term exposure metrics from the full population analysis of each
study was selected for the meta-analysis (Atkinson et al., 2014). If the
study only reported subgroup results, then all subgroup data was in-
cluded.

2.4. Quality assessment

Quality assessments of the included studies were also conducted by
two independent investigators (Q. Liu, and X. Gu) and any controversy
was solved through thorough discussions. Appraisal of the included
studies was completed using the NIH Quality Assessment Tool for
Observational Cohort and Cross-Sectional Studies, as recommended by
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the Cochrane Handbook (Higgins Julian PT, 2006). It is a set of 14
questions designed for the critical appraisal of the potential risk of bias
(“Study Quality Assessment Tools | National Heart, Lung, and Blood
Institute (NHLBI),” n.d.).

2.5. Statistical analysis

Percent changes were commonly used to quantify the association
across all eligible studies included in this meta-analysis. Original effect
estimates in included studies were reported per standard deviation
(SD), interquartile range (IQR) or other specific unit change of the PM
level, and they were converted and standardised into percent changes
(%) and 95% CIs associated with a 10 pg/m? increase in PM exposure.
Results reported in the format of relative difference were considered
equivalent to percent change after multiplying the effect estimates by
100%. Antilog transformation was performed on the changes in log-
transformed CRP level per unit increase of PM exposure before pooling
together. Fold change of CRP was deducted by 1, then multiplied by
100% to transform to percent change. Our study also included regres-
sion coefficient results. Beta-coefficients from linear regression models
(not log-transformed) were transformed back to percent changes in
association with a 10ug/m® increase in PM using the equation
[B*10 + M]*100%, where [ was the regression coefficient and M was
the mean of CRP level; 95% confidence intervals (CIs) were calculated
as [(p = 1.96*SE)*10 + M]*100%, where SE was the standard error
associated with the regression coefficient 3 (Yang et al., 2015).

Percent changes and 95% ClIs of the circulating CRP/hs-CRP level
associated with a 10 ug/m® increase in PM exposure collected or re-
calculated from each included empirical study were pooled, and the
pooled results were computed using Stata software version 12.0
(StataCorp., College Station, Texas). Heterogeneity among different
studies and study subgroups was examined using Chi-square-based
Cochrane Q statistic test and standard I? test. Pooled results were cal-
culated using random-effect models if I > 50%, which indicated a
substantial degree of heterogeneity across studies (Higgins, 2011).

In addition to adopting a random-effect model to examine the effect
modification, the results were stratified into subgroups by study loca-
tion (Asia or Europe or the USA), CRP assessment (CRP or hs-CRP),
baseline CRP level (by clinical reference level), sample size (< 1000 or
=1000), study quality (medium or high), pollution level (high or low
according to WHO guidelines), exposure assessment (fixed sites or
others), disease status of participants (general population or diseased
population), study design (panel study, cross-sectional study, or others),
and mean or median age, or age range (< 40 years or =40 years).
Detailed categorising methods are shown in the supplementary mate-
rial. When significant heterogeneity was identified, we conducted a
meta-regression analysis to investigate if it was related to one or more
characteristics of the studies using random effect restricted maximum
likelihood model. We did not perform subgroup and meta-regression
analyses for long-term effects of PM;o owing to too few studies.

The publication bias of included studies was examined using the
symmetric plot as well as the Begg's test build in Stata statistical soft-
ware. Sensitivity analysis was also performed by removing each study
at a time to evaluate if the omission of any study would alter the sig-
nificance of the pooled results.

