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Endometriosis is an enigmatic disease whose diagnosis and management are being transformed
through innovative surgical, molecular, and computational technologies. Integrating single-cell and
other omic disease data with clinical and surgical metadata can identify multiple disease subtypes with
translation to novel diagnostics and therapeutics. Herein, we present real-world perspectives on
endometriosis and the importance of multidisciplinary collaboration in informing molecular,
epidemiologic, and cell-specific data in the clinical and surgical contexts.

Endometriosis is an ancient disease with ancient treatments' and is poised to
benefit from modern technologies and continued innovation for accurate
diagnosis, disease classification, and novel medical and surgical therapies™’.
It is a chronic, systemic, estrogen-driven disorder wherein disease lesions
comprising tissue similar to the uterine lining (endometrium) develop
outside the uterus—mainly in the pelvis and less commonly at extra-pelvic
sites as the umbilicus, vagina, thoracic cavity, and gastrointestinal (GI) and
genitourinary (GU) systems*’. These ectopic lesions invade resident
structures and elicit inflammation, neo-neuroangiogenesis, fibrosis, pain,
and organ dysfunction®”. Endometriosis affects 10-15% of reproductive age
persons with a uterus, 50% of patients with chronic pelvic pain, and 30-90%
with subfertility/infertility and is associated with multi-system comorbid-
ities including irritable bowel syndrome, migraine headaches, depression,
and inflammatory disorders*”">. Central to its pathophysiology are
enhanced estrogen and diminished progesterone signaling, inflammation in
the eutopic endometrium, disease in the pelvis, and systemically, and
fibrosis in ectopic sites''™"".

Several theories exist to explain its pathogenesis'* **, and it is likely that
different mechanisms occur in different patients. For example, dissemina-
tion of endometrial fragments and cells shed retrograde into the pelvis

during menses (“retrograde menstruation”)”° is supported by recent

evidence wherein somatic mutations in eutopic (within the uterus) endo-
metrial epithelium are shared with endometriosis lesions'**"~*’. However, as
98% of persons with a uterus have retrograde menstruation™ and only 10%
have endometriosis, other mechanisms are likely operational. Other theories
include benign metastasis of endometrial cells via uterine lymphatic drai-
nage and vascular dissemination™, coelomic metaplasia of abdominal vis-
cera and peritoneum mesothelium®, embryonic rests and endometrial and
bone marrow-derived stem cell transformation® ™, iatrogenic introduction
of endometrium into tissues and/or surgical sites, dysfunctional immune
clearance of ectopic tissue'!, and genetic, epigenetic, infectious, and envir-
onmental influences™"'.

The gold standard to diagnose endometriosis is surgical identification
oflesions and suspected lesions and histologic confirmation of endometrial-
like cells in lesion types. While clinical symptoms overlap with some other
gynecologic disorders, imaging techniques, and Al-designed applications
are increasingly complementing diagnostic evaluation**™. The long
latency (on average 7-11 years) from symptom onset to surgical diagnosis is
mainly due to the absence of non-invasive diagnostic biomarkers and can
result in disease and symptom progression, not uncommonly leading to
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irreversible organ damage as loss of kidney function, undertreatment, social
isolation, and depression among affected individuals® ™.

Medical therapies for pain include reducing inflammation and estro-
gen action and/or synthesis, but these approaches have intolerable side
effects for many patients, individual responses to specific medications are
unpredictable, and 25-34% of patients exhibit no or poor response to these
medical treatments*™". Surgery is largely successful for pain, infertility, and
subfertility management, although ~50% of patients have pain symptoms
return within 2-5 years, requiring additional therapies™ ™, and surgical
outcomes are highly surgeon- and patient-dependent™. For infertile patients
with endometriosis, medical-assisted reproductive approaches and/or sur-
gery benefit most, although treatment responses are unpredictable™, and
those with advanced versus early-stage disease™ have higher risk of poor
pregnancy outcomes’ . Overall, apart from surgical management following
the revolution and evolution of minimally invasive and robotic surgery in
the past 3—-4 decades, there have not been major paradigm shifts in endo-
metriosis care, including diagnosis, medical therapies, prevention, and long-
term management™’.

Thus, current unmet clinical needs comprise developing (1) non-
invasive biomarkers to diagnose and stratify disease, (2) novel and perso-
nalized medical and surgical therapies targeted to individual lesion and
lesion-niche interactions and pathophysiology, (3) prognostic outcome
indicators for responses to therapies, risk of disease and symptom recur-
rence, and (4) ultimately, cure. Rapidly evolving single-cell and other
advanced technologies are providing insights into endometriosis patho-
genesis, pathophysiology, heterogeneity, and behavior, and can contribute
significantly to fulfill these unmet needs. This manuscript focuses on
endometriosis lesions and the centrality of the clinical context provided by
surgeons, pathologists, gynecologists, and molecular and computational
scientists to endometriosis lesion single-cell data generation, analysis, and
interpretation. We focus on real-world perspectives of complexities of
endometriosis diagnosis, lesion heterogeneity histologically, architecturally,
and molecularly, and the importance of these to single-cell data analysis and
integrative analyses of multi-omic datasets. With heterogeneity of lesion
morphology and location, a more nuanced perspective of surgical assess-
ment of lesions can provide insights into more detailed analysis of data
derived from resected tissues. Other considerations for data interpretation,
rigor, and reproducibility include disease symptoms (pain/infertility/both/
neither), defining control groups, recruited subject clinical metadata
including comorbidities, standard operating procedures for biospecimen
processing, and designing computational pipelines for data analyses, sub-
analyses, and surgical/pathology findings. We conclude with an eye to the
future tapping AI and digital technologies to further advance the field.
Information conveyed herein is based on peer-reviewed scientific publica-
tions, systematic reviews, meta-analyses, commentaries, and professional
society statements from 1991 to 2024.

Endometriosis staging

Classification systems of endometriosis are based on surgical observations
and/or fertility outcomes. These include the revised American Society for
Reproductive Medicine (rASRM) classification™, the ENZIAN
classification™, the American Association of Gynecological Laparoscopists
(AAGL) classification”, and the endometriosis fertility index (EFI)*. The
most well-known is the rASRM classification wherein numerical scores for
extent of disease and adhesions stratify disease stages from minimum (stage
I) to severe (stage IV). The ENZIAN classification was developed to classify
deep infiltrating endometriosis and focuses on retroperitoneal structures.
Neither system predicts treatment outcomes nor correlates with severity of
pain symptoms. The AAGL classification reports scoring intraoperative
surgical complexity and correlations with patient-reported pain symptoms
or infertility’”. The EFI is the only system to predict non-IVF fertility out-
comes in patients who underwent surgery for endometriosis™. The World
Endometriosis Society (WES) 2017 consensus statement” recommends
using a “classification toolbox” that includes the rASRM system and the
ENZIAN system for deep disease to improve disease classification.

However, there is no classification system that is consistently used across the
globe, and different systems are adopted according to clinical and surgical
goals™*".

In contrast to the above, we developed a unique classification system*’
that is more descriptive of disease appearance, location, and adhesions, and
includes concomitant adenomyosis which is similar in cell composition and
somatic epithelial mutations with endometriosis but located in the uterine
myometrium®*. Our classification (Fig. 1) describes reproductive organ
(“genital”) (Fig. 1a) and non-reproductive organ (“extragenital”) (Fig. 1b)
endometriosis. Genital endometriosis affects various parts of the repro-
ductive system, including the uterus, upper cervix, vaginal fornix, fallopian
tubes, and ovaries, and is classified into four stages: minimal (stage I), mild
(stage IT), moderate (stage III), and severe (stage IV) (Fig. 1a). Minimal or
stage I disease is characterized by <5 spots with <5 mm penetration, minimal
to no signs of adenomyosis, and no significant adhesions. Mild or stage IT is
characterized by 5-11 spots, also with <5 mm penetration, and minimal to
mild adenomyosis. Moderate or stage III disease is defined as >11 spots of
endometriosis with <5 mm penetration or endometrioma(s) <2 cm on a
single ovary. There may be filmy adhesions between the tubes, ovaries, pelvic
sidewall, and the anterior and posterior cul-de-sacs. Adenomyosis in this
stage ranges from minimal to moderate. Severe or stage IV disease is
depicted with genital endometriosis involving any number of lesions with
>5mm penetration (deep infiltration), including unilateral or bilateral
endometriomas of any size, with or without rupture. There may be thick
adhesions between the tubes, ovaries, the pelvic sidewall, and the anterior
and posterior cul-de-sacs. In this stage, adenomyosis can range from
minimal to severe. Additionally, adenomyosis alone can be categorized into
4 stages mentioned above without endometriosis noted,

Extragenital endometriosis (Fig. 1b) affects areas outside the repro-
ductive organs, and is classified into four stages: minimal (stage I), mild (stage
II), moderate (stage III), and severe (stage IV) and can be further classified as
pelvic and extra pelvic™®. Pelvic extragenital lesions are most commonly
found on uterosacral ligaments and less commonly on the rectum, rectova-
ginal septum, ureters, and/or bladder*. Extra-pelvic structures include the
gastrointestinal system®, lung and diaphragm®, liver*, genitourinary system”,
abdominal wall, thoracic cavity, and/or nervous system™**. The most
common site of extragenital disease is bowel endometriosis, occurring in
7-37% of individuals with endometriosis”**”". The wide range in prevalence
can be explained by inconsistent definition of bowel endometriosis. The latter
primarily impacts the rectosigmoid colon, followed by involvement of the
appendix, cecum, ileocecal valve, small bowel, and rarely the transverse
colon®™%!, Lesions can range from superficial serosal disease to deeply
infiltrative disease invading into the muscularis or mucosa. Lower urinary
tract endometriosis is less frequently found than bowel disease, followed by
ureteral involvement. These lesions can appear as superficial peritoneal
implants and do not affect the muscularis or mucosa. Via theories mentioned
above, extragenital endometriosis can exist widely throughout the body.

Fibrosis is an important component in the progression of
endometriosis'>'"” and is further addressed below. Notably, different loca-
tions and niche environments of reproductive organ (“genital”) and non-
reproductive organ (“extragenital”) lesions may contribute to altered
pathophysiology of these distinct disease types, which is yet to be explored.

Endometriosis lesions

Endometriosis lesions are broadly categorized into 3 groups: superficial
peritoneal endometriosis (SPE), ovarian endometriomas (OMA), and deep
infiltrating endometriosis (DIE)*'"">"* (Figs. 2 and 3). They reside in dif-
ferent anatomic locations, display diverse structural architectures, variable
steroid hormone responsiveness and invasive properties, and are highly
heterogeneous in extracellular matrix (ECM) composition, abundance of
endometrial-like epithelial cells, stromal mesenchymal cells (fibroblasts,
stem cells), immune cells, vascular endothelium/smooth muscle/other
mural cells, and extent of fibrosis. Despite their heterogeneity, there is evi-
dence that all three lesion types derive from eutopic endometrium by ret-
rograde menstruation and oligoclonal expansion, as several studies have

npj Women's Health | (2025)3:8


www.nature.com/npjwomenshealth

https://doi.org/10.1038/s44294-024-00052-w

Review

Genital Endometriosis
(uterus, cervix, vulva, vagina, tubes, ovaries)
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Less than 6 spots of endometriosis on ovaries, tubes, cervix,
vulva or vagina with or without filmy adhesions of tubes and
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Total of 6-10 spots of endometriosis on ovaries, tubes, cervix,

vulva or vagina with or without filmy adhesions of tubes and
ovaries. Up to 2 foci of Adenomyosis and/or mildly enlarged

Extragenital Endometriosis
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cecum, diaphragm, appendix, liver, stomach, pancreas)
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More than 10 spots of endometriosis on ovaries, tubes, cervix,

vulva or vagina. One small endometrioma less than 3cm on one

ovary with or without filmy adhesions of tubes and ovaries. Up to
3foci of Adenomyosis and/or moderately enlarged uterus.

Tubes and/or ovaries are involved with thick adhesions or one
or both ovaries have severe endometriosis or endometriomas.
Cervix, vulva, and vagina may or may not be involved with
endometriosis. Up to 4 or more foci of Adenomyosis and/or
severely enlarged uterus.

Fig. 1 | Graphic representation of “genital” and “extragenital” endometriosis.
a Genital endometriosis and its subtypes (minimum, mild, moderate, and severe).
Depiction of genital endometriosis and its stages used the image of the female
reproductive tract from: Cream Cake Diva/getdrawings.com (https://getdrawings.
com/get-drawing#external-drawing-21.jpg), adapted and used under the Creative

Minimal spots with less than 6 across the pelvis, abdomen,
and chest. All peritoneal. Less than 5mm penetration.

