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STUDY QUESTION: What is the association between perimenarchal exposure to total suspended particulate (TSP) in air, menstrual
irregularity phenotypes and time to menstrual cycle regularity?

SUMMARY ANSWER: Exposures to TSP during high school are associated with slightly increased odds of menstrual irregularity and longer
time to regularity in high school and early adulthood.

WHAT IS KNOWN ALREADY: The menstrual cycle is responsive to hormonal regulation. Particulate matter air pollution has demon-
strated hormonal activity. However, it is not known if air pollution is associated with menstrual cycle regularity.

STUDY DESIGN, SIZE, DURATION: Cross sectional study of 34 832 of the original 116 430 women (29.91%) enrolled in 1989 from
the Nurses’ Health Study II (NHSII). The follow-up rate for this analytic sample was 97.76% at the 1991 survey.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Annual averages of TSP were available for each year of high school attend-
ance. We created three case definitions including high school menstrual irregularity and androgen excess. The time to menstrual cycle regular-
ity was reported by participants as <1 year, 1–2 years, 3–4 years, 5 years or longer, or never on the baseline questionnaire. Odds ratios and
95% confidence intervals (CI) were calculated for 45 μg/m3 increases in TSP exposure, adjusted for risk factors for menstrual irregularity.

MAIN RESULTS AND THE ROLE OF CHANCE: In multivariable adjusted models, we observed that for every 45 μg/m3 increase in
average high school TSP there was an increased odds (95%CI) of 1.08 (1.03–1.14), 1.08 (1.02–1.15) and 1.10 (0.98–1.25) for moderate, per-
sistent, and persistent with androgen excess irregularity phenotypes, respectively. TSP was also associated with a longer time to cycle regular-
ity, with stronger results among women with older ages at menarche and those living in the Northeast or the West.

LIMITATIONS, REASONS FOR CAUTION: The outcomes of menstrual regularity and time to cycle regularity were retrospectively assessed
outcomes and may be susceptible to recall bias. There is also the potential for selection bias, as women had to live until 2011 to provide addresses.

WIDER IMPLICATIONS OF THE FINDINGS: Temporal exposure to air pollution in the adolescent and early adulthood window may
be especially important, given its association with phenotypes of menstrual irregularity. The data from this study agrees with existing literature
regarding air pollution and reproductive tract diseases.
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Introduction
The menstrual cycle is a marker of physiologic and reproductive
health; its regularity is affected by hormones, stress, and environmental
factors (Wang et al., 1976; Miyauchi et al., 1992; Chung et al., 2005;
Ouyang et al., 2005). Regular menstrual cycles take 2–5 years to be
established in the majority of adolescent girls due to maturation of the
hypothalamic-pituitary-ovarian (HPO) axis. After this initialization, dis-
orders of the HPO axis and endocrine system can affect regularity
(Legro et al., 2000). Furthermore, menstrual irregularity in conjunction
with biochemical or clinical androgen excess, is a hallmark of polycystic
ovary syndrome (PCOS), one of the most common causes of infertility
(Ansari et al., 2008). Androgen excess in PCOS is noted by symptoms
of hirsutism, acne, and male-pattern balding, or can be noted by bio-
chemical androgen excess on serum laboratory evaluation (Ehrmann,
2005). Women with menstrual irregularity and androgen excess are at
an increased lifetime risk of multiple chronic health problems including
high cholesterol (Huang et al., 2015), cardiovascular disease (Solomon
et al., 2002) and diabetes (Solomon et al., 2001; Wang et al., 2011).
As a possible source of endocrine disruption, air pollution exposure