3. Results

The literature search and eligible study selection procedure fol-
lowed a comprehensive, pre-designed methodology, as shown in Fig. 1.
Initial search resulted in a total of 6,181 records from four databases:
Scopus (n = 1,804), Pubmed (n = 1,189), Embase (n = 1,694), and
Web of Science (n = 1,494). After removing the duplicates and evalu-
ating the records based on the inclusion and exclusion criteria, 49 ar-
ticles fulfilled the criteria. Two reports (Riickerl et al., 2014, 2016)
studied the same population during the same period and only the latest
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data from 2016 were included in this meta-analysis. Three reports
(Hennig et al., 2014; Hoffmann et al., 2009; Viehmann et al., 2015)
investigated the CRP changes associated with long-term exposure to
PM;o and/or PM, s of the same population from the Heinz Nixdorf
Recall Study. Therefore, we only adopted the long-term association data
from the latest study (Viehmann et al., 2015) according to our exclusion
criteria. We also included the study by Hoffmann et al. (2009) in the
final analysis for the short-term exposure to PM;, because this study
investigated the short-term exposure effect of PM;, on CRP as well. We
further excluded 7 records without effect estimates after contacting the
authors, thus leaving 40 studies. Table S1 lists the descriptive char-
acteristics of the included studies. Among these studies, 33 investigated
the PM, 5-CRP association (26 for short-term & 10 for long-term) and 18
studies investigated the PM;,-CRP association (13 for short-term & 5 for
long-term) (Fig. 1, Table 1).

The meta-analysis showed that a 10 ug/m® increase in short-term
exposure to ambient PM, 5 was associated with a 0.83% increase in hs-
CRP (95% CI: 0.30%, 1.37%) (Fig. 2, Table 1), revealing a significant
positive but weak association. However, the association between the
short-term exposure to PM;, and CRP level was insignificant (pooled
percent change: 0.39%, 95% CI: —0.04%, 0.82%) (Fig. 2, Table 1). In
contrast, the positive associations with CRP level were stronger for
long-term exposures to PM, s (18.01%, 95% CI: 5.96%, 30.06%) and
PM;q (5.61%, 95% CI: 0.79%, 10.44%) than that for short-term ex-
posures (Fig. 2, Table 1). Nevertheless, heterogeneity test results sug-
gested a moderate to high level of heterogeneity among the effect es-
timates for all four PM-CRP associations (Table 1), particularly for the
short-term exposure to PM, 5 and CRP association (I> = 89.8%).

We performed subgroup analyses to offer insights into the sources of
heterogeneity. PM was associated with increased circulating CRP level
in most subgroups, but the heterogeneity remained at a moderate to
high level (Table 2). There were no significant modification effects
found for short-term exposure of PM;o. The meta-regression analysis
identified multiple factors including CRP level (P = 0.02), study quality
(P = 0.01), and study design (P = 0.08), which may help explain the
heterogeneity for CRP level change associated with long-term exposure
of PM, s. Only the study design (P = 0.03) was able to alter the effect of
short-term exposure of PM, 5 (Table S2).

Sensitivity analyses were performed to estimate the stability of the
results by re-calculating the pooled percent changes after omitting one
study each time. We found that the pooled percent changes in CRP per
10 ug/m® increase in short-term or long-term exposure to both PM, 5
and PM; , showed no significant change and were not dominated by any
single study, suggesting that the combined results were relatively stable
and reliable (Table S3). Both plot symmetry and Begg's test results in-
dicated that there was no publication bias among long-term studies.-
Some evidence of publication bias was found for the short-term studies
as indicated by a slight to mild asymmetric funnel plots (Fig. S1). Re-
sults of Beggs' test verified that the publication bias was insignificant
(P > 0.05) (Table S4).

4. Discussion

So far, several prospective studies conducted among individuals
with no prior history of CVD have demonstrated that CRP was a clas-
sical biomarker of inflammation and a strong predictor of future CVD
events that is independent of age, smoking, blood cholesterol, blood
pressure, and diabetes (Wilson et al., 1998). Our results demonstrated
that both short-term and long-term exposures to ambient PM, s and
PM;, were positively associated with an increased level of CRP, sug-
gesting that exposure to ambient PM may increase future CVD risk
through the inflammatory pathway. A 10 ug/m?® increase in short-term
exposure to PM, 5 and PM;, can lead to 0.83% and 0.39% increase in
CRP level, respectively. A 10 ug/m?® increase in long-term exposure to
PM, s and PM;, was associated with much higher increases of 18.01%
and 5.61% in CRP level, respectively.
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| Full text assessed for eligibility, including some reviews
4
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- 5 Review articles,

In vitro studies
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|
l l l

|
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of PM2s of PM2s
N=27 N=9
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Short-term exposure

Long-term exposure
of PMjo
N=5

Fig. 1. Flow-chart of literature search for meta-analysis.

