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¢ Conclusion

BACKGROUND: Endometriosis is an often chronic, inflammatory gynaecologic condition affecting 190 million women worldwide. Studies

have reported an elevated cancer risk among patients with endometriosis. However, prior research has included methodologic issues that

impede valid and robust interpretation.

OBJECTIVE AND RATIONALE: We conducted a meta-analysis of studies investigating the association between endometriosis and can-
cer risk and analysed the results by methodologic characteristics. We discuss the implications of cancer screening in patients and manage-

ment challenges faced by clinicians.

SEARCH METHODS: We searched PubMed and Embase databases for eligible studies from inception through 24 October 2019. We
included cohort and case-control studies examining the association between endometriosis and cancer risk; cross-sectional studies and
case reports were excluded. Publications had to present risk/rate/odds estimates with 95% Cl. Random effects meta-analysis was used to
estimate summary relative risks (SRR) and Cls. Heterogeneity across studies was assessed by the Q test and I* statistics, and publication
bias using Egger’s and Begg’s tests. Risk of bias and quality of the included studies were assessed using the risk of bias in non-randomized

studies of interventions (ROBINS-I) tool.

OUTCOMES: Forty-nine population-based case-control and cohort studies were included. Twenty-six studies were scored as having

a ‘serious’/‘critical’ risk of bias, and the remaining 23 ‘low’/‘moderate’. Cancer-specific analyses showed a positive association between
endometriosis and ovarian cancer risk (SRR=1.93, 95% Cl=1.68-2.22; n=24 studies) that was strongest for clear cell (SRR =3.44,
95% Cl=12.82-4.42; n=5 studies) and endometrioid (SRR =2.33, 95% Cl = 1.82-2.98; n=>5 studies) histotypes (Pheterogeneiy < 0.0001),
although with significant evidence of both heterogeneity across studies and publication bias (Egger’s and Begg’s P-values < 0.01). A robust

association was observed between endometriosis and thyroid cancer (SRR = 1.39, 95% Cl| =1.24—1.57; n=5 studies), a very small associa-
tion with breast cancer (SRR=1.04, 95% Cl =1.00—1.09; n =20 studies) and no association with colorectal cancer (SRR=1.00, 95% ClI
=0.87-1.16; n=>5 studies). The association with endometrial cancer was not statistically significant (SRR=1.23, 95% Cl =0.97-1.57;
n= 17 studies) overall and wholly null when restricted to prospective cohort studies (SRR=0.99, 95% C| =0.72—1.37; n=5 studies). The
association with cutaneous melanoma was also non-significant (SRR =1.17, 95% Cl| =0.97—1.41; n=7 studies) but increased in magnitude
and was statistically significant when restricted to studies with low/moderate risk of bias (SRR=1.71, 95% Cl = [.24-2.36, n =2 studies).
The most robust finding both in terms of statistical significance and magnitude of effect was an inverse association with cervical cancer
(SRR=0.68, 95% Cl =0.56-0.82; n=4 studies); however, this result has a high potential to reflect heightened access to detection of
dysplasia for women who reached an endometriosis diagnosis and is thus likely not causal. Several additional cancer types were explored

based on <4 studies.

WIDER IMPLICATIONS: Endometriosis was associated with a higher risk of ovarian and thyroid, and minimally (only 4% greater risk)

with breast cancer, and with a lower risk of cervical cancer. However, this meta-analysis confirms that: a majority of studies had severe/

critical risk of bias; there is impactful heterogeneity across studies—and for ovarian cancer, publication bias; and causal inference requires

temporality, which in many studies was not considered. We discuss the implications of these potential associations from the perspectives

of patients with endometriosis, clinicians involved in their care, and scientists investigating their long-term health risks.

Key words: endometriosis / cancer / epidemiology / methodology / bias / endometrioma / cohort studies / case-control studies

Introduction

Endometriosis is an inflammatory disease process characterized by
lesions of endometrial-like tissue outside the uterus—commonly on
the pelvic peritoneum and ovaries (Johnson et al.,, 2017). The condi-
tion can present with debilitating symptoms (dysmenorrhea, acyclic
pelvic pain, dysuria, dyschezia, chronic fatigue) that have considerable
adverse impacts on quality of life (Nnoaham et al., 201 1), including an
increased risk of infertility (Prescott et al., 2016). Endometriosis is esti-
mated to affect 10% of women of reproductive age (Shafrir et dl.,
2018; Ghiasi et al., 2020), equating to 190 million women worldwide
(Zondervan et al., 2020), and is associated with substantial health-care

costs (Simoens et al., 201 a,b). Clinically informative subtypes of endo-
metriosis have yet to be established, although macro presentation
includes superficial peritoneal lesions, cysts in the ovaries (endome-
trioma), deep endometriosis and extra-pelvic lesions (Zondervan
et al., 2020). Unfortunately, little is known on the aetiology of the dis-
ease, and treatment options are ineffective long term for many
women.

Although non-malignant and not marked by uncontrolled lesion
growth, endometriosis shares similar features with cancer, such as de-
velopment of local and distant foci, resistance to apoptosis and inva-
sion of other tissues with subsequent damage to the target organs
(Kvaskoff et al., 2015). It also generates a chronic local and systemic
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inflammatory milieu (Zondervan et al., 2018) and has been associated
with several risk factors that are also associated with risk of several
cancer types (Shafrir et al., 2018). These observations raised the ques-
tion of whether women with endometriosis are at higher cancer
risk—a topic that has had a long-lasting interest in the literature
(Missmer, 2009), particularly within the last decade. Indeed, endome-
triosis has been reported to be associated with a higher risk of several
cancer types in population research (Kvaskoff et al., 2015). More re-
cently, gene sequencing has demonstrated that about 20% of both
ovarian endometriosis and deep endometriosis lesions have somatic
cancer driver mutations (Anglesio et al., 2015, 2017), although such
mutations are also observed at high proportions in eutopic endome-
trium from healthy women (Lac et al., 2019a).

Quantifying cancer risk in women with endometriosis is crucial for
several reasons. This field has important public health implications for
women in terms of cancer screening and prevention, and for clinicians
in terms of the long-term management of women with endometriosis
(Lippman et al., 2018). Given the currently limited knowledge on en-
dometriosis, having a clear answer as to its link with cancer, which is
more deeply investigated and understood, will help enhance our un-
derstanding of endometriosis pathophysiology. Considering micro- and
macro-patient characteristics will also help to identify informative bio-
logical and prognostic subgroups of the disease that will ultimately ad-
vance endometriosis treatment development.

Several studies reported a higher cancer risk among women with
endometriosis. Two early meta-analyses were published on the rela-
tionships between endometriosis and ovarian cancer. Reviewing
studies published in 1990-2012, Kim et al. (2014) estimated a sum-
mary relative risk (SRR) of 1.27 (95% Cl=1.21-1.32), based on 21
case-control or cohort studies, and of 1.80 (95% Cl=1.28-2.53)
based on five studies including women with endometriosis only.
Wang et al. (2016) then reported a summary odds ratio (OR) of
1.42 (95% Cl=1.28-1.57), based on |2 case-control studies pub-
lished between 1995 and 2016. Thereafter, meta-analyses reported
on the associations between endometriosis and ovarian, endome-
trial and cervical cancers (Li et al., 2019) and between endometri-
osis and extra-ovarian malignancies (Gandini et al., 2019), based on
25 studies published over 1997-2017, and based on 32 studies pub-
lished in 1989-2018, respectively. Li et al. (2019) summarized a rel-
ative risk (RR) of 1.96 (95% Cl=1.69-2.29) for the relationship
between endometriosis and ovarian cancer, a modest (RR=1.18,
95% Cl =0.88—1.58) and not statistically significant association with
endometrial cancer, and an inverse association with cervical cancer.
While Gandini et al. (2019) also reported an inverse association
with cervical cancer, endometriosis was positively associated with
endometrial cancer in their meta-analysis, with an SRR of 1.38
(Cl=1.10—1.74). They also reported a higher risk of thyroid cancer
in women with endometriosis, but no apparent association with
breast cancer or cutaneous melanoma.

However, the previous meta-analyses did not explore and account
for the impact of methodologic characteristics among the included
studies (e.g. temporality, population sampling, confounding, publication
bias), which are critical to consider due to high risk of selection and di-
agnostic biases among studies published to date (Kvaskoff et al., 2015).
Another essential point to improve our understanding and identify
high-risk groups is the exploration of disease heterogeneity, which

continues to be limited in previous research and needs to be
addressed—both in terms of cancer subtypes and of endometriosis
subtypes.

In this study, we performed a systematic review and meta-analysis
of published studies on the associations between endometriosis and
cancer risk, and analysed the results by endometriosis and cancer sub-
types and according to the methodologic characteristics of the studies.
In addition, we discuss the reliability of the evidence in light of these
important methodologic considerations. We also discuss the implica-
tions of the findings and offer practical and pragmatic recommenda-
tions to clinicians for the long-term management of women with
endometriosis with regards to their cancer risk.

Methods

This systematic review was registered with PROSPERO in June 2019
and accepted for inclusion in January 2020 (Registration ID Number
CRD42020139497). We searched the PubMed and Embase databases
for eligible studies from inception to 24 October 2019. The search
terms and algorithm that we used are detailed in Supplementary data.
We followed standard criteria for reporting meta-analyses of observa-
tional studies (Stroup et al., 2000). We also searched the reference
lists of the selected publications to retrieve additional studies that
were not identified through electronic searches.

We included cohort and case-control studies examining the associa-
tions between endometriosis and cancer risk, overall and/or by cancer
or endometriosis subtype. Cross-sectional studies and case reports or
series were excluded. Risk estimates (RR, hazard ratio (HR), standard-
ized incidence ratio (SIR) or OR) had to be reported with 95% Cl in
the publication. The flow chart of study selection is presented in Fig. |.
All identified studies were imported into Reference Manager for
screening. Two reviewers (M.K. and Y.M.-S.) performed screening sep-
arately by reviewing titles, abstracts and keywords for relevance to en-
dometriosis and cancer. The full text of the selected articles was then
retrieved to assess their eligibility. Any discrepancies were resolved by
discussion.

We extracted the following data from each study: first author’s last
name, publication year, country where the research was conducted,
study design and population type (population-based or selected
sample), study period, sample size (number of endometriosis and
cancer cases, number of controls (where applicable), and source
population), ascertainment of endometriosis and cancer cases, abil-
ity to evaluate temporality of the association (i.e. ability of the study
to ensure that endometriosis occurred prior to cancer in a time-
varying analysis and not diagnosed concurrently), risk estimate and
95% Cls (including by subgroup when available) and variables ad-
justed for in the analysis. Data were extracted by Y.M.-S. and
extractions were checked for accuracy by M.K. Any discrepancies
were resolved by discussion.
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e Meta-analysis or review
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Figure I. Flow chart of study selection for a systematic review and meta-analysis of endometriosis and cancer risk.

We assessed the quality of the included studies and their potential risk
of bias using the risk of bias in non-randomized studies of interventions
(ROBINS-I) tool (Sterne et al., 2016). This tool encompasses seven
domains: bias due to confounding; bias in selection of study participants;
bias in exposure measurement; bias due to misclassification of exposure
during follow-up; bias due to missing data; bias in measurement of out-
comes; and bias in selection of reported results. In this approach, a
study is considered at low risk of bias if it has been rated ‘low’ in all
domains; low-to-moderate risk of bias if it has been rated as ‘probably
at risk’ for one domain; serious risk of bias if rated as ‘high risk’ for
more than one domain and critical risk of bias if rated as ‘critical risk’ in
at least one domain. If information is missing in at least two domains,
the study is classified as having ‘no information’. Evaluation was per-
formed by two reviewers independently (Y.M.-S. and M.K.). Any dis-
cordance during the assessment of the quality of evidence was
discussed with a third reviewer (S.A.M.) to reach consensus.

