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Abstract

Few studies have examined the relationship between ambient polycyclic aromatic hydrocarbons 

(PAHs) and pulmonary function in children. Major sources include vehicular emissions, home 

heating, wildland fires, agricultural burning, and power plants. PAHs are an important component 

of fine particulate matter that has been linked to respiratory health. This cross-sectional study 

examines the relationship between estimated individual exposures to the sum of PAHs with 4, 5, 

or 6 rings (PAH456) and pulmonary function tests (forced expiratory volume in one second 

(FEV1) and forced expiratory flow between 25% and 75% of vital capacity) in asthmatic and non-

asthmatic children. We applied land-use regression to estimate individual exposures to ambient 

PAHs for averaging periods ranging from 1 week to 1 year. We used linear regression to estimate 

the relationship between exposure to PAH456 with pre- and postbronchodilator pulmonary 

function tests in children in Fresno, California (N =297). Among non-asthmatics, there was a 

statistically significant association between PAH456 during the previous 3 months, 6 months, and 

1 year and postbronchodilator FEV1. The magnitude of the association increased with the length 

of the averaging period ranging from 60 to 110 ml decrease in FEV1 for each 1 ng/m3 increase in 

PAH456. There were no associations with PAH456 observed among asthmatic children. We 

identified an association between annual PAHs and chronic pulmonary function in children 

without asthma. Additional studies are needed to further explore the association between exposure 

to PAHs and pulmonary function, especially with regard to differential effects between asthmatic 

and non-asthmatic children.
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INTRODUCTION

Numerous epidemiologic studies have reported adverse effects of short- and long-term 

traffic-related air pollution on pulmonary function in children. The majority of previous 

studies has focused on regularly monitored air pollutants (carbon monoxide, nitrogen oxide, 

nitrogen dioxide, sulfur dioxide, ozone, and particulate matter (PM) with aerodynamic 

diameter <10 and <2.5 μm)1–4 and to a lesser extent proximity to traffic.5,6 To our 

knowledge, only one previous study has examined the relationship between exposure to 

polycyclic aromatic hydrocarbons (PAHs) and pulmonary function in children.7

PAHs are a class of chemicals defined by two or more fused aromatic rings that are products 

of incomplete combustion of fossil fuels, wood, coal, and tobacco. Major sources of ambient 

PAHs are vehicular emissions, home heating, wildland fires, agricultural burning, and power 

plants.8 PAHs are important components of PM2.5 and PM10, both of which have been 

linked to respiratory health.9 PAHs have received particular attention because of their 

potential to cause oxidative stress and related cytotoxicity.10

Exposure to PAHs has been linked to several adverse outcomes in children, including 

asthma symptoms,11,12 biomarkers of asthma,13,14 respiratory health,15,16 and cognitive 

development.17,18 PAHs have also been associated with lower pulmonary function and 

wheezing in adults.19 One study of community-level air pollution compared the average 

pulmonary function across two communities with different concentrations of ambient air 

pollutants, including PAHs,7 but no previous study of individual PAH exposure and 

pulmonary function in children has been reported.

Estimates of exposures to ambient air pollutants are typically based on measurements from 

single fixed-site monitors that can capture temporal variability, but not often spatial 

variability.20 For PAHs, this poses two problems. First, ambient concentrations of PAHs are 

not routinely measured at air quality monitoring sites.21 Second, PAHs are highly dependent 

on local sources that have a high degree of spatial variability within an urban 

environment.21–24

Exposure assessment for spatially heterogeneous air pollutants is best performed with a 

model of exposure that accounts for both the temporal and spatial distributions. Land-use 

regression models can estimate pollution exposure by exploiting the relationship between 

the measurement site and local environmental variables, although they are typically cross-

sectional and thought to represent long-term concentration gradients.25 This relationship, 

formalized with regression equations, can incorporate small area variation and be used to 

assign estimated exposures for all participants in a cohort study. When repeated air pollution 

measures are available, mixed-effects regression can be used to model shorter time periods 

by accounting for both short-term temporal variability and spatial variability.22,23
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Fresno is located in California’s San Joaquin Valley and is one of the fastest-growing areas 

of California.26–28 During the years 2005 to 2007, the population of Fresno was exposed to 

an annual average PM2.5 concentration that often exceeded the federal annual standard by 

over 40%.26,29–31 Motor vehicles account for one-third of PAH emissions in the United 

States,32 and motor vehicles and residential wood combustion are the major sources of air 

pollution in Fresno.33–36 The burden of asthma is also very high in Fresno. The 2009 

lifetime prevalence of asthma in children 5 to 17 years in Fresno County was 20% (95% 

confidence interval (CI): 13–27) compared with 16% (95% CI: 15–18) for the state of 

California.37 For these reasons, Fresno was selected for a study of the differential effects of 

air pollution on the respiratory health of asthmatic and non-asthmatic children.

