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Abstract

Purpose of review: Recent studies of environmental chemicals and endometriosis were 

critically evaluated from the epidemiologic perspective to identify aspects of study design and 

analyses that may contribute to discrepant results across studies.

Recent findings: Of the 29 studies reviewed, 12 studies used new approaches to population-

based sampling. The remaining studies were conducted primarily among patients undergoing 

pelvic surgery; controls may not represent the exposure experience of the underlying study base, 

resulting in biased estimates of associations. Most studies used biologic specimens collected near 

diagnosis and varied in analytic approaches to minimize bias. Few studies investigated ovarian, 

deep-infiltrating, and peritoneal endometriosis presentations separately.

Summary: Recommendations to move the field forward include: (1) control selection from a 

defined study base, (2) exposure characterization during the etiologically-relevant window, (3) 

employment of best practices to minimize bias in analyses, and (4) separate consideration of 

endometriosis presentations that may be etiologically-distinct entities.
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Introduction

Endometriosis is characterized by the presence of endometrial glands and stroma outside the 

uterus, usually in the peritoneal cavity. Endometriosis is associated with substantial 
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morbidity; women with endometriosis frequently report pain symptoms, including 

dysmenorrhea, chronic pelvic pain, and dyspareunia [1]. For many women, these symptoms 

can be chronic and debilitating, substantially interfering with all aspects of life – daily 

activities, work productivity, school performance, and personal relationships [2–5]. This 

serious condition is estimated to affect approximately 10% of reproductive-age women 

globally, although reported prevalence estimates vary widely [6]. This is due to surgical 

visualization being required to definitively diagnosis the disease.

The etiology of endometriosis is not well understood. Several theories have been 

hypothesized for disease pathogenesis which fall into two categories – in situ-based and 

transplantation-based theories (as reviewed by Lagana et al [7]). In situ-based theories 

hypothesize that endometrial-like stroma and glands originate from local tissues that 

undergo metaplasia or from cells of primitive endometrial tissue misplaced in utero, outside 

the expected area of Müllerian duct development. On the other hand, transplantation-based 

theories hypothesize that stroma and glands from the eutopic endometrium are displaced to 

locations outside the uterus. The most common transplantation-based theory is the 

retrograde menstruation theory introduced by Sampson in 1927 [8]. In that theory, 

endometriosis occurs from the reflux of endometrial tissue during menstruation. Although 

several theories have been proposed, one theory is not able to explain all manifestations of 

endometriosis.

It is additionally recognized that endometriosis is multifactorial, involving anatomical, 

hormonal, immunological, estrogenic, genetic, epigenetic, and environmental factors. 

Central to disease pathogenesis is estrogen. Estrogen regulates the key pathological 

processes in endometriosis, including immunologic, inflammatory, angiogenic, and 

antiapoptotic cellular and molecular mechanisms that promote the persistence and 

progression of endometriotic lesions [1]. Given that estrogen is the driver of disease, it is 

plausible that endometriosis risk could be affected by exposure to endocrine-disrupting 

chemicals.

An endocrine-disrupting chemical is defined as “an exogenous chemical, or mixture of 

chemicals, that interferes with any aspect of hormone action” [9]. In the past decade the 

investigation into the human health effects of endocrine-disrupting chemicals has 

substantially grown, with a set of prototypical endocrine-disrupting chemicals being well-

established (as reviewed by Gore et al [10]). This set includes Bisphenol A (BPA), 

phthalates, polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs), the 

organochlorine pesticide p,p’-dichlorodiphenyltrichloroethane (DDT) and its metabolite 

dichlorodiphenyldichloroethylene (DDE), the perfluoroalkyl substance (PFAS) 

perfluorooctanoic acid (PFOA), and the dioxin 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD).

Over the past several decades, these endocrine-disrupting chemicals and others have been 

investigated in relation to endometriosis risk. Several comprehensive reviews have been 

conducted of these studies, all reporting a common conclusion: the results across studies are 

inconsistent [11–17]. The authors of these reviews, and of the individual studies themselves, 

have offered reasons for the disparate results. The reasons include differences between 

studies in study population characteristics (geographical, dietary, parity/lactation history), 
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biologic media used for measurement of environmental chemicals, laboratory method for 

quantification of analytes, the specific compounds investigated, confounder adjustment, 

heterogeneity of disease, and undiagnosed disease among controls [11–17].

