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ABSTRACT 

 

Long-term effects of cumulative average fine particulate matter 

exposure on the risk of hemorrhagic stroke 

 

Juhwan Noh 

 

Department of Medicine 

The Graduate School, Yonsei University 

(Directed by Professor Changsoo Kim) 

 

Background: Epidemiological studies have revealed associations between 

fine particle (PM2.5; aerodynamic diameter <2.5 μm) exposure and 

cardiovascular disease. Researchers have also recently begun investigating 

the association between PM2.5 exposure and hemorrhagic stroke (HS) and 

identifying subpopulations susceptible to PM2.5 exposure. Long-term 

cumulative average PM2.5 exposure may affect the risk of HS, and the 

effects may be modified by risk factors. 

Methods: This retrospective study evaluated the effects of PM2.5 on the 

time-to-first-diagnosis of HS among 62,676 Seoul metropolitan city 
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residents with 670,431 total person-years of follow-up; this cohort is a 

subset from a nationally representative cohort of 1,025,340 individuals 

from the Korean National Health Insurance Service database (2002–2013). 

A time-dependent Cox proportional hazards model was used to adjust for 

age, sex, household income, insurance type, body mass index, smoking 

status, medical history, and family history. The annual average PM2.5 

concentrations for 25 districts were used as the time-dependent variables. 

Subgroup analyses of the traditional risk factors of HS were performed to 

evaluate the potential effect modifications. 

Results: Each 10-μg/m3 increment in cumulative average PM2.5 exposure 

was significantly associated with HS (hazard ratio [HR]: 1.43, 95% 

confidence interval [CI]: 1.09–1.88). The adverse effects of PM2.5 

exposure were modified by age ≥65 years (HR: 2.00, 95% CI: 1.32–3.02) 

and obesity (body mass index ≥25 kg/m2; HR: 1.91, 95% CI: 1.28–2.84). 

Conclusion: Cumulative average PM2.5 exposure might increase the risk 

of HS. Elderly (≥65 years) and obese individuals may be more susceptible 

to the effects of PM2.5 exposure. 

 

Key words : particulate matter; chronic effect; cumulative average 

exposure; hemorrhagic stroke
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I. INTRODUCTION 

 

Fine particulate matter (PM2.5) is particles with a nominal mean aerodynamic 

diameter≤ 2.5 μm among particulate matter, a mixture of solid particles and liquid 

droplets found in the ambient air (Figure 1).1 It is comprised of various components 

including metals, black carbon, or organic compounds.2 Composition of the PM 

varies greatly and depends on many factors. The major components of PM are 

transition metals, ions (sulfate and nitrate), organic compounds, quinoid stable 

radicals of carbonaceous materials, minerals, reactive gases, and materials of 

biological origin. 
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Figure 1. Size fractions of particulate matter. 

Source: U.S. EPA. Particulate matter basics. Available at: https://www.epa.gov/pm-

pollution/particulate-matter-pm-basics [Accessed 30 June 2019]. 

 

  1. A landmark fine particulate matter study: Harvard six cites study 

 

In 1993, Dockery et al. suggested that long-term exposure to fine-particulate air 

pollution could increase the risk of death.3 At that time, fine-particulate matter had 

not been defined as being unhealthy by the World Health Organization (WHO) or 

U.S. Environmental Protection Agency (EPA). Hence, ground-breaking findings 

have generated many debates.4 As always in public health and epidemiology, 

https://www.epa.gov/sites/production/files/2016-09/pm2.5_scale_graphic-color_2.jpg
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important results require support from other studies with replication.5 American 

Cancer Society II study, which was another large cohort study with long-term 

follow-up, showed that a significant association between fine particulate matter 

cardiopulmonary and lung cancer mortality.6 

The results of the studies have been subject to debate with other scientists, 

members of the U.S. Congress, and industry representatives. Consequently, the 

reanalysis of the original data from two historical studies was requested to test the 

validity and robustness of the findings.7 The reanalysis, which was independently 

performed by the Health Effects Institute, demonstrated that the data were of high 

quality and supported that the risk estimates published by the original investigators 

were not the results of inappropriate statistical methods or accidental errors.8 

These two studies provided an important basis for the U.S. EPA to establish an 

air quality standard for the annual average PM2.5 of 15 μg/m3 in 1997 and for the 

WHO to adopt the annual average concentration of 10 μg/m3 as the long-term 

guideline value for PM2.5 in 2005.9,10 Air quality standard specifies not just the 

concentration and the averaging time but the proportion of time that the standard 

must be met. This regulatory approach inherently assumes that maintaining target 

concentrations met by source control and emission reductions will reduce exposure 

to PM2.5 and, subsequently, decrease risks of adverse health effects. 

 

2. Frameworks for particulate matter research 
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Measuring the health impact of regulations or policies to improve air quality 

could be performed in different perspective across broad range of disciplines, 

including atmospheric science or engineering, exposure assessment technology, 

toxicology, biostatistics or epidemiology, public policy, and health economics. In 

1998, the National Research Council’s Committee on Research Priorities for 

Airborne Particulate Matter report set out a framework for connecting air pollution 

sources to adverse health effects (Figure 2).11 

 

 

Figure 2. A framework for linking air pollution sources to adverse health effects. 

Source: National Research C. Research Priorities for Airborne Particulate Matter: I. 

Immediate Priorities and a Long-Range Research Portfolio. Washington, DC: The 

National Academies Press; 1998. 

 

  The Health Effects Institute Accountability Working Group also developed 

another integrated framework for assessing the performance of air quality regulatory 

policies as well as for evaluating the extent to which those regulations improve 

public health (Figure 3).12 These chains encompass air pollution sources including 
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emissions and the resulting concentrations of pollutants in air as well as individuals 

and population exposure levels, and finally the consequent adverse health outcomes. 

 

 

Figure 3. Chain of accountability. Each box represents a link between regulatory 

action and human health response to air pollution. Arrows connecting the links 

indicate possible directions of influence. Text below the arrows identifies the 

general indices of accountability at that stage. At several stages, knowledge gained 

from accountability assessment can provide valuable feedback for improving 

regulatory or other action. Source: Health Effects Institute Accountability Working 

Group. Assessing health impact of air quality regulations : concepts and methods 

for accountability research. Boston, MA: Health Effects Institute; 2003. 

 

The U.S. EPA released a report that evaluated the policy-relevant scientific 

literatures aimed at characterizing exposures to ambient particulate matter and the 
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potential human health and welfare effects associated with these exposures.13 In that 

report, U.S. EPA outlined the general framework for evaluating scientific evidence 

and drawing conclusions on the key policy-relevant questions including causal 

judgments, as a step in the general National Ambient Air Quality Standards review 

process (Figure 4).14 

 

 

Figure 4. Schematic of the key steps in the review of the National Ambient Air 

Quality Standards. Source: National Center for Environmental Assessment. 

Preamble to the Integrated Science Assessments. Research Triangle Park, NC; 2015. 

 

3. Assessment of the long-term exposure to fine particulate matter 

 

The ideal way to estimate long term PM2.5 exposure may be the integration of 
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breathing concentrations over time and across the microenvironments in which a 

person spends time during defined periods. Personal exposures including time-

activity pattern, meteorological data, emission sources, and characteristics of 

microenvironments are not usually measured, surrogate exposure estimates are 

often used to represent personal exposure.15 Depending on data availability and 

research purpose, epidemiological studies select surrogate exposure estimates such 

as ambient PM2.5 concentration, non-ambient PM2.5 concentration, total personal 

exposure to ambient PM2.5, or overall total personal exposure.16,17 

To assign exposure concentrations to study participants, epidemiologic studies 

use a variety of approaches including measurement methods (fixed-site monitor, 

microenvironmental monitor, or active/ passive personal exposure monitor) or 

modelling methods (data averaging, inverse distance weighting, kriging, land use 

regression, spatiotemporal model, chemical transport model, dispersion model, 

hybrid approaches, or microenvironmental modeling). Ozkaynak et al. developed a 

hierarchy of methods based upon complexity (Figure 5).18 Common methods 

include using measurements from central-site or fixed-site ambient monitoring, 

selecting the closest monitor to represent population exposure concentration, and 

averaging concentrations from multiple monitors. Statistical adjustment methods 

trimming extreme values might be applied to improve the quality control of 

exposure concentration data set. 
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Figure 5. Tiers of exposure models relevant to epidemiology studies and input 

data types for each exposure model tier. CMAQ: Community Multiscale Air Quality; 

AERMOD: AMS (American Meteorological Society)/EPA (United States 

Environmental Protection Agency) Regulatory Model; SHEDS: Stochastic Human 

Exposure and Dose Simulation; APEX: Air Pollutants Exposure models. Source: 

Ozkaynak H, Baxter LK, Dionisio KL, Burke J. Air pollution exposure prediction 

approaches used in air pollution epidemiology studies. J Expo Sci Environ 

Epidemiol 2013;23:566-72. 