The current study examines the relationship between estimated personal exposures to the 

sum of PAHs with 4, 5, or 6 rings (PAH456) and pre- and postbronchodilator pulmonary 

function tests in asthmatic and non-asthmatic children in Fresno, California.

MATERIALS AND METHODS

Study Population

The subjects in this study are a subset of those enrolled in the Children’s Health and Air 

Pollution Study (CHAPS) that includes 467 children, with and without asthma, living in 

Fresno, California. Approximately half of the children with asthma had been followed for up 

to 8 years as part of the Fresno Asthmatic Children’s Environment Study (FACES). The 

other participating children, asthmatic and non-asthmatic, were recruited from the Fresno 

Unified School District through questionnaires and fliers. All participating children were 

screened at the CHAPS Fresno field office.

The subset (n =309) of screened children with valid spirometry was included in this analysis. 

All participants were children whose residence was within 20 km of the California Air 

Resources Board air quality monitoring site in Fresno (Fresno-First Street). Participants 

answered a detailed respiratory health and general history questionnaire, performed 

spirometry, and underwent skin-prick testing. Children were classified as having active 

asthma when both a history of physician diagnosis of asthma and use of bronchodilator 

medications within the previous 12 months were reported. Non-asthmatic children had no 

history of diagnosis of asthma. The study was conducted under protocols approved by the 

University of California, Berkeley and Stanford University Committees for the Protection of 

Human Subjects. Written informed consent for all procedures was obtained from parents/

legal guardians.

Spirometry

Spirometry was performed between 2007 and 2012 using an EasyOne spirometer (Medical 

Technologies, Chelmsford, MA, USA) that met American Thoracic Society 1994 spirometry 

standards38 and a standard protocol that conformed to American Thoracic Society 

performance guidelines.39 Spirometry was performed both pre- and postbronchodilator 

administration. A pulmonologist (JB) reviewed all forced expiratory curves. Forced 

expiratory volume in one second (FEV1) and forced expiratory flow between 25% and 75% 
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of vital capacity (FEF25–75) were obtained only from curves that met the American Thoracic 

Society acceptability criteria. The prebronchodilator pulmonary function tests were 

considered as a measure of acute effects of short-term exposure to PAHs. We were primarily 

interested here in the postbronchodilator pulmonary function tests as a measure of chronic 

effects of long-term exposure to PAHs.

Exposure Assessment

We applied a mixed-effects regression model to estimate individual-level residential 

exposures to PAH456. This spatiotemporal model used directly measured, daily particle-

bound PAH concentrations from the Fresno-First Street site, also an EPA Supersite at the 

time of sampling, as measured by the PAS2000 (EcoChem Analytics, League City, TX, 

USA) and filter-based integrated 24-h measurements at homes in the FACES substudy (N 

=83) for estimates of temporal and spatial trends. PAH456 24-h mean concentration at 

subject homes was estimated from the particle-bound PAH concentrations measured for the 

relevant time periods in 2006–2012 at the Fresno-First Street site, distance to and intensity 

of source (minor collector roads, highway length within 500 m from the know residence 

locations), meteorological characteristics (wind direction, 24-h wind recirculation, 24-h 

relative humidity), neighborhood characteristics (home heating type by census block group), 

and season. The model estimates the sum of PAHs with 4-, 5-, and 6-rings, including 

fluoranthene, benz[a]anthracene, chrysene, benzo[a]pyrene, benzo[b]fluoranthene, 

benzo[k]fluoranthene, benzo[ghi]perylene, indeno[1,2,3-cd]pyrene, and dibenz 

[a,h]anthracene. These PAHs represent semivolatile PAHs of the original 16 priority PAHs 

that were identified by the US EPA. This model explained 81% of the between-house 

variability and 18% of the within-house variability as measured by mixed-effects model 

variance components. More detail on field collection, measurement results, and modeling 

can be found in Noth et al.23

Estimates for PAH456 were then calculated for each day and averaged over the following 

periods when at least 75% of the days had valid exposure estimates: previous year, 6 

months, 3 months, 1 month, and 1 week. PAH456 exposure was estimated for all of these 

time periods before pulmonary function testing.

Statistical Analyses

Linear regression was used to evaluate the associations between annual mean PAH456 

exposures and maximum pre- and postbronchodilator FEV1 and FEF25–75. The analysis was 

restricted to participants with acceptable spirometry and non-missing covariates.

The results were adjusted for age, race, sex, height, and socioeconomic status (as measured 

by parental-reported income and residing in a rented versus owned home).

Maternal and paternal education was considered as a covariate, but its inclusion did not 

change the estimates. As a sensitivity analysis, season and secondhand smoke were explored 

as potential confounders.

We stratified the analyses by sex to assess whether the relationship between PAH456 

exposure and pulmonary function was different between boys and girls.
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RESULTS

The entire study population consists of 467 children, of which 309 had acceptable 

postbronchodilator FEV1 and/or FEF25–75. We were able to estimate PAH456 exposure for 

297 of those children (96% of those with acceptable postbronchodilator spirometry).

