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Abstract

Background: Polycyclic aromatic hydrocarbons (PAHs) are endocrine-disrupting chemicals. 

Few studies have evaluated the association between pubertal development in girls and PAH 

exposures quantified by urinary biomarkers.

Methods: We examined associations of urinary PAH metabolites with pubertal development in 

358 girls aged 6–16 years from the San Francisco Bay Area enrolled in a prospective cohort 

from 2011–2013 and followed until 2020. Using baseline data, we assessed associations of urinary 
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PAH metabolites with pubertal development stage. In prospective analyses limited to girls who at 

baseline had not yet started breast (N=176) or pubic hair (N=179) development or menstruation 

(N=267), we used multivariable Cox proportional hazards regression to assess associations of 

urinary PAH metabolites with onset of breast and pubic hair development, menstruation, and 

pubertal tempo (interval between onset of breast development and menstruation).

Results: We detected PAH metabolites in >98% of girls. In cross-sectional analyses 

using baseline data, PAH metabolites were not associated with pubertal development stage. 

In prospective analyses, higher concentrations (≥ median) of some PAH metabolites were 

associated with two-fold higher odds of earlier breast development (2-hydroxynaphthalene, 

1-hydroxyphenanthrene, summed hydroxyphenanthrenes, total summed metabolites) or pubic 

hair development (1-hydroxynaphthalene) among girls overweight at baseline (body mass 

index (BMI)-for-age percentile ≥85) compared to non-overweight girls with lower metabolites 

concentrations. PAH metabolites were not associated with age at menarche or pubertal tempo.

Conclusions: PAH exposures were widespread in our sample. Our results support the hypothesis 

that, in overweight girls, PAHs impact the timing of pubertal development, an important risk factor 

for breast cancer.
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INTRODUCTION

Age at menarche, after declining in the first half of the 20th century, has stabilized in the 

last several decades.1 In recent decades, age at onset of breast development (thelarche) 

has notably declined in the United States (U.S.) and elsewhere,2 lengthening the time 

between breast development and menarche. Reasons underlying the trend of earlier breast 

development are not fully understood and may be related to changes in childhood obesity3 or 

environmental chemical exposures.4

Growing evidence from epidemiologic studies5 supports the hypothesis that endocrine-

disrupting chemicals may affect pubertal timing in girls.1,6 Endocrine-disrupting chemicals 

may affect pubertal timing through multiple mechanisms, including binding with hormone 

receptors mimicking endogenous hormones such as estrogens and androgens or blocking 

the functions of endogenous hormones and acting as anti-estrogens and anti-androgens.5 

Estrogenic, anti-estrogenic, and anti-androgenic effects have been reported for some PAHs 

and metabolites.7,8

PAHs are ubiquitous environmental pollutants formed by combustion of organic materials. 

Common sources of exposure include inhalation of tobacco smoke, vehicle exhaust, or 

smoke from wood fires, and consumption of charred or smoked meat or fish.9 Data on 

the relation between specific sources of PAH exposures and pubertal timing, however, are 

sparse and inconsistent,10–14 and only one prospective study assessed the association of 

urinary PAH metabolites with timing of breast and pubic hair development.14 Effects of 

PAH exposures on pubertal development would be highly relevant to breast cancer, as 
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earlier breast development and earlier menarche are associated with increased breast cancer 

risk.15–17 Furthermore, PAH exposures have been associated with higher risk of breast 

cancer.18

We examined whether commonly detected urinary PAH metabolites are associated with 

pubertal timing in girls who participated in the California cohort of the Lessons in 

Epidemiology and Genetics of Adult Cancer from Youth (LEGACY) Girls Study (2011–

2016),19 and subsequently enrolled in the California PAH Study (2017–2020).20

METHODS

The study is based on the LEGACY Girls Study, a multi-center prospective cohort 

conducted from 2011–2016.19 The California site enrolled 362 girls aged 6–16 years and 

their mothers from the San Francisco Bay Area. The girls were the daughters of women 

participating in the Northern California Breast Cancer Family Registry,21 or were recruited 

through friend referral, community outreach, or social media.19 About half of the enrolled 

girls had a family history of breast cancer in first- or second-degree relatives. We collected 

additional data and biospecimens from participants every 6 months. Of the 362 enrolled 

girls, 320 completed follow-up until 2016. In 2017, 251 of these girls and their mothers were 

enrolled in the California PAH Study and continued to be followed until 2020.20

Study Sample

The present analysis included 358 girls who provided a urine sample at enrollment in the 

LEGACY Girls Study. Participating mothers and daughters aged ≥10 years signed informed 

consent forms for the LEGACY Girls Study and the California PAH Study, and daughters 

aged 6–9 years signed an assent form for both studies. The Institutional Review Boards 

of the Cancer Prevention Institute of California and Stanford University and the California 

Committee for the Protection of Human Subjects approved both studies.

