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BACKGROUND: It remains unclear whether in utero and childhood exposure to air pollution affects pubertal development, particularly age of menarche
in girls.

OBJECTIVE: The aim of this study was to determine whether residential ambient particulate matter (PM) exposure in utero and during childhood is
associated with age of menarche.
METHODS: We studied 5,201 girls in the Growing Up Today Study 2 (2004–present) who were 10–17 y of age at enrollment (47.7% premenarchal;
52.3% postmenarchal). Exposure to three size fractions of PM [fine PM with aerodynamic diameter ≤2:5 lm (PM2:5), PM with aerodynamic diame-
ters between 2:5 lmand 10 lm (PM2:5–10), and PM with aerodynamic diameter 10 lm (PM10)] was assigned based on maternal residential address,
updated every 2 y, using nationwide spatiotemporal models. We estimated average PM exposure in utero, and time-varying windows: annual average
exposure in the prior 1 and 2 y and cumulative average from birth. Age of menarche was self-reported on three surveys administered in 2004, 2006,
and 2008. We calculated hazard ratios (HR) for menarche for an interquartile range (IQR) increase in PM exposure using Cox proportional hazard
models adjusting for potential confounders.

RESULTS: Girls attained menarche at 12.3 y of age on average. In the adjusted model, higher residential exposure to ambient PM2:5 during all
time windows was associated with earlier age of menarche. The HRs of menarche for each IQR (4 lg=m3) increase in exposure to PM2:5 during
the in utero period, 1 y prior to menarche, and throughout childhood were 1.03 [95% confidence interval (CI): 1.00, 1.06], 1.06 (95% CI: 1.02, 1.10) and
1.06 (95% CI: 1.02, 1.10), respectively. Effect estimates for PM10 exposure were similar, albeit attenuated, for all time windows. PM2:5–10 exposure was not
associated with age of menarche.

DISCUSSION: Among a large, nationwide, prospective cohort of U.S. girls, higher exposure to PM2:5 and PM10 in utero and throughout childhood was
associated with an earlier age of menarche. Our results suggest that PM2:5 and PM10 may have endocrine-disrupting properties that could lead to
altered timing of menarche. https://doi.org/10.1289/EHP12110

Introduction
It is estimated that age of menarche in U.S. girls has decreased
by ∼ 3–4 y over the past century, with more modest declines
over the past few decades.1 This decline is concerning because an
earlier age of menarche has been associated with increased risk
of several adult-onset diseases, including cardiovascular disease,2
diabetes,3 and endometrial4 and ovarian cancer.5 Reasons for the
decline in menarche are not fully understood. However, the pre-
vailing hypothesis has linked improved nutritional status and, in
more recent decades, childhood obesity with earlier age at men-
arche.6 Another plausible hypothesis is that environmental expo-
sures, specifically exposures to endocrine-disrupting chemicals
(EDCs), are altering age of menarche.1,7 These chemicals could
interfere with the endocrine system or may have obesogenic
properties. For example, studies have found that exposure to pes-
ticides,8 persistent organic pollutants,9 polybrominated diphenyl
ethers,10 phthalates,11 and phenols11,12 all may result in altered

pubertal timing. Notably absent from this list, however, is partic-
ulate matter (PM) air pollution.

PM is a complex mixture of small particles and gases that may
have endocrine-disrupting properties.7 PM is categorized based on
aerodynamic diameter into those <2:5micrometers (PM2:5), those
between 2.5 and 10micrometers (PM2:5–10), and the combinedmetric
of 10micrometers or less (PM10). The different diameters are linked
with how deeply the particulate may penetrate into the respiratory
tract, with PM2:5 being capable of penetrating into the lower respira-
tory tract and crossing into the blood stream, whereas PM10 generally
is trapped in the upper respiratory tract. PM is the result of incomplete
combustion and major sources include vehicle emissions and the
burning of biomass and fossil fuels. Increased exposure to PM has
been associated with a variety of adverse reproductive health out-
comes including shortened luteal phase length,13 an increased time to
cycle regularity,14 and reduced fecundability15 andp fertility.16 These
alterations may be due to potential endocrine-disrupting properties of
PM.7 In addition to these various reproductive health outcomes, PM
has also been associated with puberty timing and development in
girls.17–20 However, these studies have been limited by sample size
and misclassification of exposures and outcomes, as well as by selec-
tion bias because of low follow-up rates. Given that PM may have
endocrine-disrupting properties and previous studies have observed
alterations in the human reproductive system with PM exposure, it is
plausible that PMexposuremay alter age ofmenarche.