 

There might be a difference between the actual PM2.5 exposure and surrogate 
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exposure estimates.19 When spatiotemporal variability or population groupings are 

incorrectly assigned, exposure error due to the usage of surrogate estimate could 

result in the exposure misclassification, either differential or nondifferential.20 The 

quality of epidemiological study inference is determined by study design, data 

structure, appropriate adjustment of confounding, and the quality of the PM2.5 

exposure estimates. According to the type of exposure misclassification, the 

health effect estimate might be attenuated or overestimated. Exposure errors has 

two distinctive components, classical error and Berkson error (Figure 6).21 

 

 

Figure 6. Examples of possible errors in a linear disease model relationship with 

surrogate exposures. a: classical error; b: Berkson measurement error; X: true 

exposure; W: surrogate exposure; Y: disease outcome. Source: Sheppard L, Burnett 

RT, Szpiro AA, Kim SY, Jerrett M, Pope CA, 3rd, et al. Confounding and exposure 

measurement error in air pollution epidemiology. Air Qual Atmos Health 

2012;5:203-16. 
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A classical error is identified when the measurement varies randomly and 

independently around the true exposure, and it usually derived from the error of the 

ambient monitor. Classical error typically attenuates the effect estimates towards 

the null because the variation in the measurements tends to be greater than variation 

in the true exposures. A Berkson error is defined when the true exposure scattered 

around the measured concentrations of the surrogate exposure, which is the ambient 

monitoring measurement in most cases. The measured concentrations of surrogate 

exposure are less variable than the true personal exposure level and independent of 

the measured population average. A purely Berkson error tends not to cause bias in 

the health effect estimate.22 

In longitudinal cohort studies, exposure surrogates are ambient concentrations 

aggregated over follow-up periods, such as several years or decades, and by unit 

region such as community.3,23 Applying exposure surrogate with different degrees 

of measurement error can influence and determine bias in the health effect 

estimate.24 Jerrett et al. compared the effect estimated using ground-based data or 

remote sensing with satellite data and found that the effect of PM2.5 estimates 

modelled using ground data as well as remote sensing data was larger than that of 

PM2.5 estimates from the satellite method alone.25 Another study comparing the 

estimated bias and the inflation of the standard errors caused by the different 

exposure surrogates of traffic-related air pollution reported that measurement 

error typically biased the associations between exposure and health toward the null 
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and might reduce the ability to detect an adverse effect.26 That is, validation studies 

and the related exposure models can substantially increase the likelihood of 

detecting significant associations. In other studies using the time-varying ambient 

source exposures, when nonambient sources are independent of ambient sources, 

the measurement error behaves like a Berkson measurement error and would result 

in a bias toward the null to underestimate the health effect of the exposure to ambient 

PM2.5 with widening the confidence interval.27 

Although PM2.5 concentrations tend to be less spatially variable than other size 

fraction concentrations, spatial exposure error is another source of bias in long-term 

cohort studies.28 Alexeeff et al. compared the bias and uncertainty measurement 

error correction strategies of land use regression, kriging, and satellite-based high 

resolution model.29 Compared with the satellite-based model, the R2 of the land use 

regression model was 71-84% and that of the kriging model was 24-44%. The effect 

estimates from the land use regression or kriging models sometimes worked well 

but other times were biased away from the null. In some large epidemiological 

cohort studies, the measurement error of PM2.5 exposure resulted in a bias toward 

the null to underestimate the health effect estimates, which were lower than those 

estimated using the PM2.5 exposure modelled with the error correction method.30-32 

Other studies reported consistent findings that exposure concentration of PM2.5 with 

a greater spatial resolution (50 m) resulted in higher mortality effect estimates than 

those obtained with a 10-km resolution.33,34 Sheppard et al. emphasized that 

exposure assessment is necessary to capture the underlying exposure variability 
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for the pollutants in the estimation of the health effect.21 Cefalu and Dominici 

conducted a simulation study to evaluate the joint effect of PM2.5 exposure 

measurement error and confounding and found that, a more accurate prediction of 

the exposure does not always reduce the bias in the health effect estimation in the 

presence of uncontrolled spatial confounding adjustment.35 

 

4. Evaluation of the cardiovascular health effects of long-term PM2.5 exposure 

 

The extended follow-up of the Harvard Six Cities study showed that the city-

specific reduction of PM2.5 were associated with reduced mortality risk suggesting 

that recent or lifetime cumulative exposures would have effect on survival and 

public health benefit.36,37 The results of extended follow-up and spatial analysis of 

the American Cancer Society study consolidate earlier findings.38 Dr. Krewski’s 

team repeated a spatial analysis designed to explore whether more recent exposures 

to air pollution are more or less strongly associated with mortality than exposures 

further in the past.39 Exposure profiles for this analysis were constructed from 

average PM2.5 concentrations for periods 1 to 5 years, 6 to 10 years, and 11 to 15 

years prior to death. 

Many recent epidemiologic studies as well as subsequent analyses of two 

landmark studies demonstrated consistent positive associations and supported a 

strong relationship between long-term PM2.5 exposure and risk of cardiovascular 

disease and mortality. Some well-conducted prospective studies indicate an 
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association between long-term exposure to PM2.5 and ischemic heart disease (IHD). 

Miller et al. analyzed the cohort of 65,893 postmenopausal women in 36 U.S. 

metropolitan areas followed for a median duration of 6 years and found that annual 

average of PM2.5 from the monitor located nearest to the residence of each women 

might increase risk of cerebrovascular events and stroke [co-pollutants adjusted 

hazard ratio [HR]: cerebrovascular events: 1.16 (95% confidence interval [CI]: 1.04, 

1.30) and HR stroke: 1.13 (95% CI: 1.04, 1.30)].40 Cesaroni et al. conducted a meta-

analysis of 11 European prospective cohort studies with a median follow-up of 11.5 

years and supported that annual average PM2.5 estimated by land use regression was 

associated with an increased incidence of IHD.41 Some studies reported no 

association between PM2.5 exposure and the incidence of myocardial infarction (MI) 

or coronary events.42,43 Adar et al. found that the intima-medial thickness (IMT) of 

the common carotid artery was associated with long-term PM2.5 concentrations and 

greater reductions in PM2.5 are related to slower IMT progression.44 The association 

was consistent with that from other studies which considered PM2.5 components.28,45 

Several studies also explored the potential effect modification by past medical 

history of diabetes, cardiac disorders, and MI as well as by individual and 

neighborhood level socioeconomic status (SES).46-49 

Although consistency of associations varied with the specific outcome and 

exposure definition, several epidemiologic studies have reported an association 

between PM2.5 exposure and various outcomes related to cardiovascular disease 

including atherosclerosis progression.50,51 The Multi-Ethnic Study of 
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Atherosclerosis (MESA) analyses supported the effect of PM2.5 exposure on 

coronary artery calcium score among middle to older aged adults, while the 

Framingham Heart Study offspring study found no such association.52,53 A small 

number of studies provide evidence supporting a possible relationship between 

PM2.5 and heart failure (HF).48,54 Liao et al. reported that 365-day PM2.5 

concentrations were not associated with the most frequent forms of arrhythmia in 

the general population (supraventricular or ventricular ectopy).55 Another study did 

not find any arrhythmogenic effects of PM2.5.
54 The meta-analysis of European 

cohorts reported a weak positive association of residential traffic exposure with 

arrythmia in contrast to exposure modeled by land use regression.56 Similarly, 

Coogan et al. reported no association between long-term PM2.5 exposure and 

hypertension in the Black Women’s Health Study, which was based on exposure 

estimated at all residential locations over follow-up with a hybrid model 

incorporating land use regression and Bayesian Maximum Entropy techniques.57,58 

A longitudinal analysis of postmenopausal women in the Women’s Health Initiative 

Hormone Therapy trials found no evidence of an association between venous 

thromboembolism and long-term exposure to PM2.5 and that of effect modification 

by hormone therapy.59 Another Nurses' Health Study reported exposure to PM2.5 is 

positively associated with pulmonary embolism.60 

Recent epidemiologic studies focusing on the health effects of long-term PM2.5 

exposure controlled for the potential confounding effect of co-pollutants.61,62 Some 

studies often examined traffic-related pollutants such as ozone (O3), nitrogen 
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dioxide (NO2), Nitrogen oxide (NOX), or carbon monoxide (CO), whereas others 

adjusted for the size of particles such as PM10−2.5 or ultra-fine particulate matter. The 

PM2.5 associations with effects were relatively unchanged in co-pollutant models. 