However, other aspects of study design and analyses may also contribute to the discrepant 

results. The approach to control selection can have a considerable impact on the validity of a 

case-control study. If controls are not sampled from the identified study base that gave rise 

to cases, they may not represent the distribution of exposure of the study base, resulting in 

biased estimates of associations [18]. Substantial bias can also be introduced from the 

approaches used in analyses to address samples with non-detectable concentrations of 

environmental chemicals [19–21] and to adjust for urinary dilution or lipid concentrations 

for environmental contaminants measured in urine or blood [22, 23].

Hence, the purpose of this review was to critically evaluate studies of environmental 

chemicals and endometriosis published in the past decade from the epidemiologic 

perspective, to identify overlooked aspects of study design and approaches to analyses that 

may contribute to discrepant results. In doing so, this review describes recently published 

studies not included in prior reviews. This review also highlights the important contributions 

made by studies in this field over the past decade and provides recommendations to move 

the field forward.

Article search approach and criteria for inclusion

Although the environment encompasses an array of exposures, including those related to 

nutrition, pharmaceutics, smoking, alcohol, occupation, zoonotic and vector-borne diseases, 

radiation, water quality, and food safety, this review focuses on environmental chemicals, 

including those in air pollution, in relation to endometriosis risk. To identify articles in this 

area, a search was conducted using PubMed and the search terms environment*, air 

pollution, dioxin, metal*, cadmium, zinc, manganese, arsenic, mercury, lead, chromium, 

trace metals, trace elements, polychlorinated, PCB*, organochlorine, pesticide*, perfluoro, 

phthalate*, benzophenone, and bisphenol. Searches were conducted separately for each 

environmental search term, with the Boolean operator “AND”, and search term 

endometrio*. The truncation (“wild card”) option was used to capture endometriosis, 

endometrioma, and endometriotic disease. All search terms were qualified with the [Title/

Abstract] field tag. Articles were also identified from the reference list of reviewed articles.

Studies selected for inclusion in the review were observational human studies written in 

English and published in the past decade, between January 2010 and December 2019, 

reflecting the substantial expansion in endocrine disruptive chemical research after the 

publication of the first Endocrine Society Statement in 2009 [24]. Articles were further 

restricted to analytic studies in which endometriosis was the outcome of interest, and women 

with and without endometriosis were compared. Descriptive human studies, in vitro studies 

using endometrial stromal cell samples from women, and studies considering a combined 

outcome of endometriosis and adenomyosis were not included. Adenomyosis, characterized 

by the presence of endometrial stoma and glands within the myometrium, is generally 

considered a separate disease entity from that of endometriosis and the diagnosis of the two 

conditions substantially differ, with adenomyosis historically being diagnosed after 
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hysterectomy [25]. Given the movement away from reliance on statistical significance 

testing and towards interpreting effect size and precision [26, 27], studies not reporting 

measures of association and precision (e.g., odds ratio and 95% confidence interval) were 

also excluded. For studies additionally examining gene-environment interactions, only the 

associations between environmental chemicals and endometriosis were evaluated.

The studies were reviewed with special attention to study design, including study 

population, outcome definition, and control/non-case selection (Table 1) as well as analyses, 

including covariate adjustment, modelling of the exposure-disease relationship, approach to 

handling values below the limit of detection, adjustment for urinary dilution or lipid 

concentration, and main findings (Table 2). To allow for the comparison of results across 

studies, the odds ratios (OR) or hazard ratios (HR) and accompanying 95% confidence 

intervals (CI) are provided for each study in Table 2. For some chemical classes, a 

substantial number of analytes were investigated. Due to limited space, the ORs and 95% 

CIs are only provided for the environmental chemicals most frequently reported across 

studies for the following chemical classes: 1) organochlorine pesticides (OCPs): β-

hexachlorocyclohexane (β-HCH), trans-nonachlor, hexachlorobenzene (HCB), 

oxychlordane, p,p’-DDE; 2) PCBs: congeners 118, 138, 153, 156; 3) PBDEs: congeners 47, 

99, 100, 153, 154; 4) dioxins: 2,3,7,8-TCDD, 1,2,3,7,8-PeCDD, 1,2,3,4,7,8-HxCDD, 

1,2,3,6,7,8-HxCDD; 5) furans: 2,3,4,7,8-PeCDF, 1,2,3,4,7,8-HxCDF, 1,2,3,4,7,8,9-HpCDF, 

OCDF; 6) PFAS: perfluoroalkyls perfluorooctane sulfonic acid (PFOS), perfluorooctanoic 

acid (PFOA), perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA), 

perfluorohexane sulfonic acid (PFHxS); 8) metals: lead, cadmium, total mercury; and 9) 

phthalate metabolites: mono-n-butyl phthalate (MnBP), mono-benzyl phthalate (MBzP), 

mono-(2-ethylhexyl) phthalate (MEHP), mono-(2-ethyl-5-oxo-hexyl) phthalate (MEOHP), 

mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP). The associations for summed 

chemicals are not provided.