Therefore, to address this gap in knowledge, we used a large,
prospective, nationwide study of girls in the United States to
evaluate the association between residential exposure to ambient
PM and timing of menarche. We were specifically interested in
investigating the relationship between different PM sizes and dif-
ferent windows of exposure with age of menarche.
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Materials and Methods

Study Population
The Growing Up Today Study 2 (GUTS2) is a prospective cohort
of 10,917 children of women enrolled in the Nurse’s Health Study
II (NHSII).21 NHSII is composed of female nurses who were 25–
42 y of age and living in 1 of 14 U.S. states at study initiation in
1989.22 NHSII and GUTS2 participants now live throughout the
United States. A baseline questionnaire was sent to GUTS2 partici-
pants in 2004 when the children were between 10 and 17 y of age;
children were eligible for the cohort if they were born between
1988 and 1996. Follow-up questionnaires, which included a vari-
ety of questions on lifestyle and health topics, have been sent annu-
ally or biennially ever since. Parents provided written informed
consent for their child’s participation, and consent is assumed
through completion and return of the follow-up questionnaires.
This study protocol was approved by the institutional review
boards of the Brigham and Women’s Hospital and the Harvard
T.H. Chan School of Public Health. For our analysis, we only
included GUTS2 children born on or after January 1989 and who
were assigned female at birth. We selected 1989 as the initial time
point because air pollution data were not available prior to 1988,
enrollment and prospective data collection for NHSII began in
1989, and a key exposure period of interest was in utero. After
exclusion of individuals who were not assigned female at birth
(n=4,916), individuals born before 1989 (n=798), and those
missing all their exposure data (n=2), 5,201 girls remained in the
sample (Figure S1).

Outcome
Participants self-reported their age at menarche on questionnaires
in 2004, 2006, and 2008, and we used the earliest measure possi-
ble to reduce the chance of recall bias. Menarche is a salient
event that is recalled accurately, especially over short intervals of
time.23 In this cohort, the mean time between experiencing and
reporting menarche was 1.4 y. At enrollment, 52.3% of girls were
post menarche (n=2,719). In each questionnaire, participants
were asked “Have you started having menstrual periods?” If par-
ticipants answered “Yes,” then they were asked “What age peri-
ods began?”, “What month periods began?”, and “What year
periods began?” Respondents who had not reached menarche by
2008 were right-censored (n=528; age range: 13–19 y). The pri-
mary outcome we used was year of menarche.

Exposures
Study participants’ residential history, starting from a year prior to
their birth throughout childhood, was assigned based on the
addresses of their mothers participating in NHSII. Residential
address information for all NHSII participants was updated every
2 y as part of the questionnaire mailing process and was geocoded
to obtain latitude and longitude.We predictedmonthly ambient ex-
posure to multiple size fractions of PM, including PM2:5, PM2:5–10,
and PM10, using nationwide spatiotemporal models from January
1988 through December 2007. Air pollution exposure was pre-
dicted using data from the Environmental Protection Agency’s
Air Quality System, the Interagency Monitoring of Protected
Visual Environments, as well as several geospatial predictors.24

Generalized additive statistical models with smooth terms of
space and time were used to create separate PM prediction surfa-
ces for each month. Because monitoring data on PM2:5 was lim-
ited prior to 1999, PM2:5 in the period before 1999 was modeled
using data on PM10 and airport visibility. Information was avail-
able on PM2:5–10 by subtraction of the monthly values of PM2:5
from PM10. The models were evaluated for predictive accuracy

using a 10-set cross-validation approach; cross-validation corre-
lation coefficients were high for PM2:5 (R2 = 0:77) and moderate
for PM10 (R2 = 0:58) and PM2:5–10 (R2 = 0:46).24 Using the time-
varying monthly PM values, we averaged exposure during sev-
eral time intervals. We examined multiple time windows because
we were interested in the potential impact of acute vs. chronic
PM exposure as well as exposure during critical exposure win-
dows. First, we examined a 1-y average exposure prior to birth to
capture in utero exposure for each of the three size fractions.
Next, we created moving averages, with one capturing the prior
year of exposure, another capturing the prior 2 y, and a cumula-
tive moving average to capture exposure to each pollutant from
birth.

Covariates
We derived neighborhood socioeconomic status (nSES) at the cen-
sus tract level based on maternal residential address using data
from the closest U.S. Decennial Census (1990, 2000, or 2010). The
methodology is based on guidelines outlined by Krieger et al.25

and is similar to other nSESmetrics like the neighborhood depriva-
tion index developed by Messer et al.26 We derived the novel met-
ric due to assumed homogeneity in the population.27 Nine census
variables (percentage over 25 y of age with college or higher edu-
cation,median family income,median family home value, percent-
age of families receiving interest dividends or rent income,
percentage of occupied housing units, percentage of population
16+ y of age unemployed, percentage White, percentage Black,
percentage foreign-born) were transformed into z-scores and
summed to create an overall nSES score for this cohort, with
increasing values indicating higher neighborhood socioeconomic
status. From a previous study, the distribution of the nSES in the
NHSwas similar to that of the entire United States.28We also defined
region of residence using the U.S. Census Bureau–designated
regions: Midwest, Northeast, South, or West. At baseline girls
answered questions about their race and ethnicity. Girls were
asked to self-report their race and included the following cate-
gories: Asian, Black, Native Hawaiian/Pacific Islander, Native
American, White, and Other. Due to small sample sizes, we col-
lapsed the categories to White and all Other races (Asian/Black/
Native Hawaiian/Pacific Islander/Native American/Other). For
ethnicity, girls were asked, “Do you consider yourself to be
Spanish/Hispanic/Latino(a)?” Girls were considered Hispanic
if they answered yes and non-Hispanic if they answered no.
Self-reported race was used as a proxy for structural racism.
Maternal surveys provided data on maternal age of menarche
and birth weight of the GUTS2 participants.