In a multipollutant model adjusting for NO2, the effect estimates for the association 

of PM2.5 and MI risk was remained largely unchanged.47 Madrigano et al. 

distinguished area PM2.5 from local traffic-related PM2.5 and reported that the 

association with area PM2.5 was maintained after adjusting for local traffic-related 

PM2.5
61 . Puett et al. reported that the health effect of long-term PM2.5 exposure was 

similar to that in the co-pollutant model incorporating PM10-2.5.63 The correlations 

coefficient between co-pollutants and PM2.5 were usually less than 0.7. 

Another important consideration for the long-term PM2.5 exposure effect on 

cardiovascular health is whether the concentration-response relationship is linear or 

whether there is a threshold for the health effect. Recent epidemiologic studies on 

the shape of the concentration response curve provide evidence of a linear no-

threshold relationship between long-term PM2.5 exposure and cardiovascular effects 

IHD, coronary artery calcification, hypertension and mortality. Some studies found 

that the effect on cardiovascular mortality or the steeper slope at lower PM2.5 

concentrations was within ranged within 5-15 µg/m3. Qian et al. reported an almost 

linear relationship between PM2.5 exposure and all-cause mortality with a steeper 

slope below 12 μg/m3 and no sign of threshold down to 5 μg/m3.62 Dorans et al. 

found non-linearity in the associations of PM2.5 with log-transformed coronary 

artery calcium score and Kaufman et al. reported that the concentration-response 
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curve suggests an attenuation of the association at higher concentrations.52,53 

Some studies have investigated the relationship between exposures to PM2.5 

components and sources and health effects to evaluate whether specific components 

or sources are more strongly associated with health effects than PM2.5 mass. In a 

multicenter study of 11 European cohorts, exposure to PM2.5 components of iron 

and potassium was positively associated with coronary events.64 Gan et al. found an 

association between long-term traffic-related fine particulate black carbon exposure 

and coronary heart disease hospitalizations.65 Exposure to PM2.5 components of 

elemental carbon, organic carbon, sulfur, and possibly silicon was associated with 

common carotid artery IMT.28,45 These findings supported that any one source 

and/or component is not consistently more strongly associated with health effects 

than PM2.5 mass. 

 

There are several biologically plausible pathways connecting long-term exposure to 

PM2.5 to cardiovascular health effects (Figure 7).66 Respiratory tract injury and 

inflammation might spread into the circulatory system and induce a series of 

pathophysiological responses that could ultimately result in IHD, stroke, HF, or 

thromboembolic disease elsewhere in the body. Hajat et al. identified an 

association between PM2.5 and IL-6 levels among participants from the Multi-

Ethnic Study of Atherosclerosis.67 In a longitudinal study of the Heinz Nixdorf 

Recall Study, Viehmann et al. demonstrated the effect of PM2.5 estimates modeled 

at each participant's residence by the chemistry transport model on pathways of 



19 

 

Figure 7. Potential general pathophysiological pathways linking PM exposure with 

cardiopulmonary morbidity and mortality. Source: Pope CA, 3rd, Dockery DW. 

Health effects of fine particulate air pollution: lines that connect. J Air Waste Manag 

Assoc 2006;56:709-42. 

 

inflammation (high-sensitive C-reactive protein [hs-CRP]; an independent predictor 

of cardiovascular disease) and coagulation (platelets).68 Hennig et al. also 

investigated the associations between source-specific PM2.5 exposure and hs-CRP 

and reported that systemic inflammation was more strongly associated with local 

traffic-specific PM2.5 exposure than industry-specific or total PM2.5 exposure.69 In 

recent studies, the long-term exposure to particulate air pollution was found to be 

associated with an increase in CRP and more strongly associated with CRP level 
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than short-term exposure.70,71 Certain subgroup of older patient with diabetes, 

smokers, the unmarried, people with high blood pressure, or those who were using 

hormone therapy were more susceptible to the effects of long-term exposure to 

PM2.5 on CRP.72 Animal experiments have shown that vascular or cardiac 

dysfunction might be impaired due to systemic inflammation in response to long-

term PM2.5 exposure.73,74 Chronic air pollution exposure has also been found to 

induce the accumulation of oxidized lipids in macrophage and atherosclerosis 

progression.75 

Modulation of the autonomic nervous system is another mechanism for the 

incidence of cardiovascular diseases. Studies using PM2.5 exposure assigned using 

30-day or 60-day averages showed elevated systolic blood pressure (SBP), pulse 

pressure (PP), and mean arterial pressure (MAP) but not diastolic blood pressure 

(DBP).76,77 Chen et al. supports that estimates of long-term exposure to PM2.5 at 

participants' postal-code residences derived from satellite observations increase the 

risk of the incident hypertension.78 In an animal study, chronic PM2.5 exposure 

resulted in a cardiac phenotype consistent with HF.79 In another study, the centrally 

acting α2a agonist guanfacine attenuated the basal BP increase after long-term PM2.5 

exposure, suggesting a role of sympathetic activation, which was accompanied by 

the hypothalamic inflammation.80 Hypertension can lead to HF or arrhythmia 

through cardiac remodeling and contribute to impaired vascular function and 

atherosclerosis.81,82 These studies might provide additional biologically plausible 

mechanisms for the association between long-term exposure to PM2.5 and 
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cardiovascular mortality or morbidity including cerebrovascular disease. 

 

5. Backgrounds of this study 

 

Despite improvements in managing cardiovascular risk factors, cerebrovascular 

disease remains a major cause of death and morbidity. For example, 90% of the total 

stroke risk can be attributed to 10 major risk factors, including acute events (e.g., 

emotional stimulus) and medical conditions (e.g., atrial fibrillation or history of 

hypertension).83 In addition, fine particulate matter (PM2.5; particulate matter with 

an aerodynamic diameter of <2.5 μm) has also emerged as a risk factor for 

stroke.84,85 

During the last decade, epidemiological studies have revealed that particulate 

matter exposure may be associated with respiratory and cardiovascular diseases.81 

Long-term PM2.5 exposure has also been shown to be associate with increased 

cardiovascular morbidity and mortality.86,87 In a recent study, each increment of 10 

μg per cubic meter in PM2.5 was associated with an increase in all-cause mortality 

of 7.3% (95% confidence interval [CI]: 7.1–7.5%).88 Various biological 

mechanisms for the effects of PM2.5 on cardiovascular disease have been 

proposed,89,90 and these mechanisms may be relevant to the development of 

cerebrovascular events. Growing amounts of evidence also support the association 

between PM2.5 and stroke. Meta-analyses have summarized the short-term effects 

of peak PM2.5 exposure on stroke hospitalization and mortality.91,92 A recent meta-



22 

analysis also found that incremental increases in PM2.5 were associated with acute 

stroke morbidity and mortality (relative risk: 1.011 per 10 μg/m3, 95% CI: 1.011–

1.012).93 The reported associations of long-term PM2.5 exposure with stroke are less 

consistent than those for cardiovascular events,40,42,94 and a recent meta-analysis 

investigated the long-term effects of particulate matter on the incidence of stroke in 

European cohorts (hazard ratio [HR]: 1.19, 95% CI: 0.88-1.62).85 

Although individuals with underlying conditions could have a higher risk of 

nonfatal and fatal stroke events, few studies have investigated the modifying effects 

of PM2.5 exposure in these patients. In this context, the key modifiers of hemorrhagic 

stroke (HS) risk include age, sex, ethnicity, family history of stroke, hypertension, 

cigarette smoking, heart disease, diabetes, and obesity.95 Stafoggia et al. observed 

associations among those ≥ 60 years of age, never-smokers, and participants with 

PM2.5 exposure < 25 μg/m3. Hart et al. reported higher risks in women with diabetes, 

older women (≥70 years), and obese individuals.96 Recently, Lin et al. also 

observed stronger effects of long-term PM2.5 exposure among individuals with 

greater physical activity, whereas mitigated effects were seen among those with fruit 

and vegetable intake.94 However, it is still unclear whether there are population 

subgroups that are more susceptible to the adverse effects of PM2.5 exposure. 