610 spots of any size less than 5mm penetration
anywhere in the pelvis, abdomen, or chest

Extragenital - Stage lll Extragenital - Stage IV
(Moderate) (Severe)
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Diaphragm

Hydroureter

More than 10 spots that are deep infiltrating less than Complete posterior obliteration. Deep infiltration of more
5mm without compromising organ function like GI or GU than 5mm. Any partial or complete ureteral obstruction,
system. deep muscularis with or without mucosal penetration.
Commons License CC BY-NC 4.0. b Extra genital endometriosis (pelvic and
extrapelvic) and subtypes (minimum, mild, moderate, severe). Depiction of extra-
genital endometriosis adapted the image used under the Shutterstock Standard
License [Andrii Bezvershenko/Shutterstock.com (Stock Vector ID: 109207899).

shown that they share epithelial-specific somatic mutations with the
intracavitary eutopic tissue'>”’~’. Recently, abundance of KRAS mutations
was found to correlate with lesion type: higher in patients with only DIE or
only endometriomas (57.9%) and with mixed subtypes (60.6%) versus SPE
(35.1% (P = 0.04))”". Moreover, greater mutational frequency was observed
in rASRM stages II, 111, and IV compared to stage I Although these data
are highly supportive of eutopic endometrium as the source of pelvic disease,
endometriosis outside the pelvis likely derives from hematogenous or
lymphatic spread of endometrial tissue and cells and inside and outside the
pelvis by stem and somatic cell trans-differentiation*’'~*, Overall, lesion
types and subtypes and their cellular components and epithelial somatic
mutations, coupled with surgical observations and clinical metadata are
central to informing disease stratification and eventually identifying per-
sonalized and disease-specific therapeutic targets and prognostics for
treatment responses and recurrence risk'*”*”. Single-cell technologies offer
promise to contribute significantly to achieving these goals, which would be
a huge step forward in the field. Herein, we focus on endometriosis lesions
and lessons learned from recent single-cell studies, challenges in obtaining
such data, and some real-world solutions.

Superficial peritoneal endometriosis (SPE)

Superficial disease is defined as lesions invading <5mm into serosal
structures” and is commonly characterized by morphology, pigmentation
(red, black, brown, yellow, white, clear), histology, and other features’’”"*
(Fig. 2a-c). Endometriotic lesions are considered histologically “active”
when glandular epithelium is proliferative or unresponsive to hormones
with typical endometrial stromal fibroblasts. Endometrial glands, stroma,
estrogen receptor-a (ERa) and progesterone receptor (PR)-A/B expression,
and collagen fibers increase from colorless through red to blue-black

lesions*. Red lesions are most highly vascularized and have higher VEGF
expression and highest proliferative activity versus white lesions®, which
appear as opacifications, sub-ovarian adhesions, yellow-brown patches, or
circular peritoneal defects™". The black/brown or “gun-powder lesion” is a
result of blood and hemosiderin deposits as well as glands, stroma, scar and
other debris”'. One report focused on a narrowly defined patient population
and found a large overlap in proliferative activity and ER and PR expression
across lesion color types, although differences were observed in lesion
morphology, gland pattern, gland content, and adjacent stromal “reaction”
of increased abundance of collagen and elastic fibers and smooth muscle
bundles from red to brown to black to white lesions”. Based on these
observations, red lesions are considered as fresh implants with progression
to black/brown, yellow, and inactive white lesions™”". Atypical lesions
include peritoneal defects, flame-like lesions, peritoneal petechiae, glandular
lesions, and highly vascularized lesions™””*. In some cases, the only lesions
observed at laparoscopy are those that are more physiologically active yet
less obvious and are best described by Nezhat et al. in 1991%, Donnez
et al.”*”, and Nisolle et al.*. In a pilot study of patients with endometriosis
and pelvic pain, Lessey et al.”* showed that microscopic disease, not readily
apparent during surgery, could be detected in areas of methylene blue dye
staining of the peritoneum after excision and scanning electron microscopy
(SEM)*. Such “occult” lesions have had limited characterization at the
molecular level, and this technique has not been widely adopted likely due to
use of SEM in the workflow. Nonetheless, the presence of occult disease may
contribute to persistent pain after medical and surgical therapies and disease
“recurrence” after surgery and preliminary analysis suggests they may be
detected by scRNA seq of seemingly unaffected peritoneum (see below).
SPE demonstrates heterogeneity of cellular steroid hormone receptors
expression and niche fibrosis biomarkers™. A recent immunofluorescent
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Superficial endometriosis on fallopian tube serosa

Superficial endometriosis of the serosa of the bladder

Fig. 2 | Examples of superficial endometriosis and deep infiltrating endome-
triosis identified intraoperatively. a Superficial endometriosis on fallopian tube
serosa. b Superficial endometriosis of small bowel serosa. ¢ Superficial endometriosis

Superficial endometriosis of small bowel serosa

Deep fibrotic endometriosis encroaching the left utero-vesical junction

of the serosa of the bladder. d Deep fibrotic endometriosis encroaching the left utero-
vesical junction. Arrows point to the lesions.

study of 271 superficial peritoneal lesions with 21 endometrial epithelial
gland and contiguous CD10+ stromal fibroblasts from 64 patients across
the menstrual cycle revealed extensive heterogeneity of ERa and PR-A/B
expression in these cell types and variable degrees of co-localization, even in
the same patient”. Highest ERa and PR-A/B expression was in epithelium
and stroma, respectively, during the menstrual versus other cycle phases™.
These data underscore the importance of integrating ER and PR analyses
into single-cell data analyses—especially in multiple cellular subtypes
identified (also see below). Moreover, they underscore the challenges of
medical therapies with e.g., progestins, and the promise of cell-specific
targets which may differ lesion to lesion, leading to combined therapies for
pain and/or infertility.

Fibrosis biomarkers—alpha smooth muscle actin (aSMA)-positive
myofibroblasts, smooth muscle bundles, and Type I collagen—have been
consistently described over the past three decades as prominent features of
superficial peritoneal lesions'>**'"*, and subsequently there has been a call to
redefine endometriosis to include its pro-fibrotic nature'”. A recent study
found low numbers of aSMA, type I collagen fibers, and CD45+ leukocytes,
and CD68+ macrophages in SPE, in contrast to the adjacent tissue
microenvironment with significantly more SMA and Type I collagen,
depending on lesion location and gland morphology'”.

Taken together, these data underscore the importance of lesion evo-
lution, location, and niche environment, especially relevant to interpreting
cell-specific signaling pathways, cell-cell communications and mediators
thereof, classifying disease types and subtypes, and identifying and devel-
oping targets for therapeutics, diagnostics, and potentially for prognostic
efficacy of responses to mono- or combined medical therapies. Al

technology lends itself well here for pattern recognition, stage of disease, and
standardization of care (see below).

Ovarian endometriomas

Ovarian endometriomas can be classified into Types I and II (Fig. 3). Type I
endometriomas (Fig. 3a) develop from endometrial tissue that has
implanted on the surface of the ovary. The ovarian cortex invaginates and
blood accumulation results in growth of the cyst'™™'*”. Type I endome-
triomas tend to be <5 cm and are difficult to remove due to their fibrous
capsule that is densely adhered to the surrounding ovarian stroma'**"'’. On
the other hand, Type II (Fig. 3b-d) endometriomas originate from endo-
metrial implants entering existing functional cysts. They can be further
categorized into Type IIA, IIB and IIC based on depth of invasion (<10%,
10-50%, and >50%, respectively)'**~'%%!1"112,

Ovarian endometrioma cyst walls are primarily composed of fibrotic
tissue especially in almost all endometriosis Type I and Type IIC and to a
lesser degree Type IIA and Type IIB, with aSMA immunostaining con-
firming the presence of myofibroblasts'>'*'*'"" In Type ITA and Type IIB
endometriomas, the level of fibrosis correlates with invasion of endometrial
stroma into the functional cysts. While fibrosis is consistently observed in
ovarian endometriomas, histological examination reveals higher fibrotic
content in deep infiltrating endometriotic lesions'"”. Platelet activation in
ovarian endometriomas may induce fibrosis via TGF-B1 release and smad
signaling pathway activation in endometriosis cells, which can be reversed
with TGF-1 blockade'>'"". Fibrosis can extend into the ovarian cortex
surrounding endometriomas and is associated with more atretic early fol-
licles and lower ovarian follicle density compared to nonaffected ovaries'”.
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Endometrioma Type II1B

Endometrioma Type IIA

Endometrioma Type IIC

Fig. 3 | Photographs of ovarian endometriomas identified intraoperatively. a Type I endometrioma. b Type IIA endometrioma. ¢ Type IIB endometrioma. d Type IIC
endometrioma. Black circles around the endometriomas have been drawn on the photographs to highlight the extent of the endometriomas.

A recent study demonstrated that the extent of endometrioma fibrosis
positively correlated with dysmenorrhea severity but did not impact levels of
anti-Mullerian hormone (AMH), a marker of ovarian reserve; rather
ovarian cortical fibrosis negatively correlated with serum AMH levels,
supporting cortical fibrosis as a key driver of endometrioma-related
impairment of the ovarian reserve''®. Notably, intense inflammation in
ovarian endometriomas'"” can result in fibrosis and affect ovarian follicle
function™"”. In a recent study, it was further confirmed that the presence of
ovarian endometrioma(s) indicates a higher stage of disease correlating
mainly with stage IV'".

Principal component analysis of microarray bulk gene expression data
from endometriomas, SPE, and DIE'", revealed non-cycle-dependent gene
expression profiles, and that endometriomas were significantly differ-
entiated from the other two lesion subtypes and uniquely displayed ERP
(ESR2)-altered gene expression profiles after estrogen suppression versus
non-treated controls. Overall, these data importantly suggest the role of the
niche in lesion features and possible disease modifying targets for further
therapeutic development. Single-cell data can further refine these targets
and may reveal cellular and pathway heterogeneity supporting expanded
multi-drug targets for disease management.

Deep infiltrating endometriosis (DIE)

DIE is defined as endometriosis infiltrating >5 mm into the peritoneum and
serosa covering pelvic/abdominal organs"*'"*" (Fig. 2d). DIE can appear as
nodularity of the rectosigmoid colon or rectovaginal septum, uterosacral
ligaments, vaginal fornix and/or the bladder peritoneum'*"'*". It has been
suggested that DIE can be classified into three types: (I) cone-shaped lesions
that leave the pelvic anatomy intact, (II) adhesions covering lesions grossly

disturbing pelvic anatomy, and (III) largely intact pelvic anatomy with the
largest area of lesion beneath the surface'’. Adenomyosis externa, which is
characterized as endometrial tissue growing into the myometrium and
extending outwards to surrounding pelvic tissue, can be included in type III
DIE. Thus, despite similarities between DIE and adenomyosis externa, they
are distinct entities'”’. Single-cell technologies are anticipated to inform the
relationship between these two entities.

About 68% of deep infiltrating disease has been reported to be “active”
versus 25-50% for lesions with <5 mm invasion, and 74% versus 38-57%
were “in phase”, respectively, with the eutopic endometrium'”’. These data
suggest more steroid hormone responsiveness in deep versus superficial
disease. Undifferentiated and mixed gland patterns were found mainly in
DIE, often with scant stroma, similar to endometriomas’. These features
contrast with SPE which contains mostly well-differentiated gland patterns
that are highly responsive to medical suppressive therapies™. We and others
have found examples of fibrosis in deep infiltrating disease, where endo-
metrial epithelium is present deep in fibromuscular tissue without the classic
stromal surroundings*"”. DIE involves glandular epithelium within fibro-
muscular tissue, with the latter potentially originating from trans-
differentiation of endometrial stromal cells rather than pre-existing mus-
cle tissue, suggesting that the local tissue environment may react to ectopic
endometrium, inducing fibrosis'>****'*""*", Present evidence suggests
fibrosis may be a self-propagating event, indicating that although not always
the case for all lesions, fibrosis can represent end-stage endometriosis'.
Notably, a recent immunohistochemical study revealed higher expression of
markers of fibroblast-to-myofibroblast trans-differentiation, smooth mus-
cle metaplasia, fibrosis, epithelial-to-mesenchymal transition (EMT), epi-
genetic modifications, and ERP, and less vascularity in DIE versus
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Fig. 4 | Examples of histologic and architectural heterogeneity of endometriosis lesions. The broad array of endometriosis lesions resected for research are shown here
diagrammatically and histologically (hematoxylin & eosin (H&E) staining. From Fonseca et al.'”’, with permission.

endometriomas. Single-cell analyses can further inform the diversity of cell
and tissue features in DIE, important in disease classification and targeted
therapies.

