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ABSTRACT 
Endometriosis is a common benign hormone reliant inflammatory gynecological disease 
that affects fertile aged women and has a considerable economic impact on healthcare 
systems. Symptoms include intense menstrual pain, persistent pelvic pain, and infertility. 
It is defined by the existence of endometrium-like tissue developing in ectopic locations 
outside the uterine cavity and inflammation in the peritoneal cavity. Endometriosis presents 
with multifactorial etiology, and despite extensive research the etiology is still poorly 
understood. Diagnostic delay from the onset of the disease to when a conclusive diagnosis 
is reached is between 7–12 years. There is no known cure, although symptoms can be 
improved with hormonal medications (which often have multiple side effects and prevent 
pregnancy), or through surgery which carries its own risk. Current non-invasive tools for 
diagnosis are not sufficiently dependable, and a definite diagnosis is achieved through 
laparoscopy or laparotomy. 

This study was based on two prospective cohorts: The ENDOMET study, including 
137 endometriosis patients scheduled for surgery and 62 healthy women, and PROENDO 
that included 138 endometriosis patients and 33 healthy women. 

Our long-term goal with the current study was to support the discovery of innovative 
new tools for efficient diagnosis of endometriosis as well as tools to further understand the 
etiology and pathogenesis of the disease. We set about achieving this goal by creating a 
database, EndometDB, based on a relational data model, implemented with PostgreSQL 
programming language. The database allows e.g., for the exploration of global genome-
wide expression patterns in the peritoneum, endometrium, and in endometriosis lesions of 
endometriosis patients as well as in the peritoneum and endometrium of healthy control 
women of reproductive age. The data collected in the EndometDB was also used for the 
development and validation of a symptom and biomarker-based predictive model designed 
for risk evaluation and early prediction of endometriosis without invasive diagnostic 
methods. Using the data in the EndometDB we discovered that compared with the eutopic 
endometrium, the WNT- signaling pathway is one of the molecular pathways that undergo 
strong changes in endometriosis. We then evaluated the potential role for secreted frizzled-
related protein 2 (SFRP-2, a WNT-signaling pathway modulator), in improving 
endometriosis lesion border detection. The SFRP-2 expression visualizes the lesion better 
than previously used markers and can be used to better define lesion size and that the 
surgical excision of the lesions is complete. 

KEYWORDS: endometriosis, database, early diagnosis, predictive model, diagnostic 
delays, risk assessment, relation data model, PostgreSQL, WNT signaling, secreted 
frizzled-related protein 2, lesion border.   



 5 

TURUN YLIOPISTO 
Lääketieteellinen tiedekunta 
Kliininen laitos 
Synnytys- ja naistentautioppi 
Biolääketieteen laitos 
Integratiivisen fysiologian ja farmakologian tutkimuskeskus 
Michael Gabriel: ENDOMET tietokanta – Keino tunnistaa uusi diagnostinen ja 
ennustava työkalu endometrioosille 
Väitöskirja, 267 s. 
Turun kliininen tohtoriohjelma (TKT) 
Marraskuu 2021 

TIIVISTELMÄ 
Endometrioosi on yleinen hyvänlaatuinen, hormoneista riippuvainen tulehduksellinen 
lisääntymisikäisten naisten gynekologinen sairaus, joka kuormittaa 
terveydenhuoltojärjestelmää merkittävästi. Endometrioositaudin oireita ovat mm. 
voimakas kuukautiskipu, jatkuva lantion alueen kipu ja hedelmättömyys. Sairaus 
määritellään kohdun limakalvon kaltaisen kudoksen esiintymisenä kohdun ulkopuolella 
sekä siihen liittyvänä vatsakalvon tulehduksena. Endometrioosin etiologia on 
monitahoinen, ja laajasta tutkimuksesta huolimatta edelleen huonosti tunnettu. Kesto 
taudin puhkeamisesta lopullisen diagnoosin saamiseen on usein jopa 7–12 vuotta. 
Sairauteen ei tunneta parannuskeinoa, mutta oireita voidaan lievittää esimerkiksi 
hormonaalisilla lääkkeillä (joilla on usein monia sivuvaikutuksia ja jotka estävät 
raskauden) tai leikkauksella, johon liittyy omat tunnetut riskit. Nykyiset ei-invasiiviset 
diagnoosityökalut eivät ole riittävän luotettavia sairauden tunnistamiseen, ja varma 
endometrioosin diagnoosi saavutetaan laparoskopian tai laparotomian avulla. 

Tämä tutkimus perustui kahteen prospektiiviseen kohorttiin: ENDOMET-tutkimuk-
seen, johon osallistui 137 endometrioosipotilasta ja 62 terveellistä naista, sekä PROENDO-
tutkimukseen, johon osallistui 138 endometrioosipotilasta ja 33 terveellistä naista. 

Tässä tutkimuksessa pitkän aikavälin tavoitteemme oli löytää uusia työkalujen 
endometrioosin diagnosointiin, sekä ymmärtää endometrioosin etiologiaa ja patogeneesiä. 
Ensimmäisessä vaiheessa loimme EndometDB –tietokannan PostgreSQL-ohjelmointi-
kielellä. Tämän osittain avoimeen käyttöön vapautetun tietokannan avulla voidaan tutkia 
genomin, esimerkiksi kaikkien tunnettujen geenien ilmentymistä peritoneumissa, endo-
metriumissa ja endometrioosipotilaiden endometrioosileesioissa EndometDB-tietokantaan 
kerättyjä tietoja käytettiin oireiden ja biomarkkeripohjaisen ennustemallin kehittämiseen ja 
validointiin. Malli tuottaa riskinarvioinnin endometrioositaudin varhaiseen ennustamiseen 
ilman laparoskopiaa. Käyttäen EndometDB-tietokannan tietoja havaitsimme, että endo-
metrioositautikudoksessa tapahtui voimakkaita geeni-ilmentymisen muutoksia erityisesti 
geeneissä, jotka liittyvät WNT-signalointireitin säätelyyn. Keskeisin löydös oli, että SFRP-
2 proteiinin ilmentyminen oli huomattavasti koholla endometrioosikudoksessa ja SFRP-2 
proteiinin immunohistokemiallinen värjäys erottaa endometrioosin tautikudoksen terveestä 
kudoksesta aiempia merkkiaineita paremmin. Löydetyllä menetelmällä voidaan siten 
selvittää tautikudoksen laajuus ja tarvittaessa osoittaa, että leikkauksella on kyetty 
poistamaan koko sairas kudos.  

AVAINSANAT: endometrioosi, tietokanta, varhainen diagnoosi, ennustava malli, 
diagnostiset viiveet, riskinarviointi, suhdetietomalli, PostgreSQL, WNT-signalointi, 
erittyvä pörröinen proteiini 2, vaurion raja. 
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AFS  The American Fertility Society 
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SP   Substance P 
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T1-WI / T2-WI T1-weighted images / T2-weighted images 
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TGF-α   Transforming growth factor alpha 
TGFβ1   Transforming growth factor beta 1 
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TNFRSF1B  Tumor Necrosis Factor Receptor Superfamily 

Member 1B 
TNF-α   Tumor Necrosis Factor alpha 
TP73   Tumor Protein P73 
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high-quality total RNA, or the simultaneous isolation 
of RNA, genomic DNA, and protein from a wide 
variety of biological samples. 

TSA™   Tyramide signal amplification system detection kits 
TVS   Transvaginal sonography 
TVUS   Transvaginal ultrasonography 
UI   User interface 
URL   Uniform Resource Locator 
USL   Uterosacral ligaments 
VAS   Visual analogue scale 
VEGF   Vascular Endothelial Growth Factor 
VEGFB   Vascular Endothelial Growth Factor B 
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Web UI   Web User Interface 
WERF   World Endometriosis Research Foundation 
WERF-WHSS World  Endometriosis Research Foundation-Women’s Health  

Symptom Survey 
WES   Whole exome sequencing 
WFDC2   WAP four-disulphide core domain protein 2 
WGS   NGS for whole genome 
WISP2   WNT1 Inducible Signaling Pathway Protein 2 
WNT   Wingless-Type MMTV Integration Site Family 
WNT5A  Wingless-Type MMTV Integration Site Family, 
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Xist   X-inactive specific transcript 
ZNF681   Zinc Finger Protein 681 
β-catenin    Catenin beta-1 
  



 16 

List of Original Publications 

This dissertation is based on the following original publications, which are referred 
to in the text by their Roman numerals: 

I M. Gabriel, V. Fey, T. Heinosalo, P. Adhikari, K. Rytkönen, T. Komulainen, 
K. Huhtinen, T D. Laajala, H. Siitari, A. Virkki, P. Suvitie, H. Kujari, T. 
Aittokallio, A. Perheentupa, M. Poutanen. A relational database to identify 
differentially expressed genes in the endometrium and endometriosis lesions. 
Sci Data, 2020; 7: 284. 

