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Background: Polybrominated diphenyl ether (PBDE) flame retardants are endocrine-disrupting chemicals that
exhibit estrogenic and androgenic properties and may affect pubertal timing.
Methods: Study subjects were participants between 1999 and 2013 in the Center for the Health Assessment of
Mothers andChildren of Salinas (CHAMACOS), a longitudinal cohort study of predominantlyMexican origin fam-
ilies in Northern California.Wemeasured serum concentrations of four PBDEs (BDE-47, -99, -100, -153) in blood
collected frommothers during pregnancy (N=263) and their children at age 9 years (N=522).Wedetermined
timing of pubertal onset in 309 boys and 314 girls using clinical Tanner staging every 9 months between 9 and
13 years of age, and timing ofmenarche by self-report.Weused Poisson regression for relative risk (RR) of earlier
puberty and parametric survival analysis for time ratios (TR) of pubertal milestones.
Results: Prenatal concentrations of all 4 congeners and ƩPBDEs were associated with later menarche in girls
(RRearlier menarche = 0.5, 95% confidence interval (CI): 0.3, 0.9 for ƩPBDEs) but earlier pubic hair development in
boys (RRearlier pubarche = 2.0, 95% CI: 1.3, 3.3 for ƩPBDEs). No associations were seen between prenatal exposure
and girls' breast or pubic hair development or boys' genital development. Childhood PBDE exposure was not as-
sociated with any measure of pubertal timing, except for an association of BDE-153 with later menarche.
Conclusions: We found that prenatal PBDE exposure was associated with later menarche in girls but earlier
pubarche in boys, suggesting opposite pubertal effects in girls and boys.

© 2017 Published by Elsevier Ltd.
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1. Introduction

Age at onset of puberty among girls, defined as first breast develop-
ment (thelarche), has been decreasing over recent decades (Biro et al.,
2013; Euling et al., 2008;Herman-Giddens et al., 1997), potentially plac-
ing girls at increased risk of reproductive cancers (Kelsey et al., 1993;
Riman et al., 1998), psychiatric disorders (Graber et al., 2004;
Hayward et al., 1997), and behavior problems (Flannery et al., 1993;
Lanza and Collins, 2002; Phinney et al., 1990; Udry and Cliquet, 1982).
Recent evidence suggests that age of onset of puberty in boys, defined
by testicular enlargement (gonadarche) and the appearance of pubic
hair (pubarche), may also be decreasing (Herman-Giddens, 2006;
Herman-Giddens et al., 2001). The reasons for the downward shifts in

timing of puberty are unclear, but onehypothesis is that exposure to en-
docrine disruptors – chemicals that mimic, block, or interfere with the
body's natural hormones – may impact pubertal timing in children
(Chiabotto et al., 2006; Massart et al., 2006).

Polybrominated diphenyl ethers (PBDEs) are a class of brominated
chemicals used for many years as flame retardants in consumer prod-
ucts such as furniture, textiles, and electronics (U.S. DHHS, 2004). The
pentaBDE mixture, which includes the congeners BDE-47, -99, -100,
and -153, was widely used in furniture and other household products
containing polyurethane foam until its use was discontinued in 2004.
Exposure to the pentaBDE mixture is widespread, with N93% of Ameri-
cans having detectable levels of BDE-47, -100, and -153 in their blood
(Sjödin et al., 2008b). Although use of PBDE flame retardants has
stopped, exposure continues because they are present in existing furni-
ture, electronics, and other large items in the home, are not chemically
bound and can leach out into house dust (Sjödin et al., 2008a), and are
persistent in the environment and the body (Geyer et al., 2004; Hale
et al., 2003; Sjodin et al., 2003).
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Several studies have shown that PBDEs (Hamers et al., 2006; Harju
et al., 2007; Stoker et al., 2005) and their hydroxylated PBDE (OH-
PBDE)metabolites (Hamers et al., 2008;Meerts et al., 2000) have endo-
crine-disrupting properties, which may differ by congener. In estrogen
receptor binding assays, lowerbrominated PBDEs and OH-PBDEs (e.g.
BDE-28, -47 and -100) exhibit estrogenic activity (Dang et al., 2007;
Meerts et al., 2001), while higher-brominated congeners (e.g. BDE-
153 and -190) display anti-estrogenic properties (Meerts et al., 2001).
The pentaBDE mixture also exhibits anti-androgenic activity in andro-
gen receptor binding assays (Harju et al., 2007; Stoker et al., 2005).