We calculated SRR and 95% Cls for the relation between endometri-
osis and cancer risk. The average of the natural logarithm of the RRs
was estimated and the RR from each study was weighted using ran-
dom effects weights (DerSimonian and Laird, 1986). When studies
reported results only separately for specific subgroups (e.g. type | and
type Il ovarian cancer (Merritt et al., 2013; Ruiz et al., 2016), for colon
and rectal cancers (Melin et al., 2006; Saavalainen et al., 2018a), small
and large intestine cancers (Melin et al., 2006; Saavalainen et dl.,
2018a) or by endometriosis case ascertainment (self-report or medical
records/registries) (Chang et al., 2014; Poole et al., 2017)), we com-
bined the results using the Hamling procedure to obtain an overall es-
timate to be used in the meta-analysis (Hamling et al, 2008).
Heterogeneity between studies was quantitatively assessed by the Q
test and I statistics (Higgins and Thompson, 2002). Whenever possi-
ble, subgroup analyses were conducted to investigate potential sources
of heterogeneity, including study characteristics such as type of
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population (e.g. limited to women with infertility), study design (cohort
versus case-control studies), geographic location, definition of endome-
triosis case ascertainment (self-report versus medical records/regis-
tries), histologic type of cancer, macro-phenotypic type of
endometriosis (i.e. endometrioma, deep endometriosis, superficial
peritoneal endometriosis) and requirement of temporality (yes versus
no). Between-subgroup differences in summary estimates were exam-
ined using meta-regression analysis. For all analyses, the impact of
study sample size was accounted for in the statistical modelling and
represented by the width of 95% CI.

Several studies, for which the primary analysis did not take into ac-
count temporality, repeated their analyses after exclusion of endome-
triosis cases occurring within 12 months of cancer diagnosis, and thus
in a sensitivity analysis, we considered these studies as meeting the
temporality criteria. In additional sensitivity analyses, we also explored
potential differences by quality of the study per the ROBINS-I risk of
bias tool: ‘low’ or ‘moderate’ versus ‘serious’ or ‘critical’.

Study effects, such as publication bias, were visually assessed by ex-
amining funnel plots for asymmetry, and with Egger's (Egger et dl.,
1997) and Begg’s tests (Begg and Mazumdar, 1994). Sensitivity analyses
excluding one study at a time were conducted to clarify whether the
results were driven by one large study or a study with an extreme re-
sult. Stata version |6 software (Stata Corp, College Station, TX, USA)
was used for all statistical analyses.

Results

The initial search identified |7 878 records, including 6310 from
MEDLINE and || 568 from Embase (Fig. |). A total of 17 242 publica-
tions were excluded after first-stage screening by reviewing titles and
abstracts; 636 full-text articles were retrieved and assessed for inclusion.
Of these, 432 were excluded based on irrelevant outcome, data, expo-
sure or publication type (abstract, letter, note, commentary, review or
meta-analysis). Out of the 204 remaining publications, |55 records were
further excluded because of study design (cross-sectional studies, case
report or case series populations), duplicates or because no risk estimate
was provided. In total, we identified 49 publications (38 studies—I9 co-
hort and 19 case-control) on the associations between endometriosis
and cancer that met all the inclusion criteria for the meta-analysis.
Samples sizes varied widely among studies (Supplementary Table SI).
When more than one article was published using the same study pop-
ulation (Brinton et al., 1997, 2004, 2005a; Melin et al., 2006, 2007, 2013;
Pearce et al, 2012, 2013, 2015; Stewart et al, 2013a,b, 2018; Chang
et al., 2014; Wang et dl., 2014; Kok et dl., 2015; Lee et dl.,, 2015), we se-
lected the one that included the largest number of cases. Since both the
Nurses’ Health Study Il (Poole et al, 2017) and the lowa Women’s
Health Study (Olson et al., 2002) cohorts were included in the analysis
from the Ovarian Cancer Cohort Consortium (Wentzensen et dl,
2016), we did not also include them as individual studies in the analysis
for ovarian cancer. Similarly, the Australian Cancer Study (Merritt et al.,
2008, 2013; Nagle et al., 2008) and the Diseases of the Ovary and their
Evaluation Study (Rossing et al., 2008) were included in an earlier pooled
analysis of the Ovarian Cancer Association Consortium (Pearce et dl.,
2012), and the study by Modugno et al. (2004) was included in the

pooled analysis published by Ness et al. (2002); thus, we also did not in-
clude them as individual studies.

Characteristics of the included studies are detailed in Supplementary
Table SI. Compared with previously published meta-analyses, we in-
cluded an additional six studies on ovarian cancer (Bodmer et al.,
201 1; Buis et al., 2013; Stewart et al., 2013b; Ruiz et al., 2016;
Wentzensen et al., 2016; Koushik et al., 2017), four on breast cancer
(Baron et al., 2001; Borgfeldt and Andolf, 2004; Bertelsen et al., 2007;
Brinton et al., 2014) and three on endometrial cancer (Borgfeldt and
Andolf, 2004; Brinton et al., 2005a; Kok et al., 2015) that were not
identified in previous searches. The present meta-analysis additionally
includes eight studies published after the most recent previous review
(Park et al., 2018; Saavalainen et al., 2018a,b; Saraswat et dl., 2018;
Surrey et al 2018; Williams et dl., 20I8 Hsu et al, 2019; Lundberg
et al, 2019; Vassard et al., 2019). In the present work we did not in-
clude the study by Yeh et al. (2018), which reported results on cancer
survival rather than cancer risk.

Based on the ROBINS-| tool (Sterne et al., 2016), we identified | | stud-
ies with low risk of bias (Brinton et al., 2005b; Bertelsen et al., 2007;
Chang et al, 2014; Chuang et al., 2015; Kok et al., 2015; Mogensen
et al, 2016; Farland et al, 2016a, 2017; Poole et al., 2017; Guenego
et al, 2018; Stewart et al, 2018), 12 with moderate risk of bias
(Brinton et al., 2005a, 2014; Buis et al, 2013; Stewart et al., 2013a,b;
Wentzensen et dl., 2016; Park et al., 2018; Saraswat et al., 2018; Surrey
et al, 2018; Hsu et al, 2019; Lundberg et al., 2019; Vassard et dl.,
2019), 20 with serious risk of bias (Moseson et al., 1993; Holly et al.,
1995; Venn et al., 1999; Weiss et al., 1999; Baron et al., 2001; Young
et al., 2001; Ness et al., 2002; Olson et al., 2002; Kobayashi et dl.,
2007; Melin et al., 2007; Fortuny et al., 2009; Zucchetto et al., 2009;
Bodmer et al., 201 I; Nichols et al., 201 |; Rowlands et al., 201 |; Pearce
et al., 2012; Morales et al., 2013; Braganza et al., 2014; Ruiz et al., 2016;
Koushik et al, 2017) and é with critical risk of bias (Borgfeldt and
Andolf, 2004; Brinton et al., 2004; Melin et al., 2006; Saavalainen et dl.,
2018a,b; Williams et al., 2018) (Table I).

A total of five cohort studies were included that quantified the associa-
tion between endometriosis and overall cancer risk (Olson et al.,
2002; Melin et al., 2007; Kok et al., 2015; Saavalainen et al., 2018a;
Saraswat et al., 2018). The SRR was 1.07 (95% Cl=0.98-1.16), sug-
gesting a very small and not statistically significant positive association.
However, there was substantial heterogeneity among studies (> =
88%, P < 0.0001). Variation by geographic location was evident (North
America (n=1 study): RR=0.90, 95% Cl=0.77-1.05; Europe (n=3

studies): SRR=1.03, 95% ClI=097-I.11; Asia (n=1 study):
HR = 1.80, 95% Cl = 1.37-2.36), although the number of studies from
each continent was very small and the test for heterogeneity among
the continents was not statistically significant (Phecerogeneity = 0.20).
There was suggestion of heterogeneity by ROBINS-I risk of bias (low
or moderate: SRR= 1.45, 95% Cl=0.98-2.13, [* = 86%, P=0.008;
serious or critical: SRR=0.99, 95% Cl=0.96-1.02, * = 37%,
P=0.21; Pheterogeneity = 0.08), but interpretation is complicated by the
high heterogeneity within the low/moderate group, while the studies
in the serious/critical group appear to be uniformly biased towards
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Table I Risk of bias for the 49 included publications (1993-2019) from 38 studies, based on the ROBINS-I tool (low, moderate,
serious, critical).

Author, year,
location

Moseson et al.,
1993, USA
Holly et al.,
1995, USA
Venn et al.,
1999, Australia
Weiss et al.,
1999, USA

Baron et al.,
2001, USA

Young et al.,
2001, Australia

Ness et al.,
2002, Multiple
locations
Olson et al.,
2002, USA
Borgfeldt and
Andolf, 2004,
Sweden

Brinton et al.,
2004, USA

Brinton et al.,
2005b,
Denmark

Brinton et al.,
2005a, USA

Melin et al.,
2006, Sweden
Bertelsen et al.,

2007, Denmark

Kobayashi

et al., 2007,
Japan

Melin et al.,
2007, Sweden

Fortuny et al.,
2009, USA
Zucchetto
etal., 2009,
Italy

Bodmer et al.,
2011, UK

Nichols et al.,
2011, USA

Rowlands et al.,
2011, Australia

Type of bias
Bias Bias Bias Bias Bias Bias Bias
due to due to due to due to due to due to due to
confounding selection of exposure misclassifica- missing data  measurement  selective
participants  assessment tion of the reporting
during fol- outcome of the
low-up results
Low Moderate Serious Moderate Low Moderate Moderate
Serious Moderate Serious Moderate No information  Low Moderate
Serious Moderate Low Moderate Moderate Low Moderate
Low Moderate Serious Moderate No information ~ Moderate Low
Low Moderate Serious Moderate Moderate Moderate Moderate
Serious Moderate Low Moderate No information =~ Moderate Moderate
Low Moderate Serious Moderate Moderate Moderate Low
Low Moderate Serious Low Moderate Moderate Low
Critical Moderate Low Moderate Moderate Moderate Moderate
Critical Moderate Low Moderate Low Low Moderate
Low Low Low Low Low Low Low
Moderate Moderate Low Low Low Low Low
Critical Moderate Low Low No information  Low Moderate
Low Low Low Low No information  Low Low
Serious Low Low Moderate Low Low Low
Serious Moderate Low Low No information  Low Low
Moderate Moderate Serious Moderate No information ~ Moderate Low
Low Moderate Serious Moderate Moderate Moderate Low
Serious Moderate Low Moderate Moderate Moderate Low
Low Moderate Serious Moderate Moderate Moderate Low
Low Moderate Serious Moderate Moderate Moderate Low
Moderate Moderate Serious Moderate Low Moderate Low

Overall
rating

Serious

Serious

Serious

Serious

Serious

Serious

Serious

Serious

Critical

Critical

Low

Moderate

Critical

Low

Serious

Serious

Serious

Serious

Serious

Serious

Serious

Serious

Continued
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Table I Continued

Author, year, Type of bias Overall
location rating
Bias Bias Bias Bias Bias Bias Bias
due to due to due to due to due to due to due to
confounding selection of exposure misclassifica- missingdata  measurement  selective
participants  assessment tion of the reporting
during fol- outcome of the
low-up results
Pearce et al.,
2012
Multiple
locations
Stewart et al., Low Moderate Low Low Low Low Low Moderate
2013b,
Australia
Buis et al., Low Moderate Low Low Moderate Low Low Moderate
2013, The
Netherlands
Morales et al., Low Moderate Serious Moderate Moderate Low Moderate Serious
2013, Puerto
Rico
Stewart et al., Low Moderate Low Low No information  Low Low Moderate
2013a,
Australia
Braganza et dl., Low Low Serious Low Low Low Low Serious
2014, USA
Brinton et al., Moderate Moderate Low Low Low Low Low Moderate
2014, USA
Chang et al. Low Low Low Low No information ~ Low Low Low
2014, Taiwan
Chuang et dl., Low Low Low Low No information Low Low Low
2015, Taiwan
Kok et al., Low Low Low Low No information Low Low Low
2015, Taiwan
Farland et al., Low Low Low Low No information Low Low Low
2016a, USA
Mogensen Low Low Low Low No information  Low Low Low
etal., 2016,
Denmark
Ruiz et al., No information ~ Moderate Serious Moderate No information ~ Moderate Moderate Serious
2016, USA
Wentzensen Low Low Moderate Low Low Low Low Moderate
etal, 2016
Multiple
locations
Farland et al., Low Low Low Low Low Low Low Low
2017, France
Koushik et al., Low Moderate Serious Moderate Low Moderate Low Serious
2017, Canada
Poole et al., Low Low Low Low Low Low Low Low
2017, USA
Saavalainen Critical Low Low Low No information Low Low Critical
etal., 2018a,
Finland
Saavalainen Critical Low Low Low No information Low Low Critical
etal.,, 2018b,
Finland
Moderate Low Low Low Low Low Low Moderate

Continued
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Table | Continued

Author, year, Type of bias Overall
location rating
Bias Bias Bias Bias Bias Bias Bias
due to due to due to due to due to due to due to
confounding selection of exposure misclassifica- missing data  measurement  selective
participants  assessment tion of the reporting
during fol- outcome of the
low-up results
Saraswat et al.,
2018, Scotland
Stewart et al., Low Low Low Low No information ~ Low Low Low
2018, Australia
Surrey et al., Moderate Low Low Low No information  Low Low Moderate
2018, USA
Williams et al., Critical Low Low Low Low Low Low Critical
2018, UK
Guenego et al., Low Low Low Low Low Low Low Low
2018, France
Park et al., Low Moderate Low Moderate Low Moderate Low Moderate
2018, USA
Vassard et dl., Low Moderate Low Low Low Low Moderate Moderate
2019, Denmark
Hsu et al., Moderate Low Low Low No information  Low Low Moderate
2019, Taiwan
Lundberg et al., Low Moderate Low Low Low Low Low Moderate
2019, Sweden

ROBINS-| tool, risk of bias in non-randomized studies of interventions tool.

the null. There was no indication of heterogeneity across study designs
(prospective versus retrospective cohort, Pheterogeneity = 0.33) or
assessments of endometriosis (self-reported versus medical records/
registry, Pheterogeneity = 0.33), nor of publication bias, with Egger’s test
(P=10.29) or with Begg's test (P=10.22).