Results

Twenty-four studies were included in the review (Tables 1 and 2) [28–51]. The studies were 

conducted in ten countries with the corresponding number of studies as follows: United 

States (n=13), Taiwan (n=2), Korea (n=2), Belgium (n=1), Italy (n=1), Japan (n=1), Spain 

(n=1), France (n=1), Iran (n=1), and Brazil (n=1) (Table 1). The studies evaluated the 

following environmental exposures: air pollution (n=1), OCPs/PCBs/dioxins/furans/PBDEs/

polybrominated biphenyls (PBB) (n=9), PFAS (n=2), metals (n=2), BPA/phthalate 

metabolites (n=9), and benzophenone-type ultraviolet (UV) filters (n=1). Five studies used 

data from the Endometriosis: Natural History, Diagnosis and Outcomes (ENDO) study [35–

37, 39, 40] and four studies used data from the Women’s Risk of Endometriosis (WREN) 

study [31, 41, 42, 44]. The remaining 15 studies were conducted among unique study 

populations. In the ENDO study, results were reported for two cohorts, an operative cohort 

and population cohort [35–37, 39, 40]. Given the substantial differences in study participant 

sampling for these two cohorts, going forward, the two cohorts are considered separate 

studies. A revised total of 29 studies were reviewed.
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Hospital or clinic-based studies

Of the 29 studies, 17 studies (59%) were hospital or clinic-based studies conducted among 

patients. A few of these studies were not defined as case-control studies, but since 

comparison groups were formed according to endometriosis case status, case-control study 

terminology is used to describe the studies. One study was conducted among patients of a 

gynecology and infertility center, with cases being patients referred with ovarian 

endometrioma and controls being patients who were previously seen at the center for a 

problem who were returning for routine care [50]. The remaining 16 studies were conducted 

among women undergoing laparoscopy, laparotomy or other pelvic surgical procedures [28–

30, 33–40, 45, 46, 48, 49, 51]. Five of these studies used data from the operative cohort of 

the ENDO study, which was composed of patients scheduled for laparoscopy or laparotomy 

at one of five hospital surgical centers in Salt Lake City, Utah and nine clinical centers in 

San Francisco, CA. Across the 16 studies, the indications for surgery included pelvic pain, 

pelvic mass, menstrual irregularities, uterine fibroids, tubal ligation, infertility, Fallopian 

tube abnormalities/disease, ovarian cysts, hydrosalpinx, uterine cervical carcinoma, and 

genital prolapse.

Eight studies additionally applied exclusion rules to the control group that were not applied 

to the case group, such as requiring a laparoscopically normal pelvis [30], no complaints of 

infertility or pelvic pain [38], no history of pelvic surgery [46], no clinical symptoms 

including chronic pelvic pain, dysmenorrhea, dyspareunia, or history of infertility [49], no 

abdominal pain, diarrhea, dysmenorrhea, dyspareunia, or serum cancer agent 125 (CA-125) 

levels greater than 35 U/ml [48], no laparoscopically-confirmed leiomyoma or adenomyosis 

[29], no adenomyosis, invasive cervix carcinoma or ovarian cancer [34], and no past or 

present symptoms related to endometrioma [50].

Population-based studies

Twelve of the 29 studies used population-based sampling designs [35, 39, 47, 36, 37, 43, 40, 

31, 41, 44, 42, 32]. Four studies used data from the WREN study, a population-based case-

control study that was conducted among enrollees of an integrated health care system 

providing both insurance coverage and health care [31, 41, 44, 42]. Premenopausal female 

enrollees ages 18–49 years with an intact uterus and at least one ovary enrolled in the health 

care system for ≥6 months in years 1996–2001 formed the study base; from this study base 

controls were directly and randomly sampled. Cases diagnosed for the first time with 

surgically-visualized endometriosis were identified. ICD-9 codes were initially used to 

identify potential cases whose medical records, including operative notes and pathology 

reports, were then reviewed to confirm the surgical-visualization of disease.