Urine and Data Collection

Every 6 months, a first-void morning urine sample was collected from participating girls on 

the day of the baseline or follow-up study visit. Samples were collected in medical-grade 

polypropylene containers. Self-collection kits including a sanitary wipe were mailed to the 

participants ahead of the visit with detailed instructions, including wiping the vaginal area 

before urine collection. Samples were transferred to the lab, aliquoted within 48 hours of 

collection into polypropylene vials, and stored at −80o C.

At enrollment in the LEGACY Girls Study, participating mothers completed a baseline 

questionnaire on the daughter’s sociodemographic characteristics, family history of breast 

cancer, medical history, lifestyle, and other factors.19 Trained research staff measured the 

daughter’s weight and height (two measurements each) using a digital scale and stadiometer, 

respectively. We collected information on pubertal development from mothers and daughters 

aged ≥10 years at baseline and every 6 months until 2016, at enrollment in the California 

PAH Study in 2017, and approximately 14 and 22 months following enrollment. We 

asked questions about age at first menstruation (in half-year intervals) and Tanner stage 

of breast and pubic hair development based on validated line drawings showing five stages 
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each with explanatory text.22,23 Tanner staging is routinely used in clinical evaluations of 

pubertal development. We previously demonstrated substantial agreement between clinical 

assessments and mothers’ reports for breast Tanner staging.24

Pubertal Outcomes

We examined four pubertal outcomes: breast Tanner stage, pubic hair Tanner stage, 

menarche status, and pubertal tempo. For girls aged 6–9 years, they were based on mothers’ 

reports, because girls under age 10 years did not complete questionnaires. For girls aged 

≥10 years with missing mother-reported pubertal outcomes data, we used the girls’ self-

report. Tanner stage ranges from TS1 (no development, no glandular tissue) to TS5 (full 

development),22 and TS2 indicates the onset of breast or pubic hair development. Age at 

onset of breast or pubic hair development was determined as the midpoint between the age 

at last consistent maternal report of TS1 and age at first consistent maternal report of TS2 

or higher (if TS2 was not reported) without regression back to TS1 in subsequent follow-up 

questionnaires. Pubertal tempo was defined as the interval between age at onset of breast 

development (TS2) and age at menarche. Girls with missing information on baseline breast 

TS (N=1) or pubic hair TS (N=2) were excluded from the respective analyses.

Urinary PAH Metabolite Assessment

In baseline urine samples and last collected samples, specific gravity (SG) and PAH 

metabolites were measured,20 including 1-hydroxy naphthalene (1-NAP), 2-hydroxy 

naphthalene (2-NAP), 2- and 3-hydroxy fluorene (2&3-FLU), 1-hydroxy phenanthrene (1-

PHEN), 2- and 3-hydroxy phenanthrene (2&3-PHEN), 4-hydroxy phenanthrene (4-PHEN), 

and 1-hydroxy pyrene (1-PYR). The metabolites were measured at the Trace Organic 

Chemistry laboratory at Lamont-Doherty Earth Observatory, Columbia University, using 

Sciex Qtrap 6500+ liquid chromatography coupled with tandem mass spectrometry (LC-

MS/MS).20,25 SG was measured using the Atago PAL-10-S refractometer. We previously 

reported that PAH metabolites were detected in nearly all baseline urine samples: ≥98% 

for 2-NAP, 1-PHEN, 2&3-PHEN, and 1-PYR; 82% for 1-NAP and 2&3-FLU; and 70% for 

4-PHEN.20

Statistical Analyses

PAH metabolite concentrations were corrected for SG to account for urine dilution, and 

values below the limit of detection (LOD) were assigned a value of LOD divided by 

the square root of 2. Metabolite concentrations were natural-log (ln) transformed for all 

analyses. We calculated the combined phenanthrene metabolites (∑PHEN) by summing the 

values for 1-PHEN, 2&3-PHEN, and 4-PHEN, and the sum of all metabolites (∑PAH) 

except for 1-NAP, because it is a metabolite of both naphthalene and the insecticide 

carbaryl.26 For 1-NAP, we excluded girls with a 1-NAP1 to 2-NAP ratio > 2.0, as this 

has been used as an indicator of carbaryl exposure.26 We used Spearman correlation 

coefficients (SCC) to assess correlations between pairs of PAH metabolites, between 

individual metabolites and ∑PAH, and between PAH metabolites in baseline and last 

samples.
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In cross-sectional analyses, we used baseline data to compare geometric mean PAH 

metabolite concentrations between girls at three different pubertal development stages: girls 

who had not started breast development (TS1) vs. girls with breast TS2 or higher (TS2+); 

girls who had not started pubic hair development (TS1) vs. girls with pubic hair TS2+; 

and pre-menarche girls vs. post-menarche girls. We restricted the breast and pubic hair 

development analyses to 295 and 294 girls aged 6–12 years, respectively, since all older 

girls had already started breast or pubic hair development per baseline mother’s report. 

