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Abstract

Polycyclic aromatic hydrocarbons (PAHs), the by-products of incomplete combustion of organic 

materials, are commonly found on particulate matter (PM) and have been associated with the 

development of asthma and asthma exacerbation in urban populations. We examined time spent in 

the home and outdoors as predictors of exposures to airborne PAHs and measured urinary 1-

hydroxypyrene-glucuronide (1-OHPG) as internal dose of PAHs in 118 children aged 5–12 years 

from Baltimore, MD. During weeklong periods (Saturday–Saturday) in each of four seasons: daily 

activities were assessed using questionnaires, indoor air nicotine and PM concentrations were 

monitored, and urine specimens were collected on Tuesday (day 3) and Saturday (day 7) for 

measurement of 1-OHPG. Time spent in non-smoking homes was associated with significantly 

decreased 1-OHPG concentration in urine (β = −0.045, 95% CI (−0.076, −0.013)), and 

secondhand smoke (SHS) exposures modified these associations, with higher urinary 1-OHPG 

concentrations in children spending time in smoking homes than non-smoking homes (P-value for 

interaction = 0.012). Time spent outdoors was associated with increased urinary 1-OHPG 

concentrations (β=0.097, 95% CI (0.037, 0.157)) in boys only. Our results suggest that SHS and 

ambient (outdoor) air pollution contribute to internal dose of PAHs in inner city children.
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are formed from the incomplete combustion or 

pyrolysis of organic materials (e.g., coal, wood, fuel, and oil) and are commonly found on 

PM2.5 (particulates with aerodynamic diameter ≤2.5 µm).1,2 Ambient (outdoor) airborne 

PAH sources include motor vehicle emissions (combustion products from diesel and 

conventional gasoline engines), burning fossil fuels (e.g., coal and oil), and industrial 

activities, whereas smoking tobacco, cooking with gas stoves, home heating, and burning 

incense are common indoor air PAH sources.3–5 The mutagenic and carcinogenic properties 

of PAHs are well known, as PAHs and PAH mixtures have been classified as human 

carcinogens (Group 1) (e.g., benzo[a]pyrene and coal tar pitch), probable carcinogens 

(Group 2A), and possible carcinogens (Group 2B) by the International Agency for Research 

on Cancer (IARC).2 PAHs have also been associated with the development of asthma and 

asthma exacerbation,6,7 low birth weight,8 and neurodevelopmental deficiencies9 in inner 

city children. PAHs are important organic constituents of PM2.5 because of irritant, oxidative 

potential, and carcinogenic properties.10 Exposure to PAHs from indoor air are of particular 

concern, as people spend over 80% of their day indoors,11 and the potency per unit mass and 

concentrations of indoor particulates may be greater than ambient (outdoor) particulates in 

some cases.12,13

Several studies have assessed PAH exposures by measuring PAH concentrations from PM 

samples gathered using personal, in-home stationary, or fixed-site outdoor air 

monitors.1,14–17 Biomarkers of low-level environmental exposures and internal dose of 

PAHs, such as urinary 1-hydroxypyrene-glucuronide (1-OHPG), have also been measured in 

epidemiological studies.18–22 Both 1-hydroxypyrene (1-OHP) and 1-OHPG are commonly 

used urinary biomarkers of PAH exposure, but 1-OHPG is more easily detected, as the 

addition of glucuronide confers 3–5 times more fluorescence per molecule than 1-OHP 

alone.23–25 Previous studies have demonstrated increased urinary 1-OHPG concentrations 

with recent exposures through inhalation, ingestion, and dermal absorption of PAHs from 

environmental, occupational, dietary, or medicinal sources.20,21,26–31 Predictors of 1-