Five studies were conducted using data from the population cohort of the ENDO study [35, 

39, 36, 37, 40]. Study participants in the population cohort were matched to the previously-

described operative cohort on age and residence within a 50-mile radius of the clinical 

centers which was the geographical residential area for ~90% of the operative cohort [52]. 

Since the operative cohort consisted of patients from one of 14 clinical centers in Utah and 

California, the population cohort was identified using a population database in Utah and 

telephone directory in California. Participants in the population cohort were screened by 
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magnetic resonance imaging (MRI) to detect endometriosis. Using MRI, primarily ovarian 

endometriomas were visualized [52].

One study was conducted using data from the ongoing U.S.-based prospective cohort study, 

Nurses’ Health Study II (NHSII) [43]. In the NHSII, 116,687 female registered nurses 

residing in the United States ages 25–43 years enrolled in the study in 1989. Since 

enrollment, the cohort has been followed every two years by questionnaire. Cases of 

endometriosis were identified by self-report of laparoscopically-confirmed endometriosis.

Two studies used data from select cycles of the National Health and Nutrition Examination 

Survey (NHANES), which collects cross-sectional data on a sample representative of the 

U.S. population [47, 32]. Cases of prevalent endometriosis were ascertained by self-report 

on whether a doctor or other health professional had ever told the study participant she had 

endometriosis.

Exposure measurement

Most studies (n=26) used biologic samples collected at or near the time of diagnosis for the 

measurement of environmental chemicals, although the timing of sample collection was not 

explicitly stated in eight studies [39, 29, 34, 36, 48, 51]. A single biologic sample was used 

to characterize past exposure. For two studies using data from cycles of NHANES, exposure 

measurement transpired a mean of 11.2 years after diagnosis in one study [47] and a median 

of 9 years in the other study [32].

In the prospective cohort study using NHS II data [43], exposure to air pollution over the 

years of participant follow-up until diagnosis or censoring was assessed by linking geocoded 

participant home addresses information to data from the U.S Census Topologically 

Integrated Geographic Encoding and Referencing System and US Environmental Protection 

Agency Air Quality System. From this data linkage, distance from roadways and exposure 

to particulate matter were estimated.

Outcome definition

Many studies used a definition that required surgical visualization of endometriosis (n=20). 

Four of these studies used data from the operative notes to further restrict cases to those 

meeting the definition of endometriotic disease [31, 41, 44, 42]; three of these studies also 

used phenotype information on ovarian and non-ovarian peritoneal endometriosis [31, 41, 

44]. Some studies additionally required histopathologic confirmation (n=4) [29, 30, 38, 48], 

with one of these studies requiring an equal number of cases within each stage of the revised 

American Fertility Society (rAFS) staging system [30]. Four studies restricted endometriosis 

to surgical visualization of deep-infiltrating endometriosis (n=1) [46], surgical visualization 

of deep-infiltrating endometriosis with rAFS staging III or IV (n=1) [49], and surgical and 

histologic confirmation of ovarian endometriosis restricted to stages III and IV of the 

American Society of Reproductive Medicine revised (ASRMr) staging (n=2) [34, 45]. For 

the remaining studies, endometriosis was detected by MRI (primarily ovarian endometriosis) 

(n=5) [35–37, 39, 40], self-report of ever being told by a health provider they had 

endometriosis (prevalent disease) (n=2) [32, 47], and sonographic evidence of ovarian 

endometriosis (n=1) [50]. In one study, cases were those with histologic-confirmation or 
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MRI-detected endometriosis [51]. Twelve studies reported on the rAFS or ASRMr staging 

of endometriosis [28, 30, 33–40, 45, 49]. In terms of numbers of cases, ten studies involved 

<50 endometriosis cases [28, 29, 33, 35–37, 39, 40, 46, 51] and ten studies involved 50–99 

cases [30, 32, 34, 38, 42, 45, 47–50]. Nine studies had ≥100 cases [31, 35–37, 39–41, 43, 

44].

Covariate adjustment

Of the 29 studies included in this review, three did not adjust for confounding variables in 

the statistical analyses [33, 38, 51]. A few studies adjusted for parity status at the time of 

diagnosis or after [34, 45, 50], although infertility may be a consequence of disease. Four 

studies reported using directed acyclic graphs to select the variables for adjustment [41, 42, 

44, 49].