Recent single-cell analyses of endometriosis lesions
The transcriptome of intracavitary endometrium from volunteers and
cadaveric subjects without endometriosis has been recently studied at
single-cell resolution'”'~'*. In addition, several studies have been published
on scRNA seq of ectopic lesions and eutopic endometrium'**, laying the
foundation for comparisons with features of the intracavitary tissue of origin
and also among lesion types. Figure 4 shows architectural and histologic
heterogeneity of lesions'”’, underscoring significant lesion cellular compo-
nents and unique niche environments identified at surgery and histologi-
cally. Major cell types identified in eutopic and ectopic endometrium using
single-cell transcriptomics include epithelial, mesenchymal, vascular
endothelial/smooth muscle/ mural, lymphovascular, immune (myeloid,
lymphocytes), and stem/progenitor cells and subtypes, including ciliated,
glandular, and luminal epithelium, numerous fibroblast subtypes, uterine
natural killer (uNK), T, and B cells, and epithelial progenitors. These studies
have identified a few novel cell types in lesions, as well as insights into
cell-cell communications, lesion relatedness, and potential lesion evolution
(see below). Table 1 provides a summary of recent endometriosis lesion
single-cell transcriptomic studies wherein samples were obtained in dif-
ferent hormonal milieu (menstrual cycle phase, exogenous hormones),
which is more extensively described in original data sources and in a recent
review'”.

Maetal."** sequenced 55,000 cells from 3 endometriomas and matched
eutopic endometrium and 3 endometrium samples from controls without
endometriosis in the proliferative phase. They found that immune cell sub-
populations and fibroblasts were major contributors to a pro-inflammatory,
angiogenic environment in endometriomas. T and uNK cell frequencies

were lower, uNK cells more active, and macrophages (M¢) were enriched in
endometriomas versus the eutopic tissue, consistent with prior molecular
analyses'”. Thirteen fibroblast subtypes were identified with features of
inflammation, fibroblast growth factor (FGF) stimulation, ECM reorgani-
zation, and EMT, further informing underlying processes observed histo-
logically (see above). Moreover, eutopic endometrium from cases displayed
a transitional state from normal to endometrioma, supporting the intra-
cavitary tissue in the developmental trajectory of ovarian disease.

Garcia-Alonso et al."” leveraged publicly available bulk microarray
transcriptomic data from endometriosis peritoneal lesions (GSE141549) to
characterize lesion cell types applied in the context of their scRNAseq data
generated from endometrium (basalis and full thickness (basalis and
functionalis)) from volunteers in different cycle phases and cadavers (Table
1). Key findings included upregulation of SOX9+ in pre-ciliated epithelial
cells of peritoneal lesions and a SOX9-+/LGR5+ subset as in proliferative
endometrium, and similar expression of progesterone-associated endo-
metrial protein (PAEP) and SCGB2A2 (Secretoglobin Family 2A Member
2) in secretory cells and ciliated cell PIFO and TP73 as in peritoneum. That
SPE display of basalis epithelial stem cell markers further supports the
intracavitary origins of ectopic disease.

An atlas of endometriosis lesion cell populations was recently pub-
lished from an extensive dataset of scCRNA seq >370,000 cells from endo-
metriomas, SPE and DIE lesions, endometrium, unaffected ovaries and
peritoneum'”. Samples were derived from 17 cases (9 with endometriosis
alone; 8 with endometriosis and adenomyosis, uterine fibroids, and/or
uterine polyps); 14 were cycling (7 proliferative, 7 secretory phases), and 3
on hormonal contraception. There were 4 controls without endometriosis: 3
postmenopausal and 1 perimenopausal, all with uterine fibroids 4/— ade-
nomyosis +/— uterine polyps, and all on hormonal replacement regimens.
Major cell types identified in all samples included epithelial, mesenchymal,
smooth muscle, endothelial, mast, myeloid, B, and T/NKT cells, and
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Fig. 5 | Key features of endometriosis lesion types revealed by single-cell RNA
sequencing. The image on the left illustrates the three major lesion types and sub-
types (e.g., red lesions, black lesions) revealing their heterogeneity and anatomic
locations. Image is from Zondervan et al.’ with permission. On the right are listed key

Key features:

SPE lesions display basalis epithelial stem cell markers (Sox9+), supporting
contribution to this lesion type.

DIE has a unique perivascular cell type with features promoting neo-angiogenesis,
immune cell trafficking, and an immunotolerant microenvironment conducive to
escaping immune clearance and to lesion establishment.

DIE epithelium uniquely differs from SPE epithelium in NGF and estrogen-signaling
events, development and survival of nerves via NTRK1 signaling, and inhibition of
apoptotic pathways.

SPE and DIE epithelium and stromal fibroblasts share structural genes and
processes of ECM organization and platelet degranulation, suggesting they are part
of the same continuum and are distinct from endometrioma.

Ovarian endometriomas have a pro-inflammatory, angiogenic environment mainly
contributed by several of 13 fibroblast subtypes and by immune cells - especially T
cells, uNK cells, and macrophages.

Single cell deconvolution analysis reveals endometrial-type epithelium cell-type
signatures in endometriosis-associated ovarian cancers (clear cell and endometrioid).

features of endometriosis types (superficial peritoneal endometriosis (SPE), deep
infiltrating endometriosis (DIE), and endometriomas) and how they differ or share
features with each other, based on studies on single-cell RNA-seq of lesions and
endometrium described in the text.

erythrocytes. All three lesion types and endometrium from cases versus
control endometrium displayed different cell and molecular signatures,
consistent with restructuring and transcriptional reprogramming in the
lesions. Also, strikingly different transcriptomic signatures were noted in
endometriomas versus SPE lesions, suggesting these are distinct disease
entities, and SPE and DIE epithelium and fibroblasts displayed some distinct
transcriptomic features and pathways, but structural genes were common,
suggesting they are related and distinct from endometriomas. Interestingly,
some histologically negative mesothelium had disease signatures, raising the
possibility of occult abnormalities that may be precursors to lesion subtypes
or reaction of normal peritoneum to different insults—physiological, bio-
chemical, and/or perhaps genetic/epigenetic.

Tan et al."” studied peritoneal lesions, endometriomas, and endome-
trium from cases and control endometrium—all from patients taking
progestins, a common class of hormones for contraception and also to treat
endometriosis-related pain®. The peritoneal lesions had similar cell com-
positions as endometrium but dysregulated innate immune and vascular
components, in contrast to endometriomas that displayed distinct cell
compositions'”, supporting other studies of endometrioma cellular beha-
vior as distinct from peritoneal disease. Overall, these data demonstrate that
immune and vascular components of peritoneal endometriosis favor neo-
angiogenesis and an immune tolerant niche in the peritoneal cavity.

Key findings are summarized in Fig. 5 in the context of the 3 endo-
metriosis lesion subtypes and their niche environments.

Lessons learned from proteomic and metabolomic
profiling studies

In the ongoing quest to uncover the causes of endometriosis, investigators
have also increasingly utilized varied proteomic and metabolomic approa-
ches. These have been pivotal for exploring the molecular mechanisms
underlying endometriosis and for identifying candidate disease biomarkers
of clinical utility. Their integration with transcriptomic data awaits further
analyses.

Proteomic studies

Early proteomic research focused on analyzing the abundance of target
proteins in blood (serum, plasma), revealing molecules such as CA-125"*"*,
CA-19-9'", inflammatory and oxidative stress mediators, hormones, cell
adhesion molecules and angiogenic regulators as potential biomarkers of
endometriosis'**"'*’. However, these studies have yielded inconsistent results
in terms of accurately diagnosing endometriosis, highlighting the limitations
of a blood-based approach'****". Consequently, researchers have shifted
their focus towards profiling proteins in endometrial tissues and lesions.

Initial proteomic studies of endometrial tissues using targeted
approaches identified diverse candidate biomarkers linked to critical pro-
cesses such as cell cycle control, cell adhesion, and angiogenesis'*. Newer
non-targeted methods revealed a wider range of differentially expressed
(DE) proteins in endometrial tissues of cases versus controls. For example,
an early study using 2-D gel electrophoresis/matrix assisted laser desorption
ionization (MALDI)-time of flight (TOF) mass spectrometry (MS) identi-
fied 48 proteins, including those with roles in stromal cell identity and
oxidative stress, as consistently DE between endometriosis cases and con-
trols, independent of menstrual cycle phase and disease severity'*’. Another
study using a similar MS method identified 119 DE proteins in eutopic
endometrium collected during the secretory phase of the cycle between stage
II endometriosis cases versus controls'*. DE proteins included molecules
with important roles in apoptosis, immune responses, glycolysis, cell
structure, and transcriptional regulation. More recently, liquid chromato-
graphy (LC)-MS/MS identified 5301 proteins in samples of eutopic endo-
metrium obtained during the mid secretory phase of the menstrual cycle'®.
Of these, 543 proteins were DE between endometriosis cases and controls.
DE proteins were enriched for pathways governing focal adhesion and
PI3K/AKT signaling, implicating their roles in disease. These findings, along
with others"**'”, highlight the potential of proteomic analyses of endo-
metrial tissues for uncovering disease mechanisms and identifying
biomarkers.

Recognizing potential variations in the proteome across endometrial
pathologies, investigations are conducting comparative studies. For
instance, Zhu et al., using iTRAQ labeling combined with MS, identified 359
DE proteins upregulated in ovarian endometriotic cysts versus other
ovarian tissues (i.e., ovarian cysts and normal ovarian tissues), with S100
calcium-binding protein A8 (S100A8) and A9 (S100A9) showing promise
as predictors of postoperative recurrence'*. Future investigations that delve
deeper into the proteome of the endometrium and endometriotic lesions are
a promising route to a better mechanistic understanding of this hetero-
genous disease and discovering biomarkers of its many forms, individually
and as a group. In addition, the paired analysis of biopsies and blood (serum
or plasma) has been proposed as an effective strategy to determine changes
occurring on a tissue level that translate to serological biomarkers associated
with the disease state. Early on, Zhang et al."” applied 2-dimensional gel
electrophoresis/s MALDI-TOF-MS to identify 11 proteins in both endo-
metrial tissue and serum that were DE in endometriosis cases versus con-
trols. More recently, Manousopoulou et al.*’ used a newer shotgun MS
method to discover 1214 and 404 DE proteins (cases versus controls) in
eutopic endometrium and serum, respectively. Among these, 21 proteins
were DE in both matrices. They were enriched for carbohydrate/lipid
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metabolism and organ development, suggesting potential mechanistic links
between these pathways and endometriosis. Additional research is needed
to determine the ultimate value of applying MS-based global proteomic
profiling methods to matched tissues and serum samples. Nevertheless, the
concept of discovering biomarkers proximally in endometrial tissues and/or
lesions and determining if they can be detected at altered levels in body fluids
such as urine and blood is appealing.

While limited in number, the existing proteomic studies demonstrate
their utility in uncovering DE proteins and related pathways in the context
of endometriosis. Recent advancements, such as data-independent acqui-
sition (DIA) MS, promise even higher sensitivity and reliability in protein
identification. While not yet applied to endometrial tissues, a recent study of
serum in endometriosis cases versus controls highlights DIA’s potential *".
Furthermore, the application of single-cell proteomics will open new avenues
for investigation of endometrial tissues and lesions'®’. Coupled with emer-
ging high-dimensional proteomic imaging technologies, these single-cell
approaches will enable incorporation of spatial information for a compre-
hensive phenotypic and functional proteomic mapping of the cellular
architecture in solid tissue'”. For example, in their recent study, Tan et al."”’
combined spatial proteomics analysis using imaging mass cytometry with
single-cell transcriptomics to characterize the cellular landscape of the
eutopic endometrium. The results provided additional spatial context to
proteomic data and emphasizing relationships between single cells and
tissue architecture underlying disease histopathology.

Moving forward, the application of high resolution, quantitative-based
proteomic methods along with study designs that incorporate possible
confounding factors—such as the stage of the menstrual cycle'®, severity'®,
lesion type'®, and associated pain type'¥—is anticipated to enable robust
identification of DE proteins, providing deeper insights into disease
mechanisms and potentially clinically valuable biomarkers.