OHP(G) concentrations include gender,27,32–34 dietary exposures,25,27,35,36 secondhand 

smoke (SHS) exposure,27,37–40 high traffic volume,41–43 and living in large cities/urban 

environments.22,44

Exposures to air pollutants in urban environments are especially important, as inner city 

residents experience high exposures to PAHs, PM, SHS, and other air pollutants and may be 

more susceptible to developing or exacerbating environmentally related pulmonary 

diseases.45–50 Combustion particulates (e.g., PM2.5) are of concern because they are readily 

deposited in the small airways and interact with the lung interstitium.17 PAHs on the surface 

of combustion particulates have been associated with redox activities and oxidative stress 

responses10 and asthma exacerbation7 in inner city children. Several studies conducted by 
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the Johns Hopkins Center for Childhood Asthma in the Urban Environment (CCAUE) have 

reported high levels of PM, SHS, and nitrogen dioxide (NO2) in the homes of asthmatic 

children in Baltimore City.46–48,50–52 To our knowledge, there has not been a comprehensive 

longitudinal panel study examining exposures to airborne PAHs and internal dose of PAHs, 

seasonally, among inner city children. As part of our ongoing longitudinal study of inner city 

children with asthma, we examined the relationship between predictors of PAH exposure 

and internal dose (measured by urinary 1-OHPG) and evaluated possible effect modifiers of 

these associations in a cohort of 118 children in Baltimore City.

MATERIALS AND METHODS

The DISCOVER study, a component of the CCAUE research program, is a panel study 

examining relationships between environmental pollutants and asthma morbidity in children 

in Baltimore City. A total of 180 children (100 atopic asthmatic, 50 non-atopic asthmatic, 

and 30 non-asthmatic children) from 9 contiguous zip codes in Baltimore, MD, were 

recruited into the study from 2009 to 2013.53 The study was approved by the Johns Hopkins 

Institute Review Board. Written informed consent was obtained from parents or legal 

guardians for all measurements. Inclusion criteria for our study included age 5–12 years and 

residence in Baltimore City. Children with asthma had a physician diagnosis of asthma and 

symptoms of asthma and/or reliever medication use in past 6 months. Children were 

excluded from the study if they had a current diagnosis of another major pulmonary disease, 

if they were planning to relocate residence during the study period, were currently taking 

antioxidant supplements, or were unable to carry a small backpack for personal monitoring. 

The children’s homes were monitored for 8 days (Saturday–Saturday; labeled as days 0–7) 

at baseline, and at 3, 6, and 9 months (Figure 1). Most of the children had four seasonal 

visits, and the number of visits per participant in the cohort ranged from one to five visits. 

During each weeklong period, indoor air nicotine and PM concentrations were measured, 

and daily activity questionnaires were administered. The daily activity diaries assessed 

smoking in the home and where the child spent his/her time (hours spent inside the home, 

outdoors, and indoors in other buildings and vehicles). Each participant was followed every 

3 months for 9 months. During each environmental monitoring period (each child had up to 

5), urine samples were collected in the afternoon to early evening (1500–1900 h) on day 3 

(Tuesday), and in the morning (0830–1200 h) on day 7 (Saturday). Our study was comprised 

of children who had at least one available urine specimen (n = 118).

Urinary 1-OHPG

Spot urine samples were analyzed for urinary 1-OHPG concentrations using immunoaffinity 

chromatography (IAC) and synchronous fluorescence spectroscopy (SFS), as previously 

described by Strickland et al.19 The limit of detection was 0.05 pmol/ml, a level of 

sensitivity sufficient to detect urinary 1-OHPG in 89% of samples. The coefficient of 

variation of the assay is typically 6–10% (interbatch) in our laboratory.

Urinary Creatinine

Creatinine concentrations in spot urine samples were determined using a modified version of 

the Jaffe method using a creatinine assay kit (Cayman Chemical Company, Ann Arbor, MI, 
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USA). Absorbance was read at 450– 500 nm using a Biotek ELx800 absorbance microplate 

reader. Creatinine concentrations were determined using a creatinine standard curve that was 

estimated in each batch from analysis of standard creatinine.

Particulate Matter

Airborne particulate matter monitoring was conducted in the child’s bedroom using 

integrated sampling methods for a 5–7-day period. Air samples for both particulate matter ≤ 

10 µm (PM10) and ≤ 2.5 µm (PM2.5) were collected on Teflon filters (Pall Gelman, Ann 

Arbor, MI, USA) using SKC personal environmental monitors (SKC, Eighty Four, PA, 

USA) and BGI 400S pumps (BGI, Waltham, MA, USA).51 Coarse PM (PM2.5–10) was 

calculated by subtracting PM2.5 from PM10.