II T. Heinosalo*, M. Gabriel*, L Kallio, P. Adhikari, K. Huhtinen, T D. Laajala, 
E Kaikkonen, A. Mehmood, P. Suvitie, H. Kujari, T. Aittokallio, A. 
Perheentupa, M. Poutanen. Secreted frizzled-related protein2 (SFRP2) 
expression promotes lesion proliferation via canonical WNT signaling and 
indicates lesion borders in extraovarian endometriosis. Human Reproduction, 
2018; 5: 817–831. 

III M. Gabriel, P. Adhikari, V. Fey, T D. Laajala, T. Komulainen, T. Heinosalo, 
K. Huhtinen, P. Suvitie, H. Siitari, H. Kujari, C. Edgren, A. Perheentupa, M. 
Poutanen. Risk assessments of endometriosis using predictive models with 
clinical symptoms and serum biomarkers. Submitted for publication. 

 
 
* Equal contribution as first authors 

The original publications have been reproduced with the permission of the copyright 
holders. 

 



 17 

1 Introduction 

Endometriosis is a relatively common chronic and benign estrogen dependent 
gynecological condition where the endometrial tissues lining the uterus are found 
outside the endometrial cavity and uterine musculature where it stimulates an 
inflammatory reaction 1–3. It is found primarily on the ovaries, the pelvic peritoneum, 
the bladder, the bowel and in the rectovaginal septum. It typically affects fertile aged 
women, with a projected prevalence between 1 and 10% estimated to be around 176 
million women worldwide. Endometriosis has been linked to severe menstrual pain, 
infertility and chronic pelvic pain which adversely affects the health and welfare of 
affected women 2,4,5. Endometriosis is a considerable burden on the quality of life 
(QoL) of patients and their relatives, with increased medical cost and loss of 
productivity 6,7. 

The molecular etiology of endometriosis is still largely unclear, with numerous 
factors been proposed to be implicated in its pathogenesis. Although endometriosis 
is linked with inflammation and immunological dysfunctions, it has not been shown 
to be an autoimmune disease 8. 

Endometriosis presents itself in various forms and numerous classifications have 
been suggested for the lesions 9. The most commonly used disease classification in 
endometriosis is provided by the American Society of Reproductive Medicine 
(ASRM) 10,11 that provides a guideline for recording the pathological findings and 
assigning the disease status 12,13. Points are distributed based on the propagation of 
the endometrial-like tissue, its penetration depth in the ectopic sites, and the affected 
areas of the body. 

Existing practice largely depends on laparoscopy for a definitive diagnosis, 
which often results in prolonged delays between the onset of the symptoms, 
diagnosis, and subsequent treatment 7. 

There is no definite cure for endometriosis and the existing therapeutic strategies 
which includes surgery and pharmacological therapies that aim to relieve symptoms 
or enhance fertility are not sanative and often do not relieve symptoms 14,15. 

The quantity of data being collected digitally and stored in the medical field is 
extensively vast and rapidly expanding. We currently have the capability to rapidly 
generate, store and analyze data that, just a few years ago, would have taken many 
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years to compile. As a result of these massive quantities of data accumulating from 
patients and the populations at large the term big data was coined in the 1990s to 
describe this phenomenon. However, big data no longer means what it once did. In 
2016 the term was expanded to mean not just large data volume, velocity and variety 
but also our increasing ability to analyze and interpret them 16. In addition there have 
been recommendations that for big data to be effective nuances such as quality, 
veracity and value needs to be considered 17,18. The age of big data started in 2002, 
generating increased amount of alphanumeric data and has been successfully 
implemented in other aspects of everyday life. It is essential to understand that data 
on by itself is useless unless analyzed, interpreted, and acted on 19. Big data in 
healthcare now contain quantitative data (e.g., laboratory values), and qualitative 
data (e.g., text-based documents). Nevertheless, a considerable amount of this 
dataset is perceived as a result of health care provision, instead of a crucial resource 
to improve its efficiency 20. 

For so long big data has been stated to be a transformative force in modern 
medicine but it is important to remember that data should be appropriately analyzed, 
interpreted, and acted on to be of any value. Therefore algorithms and not big data 
will be the transformative force in modern medicine.19 An algorithm is a process or 
a list of rules to be followed to solve a problem.  Machine learning (ML) enables 
machines using algorithms learn concepts from experiences such as knowledge, data 
etc. Most computer-based algorithms in medicine are encoded knowledge on a 
particular subject, that are applied to draw conclusions on specific medical 
conditions and apply them to new patients 19. 

Our long-term aim with this study was to discover innovative new tools for 
efficient diagnosis of endometriosis through the development of non-invasive 
diagnostic methods using the extensive amount of data in our Endomet database 
generated over the years. As well as to create tools to analyze and interpret this data 
that in turn could help understand the etiology and pathogenesis of the disease.
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2 Review of the Literature 

2.1 Endometriosis 
Endometriosis is a benign, progressive, and sometimes aggressive gynecological 
disorder with individual variability and contrasting pathophysiologic processes. A 
broad range of clinical challenges that succeeds endometriosis for years has 
infuriated gynecologists, intrigued pathologists, and encumbered patients 21. 
Although endometriosis was first described in 1860, Sampson's study in the 1920s 
had been the first to highlight the association between the clinical manifestations and 
pathological findings of endometriosis 22. By definition endometriosis is the presence 
of endometrial glands and stroma outside the uterine cavity in ectopic locations 1, it 
is often described to occur mainly in three areas in the pelvis, on the ovaries; in the 
peritoneum; and in the rectovaginal septum. These different subtypes are often 
referred to as ovarian endometrioma or cysts (OMA), superficial peritoneal implants 
or lesions (PeL), and deep infiltrating endometriosis lesion (DiE) Figure 1. 
Endometriosis rarely spreads to extra-abdominal organs but has been documented to 
manifest in numerous other localizations outside the pelvic region (except the spleen) 
23, including the brain 24, lungs, diaphragm, lymph nodes, knee 25, the gastrointestinal 
system, the thorax, urinary tract and the nasal mucous membrane 26, as well as rare 
cases of vesical endometriosis, that occurs in 1% of women, particularly during 
pregnancy 27. Also there have been instances of hepatic endometriosis cited in 
literature 28,29. 
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Figure 1.  Laparoscopic appearance of the most common types of endometrioses. (a, b) left 

ovarian endometriotic cysts, (c) deep infiltrating lesion in the bowel (d) peritoneal lesion. 
Lesions are shown in arrows, U = uterus, LO = ovary with endometriotic cyst, RO = right 
ovary. Pictures taken by Pia Suvitie M.D., Ph.D. 

Additionally, endometriotic lesions have been reported to be found on the uterine 
ligaments, the cervix, vulva, abdominal wall, vagina, and labia 30,31 Figure 2. It is a 
widespread, inflammatory disorder that is manifested primarily in women from pro 
menarche until post menopause, irrespective of race, ethnicity, or maternal status. 
As such, endometriosis as a disease can be categorized as either endopelvic or 
extrapelvic 26. Endometriosis has multifactorial pathogenesis which includes genetic, 
hormonal, and environmental factors. In a large proportion of women between the 
ages of 20 and 50, the exposure to ovarian hormones play a crucial role as estrogen 
stimulates the growth of endometriosis and anomalies in estrogen signaling have 
been linked with the disease 32,33. Although, it affects all races and ethnicities, when 
compared to women of Asian or African genetic origin, Caucasians are more prone 
to suffer from endometriosis 34, with an increase in prevalence among tall women 
and those with low Body mass index (BMI) 35. About 51% of the associated risk of 
endometriosis can be linked to genetic factors as there is a 7 to 10-fold probability 
of developing endometriosis with a family history of endometriosis or an affected 
relative 36,37. 
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Figure 2. Sagittal section and anterior view of the uterus showing typical location of endometriosis 

lesions. Created in BioRender.com. 

The prevalent characteristics of endometriosis in patients is truly indicative of the 
metastatic trait of cancer, which endometriosis is frequently compared to 38. The 
prevalence of endometriosis is difficult to identify, in part due to the variability in its 
clinical manifestation. The ability to discover endometriosis not only in the 
abdominopelvic cavity, but also in the thoracic cavity as well as the in the nasal 
mucosa are indications that there are several processes involved in the pathogenesis 
of endometriosis. Also a reliable and definite diagnosis can only be made at surgery 
via laparoscopy, when the endometriotic lesion can be confirmed visually and 
histologically and that comes with well recognized risks 39,40. The heterogeneity of 
endometriosis also increases the possibility of false negative laparoscopic surgery in 
symptomatic women, while the absence of implantations in the pelvic cavity might 
not necessarily mean the lack of endometriosis foci in other regions of the body 38. 
The prevalence of endometriosis is reported to be around 1.5% in some population 
based studies compared with clinical based studies that report it to be between 8 and 
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15% 41, while other large clinical / surgical cohort studies estimate it to be around 2 
and 10% 42 of reproductive aged women. Thus, the prevalence could be as high as 
an estimated, 176 million women worldwide 43,44. Endometriosis can be 
asymptomatic but when symptomatic the effects of endometriosis can have 
prolonged adverse effects on the mental health, individual relationships, quality of 
life and work productivity of affected patients 2,4,5,45. 

