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Abstract 

Objective: We ascertain the effects of air pollution on pulmonary function among general 

population. Especially, we focused on the effect of pollutants on lung aging, adjusted sex, 

height, lung function, cotinine, 1-hydroxypyrene (1-OHP), and blood lead level during 2 

years. We also tried to compare the short-term effects of air pollutants on the airway 

responsiveness from 3 different regions, and to sort out the consistent and inconsistent 

patterns between different regions. 

 

Methods: Subjects who lived near industrial areas were involved a community health 

examination such as urinary test (cotinine level, 1-OHP), blood test (blood lead level), 

pulmonary function test and airway responsiveness test etc.. The result of methacholine 

challenge was transformed into a continuous variable (Bronchial Responsiveness index, 

BRindex). Short-term effect of each ambient pollutant (NOx, CO, O3, SO2, and PM10) 

measured from continuous monitoring station on pulmonary function was analyzed after 

adjusting covariates and adding air pollutant to the model one by one. 

 

Results: The decline of pulmonary functions (PF; FVC and FEV1) progressed with age. 

Exposure to environmental lead was significantly associated with the decline of both PFs. 

BRindex was significantly associated with NOx. In this study, larger pollutants effects on 

BRindex were observed for heavier people and also for people with lower FEV1, as well as 

for those with asthmatic symptoms.  

 

Conclusion: This result showed exposure to lead led higher decline of PFs even within 

normal decline range and demonstrates continuous spectrum of susceptibility to air pollutant 
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effects on airway responsiveness among general population. Especially, NOx was associated 

with BRindex. Although other pollutants (CO, O3, PM10) were associated with BRindex, 

these pollutant may be a role surrogate of NOx.  
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1. Respiratory system 

An important rout by which pathogenic and noxious agents enter a body is 

through the respiratory tract. If inhaled environmental toxin is able to alter immunoreativity 

of the lung, it may not only increase the risk of respiratory disease but also enhance the 

occurrence of lung pathology. We can assess to respiratory health through pulmonary 

function such as pulmonary capacity test and bronchial hyperresponsiveness.  

 

2. Low level air pollution exposure and respiratory disease 

In worldwide, air pollution is the greatest risk to human health currently. Air 

pollution has been reported to result in acute health consequences, ranging from increased 

prevalence of respiratory symptoms to increased respiratory mortality (Gauderman et al., 

2000, Gauderman et al., 2002b). Many studies have suggested that air pollution is strongly 

associated with mortalities from respiratory diseases (Choi et al., 2000), and also morbidities 

such as respiratory hospital admissions (Thurston et al., 1994; Leem et al., 1998). Although, 

air quality, is a regulated, and although no longer high air pollution level exposed as early 

1900’s industrial period, it is still distributed various submicrometer noxious pollutants in 

the ambient, at a concentration below the currently acceptable air quality standard for 

environmental exposure, disrupts the potential human health. 

Furthermore, as the proportion of elderly people increases in the populations of 

the industrialized world, there has been an increase among elderly people in the incidence of 

respiratory disease, as well as a general decline with age in pulmonary function. Individuals 

who are advanced in age are increasingly susceptible to airway hyperreactivity (Dow et al., 

1992), chronic obstructive pulmonary disease (COPD) (Pauwels et al., 2001), lung neoplasm, 

idiopathic pulmonary fibrosis (Coultas et al., 1994), and pneumonia (Marston et al., 1997). 



3 

 

By World health organization (WHO), environmental factors contribute to 23% of all deaths 

worldwide and 36% of all deaths among children 0-14 years old.  Diseases with the largest 

environmental contribution are cardiovascular and respiratory disease. As estimated 14% of 

all deaths in total population are due to environmentally-related respiratory disease; this also 

represents the largest share of the all life environmental disease burden. In Korea, the 

asthmatic was a 17.7% (2.03 million up to 2.39 million) increased from 2007 to 2002 

reported by National Health Insurance Corporation (NHIC) (NHIC, 2007). Approximately 

10% Koreans have one or more environmental illness; accounting for 18 percent was 

respiratory illnesses including chronic respiratory disease and asthma (MOE, 2008).  

Investigators have extensively studied that low levels air pollution exposure 

causes mortality or morbidity among vulnerable groups such as asthmatic, COPD patients, 

elderly etc. However, other than exposures to current low levels of air pollution in 

vulnerable groups has been based on in , not much is known about susceptibilities to air 

pollutants effects on pulmonary function among general population. Only few studies 

demonstrated that low levels air pollution exposure also induces pulmonary function among 

general population. Recently epidemiological studies of the general population suggest 

pulmonary function may be altered at the low levels of air pollutants studies to date in 

relation to respiratory effects. Also, other purpose of this study was to investigate the effects 

of environmental toxin such as lead, PAHs and smoking etc on lung function aging of adult. 

Lastly, we investigated to compare the short-term effects of air pollutants on airway 

responsiveness from 3 different regions, and to sort out the consistent and inconsistent 

patterns between different regions.  

To meet these concerns, the following studies constitute this dissertation: 
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Cahpter1. The review of adverse pulmonary function effects of air 

pollution 

 

 

Chapter2. The effects of low level air pollution exposure on the 

lung function  

 

Study1. Exposure to environmental lead affects lung aging in the general population of a 

large industrial complex  

 

Study2. Susceptibility to air pollutant effects on airway responsiveness  

 

Study3. Short-Term Effect of Air Pollutants on the Airway Responsiveness; Difference and 

Similarity between 3 Regions 
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Introduction 

Ambient levels or constituents of air pollution depend on environmental factors 

such as urban, rural, and industrial complex area. Air pollution affects individuals 

differentially, depending on factors such as age, health status, activity levels, socio-

economic status, residence, and exposure levels. Effects range from minor irritations of the 

respiratory tract and small biochemical or physiological changes, to breathing difficulties, 

coughing, reduced lung functioning, aggravation of existing respiratory and cardiovascular 

conditions, and possible genetic mutation. Studies demonstrate that incidents of elevated air 

pollution levels are associated with increased rates of doctor’s visits, hospitalization and 

premature death, and the proportion of the population affected tends to decrease in 

correlation with the severity of air pollution impacts as illustrated in Figure 1. 

 

Fig. 1 The effects of Air pollution on health (Pyramid model’s reference: Health Canada, 1997, 
“Health effects of Air pollution: http://www.hc-sc.gc.ca/ewh-semt/air/out-ext/effe/health_effects-
effets_sante-eng.php) (accessed by March 13th, 2012)) 
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Epidemiologic studies have made important contributions to our understanding of 

the role of air pollution as a risk factor for respiratory disease. We can assess to respiratory 

health through pulmonary function such as pulmonary capacity test and bronchial 

hyperresponsiveness. Lung function is an important measure of respiratory health and a 

predictor of cardiorespiratory morbidity and mortality. Air pollution studies, especially, use 

spirometric measures obtained from forced expiration maneuver. Forced vital capacity (FVC) 

measures the total volume exhaled after a maximum inspiration. Forced expiratory volume 

within 1 second (FEV1) is a marker of airway obstruction, measuring the maximum volume 

that can be exhaled within 1 second.  

In recent years, many areas have carried out an amount of epidemiological 

investigations in general population. However, they cannot demonstrate the overall situation 

of ambient air pollution's effect on their lung function for a series of reasons as following: 

first, the instruments, measuring indices and analytical methods used and the age of subjects 

examined in these investigations are not quite the same as each other; second, the coverage 

of these investigations is limited for they only covered the subjects in local areas and the 

scale is not big enough. Therefore, air pollution epidemiologic and observational data are 

not consistency of the evidence on pulmonary diseases and limited by imprecise 

measurements of pollution exposure. In this review, we discuss why not consistency of the 

evidence on pulmonary disease in air pollution epidemiologic studies following as; 

 

(1) Difference in susceptibility 

(2) Difference in pollutants level and constituents (composition) 

(3) Difference in background (confounding) 
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Difference in susceptibility: factors affecting susceptibility review 

 

People normally increase lung function and make new alveoli until about age 20-

25. After that, the lungs begin to lose some of their tissue and lung function gradually 

deteriorates with advancing age and appears to be a natural process. The number of alveoli 

decreases, and there is a corresponding decrease in lung capillaries. The maximal force you 

can generate when breathing in (inspiration) or when breathing out (expiration) decreases 

with age, as the diaphragm and muscles between the ribs (intercostals) become weaker. 

Furthermore, lung function occurs even in the absence of exposure to tobacco or other 

substances capable of promoting lung irritation and inflammation. Therefore, the effects of 

air pollution on lung are different with age such as lung growth period (children and 

adolescent) and lung aging period (adult). Therefore, we needed to divide two groups by 

growth period and aging period in lung. 

My research has focused on the functional change in the lung and air pollution 

may contribute to age-associated decline in lung function and increased susceptibility to 

respiratory diseases. PubMed search terms used to identify relevant references for this 

review on the lung function effects of exposure to air pollution during 2 decades (from 1990 

to April, 2012) included the following: “air pollution”, “lung function”, “pulmonary 

function”, “FVC”, and “FEV1”. A total 2,600 references had published keywords used in air 

pollution and pulmonary function. The long-term effect of air pollution on lung function 

references thus consisted of 323 references or 12.4% of the initial references. However, we 

included 91 references that were studied the long-term effects of air pollution on pulmonary 

function among general population including 13 review article. The final review references 

consisted of 60 studies. More than 54% of references were studied among American, but 
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less than 5% of references were studied among Asian (Table1).  

 

Table 1 The number of studies by area 

Area* Country  N (%) 

America 

Canada 5 (8.1) 

Mexico 3 (4.8) 

U.S 26 (41.9) 

subtotal 
 

34 (54.8) 

Europe 

Austria 5 (8.1) 

Germany 6 (9.7) 

Netherland 4 (6.5) 

Norway 1 (1.6) 

Poland 1 (1.6) 

Swiss 2 (3.2) 

Switzerland 1 (1.6) 

U.K 2 (3.2) 

Europe 2 (3.2) 

subtotal 
 

24 (38.7) 

Asia 
Japan 2 (3.2) 

China 1 (1.6) 

subtotal 
 

3 (4.8) 

Non-information 
 

2 (3.2) 

Total 
 

62 
*Several studies were consisted more than one area. 
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More than 55% of references were studied among children and adolescent, but less 

than 27% of references were studies among adults (Table 2).  

 

Table 2 The number of studies by group of subjects and study design 

Group of Subjects* N (%) 

Study design 

Cross-
sectional 

Longitudinal 
Clinical 
research 

Review 
article 

Children and 
Adolescents 

Children 33 (55)  15 17 
 

1 

Adolescents 2 (3.3) 1 1 
  

Young Adults 5 (8.3) 4 
 

1 
 

subtotal 40 (55.7) 

Adults 
Adults 14 (23.3) 5 10 

  

Elderly 2 (3.3) 1 1 
  

subtotal 16 (26.7) 

General Population 1 (1.7) 1 
   

Mortality and etc. 3 (5) 1 2      

 Total 60  27 35  1 1  

 

 Table 3 showed the long term exposure of air pollution effects on lung function. 
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Table 3 Long-Term Effects of Air Pollution on Lung Function 

References 
Study 

Design 
Country 

Subjects / or 

Communities 
N 

Age(years)

/or Grade 
Findings Note 

(Liu and 

Zhang, 

2009) 

Review 

article 
China Children 10,394  7-14 

The levels of ambient air TSP and SO2 correlated with the damage of the big 

airway function of children, while NOX affected the small airway function 

chiefly. The decreases of lung function for girl with the increasing of ambient 

were significantly greater for boy 

- 

(Kunzli et 

al., 1997) 

Cross-

sectional 

California, 

U.S 
Yung adults 130  17-21 

The study observed significant negative effects for O3 on small airways (FEF25-

75% and FEF75%), but not on FEV1 or FVC. PM10 were unrelated to pulmonary 

function.  
- 

(Tager et 

al., 2005) 

Cross-

sectional 

California, 

U.S 
Yung adults 300  16-19 

The study found significant negative associations between flows and O3 in 

subjects with a low ratio of FEF 25–75/FVC, a measure of intrinsic airway size. 

PM10 and NO2 had no effects on lung function. 

- 

(Galizia 

and 

Kinney, 

1999) 

Cross-

sectional 

Boston, 

U.S 
Yung adults 520  17-21 

The study suggested that significantly lower lung function among male Yale 

freshmen who grew up in counties with high long-term O3 levels, as compared 

with those who grew up in low ozone counties. No differences were observed in 

women. 

- 

(Nicolai et 

al., 2003) 

Cross-

sectional 

Munich, 

Germany 
Children 7,509  5-7, 9-11 

Adverse effects on current asthma and respiratory symptoms (wheeze and cough) 

but they didn’t specified spirometric measures. 
- 

(Wjst et al., 

1993) 

Cross-

sectional 

Munich, 

Germany 
Children 6,537  9-11 

Traffic-related exposure study measured maximum expiratory flow and vital 

capacity  
- 

(Hirsch et 

al., 1999) 

Cross-

sectional 

Dresden, 

Germany 
Children 5,421  5-7, 9-11 

No associations between air pollutants (benzene, NO2 and CO) and lung function 

(FEV1 and FEF25-75%), despite significant adverse effects on respiratory 

symptoms.  

- 

(Fritz and 

Herbarth, 

2001) 

Cross-

sectional 

Leipzig, 

Germany 

Preschool 

children 
235  5.1±1.3 

Exposures to heavy traffic and coal heating emissions have an adverse effect of 

FEV1 and FVC. The effect of air pollution resulting from traffic on lung function 

was stronger than that from pollution from heating with coal.  
- 
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(Brunekreef 

et al., 1997) 

Cross-

sectional 

Netherland

s 
Children - - 

Negative effects of truck traffic density on various lung function indicators 

(FEV1, PEF, and FEF25–75).  
- 

(Janssen et 

al., 2003) 

Longitud

inal 

Netherland

s 
Children 

24 

schools 
7-12 

Children could not reproduce the earlier findings on lung function, although 

associations between symptoms and traffic indicators prevailed. 
- 

(Gauderma

n et al., 

2002a) 

Longitud

inal 

California, 

U.S 
Children 1,678  

average age 

9.9 
Children living in the most polluted community had a growth deficit in FEV1 of 

approximately 100 mL (7% for girls, 4% for boys), as compared with those living 

in the cleanest community (exposure range 4–38 ppb NO2, findings were similar 

for black carbon, PM, and acid vapor, whereas there was no association with O3).  
Southern 
Californian 
Children’s 
Health Study  

(Gauderma

n et al., 

2000) 

Longitud

inal 

California, 

U.S 
Children 3,035  

4th grade - 

10th grade 

(Gauderma

n et al., 

2007) 

Longitud

inal 

California, 

U.S 
Children 3,677  10 

Children living within 500 m of a freeway had significant deficits in 8-year 

growth of FEV1 (-81 mL) and MMEF (-127 mL/s), compared with children 

living at least 1500 m from a freeway, independent of the effects of background 

pollution. 

(Avol et al., 

2001) 

Longitud

inal 

California, 

U.S 
Children 110  10 

An improvement in lung function growth among those who moved to areas with 

lower PM10, and slower lung function growth in those who moved to more 

polluted areas.  
- 

(Rojas-

Martinez et 

al., 2007) 

Longitud

inal 

Mexico 

city, 

Mexico 

Children 3,170  8 

PM10, NO2, and O3 levels were associated with significant deficits in lung 

function growth. Effects for annual growth in FEV1 per interquartile range of 

exposure ranged from -16 mL for O3 in boys to -32 mL for NO2 in girls, with 

estimates for FVC and FEF25–75%, and estimates from multipollutant models 

showing effects of similar magnitude. 

- 
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(Ihorst et 

al., 2004) 

Longitud

inal 

South 

Western 

Germany 

and Lower 

Austria 

Children 2,153  Grades 1-2 

Negative effects of O3 and to a lesser degree for PM10 during summer were 

compensated for during the winter seasons. However, they did not detect deficits 

in lung growth among children in more highly polluted areas over the study 

period.  

- 

(Horak et 

al., 2002) 

Longitud

inal 

Lower 

Austria 

School 

Children 
975  Grades 2-3 - 

(Kopp et 

al., 2000) 

Longitud

inal 
Austria 

School 

Children 
797  6.5-9.5 - 

(Frischer et 

al., 1999) 

Longitud

inal 
Austria 

School 

Children 
1,150  Grades 1-2 - 

(Neuberger 

et al., 2002) 

Longitud

inal 
Austria Children 3,451  

 
Small improvements of lung function to the decrease in NO2 levels over 5 years. - 

(Dow et al., 

1992) 

Cross-

sectional 
U.K Eldery 296  65≤ 

Individuals who are advanced in age are increasingly susceptible to airway 

hyperreactivity, chronic obstructive pulmonary disease (COPD), lung neoplasm, 

idiopathic pulmonary fibrosis, and pneumonia. 

- 

(Pauwels et 

al., 2001) 

Cross-

sectional 
- - - - - 

(Coultas et 

al., 1994) 

Cross-

sectional 
Mexico Adults - 18≤ - 

(Marston et 

al., 1997) 

Cross-

sectional 
Ohio, U.S Adults - - - 

(Chestnut 

et al., 1991) 

Cross-

sectional 
U.S 

General 

population 
- - 

They reported significant associations between TSP and lung function in the 

adults 

- 

(Schwartz, 

1989) 

Cross-

sectional 
U.S 

Children and 

young adults 
4,300  6-24 - 
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(Ackerman

n-Liebrich 

et al., 1997) 

Longitud

inal 

Switzerlan

d 
Adults 9,651  18-60 

They found significant associations between air pollution (PM10, NO2, SO2, O3) 

and FVC and FEV1. The predicted effect of 10 µ g/m3 increase in annual mean 

concentration of PM10 was a 3.4% decrease in FVC and a 1.6% decrease in FEV1.  

The Swiss 
Study on Air 
Pollution and 
Lung Disease 
in Adults 
(SAPALDIA) 

(Schindler 

et al., 1998) 

Longitud

inal 
Swiss Adults 9,651  18-60 

The within-community comparison revealed consistently negative, despite 

statistically nonsignificant associations between home outdoor NO2 and lung 

function. 

(Schikowsk

i et al., 

2005) 

Longitud

inal 

Rhine-Ruhr 

Basin, 

Germany 

Female 

Adults 
4,757  55 

They found an increased risk for COPD (FEV1/FVC <0.7) among women in their 

mid-fifties living closer than 100 m to a busy road (OR = 1.33[95% CI 1.03–

1.72]). FEV1 and FVC were also lower in proximity to the nearest road (-1.3% 

and -1.7%, respectively). Their analysis across 7 communities showed significant 

negative associations of NO2 and PM10 (calculated from TSP) with FEV1, FVC, 

and FEV1/FVC ratio (-4.7%, -3.4%, and -1.1% per 10-µg PM10, respectively). 

In the German 
study on the 
Influence of 
Air Pollution 
on Lung 
Function, 
Inflammation, 
and Aging 
(SALIA) 

(Downs et 

al., 2007) 

Longitud

inal 
Swiss Adults 9,651  18-60 

Improvements in air quality were associated with attenuated declines of FEV1, 

FEV1/FVC, and FEF25–75. After adjustment for PM10 at baseline, a reduction of 

10µg/m3 PM10 over 11 years of follow-up slowed the decline in FEV1 by 9%.  
SAPALDIA 

(Sekine et 

al., 2004) 

Longitud

inal 

Tokyo, 

Japan 
Adults 733  

 

Stronger declines in FEV1 for women in the higher exposure based on traffic 

proximity, NO2, groups.  
- 

(Nakai et 

al., 1999) 

Longitud

inal 

Tokyo, 

Japan 

Female 

Adults 
- 30-59 

Lung function measurements old women who lived in 3 different zones of Tokyo, 

2 of which were defined by their proximity to a busy road but authors reported no 

differences in lung function level or decline across the 3 exposure groups. 
- 
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(Hazenkam

p-von Arx 

et al., 2004) 

Longitud

inal 
Europe 

21 

Communities 
- - 

The associations between NO2 and lung function were significatly. The across-

city correlation between NO2 and PM2.5 is influenced by the most extreme high- 

and low-level communities. Therefore, the associations between NO2 and health 

outcomes will be a limited surrogate for effects driven by particulate matter 

pollution. The diversity in the observed patterns of PM2.5 and NO2 across the 

cities suggests that local factors, i.e. meteorological conditions, specific sources 

of pollution, or even the location of the air pollution monitor, will have to be 

considered in the interpretation of the exposure assessment results and their 

application to health analyses.  

