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ABSTRACT

Background: Particulate matter and proximity to large roadways may promote disease
mechanisms, including systemic inflammation, hormonal alteration, and vascular proliferation,
that may contribute to the development and severity of endometriosis.

Objective: To determine the association of air pollution exposures during adulthood, including
distance to road, particulate matter less than 10 microns, less than 2.5 microns, and between 2.5
and 10 microns (PM; s PM o5, PMj), and timing of exposure with risk of endometriosis in the
Nurses’ Health Study I1.

Methods: Proximity to major roadways and outdoor levels of PM,s PMio.2s5, PM;o were
determined for all residential addresses from 1993 to 2007. Multivariable-adjusted time-varying
Cox proportional hazard models were used to estimate the relation between these air pollution
exposures and endometriosis risk.

Results: Among 84,060 women 2,486 incident cases of surgically confirmed endometriosis were
identified over 710,230 person-years of follow-up. There was no evidence of an association,
between distance to road, PM,s PMo.25, PM;o averaged over follow-up or during the previous
2- or 4- year period and endometriosis risk.

Conclusions: Traffic and air pollution exposures during adulthood were not associated with

incident endometriosis in this cohort of women.



Introduction

Endometriosis is defined as the presence of endometrial-like tissue outside of the lining of the
uterus and may be asymptomatic, or accompanied by menstrual cycle pain and pelvic pain of
varying severity. Surgical visualization is the gold-standard for establishing a diagnosis of
endometriosis. However, patients may be given a diagnosis based on clinically suspected disease
based on history, physical exam, and imaging findings (Hsu et al. 2010). Endometriosis is
staged based on the extent of surface area and locations involved from mild to severe disease.
The reported prevalence of endometriosis varies by clinical population and method of
ascertainment from 4-50% (Abbas et al. 2012). The prevalence of undiagnosed endometriosis of
all stages in the general population has been estimated at 11%, (Buck Louis et al. 2011).
However, the likely prevalence of severe endometriosis is less than 2% (Zondervan et al. 2002).
In a study of white females, 15-49 years of age in Rochester, Minnesota from 1970-1979
presenting to area hospitals and diagnosed with endometriosis, the authors describe the incidence
of endometriosis by level of diagnostic certainty. There were 252 cases /100,000 person years of
endometriosis defined by the gold standard (histologically confirmed or surgically visualized)
(Houston et al. 1987). In a previous study evaluating in utero exposures and incidence of
endometriosis of the first 10 years of follow-up in the Nurses’ Health Study II (NHSII) cohort,
the incidence of self-reported laparoscopically confirmed endometriosis was 298 cases/100,000

person-years among women aged between 25-42. (Missmer et al. 2004b).

Endometriosis is observed rarely in non-human primates, though animal models have been
developed using transplantation of autologous endometrial tissue or human endometrial tissue
into the peritoneum (Grummer 2006). In monkeys (macaca mulatta and rhesus), endometriosis

has been induced through long-term exposure to radiation (Fanton and Golden 1991; Splitter et
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al. 1972) and chronic exposure to dioxin-compounds (Rier et al. 1993), with a minimum latency
period of 7 years (Fanton and Golden 1991; Rier et al. 1993; Wood et al. 1983). There is limited

data in humans regarding the etiologically relevant time window of exposure.

Several factors may contribute to endometriosis development and disease severity, including
anatomic (Breech and Laufer 1999), anthropometric (Missmer et al. 2004a), hormonal,
immunologic (Siristatidis et al. 2006), inflammatory, and genetic factors (Augoulea et al. 2012;
Nyholt et al. 2012). Inflammatory markers are elevated in women with endometriosis (Gentilini
et al. 2011); a state of inflammation is considered to be both a result of the disease and may

promote disease progression (Agic et al. 2006).

Air pollution exposures include traffic related exhaust (diesel and non-diesel) as well as
particulate matter (PM) characterized by its size fraction. Smaller sizes of particulate matter,
such as 2.5 microns in diameter (PM;s) or smaller, can cross into the blood stream, deposit at
distant tissues, and promote local and systemic inflammation (Brook et al. 2010; Calderdon-
Garciduetias et al. 2011). Laboratory studies have demonstrated that diesel exhaust particles
have hormonal activity in estrogenic and androgenic activity assays (Misaki et al. 2008; Oh et al.
2008; Sidlova et al. 2009; Wang et al. 2005). In a rat model of the in utero and postnatal effects
of diesel exhaust on endometriosis, exposure to diesel exhaust enhanced persistence of
endometriosis lesions, defined by persistence of surrounding collagen fibers (Umezawa et al.
2011). In the present study, we evaluated the association of exposure to traffic related exhaust

and PM during adulthood with the incidence of endometriosis in the NHSII cohort.