Table 1
Meta-analysis of percent change in CRP in association with a 10 ug/m® increase in ambient PM concentrations.
Overall analysis ~ Exposure Pooled %-changes (95% CI) Significance test (P value)  No. of effect estimates ~ No. of studies =~ Heterogeneity
P Value for Heterogeneity I
PM2.5 Short-term 0.83 (0.30, 1.37) 0.002 31 27 < 0.001 89.8%
Long-term 18.01 (5.96, 30.06) 0.003 9 9 < 0.001 79.5%
PM;o Short-term 0.39 (—0.04, 0.82) 0.076 16 13 0.032 43.6%
Long-term 5.61 (0.79, 10.44) 0.023 5 0.813 0.0%

CI: confidential interval.

Major pathophysiological pathways through which air pollution
may promote the development of CVD include cardiac autonomic im-
balance, increased oxidative stress, and inflammation. When a human
body is exposed to particles (via respiratory tract, dermal or ocular
contact), PM activates a complex cascade of cellular signaling networks,
stimulates resultant reactive oxygen species (ROS) that depletes en-
dogenous antioxidants, and causes a rise in the CRP level (Chen et al.,
2016; Yan et al.,, 2016). CRP release can also be triggered by in-
flammatory cytokines including interleukin-6, interleukin-8, and tu-
mour necrosis factor-alpha in the circulation system because of pul-
monary inflammation after particle deposition (Veronesi et al., 1999;
Jiménez et al., 2002; Nemmar et al., 2002). Low-grade systemic in-
flammation may precede incident cardiovascular events. Moreover,
CRP not only acts as a marker of the systemic inflammation but also
induces the cardiac outcomes. The elevation in CRP is expected to lead
to the upregulation of adhesion molecules expression, increase in low-
density lipoprotein-uptake, induction of complement activation, acti-
vation of macrophages, and secretion of tissue factor, which could
further cause endothelial dysfunction and induce pro-coagulatory state
leading to the development of adverse cardiac outcomes (Robson,
2008).

In vitro and in vivo evidence also supports that the PM-systemic
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inflammation pathway is biologically plausible (Ramage and Guy,
2004; Upadhyay et al., 2010; Vogel et al., 2005). In vitro studies
quantified the particle-related CRP mRNA expression increases in
Human Macrophage Cell Line U937 (Vogel et al.,, 2005) and A549
human lung cells (Ramage and Guy, 2004). There is also in vivo evi-
dence showing a four-fold elevation in serum CRP after a high dose
instillation of 1000 ug PM, s in spontaneously hypertensive rats, in-
dicating a potentially high risk for cardiovascular impairment
(Upadhyay et al., 2010). Another in vivo study found that PM, 5 alone
can trigger the significant increase in CRP and lead to further in-
flammation and endothelial function injury in rats (Wang et al., 2013).

Growing evidence from epidemiological studies has shown that
short-term exposure to ambient PM, 5 and PM; for hours to weeks can
trigger acute adverse health effects including increased mortality and
morbidity of CVD (Agusti, 2007; Brook et al., 2010; Dominici et al.,
2006; Kim et al., 2012; Tecer et al., 2008). A longer-term exposure to
PM for months to years was found to have a greater influence on the
risk of cardiovascular mortality, even at a low concentration (Brook
et al., 2010; Dominici et al., 2006; Sandhu et al., 2005). The results of
our study agree with these findings and the magnitude of association
was found to be much greater for long-term exposure than for short-
term exposure in both PM, 5 and PM;,. Most of the included studies
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(B) Short-term exposure of PMj,
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Fig. 2. Forest plot of the meta-analysis: (A) Pooled percent change (%) of CRP associated with a 10 ug/m® increase in long-term exposure to PM, s (B) Pooled
percent change (%) of CRP associated with a 10 ug/m3 increase in short-term exposure to PM;, (C) Pooled percent change (%) of CRP associated with a 10 ug/m3
increase in long-term exposure to PM, 5 (D) Pooled percent change (%) of CRP associated with a 10 ug/m3 increase in long-term exposure to PM;,. (Li et al., 2017b,
Liu et al., 2017, Ostro et al., 2014, Pope et al., 2004, Riickerl et al., 2007, Wang et al., 2015, Wang et al., 2016, Wolf et al., 2016, Wu et al., 2016)