A small number of animal studies suggest that PBDE exposure may
impact timing of puberty. In female rats, gestational (Lilienthal et al.,
2006; Kodavanti et al., 2010) and peripubertal (Stoker et al., 2004) ex-
posure to pentaBDE and BDE-99 have been associated with significant
delays in puberty as measured by age at vaginal opening or mammary
gland development. In two studies of male rats, gestational (Kodavanti
et al., 2010) and peripubertal (Stoker et al., 2004) exposure to the
pentaBDE mixture were associated with later puberty, assessed by age
at preputial separation, although gestational exposure to BDE-99 was
non-significantly associatedwith earlier preputial separation in another
study (Lilienthal et al., 2006).

In human studies, prenatal PBDE exposure has been associated with
reduced fertility (Harley et al., 2010), altered thyroid hormone and sex
hormone levels (Chevrier et al., 2011; Chevrier et al., 2008; Eskenazi
et al., 2016; Herbstman et al., 2008; Lin et al., 2011; Stapleton et al.,
2011), lower infant birth weight (Harley et al., 2011), and impaired
childhood neurodevelopment and behavior (Chevrier et al., 2013;
Eskenazi et al., 2013; Herbstman et al., 2010; Sagiv et al., 2015), but
only two studies have examined timing of puberty. Among 271 adoles-
cent girls participating in the National Health and Examination Survey
(NHANES), higher serum PBDE concentrations between ages 12 and
19 years was associated with early menarche (b12 years of age)
(Chen et al., 2011). However, among645 girls participating in the Breast
Cancer and the Environment Research Program, higher exposure to sev-
eral individual PBDE congeners between ages 6 and 8 years was associ-
ated with older age at onset of breast and pubic hair development
(Windham et al., 2015). No epidemiologic studies have examined the
association of PBDEs and puberty in boys or have examined the associ-
ation of in utero exposure and puberty in boys or girls.

In the present prospective study, we examined the association of
prenatal and childhood exposure to four components of the pentaBDE
flame retardant mixture on timing of puberty in girls and boys.

2. Methods

2.1. Study population

Participants were children in the Center for the Health Assessment
of Mothers and Children of Salinas (CHAMACOS), a longitudinal cohort
study examining the effects of environmental exposures on children's
growth and development in a largely Latino region of California. Partic-
ipants were enrolled in the study in two waves: in the first wave
(CHAM1), 601 pregnant mothers were recruited from prenatal care
clinics in 1999–2000, and 529 mothers stayed in the study through
the birth of a live born infant. The CHAM1 children were assessed at
multiple time points throughout childhood, with 326 children (54.2%)
continuing to participate in the study at age 9 years. In the second
wave of enrollment in 2009–2011, 305 additional mothers and their
9-year-old children were recruited through community outreach
(CHAM2). Eligibility requirements were the same for both waves: the
children were born between 2000 and 2002 in the Salinas Valley to
Spanish- or English-speaking mothers who, at the time of pregnancy,
were at least 18 years of age andwere eligible for low income health in-
surance (Medicaid). Pubertal timing was assessed in 641 children be-
tween 9 and 13 years of age. We excluded 18 participants who did not
provide serum samples for PBDE measurements, for a total of 623

children (309 boys and 314 girls). This studywas approved by the Insti-
tutional Review Board at theUniversity of California, Berkeley. Informed
consent was obtained frommothers and assent was obtained from chil-
dren for all activities.

2.2. Physical exam and pubertal assessment

At 7 years of age, we used Tanner stage diagrams (Tanner, 1986) to
obtain mothers' report of their daughters' pubertal stages. Between the
ages 9 and 13 years, five trained research assistants assessed timing of
puberty using clinical Tanner staging conducted at 9 month intervals.
We assessed girls' stages of breast development (B1–B5) using palpa-
tion and pubic hair development (PH1–PH5) using visual inspection.
Menarche status was asked at each visit and age at menarche was
ascertained at the first post-menarchal visit. We visually assessed
boys' stages of genital (G1–G5) and pubic hair development (PH1–
PH5) and measured testicular volume (TV) by comparison with
orchidometer beads. A boy was not considered to be in stage G2 unless
his TV was N3 cm3. Research assistants were trained and supervised by
two pediatric endocrinologists (R.L. and L.G.). Kappas for inter-rater re-
liability were 0.70 for breast and 0.79 for pubic hair development in
girls, and 0.75 for genital and 0.86 for pubic hair development in boys.
The examiners' assessments agreedwith those of the pediatric endocri-
nologists 90%, 92%, 92%, and 100% of the time for girls' breast and pubic
hair stage and boys' genital and pubic hair stage, respectively, with re-
gard to whether the child was in stage 1 versus stage 2+.