Statistical modeling that allows for a flexible exposure-disease functional form

Two studies did not state how environmental chemicals were modelled in the regression 

model [34, 50]. Five studies modelled the exposure both continuously and categorically [47, 

28, 36, 43, 40]. A nearly equal number of studies modelled exposure continuously (most per 

1-standard deviation change) (n=9) [35, 39, 45, 37, 46, 49] and categorically (median, 

tertiles, or quartiles) (n=11) [33, 29, 48, 51, 30, 31, 41, 44, 42, 38, 32].

Approaches to account for lipids for lipophilic contaminants measured in blood

Of the 9 studies measuring lipophilic chemicals in serum or plasma, four studies lipid-

standardized concentrations [30, 33, 38, 49] and five studies included lipids as a covariate in 

the regression model [28, 31, 35, 41].

Approaches to account for urinary dilution for environmental contaminants measured in 
urine

Thirteen studies measured environmental chemicals in urine. Two studies (considering the 

population cohort and operative cohort as separate studies) did not report on the adjustment 

for urinary dilution for contaminants measured in urine [36] and one study reported that 

urinary creatinine was not measured [50]. The remaining studies measured urinary 

creatinine and either standardized concentrations (dividing the contaminant concentration by 

urinary creatinine concentration) (n=6) [29, 32, 40, 45, 51] or included urinary creatinine as 

a covariate in the regression model (n=4) [39, 42, 44].

Approaches to handling values below limit of detection

Of the 29 studies reviewed, nearly a quarter of studies (n=7) did not state how samples with 

concentrations below the limit of detection (LOD) were addressed in the analyses [39, 29, 

45, 34, 43, 38]. Of those reporting approaches, the most commonly used were substitution 

(using 0, LOD, LOD/√2, LOD/2) (n=8) [33, 47, 48, 51, 49, 50, 44, 32] and machine 

observed values (n=7) [35, 28, 36, 40]. The remaining studies used imputation-based 

approaches (n=2) [41, 42], recovery-adjusted values (n=2) [37], deletion (n=2) [46, 30], and 

inclusion of non-detects in lowest category of exposure (n=1)[31]. Several studies did not 

investigate individual analytes with a substantial percent of non-detectable samples.
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Consistencies in results across studies

The results across studies for the same environmental chemical appeared inconsistent. To 

understand whether studies employing similar approaches yielded similar results, the results 

for persistent environmental chemicals from studies with similar study population sampling, 

endometriosis phenotype, exposure measurement, and statistical approaches were compared. 

Two studies conducted in a similar manner were identified. These two studies were 

conducted in the United States and used a population-based sampling frame to investigate 

the OCPs β-HCH, γ-HCH, trans-nonachlor, HCB, oxychlordane, p,p’-DDE, and p,p’-DDT 

in relation to ovarian endometriosis – the population cohort in the ENDO study and the 

WREN population case-control study. Both studies measured the OCP analytes in serum, 

employed covariate adjustment to account for lipid concentrations, and had data on ovarian 

endometriosis. The directions of associations for ovarian endometriosis were similar for 

most of the OCP analytes in the two studies (Table 2). The results for PCBs could not be 

compared between the two studies as the ORs and 95% CIs between PCBs and ovarian 

endometriosis were not reported in the WREN study.

Comments

The study of environmental chemicals and endometriosis continues to be an active area of 

research. During the past decade the range of environmental chemicals investigated in 

relation to endometriosis expanded, and now includes perfluoroalkyl substances, air 

pollution, and benzophenone-type UV filters. In addition, new population-based study 

designs were introduced. However, across studies, approaches to control selection and 

analyses to address issues related to studying environmental chemicals varied substantially. 

The following discussion describes how some approaches may result in biased estimates of 

the association and recommendations are provided to move the field forward.