has previously been examined in the context of gynecologic diseases
and infertility (Wang et al., 2005; Oh et al., 2008; Radwan et al., 2016;
Carre et al., 2017). Particulate matter (PM) from air pollution is com-
prised of a variety of different chemicals and is characterized by par-
ticle diameter. Particle composition is varied and depends on emission
sources (Laden et al., 2000). Total suspended particulate (TSP) is com-
prised of particles measuring up to 50 microns (Wedding et al., 1977).
Previous studies show reductions in fertility with exposures to nitrogen
oxides (NOx) and three size fractions of PM (Nieuwenhuijsen et al.,
2014). It has also been found to be associated with lower live birth
rates (Perin et al., 2010), lower fecundability ratio (Slama et al., 2013),
lower IVF pregnancy rate (Legro et al., 2010), reductions in term birth
weight (Morello-Frosch et al., 2010) and higher risk of miscarriage
(Mohorovic et al., 2010; Faiz et al., 2012).
Human studies showing that metabolites from tobacco, such as cad-

mium and cotinine, are found in follicular fluid suggest that inhaled
exposures and their metabolites may possibly cross the lung-blood
barrier, circulate and deposit at the level of the developing egg
(Younglai et al., 2002; Al-Saleh et al., 2009; Benedict et al., 2011).
Laboratory studies have also demonstrated that diesel exhaust parti-
cles have hormonal activity in estrogenic and androgenic activity assays
(Wang et al., 2005; Misaki et al., 2008; Oh et al., 2008; Sidlova et al.,
2009). In particular, high school and adolescence may be a sensitive
time window for endocrine disruption (Golub et al., 2004; McBride
et al., 2005; Rubino and Parolaro, 2008).
Although perinatal and pre-pubertal exposure to androgens are

known exposures that predispose to menstrual irregularity in animal
models and humans (Hewlett et al., 2016), we know of no study that
has examined air pollution exposures in the perimenarchal time

window in relation to menstrual irregularity and time to regularity.
Because exposure to air pollution near the period of menstrual stabil-
ization may affect future menstrual regularity, the objective of this
study is to examine the association between perimenarchal total sus-
pended particulates (TSP), menstrual irregularity phenotypes (includ-
ing androgen excess), and time to cycle regularity in the Nurses’
Health Study II (NHSII).

Materials andMethods

Study population and case ascertainment
All study participants were members of the NHSII, a prospective cohort
started in 1989 when 116 430 female nurses aged 25–42 years completed
a baseline questionnaire. At enrollment, the women resided in 14 states
(California, Connecticut, Indiana, Iowa, Kentucky, Massachusetts,
Michigan, Missouri, New York, North Carolina, Ohio, Pennsylvania, South
Carolina, and Texas), but have subsequently moved to all 50 states.
Participants are followed via biennial follow-up questionnaires with
response rates over 90%, and each collects updated information on inci-
dence of disease and on a variety of dynamic lifestyle characteristics. As
part of the web version of the 2011 questionnaire, women were asked to
provide the address they lived at the longest during high school. Women
were excluded from the current study if they did not provide a high school
address (N = 77 506), if they did not provide information on menstrual
irregularity on the baseline questionnaire (N = 3962), or if they were miss-
ing information on potential confounders (N = 378). After these exclu-
sions, there were a total of 34 832 women available for analysis (29.91%).

Early menstrual cycle characteristics were ascertained retrospectively on
the 1989 baseline questionnaire. Women were asked the following question,
‘What was the pattern of your menstrual cycles (excluding time around preg-
nancies or when using oral contraceptives) during high school?’ and ’During
ages 18–22?’ Respondents had the following options for both time periods:
very regular (±3 days), regular, usually irregular, always irregular, no periods.
Women were also asked, ‘How many years after the onset of your menstrual
periods did your cycles become regular?’ The options for this question were
<1 year, 1–2 years, 3–4 years, 5 years or longer, and never.

Androgen excess was ascertained by self-report of hirsutism or acne.
On the baseline questionnaire, women were asked to report if they had
ever had a physician diagnosis of ‘severe teenage acne’ and to provide the
year of diagnosis. A similar question on the 1991 questionnaire ascertained
if women had ever had a physician diagnosis of hirsutism and asked them
to report the year of diagnosis as before 1989, between 1989 and 1990,
or in 1991 or later. We included all reports of hirsutism self-reported to
have occurred before 1989.