Methods

Study Population

Women in this study were participants in the Nurses’ Health Study II (NHSII), an ongoing
prospective cohort study with a one-time enrollment in 1989 and ten completed biennial follow-
up surveys through May 2007. A total of 116,687 female registered nurses completed the
baseline questionnaire. Nurses ranged in age from 25 to 43 years and initially resided in 14 of
the United States, including California, Connecticut, Indiana, lowa, Kentucky, Massachusetts,
Michigan, Missouri, New York, North Carolina, Ohio, Pennsylvania, South Carolina, and Texas.
However, as of the mid-1990s, they have resided in all 50 states and the District of Columbia
(Figure 1). Questionnaires were used to collect information regarding the incidence of disease
outcomes and a variety of biologic, environmental, dietary, and life-style risk factors. Surveys
used to conduct this analysis were updated and mailed biennially with a >90% response in each
questionnaire cycle. Of the initial enrolled cohort, 93% were Caucasian — representative of the
ethnic diversity of nurses in the US at enrollment — and most resided in urban areas in the
Northeastern and Midwestern United States. Women were included in the current study if they
were alive, continued to respond to questionnaires throughout the course of follow-up, and did
not have a diagnosis of endometriosis prior to 1993. In order to assess exposure, the women also
had to have at least one home address within the continental United States that could be
geocoded to the street segment level. The study was approved by the Institutional Review
Boards (IRB) of Boston University School of Medicine/Boston Medical Center and Brigham and

Women’s Hospital. Informed consent was implied through the return of questionnaires.
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Case ascertainment

In 1993, the participants were asked if they “ever had physician-diagnosed endometriosis.” If
they responded “yes,” they were asked to indicate whether the diagnosis was laparoscopically
confirmed, as surgical diagnosis is the current diagnostic gold standard (Hsu et al. 2010). These
questions were asked again on all subsequent biennial questionnaires. As described previously
(Missmer et al. 2004a), a validation study was performed in 1994 based on a medical record
review of a random sample of the 1,766 nurses who reported physician-diagnosed endometriosis
after enrollment into the NHSII. The 131 women whose records were reviewed included 105
who reported a laparoscopic diagnosis of endometriosis. Among these women, medical record
review confirmed 93 cases, and the other 12 received clinical care for endometriosis, despite
having no visual confirmation of disease during laparoscopy. Of the 26 women who did not
report laparoscopic diagnosis, records indicated a clinical diagnosis of endometriosis in 14, and

no evidence of a diagnosis in the remaining 12 (Missmer et al. 2004a).

Women who reported endometriosis on the 1993 questionnaire were excluded from the present
study. Women who reported a laparoscopic diagnosis of endometriosis after 1993 through 2007
were included as cases. Women who reported a clinical diagnosis of endometriosis without
laparoscopy did not contribute any additional person-time but were allowed to re-enter the
analysis in the future as a case if endometriosis was later confirmed by laparoscopy. The mid-
point between the receipts of the questionnaire before and after diagnosis was assigned as the

date of diagnosis.



Exposure Assessment

Residential address information was updated in the NHSII cohort every two years as part of the
questionnaire mailing process, and was geocoded to obtain latitude and longitude for each
mailing address from 1989-2007. We used geographic information system (GIS) software
(ArcGIS, version 9.2; ESRI, Redlands, CA) to calculate the distance to the nearest road (in
meters) at each residential address as a proxy measure of all exposures related to traffic. Road
segments in the 2000 U.S. Census Topologically Integrated Geographic Encoding and
Referencing system (TIGER) (U.S.CensusBureau 1992) files were selected by U.S. Census
feature class code to include: Al (primary roads, typically interstate highways, with limited
access, division between the opposing directions of traffic, and defined exits), A2 (primary
major, non-interstate highways and major roads without access restrictions), or A3 (smaller,
secondary roads, usually with more than two lanes) road segments. The shortest distance
between each address and the closest road segment was calculated. Analyses were conducted
using the distance to the closest of all three road types and distance to the two largest road types
(A1, A2). Based on the distribution of distance to road in this cohort and previous exposure
studies showing exponential decay in exposures with increasing distance from a road, for our
primary analyses we categorized distance to road as 0-50, 50-200, or > 200 m (Adar and
Kaufman 2007; Karner et al. 2010; Lipfert et al. 2006; Lipfert and Wyzga 2008; Sahlodin et al.

2007; Zhu et al. 2002). We also considered cut-points up to 500 m in sensitivity analyses.

Predicted ambient exposure to particulate matter less than 10 microns (PM;) and less than 2.5
microns (PM,s) in aerodynamic diameter was available for each month since January 1988
through 2007 at the home address(es) of each cohort member. These values were generated from

nationwide expansions of previously validated spatiotemporal models (Yanosky et al. 2008a;
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Yanosky et al. 2009). The models used monthly average PM;(, and/or PM, s data from USEPA’s
Air Quality System, a nationwide network of continuous and filter-based monitors, as well as
monitoring data from various other sources. The models also used GIS to incorporate
information on several geospatial predictors. All PM data and GIS data were used in generalized
additive statistical models (Yanosky et al. 2008b) with smooth terms of space and time to create
separate PM prediction surfaces for each month. Since monitoring data on PM, s are limited
prior to 1999, PM, 5 before 1999, was modeled using data on PM;, and airport visibility data
(Yanosky et al. 2009). PM; 5o was estimated by subtracting monthly average values for PM; s
from those for PM;y. ~We calculated three different time-varying exposure measures: the
average air pollution in the prior 2 calendar years, the average air pollution in the prior 4

calendar years, and the cumulative average exposure.