The meta-analysis included 24 studies evaluating the association be-
tween endometriosis and ovarian cancer (Venn et al, 1999; Ness
et al, 2002; Borgfeldt and Andolf, 2004; Brinton et al., 2004, 20053;
Kobayashi et al., 2007; Melin et al., 2007; Bodmer et al., 201 |; Pearce
et al., 2012; Buis et al., 2013; Stewart et al., 2013b; Chang et al., 2014;
Mogensen et al., 2016; Ruiz et al., 2016; Wentzensen et dl., 2016;
Koushik et al., 2017; Park et al., 2018; Saavalainen et al., 2018b;
Saraswat et al.,, 2018; Surrey et al., 2018; Williams et al., 2018; Hsu
et al., 2019; Lundberg et al., 2019; Vassard et al., 2019) (Table Il). The
SRR was 1.93 (95% Cl=1.68-2.22) (Fig. 2, Table Il) but there was
high heterogeneity among studies (I = 78%, P < 0.0001). There was a
high level of heterogeneity within categories of study design (case-con-
trol studies: SRR=1.49, 95% Cl=1.35-1.63, I* = 0%, P=0.62; ret-
rospective cohorts: SRR=2.03, 95% Cl=169-245 * = 77%,
P <0.0001; prospective cohorts: SRR=2.83, 95% Cl= 1.32-6.07, I*
= 94%, P<0.0001) and also among the studies within the cohort
designs (Pheterogeneity = 0.17 for case-control versus cohort studies).
Geographic location also contributed to between- and within-
continent heterogeneity (North America: SRR=12.14, 95% Cl=1.38—
3.32, I = 74%, P=0.004; Europe: SRR=1.81, 95% Cl=1.55-2.10,

[* = 75%, P<0.0001; Asia: SRR=4.22, 95% Cl=1.70-10.46, I =
69%, P=0.04; Australia: SRR=1.99, 95% Cl=1.02-3.88, I* = 0%,
P=0.53; multiple locations: SRR = 1.44, 95% Cl=1.31-1.59, P = 0%,
P =0.83; Preterogenciy = 0.09) (Table II).

The positive association between endometriosis and ovarian cancer
was also stronger in studies that required temporality (i.e. endometri-
osis must have been diagnosed at least 12 months prior to the diagno-
sis of endometrial cancer) (n= 11, SRR=2.19, 95% Cl = 1.64-2.92, I*
= 85%, P<0.0001) versus studies that did not (n= 13, SRR=1.79,
95% Cl=1.55-2.05, ? = 64%) or in studies with low or moderate
risk of bias (n=13, SRR=2.09, 95% Cl=169-2.59, I* = 78%,
P <0.0001) versus studies with serious or critical risk of bias (n= 11,
SRR = 1.80, 95% Cl=1.49-2.17, [* = 77%, P<0.0001), albeit again
with high heterogeneity within these categories and also with no statis-
tically significant heterogeneity between these groups (Phecerogeneity =
0.46 and 0.50, respectively) (Table Il). Three studies (Chang et al.,
2014; Mogensen et al, 2016; Williams et al, 2018) additionally
reported estimates after excluding endometriosis cases diagnosed
<I2months prior to ovarian cancer diagnosis; including these esti-
mates within the meta-analysis instead of the primary estimates from
these studies prior to exclusion did not change the overall meta-
analysis SRR for ovarian cancer (SRR = 1.90, 95% Cl = 1.67-2.15, [* =
72%, P < 0.0001). When now including these three studies among the
group restricted to those that required temporality, the results still
were not substantially modified (studies requiring temporality: n= 14,
SRR=2.12, 95% Cl=1.71-2.63, I* = 83%, P<0.0001; studies not
requiring temporality: n=10, SRR=1.75, 95% Cl=1.48-2.07, P =
62%, P=0.005), with heterogeneity within groups remaining high.
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Table Il Summary relative risks and 95% Cls for the associations between endometriosis and hormone-dependent cancer
risk, by cancer type for those cancer types with at least four studies published through 2019.

Number of studies SRR (95% CI) 1% (%) P?ithin PPbeeween
Ovarian cancer
Al studies 24 1.93 (1.68-2.22) 77.5 <0.0001
By study design
Case control 7 1.49 (1.35-1.63) 0.0 0.62 0.17
Cohort 17 2.14 (1.78-2.58) 82.1 <0.0001
Retrospective cohort 14 2.03 (1.69-2.45) 772 <0.0001 0.42
Prospective cohort 3 2.83 (1.32-6.07) 93.7 <0.0001
By geographic location
North America 5 2.14 (1.38-3.32) 74.0 0.004 0.09
Europe Il 1.81 (1.55-2.10) 74.7 <0.0001
Asia 4.22 (1.70-10.46) 68.7 0.04
Australia 1.99 (1.02-3.88) 0.0 0.53
Multiple locations 1.44 (1.31-1.59) 0.0 0.83
By assessment of endometriosis
Self-reported 7 1.50 (1.34-1.67) 0.0 0.61 0.35
Medical records/registry 19 2.07 (1.75-2.44) 76.8 <0.0001
Required temporality
No I3 1.79 (1.55-2.05) 63.8 0.001 0.46
Yes Il 2.19 (1.64-2.92) 85.3 <0.0001
ROBINS- risk of bias
Low/moderate I3 2.09 (1.69-2.59) 77.8 <0.0001 0.50
Serious/critical Il 1.80 (1.49-2.17) 77.3 <0.0001
Ovarian Cancer Subtypes
Clear cell 5 3.44 (2.82-4.20) 13.5 0.33 <0.0001
Endometrioid 5 2.33 (1.82-2.98) 54.0 0.07
Serous 6 1.17 (1.03-1.32) 0.0 0.75
Mucinous 5 0.98 (0.74-1.29) 0.0 0.79
Borderline 7 1.46 (1.00-2.15) 58.3 0.04
Grade of serous tumours
High 3 1.08 (0.88-1.32) 245 0.27 0.03
Low 2.33 (1.64-3.31) 0.0 0.39
Macro-phenotype of endometriosis®
Endometrioma 4 5.41 (2.25-13.00) 81.5 0.001 0.03
Superficial peritoneal I 1.32 (0.99-1.72) —- —
Deep | 1.41 (0.29-4.10) —- —-
Breast cancer
All studies 20 1.04 (1.00-1.09) 58.7 0.001
By study design
Case control 6 0.96 (0.81—1.15) 60.2 0.03 0.25
Cohort 14 1.05 (1.01-1.10) 60.3 0.0002
Retrospective cohort 10 1.06 (1.01-1.12) 62.7 0.004 0.40
Prospective cohort 4 1.03 (0.91-1.16) 60.7 0.05
By geographic location
North America 9 1.01 (0.89-1.15) 62.3 0.007 0.22
Europe 8 1.04 (1.00-1.08) 51.7 0.04
Asia 2 1.41 (1.14-1.75) 0.0 0.54
Australia 0 —- —- —

Continued
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Table Il Continued

Number of studies

Multiple locations 0

By assessment of endometriosis

Self-reported 7

Medical records/registry I3
Required temporality®

No

Yes 12
ROBINS-I risk of bias

Low/moderate 9

Serious/critical I

Endometrial cancer

Al studies 17
By study design
Case control 4
Cohort I3

Retrospective cohort
Prospective cohort
By geographic location
North America
Europe
Asia |
Australia
Multiple locations
By assessment of endometriosis
Self-reported
Medical records/registry 12
Required temporality®
No
Yes
ROBINS-I risk of bias
Low/moderate

Serious/critical 9

SRR, summary relative risk.

SRR (95% CI) |2 (%) Pawithin PI,I:ve':ween
1.0l (0.81-1.24) 70.2 0.003 0.55
1.04 (1.00-1.08) 45.6 0.04

0.99 (0.90-1.09) 45.4 0.08 0.25
1.06 (1.01-1.12) 66.0 0.001

1.09 (1.01-1.17) 68.1 0.001 0.12
1.01 (0.95-1.07) 495 0.03

1.23 (0.97-1.57) 8l.1 <0.0001

1.29 (0.65-2.54) 85.2 <0.0001 0.89
1.25 (0.96-1.62) 79.5 <0.0001

1.40 (1.00-1.96) 86.8 <0.0001 0.49
0.99 (0.72-1.37) 0.0 0.70

1.30 (0.81-2.10) 60.2 0.04 0.39
[.12 (0.81-1.55) 88.2 <0.0001

4.05 (1.20-13.66)

.44 (0.99-2.11) 0.0 0.64

1.33 (0.93-1.90) 359 0.18 0.23
I.14 (0.85-1.53) 84.3 <0.0001

.35 (0.89-2.04) 90.0 <0.0001 0.18
[.11(0.96-1.27) 0.0 0.56

1.39 (0.93-2.08) 84.6 <0.0001 0.31
1.08 (0.83-1.39) 64.2 <0.0001

I (%) is a measure of the proportion of the heterogeneity attributed to between-study variation rather than due to chance. *-values of 25%, 50% and 75% indicate low, moderate and

high between-study heterogeneity, respectively.
?P-value testing for heterogeneity among the studies within each cancer type.

®P-value testing for between subgroup or category heterogeneity generated from meta-regression analysis.
“Studies were considered to have required temporality (i.e. ‘yes’) if the endometriosis diagnosis had to precede the cancer diagnosis (i.e. they were not diagnosed at the same time)

within the analyses.

9Studies quantified associations with cancers stratifying endometriosis by any documented visualization of the macro-phenotype.

The influence analysis excluding the most influential studies sug-
gested stable summary estimates (Supplementary Fig. SI). However,
there was strong evidence of publication bias towards an overestima-
tion of the association, whether evaluated graphically (Supplementary
Fig. S2) by Egger’s (P=0.01) or Begg's test (P=0.009).

Ovarian cancer heterogeneity.