Communities 
air pollution 
level 

(Götschi et 

al., 2005) 

Longitud

inal 
Europe 

21 

Communities 
- - 

Temporal correlation of daily values varies considerably from city to city, 

depending on the indicators compared. 

(Detels et 

al., 1987) 

Longitud

inal 

California, 

U.S 

General 

population 
10,182  7≤ 

Lower lung function levels and more rapid loss rates in adults living in more 

polluted communities  

the UCLA 
Chronic 
Obstructive 
Respiratory 
Disease 
(CORD) 
studies  

(Dockery et 

al., 1989) 

Cross-

sectional 
U.S 

Children, 6 

Cities 
- - 

Respiratory symptom and illness rates in relation to indoor or outdoor NO2. NO2 

pollution has yielded mixed patterns of PM2.5. No significant association between 

particulate exposure and FVC or FEV1. 

Communities 
air pollution 
level 

(Ware et 

al., 1986) 

Longitud

inal 

Eastern and 

mid 

western, 

U.S 

Children, 6 

Cities 
8,380  - No significant association between particulate exposure and FVC or FEV1. 

(Dockery et 

al., 1996) 

Cross-

sectional 

U.S and 

Canada 

Children, 24 

Communities 
13,369  8-12 

Bronchitic symptoms are associated with particulate exposure (specifically, with 

the strong acid component). Ozone effects were not reported 
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(Raizenne 

et al., 1996) 

Cross-

sectional 

U.S and 

Canada 

Children, 24 

Communities 
10,251  8-12 

Lung function is reduced in association with the strong acid component exposure. 

Ozone effects were not reported 

(Stern et 

al., 1994) 

Longitud

inal 
Canada 

Children, 10 

Communities 
3,945  7-11 

Elevated O3 and particulate sulfate, significant FVC and FEV1 decrements 

between 1 and 2%. 

(Peters et 

al., 1999) 

Longitud

inal 

California, 

U.S 

Children, 12 

Communities 
3,293  

4 grade, 7 

grade, and 

10 grade 

Physiologically important losses in FVC, FEV1, PEFR, and MMEF were 

associated with pollution levels in females. The effects were larger in those 

females spending more time outdoors. Decreased FVC and FEV1 were associated 

with peak O3 exposure in male subjects spending more time outdoors. 

(Sarnat et 

al., 2000) 

Longitud

inal 

Baltimore, 

U.S 

Non-smoking 

older adult 
15  - 

Personal-ambient associations were strong even in poorly ventilated indoor 

environments, suggesting that personal exposures to PM2.5 of ambient origin are 

strongly associated with corresponding ambient concentrations. Gaseous criteria 

pollutants were unrelated to personal exposures but were significantly related to 

personal exposure to PM2.5. 

Repeated 
study during 
12 days 

(Belanger 

et al., 2006) 

Cross-

sectional 

Connecticu

t and 

southweste

rn 

Massachus

etts, U.S 

Children with 

asthma 
728  Infant ≤12 

Indoor NO2 exposure derived from cooking and heating sources indicate that such 

exposure may worsen respiratory symptoms in children with asthma. 
Birth cohort 

(Pekkanen 

et al., 1997) 

Longitud

inal  

Children with 

asthma 
39  7-12 

The outdoorNO2 concentration was associated with asthma hospitalizations, 

whereas other pollutants were not.  

Repeated 
study during 
57 days 
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(Churg et 

al., 2003) 

Clinical 

research 

Mexico 

city, 

Mexico 

and 

Vancouver, 

Canada 

the lungs of 

Women  
20  - 

Stronger or earlier effects of air pollution on smaller airways undergo preclinical 

structural changes before the larger airways (and thus FEV1 or FVC) are affected. 

Communities 
air pollution 
level 

(Frank et 

al., 2001) 

Clinical 

research 

the Johns 

Hopkins 

School of 

Hygiene 

and Public 

Health, U.S 

Health 

volunteers, 

Young adults 

8  25-31 

Repeated 
study 
(required 11 
visits)  

(Abbey et 

al., 1998) 

Longitud

inal 

California, 

U.S 

Non-smoking 

adults 
1,391  25≤ 

An increase in mean SO4 concentration of 1.6mg/m3 was associated with a 1.5% 

decrement in FEV1 in all males. An increase of 23 ppb of ozone as an 8-h average 

was associated with a 6.3% decrement in FEV1 in males whose parents had 

asthma, bronchitis, emphysema, or hay fever. 

- 

(Oftedal et 

al., 2008a) 

Cross-

sectional 

Oslo, 

Norway 
Children 23,079  9-10 

Short- and long-term residential exposures to traffic-related pollutants in Oslo 

were associated with reduced peak expiratory flow and forced expiratory flow at 

25% and 50% in 9- to 10-year-old children, especially in girls, with weaker 

associations after adjusting for a contextual socioeconomic factor. 

- 

(Gauderma

n et al., 

2004) 

Longitud

inal 

California, 

U.S 

Children, 12 

Communities 
1,759  10-18 

The results of this study indicate that current levels of air pollution have chronic, 

adverse effects on lung development in children from the age of 10 to 18 years, 

leading to clinically significant deficits in attained FEV1 as children reach 

adulthood. 

- 

(Kan et al., 

2007) 

Cross-

sectional 
U.S 

Middle aged 

adults 
15,792  - Proximity to traffic reduces lung function in children and adults. - 
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(Brauer et 

al., 2002) 

Longitud

inal 

Netherland

s 
Children 4,146  - 

Stronger associations with traffic, for asthma that was diagnosed before 1 year of 

age. 
Birth cohort 

(Hoek et 

al., 2002) 

Longitud

inal 

Netherland

s 
Adults 5,000  55-69 

Cardiopulmonary mortality was associated with living near a major road (relative 

risk 1·95, 95% CI 1·09–3·52) and, less consistently, with the estimated ambient 

background concentration (1·34, 0·68–2·64). The relative risk for living near a 

major road was 1·41 (0·94–2·12) for total deaths. Non-cardiopulmonary, non-

lung cancer deaths were unrelated to air pollution (1·03, 0·54–1·96 for living near 

a major road). 

- 

(Kim et al., 

2004) 

Cross-

sectional 

San 

Francisco, 

U.S 

Children 1,109  Grades 3-5 

The associations between respiratory symptoms and traffic-related pollutants. 

Among those living at their  current residence for at least one year, the adjusted 

odds ratios (OR) for asthma in relation to an interquartile difference in NOX were 

OR = 1.07; (95% confidence interval, 1.00-1.14). 

- 

(McConnell 

et al., 2006) 

Cross-

sectional 

California, 

U.S 

Children, 13 

Communities 
5,341  5-7 

Susceptibility increased in long-term residents with no parental history of asthma 

for lifetime asthma (OR = 1.85; 95% CI, 1.11–3.09), prevalent asthma (OR = 

2.46;95% CI, 0.48–4.09), and recent wheeze (OR = 2.74; 95% CI, 1.71–4.39). 

The higher risk of asthma near a major road decreased to background rates at 

150–200 m from the road. In children with a parental history of asthma and in 

children moving to the residence after 2 years of age, there was no increased risk 

associated with exposure. Effect of residential proximity to roadways was also 

larger in girls. 

- 

(Venn et 

al., 2000) 

Cross-

sectional 

and 

Longitud

inal 

U.K 
Children and 

Adolescents 
50,794  4-16 

Traffic activity in the school locality is not a major determinant of wheeze in 

children.  
- 
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(Wilhelm 

and Ritz, 

2003) 

Longitud

inal 

California, 

U.S 
Children 50,933  

1994-1996 

birth cohort 

Higher risks were observed for low birth weight(LBW) infants, exposure-

response relations were less consistent. Examining the influence of season, we 

found elevated risks primarily for women whose third trimester fell during 

fall/winter months (ORterm LBW = 1.39; 95% CI, 1.16–1.67; ORpreterm and 

LBW = 1.24; 95% CI = 1.03–1.48; RRall preterm = 1.15; 95% CI, 1.05–1.26), 

and exposure-response relations were stronger for all outcomes. 

Birth cohort 

(Wyler et 

al., 2000) 

Cross-

sectional 

Basel, 

Switzeland 
Adults 820  18-60 

High rates of road traffic diminish forced expiratory flow and increase respiratory 

symptoms in children. 
- 

(Jerrett et 

al., 2005) 

Longitud

inal 

Ontario, 

Canada 
Mortality 

330, 23 

sites 
≤74 

Positive, significant associations between particulate exposure and cardio-

respiratory and cancer mortality. 
- 

(Jedrychow

ski and 

Krzyzanow

ski, 1989) 

Longitud

inal 

Carcow, 

Poland 
Adults 1,414  

 

In men who lived in the area with the higher sulfate and sulfur transformation 

ratio(STR), the FEV1 decline rate (miyear) over the 13-year period was 

significantly faster by about 11 mVyear in the areas with higher and intermediate 

STR, which was again equivalent to the effect of smoking. It was found that the 

level of SO2 and PM in the urban air correlated with the symptom prevalence in 

women; however, it had no clear impact on lung function deterioration. 

- 

(Alexeeff et 

al., 2007) 

Longitud

inal 

Boston, 

U.S 
Male Adults 803  21-80 

Statin use is associated with slower rates of lung function decline in the elderly. 

This suggests a possible treatment for those with impaired lung function that 

should be investigated further. 
- 
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There are adverse long-term effects of air pollution on lung function 

growth in children, resulting in deficits of lung function at the end of 

adolescence. However, a few studies have, no association between air pollution 

and lung function(Hirsch et al., 1999, Nakai et al., 1999, Dockery et al., 1989). 

Also no study has followed up adolescents until they reached the plateau phase 

of early adulthood. It therefore is not clear whether growth deficits will be 

compensated by a prolonged growth phase, or whether these subjects will enter 

the lung-function decline phase of later adulthood with a reduced lung function. 

In adults, the strongest evidence for adverse long-term effects of air 

pollution on lung function comes from investigations. Although these studies 

may reflect growth deficits experienced during childhood, the only sufficiently 

large long-term follow-up study among adults indicates a role of air pollution 

in accelerating lung function decline.  
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Difference in pollutants level and constituents 

 

Air pollution has many and varied constituents by communities. It 

causes different effects of air pollution on people’s health. Although, air quality, 

is a regulated, and although no longer high air pollution level exposed as early 

1900’s industrial period, it is still distributed various submicrometer noxious 

pollutants in the ambient, at a concentration below the currently acceptable air 

quality standard for environmental exposure, disrupts the potential human 

health. For example, there are two great community studies such as the 

European Community Respiratory Health Survey (ECRHS) and the UCLA 

Chronic Obstructive Respiratory Disease (CORD) studies in Southern 

California. Those studies generally suggested that pollution levels were higher 

in larger cities and in center where climate and topography enhanced 

accumulation of air pollution, in contrast, areas of low population density and 

exposed to small amounts of pollution from long-range transport. 

The ECRHS studies have shown that the across-city correlation 

between the mean concentrations of PM2.5 mass and NO2 is fair and does not 

depend on the season. They have shown in absence of PM2.5 data, knowledge 

of annual mean NO2 may be a rather useful surrogate. The results suggested 

that health effects are unlikely to be related to one single pollutant, and 

epidemiological research therefore uses single pollutants as surrogates for 

complex mixtures of pollutants from certain sources. For example, the across-

city correlation between NO2 and PM2.5 is influenced by the most extreme 

high- and low-level communities (Hazenkamp-von Arx et al., 2004). Therefore, 
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among the remaining communities, associations between NO2 and health 

outcomes will be a limited surrogate for effects driven by particulate matter 

pollution. Health analyses across these cities may contribute to clarifying the 

independent contribution of these two indicators of pollution to specific health 

effects. They emphasize that the NO2/PM2.5 surrogate assumption only holds 

for the long-term mean, across communities. On the short-term local level, 

these two pollutants may be poorly associated. Also, the authors confirm that 

PM2.5 mass concentrations differ substantially across the 21 European ECRHS 

cities, although summer mean concentrations were lower than the winter values. 

Since the ranking order of the mean PM2.5 mass concentrations shows a 

seasonal difference, they conclude that analyses examining the association of 

health effects with both winter and summer means are warranted. The NO2 

concentrations show a wide range but since the ranking order does not change a 

lot between summer and winter, this indicator of mostly traffic-related 

exposure will be much less informative to address seasonal influence on health 

effects. The diversity in the observed patterns of PM2.5 and NO2 across the 

cities suggests that local factors, i.e. meteorological conditions, specific sources 

of pollution, or even the location of the air pollution monitor, will have to be 

considered in the interpretation of the exposure assessment results and their 

application to health analyses. Goetschi et al also reported that , in 21 cities of 

the ECRHS, (Götschi et al., 2005), temporal correlation of daily values vary 

considerably from city to city, depending on the indicators compared.  

 The CORD studies, the only previous large-scale comparison of lung 

function across different parts of Southern California, suggested lower function 

levels and more rapid loss rates in adults living in more polluted communities 
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(Detels et al., 1987). The most polluted CORD study sites were high in PM10 as 

well as O3, so the observed effects might be attributed to either. Although not 

directly comparable because of subjects’ age differences, the CORD findings 

appear consistent with our findings of an unfavorable long-term effect of O3. 

Further support is provided by an analysis of data collected nationwide in the 

NHANES II survey, which suggested decreases in adults’ lung function with 

increasing annual average O3 concentration in their areas of residence 

(Schwartz, 1989). Multiple studies of symptom and illness rates in relation to 

indoor or outdoor NO2 pollution have yielded mixed results (Bascom et al., 

1996).  

The most directly relevant prior epidemiologic studies have been 

conducted away from Southern California and have been concerned primarily 

with particulate pollution. The Six Cities Study showed no significant 

association between recent or lifelong particulate exposure and FVC or FEV1 

(Dockery et al., 1989, Ware et al., 1986). Six cities were low in O3 in 

comparison with our most polluted communities. In the subsequent 24 Cities 

Study, results show that bronchitic symptoms are again associated with 

particulate exposure (specifically, with the strong acid component) (Dockery et 

al., 1996), and lung function is reduced in association with those exposures 

(Raizenne et al., 1996), in contrast with the Six Cities Study. The predicted loss 

due to lifelong residence in the community with the highest strong acid 

particulate concentration, relative to the cleanest community, was about 3% for 

FVC and FEV1. Ozone effects were not reported. Most of the 24 cities had 

relatively little O3 compared with our most polluted communities. In a study of 

preadolescent children in 10 rural Canadian communities, five of which had 
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elevated O3 and particulate sulfate, significant FVC and FEV1 decrements 

between 1 and 2% were found in the five polluted communities (Stern et al., 

1994). No significant excess respiratory morbidity was reported on 

questionnaires from the five polluted communities. Their annual mean of 1-h 

daily O3 peaks was 46 ppb, less than half the value in our most polluted 

communities. Comparison of strong acid or particulate concentrations between 

studies is difficult because of differences in the atmospheres and in the 

measurement techniques. However, Peters et al were not aware of prior 

epidemiologic studies that assessed effects of long-term NO2 exposure on lung 

function (Peters et al., 1999). They measured lung function in 3,293 Southern 

California public schoolchildren and adolescents. After appropriate adjustment 

for personal and household characteristics, statistically significant and perhaps 

physiologically important losses in FVC, FEV1, PEFR, and MMEF were 

associated with pollution levels in females. The effects were larger in those 

females spending more time outdoors. Decreased FVC and FEV1 were 

associated with peak O3 exposure in male subjects spending more time 

outdoors. Given the inherent weaknesses of cross-sectional data, the follow-up 

of this cohort should provide valuable information on the relationships between 

air pollutants and lung development. 

Causal inferences regarding individual pollutants are limited by 2 

factors. First, there are significant intercorrelations among the levels of most of 

the pollutants examined. Second, a particular pollutant concentration may serve 

as a surrogate measure of other, unmeasured, and possibly more causal 

components of urban air pollution mixtures. For example, Sarnat et al reported 

that, in Baltimore, Md, the ambient concentrations of the gaseous criteria 
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pollutants were unrelated to personal exposures but were significantly related 

to personal exposure to PM2.5, which, in inner cities, is the most spatially 

homogeneous of these monitored pollutants (Sarnat et al., 2000). Despite these 

limitations, the observed associations with NO2, which is derived mostly from 

motor vehicle exhaust, suggest that traffic-derived pollution was responsible 

for at least part of the observed associations between pollutant concentrations 

and health effects. Studies of indoor NO2 exposure derived from cooking and 

heating sources indicate that such exposure may worsen respiratory symptoms 

in children with asthma (Belanger et al., 2006). A time-series study in Australia 

and New Zealand (Pekkanen et al., 1997) revealed that the outdoorNO2 

concentration was associated with asthma hospitalizations, whereas other 

pollutants were not. Thus, outdoor NO2 exposure may adversely affect the 

health of children with asthma, although the NO2 concentration may simply be 

acting as a surrogate for 1 or more other components of motor vehicle 

emissions. 

Based on the published literature it can be concluded that, although 

many studies suggest adverse effects of long-term exposure to air pollution on 

lung function, important questions regarding the most relevant age period, 

activity location and exposure area (with communities or within communities) 

remain unresolved.  
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Difference in background (confounding) 

 

Specificity of Lung Function Parameters 

All of the major air pollution studies comply with the guidelines of 

the American Thoracic Society (ATS, 1995) or the European Respiratory 

Society (PhH et al., 1993). Most of the reviewed studies either measured lung 

volumes alone (FEV1, FVC) or measured both volume and flow measures 

finding consistent effects on the two. Only a few studies, all of children or 

adolescents, observed associations for flow measures but not for volumes 

(Kunzli et al., 1997, Neuberger et al., 2002, Tager et al., 2005, Wjst et al., 

1993). These findings suggest stronger or earlier effects of air pollution on 

smaller airways, which presumably receive the highest tissue doses (Churg et 

al., 2003, Frank et al., 2001) and would therefore undergo preclinical structural 

changes before the larger airways (and thus FEV1 or FVC) are affected. 

However, these studies do not provide enough evidence to relate effects of air 

pollution conclusively to one or the other specific spirometric measure. 

 

Variation in exposure assessment 

There are notable differences in exposure assessment. Methods 

include community-level (ecological) exposure assignment, various more 

powerful approaches to assign exposure individually (Abbey et al., 1998, 

Galizia and Kinney, 1999, Kunzli et al., 1997, Neuberger et al., 2002, Oftedal 

et al., 2008b, Schindler et al., 1998), and the use of traffic as a specific source 

of pollution (Brunekreef et al., 1997, Gauderman et al., 2007). Community-
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level exposures have been applied by most studies. Central monitors allow 

continuous measurements of multiple pollutants. However, despite suggestive 

results from some studies (Gauderman et al., 2004, Kunzli et al., 1997, 

Raizenne et al., 1996), identifying specific causal agents among the pollutants 

remains difficult because of correlations among long-term concentrations of 

many measured (and unmeasured) pollutants.  

Several studies used individual-level exposure assignment(Abbey et 

al., 1998, Avol et al., 2001, Galizia and Kinney, 1999, Gauderman et al., 2007, 

Kunzli et al., 1997, Nicolai et al., 2003, Schikowski et al., 2005, Schindler et 

al., 1998, Tager et al., 2005). Actual measurements of individual exposure to 

pollutants was only done by 1 study (Schindler et al., 1998). A few studies 

combined pollution data from central site monitors with individuals’ mobility 

or residential history (Abbey et al., 1998). Several studies considered traffic, 

without measuring actual pollutants (Janssen et al., 2003, Kan et al., 2007, 

Nicolai et al., 2003, Sekine et al., 2004, Wjst et al., 1993). The overall picture 

seems somewhat less clear for the few lung function studies than for 

respiratory symptoms and other outcomes (Brauer et al., 2002, Hoek et al., 

2002, Janssen et al., 2003, Kim et al., 2004, McConnell et al., 2006, Nicolai et 

al., 2003, Venn et al., 2000, Wilhelm and Ritz, 2003, Wyler et al., 2000). 

Recently, however, the findings of the Children’s Health Study (Gauderman et 

al., 2007), SALIA (Schikowski et al., 2005), and ARIC (Kan et al., 2007) 

strongly suggest that proximity to traffic reduces lung function in children and 

adults. 
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Confounding 

Most studies adjusted for common confounders on the individual 

level, such as age, height, and smoking. The effects of such adjustments on the 

main results, however, are rarely discussed (Ackermann-Liebrich et al., 1997, 

Dockery et al., 1989, Gauderman et al., 2004). A formal assessment of 

community level confounding is impossible, as most of the larger multicity 

studies rely on community-level factors to be distributed randomly across 

communities, without quantitatively verifying this assumption. A few use 

hierarchical regression models to adjust for contextual confounders 

(Gauderman et al., 2004, Gauderman et al., 2002a, Gauderman et al., 2000, 

Oftedal et al., 2008b), or they control community-level confounding through 

assignment of exposure on an individual or within-community basis. 