Additional Covariates

We examined possible confounding by age (in months), race/ethnicity (African American, Asian,
Caucasian, Hispanic, Other), age at menarche, and, updated biennially — smoking status
(current/former/never), body mass index (BMI), parity, oral contraception use, infertility (ever
and current), ever performed rotating shift work (Schernhammer et al. 2011), region (Northeast,
Midwest, West, South), and area level socioeconomic status (Census tract level, median home
value and median family income). Variables selected for potential inclusion in the model
included those identified in prior studies to correlate with endometriosis (parity, age at
menarche) (Missmer et al. 2004a) or with exposure (elevation, land use) (Hart et al. 2009). Each
potential confounder (or set of indicator variables) was added separately to a model that included

age and race, a priori. We defined confounders as variables that changed the coefficient of the
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main effect of traffic exposure or PM by at least 10% when added to this basic model (Greenland

1989) .

Statistical Analysis

Time-varying Cox proportional hazards models were used to assess the relation of
laparoscopically confirmed endometriosis with exposure to traffic or particulate matter. Person-
time accrued from September 1, 1993 until first surgical diagnosis of endometriosis,
hysterectomy, menopause, loss-to-follow-up, cancer diagnosis (other than non-melanoma skin
cancer), date of death, or the end of follow-up, whichever occurred first. Person-time was
calculated starting in 1993. This allowed for the calculation of up to 4 years of previous
particulate exposure from baseline enrollment in 1989 and for the inclusion of prospective cases
only. Person-time was excluded from follow-up for any period in which the home address was
outside of the continental United States or was unable to be geocoded to the street segment level.
Hazard ratios (HRs) and 95% CIs were calculated for categories of distance to road or for each

10-pug/m’ increase in PM. All Cox models were stratified by age in months and calendar year.

To determine if associations of traffic exposure and air pollution with endometriosis differed by
personal characteristics, we examined effect modification by parity (nulliparous or parous),
overweight/obesity (BMI>25 or <25 kg/m?), smoking status (ever or never smoker), age at
menarche (<12 vs. 12 or older), infertility (current or ever versus never), and rotating shift work
(ever vs. never). For each characteristic we performed time-varying stratified models (with the
exception of age at menarche) to obtain strata-specific effect estimates and 95% CIs. To

determine if there was statistically significant (p<0.05) effect modification, we also ran models
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that included multiplicative interaction terms. To account for potential regional differences in

traffic volume or PM composition we also performed models stratified by region of the country.

The relation between endometriosis and infertility is complex. Of the women who have both
endometriosis and infertility, endometriosis may be either causative or incidental (Missmer et al.
2004a). Furthermore, women with infertility may undergo more diagnostic testing including
laparoscopic evaluation that may identify endometriosis. Because there may be a diagnostic bias
in women with infertility, to reduce this bias, we performed a sensitivity analysis restricted to
those without infertility in two ways 1) reported at anytime during follow-up and 2) ever vs
never. Statistical analyses were performed in SAS version 9.2 (SAS Institute, Cary, NC). An

alpha level of 0.05 was used to define statistical significance.

Results

A total of 84,060 women were in this study population for analyses of residential proximity to
road, PMjy, PMj¢5, and PM;,s. The mean (+ standard deviation) age over the full course of
follow-up was 42.0 years (+ 5.1), the cohort was mostly parous, and over two-thirds were never
smokers. Age-standardized characteristics of the cohort for the full duration of follow-up are
presented in Table 1. There was little difference in covariates among the distance to road
categories, with the exception of decreasing parity levels nearer to roadways and more women
living nearer to roadways in the Northeast. The mean and median levels of each of the
particulate matter metrics were similar for each averaging period, and there were wide ranges in

all pollutants (Table 2).
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Over 710,230 person-years of follow-up, there were a total of 2,486 incident cases of
laparoscopically confirmed endometriosis. In the basic models adjusted only for age and
calendar time, living closer to a roadway than the referent, regardless of specific road type or cut-
point categorization used, was generally associated with small nonstatistically significant
elevations in the risk of endometriosis, compared to living farther from a roadway (Table 3).
Age, parity, oral contraception use, age at menarche, region, and area-level socioeconomic status
were the variables that met our definition of confounding most consistently. In fully adjusted
models, associations were slightly attenuated. In region specific analyses, non-significant
positive associations were primarily evident in the Northeast. Particulate matter exposures were
not positively associated with endometriosis in the population as a whole (Table 4). Models
excluding women reporting infertility (including 1,578 incident cases over 565,243 person-years

of follow-up) also demonstrated similar results (data not shown).

There was no evidence of effect modification in the distance to road models (data not shown).
As shown in Figure 2, risks for a 10 pg/m’ increase in PM were elevated among the nulliparous,
ever smokers, women with an age of menarche 12 or older, women with a BMI less than 25, and
women diagnosed with infertility. However, only a few interactions were statistically

significant.