The ages of the children ranged from 9 to 18 years (Table 1). The majority of the population 

is Hispanic and about half of the study population lives in family-owned homes. Asthmatic 

children were more likely to be African American and have slightly more parental 

education, but otherwise there was little difference in demographic characteristics between 

asthmatic and non-asthmatic participants.

The distributions of exposures for each of the averaging times and by asthmatic status are 

presented in Table 2a. The correlation matrix of the exposure periods is in Table 2b.

Tables 3a and b show the distribution of FEV1 and FEF25–75 values stratified by asthmatic 

status. The tables include the raw values by sex and the percent predicted values using 

NHANES reference equations.40 As expected, girls had lower pulmonary function compared 

with boys and, in general, asthmatic children had lower pulmonary function than non-

asthmatic children with one exception among boys for prebronchodilator FEV1. The tables 

are split by prebronchodilator (Table 3a) and postbronchodilator (Table 3b) values.

Tables 4a and b present the main results of the final analysis of the adjusted association of 

PAH456 during each of the averaging periods with maximum pre- and postbronchodilator 

FEV1 and FEF25–75, respectively, stratified by asthma status. For the prebronchodilator 

pulmonary function tests, the estimates were in mixed directions and only one estimate was 

statistically significant. A 1 ng/m3 increase in 1-week PAH456 was associated with a 0.29 l 

increase in FEV1 (95% CI: 0.07, 0.51) among asthmatics (Table 4a). As expected, after 

adjusting for season for this short-term exposure, the result was no longer statistically 

significant (data not shown).

For the postbronchodilator pulmonary function tests that represent a more chronic status of 

lung function, the associations between PAH and pulmonary function were more consistent. 

Among non-asthmatics, there was a statistically significant association between PAH during 

the previous 3 months, 6 months and 1 year and FEV1. The magnitude of the association 

increased with the length of the averaging period.

Among non-asthmatic children, a 1 ng/m3 increase in PAH456 was associated with a 0.11 l 

(110 ml) decrease in FEV1 (95% CI: −0.20, −0.01) (Table 4b).

After adjustment for season, the postbronchodilator estimates were essentially unchanged 

and were borderline significant. The results adjusted for secondhand smoke were not 

considerably different among non-asthmatics. The effect estimates were larger among 

asthmatics compared with the primary analysis, although not statistically significant 

(Appendix Tables A1a and b). When the analysis was stratified by sex, no significant 

differences between boys and girls were found (data not shown). The results stratified by use 

of controller medication is presented in the (Appendix Tables A2a and b) for both pre- and 
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postbronchodilator pulmonary function tests by PAH exposure periods. As with the other 

results, they are largely null, especially among those on controller medications. There are 

subtle, but not convincing signals among those without controller medication use, but in 

opposite directions for FEV1 and FEF25–75.

DISCUSSION

We found a statistically significant association between exposure to PAH456 during the 

previous 3 months, 6 months and 1 year and a decrease in FEV1 among non-asthmatic 

children. Among asthmatic children, there was little evidence for an effect of exposure to 

PAH456 on FEV1. To our knowledge, this is the first study of the effect of individual-level 

PAH exposures on lung function in children.

Relatively few studies have evaluated the effects of short- or long-term exposure to PAHs 

on respiratory health, despite the potential biological impacts of this class of organic 

compounds.41 In a study of longer-term exposure to air pollutants in Southern California, 

variants of the PAH-metabolizing enzyme, microsomal epoxide hydrolase, were associated 

with an increased risk of asthma and, in addition, the risk increased with proximity of 

residences to freeways.42 Children living in a town in the Czech Republic with two- to 

threefold higher air pollution levels (including PAHs) had lower pulmonary function tests 

compared with children living in a town with lower air pollution.7

An additional study found prenatal exposure to PAHs, as measured by personal monitors 

during the third trimester of pregnancy, was not associated with respiratory symptoms of 

children at age 12 and 24 months; however, an interaction of PAH exposure with 

secondhand tobacco smoke to increase risk of respiratory symptoms was found.11

We showed in a previous analysis of the FACES that short-term increases in PAH456 were 

associated with risk of wheeze. Odds ratios ranged from 1.01 (95% CI, 1.00–1.02) to 1.10 

(95% CI, 1.04–1.17) for multiple lags and moving averages out to 9 days.12 In a second 

study that included a subset of 71 FACES participants, we demonstrated an association 

between PAH exposure and suppression of regulatory T-cell function through methylation 

of the FoxP3 gene that regulates the function of these cells.14 The suppression of regulatory 

T cells also was significantly associated with enhancement of the Th-2 phenotype, asthma 

symptoms, and lower FEV1 in the 71 FACES children. The finding that PAH exposure was 

associated with methylation of FoxP3 is consistent with the observation that exposure to 

traffic-related air pollution can lead to DNA methylation.43 The association of PAH with 