only investigated the short-term or long-term effects estimates in a
single study. Only three studies investigated the health effects asso-
ciated with both short-term and long-term exposures (Dadvand et al.,
2014; Green et al., 2016; Hajat et al., 2015). These studies also found
that long-term exposure was more strongly associated with increased
inflammatory biomarkers than short-term exposure. We believe that the
stronger estimated effects associated with long-term exposure can be
explained by the cumulative damage over long durations. Similarly,
hospitalization rates for CVD were also found to be more strongly as-
sociated with long-term PM, s exposure than with short-term PM, 5
exposure (Kloog et al., 2012). Therefore, we believe that improvements
in long-term air quality can effectively reduce the incidence of CVD.
Moreover, we also demonstrated a more consistent association
pattern with CRP for PM, s than for PM; o, suggesting that PM, s may be
more capable of increasing CRP level than PM;, Animal studies also
demonstrated the adverse effects of smaller particles (Routledge and
Ayres, 2005). Smaller particles have a larger surface area than larger
particles and their porous surface allows for a higher number of toxic
substances such as transition metals and a variety of organic chemicals
to be absorbed and retained inside the particles, which subsequently
cause the inflammatory status and an increase in CRP. (Valavanidis
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et al., 2008).

Moderate to high heterogeneity was identified in both overall meta-
analysis and subgroup analysis, suggesting the existence of inherent
differences between the studies. Subgroup analyses and meta-analyses
were performed to evaluate the impact of multiple potential effect
modifiers. We identified several potential modifiers such as study de-
sign, study quality, and CRP level that could partially explain the het-
erogeneity for changes in CRP in association with long-term exposure to
PM, 5 and only a study design can explain the heterogeneity of short-
term exposure of PM, s.

Our study also found a positive association in exposure of PM level
under the WHO guidelines. Therefore, we believe that there is no
threshold concentration for ambient PM exposure because there is still a
strong association between ambient PM on CRP level below the current
WHO regulatory guidelines that could lead to increasing CVD risk.
Cardiovascular mortality is the leading type of mortality due to air
pollution (Lelieveld et al., 2019) and our result findings suggest that
there is still room for the reduction of WHO guidelines to reduce the
CVD mortality and morbidity attributed to ambient particulate pollu-
tion.