For menarche, we restricted the analyses to 206 girls aged 10–16 years since none of 

the younger girls had started menstruating per baseline mother’s report. We averaged the 

two weight and height measurements, and calculated body mass index (BMI) as weight 

(kg) divided by squared height (m), and categorized by percentile for age using Centers 

for Disease Control growth charts.27 We classified girls with a BMI percentile ≥85 as 

overweight.

Because some girls were siblings, we used generalized estimating equations (GEE) 

to account for expected family correlations in linear and logistic regression models. 

We used multivariable linear regression models to calculate geometric mean metabolite 

concentrations and 95% confidence intervals (CIs), adjusting for age at baseline urine 

collection, race–ethnicity, mother’s education as a proxy for socioeconomic status, and 

baseline BMI percentile. Missing education was coded as unknown and included in the 

multivariable models. Categorizing urinary PAH metabolites as high vs. low (at the median 

or above vs. below the median of all girls combined), we used multivariable logistic 

regression to estimate odds ratios (ORs) and 95% CIs for the odds of being breast TS2+, 

pubic hair TS2+, or post-menarche at baseline. We adjusted logistic regression models for 

breast and pubic hair development stage for age at baseline urine collection, race–ethnicity, 

and baseline BMI percentile, and additionally adjusted models for menarche for family 

history of breast cancer and mother’s education.

We based prospective analyses on 176 girls with breast TS1 at baseline, 179 girls with 

public hair TS1, and 267 pre-menarche girls. We examined associations of PAH metabolite 

concentrations (high vs. low) with timing of pubertal outcomes using multivariable Cox 

proportional hazards regression models with attained age (in months) as the time scale, 

estimating hazard ratios (HRs) and 95% CIs, with an HR >1 indicating earlier pubertal 

onset. Girls entered the risk set at the age at baseline urine collection, and exited at the age 

at onset of breast development, pubic hair development, or first menstruation, respectively, 

or at the age at last follow-up, if they did not experience TS2 or menarche during follow-

up. We adjusted Cox models for age at baseline urine collection, race–ethnicity, mother’s 

education, and baseline BMI percentile. We included the latter because in longitudinal 

studies, higher BMI several years before onset of puberty was associated with earlier 

puberty.3

We used the robust variance estimator to account for correlations among siblings. We 

generated the median age at onset of breast and pubic hair development and age at 

menarche for girls with high vs. low PAH metabolite concentrations from the estimated 

baseline survival functions of the multivariable Cox models.28 We assessed the proportional 

hazards assumption by testing for interactions between the PAH metabolites (high vs. 
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low), covariates, and log-transformed time, and examining Kaplan-Meier survival curves 

stratified by PAH metabolites and covariates. We found no departures from the proportional 

hazards assumptions. A previous study found that baseline BMI modified the association 

between PAH metabolites and timing of breast development.14 We therefore assessed the 

joint association of baseline PAH metabolites and baseline BMI with pubertal timing using 

a composite variable of PAH metabolite concentration (low, high) and BMI percentile (<85, 

≥85).

We based analysis of pubertal tempo on the 133 girls with data on age at onset of breast 

development and age at menarche, with tempo greater than or equal to 0. We used linear 

regression models with GEE accounting for siblings to examine associations of pubertal 

tempo with PAH metabolite concentrations (high vs. low), adjusting for age at baseline urine 

collection, race–ethnicity, and mother’s education.

Statistical analyses were conducted using SAS 9.4. (SAS Institute Inc., Cary, NC).

RESULTS

In baseline samples, ∑PAH was strongly correlated with 2-NAP (SCC 0.98), but only 

weakly with the other metabolites (SCC 0.31–0.37); correlations were strong to very strong 

(SCC 0.73–0.95) between ∑PHEN and individual phenanthrene metabolites; moderate (SCC 

0.45–0.61) between ∑PHEN, 2&3-FLU, and 1-PYR; and weak (SCC 0.18–0.36) between 

the naphthalene and other metabolites (Supplementary Digital Content eAppendix 1a). We 

observed similar correlations in last samples (Supplementary Digital Content eAppendix 

1b). Correlations between concentrations in baseline and last samples were weak for most 

metabolites (SCC 0.19–0.35), but moderate for 2-NAP (SCC=0.49) and ∑PAH (SCC=0.47) 

(Supplementary Digital Content eAppendix 1c).