FoxP3 methylation is also consistent with the known effect of a common PAH, 

phenanthrene, to enhance IgE synthesis.44 In another more recent analysis of 256 CHAPS 

subjects, results demonstrated that increased ambient PAH exposure was associated with 

impaired systemic immunity and epigenetic modifications in two key genes involved in 

atopy: FoxP3 and IFNγ, with a higher impact on atopic children.45 These FACES and 

CHAPS data, taken together with the other studies described above, provide evidence that 

PAH exposure may contribute to asthma morbidity.
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Somewhat surprisingly, we found a statistically significant effect of PAH exposure on lung 

function in non-asthmatic children, but not in asthmatic children in the current study. One 

possible explanation for these results is that lung function is more variable with asthma such 

that a relatively small effect of PAH exposure could not be detected against the background 

variability. Thus, we might not have had the statistical power to detect a difference in 

pulmonary function among asthmatic participants. Another potential explanation may lie in 

the results of controlled exposure studies of diesel exhaust (containing multiple PAHs), 

which show that subjects with asthma have less acute inflammatory responses than those 

without asthma.46 The results stratified by controller medication use among asthmatics did 

not provide any clear explanation to our results; however, there was little power to detect 

such a difference.

The role of season in the study of air pollution and pulmonary function is complex. The 

adjustment for season is more reasonably justified for the shorter averaging periods, but less 

so for the longer ones, particularly the 1-year averages, during which all the seasons are 

represented. In our study, adjustment for season did not substantially change the effect 

estimates.

Our study has several strengths. It is the first study of pulmonary function in children to 

employ individual daily estimates of PAH exposure. The exposure assessment is based on a 

well-developed regression model of PAH exposure that captures spatial variability in a 

region of the United States with high concentrations of PAHs. An additional strength is the 

phenotypically well-characterized study population with individual covariate data and 

careful quality control of spirometry.

Several limitations need to be considered, however, in the interpretation of these data. 

Because the spirometric data were cross-sectional, we were not able to assess change in 

pulmonary function over time and, therefore, could not examine the association between 

PAHs and growth of lung function.

We did not estimate individual-level exposures for other pollutants, so we did not evaluate 

other components of PM, secondhand smoke, or gaseous pollutants that are correlated with 

PAHs. (Although we explored family and home smoking, they were not associated with 

pulmonary function.) Thus, we cannot estimate the degree to which the associations we 

report here are independent of other pollutants. On the basis of the correlation structure of 

the other pollutants collected at the central site, the PAHs in this analysis are correlated with 

PM2.5, carbon monoxide, nitrogen dioxide, and elemental carbon. These strong correlations 

suggest that the PAHs we measured in Fresno are likely from traffic emissions primarily.

The spatiotemporal regression model accounts for some of the spatial variability in the data, 

but the health effects associated with model estimates of PAH exposure are likely attenuated 

and biased toward the null. The PAH exposure estimates contain both classical and 

Berkson’s errors. However, we did not incorporate errors attached to the spatiotemporal 

model.23

In conclusion, this study identifies an association between PAH456 and pulmonary function 

in children without asthma. Additional studies are needed to further explore the association 
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between exposure to PAHs and pulmonary function, especially differential effects between 

asthmatic and non-asthmatic children. Future studies would benefit from improved 

individual-level assessment of PAH exposures and longitudinal pulmonary function follow-

up.

Acknowledgments

We thank colleagues at Sonoma Technology for the exposure assessment. This work was supported by NIH 
(K99ES021470, P01ES022849, P20 ES018173, R01 HL081521, R01ES020926), the McCormick Fund at Stanford, 
the American Academy of Allergy, Asthma, and Immunology Junior Faculty Fund, the Westly Foundation, the 
Global Health Research Foundation, CDC cooperative agreement 5U19EH000097-04, the California Air Resources 
Board (contract nos. 99-322, 99-323, and 01-346), the US EPA (PO no. 2A-0540-NASX), the Austin Memorial 
Fund, and the Mickey Leland National Urban Air Toxics Research Center (RFA 2005-01). This publication was 
made possible by US EPA STAR Grants RD83459601 and RD83543501.

ABBREVIATIONS

ATS American Thoracic Society

CHAPS Children’s Health and Air Pollution Study

CI confidence interval

FACES Fresno Asthmatic Children’s Environment Study

FEF25–75 forced expiratory flow between 25% and 75% of vital capacity

FEV1 forced expiratory volume in one second

PAH456 PAHs with 4, 5, or 6 rings

PAHs polycyclic aromatic hydrocarbons

PM particulate matter

References

1. Gauderman WJ, Avol E, Gilliland F, Vora H, Thomas D, Berhane K, et al. The effect of air 
pollution on lung development from 10 to 18 years of age. N Engl J Med. 2004; 351(11):1057–
1067. [PubMed: 15356303] 

