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Background—Prenatal exposure to polycyclic aromatic hydrocarbons (PAH) may increase risk 

of pediatric asthma, but existing human studies are limited.

Objectives—We estimated associations between gestational PAHs and pediatric asthma in a 

diverse US sample and evaluated effect modification by child sex, maternal asthma, and prenatal 

vitamin D status.

Methods—We pooled two prospective pregnancy cohorts in the ECHO PATHWAYS Consortium, 

CANDLE and TIDES, for an analytic sample of N=1296 mother-child dyads. Mono-hydroxylated 

PAH metabolites (OH-PAHs) were measured in mid-pregnancy urine. Mothers completed the 

International Study on Allergies and Asthma in Childhood survey at child age 4–6 years. Poisson 

regression with robust standard errors was used to estimate relative risk of current wheeze, 

current asthma, ever asthma, and strict asthma associated with each metabolite, adjusted for 

potential confounders. We used interaction models to assess effect modification. We explored 

associations between OH-PAH mixtures and outcomes using logistic regression weighted quantile 

sum augmented by a permutation test to control Type 1 errors.

Results—The sociodemographically diverse sample spanned five cities. Mean (SD) child age at 

assessment was 4.4 (0.4) years. While there was little evidence that either individual OH-PAHs or 

mixtures were associated with outcomes, we observed effect modification by child sex for most 

pairs of OH-PAHs and outcomes, with adverse associations specific to females. For example, a 

2-fold increase in 2-hydroxy-phenanthrene was associated with current asthma in females but not 

males (RRfemale = 1.29 [95% CI: 1.09, 1.52], RRmale = 0.95 [95% CI: 0.79, 1.13]; pinteraction = 

0.004). There was no consistent evidence of modification by vitamin D status or maternal asthma.

Discussion—This analysis, the largest cohort study of gestational PAH exposure and childhood 

asthma to date, suggests adverse associations for females only. These preliminary findings are 

consistent with hypothesized endocrine disruption properties of PAHs, which may lead to sexually 

dimorphic effects.
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INTRODUCTION

Childhood asthma and other atopic diseases account for substantial morbidity in the 

US, disproportionately affecting children from lower income and racial/ethnic minoritized 

groups in urban areas.1–3 Asthma is a complex disease, with genetic and environmental 

contributions to disease development, and risk may also be influenced by prenatal 

exposures, including environmental toxicants.4–6 Polycyclic aromatic hydrocarbons (PAHs) 

are combustion by-products found in ambient air pollution, with elevated concentrations 

observed near roadways, industrial point sources involving fossil fuel combustion, and 

wildfires.7,8 Other common PAH sources include smoking, exposure to environmental 

tobacco smoke (ETS), and consumption of grilled foods.8,10 Exposure to PAHs is 

widespread in the general population11 but varies by sociodemographic characteristics, 

including by race, ethnicity and household income.9,12,13
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While the carcinogenic impacts of PAHs are well-described,8,14 recent work suggests 

noncarcinogenic endpoints of PAH exposure, including pediatric asthma as well as 

respiratory conditions and morbidity in adults.15–17 PAHs readily cross the placental barrier, 

and prenatal exposure may affect fetal airway development, possibly mediated through 

increased inflammation and oxidative stress as well as disruptions to endocrine and immune 

system development.17–22 Prenatal PAH exposure may also cause epigenetic changes in 

the fetus, with subsequent developmental effects.23–25 Thus, it has been hypothesized that 

maternal PAH exposure in the prenatal period could increase risk of offspring airway 

and allergy conditions in early childhood, but few epidemiological studies incorporating 

individual level measures of prenatal PAH exposure have been conducted to date, as recently 

reviewed by Lag, et al.15

Three longitudinal cohort studies have investigated associations between individual prenatal 

PAH exposure and childhood asthma. The Columbia Center for Children’s Environmental 

Health study characterized maternal exposure by measuring airborne PAHs in the personal 

air of pregnant woman and followed children’s airway-related development through 

early childhood.26–28 Some evidence linking prenatal PAHs to poorer airway health was 

observed, but the associations were not consistent over time. In addition, the exposure 

assessment method did not capture exposure due to maternal ingestion (e.g., diet). Two 

cohort studies in Poland measured PAH exposure using both personal air monitoring and 

exposure biomarkers (DNA adducts in cord blood or urinary metabolites), providing a 

broader perspective on maternal PAH exposure; these findings suggested adverse impacts 

of prenatal PAH exposure on airway and immune system outcomes.29–31 As found in a 

recent systematic review, the evidence for a causal link between prenatal PAHs and asthma 

is inconclusive.32

Here, we extend the evidence base relating prenatal PAH exposure to pediatric asthma 

in several ways. By combining two cohorts participating in the ECHO PATHWAYS 

Consortium, the Conditions Affecting Neurocognitive Development and Learning in 

Early childhood (CANDLE) study and The Infant Development and the Environment 

Study (TIDES), we achieved a sociodemographically diverse sample spanning five US 

metropolitan areas. Concentrations of mono-hydroxylated metabolites of PAHs (OH-PAH) 

in pregnancy urine were quantified, providing perspective on gestational exposure to 

PAHs through all routes of exposure.33 We hypothesized that higher exposure to PAHs 

in utero could increase risk of early childhood asthma, and that associations would vary by 

metabolite and may be driven by specific mixtures of metabolites. In secondary analyses, 

we evaluated evidence of mixture effects by using weighted quantile sum (WQS) regression 

augmented by a permutation test to control Type I error, as people are commonly exposed 

to PAHs as complex mixtures rather than independent compounds in isolation.11 Based 

on what is known about possible mechanisms for developmental toxicity of PAHs, we 

also hypothesized that effects could vary by certain maternal and child factors. Therefore, 

our secondary research aims also include assessments of effect modification by child sex, 

maternal asthma, and prenatal vitamin D status.
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Methods

Study population

We included mother-child dyads enrolled in two cohorts of the ECHO PATHWAYS 

Consortium: the Conditions Affecting Neurocognitive Development and Learning in Early 

childhood (CANDLE) study and The Infant Development and the Environment Study 

(TIDES). The CANDLE study was approved by the University of Tennessee Health Science 

Center Institutional Review Board (IRB), and TIDES study procedures were approved 

by IRBs at each study site as well as the TIDES coordinating center. Pregnant women 

provided informed consent at enrollment. The current analysis was conducted by the ECHO 

PATHWAYS Consortium and was approved by the University of Washington IRB.

The CANDLE cohort recruited pregnant women (N=1503) from the Memphis, TN, area 

between 2006–2011.34 Women were eligible if they were between 16 and 40 years old, 

lived in Shelby County, intended to deliver at one of five Memphis hospitals, and were 

in the second trimester of a low medical-risk pregnancy. Prenatal study visits included 

biospecimen collection and maternal surveys, and labor and delivery data were abstracted 

from the medical record. After birth, follow up with mothers and children occurred at 

regular intervals by means of clinic, phone and home visits, including a clinic visit at age 

4–6 years.