Nonetheless, full control of socioeconomic and other contextual factors 

remains challenging in within-city comparisons of proximity to traffic (Jerrett 

et al., 2005, O'Neill et al., 2003). 

 

Effect Modifiers 

Several studies report stronger effects for various subgroups, such as women 

(Horak et al., 2002, Kan et al., 2007, Oftedal et al., 2008b, Peters et al., 1999), 

men (Abbey et al., 1998, Galizia and Kinney, 1999, Jedrychowski and 

Krzyzanowski, 1989), or subjects with smaller airways (Tager et al., 2005) or a 

family history of respiratory diseases (Abbey et al., 1998). However, these 

findings are not consistent. Several studies stratified their samples by smoking 

status, with no differences in air pollution effects between smokers and 

nonsmokers (Ackermann-Liebrich et al., 1997, Downs et al., 2007, Nicolai et 
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al., 2003, Raizenne et al., 1996, Schikowski et al., 2005). Some studies did not 

include smokers to avoid confounding (Abbey et al., 1998, Tager et al., 2005). 

No study investigated interaction of the effects of air pollution with genetic 

factors or prescription drug use. The latter may be of particular relevance 

among older adults. Effects of smoking on lung function can be modified by 

genetic polymorphisms (Alexeeff et al., 2007) and by anti-inflammatory 

treatments, mainly stains(Sadeghnejad et al., 2007). Stratified analyses have 

also been used to exclude the possibility of (residual) confounding and to 

reduce random misclassification by limiting analyses to subjects (such as long-

term residents) with more precise exposure estimates (Ackermann-Liebrich et 

al., 1997, Raizenne et al., 1996, Schikowski et al., 2005, Ware et al., 1986). 

 

Selection and Measurement Bias 

Subjects in air pollution studies are generally unaware of their 

precise level of exposure, and lung function is an objective end point; thus bias 

because of selective participation may be of limited concern (Kristman et al., 

2004). Some cross-community studies may be more susceptible to 

misclassification of community estimates than others, both for exposure and 

outcome. For example, the timing of spirometry (Horak et al., 2002, Janssen et 

al., 2003), the need for extrapolation of exposure data for selected communities 

(Schikowski et al., 2005), or the location of central monitors may lead to biased 

community estimates, and thereby to biased overall health effect estimates. The 

larger the number of communities, the lower the likelihood for such biases. 

Although occurrence of nonrandom misclassification cannot be excluded 

entirely, it is unlikely to explain the overall evidence across all studies.  
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Publication Bias 

The heterogeneity across studies precludes a formal assessment of 

publication bias using funnel plots or other techniques. The strongest evidence 

for long-term effects of air pollution on lung function is provided by a few 

large studies specifically designed to investigate effects of air pollution on lung 

function. Publication bias is unlikely among these studies. Nonetheless it is 

noteworthy that many of the reported significant findings are small effects and 

are often singled out from several nonsignificant analyses of various pollutants 

or outcomes. One would therefore expect some studies to observe no 

significant associations at all. One indication of selective publication is that, 

among the 8 studies that reported no significant associations between air 

pollution and lung function, 4 reported significant associations for other 

outcomes within the same  publication (Hirsch et al., 1999, Jang et al., 2003, 

Janssen et al., 2003, Nicolai et al., 2003). In addition, 2 publications(Dockery 

et al., 1989, Ware et al., 1986)are from the large 6-cities study that reported 

important results for other outcomes (ie, mortality) (Dockery et al., 1993). 

Exclusively null findings are provided only by Devereux et al (Devereux et al., 

1996) in a small qualitative comparison across 2 regions in England, and by 

Nakai et al (Nakai et al., 1999) in a relatively basic longitudinal analysis.  
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Conclusion 

 Because of the diversity of the reviewed studies, formal quantitative 

comparisons of their findings are difficult and the magnitude of the effect of air 

pollution on lung function cannot be generalized. Moreover, the role of specific 

pollutants or pollution sources needs to be clarified. Findings of several recent 

studies emphasize the importance of traffic-related air pollution. Endogenous 

or exogenous susceptibility factors modifying adverse effects of air pollution 

on lung function are barely understood. 

 

 In Chapter2, we focused on the effects of low level air pollution 

exposure on the lung function. We tried to control differences in susceptibility, 

constituents of air pollution and background such as study subjects, similar 

study area, study design and measurement bias etc. 

  



33 

 

References 

Abbey, D. E., Burchette, R. J., Knutsen, S. F., Mcdonnell, W. F., Lebowitz, M. 

D. & Enright, P. L. (1998). Long-term particulate and other air pollutants 

and lung function in nonsmokers. American Journal of Respiratory and 

Critical Care Medicine, 158(1), 289-298. 

Ackermann-Liebrich, U., Leuenberger, P., Schwariz, J., Schindler, C., Monn, C., 

Bolognini, G., Bongard, J., Brandli, O., Domenighetti, G. & Elsasser, S. 

(1997). Lung function and long term exposure to air pollutants in 

Switzerland. Study on Air Pollution and Lung Diseases in Adults 

(SAPALDIA) Team. American Journal of Respiratory and Critical Care 

Medicine, 155, 122-129. 

Alexeeff, S. E., Litonjua, A. A., Sparrow, D., Vokonas, P. S. & Schwartz, J. 

(2007). Statin use reduces decline in lung function: VA Normative Aging 

Study. American Journal of Respiratory and Critical Care Medicine, 176, 

742-747. 

ATS (1995). Standardization of spirometry, 1994 update. American Journal of 

Respiratory and Critical Care Medicine, 152, 1107-1136. 

Avol, E. L., Gauderman, W. J., Tan, S. M., London, S. J. & Peters, J. M. (2001). 

Respiratory effects of relocating to areas of differing air pollution levels. 

American Journal of Respiratory and Critical Care Medicine, 164(11), 

2067-2072. 

Bascom, R., Bromberg, P., Costa, D., Devlin, R., Dockery, D., Frampton, M., 

Lambert, W., Samet, J., Speizer, F. & Utell, M. 1996. State of the art: health 

effects of outdoor air pollution, part 2. American Journal of Respiratory 

and Critical Care Medicine, 153, 3-50. 



34 

 

Belanger, K., Gent, J. F., Triche, E. W., Bracken, M. B. & Leaderer B. P. (2006). 

Association of indoor nitrogen dioxide exposure with respiratory symptoms 

in children with asthma. American Journal of Respiratory and Critical Care 

Medicine, 173(3), 297-303. 

Brauer, M., Hoek, G., Van Vlier, P., Meliefste, K., Fischer, P. H., Wiujga, A., 

Koopman, L. P., Neijens, H. J., Gerritsen, J. & Kerkhof, M. (2002). Air 

pollution from traffic and the development of respiratory infections and 

asthmatic and allergic symptoms in children. American Journal of 

Respiratory and Critical Care Medicine, 166(8), 1092-1098. 

Brunekreef, B., Janssen, N. A. H., De Hartog, J., Harssema, H., Knape, M. & 

Van Vliet, P. (1997). Air pollution from truck traffic and lung function in 

children living near motorways. Epidemiology, 8, 298-303. 

Burrows, B., Sears, M. R., Flannery, E. M., Herbison, G. P. & Holdaway, M. D. 

(1992). Relationships of bronchial responsiveness assessed by methacholine 

to serum IgE, lung function, symptoms, and diagnoses in 11-year-old New 

Zealand children. Journal of Allergy and Clinical Immunology, 90, 376-85. 

Carlisle, A. J. & Sharp, N. C. 2001. Exercise and outdoor ambient air pollution. 

British Journal of Sports Medicine, 35, 214-22. 

Chatham, M., Bleecker, E. R., Norman, P., Smith, P. L. & Mason, P. (1982). A 

screening test for airways reactivity. An abbreviated methacholine 

inhalation challenge. Chest, 82, 15-8. 

Chestnut, L. G., Schwartz, J., Savitz, D. A. & Burchfiel, C. M. (1991). 

Pulmonary function and ambient particulate matter: epidemiological 

evidence from NHANES I. Archives of Environmental Health: An 

International Journal, 46(1), 135-144. 



35 

 

Churg, A., Brauer, M., Avila-Casado, M. C., Fortoul, T. I. & Wright, J. L. 

(2003). Chronic exposure to high levels of particulate air pollution and 

small airway remodeling. Environmental Health Perspectives, 111(5), 714-

719. 

Cockroft, D., Killian, D., Mellon, J. & Hargreave, F. (1977). Bronchial 

reactivity to inhaled histamine: a method and clinical survey. Clinical and 

Experimental Allergy, 7, 235-243. 

Coultas, D., Zumwalt, R., Black, W. & Sobnya, R. (1994). The epidemiology 

of interstitial lung diseases. American Journal of Respiratory and Critical 

Care Medicine, 150(4), 967-972. 

Detels, R., Tashkin, D. P., Sayre, J. W., Rokaw, S. N., Coulson, A., Massey, F. 

& Wegman, D. H. (1987). The UCLA population studies of chronic 

obstructive respiratory disease. 9. Lung function changes associated with 

chronic exposure to photochemical oxidants; a cohort study among never-

smokers. Chest, 92(4), 594-603. 

Devereux, G., Ayatollahi, T., Ward, R., Bromly, C., Bourke, S., Stenton, S. & 

Hendrick, D. (1996). Asthma, airways responsiveness and air pollution in 

two contrasting districts of northern England. British Medical Journal, 51, 

169-174. 

Dockery, D., Speizer, F., Stram, D., Ware, J., Spengler, J. & Ferris JR, B. 

(1989). Effects of inhalable particles on respiratory health of children. 

American Review of Respiratory Disease. (United States), 139(3), 587-594. 

Dockery, D. W., Cunningham, J., Damokosh, A. I., Neas, L. M., Spengler, J. D., 

Koutrakis, P., Ware, J. H., Raizenne, M. & Speizer, F. E. 1996. Health 

effects of acid aerosols on North American children: respiratory symptoms. 



36 

 

Environmental Health Perspectives, 104(5), 500-505. 

Dockery, D. W., Pope, C. A., Xu, X., Spengler, J. D., Ware, J. H., Fay, M. E., 

Ferris, B. G. & Speizer, F. E. (1993). An association between air pollution 

and mortality in six US cities. New England Journal of Medicine, 329, 

1753-1759. 

Dow, L., Coggon, D. & Holgate, S. (1992). Respiratory symptoms as predictors 

of airways lability in anelderly population. Respiratory Medicine, 86, 27-32. 

Downs, S. H., Schindler, C., Liu, L. J. S., Keidel, D., Bayer-Oglesby, L., 

Brutsche, M. H., Gerbase, M. W., Keller, R., Kunzli, N. & Leuenberger, P. 

(2007). Reduced exposure to PM10 and attenuated age-related decline in 

lung function. New England Journal of Medicine, 357, 2338-2347. 

Frank, R., Liu, M. C., Spannhake, E. W., Mlynarek, S., Macri, K. & Weinmann, 

G. G. (2001). Repetitive ozone exposure of young adults. Evidence of 

persistent small airway dysfunction. American Journal of Respiratory and 

Critical Care Medicine, 164(7), 1253-1260. 

Frischer, T., Studnicka, M., Gartner, C., Tauber, E., Horak, F., Veiter, A., 

Spengler, J., Kuhr, J. & Urbanek, R. (1999). Lung function growth and 

ambient ozone. A three-year population study in school children. American 

Journal of Respiratory and Critical Care Medicine, 160(2), 390-396. 

Fritz, G. J. & Herbarth, O. (2001). Pulmonary function and urban air pollution 

in preschool children. International Journal of Hygiene and Environmental 

Health, 203(3), 235-244. 

G Tschi, T., Hazenkamp-Von Arx, M. E., Heinrich, J., Bono, R., Burney, P., 

Forsberg, B., Jarvis, D., Maldonado, J., Norback, D. & Stern, W. B. (2005). 

Elemental composition and reflectance of ambient fine particles at 21 



37 

 

European locations. Atmospheric Environment, 39(32), 5947-5958. 

Galizia, A. & Kinney, P. L. (1999). Long-term residence in areas of high ozone: 

associations with respiratory health in a nationwide sample of nonsmoking 

young adults [dsee comments]. Environmental Health Perspectives, 107(8), 

675-679. 

Gauderman, W. J., Avol, E., Gilliland, F., Vora, H., Thomas, D., Berhane, K., 

Mcconnell, R., Kuensli, N., Lurmann, F. & Rappaport, E. (2004). The effect 

of air pollution on lung development from 10 to 18 years of age. New 

England Journal of Medicine, 351, 1057-1067. 

Gauderman, W. J., Gilliand, G. F., Vora, H., Avol, E., Stram, D., Mcconnell, R., 

Thomas, D., Lurmann, F., Margolis, H. G., Rappaport, E. B., Berhane, K. & 

Peters, J. M. (2002). Association between air pollution and lung function 

growth in southern California children: results from a second cohort. 

American journal of Respiratory and Critical Care Medicine, 166, 76-84. 

Gauderman, W. J., Mcconnell, R., Gilland, F., London, S., Thomas, D., Avol, E., 

Vora, H., Berhane, K., Rappaport, E. B., Lurmann, F., Margolis, H. G. & 

Peters, J. (2000). Association between air pollution and lung function 

growth in southern California children. American Journal of Respiratory 

and Critical Care Medicine, 162, 1383-90. 

Gauderman, W. J., Vora, H., Mcconnell, R., Berhane, K., Gilliland, F., Thomas, 

D., Lurmann, F., Avol, E., Kunzli, N. & Jerrett, M. (2007). Effect of 

exposure to traffic on lung development from 10 to 18 years of age: a 

cohort study. The Lancet, 369, 571-577. 

Hazenkamp-Von Arx, M. E., Gotshi, T., Ackermann-Liebrich, U., Bono, R., 

Burney, P., Cyrys, J., Jarvis, D., Lillienberg, L., Luczynska, C. & 



38 

 

Maldonado, J. A. (2004). PM2. 5 and NO2 assessment in 21 European 

study centres of ECRHS II: annual means and seasonal differences* 1. 

Atmospheric Environment, 38, 1943-1953. 

Hirsch, T., Weiland, S., Von Mutius, E., Safeca, A., Grafe, H., Csaplovics, E., 

Duhme, H., Keil, U. & Leupold, W. (1999). Inner city air pollution and 

respiratory health and atopy in children. European Respiratory Journal, 14, 

669-677. 

Hoek, G., Brunekreef, B., Goldbohm, S., Fischer, P. & Van Den Brandt, P. A. 

(2002). Association between mortality and indicators of traffic-related air 

pollution in the Netherlands: a cohort study. The Lancet, 360, 1203-1209. 

Horak, F., Studnicka, M., Gartner, C., Spengler, J., Tauber, E., Urbanek, R., 

Veiter, A. & Frischer, T. (2002). Particulate matter and lung function growth 

in children: a 3-yr follow-up study in Austrian schoolchildren. European 

Respiratory Journal, 19(5), 838-845. 

Ihorst, G., Frisher, T., Horak, F., Schumacher, M., Kopp, M., Forster, J., Mattes, 

J. & Kuehr, J. (2004). Long-and medium-term ozone effects on lung growth 

including a broad spectrum of exposure. European Respiratory Journal, 

23(2), 292-299. 

Jang, A. S., Yeum, C. H. & Son, M. H. (2003). Epidemiologic evidence of a 

relationship between airway hyperresponsiveness and exposure to polluted 

air. Allergy, 58, 585-588. 

Janssen, N. A. H., Brunereef, B., Van Vliet, P., Aarts, F., Meliefste, K., 

Harssema, H. & Fischer, P. (2003). The relationship between air pollution 

from heavy traffic and allergic sensitization, bronchial hyperresponsiveness, 

and respiratory symptoms in Dutch schoolchildren. Environmental Health 



39 

 

Perspectives, 111(12), 1512-1518. 

Jedruchowski, W. & Krzyzanowski, M. (1989). Ventilatory lung function and 

chronic chest symptoms among the inhabitants of urban areas with various 

levels of acid aerosols: prospective study in Cracow. Environmental Health 

Perspectives, 79, 101-107. 

Jerrett, M., Buzzelli, M., Burnett, R. T. & Deluca, P. F. (2005). Particulate air 

pollution, social confounders, and mortality in small areas of an industrial 

city. Social Science and Medicine, 60, 2845-2863. 

Kan, H., Heiss, G., Rose, K. M., Whitsel, E., Lurmann, F. & London, S. J. 

(2007). Traffic exposure and lung function in adults: the Atherosclerosis 

Risk in Communities study. Thorax, 62, 873-879. 

Kim, J. J., Smorodinsky, S., Lipsett, M., Singer, B. C., Hodgson, A. T. & Ostro, 

B. (2004). Traffic-related air pollution near busy roads: the East Bay 

Children's Respiratory Health Study. American Journal of Respiratory and 

Critical Care Medicine, 170(5), 520-526. 

Kopp, M., Bohnet, W., Frischer, T., Ulmer, C., Studnicka, M., Ihorst, G., 

Gardner, C., Forster, J., Urbnek, R. & Kuehr, J. (2000). Effects of ambient 

ozone on lung function in children over a two-summer period. European 

Respiratory Journal, 16(5), 893-900. 

Kristman, V., Manno, M. & Cote, P. (2004). Loss to follow-up in cohort studies: 

how much is too much? European journal of Epidemiology, 19, 751-760. 

Kunzli, N., Lurmann, F., Segal, M., Ngo, L., Balmes, J. & Tager, I. B. (1997). 

Association between lifetime ambient ozone exposure and pulmonary 

function in college freshmen--results of a pilot study. Environmental 

Research, 72, 8-23. 



40 

 

Lee, M., Eum, K., Lee, K., Kim, H. & Paek, D. (2009). Seasonal and Regional 

Contributors of 1-Hydroxypyrene among Children near a Steel Mill. 

Cancer Epidemiology Biomarkers and Prevention, 18, 96-101. 

Lee, M., Eum, K., Zoh, K., Kim, T., Pak, Y. & Paek, D. (2007). 1-

Hydroxypyrene as a biomarker of PAH exposure among subjects living in 

two separate regions from a steel mill. International Archives of 

Occupational and Environmental Health, 80, 671-678. 

Liu, L. & Zhang, J. (2009). Ambient air pollution and children's lung function 

in China. Environment International, 35, 178-186. 

Marston, B., Plouffe, J., File JR, T., Hackman, B., Salstrom, S., Lipman, H., 

Kolczak, M. & Breiman, R. (1997). Incidence of community-acquired 

pneumonia requiring hospitalization: results of a population-based active 

surveillance study in Ohio. Archives of Internal Medicine, 157(15), 1709-

1718. 

Mcconnell, R., Berhane, K., Yao, L., Jerrett, M., Lurmann, F., Gilliland, F., 

Kunzli, N. & Gauderman, J. (2006). Traffic, susceptibility, and childhood 

asthma. Environmental Health Perspectives, 114(5), 766-772. 

Nakai, S., Jst, C., Nitta, H. & Maeda, K. (1999). Respiratory health associated 

with exposure to automobile exhaust. III. Results of a cross-sectional study 

in 1987, and repeated pulmonary function tests from 1987 to 1990. Archives 

of Environmental Health: An International Journal, 54, 26-33. 

Neuberger, M., Moshammer, H. & Kundi, M. (2002). Declining ambient air 

pollution and lung function improvement in Austrian children. Atmospheric 

Environment, 36, 1733-1736. 

Nicolai, T., Carr, D., Weland, S., Duhme, H., Von Ehrenstein, O., Wagner, C. & 



41 

 

Von Mutius, E. (2003). Urban traffic and pollutant exposure related to 

respiratory outcomes and atopy in a large sample of children. European 

Respiratory Journal, 21(6), 956-963. 

O'Neill, M. S., Jerrett, M., Kawachi, I., Levy, J. I., Cohen, A. J., Gouveia, N., 

Wilkinson, P., Fletcher, T., Cifuentes, L. & Schwartz, J. (2003). Health, 

wealth, and air pollution: advancing theory and methods. Environmental 

Health Perspectives, 111(16), 1861-1870. 

Oftedal, B., Brunekreef, B., Nystad, W., Madsen, C., Walker, S.-E. & Nafstad, 

P. (2008). Residential Outdoor Air Pollution and Lung Function in 

Schoolchildren. Epidemiology, 19(1), 129-137. 