(1) Recommendation: Selection of controls from a defined study base

Over half of the studies in this review were clinic or hospital-based studies in which controls 

were selected among patients undergoing laparoscopy or other pelvic surgery. The selection 

of controls in this manner allows for the identification of a disease-free comparison group 

using the same approach as that used to identify cases. However, this approach does not 

appear to follow a key principle of valid case-control study design: the identification of a 

study base from which the cases arose [53]. The selection of controls from a study base 

allows controls to be selected independent of exposure. Violation of this key principle can 

yield wrong results [54]. Bias can be introduced when controls do not represent the exposure 

experience of the study base that gave rise to cases. Bias from the selection of surgical 

controls may be substantial when investigating exposures related to hormonal profiles [55], 

such as endocrine-disrupting chemicals, as these exposures may be associated with the 

medical indications warranting surgery. In the studies reviewed, the indications for 

laparoscopy or other pelvic surgery included menstrual irregularities, uterine fibroids, 

infertility, and ovarian cysts. Associations between these conditions and exposure to 

endocrine-disrupting chemicals have been reported [56, 57, 10, 58–60]. Further support that 

the exposure distribution among surgical controls may differ from the underlying study base 

was provided in a population-based study of OCPs and endometriosis [41]. Among the 
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population-based controls, those who had a history of undergoing laparoscopy had greater 

concentrations of oxychlordane, trans-nonachlor, HCB, and mirex compared to those 

without such a history.

The identification of a study base for a disease such as endometriosis which requires surgical 

visualization for diagnosis can be exceedingly difficult, particularly when the series of cases 

are identified first. The factors leading to surgical diagnosis can be complex and include the 

severity of symptoms, referral patterns, health care access, and agreeing to surgical 

evaluation [61, 62]. When controls cannot be randomly sampled from the study base that 

gave rise to cases, a non-random subset of hospital or clinic-based controls can be selected if 

a key assumption can be met: the non-random control subset represents the exposure 

distribution of the underlying study base [53]. Using hospital controls as the example, 

Wacholder et al (1992) posited that this assumption is reasonable when two conditions are 

satisfied: 1) hospital controls would have sought care at the same hospital for the case 

disease, and cases would have sought care at the same hospital for the control disease, and 2) 

the reason for hospital admission for the control is unrelated to exposure [53]. Translating 

these conditions to the clinic-based controls undergoing pelvic surgery, the second condition 

is difficult to satisfy as the indications for surgery may be associated with exposure, as 

previously described.

Several studies in this review applied additional exclusion rules to surgical controls, 

including no complaints of infertility or pelvic pain, no history of pelvic surgery, and no 

symptoms of chronic pelvic pain, dysmenorrhea, and dyspareunia. Although the rationale 

for these rules were not provided, it appears that they were employed to minimize 

undiagnosed endometriosis among the controls, rather than select surgical patients with 

conditions not associated with exposure. The application of exclusion criteria to only 

controls violates the study base principle that rules should be applied equally to cases and 

controls, and could additionally contribute to biased estimates of associations [53].

A common concern mentioned in hospital or clinic-based studies in this review was the 

presence of undiagnosed endometriosis among controls who have not undergone 

laparoscopic evaluation – the gold standard in diagnosing endometriosis [62]. Three aspects 

of sampling from a study base alleviate this concern. First, as discussed previously, the 

selection of controls from an identified study base allows the controls to represent the 

exposure experience in the population that gave rise to cases. This provides for valid results. 

Second, the prevalence of undiagnosed disease among controls is likely to be low, 

particularly if a disease definition focused on progressive disease with interference of 

normal physiologic function is employed, such as the endometriotic disease definition 

proposed by Holt and Weiss [55]. Using this definition, the prevalence of undiagnosed 

symptomatic disease is estimated to be <2% [55]. Third, the impact of systematic error on 

the estimate of association from case under-ascertainment and disease misclassification can 

be evaluated using quantitative bias analyses, considering different levels of case under-

ascertainment [63, 64]. In this epidemiologist’s opinion, a valid case-control study design 

with some disease misclassification is preferable to a design that may not yield valid 

conclusions due to controls not representing the exposure experience of the source 

population.
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Given these challenges, the introduction of new approaches to population-based sampling of 

study participants in the past decade has been an important advancement in study design for 

endometriosis research. This is exemplified by the population cohort of the ENDO study, the 

WREN study, and use of data from NHS II. For the population cohort of the ENDO study, 

participants were screened by MRI to detect cases of endometriosis. The WREN study 

employed the optimal approach to case-control study design; controls were directly sampled 

from a defined integrated health system population that gave rise to cases. By conducting the 

study among health plan enrollees, the financial barriers to accessing care were minimized 

and the likelihood that controls would seek care by the same providers as cases if they had 

symptoms was increased. The use of data from the large, epidemiologic NHS II cohort study 

shifted the paradigm for epidemiologic endometriosis research from case-control to 

prospective cohort study design.