 

6. Objectives of this study 

 

Therefore, this retrospective study was designed to evaluate residents in a 
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metropolitan city, a subpopulation in a nationally representative cohort of the 

Korean population, by linking death certificates and district-level PM2.5 exposure 

concentrations using the individuals’ residential addresses. 

The aim of this study was to investigate the effects of long-term PM2.5 exposure 

on HS, and to analyze whether the effect modifications were associated with 

modifiable risk factors. 

 

II. MATERIALS AND METHODS 

   

  1. Ethical considerations 

 

The study was performed in accordance with the Declaration of Helsinki, and 

was approved by the institutional review board of the Yonsei University Health 

System Clinical Trial Centre (4-2015-1191). 

 

2. Data source 

 

Data were extracted from the National Health Insurance Service-National Sample 

Cohort (NHIS-NSC), which is a nationally representative cohort of 1,025,340 

Korean individuals (approximately 2% of the Korean population that was covered 

by the NHIS in 2002). Individuals were sampled using the systematic stratified 

random method, and followed annually for 12 years (2002–2013). A detailed profile 
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of the NHIS-NSC cohort has been reported.97 Anonymous claims-based data were 

collected for all individuals who were covered by the NHIS. The NHIS insurance 

eligibility records consist of 14 criteria, including the participants’ identifier, 

birthdate, date of death, status of disability, and demographic and socioeconomic 

characteristics (e.g. sex, income, district of residence, and type of health insurance). 

Data regarding causes of death were obtained from Statistics Korea.98 The 

individuals’ treatment records were obtained from medical claims records, which 

contained specific treatment information (e.g., prescription drugs and procedure 

codes). Detailed diagnoses were coded using the International Classification of 

Diseases, Tenth Revision, Clinical Modification (ICD-10-CM). Records were also 

obtained from the questionnaire-based nationwide health examination of citizens 

(2002–2013), which provided information regarding each individual’s physical 

status, blood test results, urine test results, lifestyle, and family history. To protect 

privacy, each Korean Resident Registration Number (a unique identification 

number) was replaced with a new eight-digit personal identifier. 

 

3. Study population 

 

  The NHIS-NSC included 218,005 residents from Seoul, a metropolitan city, 

during 2002–2013. Seoul was chosen because PM2.5 measurement data were only 

available for all districts in this metropolitan city, and several previous studies have 

evaluated the effects of particulate matter on cardiovascular events in Seoul.99-101 A 
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total of 67,597 individuals were lost to follow-up (e.g., emigration, missing, or 

moving from Seoul), and another 87,732 individuals were excluded because of their 

age, unavailable health examination data, or a history of HS. A wash-out period of 

1 year was used to eliminate potential cases of pre-existing HS. Accordingly, the 

final analyses included 62,676 adults (≥20 years old) who lived in the 25 districts 

of Seoul during 2002–2013 (Figure 8). 

  

Figure 8. Study flowchart. 
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4. Study outcome 

 

  The study outcome was defined as the first diagnosis of non-fatal HS or death 

because of HS (ICD-10-CM codes I60–I62). The death records were updated every 

month, and all other records were updated annually after January 1, 2002. The index 

date was defined using the instance of an outcome event. The diagnosis of HS was 

robust, as computed tomography is covered by insurance and performed as the 

baseline examination for almost all stroke symptoms.102,103 The 1-year wash-out 

period was used to ensure that only new-onset HS was included in the analyses. 

 

5. Air pollution data 

 

  We obtained PM2.5 data from 27 outdoor automated fixed-site monitoring stations, 

which are maintained by the Research Institute of Public Health and Environment 

(Seoul Metropolitan Government) 104. Two outdoor automated fixed-site monitoring 

stations were closed during the study period (Figure 9). For each year, the 

individuals were assigned the annual average PM2.5 exposure of hourly-monitored 

data in the district in which they were living. The long-term exposure variable of 

interest was the time-varying cumulative average PM2.5 exposure during the follow-

up period, which was calculated based on the annual average PM2.5 exposures for 

each district during 2003–2013. To reflect the effects of any intra-city relocation, 
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the individuals’ estimated PM2.5 exposures were calculated by averaging the annual 

PM2.5 exposure (January 1 to December 31) in the district where each individual had 

lived before the year of the event. PM2.5 exposure was additionally categorized into 

tertiles, which were defined by the cumulative average PM2.5 distribution. The last 

3-year or 5-year average PM2.5 exposures were calculated by averaging the annual 

mean PM2.5 concentrations during last 3 or 5 years. 

 

Figure 9. Locations of 25 city air quality monitoring stations in Seoul. Source: 

Seoul Solution. Air Pollution Monitoring Network. Available at: 

https://seoulsolution.kr/en/node/6540 [Accessed 25 June 2019]. 

 

6. Statistical analysis 

 

The time-dependent Cox proportional hazards regression model was used to 
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estimate the adjusted hazard ratios (HRs) for stroke events. The follow-up duration 

was calculated as the time (in years) since enrolment. Each individual was followed-

up annually until the first instance of the index date, death due to another cause, 

relocation outside of Seoul, or the end of the follow-up (December 31, 2013). 

Individuals were censored at the date of any non-index event. The main time-related 

variable of interest was the cumulative average PM2.5 exposure, which was 

calculated as a continuous variable. Other time-related covariates were updated 

annually. 

The individual-level covariates were recorded based on the health examination 

results, and were incorporated into the various study models. Each individual 

underwent at least one health examination (not necessarily on an annual basis), and 

the values from the previous examination were carried forward until the next 

examination. The study covariates were age (20–39 years, 40–49 years, 50–59 years, 

60–69 years, and ≥70 years), sex, self-reported family history of ischemic heart 

disease or stroke, smoking status (never, former, or current), body mass index (BMI) 

variables (a continuous variable and five categorical variables: <18.5 kg/m2, 18.5–

22.9 kg/m2, 23.0–24.9 kg/m2, 25.0–29.9 kg/m2, and ≥30 kg/m2), the number of 

times moving within Seoul during the follow-up period (0, 1, or 2 times), and 

medical histories of congestive heart failure (ICD-10-CM code I50), hypertension 

(ICD-10-CM code I10-15), diabetes (ICD-10-CM code E10-14), or aortic 

atherosclerosis (ICD-10-CM code I70.0). To control for economic and social factors, 
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we also adjusted for two individual-level socioeconomic covariates: the household 

income decile based on the national incomes (1–20% [lowest], 21–40%, 41–60%, 

61–80%, and 81–100% [highest]) and the type of health insurance (employee health 

insurance or community health insurance). 

The possibility of non-linear relationships between the PM2.5 exposure and the 

HR of HS incidence was considered non-parametrically with restricted cubic splines. 

Splines in the Cox regression models were performed using the LGTPHCURV9 

macro.105 To estimate the concentration-response curve of air pollution and HS, we 

fit a Cox regression model with a penalized spline of PM2.5 adjusted for all variables 

incorporated in our main analysis model.106  

Adjusted HRs and 95% CIs were estimated for the risk of stroke events based on 

10-μg/m3 increments of PM2.5 exposure. We also evaluated effect modifications by 

performing subgroup analyses for the various risk factors, which were considered a 

priori as potential effect modifiers through stratification. 