Air Nicotine

Passive sampling badges were placed in the child’s bedroom and the TV/family room at 3–5 

feet off the floor. The passive air samplers consist of a sodium-bisulfate-treated filter 

contained in a 37 mm polystyrene cassette covered with a polycarbonate filter diffusion 

screen. Nicotine content was analyzed using gas chromatography with a nitrogen-phosphate 

detector.51 The limit of detection for the passive air nicotine badges was 0.003 µg/m3.

Statistical Analysis

Summary statistics are reported for urinary 1-OHPG, and indoor PM2.5, PM2.5–10, PM10, 

and air nicotine concentrations. 1-OHPG, PM2.5, PM2.5–10, PM10, and air nicotine 

concentrations were log-transformed to adjust for positively skewed distributions. Urinary 1-

OHPG concentrations on day 3 (Tuesday; n = 255) and day 7 (Saturday; n = 339), and 

averages for the 2 days were analyzed separately. Urine collected in the afternoon or early 

evening of day 3 (Tuesday) was compared with pooled estimates of indoor and outdoor PAH 

exposures on days 0–2 (Saturday–Monday), representing exposures from 24 to 96 h before 

urine collection (24–48 h for day 2, Monday; 48–72 h for day 1, Sunday; and 72–96 h for 

day 0, Saturday). Urine collected in the morning to early afternoon on day 7 (Saturday) was 

compared with pooled estimates of exposures on days 4–6 (Wednesday–Friday), 

representing exposures from 18 to 90 h before urine collection.

Urinary 1-OHPG concentrations were adjusted for urinary creatinine by including creatinine 

concentrations in the model as an independent variable.54 Multivariate linear regressions 

with generalized estimating equations (GEEs) were used to assess associations between 

potential predictors and individual 1-OHPG concentrations, while adjusting for repeated 

measurements (i.e., visits) and possible confounders. Of the 118 children in the cohort, 16 

were controls (i.e., did not have asthma). There were no significant differences between 

children with and without asthma in age, race, time spent indoors and outdoors, urinary 1-

OHPG, and the presence of adults smoking in the home (data not shown). We therefore used 

the complete cohort (i.e., both children with and without asthma) in our analyses (n = 118). 

The explanatory variables age, gender, BMI percentile, atopic status, season, household 

income, caregivers educational attainment, health insurance type, distance to the street curb, 

and type of home heating were considered possible confounders if the coefficient changed 

by >10% after inclusion of the exposure variable in the model or if the variable was 
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significantly associated with the exposure or outcome. Based on these criteria, our final 

models for multivariate linear regression with GEE were adjusted for age, gender, season, 

atopic status, and caregiver educational attainment. Race was not included in models 

because 95% of the participants were African Americans. Sources of indoor air PAH 

exposures such as self-reported stove use, burning food, burning candles or incense, and 

time with windows open were also analyzed. Effect modification was assessed using 

pairwise interaction terms for independent variables. Comparisons of two groups of 

exposure variables were performed using Wilcoxon sign-rank test. Spearman’s rho was used 

to examine correlations between internal dose biomarkers and indoor air concentrations. 

Two-sided tests were considered statistically significant at α < 0.05.

Age, 1-OHPG, creatinine, air nicotine, PM2.5, PM2.5–10, and PM10, self-reported exposure 

variables (e.g., average time in the home and average time outdoors) were analyzed as 

continuous variables; gender and health insurance were binary variables; season was a 

categorical variable; and caregiver education, BMI percentile, and annual household income 

were ordinal variables. Seasons were defined based on calendar days, and heating season 

was defined as November 1 through March 1.55 Atopy was defined as having allergic 

responses to at least one of 13 aeroallergens from a skin prick test or by radioallergosorbent 

test (RAST). Urinary 1-OHPG concentrations were reported as pmol/ml and µmol/mol 

creatinine, and concentrations for indoor air nicotine, PM2.5, PM2.5–10, and PM10 were 

reported as µg/m3. Duplicate measures for indoor air nicotine concentration were averaged. 