Pauwels, R., Buist, A., Calverley, P., Jenkins, C. & Hurd, S. (2001). Global 

strategy for the diagnosis, management, and prevention of chronic 

obstructive pulmonary disease. NHLBI/WHO Global Initiative for Chronic 

Obstructive Lung Disease (GOLD) Workshop summary. American Journal 

of Respiratory and Critical Care Medicine, 163(5), 1256-1276. 

Pekkanen, J., Timonen, K. L., Rrrskanen, J., Reponen, A. & Mirme, A. (1997). 

Effects of ultrafine and fine particles in urban air on peak expiratory flow 

among children with asthmatic symptoms. Environmental Research, 74, 24-

33. 

Peters, J. M., Avol, E., Gauderman, W. J., Linn, W. S., Navidi, W., London, S. 

J., Margolis, H., Rappart, E., Vora, H. & Gong JR, H. (1999). A study of 

twelve Southern California communities with differing levels and types of 

air pollution. II. Effects on pulmonary function. American journal of 

respiratory and critical care medicine, 159(3), 768-775. 

Phh, Q., Tammeling, G., Cotes, J., Pedersen, O., Peslin, R. & Yernault, J. 



42 

 

(1993). Standardized lung function testing. European Respiratory Journal, 

6, 5-40. 

Raizenne, M., Neas, L. M., Damokosh, A. I., Dockery, D. W., Spengler, J. D., 

Koutrakis, P., Ware, J. H. & Speizer, F. E. (1996). Health effects of acid 

aerosols on North American children: pulmonary function. Environmental 

Health Perspectives, 104(5), 500-505. 

Rojas-Martinez, R., Perez-Padilla, R., Olaiz-Fernadez, G., Mendoza-Alvarado, 

L., Morno-Macias, H., Fortoul, T., Mcdonnell, W., Loomis, D. & Romieu, I. 

(2007). Lung function growth in children with long-term exposure to air 

pollutants in Mexico City. American journal of Respiratory and Critical 

Care Medicine, 176(4), 377-384. 

Syseth, V., Kongerud, J., Haarr, D., Strand, O., Bolle, R. & Boe, J. (1995). 

Relation of exposure to airway irritants in infancy to prevalence of 

bronchial hyper-responsiveness in schoolchildren. The Lancet, 345, 217-

220. 

Sadeghnejad, A., Meyers, D. A., Bottai, M., Sterling, D. A., Bleecker, E. R. & 

Ohar, J. A. (2007). IL13 promoter polymorphism 1112C/T modulates the 

adverse effect of tobacco smoking on lung function. American journal of 

Respiratory and Critical Care Medicine, 176(8), 748-752. 

Sarnat, J. A., Koutrakis, P. & Suh, H. H. (2000). Assessing the relationship 

between personal particulate and gaseous exposures of senior citizens living 

in Baltimore, MD. Journal of the Air & Waste Management Association, 50, 

1184-1198. 

Scchikowski, T., Sugiri, D., Ranft, U., Gehring, U., Heinrich, J., Wichmann, H. 

E. & Kramer, U. (2005). Long-term air pollution exposure and living close 



43 

 

to busy roads are associated with COPD in women. Respiratory Research, 6, 

1465-9921. 

Schindler, C., Ackermann-Liebrich, U., Leuenberger, P., Monn, C., Rapp, R., 

Bolognini, G., Bongard, J. P., Brandli, O., Domenighetti, G. & Karrer, W. 

(1998). Associations between lung function and estimated average exposure 

to NO2 in eight areas of Switzerland. Epidemiology, 9(4), 405-411. 

Schwartz, J. (1989). Lung function and chronic exposure to air pollution: A 

cross-sectional analysis of NHANES II1. Environmental Research, 50, 309-

321. 

Sekine, K., Shima, M., Nitta, Y. & Adachi, M. (2004). Long term effects of 

exposure to automobile exhaust on the pulmonary function of female adults 

in Tokyo, Japan. Occupational and Environmental Medicine, 61, 350-357. 

Souza, M. B., Saldiva, P. H., Pope, C. A., 3rd & Capelozzi, V. L. (1998). 

Respiratory changes due to long-term exposure to urban levels of air 

pollution: a histopathologic study in humans. Chest, 113, 1312-1318. 

Stern, B. R., Raizenne, M. E., Burnett, R. T., Jones, L., Kearney, J. & Franklin, 

C. A. (1994). Air pollution and childhood respiratory health: exposure to 

sulfate and ozone in 10 Canadian rural communities. Environmental 

Research, 66, 125-142. 

Tager, I. B., Balmes, J., Lurmann, F., Ngo, L., Alcorn, S. & Kunzli, N. (2005). 

Chronic exposure to ambient ozone and lung function in young adults. 

Epidemiology, 16(6), 751-759. 

Venn, A., Lewis, S., Cooper, M., Hubbard, R., Hill, I., Boddy, R., Bell, M. & 

Britton, J. (2000). Local road traffic activity and the prevalence, severity, 

and persistence of wheeze in school children: combined cross sectional and 



44 

 

longitudinal study. Occupational and Environmental Medicine, 57(3), 152-

158. 

Ware, J., Ferris JR, B., Dockery, D., Spengler, J., Stram, D. & Speizer, F. E. 

(1986). Effects of ambient sulfur oxides and suspended particles on 

respiratory health of preadolescent children. American Review of 

Respiratory Disease, 133(5), 834-842, . 

Wilhelm, M. & Ritz, B. (2003). Residential proximity to traffic and adverse 

birth outcomes in Los Angeles county, California, 1994-1996. 

Environmental Health Perspectives, 111(2), 207-216. 

Wjst, M., Reitmeir, P., Dold, S., Wulff, A., Nicolai, T., Von Loeffelholz-

Colberg, E. F. & Von Mutius, E. (1993). Road traffic and adverse effects on 

respiratory health in children. British Medical Journal, 307(6904), 596-600. 

Wyler, C., Braun-Fahrlander, C., Kunzli, N., Schindler, C., Ackermann-

Liebrich, U., Perruchoud, A. P., Leuenberger, P. & Wuthrich, B. (2000). 

Exposure to motor vehicle traffic and allergic sensitization. Epidemiology, 

11(4), 450-456. 

  



45 

 

 

 

 

III. Chapter 2 

 

The effects of low level air pollution exposure on the 

lung function  

 

Study1. Lung function decline and blood lead among residents 

nearby to industrial complex (Difference constituents and level of 

air pollutants) 

 

Study2. Susceptibility to air pollutant effects on airway 

responsiveness (Difference susceptibility) 

 

Study3. Short-Term Effect of Air Pollutants on the Airway 

Responsiveness; Difference and Similarity between 3 Regions 

(Difference study background) 

 
  



46 

 

 

 

 

Study 1 

 

Lung function decline and blood lead among 

residents nearby to industrial complex 

 

 

 

 

 

 

 

 

 

 

 

 

Published in the International Archives of Occupational and Environmental 

Health (Accepted: 19 January 2012) 

  



47 

 

Introduction 

Leaded gasoline has been eliminated worldwide. Environmental lead exposure 

has declined worldwide and many people have lower blood lead levels today than in the 

past. Despite the decline in blood lead levels during the past several decades, however, 

lead continues to be a public health concerns for individuals with past and present lead 

exposure.  

Blood lead and exposure to lead throughout life has been suggested to increase 

death rates in older people, even with less than 10㎍/㎗ of blood lead level (Menke, 

2006). As lead potentially induces oxidative stress in its pathophysiologic toxicity (Ercal 

et al., 2000), lead accumulation in human and animal may contribute to additionally 

increased oxidative stress with aging. Accordingly, lead accumulation in adult is also 

known to contribute to arterial aging (Perlstein et al., 2007), cardiovascular disease 

(Navas-Acien et al., 2006) and speeding up brain aging (Bolin et al., 2006). People with 

higher lead level become more likely to suffer from health problems such as heart disease, 

renal problems, stroke and brain problems (Pocock et al., 1988; Marchetti, 2003; Menke, 

2006).  

During adulthood, age-related changes occur in the morphometry of the human 

lung in both sexes, reflecting a rearrangement of its internal anatomy, often referred to as 

“aging lung”.  With this lung aging process and also with the increase in the proportion 

of elderly people in the populations of the industrialized world, there has been an 

increase among elderly people in the incidence of respiratory disease, as well as a general 

decline in pulmonary function with age. Individuals who are advanced in age are 

increasingly susceptible to hyperresponsiveness (Dow et al., 1992), chronic obstructive 

pulmonary disease (Pauwels et al., 2001), lung neoplasm, idiopathic pulmonary fibrosis 

(Coultas et al., 1994), and pneumonia (Marston et al., 1997). However, the relevance of 



48 

 

the effect of low lead level exposure to respiratory disease has been still poorly studied.  

Until now, evidence for lead-induced effects on lung has been based on in vitro 

experiments (Zelikoff et al., 1993) or studies among workers with high occupational 

exposure to lead (Bagci et al., 2004). In a recent study, the relevance of oxidative stress 

with accumulated lead was reported with low level exposure in general population (Lee 

et al., 2006). However, not much is known about susceptibilities to lead effects on aging 

of pulmonary function (PF; forced expiratory volume in 1 second [FEV1], forced vital 

capacity [FVC]) among general population.  

The purpose of this study was to investigate the effects of lead on lung function 

aging of adult over the age of 30. The subjects of this study, coming from general 

population residing in cities nearby to industrial complexes, can provide biomarker 

information such as blood lead level and throw light on the importance of toxin 

exposures on lung function in adults. 
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Methods 

Study Design and population 

 

Data were derived from the Shiwha and Banwol Environmental Health Cohort 

(SBEHC) in Korea. The SBEHC is ongoing cohort study that has been conducted once 

for 2 years since 2005. The SBEHC is carried out in two Korean cities, Shiwha and 

Banwol, both located on the west coast of South Korea, adjoining the huge industrial 

complexes of small- and medium-sized factories (Figure 1). 
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Figure 1 The map of the study site in Shiwha-Banwol, Korea 
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This study has focused on the influence of the environment and lifestyle on 

their health, including their pulmonary health, and is scheduled to continue for the next 

20 years.  

At baseline, all community members were invited to participate and out of the 

484,289 registered residents. The recruiting of residents in the two cities was conducted 

by telephone, advertisements in local newspapers, and door-to-door campaigns. A total of 

4,219 residents agreed to enter this survey including health examination and 

questionnaires in Shiwha and Banwol from July 2005 to August 2006. All subjects 

participated voluntarily and provided written informed consent according to the 

procedures approved by the Institutional Review Board for Human Subjects of the 

School of Public Health, Seoul National University (approval number: 2006-07-10-22).  

New survey participants are supplanted when old participants have dropped out, and the 

overall follow-up rate up from 2005 to 2008 was 20%.  

The participants completed a detailed questionnaire that gathered information 

on exposure to secondhand smoke, allergic diseases, and other health-related issues. 

In this study, individuals who had finished both pulmonary function tests 

during cycle 1 (N=1064, 2005-2006) and cycle 2 (N=867, 2007-2008) waves were 

selected (N = 573). To study the accelerated decline, rather than decelerated growth, of 

pulmonary function and its consequences, participants under the age of 30 were excluded 

from the analysis (N= 151). The final participants of this study included 263 men and 

women over 30 years (Figure 2). 
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Figure 2 Flow chart of study population 
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Anthropometric measurement 

As a part of the body composition measurement and spirometry test, height and 

weight were measured by trained technicians. Standing height was measured after shoes 

were taken off while the subjects looked straight ahead. Weight was measured with outer 

clothes on and shoes taken off using a digital scale. We recorded height and weight to the 

nearest decimal fraction.  

 

Skin Prick Test  

Skin prick test (SPT) were performed on forearms with extracts of 10 common 

aeroallergens: Dermatophagoides Pteronyssinus, Dermatophagoides Farinae, cockroach, 

grass, mugwort, ragweed, early bloom trees, late bloom trees, dog and cat. We used 

histamine as a positive control and a saline solution as a negative control. The mean 

wheal diameter was calculated using the widest diameter and the perpendicular diameter 

at the wheal midpoint. A positive reaction was defined as a mean wheal diameter ≥3 mm 

(Olivieri et al. 2002 ) with flare formation occurring within 15 minutes of administration. 

 

Pulmonary function test 

Pulmonary function (PF) was quantified using the FVC, which measures the 

amount of air inhaled, and FEV1, which measures the amount of air exhaled in 1 s. FVC 

and FEV1 were each measured 3 times, according to the 1987 American Thoracic Society 

(ATS) guidelines, with dry rolling seal spirometers (Sensor medics, USA).  

All pulmonary function tests (PFT) were administered by trained personnel. 

After an explanation of the test procedure, each subject attempted to perform, at least 3 

times, maneuvers that met the quality criteria standards. The subject should produce at 

least two acceptable curves, where the second highest FVC and FEV1 were within 0.05L 
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or 5% of the highest value, whichever was greater.  

The change of pulmonary function (ΔFVC and /or ΔFEV1) were calculated by  

Delta = Cycle 2 - Cycle 1 

 

Methacholine test 

Methacholine aerosol was generated with DeVilbis s646 nebulizer, Salter 

Labs' SM-1 Dosimeter and 8350 Compressor. The aerosols were delivered straight into a 

mouth piece and inhaled through the mouth by quiet tidal breathing (Cockcroft et al. 

1977). FEV1 was examined 3 times for each subject after inhaling 5 puffs of aerosols. 

Methacholine bromide of increasing concentrations (2.5mg/dl, 6.25mg/dl, 12.5mg/dl, and 

25mg/dl) was administered to each subject. It was recorded as positive if more than 20% 

of the FEV1 was reduced from the baseline. 

 

Biospecimen Sampling and Analysis 

Urinary samples 

All of the first spot urine samples were collected in the morning in a sterile 

sampling tube. The urine was stored in a deep freeze (-70℃) until the laboratory analysis. 

 

Determination of urinary 1-hydroxypyrene (1-OHP) 

The urinary 1-OHP concentration was analyzed using high-performance liquid 

chromatography (HPLC) (RF2000, Dionex, USA), according to the modification of a 

previously described method (Jongeneelen et al., 1987). The wavelength was 

programmed to operate at 242 nm for excitation and 388 nm for emission, respectively. 

The segregation of 1-OHP was gained using a reverse-phase C18 column (250nm × 
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4.6nm, 5㎛, Supelco, Bellefonte, PA, USA). The detection limit of the method was 

0.021n㏖ 1-OHP/l urine.  

 

Determination of urinary cotinine 

Urine samples were analyzed using liquid chromatography tandem mass 

spectrometry (LC/MS/MS; API 4000, Applied Biosystems, Framingham, MA). The 

deuterium-labeled internal standards (cotinine-d3) and cotinine were obtained from 

Sigma-Aldrich.  

Cotinine was extracted from 100 μL of each urine sample by liquid-liquid 

extraction with dichloromethane followed by pH adjust to 12 with 0.1M NaOH. The 

supernatant was dried, and reconstituted with 400 μL of mobile phase. Prior to injection, 

the extracts were filtered through a nylon syringe filter (0.2 μm, Whatman, Kent, UK), 

and 5 μl of the filtrate was injected into the LC/MS/MS system. Chromatographic 

separation of cotinine was performed on a reverse phase C18 column (Cadenza CD C18, 

2.0 × 50 mm, 3 μm, Imtakt, Japan). The flow rate was set at 200 μl/min. The mobile 

phase was used isocratic mode with 40 μL of 0.3% formic acid in water (v/v, eluent A), 

and 160 μL of methanol (eluent B). The spectra of cotinine (177 > 80) and internal 

standard (cotinine-d3, 180 > 80) were detected by mass spectrometry with an 

electrospray ionization (ESI) positive ion mode. The ESI conditions for the analysis of 

the targeted compound were optimized to the followings: ion source voltage 5.5 kV, ESI 

temperature 400°C, curtain gas 15 Mpsi, GS1 40 Mpsi, and GS2 60 Mpsi. 

 

Blood samples 

The participants were instructed to collect their blood in a health examination. 

All of the blood samples were collected as venous blood drawn into a trace-metal-free 
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tube. The blood was stored in a freezer (-20℃) until the laboratory analysis. 

 

Determination of blood lead 

Whole blood samples were pretreated with a 2㎖ of Triton X-100, 2g of 

(NH4)HPO4, and 1000㎖ of distilled water. The blood lead level (BPb) was measured 

using an atomic adsorption spectroscopy-graphite (AAS) furnace (Spectr AA-240Z, 

Varian Instruments, Australia). Lead concentration analysis was performed via flame 

AAS within the KISCO method, ISDO/FDIS 15202-2, and the NIOSH Manual of 

Analytical Methods (NMAM, fourth edition) guidelines. External quality control for 

blood lead was performed using the National Institute of Standards and Technology 

(NIST) Standard Reference Materials (SRM 966, level1, 1.56㎍/㎗). Accuracy ranged 

from 90 to 110%. 

 

Statistical analysis 

Statistical analyses were conducted using SAS statistical software (version 9.2; 

SAS Institute, Cary, NC) and Sigmaplot (version; 9.0). Before any analysis, the 

distribution of each variable was examined for its normality. Means and standard 

deviations (SD) were used to describe the distribution of continuous variables, and 

urinary 1-OHP, cotinine, and BPb were log-transformed using geometric means (GM) 

and geometric standard deviations (GSD). After examining the distribution of each 

variable, bivariate and multivariate analyses were performed sequentially.  

First, an analysis of variance was performed to test the strength of linearity 

between the changes in pulmonary function and individual characteristics. Then, using 

mixed model procedures, covariates were selected a priori, including age, sex, and 



57 

 

baseline height, to construct a base model of the changes of FVC and FEV1. Family was 

included as random variable in the mixed model to adjust for clustering in the family. 

Next, baseline FVC or FEV1 was further added to the base model. 

Lastly, to examine our main goal, we tried to determine whether the effects of 

host factors or environmental exposure were associated with reductions in lung function, 

while controlling for age, sex, and baseline height and lung function. By adding each 

environmental factor to this base model, mixed-model regression analyses  were done 

on the effect of change in exposure and interval exposure to cigarette smoking, PAHs, 

and lead on the rate of change in lung function. The final multi-regression model was 

tested by adding two or more environmental factors to the base model simultaneously.  