At each visit, we measured weight (Tanita TBF 300A bioimpedence
scale) and height (Seca 222 stadiometer). Body mass index (BMI) was
calculated as weight/height2 (kg/m2) and classified as underweight,
normal weight, overweight, or obese according to CDC age- and sex-
specific percentiles (National Center for Health Statistics, 2005). Child's
birth weight was obtained from medical records. Maternal pre-preg-
nancy BMI was based on measured height and either self-reported
(CHAM1) or medical record (CHAM2) pre-pregnancy weight.

2.3. PBDE exposure assessment

PDBE concentrations were measured in serum collected from 263
CHAM1mothers during pregnancy (N=203; mean: 25.7 weeks gesta-
tion) or at delivery (N = 60) and 522 CHAM1 and CHAM2 children at
age 9. Serumwas stored at−80 °C until shipment to the Centers for Dis-
ease Control and Prevention in Atlanta, GA, where specimens were an-
alyzed for 10 PBDE congeners (BDE-17, -28, -47, -66, -85, -99, -100,
-153, -154, and -183) by gas-chromatography isotope-dilution high-
resolution mass spectrometry (Sjödin et al., 2004). Each analytical run
included laboratory blanks and spikes.

PBDE concentrations are expressed on a serum lipid basis (ng/g
lipid) (Phillips et al., 1989). Limits of detection ranged from 0.8–
2.6 ng/g for BDE-47 and 0.2–0.7 ng/g for other congeners. For concentra-
tions below the limit of detection (LOD), the machine-read value was
used if available or a value bLOD was imputed based on a log-normal
probability distribution if not (Lubin et al., 2004). Of the 10 congeners
analyzed, 6 were detected in b55% of samples and were not included
in this analysis. The four components of the pentaBDE commercial mix-
ture (BDE-47,−99,−100, and−153)were detected in 97% of samples.
These four congeners were examined individually and summed to gen-
erate a ΣPBDE variable.

2.4. Covariates

Information onpotential confounderswas collected using structured
interviews conducted in the mother's language of choice (English or
Spanish) during pregnancy and/or at the 9-year visit. Potential con-
founders were selected a priori using directed acyclic graphs (Supple-
mental Figs. S1 & S2). All models controlled for mother's education
and years of residence in the United States at time of pregnancy, child's
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birth order, duration of breastfeeding, family income at age 9, and co-
hort (CHAM1 versus CHAM2). Models of girls' pubertal onset also in-
cluded father's presence in the home at age 9 and maternal age at
menarche. Models of prenatal exposure included maternal pre-preg-
nancy BMI (continuous variable), while models of childhood exposure
included child's birth weight and BMI (categorical variable for normal,
overweight, or obese) at age 9.

2.5. Statistical analysis

We examined the associations of PBDE concentrations with timing
of puberty in two ways. First, we examined the relative risk (RR) of ear-
lier onset of puberty (defined as thelarche ≤9 years and pubarche
≤10.5 years in girls; gonadarche ≤10.5 years and pubarche ≤12 years
in boys), and earlier menarche (b12 years) using Poisson regression
with robust variance estimates. The age cut-offs for earlier thelarche,
pubarche, and gonadarche were chosen because they were the study
visit closest to the median ages of onset in this sample. The cut-off for
earlier menarche was chosen because it was the nearest whole year to
the median age at menarche for the study (11.7 years). Second, we
modeled time to onset of Tanner 2 and menarche using parametric ac-
celerated failure time (AFT) models assuming a 2-parameter Weibull
distribution. For these models, we used the Stata intcens module,
which allows for interval-censored data (i.e., pubertal onset occurring
at an unknown time between two observations), in addition to the
more typical right-censoring (i.e., pubertal onset after the end of obser-
vation). The AFTmodels allow the estimation of a time ratio (TR),which
measures the associationwith the exposure in terms of time (age at pu-
berty), rather than a hazard ratio, which estimates instantaneous risk.
For example, if the average age of the onset of telarche in the sample
was 10 years of age, a TR = 0.9 would imply a 10% reduction in the
age of telarche, or an onset at 9 years.

A number of children were left-censored because they had already
reached one of the pubertal milestones at the start of the observation
period (age 9). Among girls, 43.0% had reached thelarche and 20.4%
had reached pubarche at the 9-year visit. For these girls, we set the pa-
rameters of the AFT models to assume thelarche or pubarche had oc-
curred in either the 7–9 year-old or 5–7 year-old interval based on the
mother's report of her daughter's Tanner stages at age 7. Among boys,
8% had reached gonadarche and 2% had reached pubarche at age 9.
For these boys, the models were set to assume that pubertal onset oc-
curred between 7 and 9 years of age. Only two girls had already begun
menstruating at age 9, when the PBDE measurement was taken.