TIDES is a multi-site pregnancy cohort with enrollment sites in San Francisco, CA; 

Minneapolis, MN; Rochester, NY; and Seattle, WA.35 Women were enrolled (N=900) in 

their first trimester from obstetric clinics associated with academic medical centers, 2010 

through 2012. Inclusion criteria were being at least 18 years of age and intending to 

deliver at one of the study hospitals. Prenatal study visits occurred in each trimester, 

including biospecimen collection and maternal surveys. A birth exam and record review 

were conducted. Mother-child dyads were followed with remote surveys in early childhood 

followed by a clinic visit at age 4–5 years.

Maternal urinary PAH metabolites

Our primary exposure of interest was exposure to PAHs in pregnancy, measured as 

mono-hydroxylated PAH metabolites in a spot urine sample collected in mid-pregnancy. 

The gestational age at time of urine collection ranged from 12.9 to 33.4 weeks, with a 

median of 21.6 weeks. This distribution was similar between cohorts. Urinary specific 

gravity (SG) of each sample was determined using a handheld refractometer at the time of 

collection. Samples were stored at −80 degrees C in study biorepositories until the time 

of analysis at the Wadsworth Laboratory, New York State Department of Health. Twelve 

urinary metabolites of seven parent PAHs were quantified in samples: two metabolites 

of naphthalene (1-hydroxynaphthalene [1-NAP], 2-hydroxynaphthalene [2-NAP]), four 

of phenanthrene (2-hydroxyphenanthrene [2-PHEN], 3-hydroxyphenanthrene [3-PHEN], 

4-hydroxyphenanthrene [4-PHEN], combined 1/9-hydroxyphenanthrene [1/9-PHEN]), two 

of hydroxychrysene (1-hydroxychrysene [1-CHRY], 6-hydroxychrysene [6-CHRY]), 2/3/9-

hydroxyfluorene (2/3/9-FLUO), 1-hydroxypyrene (1-PYR), 3-hydroxybenzo[c]phenanthrene 

(3-BCP), and 1-hydroxybenzo[a]anthracene (1-BAA).
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The laboratory methods have been previously described.36–38 In brief, OH-PAHs were 

extracted from urine by liquid-liquid extraction followed by LC-MS/MS analysis. Urine 

samples were fortified with isotopically-labeled internal standard mixture and mixed with 

0.5 M ammonium acetate buffer containing 200 units/mL of β-glucuronidase/sulfatase 

enzyme (MP Biomedicals, LLC, Solon, OH, USA). Samples were incubated overnight at 

37°C and then extracted with 7 mL of 80% pentane: 20% toluene (v:v) by shaking on 

a reciprocating shaker for one hour and centrifuged at 3600 x g for 20 minutes. The 

supernatant was transferred into a new glass tube for instrumental analysis. OH-PAHs 

were chromatographically separated using a Waters Acquity I-Class UPLC system (Waters; 

Milford, MA, USA) connected with an Acquity UPLC BEH C18 column (50 × 2.1 

mm, 1.7 μm, Waters; Milford, MA, USA). Finally, identification and quantification of 

OH-PAHs was performed on an ABSCIEX 5500 triple quadrupole mass spectrometer 

(Applied Biosystems; Foster City, CA, USA). Quality assurance protocols included analysis 

of two Standard Reference Materials (SRM 3672, SRM 3673) containing certified values for 

several OH-PAHs. Recoveries of analytes in reference materials ranged from 79 to 109%. 

Prior to injection of samples, a 13-point standard calibration curve (0.02 – 200 ng/mL) was 

constructed. To ensure instrument stability, calibration standards were injected repeatedly 

throughout the sample run. The limits of detection (LOD) ranged from 0.02 to 0.12 ng/mL.

Samples below the limit of detection (LOD) were imputed as LOD/√2 for the main analyses; 

a sensitivity analysis using an alternate approach for regression models is described below. 

OH-PAH concentrations were adjusted for sample specific gravity to account for urinary 

dilution using the Levine-Fahey equation for use in descriptive summaries and in analyses 

of mixtures.39 To approximate overall PAH exposure by participant characteristics, in 

descriptive analyses, we calculated total OH-PAH as the sum of SG-adjusted OH-PAH 

metabolites. In addition, sums of naphthalene and phenanthrene metabolites (ΣOH-NAP and 

ΣOH-PHEN) were calculated as the molar sums of 1-NAP and 2-NAP and of 2-PHEN, 

3-PHEN, 4-PHEN and 1/9-PHEN, respectively.

Child airway outcomes

At child age 4–6 years, parents completed surveys about general child health and 

medication use as well as focused questions on airway and allergy conditions, including 

the International Study of Asthma and Allergies in Childhood (ISAAC) questionnaire.40 

Four outcomes were defined, based on survey responses 41–42: 1) current wheezing, defined 

as positive response to both: “Has your child ever had wheezing or whistling in the chest 

at any time in the past?” and “Has your child ever had wheezing or whistling in the chest 

in the last 12 months?; 2) ever asthma, defined as positive response to the question “Has 

your child ever had asthma?”; 3) current asthma, defined as positive responses to 2 of 

the following 3: current wheeze (as defined above), ever asthma (as defined above), and 

asthma medication use; and 4) strict asthma, defined as positive response to the question 

“Has your child ever had asthma?” as well as either current wheeze (as defined above) or 

asthma medication use. In CANDLE, asthma medication use was defined as an affirmative 

response to the question “In the past 12 months has your child used any medications for 

asthma or wheeze?” In TIDES, free-text response reporting any serious health conditions 

(asthma or asthma symptoms) and medications for those conditions (beta-2-agonist, inhaled 
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or oral corticosteroid) in the prior 24 months were used to define asthma medication use. To 

maximize the use of available data, participants who were missing data for asthma-specific 

medication use and did not indicate yes to both ever asthma and current wheeze questions 

(N=6) were considered not to have current asthma.

Other measures

Covariates were ascertained by maternal report at enrollment (age at enrollment, educational 

attainment, race, pre-pregnancy body mass index [BMI], household income at enrollment, 

parity, history of asthma, smoking during pregnancy, and exposure to environmental tobacco 

smoke during pregnancy and in the postnatal period), medical record abstraction (infant 

sex, gestational age and birthweight), or bioassays (pregnancy urinary cotinine and plasma 

vitamin D). Harmonization of data across the two cohorts was completed according to 

standard procedures for data processing, including algorithmic transformations and unit 

conversions.43 For example, categorical variables were combined in such a way to preserve 

the most detail from original data collection instruments, as done in previous PATHWAYS 

analyses.42,44,45

Urinary cotinine was measured in two pregnancy urine samples for each CANDLE woman 

(approximately second and third trimesters) and three pregnancy samples for TIDES (one in 

each trimester). Urine samples from mid-pregnancy in CANDLE were assayed for cotinine 

using a one-step lateral flow chromatographic immunoassay that identified samples positive 

for cotinine based on a threshold of 200 ng/mL.46 Late pregnancy CANDLE samples and all 

TIDES urine samples were analyzed for a measure of continuous cotinine using solid phase 

extraction to extract cotinine from urine samples and LC-MS/MS to identify and quantify 

cotinine concentrations.