Diagnostic delays in endometriosis among affected women are well-documented 
and they vary from country to country, the delay ranges from between 7 to 12 years 
46–50 with an estimated 6 of 10 endometriosis cases left undiagnosed 51. As a result, 
these women may be experiencing the effects of endometriosis without having the 
benefit of understanding the underlying cause of their symptoms 52. The economic 
burden of endometriosis as a disease is as high or like other chronic diseases such as 
Crohn’s disease, diabetes, and rheumatoid arthritis. The average annual societal cost 
associated with endometriosis is estimated to be around €10,000, in an European 
study of 10 countries with at least two-thirds of the costs from the loss of productivity 
5,6. In the United States the annual societal cost is estimated to be from between $18.8 
to $22 billion 53,54. There are no serum markers available today that can effectively 
diagnose endometriosis. CA-125 which is widely used can have elevated levels in 
endometriosis, yet, it has quite limited clinical efficacy as concentrations of CA-125 
can also be elevated in other conditions. 
Endometriosis is commonly associated with infertility, as several studies have 
demonstrated that women with endometriosis often have decreased ovarian reserve 
predicated on the low levels of anti-Mullerian hormone 55. Multiple mechanisms 
other than the direct effect on the ovary and its reserve could also influence infertility 
in endometriosis patients including adhesions, ovarian cysts, and changes in tubal 
anatomy 56–58. The excessive production of inflammatory mediators can also lead to 
unsatisfactory function and damage to the oocyte 59. As there is no known cure, 
treatment, or management aim to alleviate symptoms or enhance fertility. 

2.1.1 Clinical presentation, symptoms, and treatment 

2.1.1.1 Clinical presentation 

Endometriosis in its clinical presentation is characterized by 1) its appearance, 2) by 
the location of the lesion in the pelvic region or abdomen and 3) by the extent of the 
disease. The symptoms and their severity vary greatly as well as the impact on the 
physical, social, and mental health of affected women. Most women with 
endometriosis will present a compendium of symptoms. Although, the gravity of 
symptoms and in particular pain do not correlate directly with the extent of the 
disease. Analogous to the normal endometrium the endometrial lesion possess the 
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same gonadal sex steroid receptors and the growth of the lesion is heavily dependent 
on estrogen stimulus 60. The lesions therefore react to normal cyclic hormonal 
environment. The microscopic internal bleeding, together with the resulting 
inflammatory response, neovascularization, and the formation of fibrosis, are 
responsible for the clinical symptoms 21 experienced by patients. 

The ovarian endometrioma (OMA) appears as a dark fluid filled cyst (containing 
blood and endometrial tissues) also known as chocolate cyst. The superficial 
peritoneal endometriosis implants or lesions (PeL) are categorized by their 
appearance or morphology and can take on many visual appearances, mostly 
representing their vascularization and fibrosis. Peritoneal endometriosis implants 
were initially taught to be like powder burns or mulberry lesions of the peritoneum 
61. Recently numerous stages of the implant development have been discovered, with 
a corresponding appearance for each stage. Early, functional lesions appear like 
papule lumps or vesicles, with a range in color from clear to pink, or bright red 61,62. 
Advanced, active lesions assume a more typical appearance identifiable at surgery. 
These lesions can convey a wide range of colors, from red, green, black, brown, to 
purple 61. This is owing to the existence of heme degradation products in the lesion 
as it undergoes hemorrhage and fibrosis. Inactive and or healed lesions are either 
white or calcified in appearance representing the remnants of the glands embedded 
within the fibrous tissue 61,62. Cyclic inflammatory reaction in the peritoneal 
endometriotic lesions can result in the peritoneum surface being creased or 
containing windows, a defect also known as Allen-Masters window, commonly 
found in women with endometriosis 61,63. In the deep infiltrating lesions (DiE), the 
endometrial tissue is at least 5 mm under the peritoneal lining or has invaded organs 
outside the pelvic cavity. The deep infiltrating implants are often found in specific 
locations, which includes the bladder, rectum, bowels, ileum, appendix, and 
posterior area 64,65. Posterior DiE can include the sacrouterine ligaments 66, the 
retrocervical area of the uterus where the uterosacral ligaments merge together (torus 
uterinus) 67, the anterior rectal wall and the posterior vaginal wall 65,68. 

2.1.1.2 Symptoms 

Establishing a definite diagnosis of endometriosis based on symptoms alone can be 
difficult because the clinical presentation varies as there are considerable similarities 
with other gynecological conditions such as pelvic inflammatory disease, 
adenomyosis, leiomyoma (fibroids), uterine myoma etc. and non-gynecological 
conditions such as interstitial cystitis (inflammation of the bowel interstitial), 
irritable bowel syndrome, inflammatory bowel disease etc. all of which can 
contribute to the symptomatology. Up to a third of endometriosis patients remain 
asymptomatic 69,70 with a vast majority being diagnosed during investigations for 
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infertility or other laparoscopic surgeries, such as tubal ligation 27,71. Endometriosis 
symptoms can vary but often reflect the location and the depth of the endometrial 
implants. Pelvic pain, often described as chronic, cyclic, and persistent is one of the 
most common symptoms associated with endometriosis 72–75. The pain experienced 
may be a result of multiple mechanisms but is not always cyclical and not always 
confined to the pelvis, sometimes it progresses and radiates to the lower back. A 
study by Laux-Biehlman et al. demonstrated how pelvic pain symptoms are caused 
by the menstrual fragments or debris in the peritoneal cavity through the activation 
of mast cells and macrophages which in turn then stimulates sensory nerve endings 
76. As 20% of endometriosis cases are asymptomatic, the biochemical pathway of 
nerve stimulation through the release of damage and pathogen-associated molecular 
patterns from the menstrual fragment or debris 76 do not apply, indicating that the 
inflammation caused by menstruating ectopic lesions and menstrual fragments or 
debris may not be the only cause of pelvic pain 38. Typical symptoms also associated 
with endometriosis include dysmenorrhea (severe pain before and or during 
menstruation), deep dyspareunia (pain during sexual intercourse), dysuria (pain 
during urination), dyschezia (pain during defecation). Other conditions commonly 
associated with endometriosis include chronic fatigue, and infertility. The prognostic 
significance of any one symptom or a set of these symptoms remains ambiguous as 
each or one of these symptoms can have other causes. 

Endometriosis is associated with impaired fertility, and an estimated 25-50% of 
women with infertility are diagnosed with endometriosis 77–79, with around 30-50% 
of women diagnosed with endometriosis having some degree of infertility 80,81. The 
mechanisms connecting both endometriosis and infertility are still poorly understood 
with no established foundation. By disrupting the function of the fallopian tube, as 
well as embryo transport, and the eutopic endometrium, endometriosis can further 
impair fertility. Even in mild form endometriosis can still impair fertility as chronic 
inflammation with increased levels of several cytokines in the peritoneal cavity can 
constitute a hostile environment for sperm. Just as with the mild form the more 
severe form of the disease may result in tubal adhesions, reduced ovarian reserve, as  
well as the quality of embryo and oocyte 81. 

2.1.1.3 Treatment 

There is no known cure for endometriosis, and it can often be difficult to manage 
depending on the presenting symptoms or complaints. There has been a lot of 
research done in recent years, to develop new treatments for the management of 
endometriosis. All existing guidelines 82 currently in use, are largely based on 
whether or not the patient is attempting to get pregnant in the near future and 
alleviating symptomology so conditions don’t interfere with everyday life. 
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Numerous factors such as age, severity of symptoms like pain, severity of disease, 
reproductive plans, medical history, side effect profiles, cost and accessibility are 
often considered when determining both medical and surgical management for 
endometriosis symptoms. Current management guidelines recommend experiential 
medical therapy before a definitive surgical diagnosis if present with typical 
symptoms 3,83–85. There are several medical treatments available for the management 
of endometriosis symptoms and they are all aimed at reducing symptoms, fertility 
preservation, and preventing recurrence, thereby prolonging the time between 
surgery, or eliminating the need for surgery or repeat surgeries. Unfortunately, there 
are extremely limited treatment options when there is a desire for both pregnancy 
and treatment of pain symptoms. Endometriosis requires sustained management and 
for decades, the strengths of conventional endometriosis management have been 
non-steroidal anti-inflammatory drugs (NSAIDs) and combined oral contraceptives 
pills (COCPs) followed closely by gonadotropin-releasing hormone (GnRH) 
agonists, oral progestins, aromatase inhibitors and danazol 83,84. Not all treatments 
work well, and symptoms may return if medical therapy is stopped or if more time 
elapses after surgery in the case of surgical management. 