We created three case definitions: two case definitions to classify
increasing levels of irregularity and a third case definition combining irregu-
larity with androgen excess. These three case definitions used are as fol-
lows: (i) Moderate irregularity defined by ‘always irregular in high school or
ages 18–22’, (ii) Persistent irregularity defined by ‘always irregular in high
school and ages 18–22’ and (iii) Moderate irregularity with Androgen
Excess, defined by ‘always irregular in high school or ages 18–22 and
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severe teenage acne or hirsutism before 1989’. There were too few cases
to examine the most extreme potential phenotype of persistent irregular-
ity with androgen excess. The time to menstrual cycle regularity was based
on the participants’ responses to the baseline questionnaire.

Exposure assessment
Residential address information for the longest address lived during high
school was geocoded to obtain latitude and longitude (Fig. 1). Information on
total suspended particulate (TSP) monitoring locations and concentrations

was obtained directly from the US Environmental Protection Agency for the
years the NHSII participants were in high school (1960–1983, Fig. 2). A 4-
year average of TSP levels were calculated from the monitoring location clos-
est to each residential address for the calendar years in which each participant
was 14, 15, 16, 17 and 18.

Potential confounders
We examined possible confounding by a priori selected risk factors for
menstrual irregularity: age at questionnaire completion in 1989 (in

Figure 1 Geocoded high school residential addresses of 34 832 women in the Nurses’ Health Study II (NHSII).

Figure 2 Locations of US Environmental Protection Agency total suspended particulate matter (TSP) monitors 1960–1980.

514 Mahalingaiah et al.



months), race (white/other), body mass index at age 18 (BMI-continuous),
reported somatotype at ages 5 and 10 (categories from 1 to 9), cigarettes
smoked per day before age 15 (0, 1–4, 5 or more), hours per week of
strenuous, moderate, or walking physical activity during high school, and in
a subset of women with information on high school diet, we included data
on high school consumption of soda and diet soda (Harris et al., 2016) and
calculated overall diet quality as measured by the 2010 Alternative Healthy
Eating Index (AHEI), (McCullough and Willett, 2006; Chiuve et al., 2012).
To determine if each variable was also associated with exposure, we con-
ducted linear regressions including each potential confounder. Only vari-
ables associated with both the exposure and outcome were included in
multivariable models.

Statistical analysis
Logistic regression was used to calculate odds ratios and 95% confidence
intervals for the association between menstrual irregularity (dichotomous)
and each participant’s 4-year average of TSP exposure during high school
(continuous). Odds ratios are presented scaled to the interquartile range
(45 μg/m3) in exposure. All dose-responses were checked for deviations
from linearity using cubic regression splines, and continuous effect esti-
mates are only presented for those that did not deviate from linearity.
Each of the three menstrual irregularity phenotypes (moderate, persistent
and moderate with androgen excess) were modeled separately. To deter-
mine the impacts of distance from a monitor on our estimates, in sensitivity
analyses, we restricted our models to the subset of women living within
10 km (N = 19 082) of a TSP monitor for whom we would expect less
exposure misclassification.

Multinomial regression was used to determine odds ratios and 95% confi-
dence intervals for the association of continuous high school TSP exposures
(scaled to the interquartile range) and time to menstrual regularity (ordinal).
An alpha level of 0.05 was used to determine statistical significance and cubic
regression splines were used to assess deviations from linearity.

Stratified analyses were performed to explore potential effect measure
modification of the odds ratios by age at menarche, age in 1989 and geo-
graphic region. The composition of TSP likely varies by region, which may
be associated with different effects on menstrual irregularity. Age at ques-
tionnaire completion in 1989 may be a proxy for the ability to recall spe-
cific menstrual characteristics during adolescence, and age at menarche is
both a proxy for time between menarche and our high-school measures of
exposure and early or late onset may be a marker for endocrine disrup-
tion. The statistical significance of each potential effect modifier was
assessed with multiplicative interaction terms. All statistical analyses were
performed in SAS version 9.4 (SAS Institute, Cary, NC).