Discussion

In this cohort of US women, there was no statistically significant increased risk of endometriosis
with exposures to traffic or ambient particulate matter (PM, s, PMo9, PMjo.25) exposure during
adulthood. To the best of our knowledge, this analysis represents the first human study to assess

the relation between PM exposure and endometriosis.
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Though many theories have been proposed, retrograde menstruation is the most widely accepted
etiology for the initial establishment of peritoneal endometriosis (Sampson 1927). As up to 85%
of women have retrograde menstruation, it is further hypothesized that endometriosis occurs in
susceptible women in the presence of abnormal endometrial cells (Flores et al. 2007; Halme et
al. 1984; Kruitwagen et al. 1991). As described by Flores et al, viable endometrial cells
deposited in the peritoneum adhere to peritoneal surfaces and invade under the stimulation of
inflammatory cells and cytokines (Flores et al. 2007). Lesions then continue to infiltrate,
develop a blood supply, and synthesize and secrete hormones (exact hormonal milieu depends on
each lesion’s secretory profile) (Takeda et al. 2004). Systemic and local inflammation and
oxidative stress (Andrade et al. 2010; Maybin et al. 2011) and hormonal alterations (including
altered response to hormones and increased lesion hormone synthesis) are proposed mechanisms

for endometriosis disease progression (Burney et al. 2007; Pan et al. 2007).

Air pollution has been shown to promote both local and systemic inflammation (in-vivo) and
increase oxidative stress (Brook et al. 2004; Brook et al. 2010), as well as possess hormonal
activity through hormone receptor binding (in-vitro) (Misaki et al. 2008; Oh et al. 2008; Sidlova
et al. 2009; Wang et al. 2005). As such, air pollution may engage several proposed pathways in
endometriosis disease progression. In human studies and non-human primate animal models of
endometriosis, there are elevations of proinflammatory cytokines in the peritoneal fluid in
diseased subjects (Chen et al. 2010; D'Hooghe et al. 2001; D'Hooghe and Debrock 2002), as well
as increased oxidative stress (Van Langendonckt et al. 2002). Additionally, dioxins (through the
aryl hydrocarbon receptor), and endocrine disruptors found in diesel exhaust (including through
the polycyclic aromatic hyrdrocarbon receptor) (Takeda et al. 2004) may influence the local

hormonal milieu surrounding the lesion of endometriosis.

13



There are a few limitations of this study. We used ambient exposures at the residential address
to estimate personal exposures. This could potentially lead to exposure misclassification in that
we have no information on workplace exposures or the proportion of each day the woman spent
at home, or on characteristics of the home (age, ventilation rate, air purification systems, etc.)

that may influence the actual levels of ambient pollution exposure inside the home.

Restricting cases to those with laparoscopic confirmation may capture more “severe” cases only
(Kennedy et al. 2005). However, among those with medical record review during our validation
study (Missmer et al. 2004a), more than 60% of these women were stage I/I, i.e. minimal/mild
disease at diagnosis. As mentioned previously, it is estimated that undiagnosed severe cases are
<2% of the general population (Zondervan et al. 2002). Although it is plausible that there are
undiagnosed cases in the cohort, their prevalence among the more than 70,000 comparison

women is unlikely to explain our null results.

Although representative of the racial/ethnic and socioeconomic distribution of nurses at the time
of cohort enrollment in 1989, the NHSII cohort is not representative of the general US
population. ~ The NHSII cohort comprises predominantly Caucasian women living in
neighborhoods of medium to high socioeconomic status (SES). Another limitation is that we are
only able to assess associations with exposures during adulthood. Specifically, the women were
25 to 43 years of age at enrollment in 1989, and were 43 to 61 by the end of follow-up in 2007.
This window of exposure may not be at the most etiologically relevant time window in relation
to endometriosis disease pathogenesis. Hence, this investigation does not confer any insight into
earlier life exposure and endometriosis risk. As previously published from this cohort (Missmer
et al. 2004b; Vitonis et al. 2010) and others (Kvaskoff et al. 2013; Treloar et al. 2010), exposures

in earlier time windows, including intrauterine (diethylstilbestrol exposure, low birthweight) and

14
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childhood exposures (lean childhood body size, earlier age at menarche), have been associated
with endometriosis. As has been suggested by Woodruff and colleagues (Woodruff et al. 2008),
it may be that exposures at these earlier and potentially more susceptible windows are the critical
point of disease influence. Or it is possible that lifetime exposure information, including
information on exposures during childhood, may be needed to elucidate the true relation between

traffic and air pollution exposures and endometriosis.

This large nationwide prospective cohort of women also provided several important strengths.
For this analysis, we had detailed biennially updated residential address history and only
included residential addresses with a street segment level geocoding match. Our exposure model
provided spatially and temporally resolved predictions over the course of follow-up, which likely
limits exposure misclassification compared to a single annual estimate or predictions from a
central monitoring location. The geographic distribution represented by the participants of this
study provided information on regions throughout the continental US. Another strength was the

prospective information on many potentially confounding covariates and effect modifiers.

Although our study did not support an association of adult exposures to PM with endometriosis

risk, more research is needed on air pollution exposures and endometriosis.

15



References

Abbas S, Thle P, Koster I, Schubert I. 2012. Prevalence and incidence of diagnosed
endometriosis and risk of endometriosis in patients with endometriosis-related symptoms:
Findings from a statutory health insurance-based cohort in germany. European journal of
obstetrics, gynecology, and reproductive biology 160:79-83.

Adar SD, Kaufman JD. 2007. Cardiovascular disease and air pollutants: Evaluating and
improving epidemiological data implicating traffic exposure. Inhal Toxicol 19 Suppl 1:135-
149.