PM2.5 and PM10 measurements were excluded if airflow through the monitor was not 

sufficient, PM2.5 concentrations were greater than PM10 concentrations, or if there were 

equipment malfunctions. The highest PM2.5–10 value, 215.3 µg/m3 (over 20-fold higher than 

the median), was considered an outlier and was therefore not included in analyses. Reasons 

for missing data included: interviewer was unable to contact the caregiver and obtain urine 

samples from the child (especially during the weekday (day 3) and on the first day of the 

monitoring period (day 0)), incorrect or unusable questionnaire data (e.g., daily time 

apportionment exceeding 24 h), and technical problems with the air nicotine and PM 

monitors. Missing values were not included in the analyses. All data were analyzed using 

Stata 11.1 (College Station, TX, USA).

RESULTS

Time Spent in the Home

The children spent an average of 16 h in their homes each day, with no differences by gender 

(Table 1). More time was spent in the home during the first 3-day period of the monitoring 

week (days 0–2; Saturday–Monday) (median 17.0 h) as compared to the latter 3-day period 

(days 4–6; Wednesday–Friday) (median 15.7 h) (Wilcoxon sign-rank test P = 0.005). 

Overall, time spent in the home on days 4–6 (Wednesday–Friday) showed a significant 

inverse association with 1-OHPG from day 7 (Saturday) urine (β=−0.045, 95% CI (−0.076, 

−0.013); P = 0.005), whereas spending time in the home on days 0–2 (Saturday–Monday) 

was only moderately associated with decreased 1-OHPG concentrations in day 3 (Tuesday) 

urine (β = - 0.026, 95% CI (−0.055, 0.003)); P = 0.076) (Table 2). Sensitivity analyses 

showed that associations between time spent in the home and urinary 1-OHPG 
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concentrations remained after individually adjusting for indoor PM2.5, PM2.5–10, and PM10 

concentration (data not shown).

Indoor air nicotine was significantly correlated with urinary 1-OHPG (Spearman’s rho = 

0.12, P = 0.031), and significantly associated with elevated 1-OHPG concentrations from 

day 3 urine only (β = 0.129, 95% CI (0.035, 0.233); P = 0.007) (Table 3a). Overall, time 

spent in homes with low air nicotine concentration (below the median: 0.13 µg/m3) was 

significantly inversely associated with urinary 1-OHPG concentration (β= −0.061, 95% CI 

(−0.106, 0.017); P = 0.007), and there was a significant trend of lower 1-OHPG levels with 

increasing time spent in low air nicotine (e.g., non-smoking) homes (Cusick’s test for trend 

P-value = 0.029) (Table 3b). Conversely, time spent in high-nicotine homes (above the 

median) was positively associated with urinary 1-OHPG (Figure 2). Time spent in homes 

with low air nicotine concentration on days 4–6 (Wednesday–Friday) was independently 

associated with significantly decreased urinary 1-OHPG concentrations from urine collected 

on day 7 (Saturday) (β=− 0.081, 95% CI (−0.121, 0.041); P < 0.001) (Table 3b). SHS 

exposures (measured by indoor air nicotine concentration and self-reported smoking in the 

home) also modified the associations between time spent in the home on days 4–6 and 

urinary 1-OHPG collected on day 7, with moderately stronger inverse associations in homes 

with low air nicotine concentrations compared with high air nicotine concentrations (P-value 

for interaction = 0.074) (Table 3b); and significantly stronger inverse associations in self-

reported non-smoking homes compared with smoking homes (P-value for interaction = 

0.012) (Table 3c).