The model structures should be considered when interpreting the results, since 

the dependent value was delta FVC and/or FEV1, which was a negative value reflecting 

the decline. For example, the fact that the estimate value (ß) of the blood lead level in the 

multiple regression models was negative means the higher lead exposure was 

significantly associated with the larger decline of PF. As an another example, the fact that 

the estimated value (ß) of the height in the multiple regression models was positive 

means that shorter people were more vulnerable to the decline of PF. 
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Results 

 All the participants were living in the same area in cycle II as they had been in 

cycle I. Table 1 shows that height, lung function, and the percentage of those testing 

positive with the methacholine test generally decreased, while BMI, BPb, and the 

percentage of those testing positive with the skin prick test generally increased, over the 

2-year follow-up period. The subjects were healthy, and the men had higher urinary 

cotinine and 1-OHP levels than the women. Over 90% of the subjects had no allergic 

diseases and were not tested positive for bronchial hyperresponsiveness. 
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Table 1 Characteristics of the subjects 

 Variables  

Total (N = 263) Male (N = 112) Female (N = 151) 

Cycle I  Cycle II Cycle I Cycle II Cycle I Cycle II 

Age (years; mean ± SD) - 47.13 ± 11.18 - 49.18 ± 11.88 - 45.61 ± 10.42 

Height (cm2; mean ± SD) 161.24 ± 7.99 161.13 ± 8.06 168.08 ± 5.43 167.85 ± 5.34 156.31 ± 5.52 156.02 ± 5.68 

Weight (kg; mean ± SD) 62.24 ± 9.96 62.72 ± 10.05 69.17 ± 9.23 68.99 ± 9.24 57.23 ± 7.05 57.95 ± 7.78 

FVC (L; mean ± SD) 3.65 ± 0.82 3.65 ± 0.80 4.30 ± 0.69 4.27 ± 0.69 3.17 ± 0.53 3.20 ± 0.53 

FEV1 (L; mean ± SD) 3.03 ± 0.68 2.97 ± 0.66 3.51 ± 0.65 3.41 ± 0.64 2.68 ± 0.45 2.65 ± 0.44 

BMI (kg/m2; mean ± SD) 23.87 ± 2.81 24.09 ± 2.93 24.44 ± 2.61 24.44 ± 2.65 23.45 ± 2.88 23.83 ± 3.11 

Blood Lead (㎍/dl; GM ± GSD) 1.55 ± 1.76 1.96 ± 1.66 1.85 ± 1.76 2.32 ± 1.61 1.35 ± 1.69 1.73 ± 1.64 

Cotinine (ng/ml; GM ± GSD) - 7.11 ± 11.10 - 23.75 ± 20.76 - 2.97 ± 3.47 

1-OHP (㎍/ml; GM ± GSD) - 0.84 ± 2.39 - 0.98 ± 2.35 - 0.74 ± 2.38 

Positive methacholine test N, %) 10 (3.80) 2 (0.76) 5 (4.46) 1 (0.89) 5 (3.31) 1 (0.66) 

Positive skin prick test (N, %) 48 (18.25) 80 (30.42) 21 (18.75) 43 (38.39) 27 (17.88) 37 (24.50) 

Diagnosis of allergic disease* (N, %)       

Asthma 6 (2.28) - 5 (4.46) - 1 (0.66) - 

Rhinitis 24 (9.13) - 10 (8.93) - 14 (9.27) - 

Dermatitis 21 (7.98) - 11 (9.82) - 10 (6.62) - 

Conjunctivitis 15 (5.70) - 4 (3.57) - 11 (7.3) - 

Cycle I: The data collected in each province’s first time (2005–2006) health exam  

Cycle II: The data collected in each province’s follow-up (2007–2008) health exam  

*: Diagnosis of allergic disease was assessed by the question “Do you have ever were diagnosed to have 

allergic disease by doctor?” . 
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Table 2 shows the number and distribution of smoking status by cotinine level 

(Zielińska-Danch et al., 2007). Over 90% of the subjects were not smoker.  
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Table 2 The number and distribution of smoking status by cotinine criteria 

Smoking status, 

cotinine level 

30대 (N, %) 40대 (N, %) 50대 (N, %) 60대 (N, %) 70대 (N, %) subtotal 

(N, %) Male Female Male Female Male Female Male Female Male Female 

Nonsmoker, 

<50ng/mL 

11 

(52.38) 

46 

(95.83) 

34 

(65.38) 

62 

(96.87) 

17  

(80.95) 

22 

(100) 

6  

(66.67) 

9 

(100) 

7 

(77.78) 

8 

(100) 

222 

(84.41) 

a little passive smoker, 

50ng/mL≤ <170ng/mL 

1 

(4.76) 
- 

2 

(3.85) 
- - - - - - - 

3 

(1.14) 

heavy passive smoker, 

170ng/mL≤ <550ng/mL 

2 

(9.52) 

1 

(2.08) 

3 

(5.77) 

1 

(1.56) 

1 

(4.76) 
- 

1  

(11.11) 
- - - 

9 

(3.42) 

a little smoker, 

550ng/mL≤ <2100ng/mL 

3  

(14.29) 

1 

(2.08) 

8  

(15.38) 

1 

(1.56) 

1 

(4.76) 
- - - 

2  

(22.22) 
- 

16 

(6.08) 

heavy smoker, 

2100ng/mL≤ 

4  

(19.05) 
- 

5 

 (9.62) 
- 

2 

(9.52) 
- 

2  

(22.22) 
- - - 

13 

(4.94) 

Total 21 48 52 64 21 22 9 9 9 8 263 

Criteria of smoking status divided by Zielińska-Danch et al., 2007 
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Tables 3 and 4 show the base and last models, respectively, which were 

examined to identify any association with the decline of FVC and FEV1. In the first 

round of analysis, personal and demographic factors were examined for their association 

with the decline of pulmonary status in multiple regression models. Age, sex, baseline 

height, and baseline pulmonary status were significantly associated with the decline of 

pulmonary function, and a base model was constructed with these personal 

characteristics.  

In the second round of analysis, other environmental and personal variables 

were added 1 by 1 to this base model. Environmental variables examined include 1-OHP 

and BPb, and cotinine level together with baseline FVC or FEV1, and baseline height.  

Finally, the possibility of confounding by smoking and ambient fine particulate 

was further analyzed. As 1-OHP is derived from pyrene, which is present in both 

smoking and ambient fine particulates, first we had analyzed the association between 

BPb and smoking and/or 1-OHP to examine whether smoking and/or ambient 

polyaromatic hydrocarbons in fine particulates can contribute to BPb in this population. 

Neither the smoking status nor the smoking amount showed significant association with 

blood lead. The contribution of 1-OHP to BPb was not significant either. The 

contribution was not significant, even when we examined it only among nonsmokers to 

exclude smoking effects. Next, we had examined the model of lung function decline with 

all potential confounding variables including urinary cotinine and 1-OHP together with 

BPb. In the presence of BPb, the association of urinary cotinine or 1-OHP with lung 

function decline was not significant. In fact, the group with the highest level of cotinine 

showed somewhat protective effect of smoking on both FVC and FEV1.  

 

 



63 

 

Table 3 Multiple regression model for the decline of FVC 

  Base Modela Last Modelb 

  ß SE ß SE 

Age Reference: 30–39 yr 

40–49 yr -0.04799 0.03816 0.03981 -0.03820 

50–59 yr -0.12390* 0.05050 0.05243 -0.07048 

60–69 yr -0.31120*** 0.07197 0.07215 -0.26410** 

70 yr ≤ -0.20900* 0.07441 0.07744 -0.15100 

Sex Reference: male 

female -0.09489* 0.04732 -0.06221 0.05159 

baseline FVC -0.23360*** 0.03613 -0.2096*** 0.03738 

baseline height 0.01028* 0.00364 0.01033** 0.00374 

methacholine1 - - 0.00622* 0.00293 

blood lead level - - -0.17690* 0.07782 

cotinine level - - 0.000049* 0.00002 

Statistical analysis is multiple regression models using the general linear mixed model. 

* p < 0.05 **p < 0.005 ***p < 0.0001  

1: Percent of fall of FEV1 after provocation with methacholine, 

]100
)()(

[%
1

11

1 ´
--

=
baselineFEV

FEVnemethacholipostbaselineFEV
FEVoffall   

 a: Base model is the association with the individual factors and change in FVC over a 

period of 2 years. 

b: Last model is added the significant environmental toxin factors at base model. 
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Table 4 Multiple regression model for the decline of FEV1 

  Base Modela Last Modelb 

  ß SE ß SE 

Age Reference: 30–39 yr 

40–49 yr -0.03028 0.02918 -0.0393 0.02874 

50–59 yr -0.1077 * 0.0391 -0.09339* 0.03823 

60–69 yr -0.2449 *** 0.05684 -0.2502*** 0.05365 

70 yr ≤ -0.2123** 0.05933 -0.1771** 0.05784 

Sex Reference: male 

female -0.06966 0.036 -0.06805 0.03755 

baseline 

FEV1 
-0.2106*** 0.03076 -0.1849*** 0.0304 

baseline 

height 
0.00596* 0.002578 0.005318* 0.002567 

Methacoline1 - - 0.01025*** 0.002157 

blood lead 

level 
- - -0.1073 0.05544 

cotinine 

level 
- - 0.000018 0.000016 

Statistical analysis is multiple regression models using the general linear mixed model. 
*  p < 0.05 ** P < 0.005 *** p < 0.0001  
1: Percent of fall of FEV1 after provocation with methacholine, 

]100
)()(

[%
1

11

1 ´
--

=
baselineFEV

FEVnemethacholipostbaselineFEV
FEVoffall  

a: Base model is the association with the individual factors and change in FEV1 over a 
period of 2 years. 
b: Last model is added the significant environmental toxin factors at base model. 
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Out of this round, a larger effect on the decline of both FVC and FEV1 was 

observed with advancement of aging. The decline of FVC was greater in men than in 

women, but the decline of FEV1 was not significantly different between different sexes. 

In the analysis of base model, those with shorter statue and higher baseline pulmonary 

function showed a larger decline of both FVC and FEV1 among general population. In 

the analysis of ambient and personal environmental factors together with all potential 

confounding variables, those with higher level of BPb, even within the normal range, 

were more vulnerable to the decline of FVC. 
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Confounding effects 

In this study, in order to have confounding effects such as dust and smoking, 

we have conducted analysis to show that these exposures are not associated with blood 

levels. 

 

Confounding by smoking 

When we analyzed blood lead levels in relation to smoking status or cotinine 

levels together with age and sex, the contribution of smoking to blood lead level was not 

significant (Table 5 and 6).  

In Table 5, when age and sex were accounted, the contribution of smoking to 

blood lead level was not significant (p = 0.23). 

  



67 

 

Table 5 Confounding effect by smoking in multiple regression model for the blood lead 

level by smoking 

Variables β SE p-value 

Age reference: aged 30's 

40-49 0.0816  0.0307  0.0094  

50-59 0.0899  0.0405  0.0290  

60-69 0.1326  0.0545  0.0171  

70≤ 0.2180  0.0568  0.0002  

Sex reference: male 

female -0.1091  0.0204  <.0001 

Smoking  reference: No 

Yes 0.0418  0.0346  0.2298  

Statistical analysis is multiple regression models using the general linear mixed model. 
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In Table 6, the amount of smoking was categorized into 4 groups based on 

urinary cotinine level, and each smoking category was compared to non-smoking in 

terms of blood lead difference. There was no smoking dose – blood lead level correlation 

and none of the smoking dose increased the blood lead level significantly. 

  



69 

 

Table 6 Confounding effect by smoking in multiple regression model for the blood lead 

level 

Variables β SE p-value 

Age reference: aged 30's 

40-49 0.0782  0.0311  0.0138  

50-59 0.0912  0.0407  0.0277  

60-69 0.1415  0.0547  0.0114  

70≤ 0.2142  0.0573  0.0003  

Sex reference: male 

female -0.1014  0.0220  <.0001 

Smoking status a reference: non-smokers 

a little passive smoker 0.0485  0.0948  0.6103  

heavy passive smoker 0.0749  0.0571  0.1932  

a little smoker 0.0776  0.0442  0.0830  

heavy smoker 0.0050  0.0527  0.9249  

Statistical analysis is multiple regression models using the general linear mixed model. 

aCriteria of smoking status divided by Zielińska-Danch et al., 2007 

 

  



70 

 

Next, we had examined the effects of smoking on lung function in Table 7 and 

8. For both FVC and FEV1, the effect of smoking was non-significant. If fact, for the 

heaviest smoking group, the effect of smoking was significantly protective, that is, 

increase, instead of decrease, of lung function was noted for heavy smokers. 
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Table 7 Confounding effect by smoking in multiple regression model for the decline of 

FVC 

Variables β SE Pr > |t| 

Intercept -0.755 0.5624 . 

age reference : aged 30's 
 

40-49 -0.02496 0.03812 0.5147 

50-59 -0.1048 0.05033 0.0407 

60-69 -0.2956 0.07073 <.0001 

70≤ -0.1305 0.07522 0.0868 

Sex reference: male 
 

female -0.06526 0.05019 0.1976 

baseline FVC -0.2149 0.03675 <.0001 

baseline height 0.01054 0.003644 0.005 

Blood lead -0.1444 0.07538 0.0593 

Smoking status reference : non-smoker 
 

a little passive smoker -0.07013 0.1342 0.6028 

heavy passive smoker -0.01253 0.07798 0.8728 

a little smoker -0.00957 0.06219 0.8781 

heavy smoker 0.22 0.07065 0.0026 

Statistical analysis is multiple regression models using the general linear mixed model. 

* p < 0.05 **p < 0.005 ***p < 0.0001  

1: Percent of fall of FEV1 after provocation with methacholine,  

]100
)()(

[%
1

11

1 ´
--

=
baselineFEV

FEVnemethacholipostbaselineFEV
FEVoffall

a: Base model is the association with the individual factors and change in FVC over a period of 2 years. 
b: Last model is added the significant environmental toxin factors at base model. 

Criteria of smoking status divided by Zielińska-Danch et al., 2007 
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Table 8 Confounding effect by smoking in multiple regression model for the decline of FEV1 

Variables β SE Pr > |t| 

Intercept -0.2658 0.4188 . 

age reference : aged 30's 
 

40-49 -0.02157 0.02942 0.4657 

50-59 -0.09266 0.03934 0.0212 

60-69 -0.2369 0.05636 <.0001 

70≤ -0.1611 0.06042 0.0094 

Sex reference: male 
 

female -0.06276 0.03837 0.1062 

baseline fev1 -0.1996 0.03117 <.0001 

baseline height 0.006002 0.002605 0.024 

blood lead -0.08893 0.05778 0.128 

Smoking status reference : non-smoker 

a little passive smoker -0.09242 0.1029 0.3721 

heavy passive smoker 0.06165 0.06015 0.3087 

a little smoker -0.03611 0.04803 0.4545 

heavy smoker 0.1199 0.05457 0.0311 

Statistical analysis is multiple regression models using the general linear mixed model. 
* p < 0.05 **p < 0.005 ***p < 0.0001  
1: Percent of fall of FEV1 after provocation with methacholine, 
 

]100
)()(

[%
1

11

1 ´
--

=
baselineFEV

FEVnemethacholipostbaselineFEV
FEVoffall

  
a: Base model is the association with the individual factors and change in FVC over a period of 2 years. 
b: Last model is added the significant environmental toxin factors at base model. 
Criteria of smoking status divided by Zielińska-Danch et al., 2007 
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Confounding by ambient fine particulate 

 

As we do not have measurements of personal exposure to ambient fine 

particulate, we have analyzed urinary 1-OHP, instead. Urinary 1-OHP is a metabolite of 

pyrene, and it can originate from ambient pyrene, one of polyaromatic hydrocarbons 

emitted from fuel burning process, as well as polyaromatic hydrocarbons from smoking 

and diet. Previous studies had shown association between fine particulates, especially 

diesel exhausts, and PAH exposures.  

 

First, we had analyzed all the subjects including smokers to assess whether 

exposure to pyrene, i.e. 1-OPH, can contribute to blood lead levels. In table 9, 

contribution of 1-OHP to blood lead level was examined without accounting for smoking.  
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Table 9 Confounding effect by 1-OHP in multiple regression model for the blood lead 

level 

Variables ß SE p-value 

Intercept 0.4233  0.0437  . 

Age reference : aged 30's 

40-49 0.0841  0.0320  0.0104  

50-59 0.0789  0.0419  0.0634  

60-69 0.1070  0.0559  0.0597  

≥70 0.2130  0.0569  0.0004  

Sex reference : Male 
  

Female -0.1288  0.0195  <.0001 

1-OHP 
-0.0137  0.0300  0.6491  

Statistical analysis is multiple regression models using the general linear mixed model. 
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In table 10, contribution of 1-OHP to blood lead level was examined with 

accounting for smoking. 
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Table 10 Confounding effect by 1-OHP including smoking status in multiple regression 

model for the blood lead level 

Variables ß SE p-value 

Intercept 0.3930  0.0517  . 

Age reference : aged 30's 

40-49 0.0831  0.0324  0.0124  

50-59 0.0825  0.0423  0.0549  

60-69 0.1181  0.0563  0.0396  

≥70 0.2081  0.0573  0.0005  

Sex reference : Male 
  

Female -0.1143  0.0232  <.0001 

Smoking statusa reference: Non-smoker 
 

a little passive smoker 0.0347  0.0942  0.7135  

heavy passive smoker 0.0697  0.0573  0.2277  

a little smoker 0.0702  0.0459  0.1306  

heavy smoker -0.0165  0.0575  0.7757  

1-OHP -0.0202  0.0327  0.5385  

Statistical analysis is multiple regression models using the general linear mixed model. 

aCriteria of smoking status divided by Zielińska-Danch et al., 2007 
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In both cases, the contribution of 1-OHP to blood lead was not significant and 

the direction of contribution was not to increase but to decrease the blood lead level. 

 Based on these analyses, the possibility of confounding of lead effects by either 

ambient particulates or smoking is somewhat unlikely in this study. 
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Discussion 

In Korea, leaded gasoline was eliminated since the mid-1990s and the use of 

lead-based paints was restricted. However, environmental exposure, particularly among 

residents in the industrialized areas, remains a matter of concern from a public health 

viewpoint. The study site of the current study, Shiwha-Banwol, is one of the 

industrialized cities that have more than 2,500 factories including five waste incineration 

plants emitting ambient lead, where the increase in numbers of factories, residents, and 

traffic is also noticeable than other cities in Korea. In this area, especially submicrometer 

lead particles are emitted into the air and pose a substantial threat to human health. 

Actually, ambient lead level in this industrial complex area showed higher level (0.315 

㎍/m3) than other residential area (0.162 ㎍/m3) (Baek, 2007). This concern led to this 

study focused on the effects of lead exposure on pulmonary function aging among people 

over the age of 30, as well as ascertaining other risk factors for the aging of pulmonary 

function.  

Age-related changes of lung during adulthood involve both lung parenchyma 

and airways. With regard to lung parenchyma, changes in lung development with 

increases in age are often referred to as ‘‘aging lung’’ after age 20 or 30 and should be 

distinguished from the pathological changes induced by cigarette smoking or other 

exogenous factors in emphysematous lungs. In this study, both aging process itself and 

effects of environmental exposures have been hypothesized to influence clinically 

significant changes in lung function as individuals accumulate varying exposures with 

age. 

All the participants followed up in this study were living nearby to an industrial 

complex. In this study, the follow- up rate of 20% was rather low, but the overall 
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characteristics of those follow-up were not significantly different from those lost to 

follow up. They were Korean middleclass citizens, and most were nonsmokers with a 

high level of education. The study provided an opportunity to investigate exposures to 

environmental lead level for rapid decline in lung function.  

We found that the individual’s physical status, such as sex, baseline height, and 

baseline pulmonary function (FVC and FEV1), was the most significant factors for lung 

aging. There are several potential explanations. First, as part of a natural biological 

process, the aging lung may undergo various degrees of change in structure and function, 

including loss of elastic support to the airways and hyperinflation. Since elastic recoil 

may be a limiting factor for the maximum decrease in airway caliber during 

bronchoconstriction (Cohn and Donoso, 1963), the age-related loss in lung elasticity may 

result in further obstruction of airways during forced expiratory maneuvers. 

Women or those with a short height generally have small lungs and a small 

airway (Macklem, 1998). In children, investigators have noticed an apparent exponential 

relationship between spirometric measurements and height (Knudson RJ et al., 1976; 

Burrows et al., 1983). Others have reported that, even in adults, an exponential function 

of height is superior to a linear term for explaining the relationship of height to the vital 

capacity or FEV1 (Fletcher et al., 1976; Schoenberg et al., 1978), suggesting greater 

disadvantage of those with smaller physique in terms of lung volumes. Meanwhile, in 

this study, people with higher baseline pulmonary function showed larger decline in the 

next round of test. As the follow-up period was only 2 years, the findings may represent 

the regression to the mean phenomenon.  

Cotinine level and methacholine responsiveness seemed to be positively 

associated with the change in pulmonary function of both FVC and FEV1. In this study, 

over 80% of participants were nonsmokers, and over 90% of participants did not show 
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airway hyperresponsiveness. The study finding of positive association among minority 

groups with smoking and airway hyperresponsiveness may represent survival effects. 

One study suggested that people stop smoking when they have felt particular effects from 

smoking (Law and Tang, 1995), which might explain the healthy smoker effect.  

In this study, the association between exposure to lead and the decline of lung 

function was significant throughout modeling process. Smoking and exposure to ambient 

particulates were known risk factors of lung function loss, and they might have 

confounded the current finding of lead and lung function loss association. However, 

when we tried to examine this potential confounding by examining whether these 

confounders had contributed to the increase in blood lead, and whether lung function 

decline was also affected by these confounders in this study group, we found no evidence 

of confounding. Here in this study, as urinary 1-OHP could come from both ambient 

polyaromatic hydrocarbons in the particulates and smoking, urinary 1-OHP and cotinine 

were examined as a proxy for ambient fine particulates and smoking. There were no 

associations between blood lead and urinary 1-OHP or cotinine, and the association 

between lung function decline and BPb was not affected by these confounders. Instead, 

the overall results of this study suggest that, even within the normal range of pulmonary 

function decline in adult, chronic lead exposure was associated with more rapid decline.  

Even though systemic effect of lead on oxidative stress is suspected to operate 

also in the lung, not much is known about organ-specific toxicity of lead on lung. One 

potential mechanism responsible for this association might be disruption of pulmonary 

immune system by altering tumor necrosis factor (TNF)-α activity. In rabbits, it has been 

reported that inhalation of particulate lead oxide (PbO) disrupts pulmonary macrophage 

(Mu)-mediated functions in lung and PbO can alter TNF activity (Zelikoff et al., 1993). 