PBDE exposure was examined continuously as a log10-transformed
variable because generalized additive models suggested that this was
an appropriate dose-response relationship and because this reduced
the influence of individuals with very high exposure. We also examined
PBDE exposure categorically by quartiles of exposure. For themain anal-
yses, we conducted separate models for prenatal and childhood PBDE
exposure, but we included prenatal and childhood concentrations in
the same model in sensitivity analyses. Because of the strong interrela-
tionship between PBDE concentrations, BMI, and timing of puberty, we
also examined interaction by BMI using interaction terms for log10 PBDE
concentrations ∗ overweight/obese. We used lipid-standardized PBDE
concentrations in our main models but conducted sensitivity analyses
examining wet weight PBDE concentrations with serum lipid levels as
a covariate (Schisterman et al., 2005).

All analyses were performed using Stata 13.1 (College Station, TX).

3. Results

The study participants were almost entirely Latino, with most
mothers being recent immigrants fromMexico (Table 1). Approximate-
ly three quarters of mothers had not completed high school, and the
majority of families were living below the federal poverty threshold.

There was a high prevalence of overweight and obesity among both
mothers and children.

The distribution of serum PBDE concentrations is shown in Supple-
mental Table S1; N97% of mothers and 99% of 9-year-old children had
detectable concentrations of the four main congeners of the pentaBDE
mixture in their blood. BDE-47 was the dominant congener, with medi-
an concentrations that were 3–7 times higher than BDE-99, -100, and
-153. Maternal prenatal PBDE concentrations in this study population
tended to be lower than among pregnant women participating in
NHANES (Castorina et al., 2011), while concentrations in children at
age 9 were slightly higher than children age 12–19 in NHANES
(Centers for Disease Control and Prevention, 2015).

Table 1

Characteristics of the study population (N=314 girls, N=309 boys), CHAMACOS Study,
Salinas Valley, CA.

Girls Boys
N (%) N (%)

Maternal ethnicity
Latino 301 (96.8) 298 (96.8)
Non-Latino 10 (3.2) 10 (3.2)

Maternal residence in the US at delivery (years)
≤1 53 (17.0) 74 (24.0)
2–5 95 (30.5) 74 (24.0)
6–10 76 (24.4) 75 (24.3)
≥11 60 (19.2) 55 (17.8)
Entire life 28 (9.0) 31 (10.0)

Maternal education
≤6th grade 138 (44.4) 126 (40.9)
7–12th grade 99 (31.8) 105 (34.1)
≥High school graduate 74 (23.8) 77 (25.0)

Maternal pre-pregnancy BMI
Underweight 1 (0.4) 4 (1.4)
Normal weight 95 (33.7) 107 (38.4)
Overweight 110 (39.0) 101 (36.2)
Obese 76 (27.0) 67 (24.0)

Mother's age at menarche
b12 years 73 (23.5) 48 (15.5)
12–13 years 139 (44.7) 153 (49.5)
N13 years 99 (31.8) 108 (35.0)

Child's birthweight
≥2500 g 293 (95.1) 287 (93.5)
b2500 g 15 (4.9) 20 (6.5)

Child's birth order
1 107 (34.4) 105 (34.0)
2 94 (30.2) 94 (30.4)
3+ 110 (35.4) 110 (35.6)

Months of breastfeeding
Never 27 (8.5) 24 (7.5)
b1 month 27 (8.5) 43 (12.5)
1–6 months 100 (31.4) 103 (32.3)
6–12 months 79 (24.8) 70 (21.9)
N12 months 86 (27.0) 79 (24.8)

Household income at 9 years
At or below poverty line 227 (72.3) 231 (75.0)
Above poverty line 87 (27.7) 77 (25.0)

Child lives with biological father at 9 years?
No 83 (27.0) 75 (24.8)
Yes 224 (73.0) 228 (75.3)

Child BMI at 9-year visit
Underweight 0 (0.0) 0 (0.0)
Normal weight 148 (47.4) 127 (41.6)
Overweight 47 (15.1) 52 (17.1)
Obese 117 (37.5) 126 (41.3)

Cohort
CHAM1 172 (54.8) 151 (48.9)
CHAM2 142 (45.2) 158 (51.1)
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In girls, the median age at thelarche was 9.3 years, pubarche was
10.4 years, and menarche was 11.7 years (Table 2). Age at thelarche in
this cohort was comparable to Latino girls in the Breast Cancer and the
Environment Research Program (BCERP) (median: 9.3 years), who
were assessed between 2004 and 2011 (Biro et al., 2013). In boys, the
median age at gonadarche was 10.7 years and at pubarche was
12.1 years, which was older than among Latino boys participating in
the Pediatric Research Office Settings (PROS) study between 2005 and
2010 (gonadarche median: 10.0, pubarche median: 11.4 years)
(Herman-Giddens et al., 2012).