Ethical approval
The study was approved by the Institutional Review Boards (IRB) of
Boston University School of Medicine/Boston Medical Center and
Brigham andWomen’s Hospital.

Results
A total of 34 842 women were available for analysis. The demographic
characteristics at the 1989 baseline questionnaire for the overall ana-
lytic sample, as well as the lower and upper quartiles of exposure, are
presented in Table I. The average age of the participants in the analytic
cohort at enrollment was 34.8 years (standard deviation (SD) = 4.6)
years, while the average BMI (SD) at age 18 was 21.3 (3.2) kg/m2. The
population was mostly Caucasian (97.6%) with an age at menarche of
12 years or more (75.8%), with an average of 3.7 (2.8) hours/week of
strenuous physical activity during high school. The majority of women

in this cohort reached menstrual regularity within 2 years of menarche
(70.4%). The cohort had a mean AHEI score of 46.2 (9.8) during high
school, and most were former or never smokers who did not smoke
in high school. As shown in Supplementary Table SI, women excluded
from the analyses were largely similar to those who were included in
the analyses. Excluded women were far more likely to have lived out-
side of the United States at age 15 (26.8% versus 8.3%).
Participants in the upper quartile of TSP exposure tended to be

slightly older, have larger increases in BMI between age 18 and 1989,
and live in the West compared to women in the lowest quartile of
exposure. The distributions of TSP averaged over high school (ages
14–18) and by year of age are presented in Supplementary Table SII.
The ranges of exposure were similar for all ages. The mean (SD)
exposure during high school was 90.1 μg/m3 (32.6 μg/m3), and range
was 10.1–319.7 μg/m3. Altogether, there were 4882 cases of moder-
ate irregularity, 3074 of persistent irregularity and 686 cases of moder-
ate irregularity with androgen excess.
BMI at age 18, smoking status at ages 15–18, physical activity during

high school, and high school diet and soda consumption were all statistic-
ally significantly associated with high school TSP, and were therefore
included in all multivariable models. The associations between average
high school TSP exposure and the presence of a menstrual irregularity
phenotype are presented in Table II. We did not observe deviations
from linearity, and therefore present linear dose-responses scaled to an
interquartile range (45 μg/m3) increase in exposure. In basic models
adjusted only for age and race, for every 45 μg/m3 increase in TSP expos-
ure during high school, there was a greater odds (95%CI) of having mod-
erate irregularity, persistent irregularity and moderate irregularity with
androgen excess of 8% (3,14%), 8% (2,15%) and 11% (−2,25%),
respectively. The odds ratios remained robust to adjustment in multivari-
able models that did or did not include high school diet (Table II). Results
were unchanged when restricting to women who lived in closer proxim-
ity to an air pollution monitor (Supplementary Table SIII).
There was no statistically significant effect modification by age at menar-

che, age in 1989, or region of residence (Supplementary Table SIV).
However, there was a suggestion of greater odds of menstrual irregularity
among the older age categories for the moderately irregular and persist-
ently irregular phenotypes. Conversely, this trend reversed for the moder-
ately irregular menses with androgen excess phenotype.
Each 45 μg/m3 increase of average TSP exposure was associated in

the basic model with a 1.04 increased odds (95%CI: 1.01, 1.07) of
being in a longer time to regularity category (Table III). In the multivari-
able adjusted multinomial model the OR was also 1.04 (95%CI: 1.00,
1.07). There was no evidence of effect modification of these associa-
tions by age in 1989. Age at menarche and region of residence during
high school did statistically significantly modify the association. Longer
times to regularity were observed for older ages at menarche and in
the Western and Northeast regions.