The authors suggested that lead may depress Mφ-mediated cytotoxicity by inhibiting Mφ 
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acquisition of fully activated state in which TNF activity has been reduced. In mouse, 

inhibition of TNF-α reduces the tight junction permeability in the lung tissues associated 

with acute lung inflammation. This study suggested that a possible role of TNF-α on lung 

barrier dysfunction (Mazzon and Cuzzocrea, 2007). TNF disrupts hematopoietic 

precursor cells, produces fever by increasing prostaglandin synthesis, activates 

neutrophils, alters endothelial cells by increasing adhesive properties and procoagulant 

activity, destroys virally infected cells, and stimulates fibroblast proliferation. Thus, 

alterations produced by inhaled PbO may have implications to the overall health and 

immune defense of the lungs. The result of in vitro study suggested that lead-induced 

alterations in lipopolysaccharide-stimulated TNF activity appeared earlier than the other 

observed immediately (Mauel et al., 1989).  

In addition, a significant association between lead and increased airway 

hyperresponsiveness has been reported in humans (Min et al., 2008), and the decline of 

PF might be accelerated with the alteration of airway immune response and/or 

occurrence of asthma. We also imply that the toxicity of lead is not limited to certain 

immune aspects in a susceptible population. So far, human studies concerning the 

immunotoxicity of lead have been focused on susceptible and high-risk groups, such as 

children and workers (Gallicchio et al., 2002; Bagci et al., 2004). However, there is no 

evidence that lead-induced immunotoxicity is uniquely associated with susceptible 

groups only, and all those exposed to lead may eventually be affected, although their 

relative risk is small compared to that of the susceptible groups. For example, someone 

with chronic lead exposure, even with a low BPb level and within the normal decline 

range of PF, is more likely to experience a rapid decrease in PF in response to general 

environmental exposures.  

Several limitations of this study must be considered when interpreting the 
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results. First, human exposure to lead can occur via food, water, air, soil and dust. 

However, our study was restricted by a lack of information on other risk factors such as 

food consumption. In addition, as the study area is in the vicinity of large industrial 

complex, there might be other exposures that we may not have measured. Furthermore, 2 

years of follow-up is not long enough to observe a stable trend in lung function loss, and 

we need to extend the follow-up to a much longer period. 
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Introduction  

 

Many environmental factors, both indoor and outdoor, can cause or worsen 

respiratory disease. Especially, air pollution has been reported to result in acute health 

consequences, ranging from increased prevalence of respiratory symptoms to increased 

respiratory mortality (Gauderman et al., 2000, 2002). Many studies have suggested that 

air pollution is strongly associated with mortalities from respiratory diseases (Choi et al., 

2000), and also morbidities such as respiratory hospital admissions (Thurston et al., 1994; 

Leem et al., 1998).  

The prevalence of asthma has increased worldwide. In Korea, the burden of 

asthma and allergic disease has also been increasing with the nation's industrialization 

(3.4% in 1964 to 10.1% in 1989). Many epidemiologic studies have shown that the 

current level of ambient pollutants including NOX, CO, O3, SO2, and PM10 plays a role in 

this increase. Especially, studies have described the adverse effects of ambient pollution 

on respiratory health mostly in children (Whittermore et al., 1980; Dockery et al., 1994; 

Lebowitz et al., 1996; Gielen et al., 1997).  

Most of these studies have suggested children to be the most vulnerable group 

to the effects of air pollution. However, this vulnerability of children has not been 

examined systematically in comparison with other age groups of general population. 

Other than asthmatic status, not much is known about susceptibility among general 

population. In this study, we tried to examine various factors of susceptibility, including 

airway status and physical characteristics, in relation to the heightened effects of air 

pollutants on airway responsiveness among general population.
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Methods  

 

A cross-sectional study on the effects of environmental pollution was carried 

out for community residents in the vicinity of a large steel mill, which is located in the 

southern end of Korean peninsula (Figure 1).  
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Figure 1 The map of the study site in Gwangyang, Korea. 
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The study site is a small island, about 2 Kilometers apart from the steel mill, 

and, following the request of affected communities, the study was funded by local 

municipal government. One of the main objectives of this community-wide health study 

had focused on air pollution effects on respiratory health.  

 

 

Subjects 

As a part of community-wide study, health examination was provided to all 

residents of the island from December 2003 to January 2004. Committee of community 

leaders together with municipal government had organized community-wide health 

examination campaign. All community members were invited to participate, and, out of 

those 2,920 registered residents, 1,348 (46%) had participated in the health examination. 

More than three forth of those over 60 years old had participated, and considering the 

fact that younger members had already left to work or to study outside of island, the 

participation rate was considered as almost complete for those who actually resided. 

Out of those participants, pulmonary function and methacholine challenge were 

completed by 1,303 subjects. A total of 1,172 subjects completed skin prick test (SPT) 

and self-administered questionnaire. SPT were performed on forearms with extracts of 12 

common aeroallergens: Dermatophagoides Pteronyssinus(DP), Dermatophagoides 

Farinae(DF), cockroach, grass, mugwort, ragweed, early bloom trees, late bloom trees, 

dog and cat. Self-administered questionnaire asked about demographics, smoking, 

exercise, housing, occupation, and history and symptoms of respiratory diseases 

including allergy and wheezing. Data of 7 subjects, however, were excluded from the 

final analysis because of missing information. The final study population consisted of 

1,165 subjects.  
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Anthropometric measurement 

As a part of body composition measurement and spirometry test, height and 

weight were measured by trained technicians. Standing height was measured after taking 

off shoes while subjects were looking straight ahead. Weight was also measured with 

outer cloths and shoes taken off using digital scale.  

We recorded height and weight to the nearest decimal fraction. 

 

Pulmonary function test 

Forced Vital Capacity(FVC), Forced Expiratory Volume in 1 second(FEV1) 

were measured according to the American Thoracic Society(ATS) guideline with dry 

rolling seal spirometers (Sensor-medics, USA).  

 

Methacholine provocation test  

Methacholine aerosol was generated with DeVilbis s646 nebulizer, Salter Labs' 

SM-1 Dosimeter and 8350 Compressor. The aerosols were delivered straight into a 

mouth piece and inhaled through the mouth by quiet tidal breathing (Cockcroft et al., 

1977). FEV1 was examined 3 times for each subject after inhaling 5 puffs of aerosols. 

Methacholine bromide of increasing concentrations (2.5mg/dl, 6.25mg/dl, 12.5mg/dl, and 

25mg/dl) was administered to each subject. It was recorded as positive if more than 20% 

of the FEV1 was reduced from the baseline.  

The percentage fall of FEV1 was calculated by 
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The results of methacholine challenge were transformed into a continuous 

variable (Bronchial Responsiveness index. BRindex) (Burrows et al., 1992). To calculate 

BRindex the following formula was used: 

]5.7
}{log

%
[log

10

1

10 +=
nemethacholiofionconcentratlast

FEVoffall
BRindex  

 

Juniper et al. (1993) suggested that all subjects were not allowed any 

provocation risk factors such as coffee, tea and smoking etc on airway during 12 hour 

before the tests. Those provocation risk factors might be  

 

Air Pollutants and weather Measurements 

One continuous monitoring station was located in the roof top of town hall 

building where all health examinations were performed. The town hall building was at 

the center of residential area of the island. As a part of monitoring scheme of the large 

steel mill, the monitoring station at the town hall was operated by the Ministry of 

Environment of Korea, and common air pollutants including NOX, CO, O3, SO2, and 

PM10 were monitored continuously over the study period. The ambient pollution data 

were collected every 5 minutes using chemiluminescence method for NOX, non 

dispersive infrared for CO, U.V photometric method for O3, pulse U.V fluorescence 

method for SO2, and ß-ray absorption method for PM10 concentrations. We used hourly 

means of pollutants in the analysis of data. Meteorological variables including hourly 

mean temperature, relative humidity, and air pressure measured at the meteorological 

monitoring center were also obtained during the study.  

 



95 

 

Statistical analysis 

Statistical analyses were conducted using SAS statistical software (version 9.2; 

SAS Institute, Cary, NC) and Sigmaplot (version; 9.0). Before any analysis, the 

distribution of each variable was examined for its normality. As time-series data such as 

serial air pollution measurement of every 5 minutes can be correlated through time and 

may not be independent from each other, autocorrelation between measurements of 

different time interval was examined using the autocorrelation function (ACF) of 

statistical package. After examining distribution and autocorrelation of each variable, 

bivariate and then multivariate analysis was performed sequentially.  

First, analysis of variance was performed to test the strength of linearity 

between BRindex and individual characteristics, including history of respiratory 

symptoms. Then, using multivariate Generalized Liner Model (GLM) procedures, 

significant individual characteristics were retained to construct a base model of BRindex 

with personal and demographic factors. Next, by adding each air pollutant to this base 

model, the effect of air pollution on BRindex was examined one by one, while 

controlling for age, gender, and other covariates of base model. Multi-pollutant model 

was tested by adding two or more pollutants together to this base model simultaneously. 

Lastly, to examine whether any individual characteristics can modify and make the 

subject more susceptible to the effect of pollutants on BRindex, the significance of 

interaction term between each pollutant and individual characteristic was examined in the 

model. 
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Results 

 

The levels of air pollutants and weather conditions during study period were 

summarized in Table 1. The means of NOX, CO, O3, SO2, and PM10 were 0.028 ppb, 

0.410 ppm, 0.021 ppb, 0.007 ppb, and 36 mg/m3, respectively. The final study population 

consists of 1,165 subjects with complete set of results from PFT, methacholine challenge, 

SPT, and questionnaires. The average age was 42 (5-86) years for a total of 519 males, 

and 45(4-86) for a total of 646 females. The mean FVC% and FEV1% was 94.7% for 

both sexes. When we divided study subjects into two groups based on the history of 

respiratory diseases including chronic bronchitis, asthma, and chronic respiratory 

infections such as tuberculosis, those with chronic respiratory disease history had lower 

lung functions than those without (Table 1).  
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Table 1. Distribution of the level of air pollutants, weather characteristics, and the 

baseline FVC%, FEV1% of study population during study period 

Variable Mean SD Max 75% 50% 25% Min 

Air pollutants        

NOX(ppb) 0.028 0.018 0.119 0.036 0.022 0.016 0.007 

CO(ppm) 0.410 0.387 7.200 0.500 0.400 0.200 0.100 

O3(ppb) 0.021 0.008 0.040 0.028 0.022 0.016 0.001 

SO2(ppb) 0.007 0.007 0.059 0.010 0.005 0.003 0.002 

PM10(ug/m3) 36.36 20.80 187 49 30 19 16 

Weather        

Temperature(℃) 4.26 3.42 12.5 6.8 4.4 1.6 -4.1 

Relative Humidity (%) 54.23 13.76 85 65 55 46 19 

 N        

Age 1165 44.16 21.10 86 62 46 25 4 

Height 1165 158.40 11.85 184.00 167.00 159.00 152.00 102.00 

Weight 1165 58.71 13.59 106.00 67.60 59.00 43.00 15.00 

FVC 1165 3.36 0.85 6.06 4.03 3.32 2.66 0.42 

FEV1 1165 2.74 0.22 5.60 3.28 2.71 2.13 0.39 

FVC (%) 1165 94.66 14.80 162.33 103.42 95.42 86.00 43.93 

FEV1 (%) 1165 94.67 14.50 142.69 103.91 95.89 86.57 38.66 

Acute Respiratory Diseasea     

  N (%)        

FVC (%) Yes 54 (4.64%) 94.86 17.76 141.77 107.73 92.95 82.68 60.84 

 No 1111 (95.36%) 94.65 14.65 162.33 103.42 95.49 86.05 43.93 

FEV1 (%) Yes 54 (4.64%) 95.56 14.99 131.65 103.74 96.50 86.06 56.69 

 No 1111 (95.36%) 94.63 14.48 142.69 103.98 95.86 86.57 36.66 

Chronic Respiratory Diseaseb      

  N, %        

FVC (%) Yes 78 (6.70%) 93.95 12.03 132.02 101.54 93.15 87.22 66.21 

No 1087 (93.30%) 94.71 14.99 162.33 103.95 95.50 85.89 43.93 

FEV1 (%) Yes 78 (6.70%) 90.78 14.93 115.58 101.35 92.57 85.31 46.34 

No 1087 (93.30%) 94.95 14.43 142.69 104.19 96.26 86.75 38.66 

FVC: Forced Vital Capacity, FEV1: Forced Expiratory Volume in one second  

a : Two group divided based on the history of acute respiratory diseases including acute bronchitis, pneumonia and 

acute respiratory infections such as flu. 

b : Two group divided based on the history of chronic respiratory diseases including chronic bronchitis, asthma, and 

chronic respiratory infections such as tuberculosis. 
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In the first round of analysis, personal and demographic factors were examined 

for the association with BRindex in multiple regression models. Age, sex, height, weight, 

FEV1, wheeze and smoking status were significantly associated with BRindex, and a 

base model was constructed with these personal characteristics. Further analysis was 

carried out by adding other variables to this base model of significant personal and 

demographic factors. 

In the second round of analysis, air pollutants and weather conditions were 

added one by one to this base model with varying lag-time. Lag-time was the interval 

between the time of methacholine test and the time of air pollution measurement, so that 

for a subject tested with methacholine challenge at 14:00 PM, the pollutant level with a 5 

hours of lag time was the mean concentration of air pollution measurements from 8:00 to 

9:00 AM. When autocorrelation between measurements of different lag time was 

examined, ACF decayed rapidly to zero soon after just more than 1 hour of lag time 

without any systematic changes in mean and variance, and periodic variations had 

disappeared completely. The strongest response was observed with 7 hours of lag time 

for both NOX and CO. However, when we examined multi-pollutants models with both 

NOX, and CO together in the same model, only the effect of CO remained significant 

(Table 2). 
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Table 2. BRindex in relation to individual factors and most significant lag effect of 

air pollutantsa 

Variables ß p Value 

Age (N, %)     

under 9 (54, 4.63%) (reference)  

10-19 (180, 15.45%) -0.0508 0.2738 

20-29 (82, 7.04%)* -0.1047 0.0494 

30-39 (121, 10.39%)** -0.1461 0.0043 

40-49 (202, 17.34%)** -0.1423 0.0033 

50-59 (202, 17.34%)** -0.1817 0.0001 

60-69 (190, 16.31%)* -0.1173 0.0128 

over 70 (134, 11.50%)* -0.1252 0.0102 

Sex (N, %)   

Female (646, 55.45%) (reference)  

Male (519, 44.55%) -0.0134 0.4587 

Height 0.0017 0.1879 

Weight** 0.0025 0.0019 

FEV1
*** -0.1183 <.0001 

Wheezing (N, %)   

Non symptom (989, 84.89%) (reference)  

Symptom (176, 15.11%)*** 0.0692 0.0002 

Smoke status (N, %)b   

non smoker (728, 62.49%) (reference)  

former smoker (261, 22.40%) -0.0105 0.5155 

current smoker (239, 20.52%) 0.0228 0.2411 

passive smoker (482,41.37%)** -0.0435 0.0018 

Air pollutants   

CO (lag 7hr) c* 0.8591 0.0277 

NOX (lag 7hr) d 0.8227 0.3105 
Note. ß is the coefficient for the associated variables in the pollutants model. 

p Value is statistically significant in pollutants model: * p < 0.05, ** p<0.01, *** p<0.001 
a Pollutants model : 

)7()7( 10976

1543210

hrlagCOhrlagNOsmokingwheeze

FEVheightweightagesexBRindex

x ´+´+´+´+

´+´+´+´+´+=

bbbb

bbbbbb
 

b: The questionnaire of smoking status was selected one or more answer by subjects. 
c : The highest response was observed after 7 hours of lag time for CO. For example, for a subject 
examined methacoline test at 14:00h, CO level with a 7 hour lag would be the mean of 
concentration at 7:00h. 
d : The highest response was observed after 7 hours of lag time for NOX. For example, for a 
subject examined methacoline test at 14:00h, NOX level with a 7 hour lag would be the mean of 
concentration at 7:00h. 
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Finally in the third round of analysis, we examined the susceptibility factors 

that can increase air pollutant effect on the airway responsiveness by analyzing the 

interactions between air pollutant and other risk factors. Out of this third round, the 

interactions of age group, weight, FEV1 and wheezing symptom with CO remained 

significant even after accounting for all other factors (Table3).  
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Table 3. The CO interactions with individual factors among study subjects 

Variables β p Value 

Age (reference: under 9) 

10-19 -0.0671  0.5364  

20-29* -0.3092  0.0103  

30-39 -0.1949  0.1019  

40-49 -0.2117  0.0606  

50-59* -0.2702  0.0145  

60-69 -0.1533  0.1671  

over 70 -0.1795  0.1201  

Sex (reference: Female) 

Male -0.0251  0.4552  

Height** -0.0046  0.0018  

Weight* 0.0043  0.0132  

FEV1 -0.0031  0.0027  

Wheezing (reference: non-symptom) 

symptom 0.0420  0.3477  

Smoke status (reference: non-smoker) 

formoer smoker 0.0048  0.8880  

current smoker -0.0182  0.6765  

passive smoker -0.0365  0.2351  

CO interaction   

Age × CO (reference: under 9) 

10-19 -0.6675 0.5850  

20-29 -2.0096 0.1545  

30-39* -2.8987 0.0314  

40-49* -3.0235 0.0193  

50-59** -3.6275 0.0037  

60-69* -2.7361 0.0293  

over 70 -3.0863 0.0152  

Sex × CO (reference: Female) 

Male -0.4036 0.3515 

Height × CO 0.0177 0.4511 
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Weight × CO 0.0557 0.0069 

FEV1 × CO*** -3.2037 <.0001 

Wheezing × CO*** (reference: non-symptom) 

symptom 1.7016 0.0005 

Smoke status × CO (reference: non-smoker) 

formoer smoker -0.7399 0.0873 

current smoker 0.3062 0.5475 

passive smoker** -1.1746 0.0014 

Note. ß is the coefficient for the associated variables and CO interaction. 

Interaction effect is statistically significant: * p < 0.05, ** p<0.01, *** p<0.001 
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To examine these interactions graphically, we divided study subjects into 3 

tertile groups based on the percentiles of weight and FEV1. Larger CO effect on BRindex 

was observed with the heavier weight (Figure 2), the lower FEV1 (Figure 3) and people 

with wheezing (Figure 4) among general population. 
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Figure 2 Regression between BRindex and CO by percentile of weight (At the CO level 

of 0.4ppm, BRindex would be about 1.0878 (or 6.6% in FEV1 change) for lower 25% of 

weight, and about 1.1538 (or 9.4% in FEV1 change) for upper 75% of weight). 
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Figure 3 Regression between BRindex and CO by percentile of FEV1 (At the CO level of 

0.4ppm, BRindex would be about 1.2416 (or 13.9% in FEV1 change) for lower 25% of 

FEV1, and about 1.0381 (or 4.8% in FEV1 change) for upper 75% of FEV1) . 
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Figure 4  Regression between BRindex and CO by symptom of wheezing (At the CO 

level of 0.4ppm, BRindex would be about 1.0932 (or 6.8% in FEV1 change) for non 

symptom of wheezing, and about 1.1970 (or 11.5% in FEV1 change) for non symptom of 

wheezing, and about 1.1970 (or 11.5% in FEV1 change) for symptom of wheezing. 
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In a similar way, in Table 4, to examine the interaction effect of obesity, we 

divided the subjects into 3 groups based on BMI (< 18.5, 18.5<= <=25, 25<), and the 

effect of air pollutants on BRindex was analyzed. The effect of CO on BRindex had 

increased with higher BMI groups for both sexes, and it was significant especially for 

females with BMI over 25 (Table 4).  
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Table 4. The effect of air pollutants on BRindex by BMI (kg/m3) 

  

Air pollutants 

Female (N=646) Male (N=519) 

BMI<18.5  

(N=66, 5.67%)) 

18.5 ≤ BMI ≤25  

(N=372, 31.93%) 

25< BMI  

(N=208, 17.85%) 

BMI < 18.5 

(N=65, 5.58%) 

18.5≤ BMI ≤25 

(N=310, 26.61%) 

25< BMI 

(N=144, 12.36%) 

ß ß ß ß ß ß 

CO (lag 7hr) 0.1411  0.6764  1.8020* 1.4251  0.1776  0.7498  

NOX (lag 7hr) -0.7564  2.4500  -1.6992  -9.0964  2.2244  0.5580  

Note. ß is the coefficient for the associated air pollutants in BRindex. 

*: p < 0.05 
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Discussion 

 

In this study, we observed that those who are heavier in weight and lower in 

FEV1 are significantly more vulnerable to the effect of air pollutant on airway, while the 

interactions of air pollutant effect on airway with the effects of sex and height were not 

significant. This study provides evidence of individual susceptibility to airway hyper-

responsiveness from air pollutants based on pathophysiologic states themselves such as 

heavier weight or smaller airway in addition to those traditional susceptibilities based 

on division of age groups or disease status among general population. 