Time Spent Outdoors

The children spent ~2 h each day outdoors, and boys spent more time outdoors daily, 

compared with girls (Wilcoxon signed-rank test P = 0.053) (Table 1). Among boys, time 

spent outdoors on days 4–6 was significantly associated with increased 1-OHPG in day 7 

urine (β = 0.097, 95% CI [0.037, 0.157); P = 0.002) (Table 4). However, time spent outdoors 

was not associated with urinary 1-OHPG in girls. Average time spent outdoors also varied 

significantly by season (Kruskal–Wallis rank test P < 0.001) (Supplementary Table 1). The 

children spent the most amount of time outdoors in spring, followed by summer and fall, and 

were outdoors least during the winter. Only time spent outdoors in the summer was 

associated with significantly increased urinary 1-OHPG concentrations (β=0.147, 95% CI 

[0.048, 0.246); P = 0.003) (Supplementary Table 2a). In addition, season modulated 

associations between time spent outdoors and urinary 1-OHPG, with significantly stronger 

associations during summer compared with the other seasons (P-interaction = 0.001) 

(Supplementary Table 2b). These associations and seasonal interactions remained after 

individually adjusting for indoor PM2.5 and air nicotine concentrations.

A total of 118 participants were enrolled in our study and the mean age was 10 years. 

Participants were slightly more female (52%), predominantly African American (95%), and 

from low socioeconomic status (SES) households (Supplementary Table 3). Most children 

had asthma (86%) and resided in households with adults smoking in the home at some time 

during the study (53%). 1-OHPG concentrations, analyzed from 594 spot urine samples, had 
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an arithmetic mean (SD) of 1.76 (1.92) pmol/ml, and median (interquartile range) of 1.24 

(0.42–2.43) pmol/ml (Table 1).

Urinary 1-OHPG concentration from urine collected on days 3 and 7 were correlated 

(Spearman’s rho = 0.34; P < 0.001), and were significantly associated using linear regression 

with GEE in crude (β = 0.190, 95% CI (0.065, 0.316); P = 0.003) and adjusted models (β = 

0.204, 95% CI (0.085, 0.323); P = 0.001) (Supplementary Table 4). Girls had higher 

creatinine adjusted urinary 1-OHPG concentrations than boys (β = 0.381, 95% CI (0.093, 

0.668); P = 0.010) (Supplementary Table 5). Age, asthma status, atopic status, BMI 

percentile, and being obese (compared with normal weight) were not significantly associated 

with 1-OHPG concentrations, and there were no significant differences in 1-OHPG 

concentration by season or during the heating season.

Indoor airborne PAH sources, such as burning food and burning candles or incense, and type 

of stove and stove use were also not associated with urinary 1-OHPG. Sources associated 

with the infiltration of outdoor airborne PAHs into homes, such as time with open windows, 

proximity of the home to the street, and type of curb (e.g. parking lot, arterial street, or side 

street) were also not associated with urinary 1-OHPG concentrations (Supplementary Table 

5). Median air nicotine concentration was ~ 20 times higher (0.77 vs 0.04 µg/m3), and 

geometric mean (GM) air nicotine concentration was ~ 9 times higher (0.52 vs 0.06 µg/m3) 

in smoking homes than non-smoking homes, respectively (Supplementary Table 6). 

Assessing the contributions of PAHs on indoor particulates to 1-OHPG, only indoor 

PM2.5–10 (coarse PM) was significantly associated with 1-OHPG (β= 0.177, 95% CI (0.027, 

0.326); P = 0.021) from day 7 urine (Table 3a). Surprisingly, indoor PM2.5 (fine PM) 

concentration was not significantly associated with 1-OHPG concentrations from urine 

collected on day 3 or day 7.

DISCUSSION

Mean and median urinary 1-OHPG concentration in this study was higher than the US 

national average, and elevated urinary 1-OHPG levels were associated with exposures to 

SHS in the home and ambient (outdoor) air pollution. The GM urinary 1-OHPG 

concentration for children in this study was higher than the levels reported in the second 

(1999–2000), third (2001–2002), and fourth (2003–2004) National Health and Nutrition 

Examination Survey (NHANES), a nationally representative cross-sectional study in the 

United States (Supplementary Table 7). GM and median urinary 1-OHPG levels in our study 

were also higher than in most international studies in children. It should be noted that the 

international studies that reported higher 1-OHPG levels were conducted mostly in regions 

with major industrial activities (e.g., steel mills, coal-fired power plants, and oil 

refineries)41,42,56,57 or high vehicular traffic volume.58 Although our study comprised 

mostly asthmatic children, we found no differences in 1-OHPG concentration by asthma 

status, likely because of similar environmental PAH exposure profiles for children with and 

without asthma.