2.1.1.3.1 Medical therapy 

NSAIDs are the most commonly prescribed analgesics for endometriosis associated 
pain symptoms, and despite their widespread use, when compared with placebos 
there is very little evidence for their efficacy 86. NSAIDs act by blocking the 
cyclooxygenase (COX) enzyme which is vital in the production of inflammatory 
mediators. COX accelerates the conversion of arachidonic acid to PGH2 that is 
converted into PGE2 and PGF2α via the action of PG synthetase 87. Although studies 
have shown the concentration of COX-2 enzyme to be relatively higher in the ectopic 
endometrial tissues 88–91 COX-1 and COX-2 enzymes are both present. As well as 
unusually high concentrations of PGE2, PGF2α, and other prostaglandins in the 
uterine tissues of women who suffer from extremely heavy menstrual bleeding 
(menorrhagia), dysmenorrhea, or endometriosis 92–94. 

There is no obvious evidence of one medical treatment option having advantage 
over another, although hormonal medication therapies constitute the first option in 
many cases for patients plagued by endometriosis. The goal with hormonal 
treatments is to suppress ovulation and stimulate local hypoestrogenic state. This 
reduces the conversion of arachidonic acid to prostaglandins, as a result slowing the 
growth or progression and the activity of both the endometrium and the endometrial 
lesions therefore stabilizing steroid hormone milieu and lessening disease activity 
and pain. Continuous administration of hormonal medication seems to be a more 
effective way of reducing the recurrence of dysmenorrhea but not the noncyclic 
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pelvic pain or intercourse pain 95. The associated cost, the convenience of 
administration and tolerability are some of the principal elements that have 
contributed to the popularity for the use of hormonal therapy. A systematic analysis 
on the effectiveness of COCPs and continuous progestogens, which includes 
dienogest, medroxyprogesterone acetate, cyproterone acetate, or norethisterone, 
corroborated the efficacy of these approach for endometriosis associated pain 
symptoms 86,96 Table 1. No means of administration (oral, transdermal, or 
transvaginal) has been demonstrated to deliver improved pain alleviation and some 
limiting factors for the use of hormonal medication include long-term 
administration, reduced fertility due to contraceptive effect, high risk of 
thromboembolism, and high rates of recurrence after discontinuation. 

Table 1. Treatment options for endometriosis associated pain modified from Carpinello OJ et al. 
2000. 61 

Treatment agent Administration route Side effects 

Combined hormonal 
contraceptive Oral Mild nausea, vomiting 

Progestins Oral, Injection, or 
Intrauterine 

Breakthrough bleeding, Breast 
tenderness, Bone mineral density and 
lipid profile in some, Androgenic side 
effects in others. 

GnRH agonists Injection, or Intranasal 

Symptoms of hypoestrogenic state 
(Hot flashes, vaginal dryness, mood 
irritability, sleep disturbances, and 
decreased bone mineral density) 

GNRH antagonists * Oral Symptoms of hypoestrogenic state + 
unfavorable changes in the lipid profile 

Aromatase inhibitors Oral Ovarian stimulation in pre-menopausal 
women, hypoestrogenic effects 

Danazol ** Oral 
Weight gain, breast atrophy, fluid 
retention, hirsutism, hot flushes, acne, 
oily skin 

Gestrinone Oral 
Weight gain, hirsutism, seborrhea, 
unfavorable changes in the lipid 
profile, and acne 

Prostaglandin Inhibitors Oral Unfavorable gastrointestinal side-
effects 

* GnRH antagonists are not yet approved by the Food and Drug Administration (FDA) or the 
European Medicines Agency (EMA) but may be a potential future treatment choice. ** Danazol no 
longer in Finnish market – available only by special permit. 
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Progestins only therapy is often preferred in women with a greater risk for stroke, 
myocardial infarction, or thrombotic incidents and women for whom combined 
hormonal therapy has not worked. Progesterone stimulates decidualization of the 
endometrium, alters estrogen receptors, reduces estrogen induced mitosis, reduces 
angiogenesis and the expression of matrix metalloproteinase needed for lesion 
growth 97,98. All these processes form the pathophysiologic core for the use of 
progesterone in the treatment of endometriosis (for review, see 99–101). Several of the 
progestins used include dienogest, cyproterone acetate, dydrogesterone, lynesterole, 
gestrinone, megesterol acetate, medroxyprogesterone acetate, norethindrone acetate 
and drospirenone. Most are administered orally, while others are administered 
through other routes; intramuscularly/subcutaneously or by intrauterine route. Of all 
dienogest (a 19-nortestosterone derivative), has high-level specificity for 
progesterone receptors and fewer antiandrogenic side effect profile and when 
continuously administered this leads to decidualization and atrophy of the 
endometrial lesions. Additionally it  has anti-inflammatory, as well as anti-
angiogenic and anti-proliferative effects 83,102–105. Dienogest has also been shown in 
several studies for safety and efficacy to have a positive profile, it is well tolerated 
in general and adverse reactions involve bleeding irregularities, which improves with 
time. Patients have reported improvements in symptoms associated with 
endometriosis and a general improvement in quality of life 106,107. 

Although, progestins has a much improved side effect profiles than combined 
hormonal therapy 108, their use is associated with limitations such as the continuous 
need for compliance with usage, unscheduled bleeding and spotting even with 
correct usage etc. Multiple studies have demonstrated the effectiveness of 
Levonorgestrel releasing intra-uterine system (LNG-IUS) a T shaped intrauterine 
device (IUD), which delivers 20 micrograms of progestin daily locally over a five-
year period without systematic side effects. Vercellini et al. showed LNG-IUS to 
effectively regulate endometriosis associated pelvic pain and improve patient 
satisfaction 109. In another study that compares LNG-IUS to GnRH antagonists 
administration, comparable effectiveness was reported for both treatments, with 
lower prevalence of hypoestrogenic side effects in women using the IUD 110. LNG-
IUS has also been demonstrated in other studies to help reduce the recurrence rate of 
dysmenorrhea among women following laparoscopic surgery for symptomatic 
dysmenorrhea. Because of its better side effect profile with long term use, LNG-IUS 
offers a great option for women who do not desire pregnancy 111. 

Among hormonal therapy, GnRH agonists have been suggested to be an 
effective treatment option against endometriosis associated pain symptoms 112. 
GnRH agonists work by down regulating gonadotrophin release, inhibiting ovarian 
estrogen production resulting in endometriotic implants regression. After the initial 
phase of administration there is stimulation of the pituitary that releases follicle 
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stimulating hormone (FSH) and luteinizing hormone (LH), however, prolonged use 
results in the down regulation of pituitary GnRH receptors and a suppression of 
hypothalamic pituitary ovarian axis which is why they are approved for up to six 
months of continuous use only. The resulting estrogen deficiency induces adverse 
bone effects such as decrease in bone mineral density (BMD), vaginal dryness and 
atrophy, abnormalities in lipid profile and hot flashes 113. GnRH agonists provide a 
high rate of pain relief 114 and are a great choice for those who initial treatment did 
not work for or are not suitable candidates for combined hormonal contraceptives 
and continuous progestogens due to their medical history. If GnRH agonist therapy 
is successful, the addition of add- back therapy such as hormone replacement therapy 
(HRT) can help decrease the rate of BMD and provide symptomatic relief. GnRH 
antagonists on the other hand do not result in initial flare ups as well as have a lower 
degree of hypoestrogenism and improved side effect profile when compared with 
GnRH agonists with equivalent symptomatic improvement as initial reports suggest 
dose dependent decrease in estrogen levels. 

Alternative therapeutic agents for endometriosis management include danazol, 
aromatase inhibitors, selective progesterone modulators (SPRMs), and selective 
estrogen modulators (SERMs). Danazol is an androgenic agent that inhibits the surge 
of LH and ovarian enzymes to decrease the steroidogenesis of the ovary. However, 
it is seldomly used despite its effectiveness in controlling endometriosis related 
symptoms because of unfavorable androgenic side effects. These effects include 
hirsutism, acne, weight gain, liver dysfunction, muscle cramps, deepening of voice, 
and an anomalous lipid profile hence it has been taken off the market in several 
countries. 