Statistical Analyses
We used basic descriptive statistics to describe the study sample
and across quintiles of in utero PM2:5 exposure. We examined
the correlation within and between size fractions of PM using
Pearson’s correlation. We used unadjusted and adjusted Cox pro-
portional hazard models to examine the association between ex-
posure to each size fraction of PM in the various time windows
and age at menarche. Time to event was measured in person-time
from birth, with the event being menarche. Participants were cen-
sored if they were lost to follow-up or reached the end of follow-
up before menarche. In addition, for the 1- and 2-y models, we
used interval censoring for the exposures in our models so that if
an individual was missing PM for a specific year, they were cen-
sored for that time interval. For the in utero model, individuals
who were missing PM data during the in utero period or at birth
were excluded from these models. For the cumulative average
models, we carried forward the average from the previous year if
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it was missing. We accounted for clustering by mothers by using
a robust sandwich covariance estimate, because mothers could
have had more than one child participate in GUTS2. Nonlinear
exposure–response relationships were examined using cubic
splines for all PM exposure measures restricted to fifth and 95th
percentiles of the exposure distribution to reduce the influence of
outliers.29 Tests for nonlinearity used the likelihood ratio test,
comparing the model with only the linear term to the model with
the linear and the cubic spline terms. Hazard ratios (HRs) >1
indicate that the exposure is associated with earlier menarche,
and HRs <1 indicate an association with later menarche. We
report hazard ratios per interquartile range (IQR) increase in each
pollutant, based on the IQR for the cumulative average. We plot-
ted the predicted survival time for girls exposed to PM levels at
the 10th and 90th percentiles using the mean value of continuous
covariates and most common level for categorical covariates.

We selected covariates for our multivariable models a priori
based on previous epidemiological studies and biological plausibility.
Covariates included time-varying nSES (quintiles) and region of resi-
dence (Midwest, Northeast, South, or West), and time-invariant race
(White, Other), ethnicity (Hispanic, non-Hispanic), maternal age at
menarche (<12 y, 12–14 y, ≥15 y), and birth weight (<2,500 g,
2,500–4,000 g, >4,000 g). Each model included only one PM size
fraction exposure at a time. To account for missing covariate data, we
used themissing-indicator method. Last, to account for potential time
trends and decliningPMexposure,we further adjusted ourmainmod-
els (Model 1) for calendar year of birth (1989–1990, 1991–1992,
1993–1995) (Model 2).

Sensitivity Analyses
Because we did not continuously collect address information, it is
possible individuals moved during the time windows for address
updates (every 2 y), which means some individuals would be
assigned the exposure values based on their old addresses. To
reduce the risk of exposure misclassification from old address in-
formation, we restricted our analyses to include only individuals
who did not move during follow-up (n=916; 17.6%). To examine
the potential for confounding between the various size fractions,
we conducted regression models including two size fractions
(PM2:5 and PM2:5–10) for each exposure period. Lastly, to investi-
gate whether short-term changes in PM exposure above a girl’s
cumulative average were associated with risk of menarche, we
modeled the difference between 1-y average PM exposure and the
cumulative average exposure. We further adjusted these models
for the cumulative average exposure.

Results

Sample Characteristics
The majority (90%) of girls in our study had a known age at men-
arche (mean: 12.3 y; standard deviation: 1.2), whereas 10% of
girls were censored prior to reaching menarche. There was little
difference in cumulative PM exposure between girls who had a
known age at menarche and girls who were right-censored.
Overall, GUTS2 participants were predominately White (95%)
and non-Hispanic (95%). At birth, 33% resided in the Northeast,
35% in the Midwest, 14% in the West, and 14% in the South.
Several participant characteristics varied by in utero exposure to
ambient PM2:5 (Table 1). At birth, girls in the highest quintile of
in utero PM2:5 exposure were more likely to be born in earlier
years (i.e., reflective of declines of PM in the United States) and
live in the Midwest and South in comparison with girls in the
lowest quintile. Individuals in the lowest quintile of in utero
PM2:5 exposure were more likely to live in the lowest nSES

quintile (38%) in comparison with the highest exposure group
(19%). Birth weight and maternal menarche timing did not vary
across quintiles of in utero PM2:5 exposure.