Vitamin D was measured in second trimester blood samples in the CANDLE cohort by 

commercial enzymatic immunoassay (IDS, Boldon, Tyne and Wear, UK)47 within three 

months of sample collection. The minimum detection range of this assay was 2 ng/mL, 

with interassay variability <6% and precision within 1 SD of mean, using NIST SRM972 

as standard. Vitamin D levels were dichotomized at “possible” deficiency, defined as <20 

ng/mL,48,49 for assessment of effect modification by prenatal vitamin D.

Statistical analyses

For main analyses, we included mother-child dyads with OH-PAH measurements in mid-

pregnancy urine and at least one primary outcome measure at child age between 4 and 6.5 

years. We excluded children who were born very preterm (prior to 32 weeks gestation) due 

to impacts of preterm birth on airway development.50 In sensitivity analyses, we repeated 

main models with exclusion of children born prior to 37 weeks. We also excluded prenatal 

smokers, identified by self-report or a measure of pregnancy cotinine from any timepoint in 

pregnancy exceeding 200 ng/mL,46 to mitigate confounding. Smoking is a strong driver of 

PAH exposure and is also associated with increased risk of pediatric asthma development, 

and we could not adjust for this important confounder because we had insufficient data 

on the extent of smoking, for women who were smokers.52 Therefore, we have estimated 

associations between PAHs and airway outcomes in a population restricted to nonsmokers 
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and can only generalize study findings to a nonsmoking population. This approach is 

consistent with other studies of this research question.

We summarized participant characteristics (overall, by cohort, and by quartile of total OH-

PAH) using descriptive statistics. To estimate the risk ratio (RR) for each child airway 

outcome in association with individual OH-PAHs as well as ΣOH-NAP and ΣOH-PHEN, 

we used Poisson regression with robust standard errors. OH-PAHs were log-transformed, 

imposing the assumption that risk increases linearly per multiplicative increase on OH-

PAHs, and analyzed as raw (not SG-adjusted) concentrations in separate regression models. 

We repeated main analyses with SG-adjusted OH-PAHs as the primary predictor and 

observed no meaningful change (results not shown). We included metabolites with at least 

70% of values detectable (>LOD) in the overall sample in regression analyses, excluding 

those with lower detection rates. We adjusted for potential confounders, identified a 
priori as factors likely to be directly or indirectly associated with prenatal PAH exposure 

and also predictive of pediatric airway outcomes (see Figure S1 for conceptual model). 

We also adjusted for precision variables, defined as factors that predict outcome yet 

are likely not associated with exposure. Staged modeling was used in order to assess 

the effect of increasing adjustment on effect estimates. In minimal adjustment models, 

we controlled for child age at assessment (continuous), child sex, study site, batch of 

OH-PAH analysis, and urinary SG (continuous). Full adjustment models, considered our 

main models, additionally included maternal age (continuous), education (< high school, 

high school diploma, graduated college or technical school, and some graduate work or 

graduate/professional degree), self-identified race (Black and non-Black), pre-pregnancy 

BMI (continuous), household income (<15k, 15–25k, 25–45k, 45–55k, 55–65k, 65–65k, 

>=75k), parity (prior birth or not), maternal history of asthma, postnatal smoke exposure 

(any vs. none), environmental tobacco smoke exposure in pregnancy (continuous cotinine), 

and season of birth (categorical; winter, spring, summer, and fall). An expanded model 

additionally included two potential confounders that we did not include in full adjustment 

model because they could be on the causal pathway: gestational age at birth (continuous) 

and birthweight (continuous).

We conducted a number of sensitivity analyses to test the robustness of our main findings 

to aspects of our analytic approach. We repeated primary analyses, using full adjustment 

models, with the following variations: 1) exclusion of one site at a time and exclusion of 

each cohort; 2) addition of product terms between site and covariates for which associations 

may vary by site (child race, maternal education, household income, and season), to assess 

the possibility of site-specific confounding; 3) modeling of continuous covariates as flexible 

splines, to test nonlinearities in associations between confounders and outcomes; and 4) 

multiple imputation of <LOD OH-PAH values using central likelihood multiple imputation 

(CLMI), a method for imputing nondetectable values when LOD varies by batch.52

Secondary analyses included analyses of OH-PAH metabolites as mixtures using logistic 

WQS regression, which simultaneously accounts for exposure to multiple chemicals in 

one regression model, as described previously.53 SG-adjusted OH-PAH metabolites were 

transformed into deciles, and mixture associations were examined using logistic regression, 

with separate models to evaluate both positive and negative associations. Only OH-PAH 
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metabolites with at least 70% of samples detectable were included. Model estimates were 

calculated using 1000 bootstrap iterations. In order to maximize statistical power, we 

did not split the sample into training and validation datasets. Because standard errors 

estimated using WQS regression using a full sample, without splitting, are likely biased 

in an anti-conservative direction,54 we implemented a permutation test to estimate accurate 

p-values for WQS logistic regression. See Supplemental Material for details of the statistical 

approach, which is similar to the permutation test for linear WQS regression we reported 

previously.55,56

For WQS regression analyses in which the 95% CIs did not include the null, we applied the 

permutation test to estimate a p-value (ppermutation), which we considered a more accurate 

measure of precision than the 95% CIs.55 Note that the permutation test only provides 

p-values, not 95% CIs, and does not affect the point estimate (i.e., the WQS coefficient).

In secondary analyses we also tested effect modification by child sex, maternal history of 

asthma, and (in CANDLE only) prenatal vitamin D in separate models using product term 

models. Strata-specific effect estimates and effect modification p-values were derived from 

product term models. In post hoc analyses, we additionally conducted WQS regression in 

strata of child sex. Full adjustment models were used in all secondary analyses.

Finally, we explored whether the exposure-response relationships deviated from linearity 

by using generalized linear models (GAMs) with adjustment for all covariates in the full 

models. These analyses were conducted for all models in which linear regression suggested 

a significant association between OH-PAH and an outcome. We inspected exposure-response 

curves and associated 95% CIs to determine whether there is statistical evidence of 

deviations from linearity.

All analyses were conducted in R 3.6 (R Foundation for Statistical Computing, Vienna, 

Austria).

RESULTS

Characteristics of the study population

Of N=2403 pregnant mothers ever enrolled in the CANDLE and TIDES cohorts, N=1692 

attended an age 4–6 year visit with their child and completed a survey on respiratory health 

that included the standardized ISAAC questions. Of these 1692 dyads, 396 were excluded 

from this analysis because the child was born before 32 weeks (N=31), the child was 

over 6.5 years at the time of the visit (N=56), no pregnancy OH-PAH data were available 

(N=247), and/or on account of evidence that the mother smoked in pregnancy (N=149). 