Discussion
We assessed the association between air pollution exposure and men-
strual irregularity in the high school and early adulthood time window.
We observed that for every interquartile range (45 μg/m3) increase in
average TSP during high school, there was a greater odds of menstrual
irregularity for all three phenotypes examined: moderate, persistent
and moderate with androgen excess. The associations between high
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school TSP exposure and menstrual irregularity were maintained across
all severity categories and remained robust after multivariable adjust-
ment. Increasing exposures were also associated with longer times to
menstrual irregularity. In analyses stratified by age at menarche, there
was a suggestion of increasing effect sizes for the moderately irregular
and persistently irregular phenotypes and statistically significant modifi-
cation in time to menstrual regularity at older menarchal ages. Time to
menstrual regularity also differed by region of residence, with effects
observed only in the Northeastern andWestern regions.

While the effect sizes found in this study are small and strictly sug-
gestive, they are consistent with the literature regarding air pollution
and reproductive tract diseases in this cohort (Mahalingaiah et al.,
2014a, b, 2016). Menstrual irregularity alone has been previously used
as a proxy for PCOS in analyses within the NHSII, and this definition
has provided insights into the long-term health outcomes associated
with menstrual irregularity, including cardiovascular disease and dia-
betes (Solomon et al., 2001, 2002). A previous study has validated the
self-reported menstrual regularity responses in the NHSII and found

.............................................................................................................................................................................................

Table I Selected characteristics of the 34 832 women in the Nurses’Health Study II (NHSII) included in the analysis
overall and for the lower and upper quartiles of average high school exposure to total suspended particulate matter
(TSP).

Characteristic Overall TSP < 65.5 TSP > 110.0
N 34 832 8722 8719

Age in 1989 (years), Mean ± SD 34.8 ± 4.6 31.2 ± 3.7 38.2 ± 3.6

Race, N (%)

White 33 982 (97.6) 8540 (97.9) 8471 (97.2)

Other races 850 (2.4) 182 (2.1) 248 (2.8)

Average total suspended particulate (TSP, μg/m3), ages 14–18, Mean ± SD 90.1 ± 32.6 54.3 ± 8.2 135.3 ± 22.4

Average distance to the nearest TSP monitor (km), Mean ± SD 19.3 ± 31.3 16.0 ± 31.7 22.4 ± 30.2

High school Alternative Healthy Eating Index, Mean ± SD 46.2 ± 9.8 46.8 ± 10.1 45.8 ± 9.8

High school physical activity (hours/week), Mean ± SD

Strenuous 3.7 ± 2.8 4.0 ± 2.8 3.5 ± 2.7

Moderate 3.3 ± 2.3 3.5 ± 2.3 3.2 ± 2.3

Walking 2.1 ± 1.9 1.8 ± 1.8 2.4 ± 2.0

Body mass index (BMI, kg/m2) at age 18, Mean ± SD 21.3 ± 3.2 21.3 ± 3.2 21.2 ± 3.2

Age at menarche, N (%)

<12 8340 (23.9) 2003 (23.0) 2143 (24.6)

12 10 715 (30.8) 2629 (30.1) 2668 (30.6)

13 9648 (27.7) 2441 (28.0) 2494 (28.6)

≥14 6025 (17.3) 1616 (18.5) 1393 (16.0)

Missing or not known 104 (0.3) 33 (0.4) 21 (0.2)

Number of Years until Menstrual Regularity, N (%)

<1 15 933 (45.7) 3846 (44.1) 4054 (46.5)

1–2 8597 (24.7) 2202 (25.3) 2154 (24.7)

3–4 2397 (6.9) 643 (7.4) 550 (6.3)

5+ 4069 (11.7) 907 (10.4) 1111 (12.7)

Never 3660 (10.5) 1084 (12.4) 805 (9.2)

Missing 176 (0.5) 40 (0.5) 45 (0.5)

Cigarettes per day during high school, N (%)

0 33 136 (95.1) 8232 (94.4) 8336 (95.6)

1–4 1096 (3.2) 317 (3.6) 245 (2.8)