The aromatase enzyme converts steroid precursors into estrogen. Though the 
ovaries and fat are the primary source of the enzyme it is not present in the 
endometrium, but overly expressed in endometriosis 115. Unlike GnRH agonists – 
blocking gonadotropin dependent estrogen synthesis, aromatase inhibitors prevent 
estrogen synthesis in both the ovaries as well as in the periphery. This is especially 
useful for postmenopausal women with endometriosis where the peripheral fat is the 
primary source of estrogen. Aromatase inhibitors also decreases aromatase activity 
within the endometriotic tissue and thus suppresses COX-2 activity, and decreases 
PGE2 levels 116–119. When used in combination with combined oral contraceptives, 
progesterone or GnRHs, aromatase inhibitors have been demonstrated to 
substantially reduce the size of the lesions and endometriosis associated pain 
symptoms as well as improve QoL. However, with long term use its side effect 
profile include ovarian follicular cysts 120 which in practice is not an issue, rather the 
consequence of hypoestrogenism in treatments that do not include estrogen added 
with i.e. combined oral contraceptives. Both the SPRMs and SERMs are an emerging 
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class of therapeutic agents and they both have the ability to target the endocrine 
action of endometriosis (for review, see 121–137). 

New therapeutic options for endometriosis are needed given the limitations in 
the currently available management options. Endometriosis is predominantly 
diagnosed in reproductive aged women and all available treatment options interfere 
with fertility. The long-term use of hormonal therapy, prolonged hypoestrogenism 
and the high rates of recurrence following discontinuation are some of the limitations 
that needs to be addressed with new therapy options. Future therapeutic options may 
include medical therapies like statins; anti-angiogenesis factors; TNF-α blocker; 
peroxisome proliferator activated- receptor gamma ligand (PPAR-γ); and 
pentoxifylline  (for review, see 120) and non-invasive therapies such as high-intensity 
focused ultrasound (HIFU). 

2.1.1.3.2 Surgical management 

The surgical management of endometriosis is an effective alternative to medical 
therapy, after the failure of empiric therapy, or intolerance to medical therapy or for 
diagnosis and immediate treatment (Figure 3). 

 
Figure 3. Treatment algorithm for suspected endometriosis and chronic pelvic pain. Combined 

hormonal contraceptive (CHC); Gonadotropin-releasing hormone agonist (GnRH-a). 
modified from Pharmacotherapy A Pathophysiologic Approach, 9th Ed. 138 
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Choosing between medical therapy or surgical management depends on the extent 
of the disease and the presence of endometriosis lesions in adjoining organs like the 
bladder, bowel, appendix or the ureter 139. Laparoscopy is the preferred surgical 
method for endometriosis surgery as it offers better visualization, reduces post-
operative discomfort, with quicker patient recovery, and a return to normal activity 
as it decreases overall pain at 6 and 12 months compared to laparotomy 140,141. As 
endometriosis is primarily diagnosed in reproductive aged women, those with 
endometriosis related pain symptoms who wish to preserve their fertility or desire 
spontaneous pregnancy surgical management is encouraged considering all medical 
therapies currently in use interferes with spontaneous ovulation. The main goal in 
endometriosis surgical management is to restore normal anatomy and to relieve pain. 
However, as with medical therapy, pain recurrence is common 21.5% of women 
within 2 years and in 40-50% within 5 years 142. In many of these cases further 
surgery is needed 142–144. Surgical management can either be conservative with 
endometriosis treatment or definitive with hysterectomy along with or without the 
removal of the ovaries for women not longing for pregnancy. Although, surgical 
management may temporarily help relieve pain, unfortunately it can result in various 
complications depending on the lesion type and where it is removed from 145–147. A 
systematic review of randomized trials described the efficacy of surgical therapy for 
pain associated with superficial endometriosis 148,149, which can either be excised or 
ablated, with no clear statistical difference in pain scores, although there was a trend 
that favored excision of the lesion 150. Some clinical studies confirm that, 
predominantly in women with bilateral disease surgery for endometriomas tend to 
reduce their ovarian reserve, this can have some adverse effect on fertility  as ovarian 
stimulation might be compromised due to the reduction in ovarian reserve for women 
undergoing in-vitro fertilization (IVF) treatment 151. In some observational studies 
there were indications that hysterectomy with bilateral salpingo-oophorectomy was 
a successful approach for managing endometriosis related symptoms in women who 
were not pursuing spontaneous pregnancy as surgical menopause is induced. Data 
from some retrospective study suggest that hysterectomy with ovarian preservation 
decreases endometriosis related pain symptoms, and only about a third will need 
additional surgery for symptoms after 5 years. By comparison 10% of those who 
undergo hysterectomy with oophorectomy for endometriosis will require further 
surgery. Endometriosis surgery should be centralized as it is very demanding and 
repeat procedures should be avoided. The risk of recurrence is high and hormonal 
treatment should be continued to minimize recurrence risk. 
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2.1.2 Pathogenesis of endometriosis and disease 
classification 

2.1.2.1 Pathogenesis 

Endometriosis is one of the most enigmatic gynecological diseases. The 
pathogenesis and etiology of endometriosis remain largely unknown and are still 
poorly understood, all endometriosis phenotypes can manifest within the same 
patient. There is no unifying theory regarding the origin of endometriosis but rather 
a few proposed theories (Sampson’s theory; Meyer’s theory; and Halban’s theory) 
(Figure 4) that try to explain the pathophysiology of the disease, and none has been 
entirely proven or fully explain all endometriosis phenotypes 69. 

 
Figure 4. Proposed theories on the pathogenesis of endometriosis. The interaction between the 

various factors that may be involved in the pathogenesis of endometriosis. The different 
shapes indicate the initiating, propagating, and predisposing factors, respectively. 
Reprinted with permission from Samer Sourial et al 2014 152 under the Creative 
Commons Attribution License. 
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The proposed theories include retrograde menstruation, altered immunity, vascular 
and lymphatic dissemination of endometrial cells, metaplasia of the germinal 
epithelium, embryonic rest theory, and the theory of metastatic spread (coelomic 
metaplasia theory) which could account for the pathogenesis of ovarian 
endometrioma and rectovaginal endometriosis 14,153. Some recent studies have also 
suggested genetic origins and stem cell as factors that play a role in the development 
of the disease due to the high incidence in the families of affected women 81,154. Even 
though a plethora of genetic factors have been predicted to be associated with an 
increased predisposition to endometriosis 155–157, a widely accepted gene for 
endometriosis is still far from being identified. Additionally, some other studies have 
suggested a variety of exposure factors to be linked with endometriosis pathogenesis. 
The theory being, that these exposure factors contributes to the development of 
endometriosis by disrupting the immune-mediated mechanisms, that stimulates the 
production of pro-inflammatory cytokines 158. (Table 2) 

Table 2. Role of the various theories in endometriosis pathogenesis modified from Samer Sourial 
et al 2014. 152 

Theory Mechanism 

Retrograde menstruation Flow of endometrial content into the pelvis, allowing for 
implantation of endometrial lesions 

Metaplasia Transformation of peritoneal tissue/cells into endometrial tissue 
through hormonal and/or immunological factors 

Hormones Estrogen-driven proliferation of endometrial lesions. Resistance 
to progesterone-mediated control of endometrial proliferation 

Oxidative stress and 
inflammation 

Recruitment of immune cells and their production of cytokines 
that promote endometrial growth 

Immune dysfunction Prevention of eliminating menstrual debris and promotion of 
implantation and growth of endometrial lesions 

Apoptosis suppression Promoting survival of endometrial cells and downregulation of 
apoptotic pathways 

Genetic 
Alteration of cellular function that increases attachment of 
endometrial cells and evasion of these cells from immune 
clearance 

Stem cells Initiation of endometriotic deposits by undifferentiated cells with 
natural ability to regenerate 

 

The Sampson’s theory of retrograde menstruation is the earliest and the most 
accepted theory and the one to date supported by nearly all evidence explaining the 
etiology of endometriosis. This theory was derived in the 1920’s from observations 
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made during surgeries. it suggests that endometriosis is caused due to the retrograde 
flow of shed endometrial tissue through the fallopian tubes into the peritoneal cavity 
during the menstrual period 159–161. Perhaps by differential pressure originating from 
dyssynergic uterine spasms 15. When in the peritoneal cavity, the regurgitated 
endometrium can embed itself in the pelvic structure and continue to grow. 
Epidemiological factors that would enhance pelvic contamination can increase the 
probability of this event. Factors such as early menarche, long-lasting menstrual 
flows, and any molecular alteration that favors the process of cell implantation and 
growth at ectopic locations (Figure 5) 15. Although, the retrograde menstruation is 
said to occur in around 76 - 90% of women with patent uterine tubes not every one 
of these women have endometriosis 152,161,162. This theory was further tested in non-
human primate models, where endometriosis was induced by inoculating autologous 
menstrual endometrial tissue into baboons and macaques to stimulate retrograde 
menstruation in the peritoneal cavity 163,164. Additional evidence to substantiate the 
Sampson’s theory is derived from an observation that factors, such as congenital 
defects including iatrogenic cervical stenosis and imperforate hymen, would increase 
the risk of retrograde menstruation and the development of endometriosis 152,165. 