2. Rojas-Martinez R, Perez-Padilla R, Olaiz-Fernandez G, Mendoza-Alvarado L, Moreno-Macias H, 
Fortoul T, et al. Lung function growth in children with long-term exposure to air pollutants in 
Mexico City. Am J Respir Crit Care Med. 2007; 176(4):377–384. [PubMed: 17446338] 

3. Schultz ES, Gruzieva O, Bellander T, Bottai M, Hallberg J, Kull I, et al. Traffic-related air pollution 
and lung function in children at 8 years of age: a birth cohort study. Am J Respir Crit Care Med. 
2012; 186(12):1286–1291. [PubMed: 23103735] 

4. Gruzieva O, Bergstrom A, Hulchiy O, Kull I, Lind T, Melen E, et al. Exposure to air pollution from 
traffic and childhood asthma until 12 years of age. Epidemiology. 2013; 24(1):54–61. [PubMed: 
23222555] 

5. Gauderman WJ, Vora H, McConnell R, Berhane K, Gilliland F, Thomas D, et al. Effect of exposure 
to traffic on lung development from 10 to 18 years of age: a cohort study. Lancet. 2007; 369(9561):
571–577. [PubMed: 17307103] 

6. Kim JJ, Huen K, Adams S, Smorodinsky S, Hoats A, Malig B, et al. Residential traffic and 
children’s respiratory health. Environ Health Perspect. 2008; 116(9):1274–1279. [PubMed: 
18795175] 

Padula et al. Page 8

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2015 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7. Sram RJ, Benes I, Binkova B, Dejmek J, Horstman D, Kotesovec F, et al. Teplice program – the 
impact of air pollution on human health. Environ Health Perspect. 1996; 104(Suppl 4):699–714. 
[PubMed: 8879999] 

8. Holgate, ST. Air Pollution and Health. Academic Press; San Diego, CA, USA: 1999. 

9. Pope CA 3rd. Respiratory disease associated with community air pollution and a steel mill, Utah 
Valley. Am J Public Health. 1989; 79(5):623–628. [PubMed: 2495741] 

10. Jeng HA, Pan CH, Diawara N, Chang-Chien GP, Lin WY, Huang CT, et al. Polycyclic aromatic 
hydrocarbon-induced oxidative stress and lipid peroxidation in relation to immunological 
alteration. Occup Environ Med. 2011; 68(9):653–658. [PubMed: 21126960] 

11. Miller RL, Garfinkel R, Horton M, Camann D, Perera FP, Whyatt RM, et al. Polycyclic aromatic 
hydrocarbons, environmental tobacco smoke, and respiratory symptoms in an inner-city birth 
cohort. Chest. 2004; 126(4):1071–1078. [PubMed: 15486366] 

12. Gale SL, Noth EM, Mann J, Balmes J, Hammond SK, Tager IB. Polycyclic aromatic hydrocarbon 
exposure and wheeze in a cohort of children with asthma in Fresno, CA. J Expo Sci Environ 
Epidemiol. 2012; 22(4):386–392. [PubMed: 22549720] 

13. Liu J, Zhang L, Winterroth LC, Garcia M, Weiman S, Wong JW, et al. Epigenetically mediated 
pathogenic effects of phenanthrene on regulatory T cells. J Toxicol. 2013; 2013:967029. [PubMed: 
23533402] 

14. Nadeau K, McDonald-Hyman C, Noth EM, Pratt B, Hammond SK, Balmes J, et al. Ambient air 
pollution impairs regulatory T-cell function in asthma. J Allergy Clin Immunol. 2010; 126(4):845–
52. e10. [PubMed: 20920773] 

15. Jedrychowski W, Galas A, Pac A, Flak E, Camman D, Rauh V, et al. Prenatal ambient air exposure 
to polycyclic aromatic hydrocarbons and the occurrence of respiratory symptoms over the first 
year of life. Eur J Epidemiol. 2005; 20(9):775–782. [PubMed: 16170661] 

16. Hertz-Picciotto I, Baker RJ, Yap PS, Dostal M, Joad JP, Lipsett M, et al. Early childhood lower 
respiratory illness and air pollution. Environ Health Perspect. 2007; 115(10):1510–1518. 
[PubMed: 17938744] 

17. Perera FP, Rauh V, Whyatt RM, Tsai WY, Tang D, Diaz D, et al. Effect of prenatal exposure to 
airborne polycyclic aromatic hydrocarbons on neurodevelopment in the first 3 years of life among 
inner-city children. Environ Health Perspect. 2006; 114(8):1287–1292. [PubMed: 16882541] 

18. Perera FP, Li Z, Whyatt R, Hoepner L, Wang S, Camann D, et al. Prenatal airborne polycyclic 
aromatic hydrocarbon exposure and child IQ at age 5 years. Pediatrics. 2009; 124(2):e195–e202. 
[PubMed: 19620194] 

19. Jedrychowski W, Perera FP, Whyatt R, Mroz E, Flak E, Jacek R, et al. Wheezing and lung function 
measured in subjects exposed to various levels of fine particulates and polycyclic aromatic 
hydrocarbons. Central Eur J Med. 2007; 2(1):66–78.