N=1296 mother-child dyads met the inclusion criteria; the characteristics of these mothers 

and children are summarized in Table 1. The study sample was sociodemographically 

diverse, with 26% of mothers reporting at least some graduate education at enrollment and 

41% a high school education or less. One third of mothers had a household income over 

$75,000 (33%) while 31% reported $25,000 or less. Self-reported maternal race was 44% 

Black and 47% White, and 4% of the mothers identified as Latino/Hispanic. 16% of mothers 

reported having asthma, and the mean (SD) pre-pregnancy BMI was 27.4 (7.4) kg/m2. The 
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children in the analytic population were 52% female, and 16% were exposed to tobacco 

smoke postnatally. Mean (SD) of child age at time of assessment was 4.38 (0.38) years.

The study population included dyads from five study sites: one CANDLE site (Memphis, 

n=829) and four TIDES sites (Seattle, n=96; San Francisco, n=131; Minneapolis, n=140; 

Rochester, NY, n=100). Table S1 summarizes characteristics of participants by cohort. A 

higher percentage of participants in CANDLE identified as being Black and reported a lower 

household income at enrollment, compared to TIDES. Child age at time of assessment were 

similar between cohorts (mean [SD] = 4.30 [0.38] and 4.51 [0.33] in CANDLE and TIDES, 

respectively.)

Pregnancy OH-PAH measurements

Urinary concentrations of OH-PAHs measured in mid-pregnancy varied strongly by 

metabolite (Table S2). Nondetectable levels occurred for all metabolites, and the % <LOD 

in the overall sample ranged from 0.31% for 2-NAP to 99.77% for 1-BAA. The % 

detectable for 1-PYR in the pooled sample was 69.4%; because this is just below the 

threshold specified a priori for inclusion in epidemiological models (70%), we included 

it in regression analyses. Concentrations of metabolites exhibited moderate-to-strong 

pairwise correlations (Table S3). The most strongly correlated pairs were observed among 

phenanthrene metabolites (2-PHEN, 3-PHEN and 4-PHEN) and between 2/3/9-FLUO and 

both 2-PHEN and 3-PHEN.

Women in the CANDLE cohort (Memphis) were more likely to have total OH-PAH levels 

above the median in this study population (Table 1). In the pooled sample, women with 

higher levels of total OH-PAH in pregnancy urine were on average younger, of lower 

education at enrollment, in a household with lower income, and more likely to have had 

prior births compared to those in lower quartiles of OH-PAH. Children exposed to higher 

PAH in utero were more likely to be exposed to ETS in early childhood.

The distributions of OH-PAHs did not vary appreciably between strata of effect modifiers: 

infant sex (Table S4), maternal asthma (Table S5), and vitamin D (Table S6).

Airway outcomes

The respiratory survey yielded four outcome metrics related to asthma and wheeze. The 

overall prevalence of current asthma, current wheeze, ever asthma and strict asthma was 

11.9%, 15.5%, 11.4% and 9.2%, respectively (Table 2). We observed strong site-specific 

variations in outcome prevalence, with the highest rates in Memphis and Rochester.

Associations between individual OH-PAH metabolites and airway outcomes

Several metabolites were associated with increased risk of reported asthma and wheeze 

outcomes in minimally adjusted models (Figure 1). With additional adjustment for potential 

confounders in the full adjustment models, these associations were attenuated and lost 

precision. The 95% confidence intervals for associations of individual OH-PAHs with every 

outcome measure overlapped the null in full adjustment models. Marginally significant 

increased risks of current asthma and current wheeze in association with higher levels of 
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some metabolites persisted in full adjustment models. Specifically, a two-fold increase in 

1-NAP was associated with elevated risk of current asthma (RR=1.07; 95% CI: 0.99, 1.15). 

Likewise, 1/9-PHEN was associated with increased risk of current asthma (RR=1.09; 95% 

CI: 0.99, 1.19) and current wheeze (RR=1.06; 95% CI: 0.98, 1.14), though confidence 

intervals spanned the null. Associations between OH-PAHs and both ever asthma and strict 

asthma were generally consistent with null effects. The fully adjusted association between 

2/3/9-FLUO and ever asthma suggested protective effects of 2/3/9-FLUO (RR=0.88; 95% 

CI: 0.74, 1.04), though confidence overlapped the null and nearly 30% of samples had 

nondetectable values of this metabolite.

Associations did not change meaningfully with additional control for gestational age at 

birth and birthweight, potential confounders that could also act as mediators (expanded 

adjustment model; Figure 1). Similar findings were observed when children born prior to 

37 weeks gestation were excluded from analysis (data not shown). Results also did not 

change with addition of product terms between site and key covariates (child race, maternal 

education, household income, and season) or when continuous covariates were modeled as 

splines (data not shown). Imputation of nondetectable OH-PAH values using CLMI also did 

not change findings (data not show).

We repeated all analyses with exclusion of one site at a time as well as limited to each 

cohort, to test the robustness of results to study sample (Figure S1). When the analysis 

was restricted to CANDLE only, findings were similar to the pooled two-cohort analysis. 

When conducted in TIDES alone, all confidence intervals become substantially wider, 

likely due to reduced statistical power. The suggestive associations between 1/9-PHEN and 

current asthma observed in the pooled sample were strengthened and more precise (RR=1.62 

per two-fold increase in exposure; 95% CI: 1.10, 2.39). In addition, some associations 

not observed in the pooled sample appeared in TIDES-only analysis, including significant 

associations between 1/9-PHEN and both ever asthma and strict asthma, as well as 3-PHEN 

and current asthma and strict asthma. Leaving out one TIDES site at a time from the pooled 

two cohort sample did not meaningfully impact results (Figure S1).

Analysis of PAH mixtures

In secondary analyses, we used WQS regression to determine whether mixtures of 

metabolites were associated with outcomes. No mixtures were associated with increased risk 

of any outcomes in the overall population (Table 3). A mixture dominated by 2/3/9-FLUO 

(61% weight in the mixture) was associated with decreased risk of ever asthma in full 

sample analyses (adjusted OR=0.91 [95% CI: 0.83, 1.00] per one-unit increase in the WQS 

index) but application of the permutation test indicated that this association was imprecise 

(ppermutation = 0.27).

Effect modification by sex, maternal asthma and vitamin D

In interaction models that include all covariates in main adjustment models, associations 

between most OH-PAH metabolites and asthma outcomes (ever asthma, current asthma 

and strict asthma) differed significantly between males and females (Figure 2). In all 

cases, stronger adverse associations were observed in females. For current asthma, there 
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was no evidence of associations for males but fairly consistent adverse associations for 

females across all metabolites, though some female-specific associations lacked precision. 

For 2-PHEN, for example, RRmale = 0.95 (95%CI: 0.79, 1.13) and RRfemale = 1.29 (95%CI: 

1.09, 1.52); pinteraction = 0.004.