Metabolomic studies

The metabolome encompasses a wide array of metabolites, both endogen-
ous—such as amino acids, organic acids, nucleic acids, fatty acids, amines,
sugars, vitamins)—and exogenous, including environmental chemicals and
pharmaceuticals'®’. Metabolomic approaches, including both targeted and
non-targeted methods, have been used in endometriosis research to identify
metabolic alterations linked with the disease’s pathophysiology and
progression'”™"”". The majority of these studies have concentrated on
endogenous metabolites in blood'””. In limited studies, MS-based metabo-
lomics has been utilized to profile endometrial tissues in the context of
endometriosis. For example, Dutta et al.””’ using proton NMR demon-
strated differential levels of specific amino acids (e.g., lower alanine) and
organic acids in endometrial tissues from women with endometriosis cases
versus controls'””. In another study, using ultra-high performance liquid
chromatography coupled with electrospray ionization high-resolution mass
spectrometry (UHPLC-ESI-HRMS), investigators found that levels lipid
metabolites—phosphatidylcholine, phosphatidylserine, and phosphatidic
acid—differed in the eutopic endometrium of cases compared to controls'”*.
These initial studies suggest that distinct metabolic disruptions in endo-
metrial tissues and lesions could be integral to understanding the patho-
physiology of endometriosis, offering new insights into molecular
mechanisms contributing to changes at the cellular level.

Exogenous factors contribute to endometriosis, including infections
and environmental contaminants. Recent reviews have underscored pos-
sible roles of the gut microbiome* and the female reproductive tract
microbiome and their metabolic products**"' in endometriosis pathophy-
siology by modulating immune function and other mechanisms. The time is
optimal to evaluate these early observations with disease lesion phenotypes
and clinical metadata with the promise of revealing new treatment strate-
gies. Moreover, a recent systematic review of 50 epidemiological studies
highlighted positive associations between endometriosis and several
environmental contaminants, including polychlorinated biphenyls, dioxins,
phthalates, organochlorines, and bisphenol A'”. These substances may
disrupt tissue homeostasis through various mechanisms, such as acting as

endocrine disruptors, modulating immune function, inducing oxidative
stress and perturbing epigenetic processes'”*'”. Consequently, such dis-
ruptions can perturb endometrial cell functions and pathways that regulate
cell proliferation, differentiation, and decidualization'”'*’, leading to per-
turbations on the cellular and/or organ level. While largely unexplored, the
use of emerging MS-based non-targeted approaches, utilizing not only
blood"*' but also endometrial tissues and lesions, provides great promise in
identifying exogenous and endogenous factors that contribute to patholo-
gical changes in endometriosis and mechanisms of its pathogenesis.

Informative approaches in studying endometriosis
lesions

The above studies, using single-cell and other advanced technologies, have
provided huge insights into the heterogeneity of cell types/subtypes, unique
clusters and signatures informing cell- and tissue-specific features, cell-cell
communications, and pathways involved in cellular dysfunctions in endo-
metriosis lesion subtypes and endometrium of patients with disease versus
controls. It is anticipated that results across studies will further inform
endometriosis lesion types and underlying pathophysiology. The future
looks promising as advanced cell-specific transcriptomic and spatial loca-
lization provide insights into endometriosis and its comorbidities, and mass
spectrometry-based methodologies enable quantification of thousands of
proteins and metabolites in human blood and endometriotic tissues.
However, significant hurdles remain, including sample/disease hetero-
geneity, diverse methodologies, differences in study designs, and com-
plexities in data interpretation. These challenges contribute to inconsistent
findings and hinder broader applicability, warranting careful consideration
of their limitations for translating findings into clinical applications. Gen-
erating datasets from diverse populations, combined with the integration of
-omic and clinical data, could ultimately provide a comprehensive under-
standing of disease pathways and manifestations, leading to the identifica-
tion of reliable biomarkers for disease diagnosis and prognosis. However,
these studies on a heterogeneous, hormone-sensitive disorder, also under-
score real-world challenges and key informative approaches in conducting
this type of research. Some of these include:

Lesion location and confirmation

Surgical phenotype data collection has been endorsed by the World
Endometriosis Research Foundation (WERF) Endometriosis Phenome and
Biobanking and Harmonization Project (EPHeCT)"**. Documenting lesion
locations, as described above, and proximity of lesions to each other are huge
contributions of collaborating surgeons and warrant further study in how
they inform data interpretation outcomes. Moreover, as lesions have mul-
tiple appearances, documentation of endometrial-like epithelial cells and
stromal fibroblasts is important, although sometimes is challenging. The
epithelium can be affected by hormonal changes, and some lesions (“stro-
mal endometriosis”) contain scant or no epitheliumm. Moreover, the
stroma can be obscured by hemosiderin-laden/ foamy histiocytes, fibrosis,
elastosis, smooth muscle metaplasia, and decidual change'”’, which can
affect lesion identification, analysis, and data interpretation. About 60-80%
of biopsied lesions have histologic confirmation of these two cell types®. If
lesions are suspected but neither epithelium nor stromal cells are identified,
pathologists often further section the lesions and may conduct immuno-
histochemical staining for the endometrial stromal fibroblast surface mar-
ker, CD10'*'*. Recent computer-aided histopathological characterization
of endometriosis lesions'”” may further inform diagnosis. While a typical
eutopic endometrial biopsy comprises ~200-300 mg of tissue, biopsied
lesion volumes in SPE and DIE often results in very low cell yields, and the
fibrous nature of endometriomas can limit sufficient non-fibrotic tissue-
derived cells for sequencing and other analyses.

Standard operating procedures (SOPs)

We have adopted SOPs for endometrial and endometriosis tissue and
peripheral blood biospecimen collection, processing, and storage, as
described by Sheldon et al.” and in the WERF-EPHeCT protocols"™ .
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Tissues are either flash frozen in liquid nitrogen, embedded in optimum
cutting temperature (OCT) compound and/or formalin-fixed/paraffin
embedded, depending on tissue volume and experimental design and goals.
Frozen tissues and peripheral blood (plasma and serum) are stored at
—80 °C until further use. As noted recently regarding unbiased approaches
and advanced technologies for sequencing and the proteome and metabo-
lome of endometrium and endometriosis lesions in the context of
endometrial-based infertility, uniform protocols for sample collection and
processing as described above and by WERF-EPHecT protocols'™ ™™ are
key for rigor and reproducibility from sample to sample and study to
study™.

Determining hormonal status

As hormonal status at the time of sample acquisition is key to data inter-
pretation of endometrial and endometriosis tissues, we assay estradiol (E,)
and progesterone (P,) in serum collected on the day of surgery, com-
plemented by histologic dating of the eutopic endometrium to determine
menstrual phase cycle'”'”, and record the subject’s last menstrual period
and often menstrual cycle length for further context of cycle phase. Phase-
specific transcriptomic signatures of select cell types are a huge advance in
the field"”"'**. Samples from subjects on various hormonal treatments are a
valuable cohort to study lesion responsiveness to select therapies. However,
while ovarian-derived and synthetic hormones (e.g., progesterone and
progestins, respectively) signal through common pathways, they also signal
via unique pathways that could influence outcomes, as we have demon-
strated in vivo and in vitro studies'”"”’.

Defining cases, controls, and rigor of de-identified metadata
Well-defined cases and control populations, inclusion and exclusion cri-
teria, and clinical metadata are essential for all clinical studies and especially
in designing and conducting studies and interpreting results of endome-
triosis lesions. Storage of these metadata in the REDCap database for ready
access and updating during the study is often necessary as new information
may be forthcoming. Key items include whether the diagnosis of endo-
metriosis is accompanied by pelvic pain, infertility, subfertility, organ dys-
function, all of the above, or is asymptomatic; what the hormonal status of
the subjects is (cycling, menopause, exogenous hormone usage at the time of
tissue sampling and time interval since stopping these therapies). Other
covariate phenotypic data include age, BMI, gravidity (i.e., prior pregnancy),
race/ethnicity, medical, surgical, and family history, non-hormonal medi-
cation use, and comorbidities. The latter are particularly germane, as there is
a high prevalence of common gynecologic disorders (e.g., uterine fibroids,
adenomyosis, endometrial polyps, abnormal uterine bleeding) in cases (and
controls). Furthermore, for controls, whether they have documented
absence of endometriosis or presumed absence should be noted, as well as
comorbidities. A comprehensive description of clinical and covariate phe-
notype data collection in endometriosis research was developed in the
WERF-EPHeCT protocol in 2014**. Notably, while numbers of cells
sequenced enrich the phenotypic features of individual cell types (Table 1),
the numbers of subjects are, by comparison, low, and diversity of recruited
cohorts is limited or not always documented. To date, as most studies either
did not describe ethnicity or had a preponderance of White subjects, the data
across ethnicities are limited and offer opportunity to close this gap in future
research®.

Opportunities for the future

Integrating surgical, histologic, molecular, and genomic features
The cross-roads of decades of surgical, clinical, molecular, genetic, and
epidemiologic research on endometriosis, and new data derived from
advanced technologies at single-cell resolution offer an unprecedented
opportunity to integrate these diverse data platforms and transform endo-
metriosis disease phenotyping and elucidate further its pathogenesis and
pathophysiology. For example, do cellular and sub-cellular features and
processes differ in Type I vs Type II endometriomas, do they differ by

» «

location (e.g., “genital”,

» «

xtra-genital”, “extra-pelvic”), by nearest neighbor

lesions, by ER and PR content and subtypes? Do they correlate with
symptoms, treatment responses, are they impacted by comorbidities? As
SPE, DIE, and endometriomas share common endometrial cellular origins,
what is the role of the niche environments in which they are found, temporal
effects of disease, and can this inform risk of developing disease and pro-
gression? How do cells within a niche and across niches communicate?
What are the roles of genetics, dysbiosis of the gastrointestinal and female
reproductive tracts, and environmental toxicants in these processes? It is
hoped that more sophisticated disease stratification, including somatic
genomic events®', will lead to discovery of non-invasive disease biomarkers,
personalized and novel mono- or multi-target therapies for pain and/or
infertility or organ dysfunction and disease modification, prognostic indi-
cators for responses to medical and surgical therapies, and risk of disease and
symptom recurrence—to enrich the lives of patients with endometriosis and
eventually result in cure.

Integrative omics computational approaches for diagnostics and
therapeutics

Integrative computational approaches hold significant promise in advan-
cing diagnostic and therapeutic strategies for endometriosis™”. Single-cell
transcriptomic datasets can be integrated with other molecular measures
including proteomic, metabolomic, methylation as well as others, using
approaches such as MOFA™*" or DIABLO”" to identify common cell-type
specific pathways and programs mis-regulated in disease. Importantly,
while there is a high level of discordance between global transcriptomic and
proteomic analyses at the level of individual mRNAs and their cognate
proteins, there is a high degree of concordance at the pathway level, a
principal recently demonstrated for human endometrium®”. Also, unsu-
pervised machine learning or clustering approaches can characterize lesions
on the molecular level, and combined with precise phenotyping are
anticipated to enable a better understanding of disease heterogeneity.
Supervised machine learning approaches can be applied to these data to
develop classifiers and predict which patients may have a particular out-
come of interest. Furthermore, lesion-specific signals from transcriptomics
and other types of molecular data can be used to advance drug discovery
through both classical target-based approaches and more recent drug
repurposing methods. In our own recent study’”, we leveraged gene
expression data to identify new therapeutic candidates based on tran-
scriptional reversal. While the aforementioned study relied on signals from
bulk transcriptomic data of eutopic endometrium, extending this work to
leverage lesion data, especially on a single-cell level, is an exciting prospect.

Analysis of electronic health records

Analysis of electronic health records (EHR) data has contributed to enhan-
cing our understanding of endometriosis disease phenotypes. For example, a
study that implemented a clustering approach on the data of approximately
4000 endometriosis patients represented in a primary care clinical database
found that women with endometriosis could be classified into six clusters
according to the presence of comorbidities, including a cluster associated with
fewer comorbidities, multiple comorbidities, anxiety and musculoskeletal
disorders, type 1 allergy or immediate-type hypersensitivity, anemia and
infertility, or headache and migraine’”. Another work that utilized
individual-level genotype and EHR data from the UK Biobank and genome-
wide association statistics from multiple international resources revealed
genetic and phenotypic associations of endometriosis with depression,
anxiety, and eating disorders™”. Combined analysis of clinical and molecular
data can provide greater insights into endometriosis, although there has yet to
be a study to date leveraging EHR with single-cell data for this disease. Such
analyses could enhance our understanding of processes and/or mechanisms
involved in endometriosis pathophysiology or disease presentation.