PM Exposure
The median in utero PM2:5, PM2:5–10 and PM10 exposures were
16:0 lg=m3 (IQR: 4.6), 10:5lg=m3 (IQR: 5.9), and 26:7 lg=m3

(IQR: 7.8), respectively (Table S1). The median cumulative PM2:5
(14:2 lg=m3, IQR: 4.0), PM2:5–10 (8:6 lg=m3, IQR: 5.0), and PM10
(23:1 lg=m3, IQR: 6.6) exposures were, on average, lower than the
in utero exposures, because of the decline of PM in the United
States over this time frame. For a given PM size, the highest correla-
tions were observed between the 1-y and 2-y averages (PM2:5: 0.98;
PM2:5–10: 0.99; PM10: 0.99), whereas the lowest correlation was
between the in utero and 1- average (PM2:5: 0.69; PM2:5–10: 0.78;
PM10: 0.71) (Table S1). As expected, across all timewindows, PM2:5
and PM10 aswell as PM2:5–10 and PM10 were all highly correlated.

Using the multivariable Cox proportional hazard models,
higher in utero exposure to ambient PM10 (HR=1:06; 95% CI:
1.04, 1.09 per 7 lg=m3), PM2:5–10 (HR=1:04; 95% CI: 1.01, 1.07
per 5 lg=m3), and PM2:5 (HR=1:08; 95% CI: 1.05, 1.11 per
4 lg=m3) were associated with increased risk of earlier age of
menarche (Figure 1A; Table S2). Higher exposures in the previ-
ous year or 2 y and cumulative exposure from birth to PM2:5 and
PM10 were also associated with earlier time to menarche. The
HRs were slightly stronger for PM2:5 in comparison with PM10
and for cumulative exposure in comparison with 2-y or 1-y aver-
age exposure. For example, every IQR increase in cumulative ex-
posure to PM2:5 and PM10 was associated with a 10% (95% CI:
6%, 15%) and 8% (95% CI: 4%, 12%) higher risk of menarche,
respectively. PM2:5–10 exposure was not consistently associated
with age of menarche. The associations between PM exposure
and age at menarche were attenuated after adjusting for calendar
year of birth but were still statistically significant for PM2:5 expo-
sure (HR=1:06; 95% CI: 1.02, 1.10 for an IQR increase in expo-
sure to cumulative PM2:5) (Figure 1B; Table S2).

There was borderline statistically significant nonlinear associ-
ation between PM2:5 (at all time points except for in utero) and
age at menarche (Figure S2; Table S3). However, the interpreta-
tions remained similar to that of the linear models, with higher
levels of PM2:5 being associated with earlier age at menarche.
There was no evidence of a nonlinear association between PM10
or PM2:5–10 and age at menarche.

To better understand the magnitude of association, we exam-
ined the predicted survival time for girls exposed to the 10th and
90th percentiles for each PM exposure and time window (Figure
2; Figures S3–S5; Tables S4–S7). For girls exposed to the 90th
percentile of cumulative average PM2:5 exposure, 5.6% and
86.1% had attained menarche by 10 and 14 y of age, respectively.
In comparison, 5.2% and 84.1% of girls exposed to the 10th per-
centile of cumulative average PM2:5 had attained menarche by 10
and 14 y of age. For the cumulative average PM2:5–10 and PM10
exposures, there were few differences in median survival time
between the 10th and 90th percentiles of exposure. Similar pat-
terns emerged for in utero, 1-y, and 2-y PM exposure windows.

Sensitivity Analysis
After restricting the sample to individuals who never moved dur-
ing the study period (n=1,827; 18.2%), similar results were
observed for all air pollutants and time periods, although the confi-
dence intervals widened (Table S8). When we ran a multipollutant
model PM2:5 was the fraction most consistently associated with an
increased hazard of earlier menarche, not PM2:5–10 (Table S9).
The associations between 1-y average PM exposures and age at
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menarche adjusting for the corresponding cumulative exposures
were attenuated, suggesting that short-term fluctuations in PM
above and beyond a girl’s cumulative average are likely less im-
portant than her long-term exposure (Table S10).

Discussion
In this large, prospective cohort of girls residing across the
United States, we observed that girls with higher residential ex-
posure to ambient PM2:5 in utero and throughout childhood (from
birth to menarche onset) were more likely to have an earlier age
at menarche. After further adjustment for calendar year of birth,
PM2:5 exposure throughout childhood was still associated with
earlier age at menarche but was attenuated slightly. Although
higher short-term (e.g., 1- and 2- y moving average) exposure to
PM2:5 was associated with early menarche, on further adjustment
for cumulative average exposure these results were attenuated,
suggesting a more chronic as opposed to short-term effect of

PM2:5 on pubertal timing. Across all exposure windows, PM2:5

was associated with earlier age at menarche, whereas there was
little evidence of associations with exposures to PM2:5–10.