 
Figure 5. The Epidemiologic factors and the molecular mechanisms involved in endometriosis 

development modified from Vercellini, P. et al. 15 

Menstrual and reproduc�ve factors
 Parity
 Age at menarche (early)
 Menstrual cycle length (short)
 Dura�on of flows

Personal habits
 Alcohol drinking
 Diet: inconsistent
 Smoking: no effect
 Regular exercise

Cons�tu�onal factors
 Family history
 BMI
 Freckles
 Nevi

Altered steroid biosynthesis and receptor
response
 Increased Erβ expression
 Increased aromatase expression
 Perturba�on in progesterone signal

intermediates: HOXA10, FOX01, NF-κB, Hic-5,
NCoR2
 17β-hydroxysteroid dehydrogenase-2

deficiency

Increased invasive and vasculariza�on
 Upregulated MMP expression
 Increased peritoneal VEGF
 Overac�ve AKT
 Recruitment of Tie-2 expressing macrophages

Inflammatory response
 Produc�on of chemokines: RANTES, MCP-1,

IL-8
 Recruitment of alterna�vely ac�vated

macrophages
 Increased peritoneal IL-6, TNF
 Engagement of NF-κB-dependent pathway
 Accumula�on of iron and ROS produc�on

Epidemiological factors Molecular and cellular altera�ons



Michael Gabriel 

 34 

The altered immunity theory is based on observations that among women with 
endometriosis, the prevalence of autoimmune disorders is increased. This supports 
the assumption that the pathogenic mechanism of endometriosis may involve 
defective immune responses in these women 166. The regurgitation of endometrial 
cells into the peritoneal cavity activates an inflammatory reaction, that recruits 
locally activated macrophages and lymphocytes 167. This inflammatory reaction can 
cause a defective immunosurveillance that inhibits the removal of the shed 
endometrial cells and stimulates the growth and implantation of the endometrial cells 
in ectopic locations 168. Both the endometrial and the associated immune cells 
produce growth factors and cytokines, which induces angiogenesis and cellular 
proliferation; thus, modulating the implantation and growth of ectopic lesions 169. 
Moreover, in the endometrium of endometriosis patients the function of natural killer 
(NK) cell is repressed in the endometrium of endometriosis patients, and evidently 
these cells are engaged in the identifying and obliterating foreign cells in the body 
170,171. 

In the vascular and lymphatic dissemination theory, the endometrial tissue 
moves through the vasculature or the lymphatic from the uterus and deposits in other 
places in the peritoneal cavity. Six to 7% of women who had undergone 
lymphadenectomy, were found to have histologically confirmed endometriosis. It 
has been proposed to account for the occurrence of endometriosis at atypical 
locations such as the lymph nodes, parenchyma of the lung, bone, and brain 165. 

The coelomic metaplasia theory postulates, that the eutopic endometrial tissue is 
believed to originate from coelomic epithelia cells which undergo metaplasia or a 
metaplastic reaction 172. Basically, the coelomic cells develop into peritoneum cells 
and surface of the ovaries, nevertheless here the coelomic cell undergo metaplasia 
and causes the cells to transform into endometrial cells, nonetheless the cells are not 
present in the uterus but rather they become present outside in the peritoneal cavity. 
The coelomic metaplasia could explain the incidence or occurrence of endometriosis 
in women with Mullerian agenesis, who have an absent uterus 173 or prepubertal girls 
as estrogen which is fundamental for endometrial growth is absent 174 as well as the 
occasional presence of endometriosis in men 175. Ectopic endometrial tissues has also 
been found in female fetuses as a result of defective embryogenesis 152. 

Von Recklinghausen and Russell 176,177 pioneered the embryonic rest theory in 
the 1890s. The theory states that the Müllerian embryonic cell rests could 
differentiate into functioning endometrium under certain stimulus. The Müllerian 
embryonic cells from the Müllerian ducts, migrate into the peritoneal cavity and 
develop into endometriotic lesions that responds to estrogen 152,165. In the coelomic 
metaplasia theory, the provenance of endometriosis is essentially limited to the 
mesothelium, while the embryonic rest theory suggests that endometriotic lesions 
originate from embryonic cell rests that are not necessarily restricted to the 
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mesothelium. Müllerian embryonic cell rests are not just present in women but also 
in men, this could very well explain the very rare case of endometriosis reported in 
men 173,178–183. Nisolle and Donnez hypothesized that the occurrence of rectovaginal 
endometriosis is linked to an adenomyotic nodule derived from the Mullerian rests 
through metaplasia 14,153. 

The endometrium undergoes cyclic regeneration all through the reproductive 
age, which suggests that the endometrium holds stem/progenitor cells. Recent 
studies support evidence of the existence of endometrial stem/progenitor cells and 
their potential involvement in the regeneration and differentiation of eutopic 
endometrium 184–186. By definition, stem cells are undifferentiated cells, typified by 
their capacity to regenerate and differentiate into a single or multiple types of specific 
cells. The role stem cells play in the creation of endometriotic debris may have been 
the result of irregular migration of normal endometrial basalis through retrograde 
menstruation 152,187. A study by Leyendecker et al. postulated that the women who 
suffer with endometriosis unusually shed endometrial basalis tissue, which instigate 
the deposit of endometriotic debris after retrograde menstruation. In the case where 
the basalis contains stem/progenitor cells, they are more likely to survive and 
therefore initiate the deposit of endometriotic debris in the peritoneal cavity than 
differentiated endometrial cells from the functionalis 152,188. 

Owing to their innate potential to rejuvenate, stem cells could give rise to the 
deposit of new endometriotic debris. Brosens et al. hypothesized that a large quantity 
of endometrial progenitor cells contained in the uterine bleeding in neonatal girls 
could endure in the peritoneal cavity long after retrograde flow and reactivate as a 
response to ovarian hormones in adolescents 152,189. Nevertheless, the quantity of 
endometrial progenitor cells in neonatal bleeding has not yet been determined in 
comparison to the endometrium of adult women. Women who suffer with 
endometriosis probably shed considerably more stem-cell rich basalis layer when 
compared to women without endometriosis 152,188, which would support the 
likelihood of retrograde menstruation providing access for endometrial stem cells to 
flow through to extrauterine structures 152,188,190. Another Possibility, is that these 
stem cells could be carried through the lymph nodes or vasculature to ectopic 
locations 191. Another alternative possibility of the involvement of stem cell in 
endometriosis would be the lineage reprogramming of the hematopoietic, peritoneal, 
or ovarian stem cells into endometrium like tissue 152. 

2.1.2.2 Disease classification 

Although endometriosis has been recognized since the early part of the 20th century 
it remains an enigmatic disease. Several attempts at classification has been 
challenging and subject to much controversy due to its many manifestations and 
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heterogeneity, the focus on classification has remained largely on the anatomy, 
histology and disease burden for surgical staging and recently for prognostic value 
9,192. These ambiguities have resulted in classification schemes with inadequacies in 
symptom management, recurrence, and association with other disorders. An ideal 
classification system should accurately assess the disease state with reverence to the 
extent, the location, and the nature of the disease. Moreover, it should be useful in 
predicting the outcome in treatment response. The earliest endometriosis 
classification system was developed in 1921 by Sampson 193, and later other 
classifications systems followed, by Acosta et al. 194 and, in the German‐speaking 
countries, by Albrecht et al. 195. The American Fertility Society (AFS) score 196 was 
established later on in 1979, but became instituted as the most widely accepted 
classification system following its revision in 1985 (rAFS score) 197 (Figure 6). It 
was later renamed the revised American Society for Reproductive Medicine 
(rASRM) score in 1996 10,11. Since its revision, the rASRM still remains the most 
commonly used classification system for endometriosis despite its flaws 9,10. There 
is a growing consensus that the current classification system needs to be overhauled. 
A good classification system should be a proper solution to improve the usefulness 
of disease classification in endometriosis related symptom management, association 
with other disorders, recurrence, projection for response to therapies, quality of life 
and other rudiments of significant importance to women with endometriosis or their 
healthcare providers 198. The system should be simple and easy to execute; it should 
be scientifically and analytically based; inclusive for all cases; uses unambiguously 
distinct terminologies; allow for unassuming description of the disease; correlate 
well with the symptoms; give predictive information; envisage responses to 
treatment for pain, infertility and recurrence of symptoms after treatment 198,199. In 
addition to the rASRM categorization, other promising classification methods 
include the Enzian-score classification for deep infiltrating endometriosis (DIE) 
198,200,201 (Figure 7), and the endometriosis fertility index (EFI) 199,202 for predicting 
pregnancy after surgery (Figure 8). 
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Figure 6. The revised American Society for Reproductive Medicine scoring system for all women 

with endometriosis. Reprinted with permission from Elsevier 11,198. 
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Figure 7. Enzian scoring system from Jörg Keckstein 203 for women with deep endometriosis. 