Subgroup analyses by exposure assessment method found a smaller
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Table 2
Subgroup analysis of percent change in CRP in association with a 10 ug/m?® increase in ambient PM concentration.
Subgroup  Exposure Grouping criteria Pooled %-changes (95% CI) P value No. of effect estimates ~ No. of studies = Heterogeneity
P Value for Heterogeneity 12
Study location
PM2.5 Short-term Asian 1.1 (-0.5,2.7) 0.179 7 6 < 0.001 83.1%
European 2.0 (—0.9, 4.8) 0.175 9 8 0.031 52.7%
USA 0.9 (0.2, 1.5) 0.002 14 12 0.008 93.5%
Long-term Asian 2.7 (2.0, 3.4) < 0.001 3 3 0.582 0.0%
European 28.4 (9.3, 47.6) 0.004 4 4 0.154 42.9%
USA 16.6 (4.3, 28.8) 0.008 3 3 0.122 52.5%
PM;, Short-term Asian 0.4 (0.0, 0.8) 0.048 5 4 0.135 43.0%
European 0.6 (—0.8,1.9) 0.394 11 9 0.034 48.9%
hs-CRP vs CRP
PM, 5 Short-term CRP 2.6 (0.6, 4.5) 0.009 10 10 < 0.001 77.6%
hs-CRP 0.6 (—0.0,1.2) 0.062 20 16 < 0.001 92.4%
Long-term hs-CRP - - 10 10 - -
PM;o Short-term CRP 4.7 (—16.6, 25.9) 0.667 2 2 0.100 63.1%
hs-CRP 0.4 (—0.0, 0.8) 0.062 14 11 0.036 44.7%
Mean CRP level
PM; 5 Short-term High-risk 3.4 (1.7, 5.0) < 0.001 4 4 0.052 0.0%
Moderate-risk 0.6 (—0.3, 1.6) 0.178 12 10 < 0.001 88.6%
Low-risk 22.3 (13.6, 30.9) 0.000 12 10 < 0.001 94.7%
NA 3.8 (-5.6,13.1) 0.428 2 2 0.048 74.5%
Long-term High-risk 49 (-7.4,17.1) 0.437 2 2 0.469 0.0%
Moderate-risk 23.3 (12.6, 33.9) < 0.001 7 7 0.062 49.9%
Low-risk 2.7 (2.0, 3.3) < 0.001 1 1 - -
PM;, Short-term Average-risk 0.3 (0.0, 0.7) 0.046 10 7 0.131 34.6%
Low-risk 2.5(-2.0,7.0) 0.279 5 5 0.088 50.6%
NA 14.7 (—8.2, 37.6) 0.207 1 1 - -
Pollution level
PM, 5 Short-term High 0.2 (-1.2,1.6) 0.765 6 6 0.001 74.5%
Low 4.6 (0.8, 8.4) 0.017 21 17 0.001 65.2%
NA 1.4 (-1.3,4.1) 0.300 3 3 0.002 84.1%
Long-term High 2.7 (2.0, 3.4) < 0.001 3 3 0.582 0.0%
Low 21.8 (10.1, 33.5) < 0.001 7 7 0.030 57.0%
PM;o Short-term High 0.3 (0.1, 0.6) 0.023 4 3 0.215 32.8%
Low 1.1 (-0.8, 3.0) 0.251 10 8 0.017 55.4%
NA 2.8 (—-7.4,13.0) 0.587 2 2 0.225 32.1%
Exposure assessment
PM; 5 Short-term Fixed site 0.5(-0.1,1.1) 0.097 25 21 < 0.001 91.1%
Others 2.6 (0.9, 4.2) 0.002 5 5 0.189 34.9%
Long-term Fixed site 13.5 (5.5, 21.5) 0.001 5 5 0.262 23.8%
Others 19.1 (—3.3, 41.4) 0.094 5 5 < 0.001 84.5%
PM;, Short-term Fixed site 0.4 (—0.0, 0.8) 0.065 13 11 0.041 44.8%
Others 0.5(-238, 3.8) 0.761 2 0.087 59.1%
Age
PM; 5 Short-term < 40 1.2 (-0.7,3.1) 0.211 5 5 0.002 76.8%
PM;, =40 0.8 (0.2, 1.4) 0.014 25 21 < 0.001 91.2%
Long-term =40 - - 10 10 - -
Short-term < 40 0.3 (—1.35, 2.0) 0.720 3 3 0.094 57.7%
Long-term =40 0.4 (-0.1, 0.9) 0.143 13 10 0.041 44.7%
Quality of study
PM; 5 Short-term High 1.2 (0.5, 1.8) 0.001 13 13 < 0.001 94.1%
Medium 0.8 (—-0.3,1.9) 0.159 17 13 < 0.001 65.6%
Long-term High 4.9 (-0.0,9.7) 0.051 5 5 0.263 0.0%
Medium 28.9 (19.7, 38.1) < 0.001 5 5 0.414 84.4%
PM;o Short-term High 0.4 (-0.5,1.3) 0.375 7 7 0.160 35.1%
Medium 0.4 (-0.2,1.0) 0.185 9 6 0.027 53.8%
Sample size
PM; 5 Short-term < 1000 1.4 (1.3, 2.5) 0.013 22 19 < 0.001 77.7%
=1000 0.8 (0.0, 1.6) 0.040 8 8 < 0.001 96.1%
Long-term < 1000 7.6 (3.0, 18.2) 0.161 3 3 0.717 23.8%
=1000 19.5 (6.8, 32.1) 0.003 7 7 < 0.001 0.0%
PM;o Short-term < 1000 1.2 (-1.0, 3.4) 0.292 7 7 0.016) 61.7%
=1000 0.3 (0.0, 0.7) 0.046 9 7 0.228 24.2%
Study design
PM, 5 Short-term Panel study 0.4 (-0.1, 1.0) 0.123 22 19 < 0.001 92.1%
Cross-sectional study 4.3 (2.5, 6.0) < 0.001 7 7 0.440 0.0%
Others 1.5 (-0.0, 3.0) 0.052 1 1 - -
Long-term Panel study 13.8 (4.9, 22.7) 0.002 4 4 0.154 42.9%
Cross-sectional study 8.1 (—3.8,19.9) 0.184 5 5 0.254 25.1%
Others 43.8 (6.5, 26.1) < 0.001 1 1 - -
PM;o Short-term Panel study 2.3(-1.8,6.4) 0.265 7 6 0.019 60.4%
Cross-sectional study 0.3 (-0.1,0.7) 0.087 8 6 0.138 36.5%
Others 0.6 (—0.0, 1.1) 0.054 1 1 - -