20. Wilson JG, Kingham S, Sturman AP. Intraurban variations of PM10 air pollution in Christchurch, 
New Zealand: implications for epidemiological studies. Sci Total Environ. 2006; 367(2–3):559–
572. [PubMed: 16243380] 

21. Kelly FJ, Fussell JC. Air pollution and airway disease. Clin Exp Allergy. 2011; 41(8):1059–1071. 
[PubMed: 21623970] 

22. Levy JI, Houseman EA, Spengler JD, Loh P, Ryan L. Fine particulate matter and polycyclic 
aromatic hydrocarbon concentration patterns in Roxbury, Massachusetts: a community-based GIS 
analysis. Environ Health Perspect. 2001; 109(4):341–347. [PubMed: 11335181] 

23. Noth EM, Hammond K, Biging GS, Tager IB. A spatial–temporal regression model to predict daily 
outdoor residential PAH concentrations in an epidemiologic study in Fresno, CA. Atmos Environ. 
2011; 45:2394–2403.

24. Noth EM, Hammond SK, Biging GS, Tager IB. Mapping and modeling airborne urban 
phenanthrene distribution using vegetation biomonitoring. Atmos Environ. 2013; 77:518–524.

25. Briggs DJ, de Hoogh C, Gulliver J, Wills J, Elliott P, Kingham S, et al. A regression-based method 
for mapping traffic-related air pollution: application and testing in four contrasting urban 
environments. Sci Total Environ. 2000; 253(1–3):151–167. [PubMed: 10843339] 

Padula et al. Page 9

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2015 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



26. Balmes JR, Earnest G, Katz PP, Yelin EH, Eisner MD, Chen H, et al. Exposure to traffic: lung 
function and health status in adults with asthma. J Allergy Clin Immunol. 2009; 123(3):626–631. 
[PubMed: 19152968] 

27. Tager, I. Final Report on FACES. University of California; Berkeley, CA, USA: 2006. 

28. Umbach, KW. San Joaquin Valley: Land, People, and Economy. California Research Bureau; 
Sacramento, CA, USA: 2005. Contract No.: No. CRB 05-007

29. Kohlmeier JE, Woodland DL. Memory T cell recruitment to the lung airways. Curr Opin Immunol. 
2006; 18(3):357–362. [PubMed: 16616475] 

30. Margolis HG, Mann JK, Lurmann FW, Mortimer KM, Balmes JR, Hammond SK, et al. Altered 
pulmonary function in children with asthma associated with highway traffic near residence. Int J 
Environ Health Res. 2009; 19(2):139–155. [PubMed: 19370464] 

31. District SJVAPUC. 2012 PM2.5 Plan. San Joaquin Valley Air Pollution Unified Control District; 
Fresno, CA: Dec 20. 2012 

32. Marr LC, Kirchstetter TW, Harley RA, Miguel AH, Hering SV, Hammond SK. Characterization of 
polycyclic aromatic hydrocarbons in motor vehicle fuels and exhaust emissions. Environ Sci 
Technol. 1999; 33(18):3091–3099.

33. Gorin CA, Collett JL Jr, Herckes P. Wood smoke contribution to winter aerosol in Fresno, CA. J 
Air Waste Manage Assoc. 2006; 56(11):1584–1590.

34. Chen LW, Watson JG, Chow JC, Magliano KL. Quantifying PM2. 5 source contributions for the 
San Joaquin Valley with multivariate receptor models. Environ Sci Technol. 2007; 41(8):2818–
2826. [PubMed: 17533844] 

35. Chow JC, Watson JG, Lowenthal DH, Chen LWA, Zielinska B, Mazzoleni LR, et al. Evaluation of 
organic markers for chemical mass balance source apportionment at the Fresno Supersite. Atmos 
Chem Phys. 2007; 7(7):1741–1754.

36. Schauer JJ, Cass GR. Source apportionment of wintertime gas-phase and particle-phase air 
pollutants using organic compounds as tracers. Environ Sci Technol. 2000; 34:1821–1832.

37. Survey CHI. [accessed 1 July 2013] Fresno County Asthma Profile: California Breathing. 
Available at http://www.californiabreathing.org/asthma-data/county-asthma-profiles/fresno-
county-asthma-profilelast

38. American Thoracic Society. Standardization of Spirometry, 1994 Update. Am J Respir Crit Care 
Med. 1995; 152(3):1107–1136. [PubMed: 7663792] 

39. Mortimer KM, Fallot A, Balmes JR, Tager IB. Evaluating the use of a portable spirometer a study 
of pediatric asthma. Chest. 2003; 123:1899–1907. [PubMed: 12796166] 

40. Hankinson JL, Odencrantz JR, Fedan KB. Spirometric reference values from a sample of the 
general U.S. population. Am J Respir Crit Care Med. 1999; 159(1):179–187. [PubMed: 9872837] 