The association of PBDE exposure and timing of puberty in girls is
shown in Table 3. When we examined relative risk of earlier thelarche
(≤ age 9), pubarche (≤ age 10.5), and menarche (b age 12), prenatal
PBDE concentrations were associated with decreased risk of earlier
menarche. Each 10-fold increase in prenatal ƩPBDEs was associated
with a 50% reduction in risk of earlier menarche (RR = 0.5, 95% confi-
dence interval (CI): 0.3, 0.9) and similar results were seen for the indi-
vidual PBDE congeners. PBDE concentrations in childhood were also
associated with reduced risk of earlier menarche, but did not reach sta-
tistical significance.

Similar results were found examining time ratios for PBDE exposure
when thelarche, pubarche, and menarche were examined longitudinal-
ly (Table 3). We observed consistently increased TRs – indicating later
onset – in the associations of prenatal and childhood PBDE concentra-
tions with breast development, pubic hair development, and menarche
in girls, although only the association between childhood BDE-153 and
menarche was statistically significant. Each 10-fold increase in 9-year
old BDE-153was associatedwith a 5% (or 7.2month) delay inmenarche
(TR = 1.05, 95% CI: 1.01, 1.08). We found no statistically significant as-
sociations of prenatal or childhood PBDE concentrations with breast or
pubic hair development in girls.

The association of PBDE exposure and timing of puberty in boys is
shown in Table 4. We observed increased risk of earlier pubarche
(≤12 years) with each 10-fold increase in all of the prenatal PBDE con-
geners and ƩPBDEs (RR ƩPBDEs=2.0, 95% CI: 1.3, 3.3). Prenatal concen-
trations of BDE-100, BDE-153, and ƩPBDEs were also associated with
significantly earlier pubic hair development when we examined onset
of pubertal development longitudinally, with a 10-fold increase in
ƩPBDEs associated with a 5% (7.2 month) decrease in age at onset of
pubarche (TR: 0.95, 95% CI: 0.90, 1.00). The only congener associated
with gonadarche was BDE-153, with a 10-fold increase in prenatal con-
centrations associated with a 10% (or 12.5 month) decrease in age at
onset of gonadarche (TR: 0.90, 95% CI: 0.83, 0.97). We found no associ-
ations of childhood PBDE concentrations with timing of pubarche or
gonadarche in boys.

When PBDE exposure was modeled categorically by quartiles of ex-
posure rather than continuously, results were similar. Fig. 1 shows that
having prenatal ƩPBDE concentrations in the highest quartile was asso-
ciatedwith decreased risk of earliermenarche in girls and increased risk
of earlier pubarche in boys relative to those in the lowest quartile.

When we included prenatal and childhood concentrations of PBDEs
in the same models (Supplemental Tables S2 and S3), the sample size
was reduced but the inferences remained largely the same (i.e. we

observed associations in the direction of latermenarche in girls and ear-
lier pubarche in boys and the associations tended to be with prenatal
rather than childhood PBDE concentrations). In sensitivity analyses,
we controlled for blood lipids by including wet- weight PBDEs and
total lipids in the models, but found that it made little difference to
the findings (results not shown).

When we examined interaction by BMI, we found evidence of inter-
action for thelarche and pubarche (interaction p-values b 0.05) among
girls, but little evidence of interaction among boys. Among girls, we ob-
served that some prenatal and childhood PBDE concentrations were as-
sociated with later thelarche and pubarche in normal weight girls but
not in overweight/obese girls (Fig. 2 and Supplemental Table S4). For
example, each 10-fold increase in ƩPBDEs at 9 years of age was associat-
ed with decreased risk of earlier thelarche in normal weight girls (RR=
0.6, 95% CI: 0.4, 1.0) but not overweight/obese girls (RR = 0.9, 95% CI:
0.5, 1.4) (Fig. 2). We observed little interaction for menarche; prenatal
and childhood PBDEs were associated with later menarche in both nor-
mal weight and overweight/obese girls, although, for many congeners,
the associations were stronger and only statistically significant in nor-
mal weight girls. Among boys (Supplemental Table S5), the associations
of prenatal PBDE concentrations with early pubarche persisted, results
were similar in both normal weight and overweight/obese children,
and all interaction p-values were N0.05.