Agic A, Xu H, Finas D, Banz C, Diedrich K, Hornung D. 2006. Is endometriosis associated with
systemic subclinical inflammation? Gynecologic and obstetric investigation 62:139-147.

Andrade AZ, Rodrigues JK, Dib LA, Romao GS, Ferriani RA, Jordao Junior AA, et al. 2010.
[serum markers of oxidative stress in infertile women with endometriosis]. Rev Bras
Ginecol Obstet 32:279-285.

Augoulea A, Alexandrou A, Creatsa M, Vrachnis N, Lambrinoudaki I. 2012. Pathogenesis of
endometriosis: The role of genetics, inflammation and oxidative stress. Arch Gynecol Obstet
286:99-103.

Breech LL, Laufer MR. 1999. Obstructive anomalies of the female reproductive tract. J Reprod
Med 44:233-240.

Brook RD, Franklin B, Cascio W, Hong Y, Howard G, Lipsett M, et al. 2004. Air pollution and
cardiovascular disease: A statement for healthcare professionals from the expert panel on
population and prevention science of the american heart association. Circulation 109:2655-
2671.

Brook RD, Rajagopalan S, Pope CA, 3rd, Brook JR, Bhatnagar A, Diez-Roux AV, et al. 2010.
Particulate matter air pollution and cardiovascular disease: An update to the scientific
statement from the american heart association. Circulation 121:2331-2378.

Buck Louis GM, Hediger ML, Peterson CM, Croughan M, Sundaram R, Stanford J, et al. 2011.
Incidence of endometriosis by study population and diagnostic method: The endo study.

Fertility and sterility 96:360-365.

16

Page 16 of 28



Page 17 of 28

Burney RO, Talbi S, Hamilton AE, Vo KC, Nyegaard M, Nezhat CR, et al. 2007. Gene
expression analysis of endometrium reveals progesterone resistance and candidate
susceptibility genes in women with endometriosis. Endocrinology 148:3814-3826.

Calderon-Garciduenas L, Engle R, Mora-Tiscarefio A, Styner M, Gémez-Garza G, Zhu H, et al.
2011. Exposure to severe urban air pollution influences cognitive outcomes, brain volume
and systemic inflammation in clinically healthy children. Brain and Cognition 77:345-355.

Chen QH, Zhou WD, Su ZY, Huang QS, Jiang JN, Chen QX. 2010. Change of proinflammatory
cytokines follows certain patterns after induction of endometriosis in a mouse model.
Fertility and sterility 93:1448-1454.

D'Hooghe TM, Bambra CS, Xiao L, Peixe K, Hill JA. 2001. Effect of menstruation and
intrapelvic injection of endometrium on inflammatory parameters of peritoneal fluid in the
baboon (papio anubis and papio cynocephalus). American journal of obstetrics and
gynecology 184:917-925.

D'Hooghe TM, Debrock S. 2002. Endometriosis, retrograde menstruation and peritoneal
inflammation in women and in baboons. Hum Reprod Update 8:84-88.

Draper LB, Chong H, Wang E, Woodruff TK. 1997. The uterine myometrium is a target for
increased levels of activin a during pregnancy. Endocrinology 138:3042-3046.

Fanton JW, Golden JG. 1991. Radiation-induced endometriosis in macaca mulatta. Radiat Res
126:141-146.

Flores I, Rivera E, Ruiz LA, Santiago OI, Vernon MW, Appleyard CB. 2007. Molecular
profiling of experimental endometriosis identified gene expression patterns in common with
human disease. Fertility and sterility 87:1180-1199.

Gentilini D, Perino A, Vigano P, Chiodo I, Cucinella G, Vignali M, et al. 2011. Gene expression
profiling of peripheral blood mononuclear cells in endometriosis identifies genes altered in
non-gynaecologic chronic inflammatory diseases. Hum Reprod 26:3109-3117.

Greenland S. 1989. Modeling and variable selection in epidemiologic analysis. Am J Public
Health 79:340-349.

Grummer R. 2006. Animal models in endometriosis research. Hum Reprod Update 12:641-649.

Halme J, Hammond MG, Hulka JF, Raj SG, Talbert LM. 1984. Retrograde menstruation in

healthy women and in patients with endometriosis. Obstetrics and gynecology 64:151-154.

17



Page 18 of 28

Hart JE, Yanosky JD, Puett RC, Ryan L, Dockery DW, Smith TJ, et al. 2009. Spatial modeling
of pm10 and no2 in the continental united states, 1985-2000. Environmental health
perspectives 117:1690-1696.

Houston DE, Noller KL, Melton LJ, 3rd, Selwyn BJ, Hardy RJ. 1987. Incidence of pelvic
endometriosis in rochester, minnesota, 1970-1979. American journal of epidemiology
125:959-969.

Hsu AL, Khachikyan I, Stratton P. 2010. Invasive and noninvasive methods for the diagnosis of
endometriosis. Clin Obstet Gynecol 53:413-419.

Karner AA, Eisinger DS, Niemeier DA. 2010. Near-roadway air quality: Synthesizing the
findings from real-world data. Environmental science & technology 44:5334-5344.