Most of the children (53%) lived in households that reported adults smoking in the home 

during the study period, and this is higher than the US average for children living with a 
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smoker (18%).59 Median indoor air nicotine concentrations in our study (0.13 µ/m3) were 

also comparable to a similar study of children with asthma in Baltimore, MD.53 Some 

studies have reported associations between SHS exposure and urinary 1-OHP(G) 

concentration in children,27,32,38,40,60,61 whereas others have reported no 

association.22,27,39,58 In our study indoor air nicotine concentrations were independently 

associated with elevated 1-OHPG levels in Tuesday urine only. Specifically, increased 

exposures to SHS in the home on the weekend and early weekday (Saturday–Monday) likely 

contributed to 1-OHPG in urine collected on an early weekday (Tuesday). This may be 

because of children spending more time in the home during the weekend and early weekday 

than during the latter part of the week (Wednesday–Friday). We reported significant effect 

modification of associations between time spent in home and urinary 1-OHPG by SHS 

exposure (with similar results using indoor air nicotine concentration and self-reported 

smoking in the home as cigarette smoke exposure metrics). These consistently strong 

independent associations and interactions with SHS exposures (using multiple exposure 

metrics) therefore suggest that SHS is a major contributor to urinary 1-OHPG 

concentrations.

We found a “protective effect” of spending time in homes with little or no smoking on lower 

1-OHPG concentration. This inverse association was stronger for 1-OHPG analyzed from 

Saturday urine (reflecting Wednesday–Friday exposures) than Tuesday urine (reflecting 

Saturday–Monday exposures), suggesting that children may have been exposed to less 

cigarette smoke during the latter half of the week. During the school year, children were 

likely in school during weekday mornings and early afternoons. If the primary exposures to 

PAHs were from SHS in the home and outdoor air, spending much of the day in schools 

during the weekdays—which are presumably smoke free—may enhance the protective 

effect.

We hypothesized that exposures to indoor air pollutants, especially indoor PM, would be 

primary predictors of increased urinary 1-OHPG. However, we observed the opposite effect: 

an inverse, protective, relationship between time spent in the home and urinary 1-OHPG 

(especially in non-smoking homes). In addition, despite high indoor PM2.5 concentrations in 

our study homes, indoor PM2.5 concentrations were not correlated or associated with 1-

OHPG concentrations. Proximity of the home to the street, open windows, and stove use, 

which are commonly associated with PM and PAH concentrations,1,62 were also not 

associated with 1-OHPG in our study. In addition, cooking/burning of food and the burning 

of candles and incense had little effect on PAH internal dose. The absence of an association 

between indoor PM2.5 and urinary 1-OHPG levels may be because of low PAH content on 

indoor particulates, significant concentrations of indoor PAHs (i.e., pyrene) in the gas phase, 

or indoor PM2.5 concentrations measured in the home not reflecting personal exposures to 

PAHs on PM. Specifically, children may not have spent sufficient time in the PM monitoring 

areas such that their exposures to PAHs on PM would be reflected in urinary 1-OHPG levels. 