The sex-specific patterns observed for ever-asthma and strict asthma were similar to those 

for current asthma, though the collective evidence for reduced risk of these outcomes in 

males with higher concentrations of OH-PAH metabolites was slightly stronger for these 

outcomes. The suggestion of protective associations was most striking for 2/3/9-FLUO, a 

metabolite with a large proportion of nondetectable values in this sample. For ever asthma, 

RRmale = 0.78 (95% CI: 0.64, 0.96) and RRfemale = 1.05 (95% CI: 0.83, 1.33) for a two-fold 

increase in 2/3/9-FLUO; pinteraction = 0.015. For strict asthma, RRmale = 0.79 (95% CI: 

0.64, 0.99) and RRfemale = 1.17 (95% CI: 0.88, 1.56); pinteraction = 0.007. Consistent with 

analyses of current asthma, some metabolites were associated with higher risk of ever 

asthma and strict asthma in females (e.g., RRfemale = 1.29 [95% CI: 1.09, 1.59] and RRfemale 

= 1.20 [95% CI: 1.04, 1.38] for 2-PHEN and 1/9-PHEN, respectively, and ever asthma). The 

assessment of whether associations between OH-PAH and current wheeze are modified by 

sex was largely null, though higher 2/3/9-FLUO was associated with marginally reduced risk 

of wheeze in males: RRmale = 0.86 (95% CI: 0.74, 1.01) and RRfemale = 1.08 (95% CI: 0.89, 

1.32); pinteraction = 0.031.

In post hoc analyses, we conducted sex-specific WQS regression to explore whether OH-

PAH mixtures were associated with airway outcomes in strata of child sex. In females, 

a OH-PAH mixture dominated by 2-PHEN (weight = 0.40) and 1/9-PHEN (0.25) was 

suggestively associated with increased risk of strict asthma (OR=1.17 [95%CI: 0.98, 1.41] 

per one unit increase in WQS index, adjusted for all covariates in the full model). In male 

children, a mixture dominated by 2/3/9-FLUO (weight = 0.53) and 1/9-PHEN (weight = 

0.22) was associated with decreased risk of ever asthma (OR=0.86 [95%CI: 0.74, 0.99] 

per one unit increase in WQS index, in the full adjustment model), but the permutation 

test showed that this association was not significant at a level of alpha<0.05 (ppermutation = 

0.26). We also explored whether any of the sex-specific associations exhibited evidence of 

nonlinearity but saw no deviations from linearity in GAM plots (results not shown).

Associations between OH-PAH and outcomes also varied by maternal history of asthma, 

with suggestions of protective associations in children of mothers with a family history 

of asthma and adverse associations without maternal history asthma (Figure 3). For all 

outcomes, increased risks with higher 1/9-PHEN were evident for children of mothers with 

no asthma history, and tests of interaction indicated a significant difference by maternal 

asthma history. Evidence of effect modification was strongest for “ever asthma.” Both 

2/3/9-FLUO and 3-PHEN were associated with lower risk of ever asthma for children born 

to mothers with a history of asthma (pinteraction = 0.018 and 0.009, respectively). Similar 

patterns were observed for current wheeze and strict asthma, though the statistical evidence 

of effect modification was weaker.

There was no evidence that associations between OH-PAHs and outcomes varied by prenatal 

vitamin D status, as evaluated in the CANDLE cohort only (Figure 4).
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DISCUSSION

We conducted a pooled multi-cohort study of gestational PAH exposure and early 

childhood wheeze and asthma outcomes in a diverse, well-characterized study population 

of nonsmoking mothers. In the overall sample, we observed little support for the hypothesis 

that higher PAH exposure in mid-pregnancy increases risk of asthma or wheeze outcomes 

at age 4–6 years. However, notable sex-specific associations between individual metabolites 

and airway outcomes were evident: adverse associations were found in females, but not 

males. We explored possible modification by maternal history of asthma and found very 

limited evidence of modification, and we observed no evidence of modification by vitamin 

D. To our knowledge, this is the largest cohort study of these associations to date and the 

first data suggesting that adverse effects of gestational PAH exposure on airway health may 

be specific to female children.

These findings add to a mixed body of evidence supporting the hypothesis that prenatal PAH 

exposure may increase risk of asthma in childhood. Previously, only three cohort studies 

have investigated prenatal PAH exposure and pediatric asthma and wheeze development, 

and these have been conducted in relatively small and homogeneous study populations. 

The Columbia Center for Children’s Environmental Health estimated associations between 

prenatal PAH, measured using personal air monitoring, and various airway-related outcomes 

across early childhood in an urban, low-income New York City population226–28. They 

found that total PAH concentrations in maternal personal air was associated with higher 

risk of asthma at 12–24 months in the overall study population (n=303) and that 

associations were stronger with co-exposure to environmental tobacco smoke (ETS).26 In 

the older children (5–6 years), adverse associations were only apparent in those exposed 

to prenatal ETS27 and in nonatopic children.28 This research question has also been 

explored in a longitudinal cohort study based in Krakow, Poland.29–30 Of 339 children, 

those classified as relatively high prenatal exposure (based on PAH DNA-adducts in cord 

blood) experienced a higher number of wheezing days and other respiratory symptoms 

at age two, but associations were not evident in the third and fourth years of life.29–30 

Additional analyses using personal air monitoring for PAHs indicated that PAH exposure 

was linked to poorer airway outcomes as well as elevated exhaled nitric oxide, a marker 

of eosinophilic airway inflammation.57 Finally, another longitudinal cohort study in Poland 

investigated relationships between prenatal PAHs, quantified as 1-PYR in maternal urine, 

in a sample of 455 mother-child pairs.31 To our knowledge, ours is the largest and most 

diverse study of pregnancy PAHs and child airway to date. Our null findings in the overall 

population stand in contrast to those of other studies, but it is difficult to compare across 

study populations given differences in the way PAH exposure is quantified. In addition, 

between-study inconsistencies could reflect differences in population characteristics that 

affect susceptibility to toxic effects of PAHs.

Evidence connecting prenatal exposure to PAH to airway health may also be drawn 

from several investigations of postnatal PAH exposure and pediatric airway health. These 

analyses suggest that higher childhood PAH exposure is associated with increased risk of 

asthma,58–60 wheeze,58,60 airway symptoms,61 IgE,59,62 lung function decrements,63–69 and 

elevated levels of oxidative stress biomarkers59,62 in a wide variety of study populations. 
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Extrapolation of findings from studies of postnatal exposure to health effects of in 
utero exposure is challenged by the different routes of offspring exposure (i.e., primarily 

inhalation and ingestion for postnatal exposure vs. transplacental for gestational exposure). 

In addition, gestational exposure may exert toxicity through effects on the placenta, 

including epigenetic modifications.23–25 Despite these differences, both prenatal and 

postnatal PAH exposure could increase levels of inflammatory biomarkers and oxidative 

stress, causing adverse developmental impacts on a fetus or a child. This suggests a possible 

unifying mechanism by which both prenatal and postnatal exposures can increase risk 

of childhood asthma.70 More epidemiological evidence is needed to confirm how PAH 

exposure, whether prenatal or postnatal, affects child development.