Several studies provided risk estimates by ovarian cancer histotype,
and an analysis by histotype mostly eliminated the observed heteroge-
neity for all ovarian cancer studies (Table Il). The strongest association
was observed with the clear cell (SRR=3.44, 95% Cl=2.82-4.20,

n=>5 studies: Brinton et al., 2005b; Pearce et al, 2012; Mogensen
et al, 2016; Wentzensen et al., 2016; Saavalainen et al., 2018b) and
endometrioid histotypes (SRR =2.33, 95% Cl = 1.82-2.98, n=>5 stud-
ies: Brinton et al., 2005b; Pearce et al., 2012; Mogensen et al., 2016;
Wentzensen et al., 2016; Saavalainen et al., 2018b), while there was
no association detected with mucinous tumours (SRR=0.98, 95%
Cl=0.74-1.29, n=>5 studies: Brinton et al., 2005b; Pearce et dl.,
2012; Mogensen et al., 2016; Wentzensen et al., 2016; Saavalainen
et al., 2018b). Within serous tumours, a meta-analysis of the three
studies that provided separate estimates showed that the association
was restricted to low-grade serous tumours (SRR=2.33, 95%
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O/CI
Author Year RR (95% CI) Weight
Hsu 2019 — 1.96 (0.61, 6.28) 1.16
Lundberg 2019 . 1.77 (1.53, 2.05) 6.77
Vassard 2019 | - 3.78 (2.45,5.84) 4.22
Park 2018 - 1.78 (1.09, 2.90) 3.79
Saavalainen 2018 i 1.76 (1.48, 2.09) 6.56
Saraswat 2018 —— 1.77 (1.08, 2.90) 3.77
Surrey 2018 , - 4.00(2.80,5.71) 4.9
Williams 2018 = 2.31(1.76, 3.04) 5.67
Koushik 2017 —= 1.65(1.08,2.53) 4.28
Mogensen 2016 | 1.55 (1.35, 1.77) 6.84
Ruiz 2016 —— 2.58 (1.37, 4.85) 2.86
Wentzensen 2016 N 1.35 (1.07, 1.71) 6.04
Chang 2014 =l 3.28 (1.37, 7.85) 1.84
Buis 2013 ! —=—— 8.40(3.20,22.07) 1.58
Pearce 2012 I: 1.46 (1.31, 1.63) 7.01
Stewart 2012 — 2.33 (1.02, 5.34) 1.99
Bodmer 2011 —l:— 1.55 (0.93, 2.58) 3.65
Kobayashi 2007 ' —&— 8.95(4.64,17.25) 273
Melin 2007 [ H 1.37 (1.15, 1.63) 6.54
Brinton (a) 2005 —la— 1.25 (0.60, 2.60) 2.36
Brinton (b) 2005 - 1.69 (1.27, 2.25) 5.56
Borgfeldt 2004 - 1.34 (1.03,1.75) 5.75
Ness 2002 - 1.52 (0.81, 2.84) 2.90
Venn 1999 — 1.48 (0.48, 4.58) 1.23
Overall (I-squared = 77.5%, p = 0.000) (V] 1.93 (1.68, 2.22) 100.00
'
T ! T
1 1 225

Figure 2. Association between endometriosis and ovarian cancer risk among 24 studies published through 2019. *Note: Brinton
(2) conducted in the USA and Brinton (b) conducted in Denmark. Since the Nurses’ Health Study Il (Poole et al., 2017) and the lowa Women'’s
Health Study (Olson et al., 2002) cohorts were included in the analysis from the Ovarian Cancer Cohort Consortium (Wentzensen et al., 2016), we
did not also include them as individual studies in analyses for ovarian cancer. RR, relative risk, P = P-value, test for between-study heterogeneity.

Cl=1.64-3.31, versus high-grade serous tumours: SRR=1.08, 95%
Cl=0.88-1.32; Preterogeneity < 0.0001). Interestingly, there was no evi-
dence of publication bias in studies reporting endometriosis associa-
tions by ovarian cancer histotype (all Egger's or Begg's tests P-
values > 0.13); however, this could be due to a lack of power given
the small number of studies in each group.

Endometriosis heterogeneity.

Only four studies provided estimates of the association between endo-
metriosis and ovarian cancer risk by endometriosis macro-phenotypic
subtype (Kobayashi et al., 2007; Buis et al., 2013; Kok et al.,, 2015;
Saavalainen et al., 2018b); three of these focused on ovarian endome-
trioma only, irrespectively of other subtypes (Kobayashi et al., 2007;
Buis et al., 2013; Kok et al., 2015). Based on these studies, the SRR
for the association between endometrioma and ovarian cancer was
541 (95% Cl=2.25-13.00) (Supplementary Fig. S3), but with a very
high level of heterogeneity between studies (/> = 82%, P=0.001) al-
beit with no evidence of publication bias (Egger’s test: P=0.24; Begg’s
test: P=0.99). This heterogeneity may exist because these studies
quantified the association for endometriosis cases with any visualization
of endometrioma regardless of the presence of the other macro-

phenotypes (superficial peritoneal and deep endometriosis), thus pro-
hibiting attribution of risk to endometriomas independently. Only one
study reported estimates for all three macro-phenotypes: endome-
trioma (RR=2.56, 95% Cl=1.98-3.27), superficial peritoneal
(RR=1.32, 95% Cl=0.99-1.72) and deep endometriosis (RR= 1.41,
95% Cl=0.29-4.10) (Saavalainen et al., 2018b). The association with
endometrioma was significantly stronger than that for other endome-
triosis subtypes (P=0.03), but again, these groups were not mutually
exclusive, making the estimates difficult to interpret relative to each
other.

Endometriosis and ovarian cancer heterogeneity.

Only one study has produced risk estimates cross-tabulated by both
histotype of ovarian cancer and macro-phenotypic type of endometri-
osis (Saavalainen et al., 2018b). Saavalainen et al. found that endome-
trioma was positively associated with the clear cell (SIR=10.1),
endometrioid (SIR =4.7) and serous (SIR = 1.62) histotypes; superficial
peritoneal endometriosis was also associated with these ovarian can-
cer histotypes, but with a lower magnitude of effect (SIRs=2.67, 2.03
and .32, respectively); while deep endometriosis was not associated
with ovarian cancer risk (SIRs=0.00, 3.35 and 1.4l, respectively,
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although Cls were very wide due to lack of power given the small
number of cases with deep endometriosis). Again, a limitation of this
important contribution was that the histotypes were not mutually
exclusive.

A total of 20 studies were included in the analysis of the association
between endometriosis and breast cancer risk (Moseson et al., 1993;
Venn et al., 1999; Weiss et al., 1999; Baron et al., 2001; Olson et dl.,
2002; Borgfeldt and Andolf, 2004; Bertelsen et al., 2007; Melin et dl.,
2007; Nichols et al., 201 1; Morales et al., 2013; Brinton et al., 2014;
Chuang et al,, 2015; Mogensen et al, 2016; Farland et al., 20163;
Saavalainen et al, 2018a; Saraswat et al., 2018; Surrey et al., 2018;
Williams et al., 2018; Hsu et al., 2019; Lundberg et al., 2019), yielding
a very small and borderline-statistically significant SRR of 1.04 (95%
Cl=1.00-1.09) (Supplementary Fig. S4A, Table II), although with no
evidence of publication bias (Egger's test: P=0.53; Begg's test:
P=0.81). We detected a moderate level of heterogeneity among
studies (> = 59%, P=0.001), but the magnitude of difference was
small when stratified by study design, geographic location (although
studies from Asia were an outlier (SRR= 1.41, 95% Cl = |.14-1.75, P
= 0%, P=0.54)), endometriosis case ascertainment or ROBINS-I risk
of bias (Table Il). The SRR for breast cancer was also similar among
studies that included only populations of women with infertility
(SRR=1.02, 95% Cl=0.97-1.07, [* = 0%, P=0.72; data not shown).
The influence analysis showed no substantial influence of any of the in-
cluded studies on the global estimate (Supplementary Fig. S4B).

Despite the well-established difference in risk factor profile, cancer
characteristics and prognosis by breast cancer tumour subtypes
(Rosner et al., 2013; Farland et al., 2016a), only two studies assessed
associations by breast cancer subtype. Farland et al. reported a posi-
tive association between endometriosis and oestrogen receptor-
positive (ER+)/progesterone receptor-negative (PR—) breast cancer
(ER4+-/PR—: HR=1.90, 95% Cl = 1.44-2.50), but no association with
ER+/PR+ or ER—/PR— tumours (Pheterogenciy = 0.001). Results
were also similar for premenopausal (HR = 1.05, 95% Cl=0.89-1.23)
and postmenopausal breast cancer (HR=0.93, 95% Cl=0.80-1.07),
and among postmenopausal women, results did not change by type of
menopause (natural menopause: HR = 1.06, 95% Cl =0.80-1.36; sur-
gical menopause: HR=0.90, CI=0.75-1.09) (Farland et al.,, 2016a).
Mogensen et al. (2016) reported no difference in association with duc-
tal (SIR=1.04, 95% ClI=0.97-1.10) versus lobular tumours
(SIR=1.10, 95% Cl=0.98-1.33), with both effect estimates of a mag-
nitude similar to that observed for breast cancer risk overall. No study
has evaluated the association with breast cancer by endometriosis
subtypes.

Based on 17 studies (Venn et al., 1999; Olson et al., 2002; Borgfeldt
and Andolf, 2004; Brinton et al., 2005a,b; Melin et al., 2007; Fortuny
et al, 2009; Zucchetto et al., 2009; Rowlands et al., 201 1; Kok et dl.,
2015; Mogensen et al., 2016; Poole et al., 2017; Saavalainen et dl.,
2018b; Saraswat et al., 2018; Surrey et al., 2018; Williams et al., 2018;
Lundberg et al., 2019), the association between endometriosis and en-
dometrial cancer yielded a non-statistically significant SRR of 1.23 (95%
Cl=0.97-1.57), with a high level of heterogeneity among studies (>

= 81%, P<0.0001) (Table Il, Supplementary Fig. S5A). This heteroge-
neity was not explained by cohort (SRR=1.25, 95% Cl=0.96-1.62,
I> = 79%, P<0.0001) versus case-control study design (SRR=1.29,
95% Cl=0.65-2.54, [* = 85%, P<0.0001; Pheterogeneiy = 0.89)—al-
though the within-design heterogeneity was high. We indeed observed
that the association was consistently null among prospective cohort
studies, which rigorously required temporality (i.e. endometriosis must
have been diagnosed prior to the diagnosis of endometrial cancer) and
among which there was no longer any heterogeneity (n=>5 studies,
SRR=0.99, 95% Cl=0.72—1.37, > = 0%, P=0.51) (Table I) (Olson
et al, 2002; Brinton et al., 2005b; Poole et al.,, 2017; Saraswat et al.,

2018; Williams et al., 2018). This is in contrast to the retrospective co-
hort studies (Venn et al., 1999; Brinton et al, 2005a; Melin et dl,
2007; Kok et dal., 2015; Mogensen et al., 2016; Saavalainen et al.,

2018b; Surrey et al, 2018; Lundberg et al, 2019) (n=28 studies,
SRR = 1.40, 95% Cl=1.00-1.96, [* = 86.8%, P<0.0001) (Table II),
with a stronger attenuation than when the meta-analysis was restricted
to the studies that, regardless of design, required temporality (Venn
et al., 1999; Olson et al., 2002; Brinton et al., 2005a,b; Melin et dl.,
2007; Kok et al.,, 2015; Poole et al., 2017; Saavalainen et al., 2018b;
Saraswat et al., 2018) (n=9 studies, SRR=1.11, 95% Cl=0.96—1.27,
> = 0%, P=0.56) (Fig. 3). Three studies (Rowlands et dl., 20! 1;
Mogensen et al., 2016; Williams et al., 2018) presented sensitivity anal-
yses that reported estimates of the endometriosis and endometrial
cancer association after restricting analyses to women whose endome-
triosis was diagnosed more than |2 months before her endometrial
cancer diagnosis. When shifting these three studies from the strata of
studies that did not require temporality to the strata that required
temporality and including these revised study-specific estimates in the
temporality-specific meta-analysis, the SRR was almost halved—reduc-
ing from the original SRR of 1.23 to SRR=1.16 (95% Cl=1.02-1.31,
> = 6%, P=0.39) (data not shown), similar to the original estimate
among the studies requiring temporality (SRR=1.11) (Fig. 3).

In sensitivity analyses excluding the most influential studies, the SRR
ranged from .15 (95% Cl=0.93—-1.41) when excluding the Mogensen
et al. (2016) study to 1.31 (95% Cl=1.05—1.65) when excluding the
Borgfeldt and Andolf (2004) study (Supplementary Fig. S5B). There
was no evidence of publication bias (Egger’s test: P=0.85; Begg's test:
P=0.25).

Two studies have attempted to evaluate the relationships between
endometriosis and endometrial cancer subtypes. Mogensen et al.
(2016) reported a stronger association for type | (SIR=1.54, 95%
Cl=1.20-1.96) versus type Il (SIR=1.06, 95% Cl=0.28-2.71)
tumours, although Cls were wide for type Il tumours and included the
SIR and the full Cl range observed for type | tumours. Brinton et al.
(2005b) reported a similar difference in association for both common
indolent types (RR = 1.14) and uterine sarcomas (RR=2.72); cases of
carcinosarcoma and aggressive types of endometrial cancer were too
few to quantify an association with endometriosis.

Cutaneous melanoma.