The power and promise of artificial intelligence (Al) for
endometriosis

Al technology lends itself well to pattern recognition and using historical
data to make predictions—features that are increasingly being applied in
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health care and translational research of complex diseases”*"". It holds great
promise for screening and staging endometriosis with its complex classifi-
cations, varied clinical and molecular profiles, and unpredictable responses
to therapies that are yet to be tailored for individual patients.

Recent technological advancements, such as the Nezhat Endometriosis
Risk Advisor (EndoRA) application, highlight the growing role of Al in non-
invasive screening. EndoRA demonstrated a sensitivity of 93.1% in
screening endometriosis in patients with chronic pelvic pain or unexplained
infertility, although its specificity remains low (5.9%). This application’s free
and accessible platform empowers individuals to identify their endome-
triosis risk, potentially leading to earlier diagnosis and better outcomes*.

With the recent advent and use of generative Al to democratize and
standardize medicine, there may be opportunities for expedited progress in
understanding, diagnosing, and managing endometriosis. For example,
using large language models (LLMs) to analyze gene expression data could
assist researchers with knowledge-driven candidate gene prioritization and
selection which in turn could hasten the discovery of biomarkers and
therapeutics™'. In addition, analyzing molecular data combined with other
types of data such as clinical records (e.g., electronic health records, patient
registries) and environmental chemical and pollutant exposures data, could
yield even greater insights into endometriosis including potential disease
etiologies, mechanisms, and phenotypes'*'**"*. While the current best
LLMs may not be able to accurately diagnose patients across all diseases,
future improved versions of LLMs could be used to analyze clinical records
and assist clinicians in making potentially faster and more accurate diag-
noses as well as recommending personalized treatment plans™**"”. LLM-
powered chatbots could provide support for patients affected by the
endometriosis and education for individuals interested in learning more
about this condition and even in pre-operative and patient education
sessions’'®. Generative Al-empowered digital twins (DTs) could revolutio-
nize drug discovery and development by enabling simulations across dif-
ferent biological models, from cells to clinical trials, although challenges
remain including large data requirements, lack of straightforward inter-
pretation, and regulatory oversight*”. Addressing these obstacles as well as
developing multimodal and foundation DT models could ultimately

enhance drug development and personalized medicine*"”.

Democratization and standardization of endometriosis care from
diagnosis to treatment

As multi-omics research and data integration proceed, and as minimally
invasive and robotic surgery evolves, the principles of individualization and
democratization of care and standardization of procedures underscore the
necessity of enhancing global access to such procedures. Video-assisted
surgery, pioneered by Dr. Camran Nezhat and his team, revolutionized the
field, enabling complex operations with fewer complications and faster
recovery times*'. Moreover, digital surgery integrates robotics, data analy-
tics, Al, enhanced visualization, and instrumentation, and technologies as
image-guided ultrasound and augmented reality are progressing towards
incision-less surgeries. Due to rapid advances in technology, tasks that once
took days can now be done in hours, with attendant benefits for patients.
These innovations offer pathways to a more equitable and advanced surgical
future™.

Summary

In the “real world”, we, as a research and clinical community, have come a
long way, together, to mine the mysteries of endometriosis. It is anticipated
that multidisciplinary and integrative approaches will reveal features of
endometriosis and its various subtypes that will transform non-invasive
biomarker development to diagnose disease, identify cell-specific targets for
personalized single or combined medical therapies for endometriosis pain
and sub/infertility, and develop risk prediction models for disease and
symptom recurrence. Additionally, as technology advances, we predict that
surgical management, as well as medical management of endometriosis, will
become standardized and democratized within the next 2-3 decades. Fur-
thermore, incorporating Al and computational approaches is viewed as vital

in analyzing multiomics and clinical datasets and patterns and improving
understanding of endometriosis. Training the next generation of surgeons,
clinicians, computational, epidemiologic, and wet lab researchers is a major
goal to assure a pipeline of collaborators whose focus and efforts will result in
improved well-being of patients affected by endometriosis and the ultimate
goals of prevention and cure of this enigmatic disease.

Data availability
Data sharing is not applicable to this article as no datasets were generated or
analyzed during the current study.

Received: 21 June 2024; Accepted: 31 December 2024;
Published online: 06 February 2025

References

1. Nezhat, C., Nezhat, F. & Nezhat, C. Endometriosis: ancient disease,
ancient treatments. Fertil. Steril. 98, S1-62 (2012).

2. Nezhat, F. R., Kavic, M., Nezhat, C. H. & Nezhat, C. Forward we go!
JSLS: J. Soc. Laparosc. Robotic Surg. 27, €2022.00073 (2023).

3. Canis, M. et al. A call for new theories on the pathogenesis and
pathophysiology of endometriosis. J. Minim. Invasive Gynecol. 31,
371-377 (2024).

4. Nezhat, C., Falik, R., McKinney, S. &King, L. P. Pathophysiology and
management of urinary tract endometriosis. Nat. Rev. Urol. 14,
359-372 (2017).

5. Nezhat, C. et al. Thoracic endometriosis syndrome: a review of
diagnosis and management. JSLS 23, €2019.00029 (2019).

6. Zondervan, K. T., Becker, C. M. & Missmer, S. A. Endometriosis. N.
Engl. J. Med. 382, 1244-1256 (2020).

7. Saunders, P. T. K. & Horne, A. W. Endometriosis: etiology,
pathobiology, and therapeutic prospects. Cell 184, 2807-2824 (2021).

8. World Health Organization (WHO) Fact Sheet on Endometriosis.
https://www.who.int/news-room/fact-sheets/detail/endometriosis
(2023).

9. Missmer, S. A. & Cramer, D. W. The epidemiology of endometriosis.
Obstet. Gynecol. Clin. North Am. 30, 1-19 (2003).

10. Giudice, L. C., Oskotsky, T. T., Falako, S., Opoku-Anane, J. & Sirota,
M. Endometriosis in the era of precision medicine and impact on
sexual and reproductive health across the lifespan and in diverse
populations. FASEB J. 37, €23130 (2023).

11.  Burney, R. O. & Giudice, L. C. In Degroot’s Endocrinology (eds.
Burney, R. O. et al.) Vol. 18, 2079-2092 (Elesiver, 2022).

12.  Vigano, P. et al. Time to redefine endometriosis including its pro-
fibrotic nature. Hum. Reprod. 33, 347-352 (2018).

13. Nezhat, C. et al. The prevalence of endometriosis in patients with
unexplained infertility. J. Clin. Med. 13, 444 (2024).

14. Marquardt, R. M., Kim, T.H., Shin, J.-H. & Jeong, J.-W. Progesterone
and estrogen signaling in the endometrium: what goes wrong in
endometriosis? Int. J. Mol. Sci. 20, 3822 (2019).

15.  Burney, R. O. Fibrosis as a molecular hallmark of endometriosis
pathophysiology. Fertil. Steril. 118, 203-204 (2022).

16. Asghari, S., Valizadeh, A., Aghebati-Maleki, L., Nouri, M. & Yousefi,
M. Endometriosis: perspective, lights, and shadows of etiology.
Biomed. Pharmacother. 106, 163-174 (2018).

17.  Klemmt, P. A. B. & Starzinski-Powitz, A. Molecular and cellular
pathogenesis of endometriosis. Curr. Women s. Health Rev. 14,
106-116 (2018).

18. Wang, Y., Nicholes, K. & Shih, I.-M. The origin and pathogenesis of
endometriosis. Annu. Rev. Pathol.: Mech. Dis. 15, 71-95 (2020).

19.  Bulun, S. E. Endometriosis caused by retrograde menstruation: now
demonstrated by DNA evidence. Fertil. Steril. 118, 535-536 (2022).

20. Signorile, P. G., Viceconte, R. & Baldi, A. New insights in
pathogenesis of endometriosis. Front. Med. 9, 879015 (2022).

21. Lamceva, J., Uljanovs, R. & Strumfa, |. The main theories on the
pathogenesis of endometriosis. Int J. Mol. Sci. 24, 4254 (2023).

npj Women's Health | (2025)3:8

11


https://www.who.int/news-room/fact-sheets/detail/endometriosis
https://www.who.int/news-room/fact-sheets/detail/endometriosis
www.nature.com/npjwomenshealth

https://doi.org/10.1038/s44294-024-00052-w

Review

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Cousins, F. L. et al. New concepts on the etiology of endometriosis.
J. Obstet. Gynaecol. Res. 49, 1090-1105 (2023).

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

Sampson, J. A. Metastatic or embolic endometriosis, due to the
menstrual dissemination of endometrial tissue into the venous
circulation. Am. J. Pathol. 3, 93-110.43 (1927).

Sampson, J. A. The development of the implantation theory for the
origin of peritoneal endometriosis. Am. J. Obstet. Gynecol. 40,
549-557 (1940).

Yovich, J. L., Rowlands, P. K., Lingham, S., Sillender, M. &
Srinivasan, S. Pathogenesis of endometriosis: look no further than
John Sampson. Reprod. Biomed. Online 40, 7-11 (2020).
Anglesio, M. S. et al. Cancer-associated mutations in endometriosis
without cancer. N. Engl. J. Med. 376, 1835-1848 (2017).

Suda, K. et al. Clonal expansion and diversification of cancer-
associated mutations in endometriosis and normal endometrium.
Cell Rep. 24, 1777-1789 (2018).

Praetorius, T. H. et al. Molecular analysis suggests oligoclonality and
metastasis of endometriosis lesions across anatomically defined
subtypes. Fertil. Steril. 118, 524-534 (2022).

Halme, J., Hammond, M. G., Hulka, J. F., Raj, S. G. & Talbert, L. M.
Retrograde menstruation in healthy women and in patients with
endometriosis. Obstet. Gynecol. 64, 151-154 (1984).

Konrad, L., Dietze, R., Kudipudi, P. K., Horné, F. & Meinhold-
Heerlein, |. Endometriosis in MRKH cases as a proof for the coelomic
metaplasia hypothesis? Reproduction 158, R41-R47 (2019).
Djokovic, D. & Calhaz-Jorge, C. Somatic stem cells and their
dysfunction in endometriosis. Front. Surg. 1, 51 (2015).

Figueira, P. G. M., Abréo, M. S., Krikun, G. & Taylor, H. Stem cells in
endometrium and their role in the pathogenesis of endometriosis.
Ann. N. Y Acad. Sci. 1221, 10-17 (2011).

Maruyama, T. Stem cell theory for the pathogenesis of
endometriosis. Front. Biosci. E4, 2754-2763 (2012).

Ohlsson Teague, E. M. C., Print, C. G. & Hull, M. L. The role of
microRNAs in endometriosis and associated reproductive
conditions. Hum. Reprod. Update 16, 142-165 (2010).

Koukoura, O., Sifakis, S. & Spandidos, D. A. DNA methylation in
endometriosis (Review). Mol. Med. Rep. 13, 2939-2948 (2016).
Koninckx, P. R. et al. Pathogenesis of endometriosis: the genetic/
epigenetic theory. Fertil. Steril. 111, 327-340 (2019).

Giudice L. C. et al. in Human Reproductive and Prenatal Genetics
(eds. Leung Peter, C. K. & Qiao Jie) 599-632 (2023).

Maekawa, R. et al. Combined histological and DNA methylome
profiling approaches may provide insights into the pathophysiology
of ovarian endometriomas. Reprod. Med. Biol. 22, e12548 (2023).
Salliss, M. E., Farland, L. V., Mahnert, N. D. & Herbst-Kralovetz, M. M.
The role of gut and genital microbiota and the estrobolome in
endometriosis, infertility and chronic pelvic pain. Hum. Reprod.
Update 28, 92-131 (2021).

Muraoka, A., Yokoi, A. & Kajiyama, H. Emerging bacterial factors for
understanding pathogenesis of endometriosis. iScience 27, 108739
(2024).

Quesada, J. et al. Endometriosis: A multimodal imaging review. Eur.
J. Radio. 158, 110610 (2023).

Urteaga, |., McKillop, M. & Elhadad, N. Learning endometriosis
phenotypes from patient-generated data. NPJ Digit. Med. 3, 88
(2020).