Although some evidence exists for a potential relationship
between air pollution exposure and age at menarche, the majority
of the literature focuses on pubertal development and menstrual
cycle timing. Currently, there are two studies similar to ours. The
first, by Jung et al., investigated the association between PM10
and age of menarche among 639 girls, 13–17 y of age, who par-
ticipated in the Korea National Health and Nutrition Examination
Survey.19 They observed that 1-, 2-, and 3-y average exposures
to PM10 prior to menarche were associated with earlier onset of
menses.19 The second study is by Wronka and Kli�s, which inves-
tigated several air pollutants, including PM10 and PM2:5, among
1,257 Polish women, 19–25 y of age, who were attending col-
lege.20 They compared women with low, intermediate, and high
levels of PM10 and PM2:5 during childhood and adolescence and

Table 1. Characteristics of 5,201 girls in the Growing Up Today Study 2 from 1988 to 2008 by quintiles of in utero PM2:5 exposure.

All subjects Quintiles of in utero PM2:5 exposure
a

(n=5,201)
Q1

(n=988)
Q2

(n=994)
Q3

(n=953)
Q4

(n=1,000)
Q5

(n=971)

Range of PM2:5 exposure
b (lg=m3) 4.80–32.19 4.80–13.09 13.10–15.20 15.2–16.90 16.90–18.90 18.90–32.19

Birth year [n (%)]
1989–1990 2,189 (42.1) 295 (29.9) 299 (30.1) 326 (34.2) 422 (42.2) 638 (65.7)
1991–1992 1,819 (35.0) 364 (36.8) 374 (37.6) 334 (35.0) 400 (40.0) 263 (27.1)
1993–1994 1,172 (22.5) 323 (32.7) 313 (31.5) 289 (30.3) 175 (17.5) 70 (7.2)
1995+ 21 (0.4) 6 (0.6) 8 (0.8) 4 (0.4) 3 (0.3) 0 (0.0)
Raceb [n (%)]
White 4,913 (94.5) 944 (95.6) 929 (93.5) 903 (94.8) 958 (95.8) 899 (92.6)
Other 216 (4.1) 40 (3.1) 49 (4.9) 37 (3.9) 30 (3.0) 59 (6.1)
Missing 72 (1.4) 13 (1.3) 16 (1.6) 13 (1.3) 12 (1.2) 13 (1.3)
Hispanicb [n (%)]
Yes 121 (2.3) 28 (2.8) 16 (1.6) 13 (1.4) 15 (1.5) 38 (3.9)
No 4,937 (94.9) 933 (94.4) 947 (95.3) 917 (96.2) 955 (95.5) 909 (93.6)
Missing 143 (2.8) 27 (2.7) 31 (3.1) 23 (2.4) 30 (3.0) 24 (2.5)
Birth weightb

<2,500 g 240 (4.6) 49 (5.0) 44 (4.4) 44 (4.6) 42 (4.2) 50 (5.2)
2,500–4,000 g 3,551 (68.3) 667 (67.5) 682 (68.6) 643 (67.5) 670 (67.0) 686 (70.7)
>4,000 g 486 (9.3) 83 (8.4) 92 (9.3) 90 (9.4) 95 (9.5) 90 (9.3)
Missing 924 (17.8) 189 (19.1) 176 (17.7) 176 (18.5) 193 (19.3) 145 (14.9)
Maternal age at menarcheb (y)
<12 1,098 (21.1) 213 (21.6) 192 (19.3) 203 (21.3) 219 (21.9) 202 (20.8)
12–14 3,621 (69.6) 680 (68.8) 709 (71.3) 656 (68.8) 690 (69.0) 683 (70.3)
>14 468 (9.0) 91 (9.2) 91 (9.2) 92 (9.7) 86 (8.6) 85 (8.6)
Missing 14 (0.3) 4 (0.4) 2 (0.2) 2 (0.2) 5 (0.5) 1 (0.1)
Region of residencec [n (%)]
Northeast 1,689 (32.5) 221 (22.4) 408 (41.1) 394 (41.3) 359 (35.9) 274 (28.2)
Midwest 1,801 (34.6) 269 (27.2) 352 (35.4) 348 (36.5) 426 (42.6) 377 (38.8)
West 744 (14.3) 349 (35.3) 65 (6.5) 109 (11.4) 150 (15.0) 65 (6.7)
South 707 (13.6) 143 (14.5) 158 (15.9) 91 (9.5) 58 (5.8) 243 (25.0)
Missing 260 (5.0) 6 (0.6) 11 (1.1) 11 (1.2) 7 (0.7) 12 (1.2)
Neighborhood SES quintilec,d,e [n (%)]
0 (−33:42, −2:93) 1,216 (23.4) 371 (37.6) 224 (22.5) 199 (20.9) 215 (21.5) 185 (19.1)
1 (−2:93, −1:21) 1,287 (24.7) 216 (21.9) 255 (25.7) 250 (26.2) 255 (25.5) 292 (30.1)
2 (−1:21, 0.46) 1,097 (21.1) 198 (20.0) 195 (19.6) 209 (21.9) 258 (25.8) 224 (23.1)
3 (0.46, 2.79) 868 (16.7) 127 (12.9) 201 (20.2) 196 (20.6) 167 (16.7) 161 (16.6)
4 (2.79, 20.74) 473 (9.1) 70 (7.1) 108 (10.9) 88 (9.2) 98 (9.8) 97 (10.0)
Missing 260 (5.0) 6 (0.6) 11 (1.1) 11 (1.2) 7 (0.7) 12 (1.2)
Cumulative average PM2:5