(2) Recommendation: Exposure characterization during the etiologically-relevant window 
for disease onset

In the present review, most studies measured environmental chemical concentrations using a 

single sample collected at or near the time of endometriosis diagnosis. The measurement of 

environmental chemicals at diagnosis may not reflect body burden at the time of disease 

development. Reasons for this include: (1) the documented long diagnostic delay, ranging on 

average 4 to 10 years between symptom onset and endometriosis diagnosis [5, 65–67]; (2) 

the measurement of less persistent environmental chemicals for which a single measurement 

may characterize more recent exposure. At the extreme end, exposure only over the past few 

hours or day may be characterized by the measurement of non-persistent chemicals such as 

Bisphenol A and phthalates that are rapidly metabolized by the body after exposure [10]; (3) 

the use of a biologic matrix (e.g., whole blood, serum, plasma, urine) that captures recent 

exposure. As one such example, cadmium measured in whole blood is considered a valid 

marker of recent exposure over the past few months, whereas its measurement in urine 

captures long-term exposure. The biologic half-life of cadmium in the kidneys is 10–30 

years [68]; (4) the underestimation of body burden due to excretion factors. Body burden of 

persistent organic pollutants may be reduced in women who have given birth or breastfed 

[69–74]. PFAS body burden could also be underestimated in women with heavier menstrual 

flow as this has been reported to increase the elimination of PFAS [75]; (5) modifications to 

lifestyle habits after disease onset to manage symptoms. For example, to manage disease 

symptoms such as pain, women with endometriosis may change their diet. Since 

contaminated food and drink are important exposure sources for many environmental 

chemicals, changes to diet after disease onset could substantially affect environmental 

chemical concentrations measured at diagnosis; and (6) the potentially broad-range of the 

etiologically-relevant window for disease susceptibility, which may include periods of 

development before menarche and symptom onset during the reproductive years. Although 

the specific windows are not known, several proposed theories for disease pathogenesis 

postulate aberrations in utero may contribute to disease [7]. Exposures in utero and during 

infancy and childhood have also been associated with the increased risk of endometriosis in 

population-based epidemiologic studies [76–79]. It is also important to note that when the 

biologic specimen used for environmental chemical measurement is collected at or near the 
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diagnosis of endometriosis, it is difficult to disentangle the involvement of environmental 

chemicals on disease progression from disease onset.

One approach to overcome this limitation is to use archived biologic samples collected over 

the life course. One novel example is the use of teeth lost during childhood. The 

development of deciduous teeth begins in utero and teeth accumulate environmental 

chemicals during formation. The analysis of childhood teeth allows for the reconstruction of 

past exposure to an array of environmental chemicals at specific periods of development, 

including in utero [80]. Another example is the use of newborn dried blood spots routinely 

collected at birth as part of state-based newborn screening programs in the United States. 

Several states archive the dried blood spots long-term for public health research use [81]. 

Although only a few drops of blood are collected from the newborn by heel stick, 

improvements in laboratory analytic methods now allow for the quantification of 

environmental chemicals in small amounts of biologic sample [82]. Other novel data 

linkages are possible, such as the geocoding of addresses and linkage to databases on air 

pollution as was done in the NHS II study [43].

Another approach to characterize exposure over the life course in relation to endometriosis is 

to build the capacity to collect data on incident endometriosis diagnosis in large, established 

cohort studies. A model for this approach has been the endometriosis research conducted 

using data from the NHS II study [83]. The identification of a cohort followed since 

preconception or in utero would be particularly valuable to understand early-life 

environmental exposures, collected in real-time, that may contribute to endometriosis risk.

(3) Recommendation: Employment of best practices to minimize bias in analyses

In this review, it was observed that studies differed in the sophistication of analyses, with a 

few studies not adjusting for covariates in statistical analyses, not reporting on the approach 

to handle environmental chemical concentrations measured below the detection limit, and 

not accounting for urinary dilution when measuring environmental contaminants in urine. 

For the remaining studies that considered these issues, the analytic approaches varied.