 

7. Sensitivity analyses 

 

Sensitivity analyses were conducted to examine the robustness of the results. 

With respect to differences in the adjusted covariates, the sample size used in each 

analysis model was different and we compared the extent of variation in our 

estimates of HS risk. As part of the sensitivity analyses, we performed the same 

analyses with different wash-out periods. The analyses were also repeated to test for 
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any possible advantage in the cumulatively updated average over the annual average, 

the last 3-year or last 5-year average PM2.5 concentrations. We additionally adjusted 

for the district-level variables of population density, proportion of married 

population, and deprivation index to control for the potential residual confounding. 

 

All analyses were performed using SAS software, version 9.4 (SAS Institute, 

Cary, North Carolina) and R software version 3.3.2 (R Foundation for Statistical 

Computing, Vienna, Austria) with the pspline and smoothHR packages.106 

 

III. RESULTS 

 

The study population’s demographic characteristics are shown in Table 1. HS 

patients were more likely to be aged>60 years and to have overweight or obese 

whereas were less likely to have jobs or to move than individuals without HS. HS 

patients were more likely to have family history of ischemic heart disease and to 

have medical history of congestive heart failure, hypertension, or diabetes than 

individuals without HS (Table 1). 

 

Table 1. Demographic characteristics of the study population 

 Total  No event  Hemorrhagic stroke 

  N %   N %   N % 
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Sex (female) 31,750 50.7  31,495 50.7  255 49.8 

Age, years         

20–39 19,849 31.7  19,784 31.8  65 12.7 

40–49 18,223 29.1  18,125 29.2  98 19.1 

50–59 14,065 22.4  13,927 22.4  138 27.0 

60–69 7,499 12.0  7,358 11.8  141 27.5 

≥70 3,040 4.9  2,970 4.8  70 13.7 

Health insurance type        

Community 18,448 29.4  18,257 29.4  191 37.3 

Employee 44,228 70.6  43,907 70.6  321 62.7 

Income decile, %         

1–20 (lowest) 8,094 12.9  8,023 12.9  71 13.9 

21–40 10,197 16.3  10,116 16.3  81 15.8 

41–60 11,480 18.3  11,393 18.3  87 17.0 

61–80 13,279 21.2  13,168 21.2  111 21.7 

81–100 (highest) 19,626 31.3  19,464 31.3  162 31.6 

Family history         

Stroke 3,869 6.2  3,836 6.2  33 6.4 

Ischemic heart 

 disease 

2,538 4.0  2,526 4.1  12 2.3 

Medical history         
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Congestive heart 

 failure 

1,053 1.7  1,026 1.7  17 3.3 

Hypertension 11,725 18.7  11,514 18.5  118 23.0 

Diabetes 6,912 11.0  6,801 10.9  65 12.7 

Aortic plaque 42 0.1  42 0.1  0 0.0 

Smoking status         

Never 42,101 67.2  41,743 67.2  358 69.9 

Former 5,338 8.5  5,308 8.5  30 5.90 

Current 15,237 24.3  15,113 24.3  124 24.2 

Body mass index, kg/m2         

<18.5 2,894 4.6  2,867 4.6  27 5.3 

18.5–22.9 24,668 39.4  24,498 39.4  170 33.2 

23.0–24.9 15,229 24.3  15,099 24.3  130 25.4 

25.0–29.9 17,582 28.1  17,417 28.0  165 32.2 

≥30 2,303 3.7  2,283 3.7  20 3.9 

Number of moves, times        

0 48,530 77.4  48,087 77.4  443 86.5 

1 10,051 16.0  9,997 16.1  54 10.5 

≥2 4,095 6.5  4,080 6.6  15 2.9 

Total 62,676 100  62,164 99.0  512 1.00 
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During the 12-year follow-up of 62,676 adults (670,431 total person-years, 

median follow-up of 11 years), we detected incident HS in 512 patients (1.0%). 

Annually, the number of non-fatal hemorrhagic stroke cases was 45 and that of fatal 

hemorrhagic stroke cases was 2 (Figure 10). 
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Figure 10. Incidence of hemorrhagic stroke. HS: hemorrhagic stroke.
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  The annual average PM2.5 concentration in Seoul was 38.9 µg/m3 in 2002, and 

decreased to 25.1 µg/m3 in 2013 (Figure 11). 

 

Figure 11. Annual average PM2.5 concentrations in Seoul, 2002–2013. PM2.5: 

particulate matter with an aerodynamic diameter of <2.5 µm. 

 

The cumulative average PM2.5 concentrations were positively correlated with the 

annual average PM2.5 concentrations until 2009 (Figure 12, Figure 13). Since 2010, 

the annual average PM2.5 concentrations were negatively correlated with those 

before 2010. This negative correlations also affected the correlations between 

cumulative average PM2.5 concentrations and annual average PM2.5 concentrations. 



36 

The last 3-year or last 5-year average PM2.5 concentrations were more reflective of 

the recent annual average PM2.5 concentrations than annually updated cumulative 

average PM2.5 concentrations (Appendix Figure 4.). 

 

 

Figure 12. Correlation between annual average PM2.5 concentrations and 

cumulative average PM2.5 concentrations; AA2: annual average PM2.5 

concentrations in 2002, CA13: cumulative average PM2.5 concentrations until 2013, 

PM2.5: particulate matter with an aerodynamic diameter of <2.5 µm.
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Figure 13. Histograms and scatter plots for annual average PM2.5 concentrations and cumulative average PM2.5 concentrations; 

AA4: annual average in 2004 (µg/m3), CA4: cumulative average in 2004 (µg/m3), PM2.5: particulate matter with an aerodynamic 

diameter of <2.5 µm. 
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PM2.5 concentrations ranged from 16.0 to 27.8 µg/m3, from 27.9 to 30.6 µg/m3, and from 30.7 to 55.0 µg/m3 in tertiles 1, 2, and 3, 

respectively. The risk of HS was higher in the highest tertile than the lowest tertile (Table 2). The HS risk was also associated with 

the increase in tertile (HR: 1.27, 95% CI: 1.04-1.22, p-value: 0.006) 

 

Table 2. Risk of hemorrhagic stroke among tertiles of cumulative average PM2.5 levels using the time-dependent Cox model 

with individual-level time-varying covariates 

 
Cumulative average PM2.5 

Tertile 1 

Cumulative average PM2.5 

Tertile 2 

Cumulative average PM2.5 

Tertile 3 

Mean ± SD (µg/m3) 26.3 ± 1.3 29.2 ± 0.9 35.4 ± 4.8 

Median ± IQR (µg/m3) 26.7 ± 1.8 29.0 ± 1.6 34.0 ± 4.7 

HR (95% CI) Reference 1.12 (0.97-1.28) 1.26 (1.07-1.48) 

P for trend 0.006 

CI: confidence interval; HR: hazard ratio; IQR: Inter-quartile range; PM2.5: particulate matter with an aerodynamic diameter of 

<2.5 µm; SD: Standard deviation. Model adjusted for age group and sex, insurance type, income decile, and medical histories of 

hypertension, diabetes, and congestive heart failure. 
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The estimated HRs for HS based on 10-μg/m3 increments of PM2.5 are presented in 

Table 3. The multivariable adjusted HR for 10-μg/m3 increments in cumulative 

average PM2.5 exposure was 1.43 (95% CI: 1.11–1.84). A non-linear association 

was observed for PM2.5 exposure. When we analyzed the association between PM2.5 

and HS incidence by spline regression, the HR (95% CI) of PM2.5 exposure was 

higher (HR: 2.52, 95% CI: 1.92–3.30) than that by the linear regression model. 

 

Table 3. Hazard ratios for hemorrhagic stroke per 10-μg/m3 increment in updated 

cumulative average PM2.5 levels using the time-dependent Cox model with 

individual-level time-varying covariates 

Models HR (95% CI) 

Unadjusted model 1.16 (1.01-1.34) 

Model 1 1.20 (1.05-1.38) 

Model 2 1.16 (1.01-1.34) 

Model 3 1.43 (1.10-1.84) 

Model 4 1.43 (1.11-1.84) 

Model 5 1.43 (1.09-1.88) 

CI: confidence interval; HR: hazard ratio; PM2.5: particulate matter with an 

aerodynamic diameter of <2.5 µm. 