At baseline, nearly half of the girls had not yet started breast (49%) or pubic hair (50%) 

development, and 75% had not yet started menstruation. Among girls aged 6–12 years, the 

proportion of girls who had started pubertal development varied by sociodemographic and 

other characteristics (Table 1). For both breast and pubic hair development stage, girls with 

TS2+ were more likely to be older, Hispanic or African American, taller, heavier, and from 

families with lower maternal education or lower income. Similar patterns were seen for girls 

aged 10–16 years who were post-menarche compared to those that were pre-menarche at 

baseline. Mean SG-corrected metabolite concentrations, adjusted for age at baseline urine 

collection, race–ethnicity, mother’s education, and baseline BMI percentile, were similar by 

pubertal development stage (Table 2).

Associations between PAH metabolite concentrations and pubertal development stage at 

baseline are presented in Table 3. Categorizing metabolite concentrations as high vs. 

low (based on the median), in multivariable-adjusted models, PAH metabolites were 

not associated with the odds of having started breast development (TS2+), pubic hair 

development (TS2+), or menstruation.

Prospective analyses were based on 176 girls with breast TS1 at baseline urine collection, 

179 girls with pubic hair TS1, and 267 pre-menarche girls. In multivariable-adjusted Cox 
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regression models, there were no associations between PAH metabolites and onset of breast 

or pubic development or menarche (Table 4). Median age at pubertal onset or menarche 

was similar between girls with high vs. low metabolite concentrations. Similarly, pubertal 

tempo among 133 girls was not associated with PAH metabolite concentrations in all girls 

combined or in non-overweight girls (Table 5).

Classifying girls jointly by PAH metabolite concentration (low, high) and BMI percentile 

(<85, ≥85), we found earlier pubertal development among overweight girls with high 

concentration of some PAH metabolites when compared to non-overweight girls with low 

concentration (Figure; Supplementary Digital Content eAppendix 2a-c). In overweight girls, 

high concentrations of 2-NAP, 1-PHEN, ∑PHEN, and ∑PAH were associated with two-fold 

increased risks of earlier breast development (Supplementary Digital Content eAppendix 

2a). In contrast, earlier pubic hair development among overweight girls was found only 

in those with high 1-NAP. Low concentrations of all other metabolites (2-NAP, 2&3-FLU, 

2&3-PHEN, 4-PHEN, ∑PAH) were associated with 2 to 3-fold increased risk of earlier pubic 

hair development in overweight girls (Supplementary Digital Content eAppendix 2b). In 

non-overweight girls, high 2-NAP was the only metabolite associated with earlier pubic hair 

development. For menarche, high metabolite concentrations were not associated with earlier 

onset in non-overweight or overweight girls (Supplementary Digital Content eAppendix 2c). 

Earlier menarche was observed in overweight girls with low PAH metabolite concentrations.

DISCUSSION

Follow-up of pre-pubertal girls from the San Francisco Bay Area showed that higher 

urinary concentrations of selected PAH metabolites (2-NAP, 1-PHEN, ∑PHEN, ∑PAH) were 

associated with earlier breast development, but only among overweight girls (BMI percentile 

≥85) compared to non-overweight girls with low metabolite concentrations. For pubic hair, 

earlier onset was associated with high 1-NAP among overweight girls and high 2-NAP 

among non-overweight girls. Urinary PAH metabolites were not associated with timing of 

menarche or pubertal tempo.

Unlike for other endocrine-disrupting chemicals,5 there is only one prospective study that 

reported on the relation between urinary PAH metabolites and pubertal timing in girls. The 

California component of the Breast Cancer and Environment Research Program (BCERP) 

Puberty Study assessed associations with timing of breast and pubic hair development 

in 431 San Francisco Bay Area girls aged 6–8 years at study enrollment.14 Among 

overweight (BMI percentile ≥85) girls, high (vs. low tertile) baseline PAH metabolite 

concentrations (2-NAP, ∑FLU, ∑PHEN, 1-PYR, ∑PAH) were associated with earlier breast 

development. Our findings from the prospective analyses are consistent with the findings 

from the BCERP Study. Breast development was earlier among overweight girls with higher 

concentrations of 2-NAP, 1-PHEN, ∑PHEN, and ∑PAH. We also found earlier pubic hair 

development in overweight girls with high 1-NAP and non-overweight girls with high 