Our study extends limited existing research on potential effect modifiers of associations 

between PAH exposure and airway development. With a relatively large sample size, we 

were better powered than previous cohort studies to explore effect modification. One notable 

finding was significant effect modification by child sex, with adverse effects observed 

only in female children. Few studies have explored sex-specific effects of prenatal or 

childhood exposure to PAH on asthma and related conditions. A cross-sectional analysis 

of PAH exposure and lung function in young adults in Sweden uncovered no evidence that 

associations varied by sex.63 Similarly, no differences by child sex were observed in a study 

of PAHs in ambient air and pediatric lung function.58 Liu et al. used NHANES data from 

a US population to explore associations between PAHs, including 10 OH-PAH analytes, 

and childhood asthma, wheezing and coughing, assessed concurrently with exposure.58 They 

observed that 2-PHEN was associated with higher odds of diagnosed asthma in males, while 

higher exposure to 4-PHEN was linked to wheezing in females. No tests of interaction were 

conducted, however, and a very large number of comparisons were made without accounting 

for multiple comparisons.

Our finding that associations varied significantly by child sex may be explained by 

suspected endocrine disrupting properties of PAHs, as observed in animal and in 
vitro experiments.71 Proposed mechanisms for these endocrine-disrupting effects involve 

established estrogenic properties of PAHs.71–75 Estrogen and other sex hormones may play a 

key role in asthma development, potentially explaining the strong sex differences in asthma 

prevalence as well as variations in asthma risk based on stage of pubertal development.76–78 

There is evidence that exposure to maternal hormones during fetal development, specifically, 

affects airway and immune system development, and that sexes may be differentially 

affected by hormone exposure.79 Notably, sexually dimorphic associations have been 

observed between other endocrine disrupting compounds and child asthma.80–82 Our 

findings lend support to the possibility that prenatal PAH exposure may increase risk of 

asthma through increased estrogenic activity, differentially affecting females; however, more 

research is needed to confirm this link.

We also tested the hypothesis that prenatal vitamin D status may modify any true adverse 

effects of prenatal PAH exposures. Evidence from human, animal and in vitro research 

indicates that sufficient maternal vitamin D in key windows of pregnancy may protect 

against development of asthma and recurring wheeze in offspring, though some controversy 

in the literature persists.83–85,86 Hypothesized mechanisms for such protective effects 
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involve vitamin D’s anti-inflammatory properties,83 which could buffer against oxidative 

stress caused by prenatal PAH exposure. Han et al.67 conducted a cross-sectional analysis 

using data from the 2007–2012 National Health and Nutrition Examination Survey and 

found that higher childhood exposure to PAHs was linked to poorer lung function, but only 

for children with vitamin D deficiency. Similar findings have been reported in analyses of air 

pollution exposure, though exposure assessment was not specific to PAH compounds.87–88 

By contrast, we did not observe any evidence to support modification by prenatal vitamin 

D in the CANDLE cohort. Previous research in CANDLE showed that the associations 

between vitamin D and early childhood asthma depends strongly on maternal race.89–90 

With adequate sample size, future studies may be able to disentangle three-way interactions 

between vitamin D, prenatal PAH and maternal race in association with pediatric airway 

development.

Our study has a number of strengths. We conducted a prospective cohort study with a study 

population that spanned several US cities, with more socioeconomic and racial diversity 

than other cohort studies investigating this research topic. The study sample was larger than 

previous studies, supporting analyses of effect modification. Urinary OH-PAH metabolites 

were used to estimate PAH exposure across all possible routes of exposure, not limited to 

inhalation of PAHs in outdoor or indoor air.91–94 Because both PAH exposure and airway 

outcomes vary strongly by maternal characteristics, lifestyle and health behaviors, and 

family demographics,9,64 we adjusted for a wide variety of potential confounders, mitigating 

the potential for residual or unmeasured confounding. To the best of our knowledge, our 

investigation of effect modification by maternal vitamin D is unique among investigations 

of PAH exposure during pregnancy and child health outcomes. Finally, to the best of 

our knowledge, we are the first to apply methods to analyze several PAH metabolites 

concurrently, as mixtures, which better represents real-life exposure scenarios.11,95 We 

describe a new permutation text extension to WQS regression for logistic models, which 

addresses known limitations of WQS regression and builds on our previous development of 

a permutation test for linear WQS regression.55,56

There are several limitations to note. We analyzed only a single urine sample from 

each pregnancy to estimate PAH exposure. PAHs have short half-lives in humans, on 

the order of hours for some OH-PAHs.75 Analyses of OH-PAHs in samples collected 

repeatedly over time showed low to moderate intraclass correlation coefficients (ICCs) for 

various metabolites, indicating a moderate to high degree of within-individual temporal 

variability and the possibility that a single measure of OH-PAH in pregnancy may not 

be an accurate proxy for average pregnancy-wide exposure.12,37 Another study reported 

only modest variability and concluded that a single assessment of OH-PAH may be an 

adequate measure of average pregnancy exposure.9 Null findings in our paper and others 

could result from measurement of gestational PAH outside a true critical window of 

exposure or from nondifferential exposure measurement error associated with relying on 

a single timepoint of PAH exposure, which likely biases observed associations toward the 

null. Asthma and wheeze outcomes were reported by mothers and may be affected by 

outcome misclassification on account of inaccurate reporting or limited access to health 

care. Environmental tobacco smoke (ETS) is a major contributor to PAH exposure as well 

as a risk factor for the airway outcomes analyzed, and can therefore confound observed 
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associations. We controlled for ETS exposure in the prenatal period with urinary cotinine 

and in the postnatal period with maternal report of household smokers, but these measures 

may not accurately capture all ETS exposure, potentially leading to residual confounding.96

An additional limitation is that every metabolite had some nondetectable values, the highest 

being approximately 30% <LOD for both 2/3/9-FLUO and 1-PYR. Further, the proportions 

of nondetectable values varied by site and cohort. Imputing <LOD values as LOD/√2 

can bias observed associations, especially when the proportion <LOD is 20% or higher. 

To minimize the potential for bias, we included metabolites with higher proportions of 

nondetectable values but interpreted associations with these metabolites with caution. We 

also conducted a sensitivity analysis in which main analyses were repeated with imputation 

of <LOD values using CLMI, a method for multiply imputing nondetectable values when 

LODs vary by batch. Further, while we adjusted for a large number of potential confounders, 

some of them could have been mismeasured, leading to residual confounding. Other 

important confounders, such as prenatal diet, have not been measured. Finally, we excluded 

smokers in this analysis to minimize the confounding effect of smoking frequency and 

intensity on measured associations. As a result, our observed results are only generalizable 

to a nonsmoking population.

In conclusion, we report novel evidence of sex-specific effects of gestational PAH exposure, 

with adverse associations evident only for female children. These preliminary findings are 

consistent with previous in vitro and animal model experiments suggesting that PAHs may 

have endocrine disrupting properties, potentially affecting fetal airway and immune system 

development in a sexually dimorphic manner. Given the observational nature of this study 

and the limitations discussed above, replication in other studies is needed.
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Figure 1: Associations between prenatal OH-PAH metabolites and asthma outcomes at 4–6 
years.
Adjusted relative risks (RR) and 95% confidence intervals were scaled to a two-fold 

increase in individual OH-PAH metabolite. Associations were estimated using Poisson 

regression with robust standard errors and adjusted as follows: (minimal model) child 

age at assessment, child sex, study site, batch of OH-PAH analysis, and urinary specific 

gravity; (full model) all covariates in minimal model plus maternal age, education, race, 

pre-pregnancy BMI, household income, parity, maternal history of asthma, enrollment year, 

postnatal smoke exposure, and season of birth; (expanded) all covariates in full model plus 

gestational age at birth and birthweight.