4. Discussion

We found that prenatal exposure to PBDE congeners found in the
pentaBDE flame retardant mixture was associated with later menarche
in girls, but earlier pubic hair development in boys, in a low-income,
predominantly Latino population. Associations for girls were stronger
in normal weight rather than overweight/obese girls. Associations
were predominantly for prenatal PBDE concentrations rather than for
concentrations measured during childhood.

This finding is consistent with research in female rats that found de-
velopmental exposure to components of the pentaBDEmixture to be as-
sociated with later onset of puberty (Lilienthal et al., 2006; Stoker et al.,
2004). The findings are less consistent with animal studies in males; al-
though one study found non-significant associations of prenatal
pentaBDE exposure with earlier onset of puberty in males (Lilienthal
et al., 2006), two other studies of found prenatal (Kodavanti et al.,
2010) and peripubertal (Stoker et al., 2004) exposure to be associated
with later puberty.

Our findings are also consistent with the only other longitudinal
study of PBDEs andpuberty in humans,which found early childhood ex-
posure to six PBDE congeners, including the four examined in this study,
to be associated with later onset of breast and pubic hair development
in girls (Windham et al., 2015). We observed associations in the direc-
tion of later onset of breast and pubic hair development, but these asso-
ciations were only statistically significant in normal-weight girls. We
also found associations of delayed timing of menarche (which is consis-
tent with later puberty) with all four PBDE congeners examined, al-
though it should be noted that menarche occurs near the mid-point of
the pubertal transition and, unlike thelarche, does not mark the onset
of puberty. The Windham et al. study did not examine timing of
menarche.

Our findings are in contrast to Chen et al., who found PBDEs to be as-
sociated with earlier menarche in a cross-sectional study of 12–19 year
old girls in NHANES (Chen et al., 2011). However, the PBDE concentra-
tions measured in the NHANES study were collected after the girls had
begun puberty and, in most cases, after they had begun menarche. Al-
though PBDEs have a fairly long half-life in the body, on the order of
1–6 years (Geyer et al., 2004), puberty is a time of rapid growth which
may cause a dilution of PBDE body burden, so that the PBDE concentra-
tions measured between age 12 and 19 years in that study may not ac-
curately reflect exposure before menarche.

Table 2

Timing of pubertal landmarks in boys and girls, CHAMACOS Study, Salinas Valley, CA.

Outcome n Median Age (years) Earlier pubertya (%)

Girls
Thelarche (B2) 314 9.3 42.3%
Pubarche (PH2) 314 10.4 55.3%
Menarche 314 11.7 54.5%

Boys
Gonadarche (G2) 309 10.7 48.6%
Pubarche (PH2) 309 12.1 52.0%

a Defined as thelarche ≤9.0 years, pubarche ≤10.5 years, and menarche b12.0 years in
girls; gonadarche ≤10.5 years and pubarche ≤12.0 years in boys.
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We know of no other studies of PBDE exposure and timing of puber-
ty in boys. However, we recently reported that prenatal concentrations
of BDE-100 and BDE-153 were positively associated with hormone
levels, including testosterone, luteinizing hormone, and follicle stimu-
lating hormone, in 12 year-old boys in the CHAMACOS cohort
(Eskenazi et al., 2016),which is consistentwith ourfindingof earlier pu-
berty in boys.

We examined PBDE concentrations prenatally and peri-pubertally
(9 years of age), but our associations of later menarche in girls and ear-
lier pubarche in boyswere strongestwith prenatal exposure, suggesting
that thismay be themore susceptiblewindowof exposure. Very fewep-
idemiologic studies of endocrine disruptors and pubertal timing have
been able to include prenatal measures of exposure and have tended
to examine chemical exposure during childhood (Windham et al.,

2015) or to estimate prenatal levels fromblood concentrations collected
later in life (Chen et al., 2011).