f (lg=m3) 13.4 (2.6) 10.5 (1.7) 12.3 (1.5) 13.5 (1.5) 14.7 (1.4) 16.2 (2.2)
Cumulative average PM2:5-10

f (lg=m3) 8.5 (4.0) 9.0 (3.9) 7.5 (3.5) 7.2 (3.0) 7.9 (2.8) 10.9 (5.0)
Cumulative average PM10

f (lg=m3) 21.9 (5.3) 19.5 (4.5) 19.8 (3.9) 20.7 (3.5) 22.6 (3.3) 27.1 (6.2)

Note: PM, particulate matter; SES, socioeconomic status.
aTotal number of individuals in the quintiles of in utero PM2:5 exposure do not add to the total sample size due to missing values for in utero PM2:5 exposure (n=295).
bThis is a non–time-varying covariate measured at birth.
cThis is a time-varying covariate, but values here reflect values at birth.
dIncreasing quintile of neighborhood socioeconomic status indicates higher socioeconomic status.
eMinimum and maximum values for each of the quintiles of the neighborhood socioeconomic status are provided. Quintiles are mutually exclusive but appear to overlap because of
rounding.
fThis is a cumulative time-varying covariate, so values provided were measured from birth until the last available time point for each subject (i.e., menarche, prior to loss to follow-up,
or prior to right-censored). Values are reported as means and standard deviations.
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found those in the highest exposure groups had almost three
times the odds of earlier onset of menarche (defined as menarche
before 11 y of age).20 Although these results concur with our
findings, these studies had important limitations. First, because of
the cross-sectional design used by Jung et al., the authors had to
assume that the address provided by the girl at the time of the sur-
vey was the same address they had lived at in the 1, 2, and 3 y
prior to menarche (which could have been up to 10 y prior). For
Wronka and Kli�s, the authors had the young adult women recall
their residences during childhood and then averaged air pollution
levels across childhood for that given village, town, or city dis-
trict, which could have introduced some exposure misclassifica-
tion. Second, Jung et al. were able to evaluate only annual
average PM10 exposure because they had information only for
year of menarche (not month or date). Both studies were also
able to use only city-wide average exposures rather than neigh-
borhood- or address-specific estimates. Taken together these all
greatly increased the likelihood of exposure misclassification.
Third, Wronka and Kli�s used different statistical methods and
instead used generalized linear models and logistic models and
were not able to incorporate time-varying covariates. Given our
prospective design, which allowed for the girls’ addresses to
update every 2 y, our precise information obtained on age at men-
arche, and our use of a nationwide spatiotemporal model to pre-
dict PM levels at the residence-level, our study was able to
greatly improve on this initial research. In addition, we were able
to investigate several time-varying exposure windows and multi-
size fraction models. Regardless of the differences, the two earlier
studies offer concurring evidence that PM may be associated with
earlier onset of menarche.

In addition to menarche, several studies have investigated
related end points regarding puberty onset. In a birth cohort of

more than 3,000 adolescents in Hong Kong, Huang et al., investi-
gated pubertal development (defined as the highest Tanner stage
for breast and pubic hair development at age 11 y) and air pollu-
tion exposure in utero and during childhood.17 Huang et al.
observed that higher PM10 exposure in utero was associated with
delayed pubertal development in girls.17 In contrast, we observed
an opposite association, where higher exposure to PM2:5 and
PM10 was associated with earlier age of menarche. Several fac-
tors, besides differences in outcome, could account for this differ-
ence. First, we used a cohort with much lower PM exposures in
comparison with cohorts from other countries (e.g., PM10 ranged
from 47.5 to 78:7 lg=m3 in Hong Kong, China, vs. 8.2 to
78:7 lg=m3 for cumulative PM10 in our study).17 In addition, the
specific chemistry and sources of PM are known to vary by loca-
tion, and this could account for some of these differences. We
also used different statistical methods. We used time-to-event
data and survival analysis, whereas Huang et al. used cross-
sectional data and partial least squares regression (to allow for
multiple pollutants).17 There was also a large amount of attrition
in the Huang et al. study, with only 68% of the original birth
cohort being included in the analysis, which could have led to
selection bias. In another study, McGuin et al. observed that
higher exposure to traffic-related pollutants and measures of traf-
fic exposure were associated with earlier age of breast and pubic
hair development (assessed using Tanner staging) among 437
girls in California.18 Our results are in concordance with these find-
ings, although we did not specifically investigate traffic. In addition
to puberty timing, PM exposure has been tentatively linked to men-
strual cycle disruption. In an analysis from the NHSII that included
more than 34,000 women, a 45-lg=m3 increase in exposure to total
suspended PM during adolescence was associated with having a
longer time to cycle regularity in high school.14 In addition, in a