≥5 600 (1.7) 173 (2.0) 138 (1.6)

Region of residence in high school

Northeast 13 243 (38.0) 3883 (44.5) 3407 (39.1)

Midwest 12 845 (36.9) 2572 (29.5) 3144 (36.1)

West 4139 (11.9) 766 (8.8) 1335 (15.3)

South 4343 (12.5) 1489 (17.1) 692 (7.9)

Missing 262 (0.8) 12 (0.1) 141 (1.6)
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that concordance was high between reporting of regular versus irregu-
lar and length of menstrual cycles (Solomon et al., 2002). The preva-
lence of moderate menstrual irregularity in the high school time
window or ages 18–22 in our study was 14% (4882/34 842) within the
analytic sample. Other studies report population prevalence as high as
50% for unselected adolescent girls (Hickey et al., 2011), 31% in uni-
versity students (Cakir et al., 2007) and 24% in unselected 27–34-
year-old women (March et al., 2010).
In this current study, the only pollutant widely available throughout

the US during our study time window is total suspended particulate
matter (TSP), which is a measure of all size fractions of particulate and
agnostic to the composition of particulates. In the Harvard Six Cities
Studies, it was found that silicon from soil, lead from motor vehicle
exhaust, and selenium from coal combustion were common in the fine
particulate matter in six cities across the US (Laden et al., 2000).
Other elements found in some cities but not others included vanadium
from fuel oil, chlorine from salt, and manganese and other metals.
Further compositional analyses is warranted before additional infer-
ences are drawn, as measurements from the Harvard study were from

1979 to 1980, and the sources of TSP are both time and geographically
varying.
There is no literature that we are aware of on the association of air

pollution and menstrual regularity or age at menarche. Previous studies
have reported that air pollution exposure may be associated with
adverse fetal growth (Glinianaia et al., 2004; Dadvand et al., 2013;
Pedersen et al., 2013; Winckelmans et al., 2015). The literature on
tobacco smoking reports that passive smoke exposure in childhood is
associated with a longer time to menstrual cycle regularity (Dossus
et al., 2012), although for those exposed in utero via maternal active or
passive exposure, the association reported is with an earlier age at
menarche (Behie and O’Donnell, 2015; Zhang et al., 2015).
In the current study, we found that for the moderately irregular and

persistently irregular phenotypes and for time to menstrual regularity,
odds of menstrual irregularity was greater as the age of menarche
increased. Of note, this trend reversed in the category of women
reporting moderate irregularity with androgen excess, as increased
exposure to TSP was associated with an earlier age at menarche. A
recent review by Carre et al. (2017) documents several studies suggest-
ing that air pollution may be associated with infertility. They found that
the male gamete has been extensively studied, but relatively few studies
have been carried out on the female gamete (i.e. the oocyte and its
functional status in ovulation and subsequent menstruation). In light of
our findings regarding menstrual cycle irregularity, further investigation
into the effects of air pollution on the female gamete is warranted.
In our further analyses, we observed slightly higher odds of longer

time to cycle regularity with increases in TSP during high school. This is
consistent with a study by Huang et al. (2017) which found that greater
PM10 exposure in Hong Kong was associated with later pubertal and
breast development in girls. It is also in line with a study by Radwan
et al. (2016) reporting that PM10 may have antiestrogenic effects in
their Polish cohort Laboratory studies on the endocrine effects of vari-
ous sources of air pollution also demonstrate activity at the estrogen-
receptor (Oh et al., 2008), progesterone-receptor (Wang et al.,
2005), aryl hydrocarbon-receptor (Bidgoli et al., 2012).
This study must be interpreted in the context of several limitations.

The outcomes of menstrual regularity in high school and ages 18–22 and
time to cycle regularity were retrospectively assessed, in some cases

.............................................................................................................................................................................................

Table II Associations of a 45 μg/m3 increase in participant high school total suspended particulate exposure with several
menstrual irregularity phenotypes among 34 832 women in the Nurses’Health Study II (NHSII).