41. Li N, Sioutas C, Cho A, Schmitz D, Misra C, Sempf J, et al. Ultrafine particulate pollutants induce 
oxidative stress and mitochondrial damage. Environ Health Perspect. 2003; 111(4):455–460. 
[PubMed: 12676598] 

42. Salam MT, Lin PC, Avol EL, Gauderman WJ, Gilliland FD. Microsomal epoxide hydrolase, 
glutathione S-transferase P1, traffic and childhood asthma. Thorax. 2007; 62(12):1050–1057. 
[PubMed: 17711870] 

43. Baccarelli A, Wright RO, Bollati V, Tarantini L, Litonjua AA, Suh HH, et al. Rapid DNA 
methylation changes after exposure to traffic particles. Am J Respir Crit Care Med. 2009; 179(7):
572–578. [PubMed: 19136372] 

44. Tsien A, Diaz-Sanchez D, Ma J, Saxon A. The organic component of diesel exhaust particles and 
phenanthrene, a major polyaromatic hydrocarbon constituent, enhances IgE production by IgE-
secreting EBV-transformed human B cells in vitro. Toxicol Appl Pharmacol. 1997; 142(2):256–
263. [PubMed: 9070347] 

45. Hew K, Walker A, Kohli A, Syed A, McDonald-Hyman C, Li ZJ, et al. Childhood exposure to 
polycyclic aromatic hydrocarbons is associated with impaired systemic immunity and epigenetic 
modifications in T cell subsets. Clin Exp Allergy. (in press). 

46. Balmes JR. How does diesel exhaust impact asthma? Thorax. 2011; 66(1):4–6. [PubMed: 
21149527] 

Padula et al. Page 10

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2015 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.californiabreathing.org/asthma-data/county-asthma-profiles/fresno-county-asthma-profilelast
http://www.californiabreathing.org/asthma-data/county-asthma-profiles/fresno-county-asthma-profilelast


APPENDIX

Table A1a

Adjusteda association of PAH and maximum, pre- BD PFTs, stratified asthma status 

(estimate/95% CI) for CHAPS study population.

Pre-BD PFT PAH exposure period Asthmatics 95% CI Non-asthmatics 95% CI

N Estimateb N Estimateb

FEV1 1 Week 94 0.30 0.09, 0.52 91 0.05 −0.01, 0.11

1 Month 103 0.27 0.02, 0.53 91 0.03 −0.04, 0.09

3 Months 105 0.15 −0.27, 0.57 99 −0.01 −0.08, 0.06

6 Months 108 0.10 −0.32, 0.51 102 −0.08 −0.18, 0.03

1 Year 110 −0.02 −0.35, 0.66 102 −0.08 −0.20, 0.04

FEF25–75 1 Week 89 −0.02 −0.12, 0.08 79 0.10 −0.02, 0.22

1 Month 98 −0.04 −0.17, 0.08 79 0.06 −0.08, 0.19

3 Months 100 0.05 −0.13, 0.24 87 −0.10 −0.27, 0.06

6 Months 101 −0.03 −0.23, 0.17 89 −0.16 −0.37, 0.05

1 Year 102 0.01 −0.23, 0.26 89 −0.16 −0.40, 0.09

Abbreviations: BD, bronchodilator; CI, confidence interval; CHAPS, Children’s Health and Air Pollution Study; FEV1, 

forced expiratory volume in one second; FEF25–75, forced expiratory flow between 25% and 75% of vital capacity; PAH, 
polycyclic aromatic hydrocarbon; PFT, pulmonary function tests; stratified asthma status.
a
Adjusted for age, sex, race/ethnicity, height, and socioeconomic status (as measured by parental-reported family income <

$15,000 year−1 and residing in a rented versus owned home) and secondhand smoke exposure.
b
Results are presented in l (FEV1) and l/s (FEF25–75) for a 1 ng/m3 change in PAH.

Bold values are statistically significant (P<0.05).

Table A1b

Adjusteda association of PAH and maximum, post-BD PFTs, stratified asthma status 

(coefficient/95% CI) for CHAPS study population.

Post-BD PFT PAH exposure period Asthmatics 95% CI Non-asthmatics 95% CI

N Estimateb N Estimateb

FEV1 1 Week 111 −0.02 −0.06, 0.03 147 −0.004 −0.05, 0.04

1 Month 122 −0.02 −0.07, 0.04 149 −0.01 −0.06, 0.03

3 Months 125 0.02 −0.07, 0.10 158 −0.04 −0.10, 0.02

6 Months 128 −0.01 −0.10, 0.08 161 −0.10 −0.18, −0.02

1 Year 130 −0.001 −0.11, 0.11 161 −0.11 −0.20, −0.01

FEF25–75 1 Week 101 −0.03 −0.12, 0.06 127 0.003 −0.09, 0.10

1 Month 110 −0.04 −0.15, 0.07 129 −0.03 −0.12, 0.07

3 Months 112 −0.01 −0.17, 0.18 138 −0.08 −0.23, 0.07

6 Months 114 −0.03 −0.23, 0.17 140 −0.16 −0.33, 0.01

1 Year 116 −0.03 −0.27, 0.21 140 −0.17 −0.36, 0.03

Abbreviations: BD, bronchodilator; CI, confidence interval; CHAPS, Children’s Health and Air Pollution Study; FEV1, 

forced expiratory volume in one second; FEF25–75, forced expiratory flow between 25% and 75% of vital capacity; PAH, 
polycyclic aromatic hydrocarbon; PFT, pulmonary function tests; stratified asthma status.
a
Adjusted for age, sex, race/ethnicity, height, and socioeconomic status (as measured by parental-reported family income <