Model 1: adjusted for age group and sex 

Model 2: Model 1 + insurance type, income decile, and medical histories 

Model 3: Model 2 + body mass index, smoking status, and family histories 
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Model 4: Model 3 + number of moves 

Model 5: Model 3 + moves with change in exposure level 

 

Long‐term PM2.5 exposure was also associated with a higher risk of HS in the 

concentration‐response curve analysis. When PM2.5 was fitted as a spline with 25.1 

µg/m3 as the reference, an almost linear association was observed (Figure 14). A 

multivariable Cox regression model with a penalized spline (df = 3) was fit for PM2.5 

and the concentration-response curve was estimated. The adjusted variables 

included age group, sex, insurance type, income decile, medical history, family 

history, smoking status, and body mass index. 

 

 

Figure 14. Concentration response curve of exposure to PM2.5 levels on the 

incidence of hemorrhagic stroke. Model adjusted for age group, sex, insurance type, 

income decile, medical histories, body mass index, smoking status, and family 
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histories. 

 

  Subgroup analyses revealed that the association between HS with PM2.5 

exposure remained among individuals with middle income level (HR: 2.11, 95% CI: 

1.26–3.54), with hypertension (HR: 1.67, 95% CI: 1.22–2.28), of female sex (HR: 

1.55, 95% CI: 1.09–2.22), who never moved during the follow-up period (HR: 1.5, 

95% CI: 1.13–1.99), who had never smoked (HR: 1.40, 95% CI: 1.05–1.88), with 

no family history of ischemic heart disease (HR: 1.46, 95% CI: 1.09–1.85) or stroke 

(HR 1.42, 95% CI: 1.09–1.85), and in individuals without aortic plaque (HR: 1.42, 

95% CI: 1.10–1.83) or congestive heart failure (HR: 1.4, 95% CI: 1.06–1.83), or 

diabetes (HR: 1.39, 95% CI: 1.01–1.91). In the test for effect modification, some 

subgroups were more susceptible to the adverse effects of cumulative average PM2.5 

exposure (Figure 15). The risk of HS associated with PM2.5 exposure was higher 

among individuals who were elderly (≥65 years, HR: 2.00, 95% CI: 1.33–3.02) and 

obese (BMI 25.0–29.9 kg/m2, HR: 1.91, 95% CI: 1.28–2.84) than that among 

individuals 45-64 years of age and not obese (BMI <23.0 kg/m2). 
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Figure 15. Hazard ratios for hemorrhagic stroke per 10-μg/m3 increment in PM2.5 

for each subgroup. CI: confidence interval; PM2.5: particulate matter with an 

aerodynamic diameter of <2.5 µm; Hazard ratios and 95% CIs are shown per 

increase of 10 μg per cubic meter in PM2.5. The P values were calculated from the 

test of effect modification. 
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In the sensitivity analyses for examining the validity of wash-out period for pre-

existing hemorrhagic stroke, the results were well maintained and the analyses 

yielded slightly higher risk estimates where wash-out periods were longer than 1 

year (Table 4). Consistent results were also observed on performing analyses for 

testing the differences in the adjusted covariates; the risk increased when body mass 

index or family history were incorporated in the model. 

Results of sensitivity analyses using the last 5-year average PM2.5 were consistent 

with those of the primary analyses, after controlling for the potential district-level 

residual confounding variables. The risks estimated from the analyses using the 

annual average PM2.5 or last 3-year average PM2.5 (Table 5, Table 6) were lower than 

those estimated from the primary analyses and were not significant. 
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Table 4. Sensitivity analysis for the wash-out period for potentially pre-existing hemorrhagic stroke 

Wash-out period (years) 1  2  3 

Models HR 95% CI   HR 95% CI   HR 95% CI 

Unadjusted model 1.16 (1.01-1.34)  1.18 (1.02-1.37)  1.25 (1.06-1.47) 

Model 1 1.20 (1.05-1.38)  1.22 (1.05-1.43)  1.30 (1.10-1.53) 

Model 2 1.16 (1.01-1.34)  1.18 (1.01-1.38)  1.25 (1.06-1.48) 

Model 3 1.16 (1.01-1.34)  1.18 (1.01-1.38)  1.25 (1.06-1.48) 

Model 4 1.25 (1.00-1.57)  1.34 (1.07-1.69)  1.43 (1.13-1.82) 

Model 5 1.27 (1.00-1.61)  1.35 (1.06-1.72)  1.42 (1.11-1.83) 

Model 6 1.43 (1.10-1.84)  1.53 (1.18-1.99)  1.62 (1.24-2.12) 

Model 7 1.43 (1.11-1.84)  1.53 (1.18-1.99)  1.63 (1.24-2.12) 

Model 8 1.43 (1.09-1.88)   1.43 (1.09-1.88)   1.43 (1.09-1.88) 

HR: hazard ratio; CI: confidence interval. 
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Model 1: adjusted for age group and sex 

Model 2: Model 1 + insurance type and income decile 

Model 3: Model 2 + medical histories 

Model 4: Model 3 + body mass index 

Model 5: Model 4 + smoking status 

Model 6: Model 5 + family histories 

Model 7: Model 6 + number of moves 

Model 8: Model 6 + moves with change in exposure level 
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Table 5. Sensitivity analysis for exposure assessment and annual average 

Exposure assessment Cumulative average  Annual average 

Models HR 95% CI   HR 95% CI 

Unadjusted model 1.16 (1.01-1.34)  1.04 (0.90-1.19) 

Model 1 1.2 (1.05-1.38)  1.05 (0.92-1.21) 

Model 2 1.16 (1.01-1.34)  1.04 (0.90-1.19) 

Model 3 1.16 (1.01-1.34)  1.03 (0.90-1.19) 

Model 4 1.25 (1.00-1.57)  0.93 (0.74-1.18) 

Model 5 1.27 (1.00-1.61)  0.94 (0.73-1.20) 

Model 6 1.43 (1.10-1.84)  1.00 (0.77-1.31) 

Model 7 1.43 (1.11-1.84)  1.00 (0.77-1.31) 

Model 8 1.43 (1.09-1.88)  0.94 (0.71-1.26) 

HR: hazard ratio; CI: confidence interval. 

Model 1: adjusted for age group and sex 

Model 2: Model 1 + insurance type and income decile 

Model 3: Model 2 + medical histories 

Model 4: Model 3 + body mass index 

Model 5: Model 4 + smoking status 

Model 6: Model 5 + family histories 

Model 7: Model 6 + number of moves 

Model 8: Model 6 + moves with change in exposure level 
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Table 6. Sensitivity analysis for district-level confounding variables 

Exposure assessment Cumulative average  Average during last 5 years  Average during last 3 years 

Models HR 95% CI   HR 95% CI   HR 95% CI 

Model 1 1.43 (1.10-1.84)  1.30 (1.00-1.68)  1.09 (0.84-1.42) 

Model 2 1.42 (1.11-1.83)  1.30 (1.00-1.68)  1.10 (0.85-1.43) 

Model 3 1.40 (1.09-1.81)   1.30 (1.01-1.66)   1.10 (0.85-1.42) 

HR: hazard ratio; CI: confidence interval. 

Model 1: adjusted for age group and sex, insurance type, income decile, medical histories, body mass index, smoking status, 

family histories, number of moves 

Model 2: Model 1 + Population density, Proportion of married population 

Model 3: Model 2 + Deprivation index 
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IV. DISCUSSION 

 

This study evaluated data from metropolitan city residents who were part of a 12-

year follow-up of a nationally representative Korean cohort using district-level 

cumulative average PM2.5 exposures as the time-varying covariates. Furthermore, 

we improved the spatiotemporal sensitivity of the cumulative exposure accounting 

for the individuals’ intra-city relocation using the time-dependent Cox proportional 

hazard method. Based on our results, it appears that greater cumulative average 

PM2.5 exposure might increase the long-term risk of HS. Furthermore, obese and 

older individuals were especially susceptible to the effects of PM2.5 exposure. To 

the best of our knowledge, this is the first study to investigate the association 

between time-varying cumulative average PM2.5 exposure and HS. 