761

(continued on next page)



Q. Liu, et al.

Table 2 (continued)

International Journal of Hygiene and Environmental Health 222 (2019) 756-764

Subgroup  Exposure Grouping criteria Pooled %-changes (95% CI) P value No. of effect estimates ~ No. of studies = Heterogeneity
P Value for Heterogeneity 12
Disease status
PM, 5 Short-term General population 1.0 (0.2, 1.7) 0.014 16 16 < 0.001 84.0%
Patients 3.3 (1.6, 5.0) < 0.001 16 14 < 0.001 83.1%
Long-term General population 12.7 (3.4, 22.1) 0.007 7 7 0.018 60.9%
Patients 2.6 (1.9, 3.3) <0001 5 5 0.051 0.0%
PM;o Short-term General population 0.4 (0.0, 0.8) 0.034 12 5 0.016 33.1%
Patients 1.9 (-1.2,4.9) 0.231 5 10 0.228 64.2%

*Classification criteria: Mean CRP level (hs-CRP < 1 mg/L, CRP < 5 mg/L, represents low-risk group; 1 mg/L < hs-CRP<3 mg/L, 5 mg/L < hs-CRP<10 mg/L
represents moderate-risk group; hs-CRP > 3 mg/L or CRP > 10 mg/L represents high-risk group); Pollution level (high: annual mean of PM, 5 > 10 ug/m3 or 24 h
mean of PM, 5 > 25 pug/m3 or annual mean of PM;o > 20 pg/m3 or 24 h mean of PM;, > 50 pg/m3 vs low: PM level below the above threshold); Quality of study

(High quality: score=11; Medium quality: score: 9 < quality score < 11).

effect estimate of PM on CRP for studies using fixed-site monitoring
data than for studies using other methods (models or personal exposure
data from a short-term study), especially for long-term exposures of
PM, 5 (Table 2). PM exposure assessment method used in epidemiolo-
gical studies usually depends on the study design and the fixed-site
monitoring data is usually used in short-term studies, while land use
regression or dispersion models are usually used in long-term studies.
The utilisation of municipal monitoring data that lacks spatial varia-
tions may cause non-differential misclassification in individual ex-
posure and underestimate the association, especially for long-term
studies. Exposure data from statistical models (such as land use re-
gression or dispersion model) is a better exposure assessment solution
for long-term studies because it is spatially more detailed (Ostro et al.,
2010). Short-term studies are more concerned on the temporal varia-
tion instead of spatial variation in exposure levels. Therefore, fixed-site
monitoring data or personal exposure monitoring data are more sui-
table for short-term studies as it is temporally resolved. Nevertheless,
the difference in the estimated effects for different PM assessment
methods was subtle in our present study.