$15,000 year−1 and residing in a rented versus owned home) and second hand smoke exposure.
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b
Results are presented in l (FEV1) and l/s (FEF25–75) for a 1 ng/m3 change in PAH.

Bold values are statistically significant (P<0.05).

Table A2a

Adjusteda association of PAH and maximum, pre-BD, PFTs, stratified controller medication 

use among asthmatics (estimate/95% CI) for CHAPS study population.

Pre-BD PFT PAH exposure period
Controller medication use

95% CI No controller 
medication use

95% CI

N Estimateb N Estimateb

FEV1 1 Week 41 −0.01 −0.09, 0.06 52 0.49 0.09, 0.89

1 Month 45 −0.01 −0.09, 0.07 57 0.40 −0.10, 0.90

3 Months 39 0.03 −0.08, 0.14 42 0.13 −0.92, 1.18

6 Months 49 0.02 −0.11, 0.14 58 0.06 −0.76, 0.87

1 Year 49 −0.04 −0.21, 0.13 60 0.16 −0.76, 1.08

FEF25–75 1 Week 39 0.02 −0.14, 0.19 49 −0.09 −0.23, 0.05

1 Month 43 0.03 −0.15, 0.21 54 −0.18 −0.35, −0.001

3 Months 37 0.01 −0.13, 0.36 41 −0.06 −0.38, 0.27

6 Months 45 0.12 −0.17, 0.42 55 −0.23 −0.52, 0.05

1 Year 45 0.05 −0.37, 0.46 56 −0.11 −0.45, 0.23

Abbreviations: BD, bronchodilator; CI, confidence interval; CHAPS, Children’s Health and Air Pollution Study; FEV1, 

forced expiratory volume in one second; FEF25–75, forced expiratory flow between 25% and 75% of vital capacity; PAH, 
polycyclic aromatic hydrocarbon; PFT, pulmonary function tests; stratified asthma status.
a
Adjusted for age, sex, race/ethnicity, height, and socioeconomic status (as measured by parental-reported family income <

$15,000 year−1 and residing in a rented versus owned home).
b
Results are presented in l (FEV1) and l/s (FEF25–75) for a 1 ng/m3 change in PAH.

Bold values are statistically significant (P<0.05).

Table A2b

Adjusteda association of PAH and maximum, post-BD PFTs, stratified controller medication 

use among asthmatics (coefficient/95% CI) for CHAPS study population

Post-BD PFT PAH exposure period
Controller medication use

95% CI No controller 
medication use

95% CI

N Estimateb N Estimateb

FEV1 1 Week 49 −0.01 −0.08, 0.05 61 −0.02 −0.08, 0.04

1 Month 54 −0.03 −0.11, 0.05 67 −0.02 −0.10, 0.07

3 Months 43 0.003 −0.10, 0.11 48 0.04 −0.10, 0.18

6 Months 58 0.03 −0.11, 0.16 69 −0.07 −0.20, 0.06

1 Year 58 0.05 −0.13, 0.23 71 −0.07 −0.22, 0.08

FEF25–75 1 Week 46 −0.06 −0.19, 0.07 54 0.003 −0.12, 0.12

1 Month 51 −0.11 −0.26, 0.04 58 −0.02 −0.18, 0.13

3 Months 40 0.03 −0.21, 0.27 42 0.01 −0.29, 0.30

6 Months 54 0.09 −0.19, 0.37 59 −0.22 −0.48, 0.05

1 Year 54 0.14 −0.23, 0.51 61 −0.21 −0.53, 0.12

Abbreviations: BD, bronchodilator; CI, confidence interval; CHAPS, Children’s Health and Air Pollution Study; FEV1, 

forced expiratory volume in one second; FEF25–75, forced expiratory flow between 25% and 75% of vital capacity; PAH, 
polycyclic aromatic hydrocarbon; PFT, pulmonary function tests; stratified asthma status.
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a
Adjusted for age, sex, race/ethnicity, height, and socioeconomic status (as measured by parental-reported family income <

$15,000 year−1 and residing in a rented versus owned home).
b
Results are presented in l (FEV1) and l/s (FEF25–75) for a 1 ng/m3 change in PAH.

Bold values are statistically significant (P<0.05).
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