Reprinted with permission from Johnson et al., 2017 198. 
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Figure 8. Endometriosis Fertility Index for women with endometriosis for whom future fertility is a 

consideration. Reprinted with permission from the American Society for Reproductive 
Medicine 199,202. 
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At the moment, all the techniques employed to categorize endometriosis deeply bear 
resemblance to a modular assembly system and all these categorization systems are 
too often criticized for their poor correlation with symptoms in addition to their 
dearth of predictive prognosis. Furthermore, the classifications do not provide a clear 
pathway for the treatment of pelvic pain and infertility. And at the same time, they 
look to classify appearance and size of the lesions, anatomical locations, the extent 
of pelvic adhesions and also predict fertility. 

The rASRM classification system assigns values to endometriosis lesions in the 
peritoneum and ovaries using a point base system that corresponds to the size of the 
lesion(s). Points are also given for adhesions on the ovaries, the fallopian tubes and 
for partial or complete posterior cul‐de‐sac obliteration. All the assigned points are 
then summed up, and the final sum classified into four diagnostic categories 
representing the severity of the disease, stages I – IV (Figure 9). The stages are 
categorized as follow: Stage I (minimal); stage II (mild); stage III (moderate); and 
stage IV (severe) Table 3. However, the classification system does not effectively 
describe severity of pain, sterility and deep infiltrating endometriosis and it poorly 
correlates with QoL, the risk of recurrence or treatment outcomes 9,204,205. 
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Figure 9. The revised American Fertility Society and American Society of Reproductive medicine 

endometriosis staging system based on a point system that considers location, extent 
and depth of disease in relation to pelvic structures11. Reprinted with permission from 
Zondervan et al., 2018 206. 
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Table 3. Endometriosis stages. 

Disease Stage Description 

Minimal I Superficial lesions commonly on pelvic wall or pouch of Douglas 

Mild II Superficial lesions and some deep infiltrating implants 

Moderate III 
Deep infiltrating implants, endometriomas, on one or both 
ovaries, some minor adhesions (often between ovarian and 
uterine wall) 

Severe IV 
Deep infiltrating implants, endometriomas on one or both ovaries, 
severe adhesions with bowel and/ or bladder involvement, 
severe damage to the pouch of Douglas 

 

The Enzian classification has a comparatively excellent sensitivity and specificity 
for the diagnosis of surgical findings for DiE. It was introduced for the first time in 
2005 to augment the rASRM score 200 and later revised in 2010 and 2011 207. The 
revised version combines morphological structures into 3 compartments: A. anterior 
(rectovaginal septum and vagina), B. lateral (sacrouterine ligaments and pelvic 
sidewall) and C. posterior (rectum and sigmoid colon) in order to simplify the 
system. The severity for all compartments is rated the same as follow: in Grade 1, 
the incursion is <1 cm Grade 2, the incursion is 1–3 cm Grade 3, the incursion is >3 
cm. DiE outside the pelvis and the invasion of organs can be recorded separately. 
The Enzian classification also lists other distant locations such as adenomyosis (FA), 
involvement of the bladder (FB), intrinsic involvement of the ureter (FU), bowel 
disease cranial to the rectosigmoid junction (FI) and other locations, such as 
abdominal wall endometriosis (FO) 201. As a consequence of the excellent 
morphological characterization provided, the estimation of laparoscopic operating 
time for DiE can also be calculated 208. 

The rASRM categorization system unfortunately cannot effectively predict the 
clinical findings of treatment, particularly the pregnancy rate (PR) in infertile 
women. Adamson and Pasta 209 in 2010, suggested the use of the EFI as a new scoring 
system to predict spontaneous pregnancy after surgery when the patient has a 
functional gamete and uterus. The EFI considers the patient’s age, length of 
infertility, and previous pregnancies. In addition, it uses the rASRM score and the 
least function score as the anatomical and functional result of the surgery on the 
fallopian tubes, fimbriae, and ovaries. The higher a patient's EFI score, the higher 
their chances of spontaneous pregnancy. 
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2.1.3 Endometriosis Diagnosis 
Determining a definite diagnosis of endometriosis exclusively based on its clinical 
presentation is difficult due to the broad spectrum of symptoms, none of which are 
pathognomonic and frequently have similarities with several other gynecologic and 
non-gynecologic conditions 84,105. Any debate of diagnosing endometriosis ought to 
start by defining what endometriosis is, and obtaining a histological confirmatory 
diagnosis requires surgery which remains the gold standard and at which point the 
removal of the lesions is unavoidable. This has led to an overall delay of 
approximately 7 – 12 years from the onset of the symptoms to when a final diagnosis 
is obtained 46–50, with an approximate 6 of 10 endometriosis cases left undiagnosed 
51. Endometriosis can be suspected based on patient history as well as the symptoms 
presented. Various studies have tried to enumerate the capability of physical 
examination in detecting endometriosis by determining its accuracy comparative to 
surgical diagnosis 210–215. In these studies, the selection of patients as well as the 
examination methods differ hence, limiting their comparison for overall estimation 
of accuracy. In a series of published guidelines in 2014 216,217, The World 
Endometriosis Research Foundation (WERF), urged doctors, gynecologists, and 
researchers alike to homogenize their sample collection methods and data analysis, 
which were further emphasized as significantly important priorities for 
endometriosis research in 2016 218. 

Non-invasive methods such as imaging has increasingly become an essential part 
of the diagnostic process. It has often been used in the investigation of chronic pelvic 
pain and can be informative in the diagnosis of endometriosis. No imaging technique 
(described in the following paragraph) or biomarkers have so far been discovered to 
replace laparoscopy or alone is enough for a confirmed diagnosis of endometriosis. 

2.1.3.1 Imaging 

Imaging techniques such as ultrasonography have important intrinsic value when 
identifying the cause of abdominal pain and other than endometriosis, menstrual 
symptoms. In diagnosing endometriosis, the transvaginal ultrasonography (TVUS), 
magnetic resonance imaging (MRI) and computer tomography (CT) are some of the 
techniques of choice used when assessing the presence of endometriosis. These 
imaging modalities appear to be useful when there is pelvic or adnexal mass 212,219. 
When a big mass is found, transvaginal and transabdominal ultrasonography helps 
to better comprehend the anatomical contribution of organs in close proximity 220. 
TVUS is generally the first imaging technique considered when endometriosis is 
suspected. Guidelines allude to its utility in visualizing the uterine cavity and the 
endometrium in addition to detecting the characteristic aspects of OMA and DiE or 
pelvic fluid 83,220–222. It also has high predictive accuracy in detecting deep 
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retrocervical and rectosigmoid endometriosis 212,214,223–225. Hudelist et al. reported an 
increase in the sensitivity of detecting endometriosis when TVUS was combined 
with pelvic examination compared to when pelvic examination alone was performed 
212. MRI and CT can help characterize pelvic mass as well as discover extra-pelvic 
foci.  

In diagnosing peritoneal endometriosis neither the TVUS or the MRI, has been 
shown to be effective in detection 226 except when the endometriotic implants are 
hemorrhagic 227,228. This reduces the value for early detection in adolescents with 
endometriosis related symptoms as peritoneal endometriosis is the most predominant 
form found in this group 229. In comparison with the other imaging techniques the 
MRI is less often used for the evaluation of endometriosis owing to associated cost. 
It is however useful in cases where there are lesion greater than 5mm in size, 
extensive pelvic adhesion that distort normal pelvic anatomy or suspected ureteral 
involvement 230 or where ultrasonography findings are ambiguous 83,105. The MRI 
has remarkably high diagnostic accuracy for detecting OMA and uterosacral 
ligaments (USL). OMA on T1-weighted images (T1-WI) with or without fat 
suppression 231, and USL on thin-sectioned oblique axial T2-weighted images (T2-
WI) 232. Recent studies have suggested that the MRI plays a vital role in detecting 
deep pelvic endometriosis, especially lesions located in the rectovaginal septum and 
vagina when integrated with opacity of both the vagina and rectum 233,234. The MRI 
holds an advantage over TVUS in that result interpretation is less operator dependent 
235. For each of these imaging techniques to be reliable in diagnosis it requires a 
radiologist, gynecologist skilled in identifying endometriosis. 