2-NAP, whereas in the BCERP Study urinary metabolites were not associated with timing of 

pubic hair development.14 We found no associations between PAH metabolites and timing of 

menarche or pubertal tempo. The BCERP Study did not evaluate associations with timing of 

menarche.14
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PAHs are lipophilic and accumulate in fat tissue.29 It is therefore plausible that effects of 

PAH exposures vary by body composition, with chronic long-term exposure to lipophilic 

PAHs among those with more fat tissue.30 We and others have previously reported higher 

mean PAH metabolite concentrations among overweight girls compared to non-overweight 

girls.14,20,31,32 In the BCERP Study, metabolite concentrations were higher in overweight 

girls as young as 7 years old.14

Urinary PAH metabolites have been detected in large proportions of children and 

adolescents world-wide, suggesting widespread exposure.33–36 We detected four urinary 

PAH metabolites in over 98% of samples,37 consistent with high detection rates in other 

U.S. studies.34,35 In biomarkers studies, the relative contribution of specific sources of 

exposure is unknown because individuals are typically exposed to multiple PAH sources and 

complex mixtures of PAH chemicals.38 1-PYR is the most widely used biomarker of PAH 

exposure and has been linked to cigarette smoke, consumption of charbroiled and smoked 

meat or fish, and indoor and outdoor air pollution.39 Higher PAH metabolite concentrations 

have been observed in children exposed to air pollution from traffic and other sources 

(naphthalene, phenanthrene, 1-pyrene),36,40 tobacco smoke at home (naphthalene, fluorene, 

and phenanthrene),32,36 and consumption of barbequed food within 48 hrs of urine sample 

collection (1-NAP, 2-FLU, phenanthrene, and 1-pyrene).36 Thus, in our study the association 

of earlier breast development in overweight girls associated with higher 2-NAP, 1-PHEN, 

∑PHEN, and ∑PAH concentrations likely reflect multiple sources of PAH exposure. Specific 

exposure sources will vary by population. In our study, only 7% of girls were exposed to 

smokers in the home and no girls lived in homes heated with coal, oil, or wood,20 compared 

to much higher proportions of German children and adolescents exposed to smoking in 

the home (39%) or living in homes heated with oil, coal, pellet or other wood (35%).36 

Information on potential sources of PAH exposures was available only for a subset of 

LEGACY Girls Study participants who enrolled in the California PAH Study.20 Thus, our 

sample size was too small to evaluate associations between specific PAH exposure sources 

and pubertal timing.

Few studies have examined the association between PAH exposure and timing of pubic 

hair development. Earlier pubic hair development has been associated with higher tobacco 

smoke exposure11 and greater exposure to vehicle traffic.10 Our findings of earlier pubic hair 

development in girls with higher urinary concentrations of 1-NAP (in overweight girls) and 

2-NAP (in non-overweight girls) warrant confirmation in other studies. In vitro studies have 

reported anti-androgenic activity for select PAHs or metabolites.8 Data on interactions of 

PAHs with the androgen receptor are limited.41

We found no associations between PAH metabolites and timing of menarche, although 

variation in age at menarche was limited in our study (91% of girls at ages 11–14 years). 

Some studies have found an association between childhood tobacco smoke exposure and 

later menarche,42 although findings have been inconsistent.43 A Korean study reported 

that high particulate matter concentrations were related with earlier menarche.13 Thus, the 

impact of PAH exposures on timing of menarche remains uncertain.
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Recent reviews have summarized the limited, epidemiologic data on pubertal development 

and endocrine-disrupting chemicals,5,44,45 with urinary levels of phenols, phthalates, 

pesticides, and flame retardants being the most extensively studied. Data on urinary 

PAH metabolites, however, are lacking,5,45 except for the BCERP Study14 and delayed 

breast development reported in a study of prenatal PAH exposure.46 Findings that 

certain endocrine-disrupting chemicals are associated with accelerated onset of puberty 

or menarche, compared with other evidence consistent with delays in pubertal milestones, 

suggest complex pathways and mechanisms underlying the effects of EDCs on pubertal 

development.47

The present study has several notable strengths and some limitations that need to be 

considered when interpreting the results. PAH exposure was assessed by metabolites 

measured in urine and therefore not subject to inaccurate recall. Furthermore, we have 

previously reported that PAH metabolite concentrations were associated with self-reported 

sources of PAH exposure in our study sample.37 The biospecimen collection rate was very 

high, with 99% of 362 enrolled girls providing a baseline urine sample. The detection rate 

of urinary metabolites was high, ranging from 82% to 99% for six metabolites studied, 

comparable to other U.S. studies. Since PAHs are metabolized rapidly, with a half-life of 

2.5–6.1 hours following dietary PAH exposure,48 a single urinary exposure measurement 

may not reflect average PAH exposures during the pre-pubertal window of susceptibility. 