Nezhat, C. et al. Use of the free endometriosis risk advisor app as a
non-invasive screening test for endometriosis in patients with
chronic pelvic pain and/or unexplained infertility. J. Clin. Med 12,
5234 (2023).

Giudice, L. C. Advances in approaches to diagnose endometriosis.
Glob Reprod. Health 9, e0074 (2024).

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Culley, L. et al. The social and psychological impact of
endometriosis on women'’s lives: a critical narrative review. Hum.
Reprod. Update 19, 625-639 (2013).

Zondervan, K. T. et al. Endometriosis. Nat. Rev. Dis. Prim. 4,9 (2018).
Becker, C. M. et al. ESHRE guideline: endometriosis. Hum. Reprod.
Open 2022, hoac009 (2022).

Allaire, C., Bedaiwy, M. A. & Yong, P. J. Diagnosis and management
of endometriosis. Can. Med. Assoc. J. 195, E363-E371 (2023).
Becker, C. M., Gattrell, W. T., Gude, K. & Singh, S. S. Reevaluating
response and failure of medical treatment of endometriosis: a
systematic review. Fertil. Steril. 108, 125-136 (2017).

Kapoor, R., Stratopoulou, C. A. & Dolmans, M.-M. Pathogenesis of
endometriosis: new insights into prospective therapies. Int. J. Mol.
Sci. 22, 11700 (2021).

Soriano, D. et al. Fertility outcome of laparoscopic treatment in
patients with severe endometriosis and repeated in vitro fertilization
failures. Fertil. Steril. 106, 1264-1269 (2016).

Littman, E. et al. Role of laparoscopic treatment of endometriosis in
patients with failed in vitro fertilization cycles. Fertil. Steril. 84,
1574-1578 (2005).

American Society for Reproductive Medicine. Revised American
Society for Reproductive Medicine classification of endometriosis:
1996. Fertil. Steril. 67, 817-821 (1997).

Vercellini, P. et al. Association of endometriosis and adenomyosis
with pregnancy and infertility. Fertil. Steril. 119, 727-740 (2023).
Tuttlies, F. et al. ENZIAN-Score, eine Klassifikation der tief
infiltrierenden Endometriose. Zentralbl Gynakol. 127, 275-281
(2005).

Abrao, M. S. et al. AAGL 2021 endometriosis classification: an
anatomy-based surgical complexity score. J. Minim. Invasive
Gynecol. 28, 1941-1950.e1 (2021).

Adamson, G. D. & Pasta, D. J. Endometriosis fertility index: the new,
validated endometriosis staging system. Fertil. Steril. 94, 1609-1615
(2010).

Johnson, N. P. et al. World Endometriosis Society consensus on the
classification of endometriosis. Hum. Reprod. 32, 315-324 (2017).
Lee, S.-Y., Koo, Y.-J. & Lee, D.-H. Classification of endometriosis.
Yeungnam Univ. J. Med. 38, 10-18 (2021).

Hudelist, G. et al. What to choose and why to use—a critical review
on the clinical relevance of rASRM, EFI and Enzian classifications of
endometriosis. Facts Views Vis. Obgy. 13, 331-338 (2021).
Veeraswamy, A. et al. Extragenital endometriosis. Clin. Obstet.
Gynecol. 53, 449-466 (2010).

Zhai, J., Vannuccini, S., Petraglia, F. & Giudice, L. C. Adenomyosis:
mechanisms and pathogenesis. Semin. Reprod. Med. 38, 129-143
(2020).

Bulun, S. E. et al. Endometriosis and adenomyosis: shared
pathophysiology. Fertil. Steril. 119, 746-750 (2023).

Menni, K., Facchetti, L. & Cabassa, P. Extragenital endometriosis:
assessment with MR imaging. A pictorial review. Br. J. Radio. 89,
20150672 (2016).

Del Frate, C. et al. Deep retroperitoneal pelvic endometriosis: MR
imaging appearance with laparoscopic correlation. RadioGraphics
26, 1705-1718 (2006).

Nezhat, C. et al. Bowel endometriosis: diagnosis and management.
Am. J. Obstet. Gynecol. 218, 549-562 (2018).

Nezhat, C. et al. Laparoscopic management of hepatic
endometriosis: Report of two cases and review of the literature. J.
Minim. Invasive Gynecol. 12, 196-200 (2005).

Redwine, D. B. Ovarian endometriosis: a marker for more extensive
pelvic and intestinal disease. Fertil. Steril. 72, 310-315 (1999).
Weed, J. C. &Ray, J. E. Endometriosis of the bowel. Obstet. Gynecol.
69, 727-730 (1987).

Nezhat, C. & Agarwal, S. Bowel endometriosis. Fertil. Steril. 117,
384-386 (2022).

npj Women's Health | (2025)3:8

12


www.nature.com/npjwomenshealth

https://doi.org/10.1038/s44294-024-00052-w

Review

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Nisolle, M. & Donnez, J. Peritoneal endometriosis, ovarian
endometriosis, and adenomyotic nodules of the rectovaginal
septum are three different entities. Fertil. Steril. 68, 585-596 (1997).
Colgrave, E. M. et al. Superficial peritoneal endometriotic lesions are
histologically diverse and rarely demonstrate menstrual cycle
synchronicity with matched eutopic endometrium. Hum. Reprod.
35, 2701-2714 (2020).

Mijatovic, V. Towards a more biologically informative system of
endometriosis classification. Hum. Reprod. 35, 2658-2659 (2020).
Orr, N. L. et al. KRAS mutations and endometriosis burden of
disease. J. Pathol. Clin. Res. 9, 302-312 (2023).

Peter, A. W. et al. Research priorities for endometriosis:
recommendations from a global consortium of investigators in
endometriosis. Reprod. Sci. 24, 202-226 (2017).

Agarwal, N. & Subramanian, A. Endometriosis - morphology, clinical
presentations and molecular pathology. J. Lab Physicians 2,
001-009 (2010).

Goldstein, D. P., deCholnoky, C., Emans, S. J. & Leventhal, J. M.
Laparoscopy in the diagnosis and management of pelvic pain in
adolescents. J. Reprod. Med 24, 251-256 (1980).

Redwine, D. B. Age-related evolution in color appearance of
endometriosis. Fertil. Steril. 48, 1062-1063 (1987).

Kéhler, G. & Lorenz, G. Zur Korrelation von endoskopischem und
histologischem Bild der Endometriose. Endometriose 4, 56-60
(1991).

Nezhat, F., Allan, C. J., Nezhat, C. & Martin, D. C. Nonvisualized
endometriosis at laparoscopy. Int. J. Fertil. 36, 340-343 (1991).
Nisolle, M., Casanas-Roux, F., Anaf, V., Mine, J.-M. & Donnez, J.
Morphometric study of the stromal vascularization in peritoneal
endometriosis. Fertil. Steril. 59, 681-684 (1993).

Brosens, I. A. Is mild endometriosis a progressive disease? Hum.
Reprod. 9, 2209-2211 (1994).

Donnez, J., Smoes, P., Gillerot, S., Casanas-Roux, F. & Nisolle, M.
Vascular endothelial growth factor (VEGF) in endometriosis. Hum.
Reprod. 13, 1686-1690 (1998).

Stegmann, B. J. et al. Using location, color, size, and depth to
characterize and identify endometriosis lesions in a cohort of 133
women. Fertil. Steril. 89, 1632—-1636 (2008).

Yeung, P., Sinervo, K., Winer, W. & Albee, R. B. Complete
laparoscopic excision of endometriosis in teenagers: is
postoperative hormonal suppression necessary? Fertil. Steril. 95,
1909-1912.e1 (2011).

Strehl, J. D. et al. Correlation of histological and macroscopic
findings in peritoneal endometriosis. Int. J. Clin. Exp. Pathol. 7,
152-162 (2014).

Nisolle, M., Casanas-Roux, F. & Donnez, J. Immunohistochemical
analysis of proliferative activity and steroid receptor expression in
peritoneal and ovarian endometriosis. Fertil. Steril. 68, 912-919 (1997).
Chatman, D. L. Pelvic peritoneal defects and endometriosis: Allen-
Masters syndrome revisited. Fertil. Steril. 36, 751-756 (1981).
Donnez, J., Nisolle, M. & Casanas-Roux, F. Three-dimensional
architectures of peritoneal endometriosis. Fertil. Steril. 57, 980-983
(1992).

Jansen, R. P. S. & Russell, P. Nonpigmented endometriosis: clinical,
laparoscopic, and pathologic definition. Am. J. Obstet. Gynecol.
155, 1154-1159 (1986).

Abrao, M. S.,Neme, R. M., Carvalho, F. M., Aldrighi, J. M. &Pinotti, J.
A. Histological classification of endometriosis as a predictor of
response to treatment. Int. J. Gynecol. Obstet. 82, 31-40 (2003).
Donnez, J., Nisolle, M., Casanas-Roux, F., Brion, P. & DaFerreira, N.
C. Stereometric evaluation of peritoneal endometriosis and
endometriotic nodules of the rectovaginal septum. Hum. Reprod.
11, 224-228 (1996).

Lessey, B. A., Higdon, H. L. lll, Miller, S. E. & Price, T. A.
Intraoperative detection of subtle endometriosis: a novel paradigm

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

for detection and treatment of pelvic pain associated with the loss of
peritoneal integrity. J. Vis. Exp. https://doi.org/10.3791/4313 (2012).
Colgrave, E. M. et al. Extensive heterogeneity in the expression of
steroid receptors in superficial peritoneal endometriotic lesions.
Reprod. Biomed. Online 48, 103409 (2024).

Anaf, V. Smooth muscles are frequent components of endometriotic
lesions. Hum. Reprod. 15, 767-771 (2000).

Barcena de Arellano, M. L. et al. Immunohistochemical
characterization of endometriosis-associated smooth muscle cells
in human peritoneal endometriotic lesions. Hum. Reprod. 26,
2721-2730 (2011).

Khare, V. K., Martin, D. C. & Eltorky, M. A comparative study of
ovarian and pelvic wall-infiltrating endometriosis. J. Am. Assoc.
Gynecol. Laparosc. 3, 235-239 (1996).

Leyendecker, G. Endometriosis results from the dislocation of basal
endometrium. Hum. Reprod. 17, 2725-2736 (2002).

Mechsner, S. et al. Oxytocin receptor expression in smooth muscle
cells of peritoneal endometriotic lesions and ovarian endometriotic
cysts. Fertil. Steril. 83, 1220-1231 (2005).

Somigliana, E. et al. Adhesion prevention in endometriosis: a
neglected critical challenge. J. Minim. Invasive Gynecol. 19, 415-421
(2012).

Young, V. J. et al. Transforming growth factor-f induced warburg-
like metabolic reprogramming may underpin the development of
peritoneal endometriosis. J. Clin. Endocrinol. Metab. 99, 3450-3459
(2014).

Colgrave, E. M. et al. Distribution of smooth muscle actin and
collagen in superficial peritoneal endometriotic lesions varies from
the surrounding microenvironment. Reprod. Biomed. Online 48,
103610 (2024).

Nezhat, C., Nezhat, F., Nezhat, C. & Seidman, D. S. Classification of
endometriosis: improving the classification of endometriotic ovarian
cysts. Hum. Reprod. 9, 2212-2213 (1994).

Nezhat, F., Nezhat, C., Nezhat, C. & Admon, D. A fresh look at
ovarian endometriomas. Contemp. Ob. Gyn. 39, 81-94 (1994).
Nezhat, F., Nezhat, C., Allan, C. J., Metzger, D. A. & Sears, D. L. Clinical
and histologic classification of endometriomas. Implications for a
mechanism of pathogenesis. J. Reprod. Med. 37, 771-776 (1992).
Nezhat, C., Nezhat, F., Nezhat, C. & Admon D. Treatment of ovarian
endometriomas in Endometriosis: Advanced Management and
Surgical Techniques (Springer, 2012).

Nezhat, F. R., Cathcart, A. M., Nezhat, C. H. & Nezhat, C. R.
Pathophysiology and clinical implications of ovarian
endometriomas. Obstet. Gynecol. 143, 759-766 (2024).

Scurry, J., Whitehead, J. & Healey, M. Classification of ovarian
endometriotic cysts. Int. J. Gynecol. Pathol. 20, 147-154 (2001).
Keyhan, S., Hughes, C., Price, T. & Muasher, S. An update on
surgical versus expectant management of ovarian endometriomas
in infertile women. Biomed. Res. Int. 2015, 1-9 (2015).