One important consideration is the role of BMI in the association of
lipophilic compounds like PBDEs with timing of puberty, particularly
in girls. Higher BMI in childhood is associated with earlier puberty in
girls (Davison et al., 2003). We have previously reported associations
of prenatal PBDE exposure with decreased BMI in girls (but increased
BMI in boys) at 7 years of age (Erkin-Cakmak et al., 2015); thus, it is pos-
sible that lower BMI in childhood is on the causal pathway betweenpre-
natal PBDE exposure and later onset of puberty in girls. However, BMI
may also be a confounder in this relationship. Because PBDEs are stored
in adipose tissue, PDBE concentrations may be diluted by rapid growth
or increased body fat, resulting in lower serum PBDE concentrations in
overweight children. Thus, being overweight could induce a spurious
association between lower PBDE concentrations and earlier puberty in
girls.We addressed this concern by controlling for the BMI of the person
providing the PBDEmeasurement (i.e.maternal BMI for the prenatal ex-
posure models, child BMI for the 9-year-old exposure models) in our
models, but uncontrolled confounding is still a possibility. Finally, as-
sessment of breast development ismore difficult in overweight girls be-
cause of the difficulty differentiating breast tissue from adipose tissue,
suggesting that BMI may also be related to misclassification of timing
of thelarche. In this study, we found associations of prenatal and 9-
year-old PBDE concentrations with later thelarche in normal weight
girls only. While this may suggest that PBDEs have different effects on
pubertal timing in normal weight versus overweight girls, it may also
mean that misclassification and/or confounding prevented the observa-
tion of associations in overweight girls. The associations with age at
menarche, which should not be affected by BMI-related misclassifica-
tion, was similar in normal weight and overweight/obese girls.

TheCHAMACOS Study is a population of Latino children froma farm-
worker community and findingsmay not be generalizable to all popula-
tions. Additionally, many children were lost to follow-up in the 9 years
between birth and the start of our puberty assessments, which may
have introduced bias in our study sample.

Although we had maternal report of girls' Tanner stage at age
7 years, one limitation of this study is thatwe did not begin clinical Tan-
ner staging of the cohort until the childrenwere 9 years of age, bywhich
time 43% of girls and 9% of boys had already begun puberty. This left-
censoring should not affect the validity of our relative risk analyses of
earlier puberty, but may impact the results of our time ratio analysis.

Table 3

Adjusted relative risks (RR) and time ratios (TR) of maternal and child lipid-adjusted serum PBDE concentrations (log10) with pubertal development in girls.

Early development Age at onset

Thelarchea Pubarcheb Menarchec Thelarche Pubarche Menarche
RR (95% CI) RR (95% CI) RR (95% CI) TR (95% CI) TR (95% CI) TR (95% CI)

Prenatal PBDE concentrations (N = 140)d

BDE-47 0.9 (0.6, 1.5) 0.9 (0.6, 1.3) 0.6 (0.4, 0.9)⁎ 1.02 (0.97, 1.08) 1.04 (0.99, 1.09) 1.03 (0.99, 1.06)
BDE-99 1.0 (0.6, 1.5) 1.0 (0.7, 1.4) 0.6 (0.4, 0.9)⁎ 1.02 (0.97, 1.07) 1.02 (0.98, 1.07) 1.02 (0.99, 1.06)
BDE-100 0.9 (0.5, 1.4) 1.0 (0.7, 1.4) 0.6 (0.4, 0.9)⁎ 1.01 (0.96, 1.07) 1.03 (0.98, 1.07) 1.02 (0.98, 1.05)
BDE-153 0.6 (0.3, 1.2) 0.9 (0.6, 1.4) 0.6 (0.3, 0.9)⁎ 1.01 (0.95, 1.07) 1.02 (0.97, 1.07) 1.01 (0.98, 1.05)
ΣPBDEs 0.9 (0.5, 1.5) 0.9 (0.6, 1.4) 0.5 (0.3, 0.9)⁎ 1.02 (0.97, 1.08) 1.03 (0.98, 1.08) 1.03 (0.99, 1.06)

Age 9 PBDE concentrations (N = 266)e

BDE-47 0.8 (0.5, 1.3) 1.0 (0.7, 1.4) 0.8 (0.6, 1.1) 1.02 (0.98, 1.06) 1.01 (0.97, 1.05) 1.02 (0.99, 1.05)
BDE-99 0.7 (0.5, 1.1) 1.0 (0.7, 1.3) 0.8 (0.6, 1.0) 1.03 (1.00, 1.08) 1.01 (0.98, 1.05) 1.02 (1.00, 1.05)
BDE-100 0.7 (0.4, 1.2) 0.9 (0.6, 1.3) 0.7 (0.5, 1.0) 1.02 (0.97, 1.07) 1.02 (0.98, 1.06) 1.03 (1.00, 1.06)
BDE-153 0.6 (0.4, 1.0) 0.8 (0.5, 1.2) 0.7 (0.5, 1.0) 1.04 (0.99, 1.09) 1.03 (0.99, 1.08) 1.05 (1.01, 1.08)⁎⁎