It is reassuring that we found a moderate correlation in summed metabolite concentrations 

between baseline and last urine samples measured up to 72 months apart, and substantial 

agreement in tertile ranking, suggesting longer-term PAH exposures.20

The prospective design allowed us to examine the relation between PAH metabolites 

and the timing of puberty in girls who had not started pubertal development yet. 

However, since the participants were aged 6–16 years at study enrollment, some girls 

had already started pubertal development at the baseline assessment, which limited the 

sample size for the prospective analyses. The study’s relatively long follow-up allowed 

us to examine associations with timing of menarche. Pubertal outcomes based on mother 

reports were assessed using validated methods (i.e., Tanner staging for breast and pubic 

hair development) that are widely used in clinical settings, but are subject to measurement 

error. For a subset of girls in the LEGACY Girls Study, we have shown high reliability and 

validity of mother-reported breast Tanner stage when compared with breast Tanner stage 

assessed by health professionals.24 Our main findings for overweight girls were based on 

relatively small sample sizes, and we were able to categorize metabolite concentrations 

only into high vs. low based on the median. Nevertheless, our results are consistent with 

a prior study.14 Information on sources of PAH exposure was available only for a subset 

of girls; thus we could not assess the potential modifying effects of passive smoking or 

consumption of charred or smoked foods on the association between PAH metabolites and 

pubertal timing. We did not have information available on air pollutants linked to residential 

history or other measures of long-term PAH exposures. Larger prospective studies with 

comprehensive assessment of both biomarkers and sources of PAH exposures and pubertal 

development are therefore warranted to confirm the present findings in larger subgroups of 

overweight girls and across more refined exposure categories. PAH biomarkers are likely 

better integrated exposure measures than self-reported sources of PAH exposure which may 
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be subject to inaccurate recall. Information on specific PAH exposure sources, however, is 

valuable, as it may direct exposure reduction efforts toward specific exposure sources that 

are modifiable (e.g., in the home environment).

In conclusion, a deeper understanding of the effects of PAH exposures on pubertal timing 

will provide new insights on the potential impact of widespread exposure to environmental 

chemicals early in life on intermediate markers of breast cancer risk in adolescents and risk 

of breast cancer in adults.49 Earlier pubertal timing is a public health concern because of its 

association with adverse mental health outcomes in adolescents 50 and higher risks of other 

cancers,51 cardiovascular disease,52 and type 2 diabetes.53 Changes in pubertal timing may 

be early indicators of the impact of environmental chemicals on adverse health outcomes,2 

warranting careful monitoring.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure. 
Urinary metabolites of polycyclic aromatic hydrocarbons (PAHs) and pubertal development. 

The figure depicts hazard ratios (HRs) and 95% confidence intervals (CIs) for the 

joint associations of urinary PAH metabolite concentrations (high vs. low) and BMI-for-

age-percentile (<85, ≥85) with pubertal development outcomes from Cox proportional 

hazards regression models with robust variance estimator, adjusted for age at baseline 

urine collection (continuous), race–ethnicity (non-Hispanic White, African American, Asian 

American, Hispanic, mixed race–ethnicity), mother’s education (some college or less, 

college degree, graduate degree, unknown). The prospective analyses were based on 176 

girls with breast Tanner Stage 1 at baseline PAH metabolite measurement, 179 girls with 

pubic hair Tanner Stage 1 at baseline, and 267 pre-menarche girls at baseline.
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TABLE 4.

Associations of urinary PAH metabolites with pubertal outcomes and median age at pubertal event, California 

PAH Study, 2011–2020

Girls with breast Tanner Stage 1 at baseline

N=176 
a

Girls with pubic hair Tanner Stage 1 at 
baseline

N=179 
b

Girls with pre-menarche status at baseline

N=267 
c

N Events HR 
(95% 
CI) 
d,e

Median 
age at 

pubertal 
event 

(years)

Difference 

(months) 
f

N Events HR 
(95% 
CI) 
d,e

Median 
age at 

pubertal 
event 

(years)

Difference 

(months) 
f

N Events HR 
(95% 
CI) 
d,e

Median 
age at 

pubertal 
event 

(years)