Our findings corroborate the results from previous studies regarding the 

statistically robust associations of PM2.5 exposure with cerebrovascular events. In 

the California Teachers Study,42 10-μg/m3 increments of long-term residential PM2.5 

exposure was associated with the risk of incident stroke (HR: 1.19, 95% CI: 1.02–

1.38). The prospective Women’s Health Initiative study also revealed that 10-µg/m3 

increments in the 1-year average PM2.5 levels exhibited a strong association with the 

risk of stroke (HR: 1.28, 95% CI: 1.02–1.61).40 However, other studies have 

revealed conflicting results. For example, one UK study did not detect a positive 

association between long-term air pollution exposure and the incidence of stroke.54 

Furthermore, a recent study in Hong Kong observed that the association between 
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long-term PM2.5 exposure and incident HS was less clear regarding the higher risk 

of incident ischemic stroke.107 Canadian Census Health and Environment Cohort 

studies have also reported a protective association between time-varying exposures 

of PM2.5 and cerebrovascular mortality.108 

Herein, we also evaluated the modifying effects of various risk factors on the 

association between long-term PM2.5 exposure and HS. Increased risks of HS were 

still observed among individuals who had hypertension, were female, had not 

moved during the follow-up period, had never smoked, had no family history of 

ischemic heart disease or stroke, and who did not have aortic plaque, congestive 

heart failure, or diabetes, although the risks did not differ from those in the other 

groups. This finding might be due to the relatively small sample size of each group. 

Subgroup analyses revealed effect modifications for some traditional risk factors;95 

individuals aged ≥65 years and obese individuals with a BMI ≥25 kg/m2 were 

especially susceptible to the effects of high cumulative average PM2.5 exposure. 

These findings are consistent with those of a meta-analysis that evaluated 11 

European cohorts and with suggestions of stronger associations among women aged 

≥70 years and obese individuals in the Nurses' Health Study.85,96 A few studies have 

also evaluated susceptible population subgroups and have reported higher risks 

among older individuals or individuals with several cardiovascular risk factors, a 

history of stroke, and diabetes mellitus.109-111 

Our findings cannot explain the mechanisms behind the association of PM2.5 

exposure with incident HS. However, PM2.5 exposure may trigger acute vascular 
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dysfunction (e.g., acute endothelial dysfunction, vasoconstriction, and direct 

ischemic damage) and HS events.112,113 Other reviews of epidemiological studies 

have also stated that, despite the numerous confounding variables and 

methodological differences, PM2.5 may promote hypertensive hemodynamic 

responses, increase blood pressure, and help trigger acute cardiovascular events, 

especially among high-risk individuals.114,115 The mechanisms for this subacute 

pathophysiology may include promoting and maintaining high oxidative stress after 

an increase in the levels of systemic inflammatory cytokines and changes in the 

levels and functions of factors in the coagulation pathway (e.g., fibrinogen and 

tissue factor).116-119 Furthermore, PM2.5 exposure is associated with higher resting 

cerebrovascular resistance and lower cerebral blood flow velocity,120 while long-

term PM2.5 exposure might induce atherosclerosis or alterations in autonomic 

nervous system control, which could result in heart rate variability or brain 

atrophy.121-126 Long-term exposure might also compromise blood pressure 

management in patients with hypertension, or aggravate the risk of future stroke that 

is related to chronic disorders. In this context, PM2.5 exposure-related changes in 

methylation (an epigenetic modification mechanism that involves gene-

environment interactions) through novel pathways could negatively affect 

health.127,128 Thus, long-term PM2.5 exposure may exert chronic effects on the 

cardiovascular system through various biological mechanisms such as direct 

ischemic damage, endothelial dysfunction, vasoconstriction, increased blood 

pressure, prothrombotic and coagulant changes, systemic inflammatory and 
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oxidative stress responses, autonomic imbalance and arrhythmia, and/or the 

progression of atherosclerosis (Figure 16).81,129,130 

 

 

Figure 16. Biological mechanisms linking PM exposure with cardiovascular and 

cerebrovascular diseases. Source: Brook RD, Rajagopalan S, Pope CA, 3rd, Brook 

JR, Bhatnagar A, Diez-Roux AV, et al. Particulate matter air pollution and 

cardiovascular disease: An update to the scientific statement from the American 

Heart Association. Circulation 2010;121:2331-78. 

 

The present study had several strengths. First, we used data from metropolitan 

city residents who were part of a large and well-characterized nationally 
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representative cohort, which included 12-year follow-up data regarding 

demographic characteristics, lifestyle factors, medical history, and stroke events. In 

addition, the repeated surveys regarding lifestyle factors and medical history 

allowed for record updating, which minimized the risk of misclassification. 

Furthermore, we used cumulatively updated PM2.5 exposures that reflected the 

individuals’ intra-city relocation, which provides the most robust estimation of 

exposure.131 Moreover, not considering the relevance of cumulative effects may 

limit interpretation. However, because only a few long-term studies have focused 

on cumulative air pollution exposure in relation to stroke, we might be 

underestimating the associations and long-term effects.92 Another point of merit is 

the extensive list of potential confounders that we adjusted for, and the use of time-

varying covariates to adjust for time-dependent confounding. Several studies have 

adjusted for socioeconomic status using a variety of indicators, such as household 

income132,133 and a modified Index of Multiple Deprivation,54 at an ecological rather 

than individual level. The HRs in the present study were adjusted annually for each 

individuals’ updated socioeconomic status (household income decile and type of 

insurance). We believe that this adjustment is important, as it can control for 

important unmeasured confounders such as food security, nutritional status, and 

occupational status. 

The present study also had several limitations. First, exposure data were obtained 

from outdoor, automated fixed-site monitoring stations in each district; and we 

could not calculate any indoor exposure. However, a recent study has demonstrated 
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that measurement error biases the estimated effects toward the null hypothesis.24 

Second, we defined the outcome as the first diagnosis of HS and misclassification 

might be present, although the resulting bias would also likely be toward the null 

hypothesis. This is because we applied a washout period and the computed 

tomography-based diagnosis of HS is relatively accurate in this population.102 Third, 

the study population might not be nationally representative. In order to adjust for 

lifestyle and physical examination covariates, we only evaluated individuals who 

lived in Seoul and underwent at least one health examination among a nationwide 

randomly sampled NHIS cohort. Thus, individuals with a relatively healthy status 

might be overrepresented in our results, which would limit the extrapolation of our 

findings to less health-oriented subgroups. Nevertheless, these individuals might be 

more open to targeted education and behavioral interventions to prevent HS. Fourth, 

the NHIS data do not include education data, which might influence our results, as 

education is correlated with PM2.5 exposure and cardiovascular disease.134,135 

However, we adjusted for household income and occupation to control for the 

effects of socioeconomic status. Fifth, most of the included individuals were Asian, 

and racial differences are known to be correlated with both exposure and 

cardiovascular disease.134 Although we could not investigate differences in genetic 

background, and although ethnic or genetic heterogeneity is possible, our 

adjustment for family history of stroke and ischemic heart disease might help 

address any genetic differences. Moreover, most reported associations from 

genome-wide studies are weak, difficult to replicate, and inconsistent with 
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ethnicity,52 which makes it unlikely that these associations would affect our findings. 

 

V. CONCLUSION 

 

  In conclusion, our findings indicate that cumulative average PM2.5 exposure 

might increase the risk of HS, which would have implications for interventions that 

aim to prevent cerebrovascular events and improve public health. These findings 

may also help identify susceptible population subgroups, which could be educated 

to reduce their modifiable risk factors (including PM2.5 exposure). 
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APPENDICES 

 

Appendix table 1. Hazard ratios (HRs) and 95% confidence intervals (CIs) for 

hemorrhagic stroke per 10-μg/m3 increment in updated cumulative average PM2.5 

levels using the time-dependent Cox model with individual-level time-varying 

covariates. 