ΣPBDEs 0.7 (0.4, 1.2) 1.0 (0.7, 1.4) 0.7 (0.5, 1.0) 1.03 (0.98, 1.08) 1.01 (0.97, 1.06) 1.03 (1.00, 1.06)

a Defined as stage 2+ for breast development at 9 year visit.
b Defined as stage 2+ for pubic hair development at 10.5 year visit.
c Defined as menarche before 12 years of age.
d Models adjusted for maternal education, maternal years in US, birth order, duration of breastfeeding, family income at 9 years, cohort, father's presence in home, maternal age at

menarche, and maternal BMI.
e Models adjusted for maternal education, maternal years in US, birth order, duration of breastfeeding, family income at 9 years, cohort, father's presence in home, maternal age at

menarche, child birth weight, and child BMI at 9 years of age.
⁎ p b 0.05.
⁎⁎ p b 0.01.

Table 4

Adjusted relative risks (RR) and time ratios (TR) of maternal and child lipid-adjusted se-
rum PBDE concentrations (log10) with pubertal development in boys.

Early development Age at onset

Gonadarchea Pubarcheb Gonadarche Pubarche
RR (95% CI) RR (95% CI) TR (95% CI) TR (95% CI)

Prenatal PBDE concentrations (N = 117)c

BDE-47 1.0 (0.6, 1.7) 1.9 (1.1, 3.1)⁎ 0.95 (0.89, 1.01) 0.96 (0.91, 1.01)
BDE-99 0.9 (0.5, 1.4) 1.7 (1.2, 2.6)⁎⁎ 0.96 (0.90, 1.02) 0.95 (0.91, 1.00)
BDE-100 1.0 (0.6, 1.8) 2.1 (1.3, 3.4)⁎⁎ 0.93 (0.87, 1.00) 0.94 (0.89, 1.00)⁎

BDE-153 1.1 (0.7, 1.9) 2.4 (1.4, 4.4)⁎⁎ 0.90 (0.83, 0.97)⁎⁎ 0.92 (0.87, 0.98)⁎

ΣPBDEs 1.0 (0.6, 1.7) 2.0 (1.3, 3.3)⁎⁎ 0.94 (0.88, 1.01) 0.95 (0.90, 1.00)⁎

Age 9 PBDE concentrations (N = 266)d

BDE-47 1.0 (0.7, 1.5) 0.9 (0.6, 1.3) 0.99 (0.96, 1.03) 1.01 (0.98, 1.04)
BDE-99 1.0 (0.7, 1.4) 0.8 (0.6, 1.1) 1.00 (0.97, 1.03) 1.02 (0.99, 1.05)
BDE-100 1.1 (0.8, 1.6) 0.9 (0.6, 1.3) 0.99 (0.95, 1.03) 1.01 (0.98, 1.05)
BDE-153 1.3 (0.9, 2.0) 1.0 (0.6, 1.5) 0.98 (0.94, 1.03) 1.01 (0.97, 1.06)
ΣPBDEs 1.1 (0.7, 1.5) 0.9 (0.6, 1.3) 0.99 (0.95, 1.03) 1.02 (0.98, 1.05)

a Defined as G2+ at 10.5 year visit.
b Defined as PH2+ at 12 year visit.
c Models adjusted formaternal education,maternal years in US, birth order, duration of

breastfeeding, family income at 9 years, cohort, and maternal BMI.
d Models adjusted formaternal education,maternal years in US, birth order, duration of

breastfeeding, family income at 9 years, cohort, child birthweight, and child BMI at 9 years
of age.
⁎ p b 0.05.
⁎⁎ p b 0.01.
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For the time ratio models, there is more uncertainty about the exact age
of pubertal onset among the early developers, particular for thelarche
among girls. This may have reduced our ability to detect associations
and may explain why we see stronger associations with relative risk
than with time ratios in girls. For all children, because we performed
Tanner staging examinations at 9-month intervals, we were not able
to observe the exact age of pubertal onset and can place it only within
the interval. However, our use of parametric survival analysis (which al-
lows for left, right, and interval censoring) helps address this problem.
Finally, clinical Tanner staging, particularly of breast and genital devel-
opment, is difficult to conduct and we cannot assume that all misclassi-
fication will be non-differential (for example, it may be related to BMI).
We expect less misclassification in timing of pubarche or menarche,
which were two outcomes where we observed the strongest
associations.

In conclusion,we found evidence that prenatal exposure to the PBDE
flame retardants found in the pentaBDE mixture widely used in home
furnishings may be associated with later puberty in girls and earlier pu-
berty in boys. Although this finding does not help explain the observed
phenomenon of earlier onset of puberty in girls, it suggests that these
ubiquitous exposuresmay nonetheless be impacting children's pubertal
development.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.envint.2017.01.003.
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