Kennedy S, Bergqvist A, Chapron C, D'Hooghe T, Dunselman G, Greb R, et al. 2005. Eshre
guideline for the diagnosis and treatment of endometriosis. Human reproduction 20:2698-
2704.

Kruitwagen RF, Poels LG, Willemsen WN, de Ronde 1J, Jap PH, Rolland R. 1991. Endometrial
epithelial cells in peritoneal fluid during the early follicular phase. Fertility and sterility
55:297-303.

Kvaskoff M, Bijon A, Clavel-Chapelon F, Mesrine S, Boutron-Ruault MC. 2013. Childhood and
adolescent exposures and the risk of endometriosis. Epidemiology 24:261-269.

Lipfert FW, Baty JD, Miller JP, Wyzga RE. 2006. Pm2.5 constituents and related air quality
variables as predictors of survival in a cohort of u.S. Military veterans. Inhal Toxicol
18:645-657.

Lipfert FW, Wyzga RE. 2008. On exposure and response relationships for health effects
associated with exposure to vehicular traffic. J Expo Sci Environ Epidemiol 18:588-599.

Maybin JA, Critchley HO, Jabbour HN. 2011. Inflammatory pathways in endometrial disorders.
Mol Cell Endocrinol 335:42-51.

Misaki K, Suzuki M, Nakamura M, Handa H, lida M, Kato T, et al. 2008. Aryl hydrocarbon
receptor and estrogen receptor ligand activity of organic extracts from road dust and diesel
exhaust particulates. Arch Environ Contam Toxicol 55:199-209.

Missmer SA, Hankinson SE, Spiegelman D, Barbieri RL, Marshall LM, Hunter DJ. 2004a.
Incidence of laparoscopically confirmed endometriosis by demographic, anthropometric,

and lifestyle factors. American journal of epidemiology 160:784-796.

18



Page 19 of 28

Missmer SA, Hankinson SE, Spiegelman D, Barbieri RL, Michels KB, Hunter DJ. 2004b. In
utero exposures and the incidence of endometriosis. Fertility and sterility 82:1501-1508.

Nyholt DR, Low SK, Anderson CA, Painter JN, Uno S, Morris AP, et al. 2012. Genome-wide
association meta-analysis identifies new endometriosis risk loci. Nat Genet 44:1355-1359.

Oh SM, Ryu BT, Chung KH. 2008. Identification of estrogenic and antiestrogenic activities of
respirable diesel exhaust particles by bioassay-directed fractionation. Arch Pharm Res
31:75-82.

Pan Q, Luo X, Toloubeydokhti T, Chegini N. 2007. The expression profile of micro-rna in
endometrium and endometriosis and the influence of ovarian steroids on their expression.
Molecular human reproduction 13:797-806.

Rier SE, Martin DC, Bowman RE, Dmowski WP, Becker JL. 1993. Endometriosis in rhesus
monkeys (macaca mulatta) following chronic exposure to 2,3,7,8-tetrachlorodibenzo-p-
dioxin. Fundam Appl Toxicol 21:433-441.

Sahlodin AM, Sotudeh-Gharebagh R, Zhu YF. 2007. Modeling of dispersion near roadways
based on the vehicle-induced turbulence concept. Atmos Environ 41:92-102.

Sampson J. 1927. Peritoneal endometriosis due to menstrual dissemination of endometrial tissue
into the peritoneal cavity. Am J Obstet Gynecol 14:422-469.

Schernhammer ES, Vitonis AF, Rich-Edwards J, Missmer SA. 2011. Rotating nightshift work
and the risk of endometriosis in premenopausal women. Am J Obstet Gynecol 205:476
e471-478.

Sidlova T, Novak J, Janosek J, Andel P, Giesy JP, Hilscherova K. 2009. Dioxin-like and
endocrine disruptive activity of traffic-contaminated soil samples. Arch Environ Contam
Toxicol 57:639-650.

Siristatidis C, Nissotakis C, Chrelias C, lacovidou H, Salamalekis E. 2006. Immunological
factors and their role in the genesis and development of endometriosis. J Obstet Gynaecol
Res 32:162-170.

Splitter GA, Kirk JH, Mac Kenzie WF, Rawlings CA. 1972. Endometriosis in four irradiated
rhesus monkeys. Vet Pathol 9:249-262.

Takeda K, Tsukue N, Yoshida S. 2004. Endocrine-disrupting activity of chemicals in diesel

exhaust and diesel exhaust particles. Environ Sci 11:33-45.

19



Page 20 of 28

Treloar SA, Bell TA, Nagle CM, Purdie DM, Green AC. 2010. Early menstrual characteristics
associated with subsequent diagnosis of endometriosis. American journal of obstetrics and
gynecology 202:534 ¢531-536.

U.S.CensusBureau. 1992. Tiger products. Available: http://www.census.gov/geo/maps-

data/data/tiger.html [accessed June 12 2005].
Umezawa M, Sakata C, Tanaka N, Tabata M, Takeda K, Thara T, et al. 2011. Pathological study

for the effects of in utero and postnatal exposure to diesel exhaust on a rat endometriosis
model. J Toxicol Sci 36:493-498.