Our findings of high PM levels and an inverse relationship between time spent in the home 

and urinary 1-OHPG in this study therefore suggests that exposures to indoor air PAHs from 

PM2.5 likely had little influence on urinary 1-OHPG concentration.
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Exposures to ambient outdoor PAHs may be a significant predictor of 1-OHPG levels, as 

exposures to outdoor PAHs (measured by time spent outdoors) were independently 

associated with increased urine 1-OHPG concentrations, especially in boys. Overall, time 

spent outdoors late in the week was associated with increased urinary 1-OHPG 

concentrations, with the strongest associations among Saturday (day 7) urine samples, 

reflecting weekday exposures. Similarly, a study of children in Copenhagen, Denmark, 

showed positive correlations between spending time outdoors on Monday–Thursday and 1-

OHP in urine collected the following day.22 Exposures to outdoor (ambient) air may be more 

potent than indoor air because of higher concentrations of semivolatile PAHs and particles 

containing PAHs, and higher PAH content on each particle.10 Vehicular exhaust, especially 

diesel exhaust particulates (DEPs), are common components of ambient air pollution and are 

rich in PAH content.63 Larsen and Baker5 reported that diesel exhaust contributes 16–26% 

of the PAH in ambient air in Baltimore City. In addition, studies in Montreal, Canada, have 

found that ambient PAH concentrations from high traffic roads around kindergarten schools 

were 3–12 times higher than low traffic roads, and indoor PAH concentrations were 6 times 

higher in kindergarten schools around high traffic roads than low traffic roads in the 

summertime.35,64 Exposures to PAHs from vehicular exhaust in areas with high traffic 

volumes may therefore be substantial. Tonne et al.17 also reported that time (hours per day) 

spent outdoors significantly predicted pyrene exposures using personal monitors in 

predominantly African-American and Latino neighborhoods in northern Manhattan and the 

Bronx, New York City. Ambient PAHs are key components of air pollution in inner cities 

and urban areas, and therefore exposures to ambient air pollution while outdoors in 

Baltimore City are likely a significant source for inhaled PAHs in our study.

Seasonally, spending time outdoors in summer was associated with significantly increased 1-

OHPG concentrations in boys only. In our study, boys spent twice as much time outdoors in 

the summer as girls and were likely exposed to more ambient PAHs. Ambient PAH 

concentrations may also exhibit seasonal patterns in urban environments. A study by Tonne 

et al.17 reported that personal monitors measured higher concentrations of airborne pyrene in 

the summer compared with the winter in New York City.17 An analysis of environmental 

influences and attributes of PAHs showed that low-molecular-weight PAHs (such as pyrene 

and phenanthrene) volatilize with increasing temperature and are found predominantly in 

gaseous phase in warmer weather.4 The gaseous phase PAH, and PM2.5 are readily deposited 

in the small airways and alveoli. Fine and ultrafine (PM0.1) particulates also have high 

surface areas per mass, thereby increasing the PAH carrying capacity, making them potent 

toxicants.10 Collectively, our results suggest that children are exposed to substantial levels of 

ambient PAHs while outdoors, with increased exposures in summertime (possibly because 

of volatilization of low-molecular-weight PAHs).

To our knowledge, this is the first panel study examining, seasonally, environmental 

predictors of 1-OHPG concentrations in inner city children. A major strength of this study is 

the longitudinal study design that allowed us to address temporality, seasonal influences, and 

intraindividual differences. Our exposure metric, self-reported time spent in different 

environments (i.e., in the home and outdoors), was averaged for the 3 days before urine 

collection to capture various attributes (e.g., weekend vs weekday exposures) and normalize 

interday variability. In addition, administering daily questionnaires, measuring indoor air 
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pollutants, and collecting urine specimens at multiple time points allowed us to characterize 

temporally relevant exposures for our outcome, PAH internal dose, measured by urinary 1-

OHPG.

Our study has several limitations, including not estimating PAH exposures through 

ingestion. Dietary intake (e.g., eating roasted, charbroiled, or smoked foods) has been shown 

to explain some of the internal dose of PAH, as ingested PAHs can account for a significant 

portion of total PAH exposure.35,64 Outdoor ambient PM and PAHs were also not measured 

during the monitoring period. Although indoor air pollution was the focus of this study, 

exposures to outdoor air pollutants probably had a substantial impact on internal dose 

biomarkers. There were no detailed assessments of exposures to traffic-related pollution, 

such as geospatial analyses of proximity of the children’s homes and schools to major roads, 

highways, bus and truck depots, and other areas with high traffic volume. We used a crude 

exposure metric (i.e., self-reported daily time spent in microenvironments) that may not 

incorporate exposures while the child is away from home (e.g., at school or in the homes of 

other smokers) and may bias the PAH exposure–internal dose associations. Internal dose 

biomarkers of cigarette smoke exposure, such as urinary cotinine concentration, were also 

not measured in this study. In addition to quantifying internal dose of SHS exposures, 

urinary cotinine analysis may identify firsthand smokers (which may be a confounder of 

associations between our current environmental predictors and urinary 1-OHPG).