Difference 

(months) 
f

Urinary 
PAH 
metabolites 
g

1-NAP

 Low 91 81 1.0 10.5 93 76 1.0 10.6 132 105 1.0 12.5

 High

85 74

0.81 
(0.58–
1.13) 10.9 3.7 86 76

0.91 
(0.65–
1.27) 10.9 2.9 135 108

0.87 
(0.66–
1.15) 13.0 6.0

1-NAP 
h

 Low 64 55 1.0 10.7 66 54 1.0 10.8 98 79 1.0 12.5

 High

60 55

1.35 
(0.90–
2.02) 10.4 −3.6 64 57

1.22 
(0.83–
1.78) 10.9 0.8 97 80

1.05 
(0.77–
1.44) 12.5 0.0

2-NAP

 Low 106 91 1.0 10.8 104 85 1.0 10.8 148 117 1.0 13.0

 High

70 64

1.31 
(0.93–
1.86) 10.5 −4.2 75 67

1.37 
(0.95–
1.98) 10.6 −2.2 119 96

0.97 
(0.72–
1.30) 12.8 −2.0

2&3-FLU

 Low 93 83 1.0 10.6 94 80 1.0 10.9 132 103 1.0 13.0

 High

83 72

0.85 
(0.62–
1.16) 10.9 2.6 85 72

0.94 
(0.67–
1.31) 10.7 −2.3 135 110

1.07 
(0.83–
1.37) 12.9 −1.0

1-PHEN

 Low 93 78 1.0 10.7 96 75 1.0 10.8 140 105 1.0 13.0

 High

83 77

1.00 
(0.74–
1.36) 10.7 0.9 83 77

1.10 
(0.77–
1.55) 10.8 −0.7 127 108

1.11 
(0.87–
1.43) 13.0 0.0

2&3-
PHEN

 Low 89 77 1.0 10.6 89 71 1.0 10.7 134 106 1.0 13.0

 High

87 78

0.83 
(0.62–
1.12) 10.8 1.5 80 81

1.13 
(0.81–
1.58) 10.9 2.1 133 107

0.99 
(0.77–
1.27) 13.0 0.0

4-PHEN

 Low 92 81 1.0 10.6 96 79 1.0 10.6 135 105 1.0 13.0

 High

84 74

0.81 
(0.59–
1.11) 10.8 1.7 83 73

0.84 
(0.61–
1.18) 10.9 3.3 132 108

1.04 
(0.82–
1.32) 13.0 0.0
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Girls with breast Tanner Stage 1 at baseline

N=176 
a

Girls with pubic hair Tanner Stage 1 at 
baseline

N=179 
b

Girls with pre-menarche status at baseline

N=267 
c

N Events HR 
(95% 
CI) 
d,e

Median 
age at 

pubertal 
event 

(years)

Difference 

(months) 
f

N Events HR 
(95% 
CI) 
d,e

Median 
age at 

pubertal 
event 

(years)

Difference 

(months) 
f

N Events HR 
(95% 
CI) 
d,e

Median 
age at 

pubertal 
event 

(years)

Difference 

(months) 
f

∑PHEN 
i

 Low 92 79 1.0 10.6 96 77 1.0 10.6 138 108 1.0 12.8

 High

84 76

0.83 
(0.61–
1.12)

10.9 3.2

83 75

0.89 
(0.64–
1.26)

10.9 3.6

129 105

0.87 
(0.68–
1.11)

13.0 3.0

1-PYR

 Low 96 82 1.0 10.5 103 84 1.0 10.7 145 112 1.0 13.0

 High

80 73

0.81 
(0.56–
1.17)

10.8 3.7

76 68

0.92 
(0.65–
1.31)

10.9 2.3

122 101

1.07 
(0.81–
1.42)

12.8 −2.0

∑PAH 
j

 Low 105 91 1.0 10.7 105 87 1.0 10.8 149 118 1.0 13.0

 High

71 64

1.33 
(0.95–
1.85)

10.5 −3.0

74 65

1.27 
(0.88–
1.83)

10.6 −1.6

118 95

0.99 
(0.75–
1.32)

12.7
−4.0

Abbreviations: 1-NAP, 1-hydroxy naphthalene; 2-NAP, 2-hydroxy naphthalene; 2&3-FLU, 2- and 3-hydroxy fluorene; 1-PHEN, 1-hydroxy 
phenanthrene; 2&3-PHEN, 2- and 3-hydroxy phenanthrene; 4-PHEN, 4-hydroxy phenanthrene; 1-PYR, 1-hydroxypyrene; ∑PHEN, sum of 
1-PHEN, 2&3-PHEN, and 4-PHEN; ∑PAH, sum of all metabolites except 1-NAP; BMI, body mass index; CI, confidence interval; HR, hazard 
ratio; PAH, polycyclic aromatic hydrocarbon; TS, Tanner stage; TS2+, TS2 or higher.