A total of seven studies were included in the analysis for cutaneous
melanoma (Holly et al., 1995; Young et al., 2001; Olson et al., 2002;
Brinton et al, 2005a; Melin et al, 2007; Farland et al, 2017;
Saavalainen et al, 2018a), for which the summary association with
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%
Author Year RR (95% Cl) Weight
Studies that did not require temporality l:
Lundberg 2019 . 0.94 (0.76,1.17) 8.75
Surrey 2018 , —a— 2.40 (1.60,3.80) 7.24
Williams 2018 —_— 0.75(0.35,1.43) 5.25
Mogensen 2016 , - 213(1.77,255) 893
Rowlands 201M —B— 1.47 (1.00,2.17) 7.58
Fortuny 2009 - 1.50 (0.80, 2.60) 6.04
Zucchetto 2009 : - 4.03 (1.04, 15.52) 2.40
Borgfeldt 2004 —- |, 0.58 (0.42,0.81) 8.02
Subtotal (l-squared = 90.3%, p = 0.000) <> 1.35(0.89, 2.04) 54.21
Studies that required temporality -
Saavalainen 2018 v 1.04 (0.80,1.32) 8.55
Saraswat 2018 1.14 (0.57,2.28) 5.32
Poole 2017 —a— 0.68 (0.30, 1.56) 4.51
Kok 2015 L——»— 405(1.20,13.66) 2.79
Melin 2007 - 1.14 (0.93,1.39) 8.83
Brinton (a) 2005 —_— 0.82(0.30,1.90) 3.98
Brinton (b) 2005 — 1.23(0.63,2.38) 5.51
Olson 2002 —— 1.20(0.57,2.53) 4.98
Venn 1999 . 0.91(0.13,6.49) 1.32
Subtotal (I-squared = 0.0%, p = 0.577) @ 1.11 (0.96, 1.27) 45.79
L]
4 1
Overall (l-squared = 81.1%, p = 0.000) > 1.23(0.97, 1.57)  100.00
i
1 ! I
.05 1 15.6

Figure 3. Evaluation of the association between endometriosis and endometrial cancer risk among 17 studies published through
2019; eight that did not require temporality in the analyses and nine that did (i.e. endometriosis diagnosis had to precede the en-
dometrial cancer diagnosis, not diagnosed concurrently). *Note: Brinton (a) conducted in the USA and Brinton (b) conducted in Denmark.

P = P-value, test for between-study heterogeneity.

endometriosis was a modest non-significant SRR=1.17 (95%
Cl=0.97-1.41) (Supplementary Fig. S6, Table Ill) and no evidence of
publication bias was found (Egger’s and Begg’s tests: P=0.88). There
was a moderate level of heterogeneity among studies (> = 51%,
P=0.05). There were slightly higher levels of heterogeneity when
comparing studies conducted in Europe (SRR=1.21, 95% Cl=0.99—
1.48, * = 69%, P=0.04) versus North America (SRR= 1.07, 95%
Cl=0.57-2.01, * = 57%, P=0.09). However, here again, the hetero-
geneity appeared to be attributed to ROBINS-| risk of bias (low or
moderate: SRR= 1.71, 95% Cl = |.24-2.36, [* = 0%, P=0.59; serious
or critical: SRR = 1.08, 95% Cl =0.87—1.26, > = 32%, P=0.21), with
the statistically significant association observed among studies with
low/moderate bias. The test for heterogeneity comparing the endo-
metriosis to melanoma association between the two risk of bias cate-
gories was of borderline statistical significance (Pheterogenciy = 0.07).
Only one study provided estimates by tumour characteristics and
reported no statistically significant differences according to melanoma
subtype or primary tumour body site (Farland et al., 2017).

Basal-cell carcinoma.
Only two studies have assessed the association between endometri-

osis and the risk of basal-cell carcinoma (Farland et al, 2017;
Saavalainen et al., 2018a). The analysis yielded an SRR of 1.18 (95%

Cl=1.11-1.25), with no detected heterogeneity (> = 0%, P=0.89)
(Supplementary Table SII).

The analysis of the association between endometriosis and thyroid
cancer included five studies (Brinton et al., 2005a,b; Melin et al., 2007;
Braganza et al., 2014; Guenego et al., 2018), producing an SRR of 1.39
(95% Cl=1.24-1.57) (Fig. 4, Table Ill). This was the most robust pos-
itive cancer association, with no evidence of heterogeneity (> = 0%,
P=0.69) or publication bias (Egger's test: P=0.69; Begg's test:
P=0.49), and most studies considering temporality (n =4 studies).

Based on five studies (Olson et al., 2002; Brinton et al., 2005a; Melin
et al., 2006; Kok et al., 2015; Saavalainen et al., 2018a), our analysis
yielded an SRR of 1.00 (95% Cl=0.87-1.16) for the association be-
tween endometriosis and colorectal cancer risk, with no evidence of
publication bias (Egger’s test: P=0.49; Begg's test: P=0.21) and low
heterogeneity among studies (> = 40%, P=0.16) (Supplementary Fig.
S7). However, the association was positive (SRR=2.29) and of bor-
derline statistical significance, although with a wide ClI (95% Cl= 1.00—
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Table 11l SRRs and 95% Cls for the associations between endometriosis and risk of non-hormone-dependent cancers, by can-
cer type for those cancer types with at least four studies published through 2019.

Number of studies SRR (95% CI) 1% (%) P?within PLecween
Cutaneous melanoma
All studies 7 1.17 (0.97-1.41) 51.3 0.05
By study design
Case control I 0.86 (0.53-1.40) —- —- 0.25
Cohort 6 1.21 (0.99-1.48) 537 0.06
Retrospective cohort 3 1.17 (0.96—1.44) 61.8 0.07 0.40
Prospective cohort 2 1.16 (0.52-2.16) 535 0.12
By geographic location
North America 3 1.07 (0.57-2.01) 56.7 0.09 0.59
Europe 3 1.21 (0.99-1.48) 69.3 0.04
Asia 0 —- —- —-
Australia I 0.62 (0.16-2.41) — —
Multiple locations 0 —- —- —-
By assessment of endometriosis
Self-reported 0.82 (0.53-1.27) 0.0 0.66 0.18
Medical records/registry 1.24 (1.01-1.52) 582 0.05
Required temporality®
No I.11(0.63-1.96) 63.7 0.06 0.87
Yes 4 1.15 (0.94-1.40) 53.1 0.09
ROBINS-| risk of bias
Low/moderate 1.71 (1.24-2.36) 0.0 0.59 0.07
Serious/critical 1.08 (0.93-1.26) 319 0.21
Thyroid cancer
All studies 5 1.39 (1.24-1.57) 0.0 0.69
By study design
Case control 0 —- —- —- —-
Cohort 5 1.39 (1.24-1.57) 0.0 0.69
Retrospective cohort 3 1.42 (1.25-1.60) 0.0 0.41 0.53
Prospective cohort 2 1.26 (0.91-1.74) 0.0 0.98
By geographic location
North America 3 1.65 (0.73-3.76) 40.6 0.19 0.86
Europe 3 1.39 (1.23-1.57) 0.0 0.77
Asia 0 —- —- —-
Australia 0 —- —- —-
Multiple locations 0 —- —- —-
By assessment of endometriosis
Self-reported 2 1.26 (0.94-1.70) 0.0 0.96 0.56
Medical records/registry 1.40 (1.24-1.58) 0.0 0.55
Required temporality®
No I 1.26 (0.85-1.86) — —- 0.52
Yes 4 1.41 (1.25-1.59) 0.0 0.58
ROBINS-| risk of bias
Low/moderate 1.62 (0.74-3.55) 45.5 0.18 0.82
Serious/critical 1.40 (1.24-1.58) 0.0 0.82
Colorectal cancer
All studies 5 1.00 (0.87-1.16) 39.8 0.15
By study design

Continued
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Table Ill Continued

Case control
Cohort
Retrospective cohort
Prospective cohort
By geographic location
North America
Europe
Asia
Australia
Multiple locations
By assessment of endometriosis
Self-reported
Medical records/registry
Required temporality®
No
Yes
ROBINS-I risk of bias
Low/moderate
Serious/critical
Colorectal cancer subtypes
Colon
Small intestine
Rectal
Cervical cancer
All studies
By study design
Case control
Cohort
Retrospective cohort
Prospective cohort
By geographic location
North America
Europe
Asia
Australia
Multiple locations
By assessment of endometriosis
Self-reported
Medical records/registry
Required temporality
No
Yes
ROBINS-I risk of bias
Low/moderate

Serious/critical

Number of studies

A~ U1 O

O O O »~ O N W

o

|
3

SRR (95% CI)
1.00 (0.87-1.16)
1.03 (0.91-1.16)
0.73 (0.48-1.11)
1.08 (0.41-2.83)
1.01 (0.93-1.10)

2.99 (0.72-12.46)

1.03 (0.91-1.16)
0.73 (0.48—1.11)
1.00 (0.87-1.16)

2.29 (1.00-5.26)
1.00 (0.90-1.10)

0.96 (0.86-1.07)
1.19 (0.82-1.73)
1.09 (0.96-1.25)

0.68 (0.56-0.82)
0.57 (0.37-0.89)
0.71 (0.57-0.88)

0.73 (0.58-0.92)
0.60 (0.34—1.07)

0.68 (0.56-0.82)

0.68 (0.56-0.82)

0.57 (0.37-0.89)
0.71 (0.57-0.88)

0.60 (0.34-1.08)
0.69 (0.56-0.85)

P (%)

39.8
29.1

68.9

0.0
24.6

0.9
0.0
0.0

0.0

0.0

0.65
0.26

0.37
0.57

0.54

0.76

0.61

b
P between

0.28

0.53

0.28

0.15

0.48

0.39

0.42

0.39

0.69

I* (%) is a measure of the proportion of the heterogeneity attributed to between-study variation rather than due to chance. *-values of 25%, 50% and 75% indicate low, moderate and

high between-study heterogeneity, respectively.

?P-value testing for heterogeneity among the studies within each cancer type.
5P-value testing for between subgroup or category heterogeneity generated from meta-regression analysis.
Studies were considered to have required temporality (i.e. ‘yes’) if the endometriosis diagnosis had to precede the cancer diagnosis (i.e. they were not diagnosed at the same time)

within the analyses.
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Author Year
Guenego 2018
Saavalainen 2018
Braganza 2014 —
Melin 2007
Brinton 2005 1

Overall (I-squared = 0.0%, p = 0.693)

%
RR (95% Cl) Weight
1.26 (0.85, 1.86)  8.84
‘ 1.43(1.23,1.64) 65.48
i— 1.25(0.70,2.23) 4.04
. 1.33(1.02,1.70)  20.77
: 3.09 (0.90, 10.70) 0.88
1.39 (1.24, 1.57)  100.00

Figure 4. Evaluation of the association between endometriosis and thyroid cancer risk among five studies published through

2019. P = P-value, test for between-study heterogeneity.

5.26) when the analysis was restricted to studies with low or moder-
ate risk of bias (Table III).

Four studies were included in the analysis of endometriosis in rela-
tion to cervical cancer (Borgfeldt and Andolf, 2004; Melin et dl.,
2007; Saavalainen et al., 2018b; Saraswat et al., 2018), which yielded
a robust statistically significant SRR of 0.68 (95% Cl=0.56-0.82)
(Fig. 5). We detected no heterogeneity among studies (> = 0%,
P=0.76) or publication bias (Egger’s test: P=0.37; Begg's test:
P=0.50). Of note, all studies were conducted in European coun-
tries and all ascertained endometriosis case definition based on self-
report (Table IlI).