Pathophysiologic states as determinants of susceptibility can be largely 

predicted based on observations of physiology. Bronchial diameter is known to vary 

over wide ranges and was shown to have positive correlations with sex, height 

(Hannallah et al., 1995), and FEV1 is one of the most widely examined pulmonary 

indices for the determination of airway size. Furthermore, heightened bronchial 

responsiveness was observed with lower pulmonary function, or conversely bronchial 

hyper-responsiveness is known to be a risk factor for an accelerated decline in FEV1 

(Brutsche et al., 2006). In return, the age and sex specific prevalence of asthma among 

general population can be explained largely based on the findings FEV1% as predictors 

of susceptibility to the air pollutants effect on airway responsiveness. The relatively 

higher prevalence of asthma among males in child and old age groups but not in young 

adult or middle age groups can also be explained based on relatively slower growth and 

maturation of body physique for prepubescent males and faster decline of lung 

functions for old males compared to comparable female groups. 

In mice, obesity was associated with greater response to ozone compared to non-obese 

control. In human, larger decline in lung function following O3 exposure was reported in 
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obese veterans and also young volunteers. Obesity has been associated with asthma 

development in cross-sectional and prospective studies (von Mutius et al., 2001; Litonjua 

et al., 2002; Shore and Johnston, 2006; Bennett et al., 2007). In this study, both weight 

and BMI were associated with the increase in BRindex. Interaction with the CO effect on 

BRindex was significant, however, only for weight. When stratified by sex and 3 BMI 

categories, the effect of CO on BRindex was evident only for obese females and not for 

males or normal weights, which is quite similar to the significant ozone effect on lung 

function only for female overweight.  

Epidemiological studies have shown that people are at higher risk for 

increased respiratory symptoms, decline in lung function, and increase in cardiovascular 

disease and stroke mortality due to air pollution (Schwartz and Morris 1995; Peters et 

al., 1999). CO is not an exception to this list of air pollutants that can cause harmful 

airway and cardiovascular conditions, and the exposure to ambient daily CO has been 

reported to increase especially daily mortality from cardiovascular diseases (Schwela, 

2000; Samoli et al., 2007). Even low level of CO was reported to affect directly days of 

disability such as days of bed-ridden or cut-down-activity from chronic diseases (Stieb 

et al., 2002). The consistent and strongest association with CO was evident for hospital 

admissions from congestive heart failure (Morris et al., 1995). 

In this study, the elevated CO level, but not others including NOx, O3, SO2, 

and PM10, was associated with the increase in airway hyper-responsiveness. However, 

while conventional oxidants such as ambient NOX, SO2, and O3 are significantly 

associated with triggered respiratory symptoms and increased cardiovascular disease, 

ambient CO levels were not shown to be related with respiratory morbidity or mortality 

in some studies (Delfino et al., 1995; Schwartz and Morris 1995; Peters et al., 1999). As 

many air pollutants are closely correlated with each other, CO effect may have been 
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mediated by other pollutants in these studies. In one study, the effect of CO level was 

strongly associated with the humidity, and there were significant correlations between 

CO and PM10 in the morning and CO and NO2 in the evening. These air pollutants 

including CO were associated with the decline in FEV1 during the periods of higher 

humidity and colder weather (Silkoff et al., 2005). As we studied subjects nearby to a 

large industrial complex, these subjects might have been exposed to co-pollutants other 

than CO from industrial complex that we have not yet measured. Increased exposure to 

PAHS, most likely from the emission of steel mill, was reported in previous studies 

conducted at the same study site (Lee et al., 2007, Lee et al., 2009). In this study, 

moments of high CO concentration over 1 ppm were associated with higher levels of 

NOX and SO2, but not O3 and PM when compared to those moments of low CO 

concentration,. As CO is generated by incomplete combustion, CO might be a surrogate 

of other pollutants from the steel mill. 

Although increasing epidemiological evidence regarding the short-term and 

long-term association between air pollution and respiratory morbidity has been 

unmasked, the biological mechanisms still remain obscure. CO poisoning from 

accidental exposures to high levels have been known to cause a decrease in oxygen 

carrying capacity of blood and cellular respiratory mechanisms. However, even at 

physiologic levels, CO is suggested to behave as a modulator of redox signals by 

interacting with heme and inhibiting cytochrome b558 of the NAD(P)H oxidase and/or 

cytochromes of the respiratory chain, consequently affecting redox-mediated cell 

proliferation (Taillé et al., 2005), thus controlling everyday functions of airway smooth 

muscles.  

In this study, even though we tried to get information about almost all the 

known susceptibility factors, there were some missing factors to consider such as family 
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histories, recent flu infections, and indoor molds and other sensitizers. Personal 

exposure was not measured, and false positives and false negatives might have occurred 

in methacholine challenge test of this study. Even with these limitations, however, this 

study has several advantages compared with previous studies. First, the result of this 

study demonstrates continuous spectrum of susceptibility to air pollutant effects on 

airway responsiveness among general population. Thus, we can be able to generalize 

the result of this study to the greater population. Second, this study had collected more 

or less objective data of bronchial sensitivity independently from the monitoring of air 

pollutants, and the association noted in this study should have been stronger regardless 

of measurement errors.  

Even though we do not know the temporal sequence and therefore the 

causality of the association, and even with limitations of lack of the exact personal 

exposure levels, the results of this study suggest that the pathophysiologic 

characteristics including weight and airway caliber such as FEV1 can modify the effect 

of air pollutants on airway responsiveness such that people with heavier weight and/or 

lower FEV1 are more vulnerable to the effect of air pollutants on airway responsiveness 

regardless of age or disease status.
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Introduction 

 Hundreds of air pollution studies of the adverse health effects of short-term 

exposure to air pollution have now been conducted worldwide[Koren HS, 1989, 

McConnell R, 1999, Longhini E, 2004]. In particular, it has known bronchial 

hyperresponsiveness in a major feature of asthma and in any case may precede asthma 

and be a risk factor for its development (Chatham et al., 1982).  Several community 

studies reported that air pollution has many and varied constituents by communities. It 

causes different effects of air pollution on people’s health. Although, air quality, is a 

regulated, even under current regulations, there are an enormous number of possible 

chemical species associated with the particles, and a potentially more effective approach 

would be to consider the airborne pollutants as a mixture of mass contributions by 

various source class. Those studies generally suggested that pollution levels were higher 

in larger cities and in center where climate and topography enhanced accumulation of air 

pollution, in contrast, areas of low population density and exposed to small amounts of 

pollution from long-range transport.  

However, studies of air pollutant effects on airway responsiveness have still 

considered. Several studies reported positive but inconsistent results, in terms of the 

responsible chemicals. Studies of air pollutant effects on airway responsiveness have 

reported positive (Søyseth et al., 1995, Souza et al., 1998, Carlisle and Sharp, 2001) but 

for others, exposure to traffic-related air pollutants is associated with an increased 

prevalence of cough andbronchitis, but not with atopic sensitisation and bronchial 

hyperresponsiveness (Hirsch et al., 1999). One explain is that difference in the 

composition or level of air pollutnats from one study to another may explain this 

inconsistency in the results. The other is that difference in the design or measurement 

method may also have contributed to this differences between different studies.  
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We investigated to compare the short-term effects of air pollutants on the 

airway responsiveness from 3 different regions, and to sort out the consistent and 

inconsistent patterns between different regions. What is clear is whether specific 

pollutants have a causal role in the pathogenesis of airway provocation. In addition, we 

tried to examine various factors, including airway status and physical characteristics, in 

relation to the heightened effects of air pollutants on airway responsiveness among 

general population by difference area.  
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Method 

 

Study population 

The study was a cross sectional design and undertaken in three industrial areas. 

One was Gwangyang city; a giant steel mill is located along Korea’s southeast coast and 

surrounded by the sea except for the north. People participated voluntarily with 1,164 

participants during a three week period (Dec. 16, 2003-Jan. 5, 2004). Another area was 

Sihwa city, polluted air as well. A total of 956 subjects participated voluntarily in Sihwa 

during a three week period (Aug, 8, 2005-Aug, 30, 2005). Before the survey, the local 

authorities were alerted and information was disseminated about the health examination 

survey. The other as comparative area was Ansan city, polluted air with the environs of 

incineration, involved 737 of residents during a three week period (July, 18, 2006-Aug, 5, 

2006). Sihwa and Ansan, both located on the west coast of South Korea, adjoining the 

huge industrial complexes of small- and medium-sized factories. A total of 2,857 subjects 

involved body size measurements, and self-reported questionnaire.  

 

Pulmonary function test 

Pulmonary Function Test protocol was designed according to the American 

Thoracic Society (ATS, 1995) guideline with dry rolling seal spirometers (Sensor-medics, 

USA). We measured Forced Vital Capacity (FVC), Forced Expiratory Volume in 1 

second (FEV1). 

  

Methacholine provocation test 

Methacholine Challenge Tests was generated with DeVilbis s646 nebulizer, 

Salter Labs' SM-1 Dosimeter and 8350Compressor. Each subject was examined FEV1 at 
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3 times after inhaled the aerosol at 5 times. The protocols used the 2-minute tidal 

breathing methods, normal saline as diluent, and excluded subjects if the subject changed 

to induce 20% of the FEV1 base line which is before methacholine provocation test. A 

positive reaction was defined if the subject changed to induce 20% of the FEV1 base line 

which is before methacholine provocation test. The study, however, methacholine 

bromide was used different concentrations of methacholine; 2.5, 6.25, 12.5, and 25mg/dl. 

The results of methacholine challenge were transformed into a continuous variable 

(Bronchial Responsiveness index. BRindex) (Burrows et al., 1992). 

 

Skin Prick test 

Skin prick test performed extracts from 12 common aeroallergens were tested 

on forearms: Dermatophagoides Pteronyssinus (DP), Dermatophagoides Farinae (DF), 

cockroach, grass, mugworth, ragweed, early boom tree, late boom tree, dog and cat 

which usually contacted with human in general environment. We used histamine as a 

positive control and a saline solution as a negative control. The mean wheal diameter was 

calculated using the widest diameter and the perpendicular diameter at the wheal 

midpoint. A positive reaction was defined as a mean wheal diameter ≥3 mm with flare 

formation occurring within 15 minutes of administration.  

 

Air Pollutants and weather Measurements 

The monitoring stations were operated by the Ministry of Environment of 

Korea (http://www.me.go.kr), and common air pollutants including NOX, CO, O3, SO2, 

and PM10 were monitored continuously over the study period. The ambient pollution data 

were collected every 5 minutes using chemiluminescence method for NOX, non 

dispersive infrared for CO, U.V photometric method for O3, pulse U.V fluorescence 
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method for SO2, and ß-ray absorption method for PM10 concentrations. We used hourly 

means of pollutants in the analysis of data. Meteorological variables including hourly 

mean temperature, relative humidity, and air pressure measured at the meteorological 

monitoring center were also obtained during the study.  

 

Auto correlation 

Autocorrelation of air pollutant measurements of different time interval was 

examined using the autocorrelation function (ACF) of statistical package.  

 

Statistical analysis 

 Statistical analyses were conducted using SAS statistical software 

(version 9.2; SAS Institute, Cary, NC). Bivariate analyses were conducted to determine 

the relative effectiveness of each potential risk factor on airway.  

 

Base model 

Analysis of variance was performed to test the strength of linearity between 

BRindex and individual characteristics, including history of respiratory symptoms. Then 

using multivariate Generalized Linear Model (GLM) procedures, significant individual 

characteristics were retained to construct a base model of BRindex with personal (height, 

weight, FEV1, wheezing) and demographic (age, sex) factors. 

 

One pollutant model 

One pollutant model was tested by adding each air pollutant to this base model. 

The effect of air pollution on BRindex was examined one by one, while controlling for 

age, gender, and other covariates of base model.  
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Multi-pollutant model 

Multi-pollutant model was tested by adding two or more pollutants together to 

this base model simultaneously.  
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Result 

 We investigated three different area. In three surveys, the residents were 

independent and mutually exclusive of the reported diseases or symptoms.  

Figure 1 shows that distrivution of study subjects in age groups. In Gwangyang, over 

aged 40‘s, older people live more than younger people. In Sihwa and Ansan, aged 30’s 

and 40’s, mid-aged people live more than other age groups. 
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Figure 1 Distribution of study subjects in age groups 
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Table 1 shows that compared with Sihwa and Ansan survey, residents in 

Gwangyang survey seem to be older and have higher proportion of allergic disease and 

airway responsiveness. The mean levels of air pollutants, NOx and SO2 were higher in 

Gwangyang than others, and PM10 and CO were higher in Sihwa than others (Table 1). 
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Table 1 Distribution of baseline charateristics of subjects by three industrial areas 

Variables 

Gwangyang Sihwa Ansan 

Total Male Female Total Male Female Total Male Female 

N (%) N (%) N (%) 

Age 

-9 54 (4.64) 30 (5.78) 24 (3.72) 93 (10.09) 57 (12.81) 36 (7.55) 42 (5.70) 24 (7.14) 18 (4.49) 

10-19 180 (15.45) 91 (17.53) 89 (13.78) 251 (27.22) 141 (31.69) 110 (23.06) 149 (20.22) 71 (21.13) 78 (19.45) 

20-29 82 (7.04) 28 (5.39) 54 (8.36) 43 (4.66) 13 (2.92) 30 (6.29) 61 (8.28) 23 (6.85) 38 (9.48) 

30-39 121 (10.39) 50 (9.63) 71 (10.99) 190 (20.61) 63 (14.16) 127 (26.62) 183 (24.83) 72 (21.43) 111 (27.68) 

40-49 202 (17.34) 88 (16.96) 114 (17.65) 221 (23.97) 119 (26.74) 102 (21.38) 166 (22.52) 79 (23.51) 87 (21.70) 

50-59 202 (17.34) 108 (20.81) 94 (14.55) 46 (4.99) 17 (3.82) 29 (6.08) 73 (9.91) 33 (9.82) 40 (9.98) 

60-69 190 (16.31) 70 (13.49) 120 (18.58) 53 (5.75) 25 (5.62) 28 (5.87) 46 (6.24) 25 (7.44) 21 (5.24) 

'70- 134 (11.50) 54 (10.40) 80 (12.38) 25 (2.71) 10 (2.25) 15 (3.14) 17 (2.31) 9 (2.68) 8 (2.00) 

 
subtotal 1165 519 646 922 445 477 737 336 401 

Symptom with 

wheezing* 
Yes 55 (4.73) 31 (5.97) 24 (3.72) 39 (4.23) 20 (4.49) 19 (3.98) 1 (0.14) - 1 (0.25) 

Diagnosis at 

allergic disease** 

Asthma 41 (3.52) 19 (3.66) 22 (3.41) 7 (0.76) 4 (0.90) 3 (0.33) 8 (1.09) 5 (1.49) 3 (0.75) 

Rhinitis 131 (11.25) 65 (12.52) 66 (10.23) 6 (0.65) 2 (0.45) 4 (0.84) 25 (3.39) 18 (5.36) 7 (1.75) 

Dermatitis 188 (16.15) 90 (17.34) 98 (15.19) 17 (1.84) 8 (1.80) 9 (1.89) 17 (2.31) 8 (2.38) 9 (2.24) 

Conjunctivitis 170 (14.60) 65 (12.52) 105 (16.28) 10 (1.08) 5 (1.12) 5 (1.05) 13 (1.76) 9 (2.68) 4 (1.00) 

Positive at Methacholine test***  153 (13.14) 51 (9.83) 102 (15.81) 81 (8.79) 41 (9.21) 40 (8.39) 78 (10.58) 32 (9.52) 46 (11.47) 
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Positive at allergen test  

at least one allergen****  
299 (25.69) 160 (30.83) 139 (21.55) 266 (28.85) 142 (31.91) 124 (26.00) 218 (29.58) 115(34.23) 103 (25.69) 

   Mean (SD) Mean (SD) Mean (SD) 

Height (cm) 
 

158.40 (11.85) 164.08 (12.52) 153.84 (8.98) 157.06 (13.79) 160.87 (15.77) 153.51 (10.46) 159.34 (11.95) 164.00 (12.30) 155.44 (9.01) 

Weight (kg) 
 

58.71 (13.59) 62.61 (14.91) 55.57 (11.50) 57.12 (15.86) 60.76 (18.24) 53.73 (12.36) 57.97 (12.93) 62.33 (15.64) 54.32 (11.10) 

FEV1 (L)  2.74 (0.85) 3.17 (0.91) 2.40 (0.62) 2.89 (0.85) 3.21 (0.97) 2.60 (0.59) 2.94 (0.80) 3.34 (0.87) 2.59 (0.54) 

Level of Air Pollutants Mean (SD) Min Max Mean (SD) Min Max Mean (SD) Min Max 

PM10 (ug/m3) 36.68 (19.52) 16.00 187.00 53.30 (35.54) 12.35 152.06 39.73 (21.77) 12.86 127.71 

SO2 (ppb) 9.85 (9.11) 2.00 59.00 5.63 (10.43) 1.00 96.75 7.24 (5.92) 2.86 33.00 

NOX (ppb) 31.00 (19.48) 7.00 89.00 22.61 (11.53) 1.00 74.25 18.22 (8.61) 5.71 58.86 

O3 (ppb) 22.99 (7.83) 4.00 40.00 27.96 (23.93) 2.42 115.75 27.53 (19.77) 4.71 83.43 

CO (ppm) 0.44 (0.57) 0.10 7.20 0.53 (0.25) 0.00 4.00 0.34 (0.97) 0.19 0.73 

Temperature (℃) 5.44 (3.32) -4.10 12.30 26.54 (3.36) 18.21 33.22 30.33 (4.36) 21.90 37.10 

Relative Humidity (%) 49.63 (14.58) 21.00 81.00 76.08 (14.36) 33.61 99.40 67.32 (19.77) 46.00 104.00 

* : Symptoms with wheezing was assessed by the question “ Do you have ever been wheezing within recently 12 months?” 

**: Diagnosis at allergic disease was assessed by the question “Do you have ever been diagnosed at allergic diseases such as asthma, rhinitis, dermatitis, and conjunctivitis by doctor?’ 

***: The positive reactivity at methacholine test was defined if the subject changed to induce 20% of the FEV1 base line which is before methacholine provocation test. 

****: The positive reactivity at skin prick test was defined as a mean wheal diameter ≥3 mm with flare formation occurring within 15 minutes of administration. 
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 In below age of 20, the percentage of positive to at least one allergen was 

higher in Ansan than others (Ansan : 45.24%(below age of 9), 46.98%(between age of 10 

and 19) , Gwangyang : 35.19%(below age of 9), 42.78%(between age of 10 and 19), 

Sihwa : 29.47%(below age of 9), 43.41%(between age of 10 and 19)), however, in above 

age of 70, was higher proportion of allergy in Sihwa than others (Sihwa : 20.69%, 

Gwangyang : 12.78%, Ansan : 11.76%) 
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Figure 2 Distribution of positive at least one allergen in age group 
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In the reactivity of airway responsiveness, Ansan in below age of 20 was 

higher than other area (Ansan: 38.10% (age of ≤9), 16.78%(between age of 10 and 19) , 

Gwangyang : 31.48%(age of ≤9), 11.11%(between age of 10 and 19), Sihwa : 

37.89%(age of ≤9), 7.36%(between age of 10 and 19)),  and Gwangyang in above age 

of 40 was higher than others (Gwangyang : 6.44%(between age of 40 and 49), 

11.88%(between age of 50 and 59), 21.58%(between age of 60 and 69), 18.05%(age of 

70≤), Sihwa : 3.08%(between age of 40 and 49), 4.26%(between age of 50 and 59), 

10.71%(between age of 60 and 69), 17.24%( age of 70≤), Ansan : 2.41%(between age of 

40 and 49), 8.22%(between age of 50 and 59), 8.70%(between age of 60 and 69), 

11.76%(age of 70≤)). 
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Figure 3 Distribution of positive airway responsiveness in age group 
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Air Pollutant Effect on the Airway 

 We examined by correlation model that is BRindex in relation to individual 

risk factors and lagged the effect of each pollutant on airway. The strength of linearity, in 

this correlation model, has between BRindex and age, sex, height, weight and FEV1 

among residents of all study area. Next step, we added air pollutant in this model one by 

one.  