Abbreviations: OH-PAH – mono-hydroxylated-polycyclic aromatic hydrocarbon; 1-PYR - 

1-hydroxypyrene; 2/3/9 -FLUO – combined 2- and 3- and 9-hydroxyfluorene; 1/9-PHEN 

– combined 1- and 9-hydroxyphenanthrene; 3-PHEN - 3-hydroxyphenanthrene; 2-PHEN - 

2-hydroxyphenanthrene; 2-NAP - 2-hydroxynaphthalene; 1-NAP - 1-hydroxynaphthalene.
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Figure 2: Assessment of effect modification by child sex.
Adjusted relative risks (RR) and 95% confidence intervals for the association between 

each outcome and a two-fold increase in individual OH-PAH metabolite are displayed. 

Strata specific results were derived from interaction models. Displayed p-values are for the 

interaction term. Associations are adjusted for child age at assessment, child sex, study 

site, batch of OH-PAH analysis, urinary specific gravity, maternal age, education, race, 

pre-pregnancy BMI, household income, parity, maternal history of asthma, enrollment year, 

postnatal smoke exposure, and season of birth.

Abbreviations: OH-PAH – mono-hydroxylated-polycyclic aromatic hydrocarbon; 1-PYR - 

1-hydroxypyrene; 2/3/9 -FLUO – combined 2- and 3- and 9-hydroxyfluorene; 1/9-PHEN 

– combined 1- and 9-hydroxyphenanthrene; 3-PHEN - 3-hydroxyphenanthrene; 2-PHEN - 

2-hydroxyphenanthrene; 2-NAP - 2-hydroxynaphthalene; 1-NAP - 1-hydroxynaphthalene.
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Figure 3: Assessment of effect modification by maternal asthma.
Adjusted relative risks (RR) and 95% confidence intervals for the association between 

each outcome and a two-fold increase in individual OH-PAH metabolite are displayed. 

Strata specific results were derived from interaction models. Displayed p-values are for the 

interaction term. Associations are adjusted for child age at assessment, child sex, study 

site, batch of OH-PAH analysis, urinary specific gravity, maternal age, education, race, pre-

pregnancy, household income, parity, maternal history of asthma, enrollment year, postnatal 

smoke exposure, and season of birth.

Abbreviations: OH-PAH – mono-hydroxylated-polycyclic aromatic hydrocarbon; 1-PYR - 

1-hydroxypyrene; 2/3/9 -FLUO – combined 2- and 3- and 9-hydroxyfluorene; 1/9-PHEN 

– combined 1- and 9-hydroxyphenanthrene; 3-PHEN - 3-hydroxyphenanthrene; 2-PHEN - 

2-hydroxyphenanthrene; 2-NAP - 2-hydroxynaphthalene; 1-NAP - 1-hydroxynaphthalene.
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Figure 4: Assessment of effect modification by prenatal vitamin D status.
Adjusted relative risks (RR) and 95% confidence intervals for the association between 

each outcome and a two-fold increase in individual OH-PAH metabolite are displayed. 

Strata specific results were derived from interaction models. Displayed p-values are for the 

interaction term. Associations are adjusted for child age at assessment, child sex, study 

site, batch of OH-PAH analysis, urinary specific gravity, maternal age, education, race, 

pre-pregnancy BMI, household income, parity, maternal history of asthma, enrollment year, 

postnatal smoke exposure, vitamin D, and season of birth.

Abbreviations: OH-PAH – mono-hydroxylated-polycyclic aromatic hydrocarbon; 1-PYR - 

1-hydroxypyrene; 2/3/9 -FLUO – combined 2- and 3- and 9-hydroxyfluorene; 1/9-PHEN 

– combined 1- and 9-hydroxyphenanthrene; 3-PHEN - 3-hydroxyphenanthrene; 2-PHEN - 

2-hydroxyphenanthrene; 2-NAP - 2-hydroxynaphthalene; 1-NAP - 1-hydroxynaphthalene.
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Table 1.

Descriptive characteristics of mother-child dyads in pooled CANDLE and TIDES study population*

Combined analytic 
population 
(N=1296)

By quartile of total OH-PAH**

Quartile 1 
(N=324)

Quartile 2 
(N=324)

Quartile 3 
(N=324)

Quartile 4 
(N=324)

Maternal Variables

Age, n (%) 

<20 years 91 (7) 6 (2) 22 (7) 31 (10) 32 (10)

20–<30 years 588 (46) 104 (33) 152 (47) 161 (50) 171 (54)

30–<40 years 579 (45) 197 (62) 144 (45) 124 (39) 114 (36)

40+ 20 (2) 10 (3) 3 (1) 5 (2) 2 (1)

Missing 18 7 3 3 5

Education, n (%) 

Less than high school 89 (7) 11 (3) 20 (6) 17 (5) 41 (13)

High school completion 438 (34) 41 (13) 106 (33) 146 (45) 145 (45)

Graduated college or 
technical school 425 (33) 118 (37) 114 (35) 103 (32) 90 (28)

Some graduate work or 
graduate/professional degree 342 (26) 153 (47) 84 (26) 58 (18) 47 (15)

Missing 2 1 0 0 1

Race, n (%) 

White 606 (47) 230 (71) 164 (51) 132 (41) 80 (25)

Black or African American 566 (44) 44 (14) 128 (40) 174 (54) 220 (68)

Asian 39 (3) 19 (6) 10 (3) 4 (1) 6 (2)

Native Hawaiian or other 
Pacific Islander 2 (0) 1 (0) 0 (0) 0 (0) 1 (0)

American Indian or Alaska 
Native 3 (0) 0 (0) 2 (1) 1 (0) 0 (0)

Other 50 (4) 17 (5) 14 (4) 7 (2) 12 (4)

Multiple 29 (2) 13 (4) 6 (2) 6 (2) 4 (1)

Missing 1 0 0 0 1

Ethnicity, n (%) 

Not Hispanic or Latino 1237 (96) 307 (95) 310 (97) 309 (96) 311 (97)

Hispanic or Latino 50 (4) 16 (5) 10 (3) 13 (4) 11 (3)

Missing 9 0 4 2 2

Prior live births, median 
(IQR) 0.7 (1.13) 0.28 (0.74) 0.63 (0.93) 0.87 (1.24) 1 (1.37)

Missing 0 0 0 0 0

Maternal asthma, n (%) 

No 1075 (84) 266 (83) 287 (89) 263 (82) 259 (81)

Yes 207 (16) 53 (17) 35 (11) 57 (18) 62 (19)

Missing 14 5 2 4 3
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Combined analytic 
population 
(N=1296)

By quartile of total OH-PAH**

Quartile 1 
(N=324)

Quartile 2 
(N=324)

Quartile 3 
(N=324)

Quartile 4 
(N=324)