The risk of several other cancer types was assessed in relation to en-
dometriosis but based on three or fewer studies: lymphatic and hae-
matopoietic cancers (SRR=1.09, 95% Cl=1.00-1.19; * = 86%,
P=0.007; n=2 studies (Melin et al., 2007; Saavalainen et al., 2018a));
non-Hodgkin lymphoma (SRR=1.18, 95% Cl=1.00-1.41; P = 41%,
P=0.18; n=3 studies (Olson et al, 2002; Melin et al, 2006;
Saavalainen et al, 2018a)); leukaemia (SRR=1.07, 95% CI=0.88-
1.31; P = 14%, P=0.28; n=2 studies (Melin et al., 2006; Saavalainen
et al,, 2018a)); lung cancer (SRR=0.94, 95% Cl = 0.84—1.04; I* = 0%,
P=0.64; n=3 studies (Olson et al, 2002; Melin et al, 2006;
Saavalainen et al., 2018a)); gastric cancer (SRR=10.97, 95% Cl=0.81—
1.18; * = 0%, P=0.52; n=2 studies (Melin et al., 2007; Saavalainen
et al., 2018a)); liver cancer (SRR = 1.05, 95% Cl=0.77-1.44; I* = 0%,
P=0.34; n=2 studies (Melin et al, 2006; Saavalainen et al., 2018a);
pancreatic cancer (SRR=0.96, 95% Cl=0.61-1.50; P = 86%,

P=0.008; n =2 studies (Melin et al., 2007; Saavalainen et al., 2018a));
urinary cancer (SRR=0.99, 95% Cl=0.83-1.18; P = 0%, P=0.60;
n=2 studies (Olson et al., 2002; Saavalainen et al., 2018b)); bladder
cancer (SRR=0.94, 95% Cl=0.76-1.14; > = 0%, P=0.84; n=2
studies (Melin et al., 2007; Saavalainen et al., 2018b)); buccal cancer
(SRR=0.83, 95% Cl =0.45-1.55; I* = 86%, P=0.007; n=2 studies
(Melin et al, 2007; Saavalainen et al, 2018b)); brain cancer
(SRR=1.18, 95% Cl=1.02—1.36; I> = 49%, P=0.16; n=2 studies
(Melin et al, 2007; Saavalainen et al, 2018a); and renal
cancer (SRR=1.20, 95% Cl=0.93—1.55; I* = 66%, P=0.09; n=2
studies (Melin et al, 2007, 2018a))
(Supplementary Table SlI).

Saavalainen et al.,

Discussion

The present meta-analysis reviewed 49 cohort or case-control studies
on endometriosis and cancer risk published through October 2019.
While prior research has focused primarily on gynaecologic cancers
(ovarian cancer: n=24 studies; breast cancer: n=20 studies; endo-
metrial cancer: n= |7 studies), investigation of other cancer sites has
been limited (n=2-7 studies). The included studies in this meta-
analysis varied by type of population and source of the unexposed
group, and most were subject to bias; based on the ROBINS-| tool,
only 23/49 studies had low/moderate risk of bias, while 26/49 studies
had serious or critical risk of bias. Sensitivity analyses stratified by sam-
ple population and study design characteristics yielded some markedly
different SRR effect estimate magnitudes;
small number of papers contributing to most subgroup analyses,
power to detect statistically significant heterogeneity among categories
was often low.

however, given the
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Author Year

Saavalainen 2018
Saraswat 2018
Melin 2007
Borgfeldt 2004

Overall (I-squared = 0.0%, p = 0.756)

obity

%
RR (95% Cl) Weight
- 0.76(0.50,1.09) 2455

t 0.60(0.34,1.08) 11.16
0.71(0.53,0.94)  45.41
0.57 (0.37,0.90) 18.87

0.68 (0.56, 0.82)  100.00

-
38

Figure 5. Evaluation of the association between endometriosis and cervical cancer risk among four studies published through

2019. P = P-value, test for between-study heterogeneity.

In the present meta-analysis, we confirmed that endometriosis was as-
sociated with a |.9-fold greater risk of ovarian cancer compared with
women without endometriosis, with higher magnitudes and consis-
tency of risk for clear cell (3.4-fold) and endometrioid (2.3-fold) histo-
types of ovarian cancer. Unfortunately, study heterogeneity was high
and publication bias was evident. Risk was potentially driven by those
with an endometrioma, although exclusion of risk for other endometri-
osis macro-phenotypes could not be determined.

Endometriosis was also associated with a very small (4%) but
borderline-statistically significant higher risk of breast cancer. Although
derived from a much smaller body of literature (n=>5 studies), endo-
metriosis was associated with a 39% greater risk of thyroid cancer
with little heterogeneity identified among studies. The relationship with
endometrial cancer, although reported as statistically significantly posi-
tive in a previous meta-analysis, was strongly attenuated in this analysis
and not statistically significantly associated with endometriosis when
temporality was rigorously addressed to reduce the high risk of diag-
nostic bias. The most robust association observed was a highly signifi-
cant 32% lower risk of cervical cancer for women with endometriosis
compared with those without.

Ovarian cancer.

The present meta-analysis calculated a 93% greater risk of ovarian can-
cer among women with endometriosis compared with those without,
which is a higher magnitude than those yielded in two earlier meta-
analyses (Kim et al, 2014: SRRs=1.27-1.80; Wang et al, 2016:
OR = 1.42) (Kim et al., 2014; Wang et al., 2016), but similar to that in
Li et al’s (2019: SRR=1.96). However, compared with our meta-
analysis, these earlier works either considered some study samples
twice (where we restricted to the most recent publication from the

same study population), included cross-sectional studies, and/or con-
sidered a single study several times when including risk estimates pre-
sented for multiple subgroups. Of note, an analysis by geographic
location showed a 4-fold increased ovarian cancer risk in women with
endometriosis in Asia. However, this result is likely driven by the
known higher prevalence of clear cell ovarian cancers in Asian women
(Coburn et al., 2017; Lee et al., 2019), which unfortunately could not
be verified in our analysis as estimates by ovarian cancer histotype
were not available in the Asian studies.

Of critical importance to translation of these results to women with
endometriosis, the clinicians who provide care, scientists considering
future studies—and perhaps a warning for journal editors is that there
was strong evidence for publication bias. This suggests an overestima-
tion of the magnitude of the association between endometriosis and
ovarian cancer. This may be driven by a belief by reviewers and edi-
tors that any study that does not demonstrate this positive association
is incorrect, but it may also reflect that as ovarian cancer is very rare,
extremely large cohort sample sizes or multi-site case-control studies
are needed to yield power to quantify statistical significance that is too
often the focus (Farland et al., 2016b; Greenland et al, 2016;
Rothman, 2016; Wasserstein and Lazar, 2016; Amrhein et al., 2019).
Publication bias is a threat to future studies of endometriosis and other
cancer types as well if assumptions about their relationship with endo-
metriosis also become engrained, as it may have for ovarian cancer.

We also detected a high level of heterogeneity among studies that
was in part driven by ovarian cancer histotype—reinforcing that the
higher risk of ovarian cancer in women with endometriosis is restricted
to the clear cell and endometrioid histotypes, and future studies
should focus on these histotypes rather than on ovarian cancer overall.
While we found no evidence of publication bias in analyses by ovarian
cancer histotype, it is important to note that the tests are likely to be
underpowered among the small number of publications that included
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these histotypes; we thus cannot rule out publication bias in associa-
tions by subgroup also.

Some have posited that the endometrioma macro-phenotypic sub-
type of endometriosis is the primary pathway for neoplastic transfor-
mation (Lac et al, 2019a,b). However, only four studies quantified
endometrioma-specific risk of ovarian cancer, all of which were under-
powered. Furthermore, the estimates included endometrioma regard-
less of the co-occurrence of other endometriosis macro-phenotypes
(i.e. superficial peritoneal or deep endometriosis); none of the studies
were able to restrict risk estimation to presence of endometrioma ex-
clusively. Superficial peritoneal and deep endometriosis are also associ-
ated with a peritoneal environment (e.g. hyper-inflammatory)
(Zondervan et al., 2020) amenable for malignant transformation and
need to be considered in light of the non-ovarian origin for many ovar-
ian cancers (Vaughan et al., 201 ). Equally importantly, since endome-
trioma is more likely to be visualized at diagnostic imaging than other
endometriosis subtypes (Dunselman et al., 2014), a diagnostic bias
specific to endometrioma is likely in this association, which may further
bias the results. Moreover, endometriosis is presumably more likely to
be identified and the ovary visualized in women with ovarian cancer
than in those without (which also further reinforces the importance of
taking temporality into account). This diagnostic bias critically needs to
be explored in future research in order to determine whether the as-
sociation between endometriosis and ovarian cancer is restricted to a
specific endometriosis subtype.

Some pathologists have argued that endometrioma should be con-
sidered a pre-cancerous lesion. Endometrioma and ovarian cancer
share common molecular alterations and somatic mutations
(Ruderman and Pavone, 2017). However, the prevalence of cancer
driver mutations in deep endometriosis lesions is suggested to be iden-
tical to that of endometrioma (Anglesio et al., 2017), and since deep
endometriosis is not linked to ovarian cancer (Saavalainen et al.,
2018b), we would have expected a significantly higher prevalence of
these mutations in endometriomas to attribute causality. Furthermore,
it must be considered that cancer driver mutations are also observed
at high proportions in eutopic endometrium from healthy women (Lac
et al, 2019a). More targeted research that focuses on both endome-
triosis macro-phenotypic subtypes and restricts to the ovarian cancer
histotypes with evidence of association with endometriosis is needed.
It is possible that all endometriosis phenotypes arise from or catalyse
local and systemic changes that increase the risk of clear cell or endo-
metrioid ovarian cancer, but endometriomas have a unique (Yland
et al, 2019) additional neoplastic transformation pathway with the
highest magnitude of risk.

Endometrial cancer.

In our study, the association with endometrial cancer varied greatly in
sensitivity analyses, with high between-study heterogeneity and evi-
dence of impact by methodologic considerations among the included
studies. While the overall estimate suggested a 23% greater risk of en-
dometrial cancer in women with endometriosis, the relationship was
not statistically significant—similar to that reported in a recent meta-
analysis (17% (Li et al., 2019)), but not in another in which the magni-
tude of the relation was higher and statistically significant (38%
(Gandini et al., 2019)). One source of heterogeneity among the meta-
analyses may be differing approaches to inclusion/exclusion of studies
without adjustment for potential confounders. BMI in particular is a

known risk factor for both endometriosis (higher risk for those with
lean body size) (Shafrir et al,, 2018) and endometrial cancer (higher
risk for those with overweight or obese body size) (Renehan et dl,
2008) and must be accounted for to generate valid risk estimates.

More clearly, in the present meta-analysis, the association remained
of similar magnitude and borderline statistical significance when
restricting to retrospective studies. However, the positive association
disappeared entirely in further subgroup analyses; there was a ~ 10—
25% decrease in the SRR estimation when carefully considering tempo-
rality, i.e. endometriosis must be diagnosed prior to the endometrial
cancer diagnosis to invoke risk or causal inference. These differences
suggest that, while endometriosis may be present at the time of endo-
metrial cancer diagnosis over a woman’s lifetime, heightened detection
of endometriosis during the evaluation for endometrial cancer (com-
pared with women who are not undergoing an evaluation for endome-
trial cancer) may be driving this association. These conflicting results
remain an intriguing area for future study of both endometriosis and
endometrial cancer physiology.

Cervical cancer.

Our analysis yielded a 32% lower risk of cervical cancer in women
with endometriosis, which is consistent with the findings from previous
meta-analyses (33% (Li et al., 2019) and 22% (Gandini et al., 2019)).
However, the association between endometriosis and cervical cancer
needs careful interpretation as there is an obvious sociologic mecha-
nism. Women who reached an endometriosis diagnosis, by definition,
have better than typical access to health care (Shafrir et al., 2018) and
are more likely than women without endometriosis to be exposed to
frequent gynaecologist visits. They therefore are also more likely to re-
ceive routine screening for, and detection and treatment of, cervical
hyperplasia. Therefore, we hypothesize that this inverse association
most likely does not reflect causality, but implies diagnostic and treat-
ment bias. This shows the importance of taking into account the im-
pact of the health-care system and access to care when assessing the
associations between endometriosis and cancer. However, there are
other feasible pathways that should be the target of future studies in-
cluding if women with endometriosis have a lower prevalence of hu-
man papillomavirus (HPV) infection potentially due to the negative
impact of dyspareunia and chronic pelvic pain on sexual relationships,
or if there is altered cervical or vaginal physiology or local environmen-
tal milieu that could protect against distal neoplastic transformation.

Other cancers.

Our results suggest that endometriosis is associated with breast cancer
at a very low magnitude (4% higher risk compared with women with-
out endometriosis). This estimate is consistent with that reported by
Gandini et al. (2019). However, the majority of risk factors for breast
cancer have clear subtype associations with emerging physiologic pat-
terns, and therefore breast cancer can definitively not be treated as
one entity (Glynn et al., 2019; Mavaddat et al., 2019; Vallvé-Juanico
et al., 2019). Unfortunately, only one study has reported on the asso-
ciation with endometriosis by breast cancer subtypes; Farland et al.
(2017) reported a 90% higher risk of ER+/PR— tumours in women
with endometriosis, but a null association with other tumour subtypes.
Future studies, similar to the emerging evidence for ovarian cancer,
must attempt to identify variation in risk by breast cancer subtypes.
Furthermore, we found a 39% higher risk of thyroid cancer in women
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with endometriosis compared with women without endometriosis.
The association with endometriosis may be another example of diag-
nostic bias, as in the USA, there has been a large increase in diagnosis
of early-stage thyroid cancer that reflects over-diagnosis among those
with high access to care (Jegerlehner et al., 2017).