Van Langendonckt A, Casanas-Roux F, Donnez J. 2002. Oxidative stress and peritoneal
endometriosis. Fertil Steril 77:861-870.

Vitonis AF, Baer HJ, Hankinson SE, Laufer MR, Missmer SA. 2010. A prospective study of
body size during childhood and early adulthood and the incidence of endometriosis. Human
reproduction 25:1325-1334.

Wang J, Xie P, Kettrup A, Schramm KW. 2005. Inhibition of progesterone receptor activity in
recombinant yeast by soot from fossil fuel combustion emissions and air particulate
materials. Sci Total Environ 349:120-128.

Wood DH, Yochmowitz MG, Salmon YL, Eason RL, Boster RA. 1983. Proton irradiation and
endometriosis. Aviat Space Environ Med 54:718-724.

Woodruff TJ, Carlson A, Schwartz JM, Giudice LC. 2008. Proceedings of the summit on
environmental challenges to reproductive health and fertility: Executive summary. Fertility
and sterility 89:281-300.

Yanosky JD, Paciorek C, Schwartz J, Laden F, Puett R, Suh H. 2008a. Spatio-temporal modeling
of chronic pm10 exposure for the nurses' health study. Atmospheric Environment
doi:10.1016/j.atmosenv.2008.01.044.

Yanosky JD, Schwartz J, Suh HH. 2008b. Associations between measures of socioeconomic
position and chronic nitrogen dioxide exposure in worcester, massachusetts. Journal of
toxicology and environmental health Part A 71:1593-1602.

Yanosky JD, Paciorek CJ, Suh HH. 2009. Predicting chronic fine and coarse particulate
exposures using spatiotemporal models for the northeastern and midwestern united states.

Environmental health perspectives 117:522-529.

20


http://www.census.gov/geo/maps

Page 21 of 28

Zhu Y, Hinds WC, Kim S, Sioutas C. 2002. Concentration and size distribution of ultrafine
particles near a major highway. J Air Waste Manag Assoc 52:1032-1042.
Zondervan KT, Cardon LR, Kennedy SH. 2002. What makes a good case-control study? Design

issues for complex traits such as endometriosis. Human reproduction 17:1415-1423.

21



Page 22 of 28

Table 1: Age-standardized characteristics® of the cohort (N= 84,060) over the entire period of
follow-up (1993-2007)

Entire By Distance (m) to Nearest A1-A3
Characteristics Cohort Roadway®
200+ m 51-199m  0-50 m

Mean + SD
Age (in years)© 42.0+5.1 42.1+£5.1 419+£52 42.0+53
Body Mass Index (kg/m?) 259+6.0 25.8+59 260+6.1 264+6.4
Census tract median income ($10,000) 6.68+238 6.75+229 6.66+247 6.33+£2.56
Census tract median home value ($100,000) 1.72+124 1.67+1.08 1.84+141 1.76+1.57
Caucasian race 94 94 93 93

Less than 12 23 23 23 23

12 30 30 30 31

Greater than 12 46 47 46 46

Nulliparous 18 16 21 25

Parous 82 84 79 75

Never 14 13 16 15

Past 75 75 73 74

Current 10 10 10 10

Never 67 68 66 65

Current 9 8 10 10

Former 24 24 24 24

Yes 4 4 4 4

No 94 94 94 94

Yes 69 69 69 70

No 31 31 31 30

Northeast 34 32 37 42

Midwest 34 35 31 30

West 15 14 20 15

South 17 19 13 13

*Values are standardized to the age distribution of the study population
® Each cohort member may be in multiple distance categories over follow-up

¢ Values are not age-adjusted
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Table 2: Distributions of the particulate matter pollution metrics among 84,060 women in the

Nurses’ Health Study 11

Metric Mean + SD Median (IQR) Min Max
2-year average
PM;, 232 + 6.2 22.4(6.9) 3.7 72.3
PM .5 92 =+ 46 8.3(5.2) 0.0 54.0
PM, s 14.0 = 3.0 14.0 (4.1) 2.0 28.2
4-year average
PMy, 217+ 5.5 21.0 (6.2) 4.0 60.1
PMi.s5 84 + 42 7.4 (4.9) 0.1 46.3
PM, 5 13.3+ 2.7 13.3 (3.7) 2.2 24.1
Cumulative average
PM;, 26.2 £ 6.5 25.4 (6.9) 5.1 80.7
PMi.s5 109 + 49 9.8 (5.4) 1.7 60.7

PM, s 154 + 3.1 15.5 (4.2) 27 293
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Table 3: Basic and fully adjusted hazard ratios and 95% confidence intervals (Cls) of endometriosis risk by residential proximity to

roadway, among 84,060 women in the Nurses’ Health Study II in the whole country and by region