Pre-pregnancy BMI, mean 
± SD 27.35 ± 7.37 25 ± 5.23 26.83 ± 7.33 28.37 ± 8.12 29.19 ± 7.79

Missing 0 0 0 0 0

Child Variables

Infant sex, (%) 

Male 626 (48) 149 (46) 159 (49) 147 (45) 171 (53)

Female 670 (52) 175 (54) 165 (51) 177 (55) 153 (47)

Missing 0 0 0 0 0

Preterm birth (< 37 weeks), 
n (%) 

No 1179 (91) 299 (92) 293 (90) 293 (90) 294 (91)

Yes 117 (9) 25 (8) 31 (10) 31 (10) 30 (9)

Missing 0 0 0 0 0

Birth weight (grams), mean 
± SD 3310 ± 522 3400 ± 505 3310 ± 542 3300 ± 505 3230 ± 526

Missing 0 0 0 0 0

Child age (years) at 
outcome assessment 

Mean ± SD 4.38 ± 0.38 4.43 ± 0.35 4.37 ± 0.38 4.35 ± 0.37 4.36 ± 0.41

Missing 0 0 0 0 0

Postnatal secondhand 
smoke 

No 1087 (84) 307 (95) 267 (83) 269 (83) 244 (76)

Yes 206 (16) 17 (5) 56 (17) 55 (17) 78 (24)

Missing 3 0 1 0 2

Income at enrollment, n (%) 

<$15k 236 (19) 31 (10) 50 (16) 66 (21) 89 (30)

$15k – $25k 150 (12) 16 (5) 42 (13) 42 (14) 50 (17)

$25k – $45k 191 (15) 28 (9) 55 (18) 55 (18) 53 (18)

$45k – $55k 99 (8) 23 (7) 21 (7) 23 (7) 32 (11)

$55k – $65k 71 (6) 23 (7) 14 (4) 21 (7) 13 (4)

$65k – $75k 84 (7) 28 (9) 25 (8) 18 (6) 13 (4)

>=$75k 410 (33) 167 (53) 107 (34) 85 (27) 51 (17)

Missing 55 8 10 14 23

*
Characteristics are summarized for the entire analytic population, as well as by four quartiles of total PAH exposure, calculated as the sum of 

all SG-corrected concentrations of PAH metabolites. All characteristics were reported by mothers, except infant sex, birthweight, and preterm 
status, which were ascertained from birth medical records. Abbreviations: SD – standard deviation; BMI – body mass index; OH-PAH – 
mono-hydroxylated-polycyclic aromatic hydrocarbon.

**
Concentrations of total urinary OH-PAHs: quartile 1 (0–4.1), quartile 2 (4.2–7.0), quartile 3 (7.1–11.4) and quartile 4 (11.5–2433). All 

concentrations are in ng/mL.
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Table 2:

Reported asthma and wheeze outcomes at age 4–6 years in CANDLE and TIDES cohorts*

Outcomes

Combined 
analytic 

population 
(N=1296)

CANDLE 
(n=829)

TIDES Sites

Seattle 
(n=96)

San Francisco 
(n=131)

Minneapolis 
(n=140)

Rochester NY 
(n=100)

n (%) n (%) n (%) n (%) n (%) n (%)

Current asthma 1 

No 1142 (88.1) 696 (84.0) 95 (99.0) 128 (97.7) 132 (94.3) 91 (91.0)

Yes 154 (11.9) 133 (16.0) 1 (1.0) 3 (2.3) 8 (5.7) 9 (9.0)

Current wheeze 2 

No 1092 (84.5) 669 (80.9) 93 (96.9) 121 (93.1) 124 (88.6) 85 (85.9)

Yes 200 (15.5) 158 (19.1) 3 (3.1) 9 (6.9) 16 (11.4) 14 (14.1)

Ever asthma 3 

No 1145 (88.6) 709 (85.7) 93 (97.9) 126 (96.2) 132 (94.3) 85 (85.0)

Yes 148 (11.4) 118 (14.3) 2 (2.1) 5 (3.8) 8 (5.7) 15 (15.0)

Strict asthma 4 

No 1160 (90.8) 721 (88.1) 93 (98.9) 127 (97.7) 132 (94.3) 87 (90.6)

Yes 118 (9.2) 97 (11.9) 1 (1.1) 3 (2.3) 8 (5.7) 9 (9.4)

*
The prevalences of four airway outcomes are summarized, for the overall analytic population as well as by five study sites. Outcomes are 

determined based on parent report on the International Study of Asthma and Allergies in Childhood (ISAAC) questionnaire at the time of child age 
4–6 years old.

1
Current asthma is defined as positive responses to 2 of the following 3, (1) current wheeze (as defined below), (2) ever asthma (as defined below), 

and (3) medication use. No missing values

2
Current wheeze is defined as positive response to questions: “Has your child ever had wheezing or whistling in the chest at any time in the past?” 

and “Has your child ever had wheezing or whistling in the chest in the last 12 months?” N=4 missing.

3
Ever asthma is defined as positive response to the question “Has your child ever had asthma?” N=3 missing.

4
Strict asthma defined as positive response to the question “Has your child ever had asthma?” and “Wheeze in the past 12 months” or to the 

questions about use of asthma medications. N=18 missing.
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Table 3:

Associations between OH-PAH mixtures and airway outcomes, estimated by logistic weighted quantile sum 

(WQS) regression*

Outcome Direction OR (95% CI) ppermutation

Current wheeze
Negative 0.96 (0.88, 1.04) NA

Positive 1.04 (0.94, 1.14) NA

Current asthma
Negative 1.00 (0.90, 1.11) NA

Positive 1.09 (0.98, 1.22) NA

Ever asthma
Negative 0.91 (0.83, 1.00) 0.27

Positive 0.98 (0.88, 1.10) NA

Strict asthma
Negative 0.96 (0.86, 1.07) NA

Positive 1.06 (0.94, 1.19) NA

*
Logistic regression weighted quantile sum regression was performed using SG-adjusted OH-PAH metabolites categorized into deciles. Effect 

estimates represent the increased odds of reported outcome, scaled to a one-unit increase in WQS index and adjusted for all covariates in the 
full adjustment models: child age at assessment (continuous), child sex, study site, batch of OH-PAH analysis, and urinary specific gravity 
(continuous), maternal age (continuous), education (< high school, high school diploma, graduated college or technical school, and some graduate 
work or graduate/professional degree), race (Black and non-Black), pre-pregnancy BMI (continuous), household income (<15k, 15–25k, 25–45k, 
45–55k, 55–65k, 65–65k, >=75k), parity (prior birth or not), maternal history of asthma, enrollment year, postnatal smoke exposure (any vs. none), 
and season of birth (categorical; winter, spring, summer, and fall). 95% CIs were estimated using the full analytic sample, without splitting into 
training and validation datasets. A permutation test p-value (ppermutation) was estimated for any model in which the full-sample 95% CIs did not 

include the null.

Abbreviations: CI – confidence interval; BMI – body mass index; OH-PAH – mono-hydroxylated-polycyclic aromatic hydrocarbon; WQS – 
weighted quantile sum.
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