Regarding cutaneous melanoma, although the risk estimate was
close to statistical significance, our results suggest no association be-
tween endometriosis and the risk of this cancer, consistent with those
from Gandini et al. (2019). However, more than for any other cancer,
the magnitude of the SRR and statistical significance was considerably
higher when the meta-analysis was restricted to studies with low/
moderate risk of bias. This suggests that, compared with the other
cancers explored, biases may more strongly be masking a true associa-
tion between endometriosis and cutaneous melanoma, which warrants
continued high-quality future study. In contrast, in the present meta-
analysis, there was also no evidence of an association with colorectal
cancer, which had never been reported in previous meta-analyses, in
the main or any sensitivity analysis. Our results also suggest no statisti-
cally significant association with haematopoietic, lung, gastric, liver, pan-
creatic, urinary tract, buccal or renal cancers, and a modest increased
risk of brain cancer. However, the number of studies reporting risk
estimates for these associations is very low; therefore, further research
needs to be undertaken before any conclusion can be made.

Using the ROBINS-I tool, the risk of bias was severe or critical for
53% of the 49 included studies investigating the association between
endometriosis and cancer risk. Therefore, determination of the true
magnitude of risk and precise statistical associations, and thus causal in-
ference, is premature. Future studies attempting to yield valid esti-
mates must incorporate the following key methodologic issues to
advance this field.

Temporality.

If endometriosis is a causal factor contributing to the aetiology of can-
cer, then endometriosis must occur before the cancer. To ensure this
temporal order, the use of a prospective cohort design is recom-
mended, allowing for time-varying covariate analysis with duration of
follow-up sufficiently long to allow for post-endometriosis cancer initia-
tion and promotion. Nevertheless, retrospective designs (case-control
or retrospective cohort studies) can validly require temporality by
strictly defining the exposure to include only endometriosis diagnosed
at least | year prior to cancer diagnosis. A longer window would be
more conservative with respect to a biologically sound window for
causal contribution to cancer development, while this window is more
conservative with respect to retaining study sample size. Our meta-
analytic findings indeed illustrate that taking temporality into account
can dramatically change conclusions, as shown for the purported asso-
ciation  between  endometriosis and  endometrial
Documentation and incorporation of dates of diagnosis are thus essen-
tial and cross-sectional diagnosis is invalid for causal inference.

cancer.

Nonetheless, causal inference remains complex given our lack of
knowledge regarding the natural history of endometriosis initiation and
progression, together with long delays to surgically or radiologically vi-
sualized diagnosis and the more well understood but imprecise timing

for onset of cancer. Ideally, given the current delay from symptom on-
set to diagnosis for endometriosis (Nnoaham et al., 201 I), we would
further wish to explore the impact of a latency window relative to
symptom onset; however, no study has yet included analysis by symp-
tom timing. Accounting for time-varying potential confounders and
consideration of effect modifiers associated with likelihood of, and
time to, diagnosis will help to better elucidate the potential true
associations.

Misclassification and population sampling.

Endometriosis has a high potential to be misclassified, either by being
over-reported (in hospital/clinical-based studies) or under-reported (in
population-based studies) (Ghiasi et al., 2020). Indeed, investigations
are able to document only those women who successfully achieved
evaluation and diagnosis (Shafrir et al., 2018). Because of the lack of a
non-invasive diagnostic tool, diagnostic biases are likely driven by the
characteristics of women who are able to access surgical or imaging di-
agnosis, or by the clinical symptoms characteristic of different endome-
triosis  sub-phenotypic populations (Zondervan et al, 2020). In
addition, the potential for diagnostic bias is likely to change over time
due to the beneficial evolution of diagnostic methods and definitions,
changing awareness of endometriosis in the population, and improved
access to care.

Given these detection biases, with current barriers to diagnosis, re-
gardless of study design, there will always be undiagnosed cases of en-
dometriosis included within the unexposed group of women, which
will attenuate the quantified associations. This may be particularly im-
pactful for studies of endometriosis and cancer as the proportion of
undiagnosed cases will be larger as we move earlier in calendar time,
and yet we need prospective studies of long duration to allow for the
post-endometriosis window of cancer initiation, promotion and
detection.

In addition, specific issues relate to the selection of the comparison/
unexposed group in endometriosis studies (Missmer, 2019). While
population-based studies are estimated to have a low risk of bias
(Zondervan et al., 2002), those basing the comparison group on a se-
lected sample (women with infertility or who have undergone hyster-
ectomy) have even lower levels of endometriosis misclassification.
However, this selection introduces impactful biases that force compari-
son of endometriosis pathology to the other pathologies that brought
the women into the restricted population (i.e. other causes of infertil-
ity) that also may be associated with cancer risk and thus drive the as-
sociation to the null (Missmer, 2019).

Confounding and mediation.

As described in more detail below, it is important to evaluate if the
associations under study are driven by common risk factors, should
they precede both endometriosis and cancer (confounding) or be
along the causal pathway between endometriosis and cancer
(mediation).

Study robustness and study heterogeneity.

Statistically significant heterogeneity was observed among the
endometriosis-associated literature for a large portion of cancer types
(overall cancer risk and risk of ovarian, breast and endometrial can-
cers, with possible heterogeneity of borderline statistical significance
for cutaneous melanoma risk). Heterogeneity was in part driven by
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important limitations of many of the studies that resulted in high risk
of bias (e.g. misclassification of endometriosis or cancer, temporality,
confounding, missing data, population selection) and thus likely effect
estimates that were at best inaccurate and at worst invalid.
Heterogeneity was also contributed to by internally valid but compara-
tively different characteristics of the study-specific populations. From
one population to another, we would expect true differences in the
prevalence of endometriosis and in the incidence and distributions of
different cancer types. For overall cancer risk in particular, the RR
would be skewed to an inverse association if the population over-
selected for cervical cancers, but skewed to a positive association if
the population over-selected for ovarian cancers. Differences in other
population characteristics may include confounding or mediating envi-
ronmental exposures on one continent compared with another, the
age distribution of the population, or access to care differences among
populations that could be driven by different calendar time windows
or by health-care infrastructure differences during comparable time
periods. It is also important to highlight that the studies are skewed to-
wards populations within Europe or of European descent, and thus, if
risk heterogeneity by race/ethnicity or region exists, they are wholly
absent or underpowered for discovery via meta-analysis of the current
literature.

Endometriosis and cancer disease heterogeneity.

Very few studies were sufficiently powered to evaluate risk heteroge-
neity attributable to endometriosis phenotypes or to cancer subtypes.
A large impediment is the lack of routine, harmonized documentation
of endometriosis characteristics, whether macro-phenotype (endome-
trioma, superficial peritoneal or deep endometriosis) or revised
American Society for Reproductive Medicine stage (Becker et dl.,
2014) and its absence from International Classification of Diseases
coding (Whitaker et al., 2019). Recording (Becker et al., 2014; Vitonis
et al, 2014) and using such data are critical, however, as identifying
associations with the different forms of endometriosis may lead to
new insights into the aetiology of the disease (Zondervan et dl., 2018,
2020). Our subgroup meta-analyses reinforced that the association be-
tween endometriosis and ovarian cancer was restricted to specific can-
cer subtypes (clear cell and endometrioid). However, only four studies
examined the association with ovarian cancer according to endometri-
osis macro-phenotype, and none were able to provide estimates for
any type exclusively. Beyond the association between endometriosis
and cancer, very few studies overall have published estimates of the
proportion of women with the different endometriosis macro-
phenotypes, and existing estimates are likely biased because samples
are unrepresentative of the overall population of cases. Indeed, among
all women who reached an endometriosis diagnosis, only those with
surgical visualization will have a valid representation of proportion with
the three macro-subtypes present (i.e. for women diagnosed through
imaging, superficial peritoneal endometriosis will be missed
(Zondervan et al., 2020)). In a recent study based on data from the
Finnish Hospital Register, however, among 45 769 endometriosis cases
with macro-phenotype data, 44% had superficial peritoneal endometri-
osis, 51% endometrioma and 5% deep endometriosis at index proce-
dure; these subtype proportions were not exclusive of other subtypes
(Saavalainen et al., 2018b). This lack of data on endometriosis charac-
terization reinforces the need to collect and report macro-phenotype
data for endometriosis research globally.

Despite the well-established distinct highly informative cancer sub-
types, few studies have quantified the association between endometri-
osis and cancer subtypes. For example, only two studies examined
breast cancer subtype, one categorizing breast cancer cases by ER/PR
tumour receptor status (Farland et al., 2016a) and one by histologic
type (Mogensen et al., 2016). Two studies examined heterogeneity in
the association with endometrial cancer—one by endometrial cancer
histotype (Brinton et al, 2005a) and one by type I/Il tumour type
(Mogensen et al.,, 2016)). One study has quantified the relation be-
tween endometriosis and melanoma subtypes (Farland et al., 2017).
Only Kok et al. (2015) attempted to explore cancer risk (endometrial
cancer) by endometriosis macro-phenotype. No study has evaluated
cancer risk among women with extra-pelvic endometriosis.

One study produced cross-categorized risk estimates by macro-
phenotype of endometriosis and ovarian cancer subtype (Saavalainen
et al, 2018b). An approach that includes estimates by different endo-
metriosis and cancer types must become the seminal approach when-
ever possible going forward in order to fully explore disease
heterogeneity. Until this specific body of literature expands, we will
not have a clear understanding of the link between endometriosis and
cancer risk. The difficulty is: from where will these required data
come! Future research needs to focus on identifying heterogeneity
that reflects informative effect modification or true endometriosis phe-
notypic or cancer type variation. The emerging ovarian cancer data
provide early evidence of the latter, as study heterogeneity was no
longer present in analyses stratified by ovarian cancer subtype.

Publication bias.

Our meta-analysis demonstrated strong evidence for publication bias
in the association between endometriosis and ovarian cancer, which
likely distorted the meta-analytic result by overestimating this associa-
tion. This suggests that, while the body of literature focused on the re-
lation between endometriosis and ovarian cancer is largest by far
among all cancer type-specific exploration, it is skewed towards suc-
cessful acceptance of studies showing a positive association. In order
to obtain a true quantification of cancer risk in women with endome-
triosis, high-quality studies need to be published regardless of the di-
rection or magnitude of their result (whether null, positive or inverse),
so as to not mislead interpretation and mask truth.

Focusing where robust associations between endometriosis and can-
cers are observed that allow for generation of hypotheses regarding
causal physiologic mechanisms, we first must consider if shared risk
factors (e.g. genetic susceptibility or an associated patient characteristic
or environmental exposure) are driving the association between endo-
metriosis and cancer rather than a direct causal pathway. Cross-
disease genetic correlation analyses, which use genome-wide associa-
tion studies datasets, have reported loci common to endometriosis
and ovarian cancer, again particularly with the clear cell, endometrioid
and serous histotypes (Lu et al., 2015; Lee et al., 2016), and between
endometriosis and endometrial cancer, with |13 loci identified as impli-
cated in both diseases (Painter et al., 2018). However, it is important
to note that these studies did not explore variation in loci associations
by method of endometriosis case ascertainment nor did they consider
the potential influence of diagnostic biases.
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Known shared risk factors between endometriosis and cancer in-
clude demographics, anthropometry, menstrual cycle characteristics,
lifestyle and environmental toxins, which may confer classic confound-
ing of the quantified association between the conditions if not
accounted for in study design or statistical analyses. Too few studies
adjusted for any potential confounders beyond age, let alone compara-
ble confounding adjustment among the studies, to compare meta-
analytic results stratified by the confounders considered in the study-
specific multivariable analyses. However, when we restricted the analy-
sis to those studies with low or moderate risk of bias, which were re-
quired by the ROBINS-I tool to consider potential confounders, the
magnitude of associations was often strengthened, suggesting an over-
all negative confounding effect of such factors.

As noted above, the inverse association between endometriosis and
cervical cancer may be unique in this footprint as it could be modified
by selection bias towards a population with high access to care
(women who reached an endometriosis diagnosis also have access to
routine screening) or be mediated by the detrimental impact of
endometriosis-specific symptoms on sexual health that may uninten-
tionally lower risk of HPV infection (Johnson et al., 2019).