Nezhat, C. R., Nezhat, F. & Nezhat, C. H. Nezhat’s Video-Assisted
and Robotic-Assisted Laparoscopy and Hysteroscopy (Cambridge
University Press, 2013).

Falik Rebecca, C. et al. Endometriomas: classification and surgical
management. OBG Manag. 7, 38-43 (2017).

Liu, X., Zhang, Q. & Guo, S.-W. Histological and
immunohistochemical characterization of the similarity and
difference between ovarian endometriomas and deep infiltrating
endometriosis. Reprod. Sci. 25, 329-340 (2018).

Zhang, Q., Duan, J., Liu, X. & Guo, S.-W. Platelets drive smooth
muscle metaplasia and fibrogenesis in endometriosis through
epithelial-mesenchymal transition and fibroblast-to-myofibroblast
transdifferentiation. Mol. Cell Endocrinol. 428, 1-16 (2016).
Kitajima, M. et al. Enhanced follicular recruitment and atresia in
cortex derived from ovaries with endometriomas. Fertil. Steril. 101,
1031-1037 (2014).

npj Women's Health | (2025)3:8

13


https://doi.org/10.3791/4313
https://doi.org/10.3791/4313
www.nature.com/npjwomenshealth

https://doi.org/10.1038/s44294-024-00052-w

Review

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Nie, J., Zhao, C., Lagana, A. S., Liu, X. & Guo, S.-W. Identification of
lesional attributes of dysmenorrhea severity and the serum
antimullerian hormone levels in women with ovarian
endometriomas. Fertil. Steril. 118, 191-202 (2022).
Dymanowska-Dyjak, I. et al. Immune dysregulation in endometriomas:
implications for inflammation. Int. J. Mol. Sci. 25, 4802 (2024).

Seraji, S. et al. Association between ovarian endometriomas and
stage of endometriosis. J. Clin. Med. 13, 4530 (2024).

Marla, S. et al. Gene expression profiles separate endometriosis
lesion subtypes and indicate a sensitivity of endometrioma to
estrogen suppressive treatments through elevated ESR2
expression. BMC Med 21, 460 (2023).

Koninckx, P. R. & Martin, D. C. Deep endometriosis: a consequence
of infiltration or retraction or possibly adenomyosis externa? Fertil.
Steril. 58, 924-928 (1992).

Koninckx, P. R., Ussia, A., Adamyan, L., Wattiez, A. & Donnez, J.
Deep endometriosis: definition, diagnosis, and treatment. Fertil.
Steril. 98, 564-571 (2012).

Ferrero, S., Alessandri, F., Racca, A. & Leone Roberti Maggiore, U.
Treatment of pain associated with deep endometriosis: alternatives
and evidence. Fertil. Steril. 104, 771-792 (2015).

Gui, B. et al. Deep pelvic endometriosis: don’t forget round
ligaments. Review of anatomy, clinical characteristics, and MR
imaging features. Abdom. Imaging 39, 622-632 (2014).

Roman, H. et al. Multiple nodule removal in multifocal colorectal
endometriosis instead of “en bloc” large colorectal resection.
Gynecol. Obstet. Fertil. 44, 121-124 (2016).

Schindler, A. E. Pathophysiology, diagnosis and treatment of
endometriosis. Minerva Ginecol. 56, 419-435 (2004).

Nezhat, C., Nezhat, F. & Pennington, E. Laparoscopic treatment of
infiltrative rectosigmoid colon and rectovaginal septum
endometriosis by the technique of videolaparoscopy and the CO,
laser. BJOG 99, 664-667 (1992).

Cornillie, F. J., Oosterlynck, D., Lauweryns, J. M. & Koninckx, P. R.
Deeply infiltrating pelvic endometriosis: histology and clinical
significance. Fertil. Steril. 53, 978-983 (1990).

ltoga, T. et al. Fibrosis and smooth muscle metaplasia in
rectovaginal endometriosis. Pathol. Int. 53, 371-375 (2003).
Matsuzaki, S., Darcha, C., Pouly, J.-L. & Canis, M. Effects of matrix
stiffness on epithelial to mesenchymal transition-like processes of
endometrial epithelial cells: Implications for the pathogenesis of
endometriosis. Sci. Rep. 7, 44616 (2017).

van Kaam, K. J. A. F., Schouten, J. P., Nap, A. W., Dunselman, G. A.
J. & Groothuis, P. G. Fibromuscular differentiation in deeply
infiltrating endometriosis is a reaction of resident fibroblasts to the
presence of ectopic endometrium. Hum. Reprod. 23, 2692-2700
(2008).

Wang, W. et al. Single-cell transcriptomic atlas of the human
endometrium during the menstrual cycle. Nat. Med. 26, 1644-1653
(2020).

Garcia-Alonso, L. et al. Mapping the temporal and spatial dynamics
of the human endometrium in vivo and in vitro. Nat. Genet. 53,
1698-1711 (2021).

Queckborner, S., Syk Lundberg, E., Gemzell-Danielsson, K. &
Davies, L. C. Endometrial stromal cells exhibit a distinct phenotypic
and immunomodulatory profile. Stem Cell Res. Ther. 11, 15 (2020).
The Tabula Sapiens Consortium et al. The Tabula Sapiens: a
multiple-organ, single-cell transcriptomic atlas of humans. Science
376, eabl4896 (2022).

Ma, J. et al. Single-cell transcriptomic analysis of endometriosis
provides insights into fibroblast fates and immune cell
heterogeneity. Cell Biosci. 11, 125 (2021).

Shih, A. J. et al. Single-cell analysis of menstrual endometrial tissues
defines phenotypes associated with endometriosis. BMC Med. 20,
315 (2022).

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

158.

154.

155.

156.

157.

Tan, Y. et al. Single-cell analysis of endometriosis reveals a
coordinated transcriptional programme driving immunotolerance
and angiogenesis across eutopic and ectopic tissues. Nat. Cell Biol.
24, 1306-1318 (2022).

Huang, X. et al. Single-cell transcriptome analysis reveals
endometrial immune microenvironment in minimal/mild
endometriosis. Clin. Exp. Immunol. 212, 285-295 (2023).

Fonseca, M. A. S. et al. Single-cell transcriptomic analysis of
endometriosis. Nat. Genet. 55, 255-267 (2023).

Almonte, A. L. et al. Endometrial subcellular alterations in
endometriosis identified by single-cell analysis across the menstrual
cycle. Fertil. Steril. 120, e61-e62 (2023).

Mareckova, M. et al. An integrated single-cell reference atlas of the
human endometrium. Nat. Genet 56, 1925-1937 (2024).

Giudice, L. C,, Liu, B. & Irwin, J. C. Endometriosis and adenomyosis
unveiled through single-cell glasses. Am. J. Obstet. Gynecol. in
press (2025).

Mol, B. W. J. et al. The performance of CA-125 measurement in the
detection of endometriosis: a meta-analysis. Fertil. Steril. 70,
1101-1108 (1998).

Karimi-Zarchi, M., Dehshiri-Zadeh, N., Sekhavat, L. & Nosouhi, F.
Correlation of CA-125 serum level and clinico-pathological
characteristic of patients with endometriosis. Int. J. Reprod. Biomed.
14, 713-718 (2016).

Kurdoglu, Z. et al. Comparison of the clinical value of CA 19-9 versus
CA 125 for the diagnosis of endometriosis. Fertil. Steril. 92,
1761-1763 (2009).

Drabovich, A. P., Martinez-Morillo, E. & Diamandis, E. P. Toward an
integrated pipeline for protein biomarker development. Biochim.
Biophys. Acta (BBA) - Proteins Proteom. 1854, 677-686 (2015).
Nisenblat, V. et al. Blood biomarkers for the non-invasive diagnosis
of endometriosis. Cochrane Database Syst. Rev. 2016, CD012179
(2016).

O, D. F., Flores, I, Waelkens, E. & D’Hooghe, T. Noninvasive
diagnosis of endometriosis: Review of current peripheral blood and
endometrial biomarkers. Best. Pr. Res. Clin. Obstet. Gynaecol. 50,
72-83 (2018).

Encalada Soto, D. et al. Endometriosis biomarkers of the disease: an
update. Curr. Opin. Obstet. Gynecol. 34, 210-219 (2022).

Seeber, B. et al. Proteomic analysis of serum yields six candidate
proteins that are differentially regulated in a subset of women with
endometriosis. Fertil. Steril. 93, 2137-2144 (2010).

Vodolazkaia, A. et al. Evaluation of a panel of 28 biomarkers for the
non-invasive diagnosis of endometriosis. Hum. Reprod. 27,
2698-2711 (2012).

May, K. E., Villar, J., Kirtley, S., Kennedy, S. H. & Becker, C. M.
Endometrial alterations in endometriosis: a systematic review of
putative biomarkers. Hum. Reprod. Update 17, 637-653 (2011).
Rai, P., Kota, V., Deendayal, M. & Shivaji, S. Differential proteome
profiling of eutopic endometrium from women with endometriosis to
understand etiology of endometriosis. J. Proteome Res. 9,
4407-4419 (2010).

ten Have, S., Fraser, ., Markham, R., Lam, A. & Matsumoto, I.
Proteomic analysis of protein expression in the eutopic endometrium of
women with endometriosis. Proteom. Clin. Appl. 1, 1243-1251 (2007).
Méar, L. et al. The eutopic endometrium proteome in endometriosis
reveals candidate markers and molecular mechanisms of
physiopathology. Diagnostics 12, 419 (2022).

Marianowski, P., Szymusik, |., Malejczyk, J., Hibner, M. & Wielgos, M.
Proteomic analysis of eutopic and ectopic endometriotic tissues based
on isobaric peptide tags for relative and absolute quantification (iTRAQ)
method. Neuro Endocrinol. Lett. 34, 717-721 (2013).

Xu, H.-M., Deng, H.-T., Liu, C.-D., Chen, Y.-L. & Zhang, Z.-Y.
Phosphoproteomics analysis of endometrium in women with or
without endometriosis. Chin. Med. J. 128, 2617-2624 (2015).

npj Women's Health | (2025)3:8

14


www.nature.com/npjwomenshealth

https://doi.org/10.1038/s44294-024-00052-w

Review

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

Zhu, G. et al. Identification of differentially expressed proteins
associated with recurrence in ovarian endometriotic cysts. Syst.
Biol. Reprod. Med. 66, 59-69 (2020).

Zhang, H. et al. Use of proteomic analysis of endometriosis to
identify different protein expression in patients with endometriosis
versus normal controls. Fertil. Steril. 86, 274-282 (2006).
Manousopoulou, A. et al. Integrated eutopic endometrium and non-
depleted serum quantitative proteomic analysis identifies candidate
serological markers of endometriosis. Proteom. Clin. Appl. 13,
1800153 (2019).

Ji, S. et al. DIA-based analysis of the menstrual blood proteome
identifies association between CXCL5 and IL1RN and
endometriosis. J. Proteom. 289, 104995 (2023).

Bennett, H. M., Stephenson, W., Rose, C. M. & Darmanis, S. Single-
cell proteomics enabled by next-generation sequencing or mass
spectrometry. Nat. Methods 20, 363-374 (2023).

Giesen, C. et al. Highly multiplexed imaging of tumor tissues with
subcellular resolution by mass cytometry. Nat. Methods 11,
417-422 (2014).

Rai, P., Kota, V., Sundaram, C. S., Deendayal, M. & Shivaji, S.
Proteome of human endometrium: identification of differentially
expressed proteins in proliferative and secretory phase
endometrium. Proteom. Clin. Appl 4, 48-59 (2010).

Fassbender, A. et al. Proteomics analysis of plasma for early
diagnosis of endometriosis. Obstet. Gynecol. 119, 276-285 (2012).
Sasamoto, N. et al. Circulating proteomic profiles associated with
endometriosis in adolescents and young adults. Hum. Reprod. 37,
2042-2053 (2022).

Sasamoto, N. et al. Plasma proteomic profiles of pain subtypes in
adolescents and young adults with endometriosis. Hum. Reprod.
38, 1509-1519 (2023).

Gonzalez-Covarrubias, V., Martinez-Martinez, E. & del Bosque-
Plata, L. The potential of metabolomics in biomedical applications.
Metabolites 12, 194 (2022).

Lelli, V., Belardo, A. & Maria Timperio, A. In Metabolomics -
Methodology and Applications in Medical Sciences and Life
Sciences (ed. Zhan Xianquan) (IntechOpen, 2021).