Figure 1. Forest plots of adjusted HRs and 95% CIs for the association between residential PM10, PM2:5–10, and PM2:5 exposures and age at menarche in the
Growing Up Today Study 2, 1988–2008 (n=5,201) (see Table S2). All Cox proportional hazard models are adjusted for neighborhood SES, region of resi-
dence, race, ethnicity, maternal age at menarche, and birth weight (Model 1). Cox proportional hazard models were further adjusted for calendar year (Model
2). Circles with purple lines are for PM10 exposure, squares with blue lines are for PM2:5–10 exposure, and triangles with green lines are for PM2:5 exposure.
HRs >1 indicate that the exposure is associated with earlier age at menarche, and HRs <1 indicate an association with later age at menarche. HRs are per
increase in IQR. For PM2:5, the IQR is 4 lg=m3; for PM2:5–10, the IQR is 5 lg=m3; and for PM10, the IQR is 7 lg=m3. The in utero models exclude individuals
who were missing PM during the in utero period or at birth (n=295). Lines indicate width of the 95% CI, and shapes indicates the point estimate. Note: CI,
confidence interval; HR, hazard ratio; IQR, interquartile range; PM, particulate matter; SES, socioeconomic status.
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study of 133 women of reproductive age, PM10 and SOx measured
during the menstrual cycle were associated with shortened length of
the luteal phase,13 and in a different study of 184 women, a
10-lg=m3 higher PM10 exposure in the 30 d prior to the observed
menstrual cycle was associated with a lengthened follicular phase.30

Although studies of air pollution and puberty or menstrual cycle tim-
ing may be relevant to the discussion of air pollution and menarche,
these end points are not the same, so direct comparison with our
study is not possible. However, taken together, these studies lend
credibility to the hypothesis that PM may alter both the timing of first
menses as well as characteristics of women’s menstrual cycles.

Of brief mention are several studies that have examined poly-
aromatic hydrocarbons (PAHs) and puberty timing. PAHs are of-
ten found bound to PM2:5 but can also come from other sources.
In several studies, urinary PAHs were associated with puberty
timing as measured by the Tanner stages.31–33 However, it is not
entirely clear whether PAHs are associated with delayed or ear-
lier puberty onset. An interesting aspect is that the association
between PAHs exposure and puberty timing may be modified by
childhood body mass index (BMI),32,33 with higher PAHs being
associated with changes in puberty timing among children with
higher BMI in comparison with normal BMI. In one study of 196
girls that examined prenatal exposure to PAHs measured via per-
sonal air monitors, PAHs were associated with delayed puberty
timing.34 Although we did not measure PAHs directly, it is
interesting that in our study in utero PM2:5 exposure was

associated with earlier menarche, which is in line with several
studies using urinary PAHs but not the study of PAHs meas-
ured via air monitoring. It is possible that the differing time
windows (1989–1995 vs. 1998–2006) and differing geographic
locations (across the United States vs. New York City) of
these studies may account for the differences. In general,
exposures to PAHs are linked to exposures to air pollution and
have important endocrine-disrupting properties that need to be
more carefully examined.

The leading biological hypothesis through which ambient PM
could affect pubertal timing and specifically age of menarche is
that it contains EDCs that interfere with the body’s hormones,
which are key regulators of reproductive development.7 PM itself
could have endocrine-disrupting properties, and it can provide
binding sites for volatile organic compounds (VOCs) and semi-
volatile organic compounds (SVOCs), which are known to inter-
fere with the endocrine system.7 It is not entirely clear what
specifically in PM disrupts the endocrine system. In addition, it is
unclear whether PM (and its attached gases) directly act on endo-
crine glands to disrupt synthesis or whether they mimic hormones
and alter the endocrine system that way.7 Another potential mech-
anism is that PM could have obesogenic properties. Several previ-
ous studies have shown that children with higher prenatal and
early postnatal exposure to PM2:5 had higher BMI z-scores and
higher risk of obesity development in childhood.35,36 Because the
accumulation of adipose tissue has long been known to be a trigger