For environmental contaminants measured in urine, the approach used to correct for urinary 

dilution may induce bias and affect the estimation of the association. O’Brien et al (2016) 

suggested that two common approaches using urinary creatinine - standardization (dividing 

the environmental contaminant by the concentration of urinary creatinine) or covariate 

adjustment (including urinary creatinine as a covariate in the regression model) - may result 

in biased results in causal scenarios where disease risk factors (e.g., age) also affect 

creatinine concentrations [22]. That study proposed another approach to minimize bias in 

which environmental contaminant concentrations are standardized by the estimated 

proportion of creatinine solely attributable to hydration. For similar reasons, bias may also 

be induced from the approach used to adjust for serum lipids for lipophilic environmental 

contaminants measured in blood. Consideration of the causal scenario using directed acyclic 

graphs is warranted to inform the selection of the most appropriate approach to adjust for 

urinary dilution and serum lipids [22, 23].
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The method used to handle concentrations quantified below the detection limit can be 

another source of bias. Two simulation studies have reported that a common method, 

substitution with a single value (e.g. using values of LOD, LOD/2, LOD/√2), may introduce 

substantial bias if more than 10% of values are below the limit of detection [20, 21]. In these 

simulation studies, however, an approach such as multiple imputation that performed well 

with more than 30% missing began to degrade when >50% of measurements were below the 

limit of detection [20, 21]. Hence, the approach selected should be appropriate for the 

percentage of values below the detectable level in the data.

Other aspects of analyses that may affect observed results include the modelling of the 

functional form of the exposure-disease relationship in the regression analyses. In the field 

of endocrine-disruption research, it is well-recognized that the exposure-disease relationship 

may be non-monotonic [10, 84]. Imposing a linear relationship in regression modelling may 

result in associations being missed. In addition, results may be affected by the inclusion of 

variables in the regression model that do not operate as confounders. To aid the selection of 

variables for adjustment, a few studies in this review have used directed acyclic graphs. This 

allows one to avoid adjusting for variables that may not operate as confounder or whose 

adjustment may induce bias.

Not considered in this review is the movement in the past decade towards understanding the 

health effects from exposure to environmental chemical mixtures. This movement reflects 

the interest in understanding the impact of real-world simultaneous exposure to numerous 

environmental contaminants. Many approaches to studying chemical mixtures have been 

proposed, with several more in development. These approaches not only aid in 

understanding joint effects but may also help to identify “the bad actor” chemicals among 

highly correlated exposures [85, 86].

(4) Recommendation: Separate consideration of endometriosis presentations that may 
be etiologically-distinct entities

Most studies in the review considered endometriosis as a single disease entity. This approach 

may reduce the sensitivity of a study to detect an association with environmental risk factors 

if endometriosis is comprised of separate etiologically-distinct disease entities [18].

In 1997, it was proposed that three presentations of endometriosis - peritoneal 

endometriosis, ovarian endometriosis, and deep-infiltrating endometriosis of the rectovaginal 

septum – may indeed be etiologically-distinct disease entities [87]. Nisolle et al (1997) 

described the different pathogenic mechanisms for each phenotype as follows: menstrual 

transplantation into the pelvis for peritoneal endometriosis, metaplasia of coelomic 

epithelium for ovarian endometriosis, and metaplasia of Müllerian remnants in the 

rectovaginal septum for deep-infiltrating endometriosis. The possibility exists that 

environmental exposures may affect each endometriosis phenotype differently.

Hence, the study of the environmental origins of endometriosis may be aided by the 

investigation of individual endometriosis phenotypes, as was done in some of the studies in 

this review. Although 41% of studies in the present review collected data on rAFS and 

ASRMr staging of endometriosis, these staging systems are not correlated with 
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endometriosis symptom severity and may not fully capture phenotype, since deep lesions are 

not captured in the staging system [88, 89]. The importance of disaggregating the 

heterogeneous endometriosis disease entity is recognized by the global effort of the World 

Endometriosis Research Foundation Endometriosis Phenome and Biobanking 

Harmonisation Project to promote the standardized collection of phenotype data, such as 

lesion location, color, and depth, in endometriosis research [88].

Conclusions

Endometriosis is common and is associated with substantial morbidity. Since endometriosis 

is an estrogen-driven condition, it is biologically plausible that exposure to endocrine-

disrupting chemicals could contribute to the development of this serious condition. However, 

studies of environmental chemicals and endometriosis risk have yielded inconsistent results. 

This review, conducted from the epidemiologic perspective, identified several overlooked 

aspects of study design and analysis that may contribute to the disparate results across 

studies. Recommendations are provided to move the field of environmental origins of 

endometriosis research forward. If considered in concert, the recommendations have the 

potential to allow for the synthesis of findings across studies to further understand disease 

etiology and inform prevention efforts.
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