In Gwangyang, the highest response was observed after 7 hours of lag time for 

NOx and 7 hours of lag time for CO in one pollutant model. In Sihwa, the highest 

response was observed after 7 hours of lag time for PM10, 7 hours of lag time for NO2, 8 

hours of lag time for O3, 7 hours of lag time for temperature, and 10 hours of lag time for 

relative humidity in one pollutant model. In Ansan, the highest response was observed 

after 9 hours of lag time for PM10, 5 hours of lag time for SO2, 6 hours of lag time for 

temperature, and 6 hours of lag time for relative humidity in one pollutant model 

 

(Insert from Figure 4 to Figure 10 about here) 
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In Table2, accordingly these results, however, we examined multi-pollutants 

models with all of significant pollutant in the each sites same multi-pollutant model 

(Gwangyang: NOx and CO, Sihwa: PM10, NO2, O3, temperature, and relative humidity, 

Ansan: PM10, SO2, temperature, and relative humidity). Table 2 shows that the effect 

remained different pollutant depending on sites; CO in Gwangyang, CO, O3, temperature 

and relative humidity in Sihwa. In ansan, however, there are no effect pollutants on 

BRindex. The effect of PM10 on BRindex slightly remained (p value=0.0584).  
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Table 2 Change of BRindex in relation to individual factors and most significant lag effect of air pollutants 

 
Gwangyang Sihwa Ansan 

Variable β P value β P value β P value 

Intercept 1.2508 <.0001 5.1794 <.0001 3.2479 0.0044 

Age 
  

    

≤9 (Reference) 

10-19 -0.0766 0.0950 -0.1659 0.0064 -0.1225 0.4632 

20-29 -0.1184 0.0255 -0.2484 0.0052 -0.4259 0.0683 

30-39 -0.1564 0.0021 -0.3014 <.0001 -0.2753 0.1704 

40-49 -0.1506 0.0017 -0.3006 <.0001 -0.3673 0.0620 

50-59 -0.1857 <.0001 -0.3280 <.0001 -0.3572 0.0916 

60-69 -0.1239 0.0083 -0.1220 0.1279 -0.4947 0.0751 

≥70 -0.1263 0093 -0.0588 0.5519 -0.5822 0.0449 

Sex 
  

    

Male (Reference) 

Female -0.0315 0.0866 0.0095 0.7439 -0.0088 0.9101 

Height 0.0020 0.1203 -0.0069 0.0002 -0.0023 0.7593 

Weight 0.0025 0.0028 0.0027 0.0680 0.0081 0.00623 

FEV1 -0.1199 <.0001 -0.0041 <.0001 -0.2300 0.0112 
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Wheeze 
  

    

Yes (Reference) 
 

    

No -0.0690 0.0002 -0.3385 0.0095 -0.0681 0.7657 

Pollutant 
 

    

PM10 (ug/m3) - - -0.0007c 0.0870 -0.0035i 0.0584 

SO2 (ppb) - - - - -0.0086 j 0.1589 

NOx (ppb) 0.0006a  0.9545 1.3705d 0.2685 - - 

O3 (ppb) - - -1.1880e 0.0425 - - 

CO (ppm) 1.0639 b  0.0028 0.1332 f 0.0155 - - 

Temperature (℃) - - -0.0093g 0.0332 -0.0165k 0.2170 

Relative Humidity (%) - - -0.0022h 0.0125 0.0008l 0.7931 

a: The highest response was observed after 7 hours of lag time for NOx, 
b : The highest response was observed after 7 hours of lag time for CO, c: 

The highest response was observed after 7 hours of lag time for PM10, 
d : The highest response was observed after 7 hours of lag time for NO2, 

e : 

The highest response was observed after 5 hours of lag time for O3, 
f : The highest response was observed after 5 hours of lag time for CO, g : The 

highest response was observed after 7 hours of lag time for temperature, h : The highest response was observed after 8 hours of lag time for 

humidity, i : The highest response was observed after 9 hours of lag time for PM10, 
 j : The highest response was observed after 5 hours of lag 

time for SO2, 
k : The highest response was observed after 6 hours of lag time for temperature, l : The highest response was observed after 6 hours 

of lag time for relative humidity 
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Discussion 

For all subjects, lung function values and airway responsiveness, adjusted for 

measurable influences pollution exposure at the individual level, communities level and 

ambient constituents. Althoug many studies support the adverse effects of air pollution 

on lung function, it is not clear the effects of air pollutant on airway responsiveness have 

still considered. Several studies reported the association between air pollutants and air 

way responsiveness but inconsistent results. Because of the diversity of studies, their 

findings are difficult and the magnitude of the effcts of air pollution on airway 

responsiveness cannot be generalized. 

Therefore, we focused on the relationship between airway responsiveness and 

short-term exposure of air pollutants, adjusted for measurable and similar background in 

community among general population. A cross-sectional study on the effects of 

environmental pollution was carried out for community residents in large industrial areas. 

A large steel mill was located in Gwangyang, which is located in the southern end of 

Korean peninsula. This site is a small island, about 2 Kilometers apart from the steel mill. 

Shiwha-Banwol is one of the industrialized cities that have more than 2,500 factories 

including five waste incineration plants emitting ambient lead, where the increase in 

numbers of factories, residents, and traffic is more noticeable than other cities in Korea. 

In this area, especially submicrometer lead particlesare emitted into the air and pose a 

substantial threat to human health. All subjects were residents and invited health 

examination through committee of community leaders. Residents of Gwangyang were 

invited all residents, more than 46% of registered residents participated the health 

examination. Although, residents of Shiwha-Banwol were not invited all residents, all 

invited participants might be influenced much higher effect of air pollution because of 

their house near industrial complex.  
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We found that NOx was consistnecy pollutant on the airway health in all 3 

regions. Moreover, altough O3 and CO affected on the airway, those pollutants may a 

indirectly association in these relations. Our results reafiirms that NOX has the strongest 

association with airway responsiveness across 3 regions in Korea. Of the other pollutants 

included, PM10 and sulfate had the greatest influence on the NO2 association, but only 

marginally, and they did not remain significant after adjusting for NOX. NO2 tends to 

remain higher during the day and to start increasing in concentration during late 

afternoon, while NO does not rise until later in the evening. This afternoon difference, 

which may be occurring when people are more likely outdoors, is due to increased NOX 

emissions interating with O3 so that the NO is quickly converted to NO2.  

 There are several potential explanations. First, there are several differences 

between communities that the mixure of ambient pollutants is likely to vary with the 

study areas in the distribution of size, number, and chemical composition. The toxicity of 

ambient pollutants expecially particulate matter depends on its chemical composition and 

size distribution. There are significant intercorrelations among the levels of most of the 

pollutants examined. For example, the correlation between ambient concentration PM2.5 

and NO2 was influence and NO2 may be a role of surrogate of PM2.5 (Hazenkamp-von 

Arx et al., 2004). Our study also supported NOx may be a surrogate of other pollutants 

such as CO, O3 and PM10. In california study, motor vehicle emissions, in conjunction 

with various photochemical reactions, are a major source of ambient particles and NO2 

(Gauderman et al., 2000). Due to the high correlation in concentrations across 

communities, we were unable to identify the independent effects of each pollutant, 

although our two-pollutant models do suggest that no single pollutant that we measured 

is responsible for the observed sensitization to airway. There may also be an air pollutant 

we did not specifically measure (e.g., diesel exhaust particles) that is correlated with 
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those we did and that is primarily responsible for the observed health effects.  

Second, Steinbacher and coworkers (Steinbacher et al., 2007) suggested that 

ambient NO2 is converted to NO, nitrate, gaseous nitric acid, O3, CO, SO2 and total 

suspended particles. Moreover, NO2 concentration is overetimated during spring and 

summer because of prevalent photochemistry. It is reasonable to assume that the accrual 

NOx play a role of main affect on airway because, in our study, in two study sites (Sihwa 

and Ansan), during summer, subjects were conducted at health examination.  

Furthermore, unlike other atmospheric pollutants, the effect of NO2 has been 

examined in epidemiologic studies relatively unconfounded by multiple pollutant mixes, 

because NO2 is common in indoor air contaminated by emissions from pilot lights and 

gas stoves at concentrations that may approach outdoor levels (Schauer et al., 1996). 

Animal studies suggesting that NO2 may enhance the infectivity of respiratory pathogens 

have resulted in extensive study of the effects of gas stoves on illness and lung function 

(Bascom et al., 1996).  After NO2 exposure there is mild damage to the airway 

epithelium, a decrease in the number of cells containing dense secretary granules, and a 

large increase in 3H-TdR-labeled cells (Evans et al., 1986). In epidemiologic studies, they 

reported a relationship between long-term, traffic-related NO2 and the prevalence of 

asthma and respiratory symptoms (Studnicka et al., 1997, Ponka, 1991). Diesel exhaust 

(Diaz-Sanchez et al., 1996) and latex particles (Williams et al., 1995) from tire dust have 

both been implicated in the enhancement of respiratory tract immunoglobulin E 

production. In addition, an increase in nasal cytokine expression after exposure to diesel 

exhausted particles can be predicted to contribute to enhanced local IgE production and 

thus play a role in the increased incidence of respiratory allergic disease (Diaz-Sanchez 

et al., 1996). 

Third, in industrial complex citiy, the primary sources that contribute to fine 
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particle concentrations are diesel engine exhaust, food cooking operations, wood burning, 

and fine diameter paved and unpaved road and crustal dust (Schauer et al., 1996). 

Especially, in coastal industrial area, emission from gasoline power engines and other 

combustion sources make smaller contributions. Primary sources for coarse particle 

concentration are paved and unpaved road dust and crustal material, which accounts for 

45% of the PM10 mass concentration, and transformed sea-salt particles that are formed 

over the ocean and transported to the basin by prevailing winds.  

Lastly, different populations have different structures. Some studies reported 

different susceptibilities for different groups (especially infants and the elderly) (Bremner 

et al., 1999, Ha et al., 2001). In our study, subjects in Gwanyang were older than other 

sites. Also, in Gwanyang, the percentage of positive at methacholine test was higher. 

However, the percentage of positive at skin prick test was higher in Ansan than other 

sites. It is quite reasonable to assume that the accrual effects are different for different 

study population. 

Several limitations of this study must be considered when interpreting the 

results. We analyzed the health examination results of inhabitants in a certain area who 

may be more exposed to contamination than those not living in an industrial complex. 

Even though we tried to get information about almost all the known susceptibility factors, 

there were some missing factors, such as age, sex, height, smoking, bronchial 

responsiveness, 1-OHP, and lead. Our results were further restricted by a lack of 

information about any other toxic factors in the environment for pulmonary health and 

the design of its processing cohort. Also, personal exposure was not measured, and false 

positives and false negatives might have occurred in methacholine challenge test of this 

study. Even with these limitations, however, this study has several advantages compared 

with previous studies. First, the result of this study demonstrates continuous spectrum of 
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susceptibility to air pollutant effects on airway responsiveness among general population. 

Thus, we can be able to generalize the result of this study to the greater population. 

Second, this study had collected more or less objective data of bronchial sensitivity 

independently from the monitoring of air pollutants, and the association noted in this 

study should have been stronger regardless of measurement errors.  

In summary, even though we do not know the temporal sequence and therefore 

the causality of the association, and even with limitations of lack of the exact personal 

exposure levels, the results of this study suggest that the pathophysiologic characteristics 

including weight and airway caliber such as FEV1 can modify the effect of air pollutants  

on airway responsiveness. Even the effect of other pollutants (CO, O3, and PM10) on 

airway responsiveness may be a role of surrogate of NOx.  
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Figure 4 a The change of BRindex in different lag time associated with an average 

of PM10 in Gwangyang. 

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model. 
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Figure 4 b The change of BRindex in different lag time associated with an average 

of PM10 in Sihwa.  

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model. 

The PM10 response on BRindex was observed on time and after 2, 6 to 10 hours of lag time. 

The highest response was observed after 7 hours of lag time for PM10. 
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Figure 4 c The change of BRindex in different lag time associated with an average 

of PM10 in Ansan. 

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model.  

The PM10 response on BRindex was observed after 8 to 10 hours of lag time. 

The highest response was observed after 9 hours of lag time for PM10. 
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Figure 5 a The change of BRindex in different lag time associated with an average 

of SO2 in Gwangyang. 

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model. 
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Figure 5 b The change of BRindex in different lag time associated with an average 

of SO2 in Sihwa. 

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model. 
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Figure 5 c The change of BRindex in different lag time associated with an average 

of SO2 in Ansan. 

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model. 

The SO2 response on BRindex was observed after 5 hours of lag time.  

The highest response was observed after 5 hours of lag time for SO2. 
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Figure 6 a The change of BRindex in different lag time associated with an average 

of NOX in Gwangyang. 

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model. 

The NOx response on BRindex was observed after 6 and 7 hours of lag time.  

The highest response was observed after 7 hours of lag time for NOx. 
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Figure 6 b The change of BRindex in different lag time associated with an average 

of NO2 in Sihwa. 

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model.  

The NO2 response on BRindex was observed on time and after 1 to 9 hours of lag time.  

The highest response was observed after 7 hours of lag time for NO2. 
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Figure 6 c The change of BRindex in different lag time associated with an average 

of NO2 in Ansan.  

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model. 
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Figure 7 a The change of BRindex in different lag time associated with an average 

of O3 in Gwangyang. 

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model. 
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Figure 7 b The change of BRindex in different lag time associated with an average 

of O3 in Sihwa. 

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model. 

The O3 response on BRindex was observed after 2, 5, 7 and 8 hours of lag time.  

The highest response was observed after 8 hours of lag time for O3. 
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Figure 7 c The change of BRindex in different lag time associated with an average 

of O3 in Ansan.  

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model. 
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Figure 8 a The change of BRindex in different lag time associated with an average 

of CO in Gwangyang. 

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model. 

The CO response on BRindex was observed after 6, 7 and 8 hours of lag time. 

The highest response was observed after 7 hours of lag time for CO. 
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Figure 8 b The change of BRindex in different lag time associated with an average 

of CO in Sihwa. 

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model.  

The CO response on BRindex was observed after 4 and 5 hours of lag time. 

The highest response was observed after 5 hours of lag time for CO. 
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Figure 8 c The change of BRindex in different lag time associated with an average 

of CO in Ansan.  

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model. 
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Figure 9 a The change of BRindex in different lag time associated with an average 

of temperature in Gwangyang. 

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model. 
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Figure 9 b The change of BRindex in different lag time associated with an average 

of temperature in Sihwa. 

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model.  

The temperature response on BRindex was observed on time and after 1 to 8 hours of lag time. 

The highest response was observed after 7 hours of lag time for temperature. 
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Figure 9 c The change of BRindex in different lag time associated with an average 

of temperature in Ansan. 

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model.  

The temperature response on BRindex was observed after 2 and 5 to 8 hours of lag time. 

The highest response was observed after 6 hours of lag time for temperature. 
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Figure 10 a The change of BRindex in different lag time associated with an average 

of relative humidity in Gwangyang.  

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model. 
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Figure 10 b The change of BRindex in different lag time associated with an average 

of relative humidity in Sihwa. 

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model. 

The relative humidity response on BRindex was observed after 10 hours of lag time. 

The highest response was observed after 10 hours of lag time for relative humidity. 

  



176 

 

 

 

Figure 10 c The change of BRindex in different lag time associated with an average 

of relative humidity in Ansan. 

Note. ß (estimate) is the coefficient for the associated variables (age, sex, height, weight, 

fev1, and wheeze) in one pollutant model. 

The relative humidity response on BRindex was observed after 6 hours of lag time. 

The highest response was observed after 6 hours of lag time for relative humidity. 
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Ⅳ. Conclusion 
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The main goal of this study was to provide susceptibilities to low levels air 

pollutants effects on pulmonary function among general population.  

 

First, a study focused on the effects of lead exposure on pulmonary function 

aging among people over the age of 30, as well as ascertaining other risk factors for the 

aging of pulmonary function. Even though the decline in FEV1 and FVC with aging was 

within a normal range, people with smaller height, and lower pulmonary function at 

baseline were more vulnerable to the decline of both FEV1 and FVC and especially 

higher level of BPb were more significant decline of FVC. Lead accumulated in adult 

may contribute to rapid aging on pulmonary function. 

 

Second, a study focused susceptibility to the effects of air pollutants on airway 

responsiveness varies among general population. Only the effect of CO remained 

significant based on multi-pollutants models, and this CO effect was significantly 

modified by both weight and FEV1. Among general population, larger air pollutant 

effect on airway responsiveness was observed for subjects with heavier weight or lower 

FEV1. 

 

Lastly, studies of air pollutant effects on airway responsiveness have reported 

positive but inconsistent results, in terms of the responsible chemicals. Difference in the 

composition or level of air pollutnats from one study to another may explain this 

inconsistency in the results. Difference in the design or measurement method may also 

have contributed to this differences between different studies. We tried to compare the 
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short-term effects of air pollutants on the airway responsiveness from 3 different regions, 

and to sort out the consistent and inconsistent patterns between different regions. Even 

though biologically plausible mechanisms have been suggested by the lavoratory studies 

for the effect of NOx, O3, SO2, and PM10 on the airway responsivenss, only the 

consistent effect of NOx seems to operate through direct mechanism at the current level 

in the general community. The effects of other pollutants such as CO or O3 are judged to 

be either spurious or indirect, at best. 

 

In coclusion, this work suggested continuous spectrum of susceptibility to low 

level air pollutants effects on pulmonary function among general population. The 

contribution of ambient pollutants to pulmonary function provides insight into 

preventing poisoning from low-level chronic exposure. Furthermore, our results 

reafiirms that NOX has the strongest association with airway responsiveness across 3 

regions in Korea. 
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국문초록 

연구목적: 대기오염이 일반인구의 폐기능과 기관지민감도에 미치는 향을 

알아보고자 한다. 특히, 폐기능의 노화에 향을 주는 인자를 알아보고자 

한다. 또한, 폐활량과 대기오염과의 관계에 대한 일관된 결과를 도출해내지 

못한 이유인 폐기능 지표의 다양성, 지역간 비교를 할 때 오는 편차를 

보정하여, 폐기능과 기관지민감도에 향을 주는 대기오염 역학연구의 

결과들을 제시하고자 한다.  

 

연구방법: 환경오염과 건강 향을 모니터링 하기 위해 3개의 산업단지 

지역에 거주하는 지역주민들을 대상으로 건강검진을 실시하 다. 이들은 

설문지를 통해 개인의 인구학적 요인들을 응답했고, 소변과 혈액을 통해 

코티닌, 1-OHP, 납 노출 수준을 평가하 다. 또한 폐기능 검사를 비롯하여 

기관지민감도 검사를 시행하 다. 대기오염자료는 환경부에서 관리되고 있는 

상시측정망자료(PM10, CO, NO2, O3, SO2) 중 거주지에서 가장 가까운 측정망 

자료를 1시간 평균자료로 사용하 다. 이렇게 조사된 다양한 
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환경독성물질들을 폐활량에 향을 주는지 알기 위해 one pollutant 

model 을 수행 후, two pollutant model, multi pollutant model 을 사용하여 

통계적 유의성을 보았다. 

 

연구결과: 산업단지 지역의 특성으로, 연소 시 발생하는 납과 같은 

미세입자상 물질들은 폐기능의 노화에 직접적으로 향을 주는 것으로 

나타났다. 특히, 30대 이후 폐의 노화가 시작되면 이러한 향은 일반적인 

폐기능 노화속도라고 할지라도, 납에 노출이 많이 되지 않은 집단에 비해 더 

많이 폐의 노화가 일어나고 있었다. 대기오염물질들은 또한 기관지 민감도에 

향 주는 것으로 나타났는데, 각 지역별 기관지 민감도에 향을 주는 

물질들이 CO, O3, PM10으로 다르게 나타났다. 하지만 이러한 오염물질들은 

패턴분석을 통해 NOx 가 기관지 민감도에 향을 주는 주 오염물질들이고, 

pollutant model 에서 유의하게 기관지 민감도에 향을 주는 물질들은 

NOx 의 surrogate 역할을 하는 것으로 보여졌다. 또한 이러한 

대기오염물질들의 향은 일반인구라고 하더라도, 폐기능이 좋지 않거나, 
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몸무게가 많이 나갈수록 대기오염물질에 더 민감하게 반응하는 것으로 

나타났다. 

 

결론: 대기기준 이하로 대기오염물질이 관리되고 있고, 특정한 질환이 없는 

일반인구라도 하더라도 대기오염에 대한 폐활량에 향을 받고 있었다. 

산업활동 또는 자동차에서 발생되는 연소물질 중 NOx 는 폐활량에 향을 

주는 주요 오염물질인 것으로 판단된다. 특히, 이 오염물질은 직접적으로 

향을 주는 것으로 나타나는 것이 아니라, 다른 오염물질들을 

surrogate 역할을 하게 함으로써 건강에 향을 주고 있어, 향후 

대기오염물질 관리를 함에 있어 주의를 해야 할 것으로 보인다. 

 

 

주요어: 기관지민감도, 대기오염, 지역간 차이점, 지역간 유사점, 폐기능, 혈 

중 납 
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