In summary, our results suggest that two primary sources of airborne PAHs, SHS in the 

home and outdoor ambient air pollution, positively influenced urinary 1-OHPG 

concentrations in inner city children. In addition, urinary 1-OHPG concentrations in our 

study were higher than the US national average and many international studies, reflecting 

the disproportionate burden of exposures to environmental PAHs for inner city 

predominantly African-American communities of low SES. Based on our findings, avoiding 

exposures to SHS and reducing exposures to outdoor air pollutants may lead to reduced 

morbidity in inner city children. Limiting exposures to airborne PAHs in asthmatic children 

is especially important, as they experience greater health impacts from exposures to air 

pollutants.
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Figure 1. 
DISCOVER study framework.
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Figure 2. 
Comparison of associations between urinary 1-OHPG concentration and tertiles of time 

spent in the home, stratified by indoor air nicotine concentration.
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Table 2

Associations between average time (h) spent in the home and 1-OHPG concentrations.

Crudea Adjustedb

β (95% CI) P-value β (95% CI) P-value

Avg. time in the home days 0–2 (urine day 3) −0.024 (−0.054, −0.005) 0.105 −0.026 (−0.055, −0.003) 0.076

Avg. time in the home days 4–6 (urine day 7) −0.038 (−0.072, −0.005) 0.024 −0.045 (−0.076, −0.013) 0.005

By gender

  Boys

    Avg. time in the home days 0–2 (urine day 3) −0.043 (−0.079, −0006) 0.022 −0.045 (−0.079, −0.011) 0.010

    Avg. time in the home days 4–6 (urine day 7) −0.041 (−0.090, 0.008) 0.105 −0.051 (−0.099, −0.003) 0.038

  Girls

    Avg. time in the home days 0–2 (urine day 3) 0.014 (−0.033, −0.061) 0.555 0.011 (−0.038, −0.059) 0.668

    Avg. time in the home days 4–6 (urine day 7) −0.047 (−0.091, −0.004) 0.033 −0.046 (−0.082, −0.010) 0.013

a
Adjusted for urinary creatinine.

b
Adjusted for urinary creatinine, gender, age, atopic status, season, and caregiver’s education. Bold value is statistically significant (P < 0.05).
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Table 4

Associations between average time spent outdoors and urinary 1-OHPG concentration.

Crudea Adjustedb

β (95% CI) P-value β (95% CI) P-value

Avg. time outdoors days 0–2 (urine day 3) 0.002 (−0.061, 0.066) 0.939 0.019 (−0.058, 0.096) 0.635

Avg. time outdoors days 4–6 (urine day 7) 0.030 (−0.014, 0.075) 0.178 0.048 (−0.001, 0.098) 0.054

By gender

  Boys

    Avg. time outdoors days 0–2 (urine day 3) −0.009 (−0.082, 0.063) 0.798 −0.008 (−0.095, 0.080) 0.861

    Avg. time outdoors days 4–6 (urine day 7) 0.085 (0.026, 0.144) 0.005 0.097 (0.037, 0.157) 0.002

  Girls

    Avg. time outdoors days 0–2 (urine day 3) 0.034 (−0.088, 0.156) 0.585 0.060 (−0.085, 0.206) 0.417

    Avg. time outdoors days 4–6 (urine day 7) −0.019 (−0.087, 0.049) 0.588 −0.019 (−0.080, 0.043) 0.552

a
Adjusted for urinary creatinine.

b
Adjusted for urinary creatinine, gender, age, atopic status, season, and caregiver’s education. Bold value is statistically significant (P < 0.05).
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