Whole Country Northeast Midwest West South
(2,486 cases) (761 cases) (898 cases) (334 cases) (493 cases)
Exposure Person-years Cases Basic HR Adjusted HR  Adjusted HR  Adjusted HR  Adjusted HR  Adjusted HR
95% CI* 95% CI® 95% CI® 95% CI°® 95% CI® 95% CI®
Distance to A1-A3
Roads (m)
0-50 82,982 308 1.08 1.04 1.10 0.98 0.96 1.06
(0.95, 1.22) (0.91, 1.17) (0.89, 1.35) (0.78, 1.22) (0.66, 1.39) (0.77, 1.46)
51-199 182,567 700 1.11 1.09 1.07 1.07 0.99 1.28
(1.01, 1.22) (0.99, 1.19) (0.90, 1.27) (0.91, 1.25) (0.78, 1.28) (1.03, 1.59)
200+ 440,204 1,478 reference reference reference reference reference reference
Distance to A1-A3
Roads (m)
0-50 82,982 308 1.11 1.07 1.22 1.00 0.98 0.98
(0.97,1.27) (0.93, 1.23) (0.96, 1.55) (0.78, 1.27) (0.63, 1.51) (0.70, 1.37)
51-499 410,164 1,488 1.10 1.09 1.20 1.07 1.03 0.99
(1.00, 1.20) (0.99, 1.19) (1.00, 1.43) (0.92, 1.24) (0.77, 1.38) (0.81, 1.20)
500+ 212,607 690 reference reference reference reference reference reference
Distance to A1-A2
Roads (m)
0-50 8,889 36 1.11 1.03 1.08 0.74 0.69 1.68
(0.79, 1.56) (0.73, 1.44) (0.63, 1.84) (0.40, 1.40) (0.16,2.91) (0.81, 3.48)
51-199 36,796 119 0.91 0.86 0.73 0.79 1.22 1.23
(0.75, 1.10) (0.71, 1.04) (0.53, 1.00) (0.55,1.13) (0.77, 1.93) (0.79, 1.91)
200+ 660,068bv 2,331 reference reference reference reference reference reference

* Adjusted for age and calendar time

® Additionally adjusted for race, current BMI, smoking status, parity, OC use, age at menarche, infertility, ever performed rotating shift work, and

Census tract level median income and median home value and region (in un-stratified models)
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Table 4: Basic and fully adjusted hazard ratios and 95% confidence intervals (CIs) of endometriosis risk for each 10-pg/m’ increase in

particulate matter, among 84,060 women in the Nurses’ Health Study II in the whole country and by region of residence

Whole country Northeast Midwest West South
(2,486 cases) (761 cases) (898 cases) (334 cases) (493 cases)
Exposure Basic HR Multivariable Multivariable Multivariable Multivariable Multivariable
Averaging 95% CI* Adjusted HR Adjusted HR Adjusted HR Adjusted HR Adjusted HR
Time 95% CI" 95% CI° 95% CI°® 95% CI° 95% CI°
2-year
PM,, 0.98 0.94 1.01 0.96 0.91 0.82
(0.92, 1.05) (0.87,1.02) (0.84, 1.21) (0.82, 1.11) (0.80, 1.03) (0.61, 1.09)
PMipas 0.98 0.91 0.88 0.99 0.86 0.76
(0.89, 1.07) (0.81, 1.02) (0.62, 1.24) (0.81, 1.20) (0.69, 1.05) (0.54,1.07)
PM, 5 0.98 0.95 1.18 0.88 0.85 1.00
(0.85,1.12) (0.83, 1.10) (0.84, 1.65) (0.67,1.16) (0.66, 1.11) (0.72, 1.37)
4-year
PM;, 0.97 0.92 0.98 0.90 0.92 0.78
(0.90, 1.05) (0.84, 1.00) (0.80, 1.20) (0.76, 1.06) (0.80, 1.06) (0.55,1.11)
PMig2s 0.97 0.88 0.88 0.99 0.86 0.76
(0.88, 1.07) (0.77, 1.00) (0.62, 1.24) (0.81, 1.20) (0.69, 1.05) (0.54,1.07)
PMys 0.97 0.92 1.14 0.80 0.86 1.08
(0.83,1.13) (0.79, 1.07) (0.80, 1.63) (0.59, 1.09) (0.65, 1.13) (0.75, 1.55)
Cumulative
PM,, 0.97 0.93 1.02 0.95 0.91 0.78
(0.91, 1.04) (0.87,1.01) (0.86, 1.21) (0.82, 1.10) (0.80, 1.02) (0.61, 1.00)
PMipas 0.98 0.92 0.90 0.99 0.89 0.72
(0.91, 1.07) (0.82,1.02) (0.65, 1.24) (0.82,1.19) (0.73, 1.08) (0.52, 1.00)
PM, 5 0.93 0.91 1.19 0.87 0.79 0.92
(0.81, 1.05) (0.80, 1.04) (0.87,1.62) (0.68, 1.12) (0.61, 1.02) (0.69, 1.23)

* Adjusted for age and calendar time
® Additionally adjusted for race, current BMI, smoking status, parity, OC use, age at menarche, infertility, ever performed rotating shift work, and

Census tract level median income and median home value and region (in un-stratified models)
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Figure Legends

Figure 1: Geographic distribution of nurses’ addresses from 1989 — 2007.

Figure 2: Examination of possible effect modification of a 10-ug/m’ increase in particulate
matter and risk of incident endometriosis by (top left to bottom right): parity, smoking status, age
at menarche, BMI, infertility, and rotating shift work. All models are adjusted for age and
calendar time, race, current BMI, smoking status, parity, oral contraceptive use, age at menarche,
infertility, ever performed rotating shift work, region, and Census tract level median income and

median home value as appropriate.
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