Moderate irregularity Persistent irregularity Moderate irregularity with androgen excess
OR (95%CI) OR (95%CI) OR (95%CI)

Cases 4882 3074 686

Covariates included

Basica 1.08 (1.03, 1.14) 1.08 (1.02, 1.15) 1.11 (0.98, 1.25)

Multivariableb 1.08 (1.03, 1.14) 1.08 (1.02, 1.15) 1.10 (0.98, 1.25)

Multivariable + high school dietc 1.06 (0.99, 1.13) 1.09 (1.00, 1.18) 1.06 (0.90, 1.25)

Note: Moderate irregularity is defined as always irregular in high school or ages 18–22, persistent irregularity is defined as always irregular in high school and ages 18–22, and moderate
irregularity with androgen excess is defined as always irregular in high school or ages 18–22 and severe teenage acne or hirsutism before 1989.
aAdjusted for age and race.
bAdjusted for age, race, BMI at age 18, smoking status at ages 15–18 and physical activity during high school (walking, moderate and vigorous MET-hours per week).
cAdditionally adjusted for consumption of soda and diet soda during high school and overall diet quality (AHEI); models with high school diet have an N = 19 094 and 2752, 1736 and
407 cases.

........................................................................................

Table III Associations between participant high school
total suspended particulate exposure (scaled to the
interquartile range of a 45 μg/m3) on time to menstrual
regularity among 34 656 women in the Nurses’Health
Study II (NHSII).

Multinomial regression
OR (95%CI)

Covariates included

Basica 1.04 (1.01, 1.07)

Multivariableb 1.04 (1.00, 1.07)

Multivariable + high school dietc 1.04 (0.99, 1.08)

aAdjusted for age and race.
bAdditionally adjusted for BMI at age 18, smoking status at ages 15–18, and physical
activity during high school (walking, moderate and vigorous MET-hours per week).
cAdditionally adjusted for consumption of soda and diet soda during high school and
overall diet quality (AHEI); Models with high school diet have an N = 19 011.
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decades after the event, on the baseline survey in 1989. As such, recall
bias leading to misclassification of these two outcomes is a concern;
however, this recall bias is likely non-differential with respect to TSP
exposure, which would likely bias our results towards the null. There is
also the potential for selection bias, as women had to live until 2011 to
provide addresses. If women with higher levels of exposure and irregular
cycles were less likely to have survived to complete the 2011 question-
naire, this could lead to bias. There did not appear to be differences in
times to menstrual regularity or the other outcomes among women
included and excluded from our analyses (Supplementary Table SI). Our
use of the nearest TSP monitor likely lead to exposure misclassification.
However, results were similar in analyses restricted to women living
within 10 km of a monitor. Due to the timing of high school for these
participants, we were unable to examine the association between smal-
ler PM size fractions or PM composition on menstrual regularity and
time to regularity. Another potential source of exposure measurement
error may be that the women moved during high school or did not
spend the majority of their time at their home address. Although we
were able to adjust for many known risk factors for menstrual irregular-
ity that did confound the association, residual confounding cannot be
ruled out, as it is possible that other factors we were unable to control
for, such as socioeconomic status during high school, may be associated
with both the exposure and outcome. Lastly, the results of this study
may not generalize to women of different ages, race/ethnicities or other
locations, as the composition and sources of exposure may be very dif-
ferent than those assessed for this population.
This study also has several notable strengths, including a large sam-

ple size and the use of time- and location-specific exposure assessment
for a critical time window. We were also able to include several vari-
ables in our models that are known to be associated with menstrual
regularity and were associated with exposure to ambient TSP in this
population, such as physical activity and body mass index.
In conclusion, we observed greater odds of menstrual irregularity

during high school and ages 18–22 with TSP exposures during high
school. Further studies are needed to provide more detailed exposure
assessment of size fractions and compositional analyses combined
with prospective collection of pubertal and menstrual characteristics.
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