It is possible that, independent of overlapping risk factors and their
resulting neoplastic pathways, endometriosis has a causal effect on ma-
lignancy. Quantifying mediation between endometriosis and cancer risk
would lend insight into the pathways to which these associations are
attributable. Mediators—factors occurring after endometriosis but be-
fore the cancer that are along the potential causal pathways—may in-
clude infertility, depression, anxiety, chronic stress or endometriosis
symptom-related lifestyle adaptations such as decreased physical activ-
ity (Sotelo et al., 2014; Brinton, 2017; Tanbo and Fedorcsak, 2017;
Shafrir et al, 2018; McTiernan et al., 2019; Brasil et al., 2020), all of
which are more common in women with endometriosis compared
with women without and are also cancer risk factors.

Similarly, mediators may include treatment for endometriosis or
endometriosis-associated symptoms (analgesics, oral contraceptives,
progestins, GnRH agonists, lesion excision/ablation, hysterectomy, bi-
lateral salpingo-oophorectomy (BSO)) that have been associated with
risk of specific cancer types (Luo et al., 2016; Iversen et al, 2017;
Barnard et al., 2018; Vercellini et al., 2018). Non-steroidal anti-inflam-
matory drug (NSAID) use is a potential mediator given that women
with endometriosis more frequently use NSAIDs on a long-term basis
compared with women without endometriosis, and NSAID use at
high doses for durations over |0years has been associated with ovar-
ian cancer risk (Trabert et al., 2019). These data may simply suggest
that high-dose long-duration NSAID use is actually proxy for endome-
triosis, and thus formal mediation analyses would be beneficial. An ex-
ample of the potential for quantifying mediation is the determination
that, while women with endometriosis are more likely to undergo hys-
terectomy/oophorectomy compared with premenopausal women
without endometriosis, these surgeries have also been associated with
a higher risk of coronary heart disease (Howard et al., 2005). Thus, a
mediation analysis within the Nurses’ Health Study Il quantified that,
while endometriosis was associated with a |.62-fold higher risk of cor-
onary heart disease, 42% of this association was mediated by (attrib-
uted to) hysterectomy/oophorectomy (Mu et al., 2016).

Through these mediators or through other direct pathways, endo-
metriosis may induce systemic changes that initiate or promote cancer
or create a hospitable milieu, including chronic inflammation, aberrant

immune response or aberrant hormonal milieu (Zondervan et dl.,
2018). These pathways may underlie the greater risk of distal cancers,
such as thyroid cancer or cutaneous melanoma, and also may underlie
the greater risk of clear cell and endometrioid ovarian cancer if one
exists for women with superficial peritoneal endometriosis only. Most
pathology-focused discovery supports that endometriomas, particularly
‘atypical’ endometriomas, have the potential for neoplastic transforma-
tion to clear cell and endometrioid ovarian cancers that may be cata-
lysed by interactive alterations in the ovarian microenvironment
(Vercellini et al., 2018).

The mechanisms underlying the differential associations observed
between endometriosis and the risk of certain cancers (ovarian, breast,
thyroid cancers) and not others need to be explored. To elucidate the
pathways by which women with endometriosis appear to be at higher
risk of some cancer types and not of others, cancer type-specific stud-
ies with low risk of bias must be added to the current body of litera-
ture, and emerging fundamental discoveries of -omic driven pathways
must be associated with endometriosis-specific pathophysiologic
patterns.

The reported link between endometriosis and cancer has, understand-
ably, raised concerns in women with endometriosis. It is our responsi-
bility to accurately inform and, where appropriate, reassure them with
regards to their long-term cancer risk in context relative to women
without endometriosis. For clinicians, these concerns raise practical
issues for long-term management of patients endometriosis through
adulthood and past the menopausal transition.

Recently, in an attempt to provide clinicians with tools to communi-
cate accurately and effectively with patients about their risk of ovarian
cancer, we argued that ovarian cancer is rare regardless of women'’s
endometriosis status: the absolute risk to develop this neoplasm in the
general population is |.3% according to the National Cancer Institute
Surveillance, Epidemiology, and End Results Program (National Cancer
Institute, 2017). Translating the highest quantified RR from the meta-
analyses conducted on ovarian cancer at the time of that commentary
(SRR=1.42), the absolute risk for women with endometriosis was
|.8%—just a 0.5% difference from women without endometriosis and
still very low (Kvaskoff et al, 2017). Updating this absolute estimate
with the quantified risk estimate from the present meta-analysis
(SRR = 1.93), this absolute risk increased to 2.5%, which is 1.2% higher
than the absolute risk for women without endometriosis and still very
low. Moreover, it is important to remind once again that the observed
significant publication bias for the association between endometriosis
and ovarian cancer, suggests that this risk is likely overestimated and
thus the true absolute risk is likely smaller. As discussed above, data
are needed to support the next critical calculations needed by women
and clinicians—the endometrioma-specific absolute risk of clear cell or
endometrioid ovarian cancer.

Furthermore, the absolute risk of developing breast cancer in any
woman’s lifetime is 12.8% (National Cancer Institute, 2017); applying
the current study’s meta-analytic result for endometriosis-associated
risk of breast cancer (SRR=1.04), this lifetime breast cancer risk
translates to 13.3% for women with endometriosis. Finally, for thyroid
cancer, the US National Cancer Institute stated lifetime absolute risk
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of 1.3% translates (SRR=1.39) to 1.8% for women with endometri-
osis. Therefore, while a statistically significant RR between endometri-
osis and these three types of cancer were confirmed in this meta-
analysis, it is important to stress that based on the currently available
evidence, the increase for women with endometriosis in terms of ab-
solute cancer risk is very small.

The report of a higher cancer risk in women with endometriosis could
lead clinicians to offer more regular cancer screening to women with
endometriosis. However, the results of this meta-analysis, which show
19 or smaller increases in the lifetime risks of ovarian, breast and thy-
roid cancers in women with endometriosis compared with those with-
out, suggest that currently no resource utilizing cancer screening
guideline should be made due to the presence of endometriosis alone.
Screening guidelines are not only based on the incidence of disease
but also on whether increased screening improves outcomes of
patients (decreases morbidity and mortality). Therefore, even if the in-
cidence was higher, unless there is documented benefit, we should not
be screening.

The same recommendations for women in the general population
apply to women with endometriosis, with heightened screening only
for those with known non-endometriosis specific risk factors (e.g. fam-
ily history of cancer, germline mutation predisposing to cancer risk).
The American Cancer Society recommends regular screening for
breast, cervical and colorectal cancers based on scientific evidence that
shows these screenings save lives (American Cancer Society, 2018).
Regular screening for ovarian cancer through serum CA-125 measure-
ments or trans-vaginal ultrasound is not recommended, since random-
ized controlled trials have shown no benefit of these measures on
early detection of ovarian cancer or mortality reduction (Buys et al.,
2011; Jacobs et al., 2016). Significant harms have been documented for
women receiving false-positive test results for ovarian cancer, such as
unnecessary surgery, surgical complications, infections and cardiovascu-
lar or pulmonary complications (Buys et al., 201 I).

In the case of ovarian cancer, some have called for radical preven-
tive measures to reduce risk, such as BSO. BSO is not recommended
systematically to prevent ovarian cancer in women with endometriosis
(Mallen et al., 2018) and should be approached with caution. While
BSO is recommended as an effective approach to reduce risk of ovar-
ian cancer in high-risk women (i.e. those with a family history of ovar-
ian or breast cancer, or with known germline mutation) (Berek et al.,
2010), BSO is associated with important long-term health risks (Parker
et al., 2009) of markedly higher incidence than the risk of ovarian can-
cer in women with average lifetime absolute risk. Premenopausal
women undergoing BSO have a 162% increased risk of cardiovascular
disease (Atsma et al., 2006) and are at significantly higher risk, not just
of cardiologic sequelae (hyperlipidaemia, cardiac arrhythmias, coronary
heart disease), but also of depression, arthritis, asthma, chronic ob-
structive pulmonary disease and osteoporosis (Rocca et al., 2016). In
postmenopausal women, BSO is also associated with cardiovascular
diseases as well as adverse effects on anxiety and sexual function
(Chen et dal., 2013), fracture risk (Melton et al., 2003), neurologic dis-
orders and cognitive impairment (Parker, 2010). While the gynaeco-
logic specialists caring for women with endometriosis are also on the

front line for the diagnosis of—and all too often tragic care of women
with—ovarian cancer, potentially obscuring its rarity, some gynaecolo-
gists might not be aware of the adverse non-reproductive health out-
comes of women with endometriosis, and thus will often not be
aware of the impact of BSO on the cardiovascular and other health
consequences for their patients in the long term.

Furthermore, BSO does not save Quality-Adjusted Life Years
(QALYs) and is not cost-effective in low-risk postmenopausal women
(Manchanda et al., 2015), which does not support recommending BSO
in patients with endometriosis given their low lifetime absolute risk.
We also cannot ignore this updated evidence that there are significant
publication and diagnostic bias within the current body of endometri-
osis and ovarian cancer literature that may be influential. Indeed, the
strong, consistent protective effect of endometriosis on cervical cancer
risk—the most preventable form of cancer because of screening and
early action when dysplasia is discovered—should make us pause
when interpreting these associations in the context of endometriosis
diagnosis that cannot yet be disentangled from access to health care.

Alternatively, if it is confirmed that subtypes of endometriomas,
such as endometriomas with ‘atypical’ characteristics (Vercellini et al.,
2018), are associated with RR of clear cell or endometrioid ovarian
cancer that is multiples higher than the current ‘overall’ endometriosis
and ovarian cancer estimates, this may alter these conservative recom-
mendations and suggest that those women with some endometriosis
subtypes constitute a unique high-risk group markedly different in ab-
solute risk from other women with and without endometriosis. Most
of the studies referring to ‘atypical’ endometriosis come from patho-
logic studies of ovarian cancer cases showing ‘atypical’ endometrioma
in the same woman. It remains untested whether these ‘atypical’
endometriomas are actual precursor lesions or if they are field effects
of the proximal ovarian cancer tumour. Thus, care and long-term man-
agement decisions, of course, must vary according to the woman’s
personal and medical history, characteristics and other risk factors,
and preferences after she is fully informed of the current evidence, bal-
anced with known benefits and potential risks.

Conclusion

This meta-analysis quantified positive associations between endometri-
osis and ovarian, breast and thyroid cancers, but no association with
colorectal cancers. The association with endometrial cancer was null
with evidence of diagnostic bias, and that with cutaneous melanoma
was restricted to studies with low/moderate risk of bias, while associ-
ations with other cancer types remain too sparsely documented.
Overall, we conclude that the current evidence is influenced by high
risk of bias in the majority of included studies.

Given their low absolute risk of ovarian, breast and thyroid cancers
and the uncertainty with regards to their risk of other cancer types,
general prevention messages may be delivered to patients with endo-
metriosis: to be aware of well-demonstrated cancer risk factors and to
focus on aspects of wellness demonstrated to reduce cancer risk
(https://siteman.wustl.edu/prevention/ydr/). All women will benefit
from recommendations to avoid smoking, maintain a healthy weight,
exercise regularly, have a balanced diet with high intakes of fruits and
vegetables, low intake of alcohol and use sun protection.
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There are important public health and prevalent clinical care implica-
tions of the potential link between endometriosis and cancer; thus, addi-
tional rigorous investigations are high priority to advance knowledge for
women with endometriosis. Future research on the association between
endometriosis and ovarian cancer must eliminate publication bias and
determine whether risk is restricted to the endometrioma macro-
phenotype. Indeed, for all endometriosis-associated cancer discovery, fu-
ture research must target endometriosis macro-phenotypic subtypes
and known cancer subtypes. That the association with cutaneous mela-
noma was only evident when studies were restricted to those with low
risk of bias suggests that the definitive association has not yet been de-
termined and warrants additional investigation. The lack of association
with endometrial cancer is an intriguing area for future study of both en-
dometriosis and endometrial cancer physiology, given the eutopic endo-
metrial markers found in women with endometriosis that have been
hypothesized to drive retrograde menstruation-related ectopic endome-
trial implantation and survival. That endometriosis has multiple neoplastic
hallmarks and yet is not subject to uncontrolled growth may be eluci-
dated through better understanding of the lack of an endometriosis and
endometrial cancer association. Finally, the robust ‘protective’ associa-
tion quantified between endometriosis and cervical cancer also warrants
investigation to determine if it is a consequence of bias driven by access
to care or if there is a true relationship with underlying protective physi-
ologic mechanisms within women with endometriosis.

Supplementary data

Supplementary data are available at Human Reproduction Update
online.
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