The reasons for the different effect estimates of PM on CRP for short-
term studies using fixed-site monitoring data and other methods remain
unclear. Investigating the exposure to PM constituents that have dif-
ferent potentials to induce toxicities could be informative for the
identification of the source of heterogeneity observed in short-term
studies (Pedersen et al., 2015) and may also be informative to explain
the heterogeneity observed in long-term studies. However, the mea-
surement of PM constituent exposure is difficult in long-term studies
unless routine PM constituent monitoring is available over long dura-
tions.

Of all included studies, only three studies investigated the associa-
tion of CRP with PM compositions such as transition metal components
(iron, copper, and nickel) and ionic components (nitrate and sulfate),
elemental carbon, and organic carbon (Chuang et al., 2007; Strak et al.,
2013; Wu et al., 2012). Further epidemiologic studies are encouraged to
study the association between chemical constituents of particles and
CRP. It will not only help us understand the effects of PM on CRP and its
underlying pathological mechanism but also benefit the policymakers
to efficiently control the source of PM constituents and its adverse ef-
fects.

Moreover, we found that CRP has stronger associations with PM, g
and PM;, than hs-CRP. The difference in assay sensitivity could affect
the result but the meta-regression analysis did not find it statistically
significant. Additionally, we found that the association with exposure to
PM appeared stronger among participants with lower CRP level than
those with higher CRP level. This may be because the patients may take
medication that has anti-inflammatory functions, such as statins, and
thus weaken the potential effect of PM in the presence of inflammatory
response. Therefore, the adverse effect of PM on population is more
obvious among people with no sign of systemic inflammation than

762

those with already elevated CRP level. Besides, we also found that the
CRP increase associated with short-term exposure to PM appeared
stronger in patients with chronic diseases. It is possible that a relatively
healthier population has a stronger resistance toward abrupt PM ex-
posure. In contrast, this association pattern reversed in terms of the
long-term exposure of PM,s. However, the results of meta-regression
did not reveal any significant differences for the subgroups of the po-
pulation stratified according to disease status. Owing to the consider-
able heterogeneity observed in different subgroups, more future studies
are needed to confirm these findings. Nevertheless, sensitivity analyses
proved that our estimated effects for both PM, 5 and PM;, on CRP were
robust and stable. Therefore, our study findings are reliable.

This meta-analysis is strengthened by the comprehensive evaluation
of existing studies. However, our study results may change owing to the
exclusion of seven studies with unavailable effect estimates for meta-
analysis after contacting the authors through emails (Bind et al., 2012;
Dabass et al., 2018, 2016; Emmerechts et al., 2012; Hildebrandt et al.,
2009; Li et al., 2017a; Mirowsky et al., 2015). Nevertheless, most stu-
dies on PM and CRP in the literature have been included in our meta-
analysis, and the potential bias due to the excluded seven studies is
unlikely to be substantial. According to our research, the number of
long-term studies are much smaller than that of short-term studies,
which may be owing to the difficulty to obtain higher-resolution ex-
posure assessment data and high study costs over long-terms. Future
studies on the cardiovascular effect of long-term PM exposure are en-
couraged to better clarify the underlying scientific questions.

In conclusion, our study results showed that exposure to PM was
associated with increases in the levels of circulating CRP, which is a
classical marker of inflammation. In addition, long-term exposure to
PM was more strongly associated with increasing CRP level than short-
term exposure. These results may help explain the increased CVD risk
associated with exposure to PM as reported in previous epidemiological
studies and may also add to the scientific basis for the health risk
monitoring and disease prevention efforts related to ambient particu-
late air pollution.
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