Goulielmos, G. N. et al. Endometriosis research in the -omics era.
Gene 741, 144545 (2020).

Lin, C., Chen, Z., Wang, C. &Xi, Y. Research progress on biomarkers
for endometriosis based on lipidomics. Zhejiang Da Xue Xue Bao Yi
Xue Ban. 49, 779-784 (2020).

Meidyana, S. & Fedora, K. Metabolomics as a candidate for
endometriosis biomarker: a systematic review. Fertil. Reprod. 06,
49-59 (2024).

Dutta, M. et al. Metabolomics reveals perturbations in endometrium
and serum of minimal and mild endometriosis. Sci. Rep. 8, 6466
(2018).

Li, J. et al. Discovery of phosphatidic acid, phosphatidylcholine, and
phosphatidylserine as biomarkers for early diagnosis of
endometriosis. Front Physiol. 9, 14-22 (2018).

Anger, D. L. The link between environmental toxicant exposure and
endometriosis. Front. Biosci. 13, 1578 (2008).

Stephens, V. R., Rumph, J. T., Ameli, S., Bruner-Tran, K. L. & Osteen,
K. G. The potential relationship between environmental endocrine
disruptor exposure and the development of endometriosis and
adenomyosis. Front Physiol. 12, 807685 (2022).

Dutta, S., Banu, S. K. & Arosh, J. A. Endocrine disruptors and
endometriosis. Reprod. Toxicol. 115, 56-73 (2023).

Giampaolino, P. et al. Dioxin and endometriosis: a new possible
relation based on epigenetic theory. Gynecol. Endocrinol. 36,
279-284 (2020).

Forte, M. et al. Triclosan and bisphenol a affect decidualization of
human endometrial stromal cells. Mol. Cell Endocrinol. 422, 74-83
(2016).

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

198.

194.

195.

196.

197.

198.

199.

200.

Aghajanova, L. & Giudice, L. C. Effect of bisphenol A on human
endometrial stromal fibroblasts in vitro. Reprod. Biomed. Online 22,
249-256 (2011).

Matta, K. et al. Associations between persistent organic pollutants
and endometriosis: a multiblock approach integrating metabolic and
cytokine profiling. Environ. Int 168, 106926 (2022).

Becker, C. M. et al. World Endometriosis Research Foundation
Endometriosis Phenome and Biobanking Harmonisation Project: I.
Surgical phenotype data collection in endometriosis research. Fertil.
Steril. 102, 1213-1222 (2014).

Clement, P. B. The pathology of endometriosis. Adv. Anat. Pathol.
14, 241-260 (2007).

Sumathi, V. P. & McCluggage, W. G. CD10 is useful in demonstrating
endometrial stroma at ectopic sites and in confirming a diagnosis of
endometriosis. J. Clin. Pathol. 55, 391-392 (2002).

Konrad, L. et al. Composition of the stroma in the human
endometrium and endometriosis. Reprod. Sci. 25, 1106-1115
(2018).

Chen, C.V.,Orlando, M. S., Abel, M. K., Opoku-Anane, J. & Rabban, J. T.
Diagnostic utility of deeper level tissue sections of negative peritoneal
biopsies for clinically suspected endometriosis. Int. J. Gynecol. Pathol.
https://doi.org/10.1097/PGP.0000000000001071 (2024).

McKinnon, B. D. et al. Computer-aided histopathological
characterisation of endometriosis lesions. J. Pers. Med. 12, 1519
(2022).

Sheldon, E. et al. Biobanking human endometrial tissue and blood
specimens: standard operating procedure and importance to
reproductive biology research and diagnostic development. Fertil.
Steril. 95, 2120-2122.e12 (2011).

Rahmioglu, N. et al. World Endometriosis Research Foundation
Endometriosis Phenome and Biobanking Harmonization Project: IlI.
Fluid biospecimen collection, processing, and storage in
endometriosis research. Fertil. Steril. 102, 1233-1243 (2014).
Fassbender, A. et al. World Endometriosis Research Foundation
Endometriosis Phenome and Biobanking Harmonisation Project: IV.
Tissue collection, processing, and storage in endometriosis
research. Fertil. Steril. 102, 1244-1253 (2014).

Bui, B. N. et al. An unbiased approach of molecular characterization
of the endometrium: toward defining endometrial-based infertility.
Hum. Reprod. 39, 275-281 (2024).

Noyes, R. W., Hertig, A. T. & Rock, J. Dating the endometrial biopsy.
Fertil. Steril. 1, 3-25 (1950).

Noyes, R. W., Hertig, A. T. & Rock, J. Dating the endometrial biopsy.
Am. J. Obstet. Gynecol. 122, 262-263 (1975).

Teh, W.T. et al. Amolecular staging model for accurately dating the
endometrial biopsy. Nat. Commun. 14, 6222 (2023).

Goldfien, G. A. et al. Progestin-containing contraceptives alter
expression of host defense-related genes of the endometrium and
cervix. Reprod. Sci. 22, 814-828 (2015).

Shanmugasundaram, U. et al. Effects of the levonorgestrel-releasing
intrauterine device on the immune microenvironment of the human
cervix and endometrium. Am. J. Reprod. Immunol. 76, 137-148
(2016).

Smith-McCune, K. K. et al. Effects of depot-medroxyprogesterone
acetate on the immune microenvironment of the human cervix and
endometrium: implications for HIV susceptibility. Mucosal Immunol.
10, 1270-1278 (2017).

Smith-McCune, K. et al. Differential effects of the hormonal and
copper intrauterine device on the endometrial transcriptome. Sci.
Rep. 10, 6888 (2020).

Houshdaran, S. et al. Progestins related to progesterone and
testosterone elicit divergent human endometrial transcriptomes and
biofunctions. Int. J. Mol. Sci. 21, 2625 (2020).

Vitonis, A. F. et al. World Endometriosis Research Foundation
Endometriosis Phenome and biobanking harmonization project: II.

npj Women's Health | (2025)3:8

15


https://doi.org/10.1097/PGP.0000000000001071
https://doi.org/10.1097/PGP.0000000000001071
www.nature.com/npjwomenshealth

https://doi.org/10.1038/s44294-024-00052-w

Review

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

Clinical and covariate phenotype data collection in endometriosis
research. Fertil. Steril. 102, 1223-1232 (2014).

Yong, P. J., Talhouk, A. & Anglesio, M. S. Somatic genomic eventsin
endometriosis: review of the literature and approach to phenotyping.
Reprod. Sci. 28, 2743-2757 (2021).

Sivajohan, B. et al. Clinical use of artificial intelligence in
endometriosis: a scoping review. NPJ Digit. Med. 5, 109 (2022).
Argelaguet, R. et al. Multi-Omics Factor Analysis—a framework for
unsupervised integration of multi-omics data sets. Mol. Syst. Biol.
14, 8124 (2018).

Singh, A. et al. DIABLO: an integrative approach for identifying key
molecular drivers from multi-omics assays. Bioinformatics 35,
3055-3062 (2019).

Mufoz-Blat, I. et al. Multi-omics-based mapping of decidualization
resistance in patients with a history of severe preeclampsia. Nat.
Med. https://doi.org/10.1038/s41591-024-03407-7 (2025).
Oskotsky, T. T. et al. Identifying therapeutic candidates for
endometriosis through a transcriptomics-based drug repositioning
approach. iScience 27, 109388 (2024).

Sarria-Santamera, A., Yemenkhan, Y., Terzic, M., Ortega, M. A. &
Asunsolo del Barco, A. Anovel classification of endometriosis based
on clusters of comorbidities. Biomedicines 11, 2448 (2023).

Koller, D. et al. Epidemiologic and genetic associations of
endometriosis with depression, anxiety, and eating disorders. JAMA
Netw. Open 6, 2251214 (2023).

Secinaro, S., Calandra, D., Secinaro, A., Muthurangu, V. & Biancone,
P. The role of artificial intelligence in healthcare: a structured
literature review. BMC Med. Inf. Decis. Mak. 21, 125 (2021).
Athanasopoulou, K., Daneva, G. N., Adamopoulos, P. G. & Scorilas,
A. Artificial intelligence: the milestone in modern biomedical
research. BioMedInformatics 2, 727-744 (2022).

Toufig, M. et al. Harnessing large language models (LLMs) for
candidate gene prioritization and selection. J. Transl. Med. 21, 728
(2023).

McKillop, M., Mamykina, L. & Elhadad, N. Designing in the dark. in
Proceedings of the 2018 CHI Conference on Human Factors in
Computing Systems 1-15 (ACM, 2018).

Vallée, A., Ceccaldi, P., Carbonnel, M., Feki, A. & Ayoubi, J. Pollution
and endometriosis: a deep dive into the environmental impacts on
women’s health. BJOG 131, 401-414 (2024).

Hager, P. et al. Evaluation and mitigation of the limitations of large
language models in clinical decision-making. Nat. Med. 30,
2613-2622 (2024).

Benary, M. et al. Leveraging large language models for decision
support in personalized oncology. JAMA Netw. Open 6, 2343689
(2023).

Reicher, L., Lutsker, G., Michaan, N., Grisaru, D. & Laskov, .
Exploring the role of artificial intelligence, large language models:
Comparing patient-focused information and clinical decision
support capabilities to the gynecologic oncology guidelines. Int. J.
Gynecol. Obstet. https://doi.org/10.1002/ijgo.15869 (2024).
Bordukova, M., Makarov, N., Rodriguez-Esteban, R., Schmich, F. &
Menden, M. P. Generative artificial intelligence empowers digital
twins in drug discovery and clinical trials. Expert Opin. Drug Discov.
19, 33-42 (2024).

Acknowledgements

This study was funded, in part, by the National Institutes of Health, the Eunice
Kennedy Shriver National Institute for Child Health and Human
Development, P01 HD106414. The funder played no role in study design,
data collection, analysis and interpretation of data, or the writing of this
manuscript. The authors sincerely thank Zahra Najmi, and Zoé Pennington
for their valuable contributions to formatting and literature searches for this
manuscript.

Author contributions

C.R.N, L.C.G,, D.K.S,, B.G., and M.S. conceived the theme of this review.
C.R.N. and L.C.G. co-wrote the introduction and sections on endometriosis
staging and lesions; L.C.G., J.C.I., and B.L. co-wrote the section on scRNA
seq and the section on somatic mutations, and J.F.R., S.J.F., and B.G. co-
wrote the section on proteomics and metabolomics. L.C.G. wrote the sec-
tion on real-world needs; M.S., T.T.O., C.R.N., L.C.G., and A.T. co-wrote the
section on Al and drug repurposing. All authors contributed to opportunities
for the future section and mined the literature for their respective sections.
L.C.G. prepared figures 4 and 5. C.R.N. prepared figures 1-3. All authors
read, reviewed, and approved the final manuscript.

Competing interests

All authors declare no financial competing interests. Other competing
interests: L.C.G. is on the Editorial Board of npj Women’s Health, and L.C.G.
and M.S. are Guest Editors of the npj Women'’s Health Collection,
“Inflammatory Disorders and Women’s Reproductive Health”.

Additional information
Correspondence and requests for materials should be addressed to
Camran R. Nezhat or Linda C. Giudice.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material
is notincluded in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2025

npj Women's Health | (2025)3:8

16


https://doi.org/10.1038/s41591-024-03407-7
https://doi.org/10.1038/s41591-024-03407-7
https://doi.org/10.1002/ijgo.15869
https://doi.org/10.1002/ijgo.15869
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/npjwomenshealth

	Real world perspectives on endometriosis disease phenotyping through surgery, omics, health data, and artificial intelligence
	Endometriosis staging
	Endometriosis lesions
	Superficial peritoneal endometriosis (SPE)
	Ovarian endometriomas
	Deep infiltrating endometriosis (DIE)

	Recent single-cell analyses of endometriosis lesions
	Lessons learned from proteomic and metabolomic profiling studies
	Proteomic studies
	Metabolomic studies

	Informative approaches in studying endometriosis lesions
	Lesion location and confirmation
	Standard operating procedures (SOPs)
	Determining hormonal status
	Defining cases, controls, and rigor of de-identified metadata

	Opportunities for the future
	Integrating surgical, histologic, molecular, and genomic features
	Integrative omics computational approaches for diagnostics and therapeutics
	Analysis of electronic health records
	The power and promise of artificial intelligence (AI) for endometriosis
	Democratization and standardization of endometriosis care from diagnosis to treatment

	Summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