Figure 2. Predicted survival time for girls in the Growing Up Today Study 2 (n=5,201) exposed to the 10th and 90th percentile for the cumulative average
PM exposure from 1988 to 2008 using Cox proportional hazard model (see Table S4). Predicted survival curves are modeled from adjusted Cox proportional
hazard models using the mean value of continuous covariates and most common level for categorical covariates. These specific curves were estimated for a
White, non-Hispanic girl living in the Northeast region in a neighborhood with the lowest SES, who had a birth weight 2,500–4,000 g, whose mother had an
age of menarche between 12 and 15 y, and who was born between 1989 and 1990. The solid red line is the predicted survival curve for the 90th percentile for
cumulative average PM exposure (PM2:5: 17:9 lg=m3; PM2:5–10: 14:9 lg=m3; PM10: 30:5 lg=m3). The dashed blue line is the predicted survival curve for the
10th percentile for the cumulative average PM exposure (PM2:5: 10:7 lg=m3; PM2:5–10: 5:2 lg=m3; PM10: 17:4 lg=m3). Note: PM, particulate matter; SES,
socioeconomic status.
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of pubertal onset in girls,6 it is therefore possible that increased
PM exposure could increase body fat, which in turn could acceler-
ate the timing of menarche. Mechanistic studies will be needed to
investigate these questions. There is also biological plausibility
behind the in utero findings. When mothers are exposed to PM2:5
during pregnancy, these particles can cross from their blood-
stream through the placenta and into the developing fetus,37

thereby affecting the developing reproductive system. Although
our study did not have information on the constituents of PM2:5
to directly evaluate this hypothesis further, a more careful exami-
nation of the endocrine-disrupting properties of PM2:5 and how
these might relate to pubertal timing is warranted.

Although the study findings are interesting, there are several
limitations that should be considered when interpreting these
results. First, we only assessed ambient air pollution at the girls’
residences throughout childhood and not personal exposure. Lack
of information on personal exposures and time spent outdoors
could have led to nondifferential exposuremisclassification, which
means these results could be conservative estimates. Second, it is
possible that girls moved between address updates, which would
create exposure misclassification. However, as a sensitivity analy-
sis, we explored the association between PM exposure and age at
menarche among individuals who did not move, and we observed
similar results. Third, some individuals in this study may have
experienced menarche before the first survey in 2004, which could
have potentially led to recall error. However, self-report of men-
arche is known to be highly accurate and given that our exposure
was based on the subject’s residential address (and not self-report),
the likelihood of recall bias is minimal.23,38,39 Fourth, we did not
adjust for exposure to other known EDCs or other common air pol-
lutants, such as NO2, because this information was not available to
us. In addition, the nSES measure was specific to our cohort and
may not fully captured the range of SES across the United States.
Therefore, residual confounding by these factors is possible, so our
results should be cautiously interpreted. Fifth, PM exposure
declined over the course of the study, so it is possible there was
some confounding by time. However, whenwe further adjusted for
calendar year of birth, we observed similar but attenuated effect
estimates. Sixth, we did not have information on some risk factors
for menarche assessed prior to onset of menarche, which prevented
us from examining these factors as potential mediators. In particu-
lar, childhood BMI would have been interesting to investigate.
However, a little over 50% of the sample had already achieved
menarche prior to competing the first questionnaire, so we did not
have premenarchal BMI data on these individuals. Future analyses
should consider the mediating effect of BMI on the relationship
between PM and age at menarche. Seventh, in our analysis, we
used the missing-indicator method, which may have biased our
results if data are not missing at random. Last, there is a concern
about a lack of generalizability. Studies have documented earlier
age of menarche in Black and Latina girls in comparison with
White girls.40,41 The majority of girls in our study were non-
HispanicWhite. Therefore, we are unable to comment on the asso-
ciation between PM exposure and menarche in the populations
with the greatest public health burden. However, we have no rea-
son to believe that being Black or Latinawouldmodify the effect of
air pollution on pubertal timing. Rather, it is known that PM expo-
sure tends to be higher in neighborhoods with a higher percentage
of Hispanic and Black adults,42–44 and thus it is more likely that
PM exposure may mediate some of the observed association
between race/ethnicity and early timing of menarche. Future stud-
ies are needed to address this study question across more diverse
cohorts, particularly in areas with higher PM exposure.

Our study did have several strengths. The first and foremost was
that we had updated residential information from girls every 2 y

from birth throughout childhood, and we used a validated spatio-
temporal model to estimate their monthly ambient PM exposure
levels at their address. As evidenced by the low percentage of girls
who remained at the same residence during follow-up, this updated
information was key to ensuring an accurate exposure assessment.
In addition, we used time-varying covariates to better capture
changes in exposures and confounders over time, which may more
accurately describe an individual’s exposure than simple averages
at a single time point. By combining data from the NHSII and
GUTS2 cohorts, we were also able to maintain a prospective design
and include girls who achieved menarche prior to enrolling in our
study, which limited the influence of differential exposure misclassi-
fication and selection bias. Although our cohort was racially homo-
geneous, it covered a wide geographic area, which enhances the
generalizability of our findings.

Overall, we observed that higher exposure to PM2:5 through-
out childhood (from birth to menarche onset) was associated with
earlier age of menarche in a large, prospective cohort of girls in
the United States. Although the magnitude of effect was modest,
relatively small impacts on individuals could result in noteworthy
influences on population health. Although this study does provide
valuable insight into the potential role of PM in adolescent repro-
ductive health, questions still remain regarding the mechanisms
through which PM may be altering pubertal timing.
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