a
Of 176 girls with breast TS1 at baseline urine collection, 155 reached TS2 or higher during follow-up.

b
Of 179 girls with pubic hair TS1 at baseline urine collection, 152 reached TS2 or higher during follow-up.

c
Of 267 girls who were pre-menarche at baseline urine collection, 213 reached menarche during follow-up.

d
HR estimated using Cox proportional hazards regression models and the robust variance estimator to account for correlations among girls 

from the same family, adjusted for age at baseline urine collection (continuous), race–ethnicity (non-Hispanic White, African American, Asian 
American, Hispanic, mixed race–ethnicity), mother’s education (some college or less, college degree, graduate degree, unknown), and baseline 
BMI-for-age percentile (<85, ≥85).

e
HR >1 indicates earlier pubertal onset.

f
Positive values indicate older age at pubertal event in girls with high vs. low PAH metabolite concentration; negative values indicate younger age 

at pubertal event in girls with high vs. low PAH metabolite concentration.

g
High (≥ median) vs. low (< median) PAH metabolite concentration (ng/L). Median concentrations were determined among all girls combined 

(N=358), concentrations were corrected for specific gravity (SG) and include imputed values for those below the level of detection (LOD).

h
Excludes girls with a 1-NAP to 2-NAP ratio > 2 indicative of carbaryl exposure. Exclusions were 52 for breast TS, 49 for pubic hair TS, and 72 

for menarche status.

i
ng/L.

j
nmol/L.
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TABLE 5.

Associations of urinary PAH metabolites with pubertal tempo, California PAH Study, 2011–2020

Pubertal tempo

All girls
N=133

BMI percentile <85 
a 

N=113

β and 95% CI 
b,c β and 95% CI 

b,c

Urinary PAH metabolites (high vs. low) 
d

1-NAP 1.90 (−2.35 – 6.15) 2.26 (−2.36 – 6.88)

1-NAP 
e 1.10 (−3.84 – 6.05) −0.40 (−5.73 – 4.93)

2-NAP 1.05 (−3.59 – 5.70) 0.78 (−4.36 – 5.91)

2&3-FLU 0.09 (−4.08 – 4.26) 0.71 (−3.71 – 5.13)

1-PHEN 1.54 (−2.80 – 5.88) 1.61 (−2.96 – 6.18)

2&3-PHEN 3.13 (−0.96 – 7.22) 2.22 (−2.10 – 6.55)

4-PHEN 1.52 (−2.63 – 5.68) 1.33 (−3.03 – 5.69)

∑PHEN 
f 2.17 (−2.06 – 6.39) 1.47 (−3.03 – 5.98)

1-PYR −0.20 (−4.36 – 3.95) −0.02 (−4.37 – 4.34)

∑PAH 
g

0.37 (−4.14 – 4.88) −0.13 (−5.11 – 4.85)

Abbreviations: 1-NAP, 1-hydroxy naphthalene; 2-NAP, 2-hydroxy naphthalene; 2&3-FLU, 2- and 3-hydroxy fluorene; 1-PHEN, 1-hydroxy 
phenanthrene; 2&3-PHEN, 2- and 3-hydroxy phenanthrene; 4-PHEN, 4-hydroxy phenanthrene; 1-PYR, 1-hydroxypyrene; ∑PHEN, sum of 
1-PHEN, 2&3-PHEN, and 4-PHEN; ∑PAH, sum of all metabolites except 1-NAP; BMI, body mass index; CI, confidence interval; PAH, polycyclic 
aromatic hydrocarbons.

a
20 girls had a BMI percentile of ≥85, no associations are presented.

b
β estimated from linear regression models, where the tempo in months is the dependent variable and can be interpreted as the difference (months) 

between high vs low PAH metabolite concentrations. Models were adjusted for age at baseline urine collection (continuous), race–ethnicity 
(non-Hispanic White, African American, Asian American, Hispanic, mixed race–ethnicity), and mother’s education (some college or less, college 
degree, graduate degree, unknown). None of the β was statistically significant.

c
A positive β indicates a longer interval for girls with high PAH metabolite concentration (i.e., slower pubertal tempo).

d
High (≥ median) vs. low (< median) PAH metabolite concentration. Median concentrations were determined among all girls combined (N=358), 

corrected for specific gravity (SG) and including imputed values for those below the level of detection (LOD).

e
Excludes 35 girls with a 1-NAP to 2-NAP ratio > 2 indicative of carbaryl exposure. Due to small numbers. race–ethnicity was categorized as 

non-Hispanic White vs. all other.

f
ng/L.

g
nmol/L.
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