Covariates HR 95% CI 

PM2.5 1.43 (1.09-1.88) 

Sex    

Male (vs. female) 0.99 (0.79-1.24) 

Age group, years    

20-39 (reference) 1.00  

40-49 1.34 (0.90-1.99) 

50-59 1.6 (1.09-2.34) 

60-69 2.46 (1.66-3.65) 

≥70 2.9 (1.90-4.42) 

Type of health insurance   

Employee 0.93 (0.76-1.13) 

Community 1.00  

Income decile (%)   

Lowest 0.98 (0.73-1.31) 
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Lower middle 1.09 (0.82-1.46) 

Middle 1.35 (1.04-1.75) 

Higher middle 0.97 (0.74-1.25) 

Highest 1.00  

Family history    

Stroke 0.99 (0.72-1.38) 

Ischemic heart disease 0.67 (0.40-1.13) 

Past medical history   

Hypertension 1.91 (1.45-2.54) 

Diabetes 3.91 (3.07-4.97) 

Congestive heart failure 1.72 (1.40-2.11) 

Aortic plaque 0.95 (0.24-3.83) 

Smoking status   

Never 1.00  

Former 0.79 (0.56-1.12) 

Current 1.29 (0.99-1.67) 

Body mass index, kg/m2  0.97 (0.94-1.00) 

Moves with change in exposure level   

0 moves and residing in an area with a lower level 

of PM2.5 

1.00  

0 moves and residing in an area with the same or 1.35 (1.07-1.70) 
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higher level of PM2.5 

≥1 move to an area with a lower level of PM2.5 1.19 (0.90-1.58) 

≥1 move to an area with the same or higher level of 

PM2.5 

0.96 (0.68-1.36) 

 

 

Appendix table 2. The characteristics and annual PM2.5 in each Seoul district 

(2007) 

District 

Populat-

ion (N) 

Density 

(N/km2) 

Area 

(km2) 

Deprivati-

on Index 

Married 

populat-

ion (%) 

Jongno 173,843 7,271 23.9 1.6 51.5 

Jung 137,435 13,799 10.0 4.6 51.5 

Yongsan 248,362 11,356 21.9 -1.2 54.3 

Seongdong 341,620 20,274 16.9 1.3 55.7 

Gwangjin 386,367 22,661 17.1 0.1 53.8 

Dongdaemun 385,825 27,171 14.2 3.3 52.6 

Jungnang 431,406 23,319 18.5 5.7 55.7 

Seongbuk 477,358 19,428 24.6 0.5 55.5 

Gangbuk 348,702 14,769 23.6 5.3 55.4 

Dobong 378,559 18,288 20.7 1.0 59.1 

Nowon 621,192 17,538 35.4 -1.1 58.9 
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Eunpyeong 463,473 15,600 29.7 2.2 56.4 

Seodaemun 357,174 20,282 17.6 0.8 53.5 

Mapo 400,392 16,774 23.9 -0.7 53.8 

Yangcheon 508,566 29,228 17.4 -3.1 59.8 

Gangseo 566,495 13,677 41.4 0.03 56.5 

Guro 445,095 22,133 20.1 -0.8 58.4 

Gumcheon 264,323 20,317 13.0 4.9 56.3 

Yeongdeungpo 439,151 17,873 24.6 -0.9 57.2 

Dongjak 414,839 25,372 16.4 -1.6 53.5 

Gwanak 550,766 18,626 29.6 1.3 50.1 

Seocho 411,951 8,765 47.0 -9.4 56.7 

Gangnam 569,176 14,395 39.5 -7.5 52.8 

Songpa 630,691 18,615 33.9 -5.1 57.2 

Gangdong 469,021 19,081 24.6 -1.2 57.1 



81 

 

Appendix figure 1. Correlation between annual average PM2.5 concentrations and 

the last 5-year average PM2.5 concentrations, AA6: annual average PM2.5 

concentrations in 2006, Y5A6: the last 5-year average PM2.5 concentrations during 

2002-2006, PM2.5: particulate matter with an aerodynamic diameter of <2.5 µm. 
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Appendix figure 2. Correlation between annual average PM2.5 concentrations and 

the last 3-year average PM2.5 concentrations; AA4: annual average PM2.5 

concentrations in 2004, Y3A4: the last 3-year average PM2.5 concentrations during 

2002-2004, PM2.5: particulate matter with an aerodynamic diameter of <2.5 µm. 
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Appendix figure 3. Histograms and scatter plots for annual average PM2.5 concentrations and cumulative average PM2.5 

concentrations; AA2: annual average PM2.5 concentrations in 2002 (μg/m3), CA2: cumulative average PM2.5 concentrations in 2002 

(μg/m3), PM2.5: particulate matter with an aerodynamic diameter of <2.5 µm. 
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Appendix figure 4. Histograms and scatter plots for annual average PM2.5 concentrations and the last 5-year average PM2.5 

concentrations; AA7: annual average PM2.5 concentrations in 2007 (µg/m3), Y5A7: the last 5-year average PM2.5 concentrations 

during 2003-2007 (µg/m3), PM2.5: particulate matter with an aerodynamic diameter of <2.5 µm.
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Appendix figure 5. Histograms and scatter plots for annual average PM2.5 concentrations and the last 3-year average PM2.5 

concentrations; AA2: annual average PM2.5 concentrations in 2002 (µg/m3), Y3A4: the last 3-year average PM2.5 concentrations 

during 2002-2004 (µg/m3), PM2.5: particulate matter with an aerodynamic diameter of <2.5 µm. 
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ABSTRACT (IN KOREAN) 

출혈성 뇌졸중 발생 위험에 대한 초미세먼지 (PM2.5) 누적 

평균값의 만성 영향 

 

<지도교수 김창수> 

 

연세대학교 대학원 의학과 

 

노주환 

 

서론: 여러 역학 연구에서 초미세먼지 (PM2.5; 입자의 직경이 

2.5μm 미만인 미세먼지)와 심혈관계 질환과의 연관성을 

보고하였다. 최근에는 장기적인 초미세먼지 노출과 출혈성 

뇌졸중과의 연관성 여부, 나아가 초미세먼지 노출에 더 민감한 

인구집단을 찾기 위한 연구가 활발히 진행되고 있다. 장기적인 

PM2.5 누적평균 노출정도는 출혈성 뇌졸중의 위험에 영향을 줄 

수 있고, 다양한 위험요인들에 따라서 효과 정도가 다를 수 

있다. 

연구방법: 본 후향적 연구는 2002-2013 국민건강보험공단 

가입자 1,025,340 명으로 구성된 표본코호트를 활용하였다. 그 

중 서울에 거주하는 62,676명을 총 670, 431 인년 간 추적하여 

출혈성 뇌졸중의 첫 진단 시점에 대한 PM2.5의 영향을 

평가하였다. 시간의존 Cox 비례위험 모형을 활용하여 연령, 
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성별, 가구소득, 보험가입유형, 체질량지수, 흡연상태, 과거력, 

가족력을 보정하였다. 서울시 25개 구(區)의 연평균 PM2.5 

농도는 시간의존 변수로 활용하였다. 잠재적인 효과변경인자를 

평가하기 위하여 세부집단 분석을 시행하였다. 

결과: 장기적으로 PM2.5 누적평균 기준 10-μg/m3 만큼 더 

노출될 경우 통계적으로 유의하게 출혈성 뇌졸중의 위험이 

높았다 (위험비: 1.43, 95% 신뢰구간: 1.09–1.88). 노출로 인한 

건강영향은 특정 그룹에서 더 높은 경향이 있었다: 65세 이상 

노인 (위험비: 2.00, 95% 신뢰구간: 1.32–3.02), 체질량지수가 

≥25 kg/m2 인 군(群) (위험비: 1.91, 95% 신뢰구간: 1.28–2.84). 

결론: 결론적으로 장기적으로 높은 농도의 PM2.5 누적평균에 

노출된 사람들은 출혈성 뇌졸중 위험이 높아질 가능성이 있다. 

특히 65세 이상 노인이나 체질량지수 기준 비만인 사람들이 

PM2.5 노출 시 더 민감한 반응을 보일 수 있다.  

 

 

 

 

 

핵심되는 말: 미세먼지, 만성 영향, 누적평균 노출, 출혈성 

뇌졸중
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