2.1.3.2 Diagnostic tools for endometriosis 

There have been several attempts at creating noninvasive symptom and imaging 
based diagnostic tools to help predict the risk of endometriosis before surgery. 
Fasciani et al. established a literature-based Endometriosis Index that encompassed 
thirty-eight variables as well as parameters obtained from patient pain assessment, 
consultations, and diagnostic evidence to forecast the existence of endometriosis by 
location and in general. It relies on a wide-ranging set of diagnostic parameters 
which includes imaging, laboratory tests, and pelvic examinations, demonstrating its 
potential use as a non-invasive assessment tool to identify endometriosis and 
distinguish between the severities of the disease 236. Yeung et al. established a 
predictive mathematical model to predict early-stage endometriosis with variables 
from preoperative questionnaire comparable but different from the World 
Endometriosis Research Foundation-Women’s Health Symptom Survey (WERF-
WHSS). Their final model comprised of five variables that was able to distinguish 
between women with and without endometriosis with an area under the curve (AUC) 
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of 0.822, a sensitivity and specificity of 80.5% and 57.7% respectively as well as a 
P <0.001; it is however not practicable as a simple self-completed screening tool 
given the complexity in the scoring system 237. Forman et al. created a 7-point based 
questionnaire that is centered on symptoms and medical history to distinguish 
between women with endometriosis and women with a healthy pelvis 238. 

Calhaz-Jorge et al. created a mathematical model to predict endometriosis 
founded on symptomology and medical history gathered using a standard 
questionnaire in subfertile women. In their predictive model dysmenorrhea, oral 
contraception use, chronic pelvic pain, obesity, and subfertility were factors 
discovered to be predictive of endometriosis. The authors came to the conclusion 
that their model might be useful for doctors managing subfertility to help in deciding 
when laparoscopy should be carried out; however, the research did not rule out 
previous pelvic surgery for patients and no validation was conducted outside the 
study population 239. Eskenazi et al. evaluated whether the surgical diagnosis of 
endometriosis could be predicted through symptoms, pelvic examination, medical 
history, and ultrasonography discoveries. Both pelvic examination and 
ultrasonography were effective in predicting ovarian endometriosis. The other non-
invasive methods assessed were somewhat moderate in their success but less 
dependable in predicting non ovarian endometriosis. In the evaluation the presence 
of any symptom categorized 66% of endometriosis findings (both non-ovarian and 
ovarian combined), with a less favorable predictive capacity than a positive 
ultrasound (Cohen’s kappa coefficient (κ) of 0.32 vs. 0.58, respectively) 210. 
Hackethal et al. assessed if when compared with retrospective review of hospital 
records, a well-defined questionnaire, could enhance the documentation of 
endometriosis specific variables during preoperative assessment of women with 
suspected or confirmed endometriosis. They used parameters such as the history of 
endometriosis, surgical history, fertility/pregnancy, hormonal treatment, family 
history of endometriosis, menstrual history, allergies, other illnesses, and pain 
symptoms of endometriosis. The authors reached the conclusion that the use of a 
well-defined questionnaire did improve the availability of endometriosis specific 
clinical history in patients with suspected or known endometriosis, although the 
study made no attempt to distinguish between women with and without 
endometriosis 240. Ballard et al. explored the usefulness of the different components 
of chronic pelvic pain in diagnosing endometriosis before laparoscopy. The 
questionnaire assessed 40 pain descriptors to assess the description of pain, intensity, 
and location of pain, as well as the observed variations in the proportions of pain 
between women with and without endometriosis, and also between the women with 
deep versus peritoneal endometriosis. The identified symptoms in this research could 
be useful distinguishing between women with and without endometriosis 241. 
Nnoaham et al. developed a model based on symptoms to predict all the different 
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forms of endometriosis, in symptomatic women with no prior surgical diagnosis as 
well as predict stage III/IV endometriosis. The authors used multiple logistic 
regression analyses, with parameters that include 25 elements from the WERF-
WHSS questionnaires; intensity and frequency of pelvic pain; medical, family, and 
gynecological histories; as well as lifestyle, physical attributes, and demographic 
characteristics. The models were subsequently validated independently using 
receiver-operating characteristic curve analysis (ROC). The prediction of 
endometriosis at any stage was comparatively poor with AUC = 68.3 but was slightly 
improved with ultrasonographic evidence of ovarian cysts or nodules. The model 
predicted endometriosis in stages III/IV with comparatively good accuracy AUC = 
84.9, with a sensitivity and specificity of 82.3% and 75.8% respectively and also 
with a cut-off of 0.24 242. 

The Endometriosis Research Center self-evaluation is a 10-item questionnaire to 
predict endometriosis based on symptoms and medical history. Women who give 
positive answers to three or more questions are predicted to have endometriosis and 
encouraged to consult with a doctor to deliberate on a conclusive diagnosis and 
possible treatment options. And also women who answers positively to three non-
symptom questions such as infertility or ectopic pregnancy; autoimmune diseases; 
history of pelvic surgery, family history of endometriosis; or miscarriage, could be 
positive for endometriosis 243. Table 4 lists studies where various attempts have been 
made at producing diagnostic tools for endometriosis. 
 



 

Table 4. List of studies with attempts at producing diagnostic tools for endometriosis. 

Study design and 
population 

Type of tool Method of diagnosis Parameters assessed Assessment of 
performance 

Endometriosis studies (general) 

Prospective study of 
consecutive women with ≥ 2 
years of subfertility 
undergoing laparoscopy and 
tubal hydrotubation (N = 104) 
238 

Patient-completed 
questionnaire 

Laparoscopically visualized 
endometriosis 

Period pain; pelvic pain; 
dyspareunia; coil; vaginal 
discharge; laparotomy; 
nulligravida 

Performance and validation not 
reported 

Cross-sectional study. 
Analysis of survey 
questionnaire data 
(N = 26,898) 244 

Patient-completed 
questionnaire 

Endometriosis diagnosis 
listed in medical records 

Severe dysmenorrhea; chronic 
pelvic pain; dyspareunia; 
infertility; oral pill as 
contraceptive 

Sensitivity was between 16% 
and 58%; while specificity was 
between 70% and 96% 

Prospective single-center 
observational study. Women 
referred for chronic pain or 
infertility or with clinical 
suspicion of endometriosis. 
(N = 120) 236 

Endometriosis index based 
on patient evaluation, 
consultation, and diagnostic 
evidence. software-assisted 
scoring using logistic 
regression 

Laparoscopically visualized 
endometriosis 

Predictors of endometriosis 
based on 38 variables and 
parameters 

Score > 28 test was predictive 
of deep-infiltrating 
endometriosis with 72.4% 
sensitivity and 90.1% 
specificity 

Cross-sectional survey, 
respondent to online survey 
(N = 48,020) 73 

Self-report with suspicion or 
diagnosis of endometriosis 

Endometriosis diagnosis or 
suspicion of endometriosis  

Menstrual pelvic pain/cramping; 
non-menstrual pelvic 
pain/cramping; dyspareunia; 
heavy menstrual bleeding; 
excessive or irregular bleeding; 
passage of clot; irregular 
menstrual periods 
(timing/duration); 
constipation/bloating/diarrhea; 
fatigue/weariness/anemia; 
infertility 

Menstrual pelvic pain/cramping 
(OR: 1.6, 95% CI: 1.4-1.8); 
non-menstrual pelvic 
pain/cramping (OR: 4.1, 95% 
CI: 3.6-4.6); dyspareunia (OR: 
3.1, 95% CI: 2.8-3.5); heavy 
menstrual bleeding (OR: 1.5, 
95% CI: 1.3-1.7); excessive or 
irregular bleeding (OR: 2.1, 
95% CI: 1.8-2.4); passage of 
clot (OR: 1.8, 95% CI: 1.6-2.0); 
irregular menstrual periods 
(timing/duration) (OR: 1.5, 95% 
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CI: 1.3-1.7); 
constipation/bloating/diarrhea 
(OR: 1.9, 95% CI: 1.7-2.2); 
fatigue/weariness/anemia (OR: 
2.2, 95% CI: 2.0-2.5); infertility 
(OR: 3.6, 95% CI: 3.0-4.4) 

Prospective single-center 
observational study. Women 
attending a tertiary referral 
center reporting 
endometriosis associated 
chronic pelvic pain > 6 
months (N = 90) 237 

Predictive mathematical 
model for early-stage 
endometriosis 

Laparoscopically visualized 
and histological confirmed 
endometriosis 

Physical and demographic 
characteristics; medical and 
family history; symptom; and 
quality of life 

AUC = 0.822, P < 0.001, 
Sensitivity = 80.5% and 
Specificity = 57.7%  
(cutoff = 0.3091) 

Retrospective case-control 
study involving women who 
underwent laparoscopy for 
infertility evaluation (341 with 
endometriosis; 332 with 
normal pelvis) 245 

Predictive mathematical 
model 

Laparoscopically visualized 
endometriosis 

Family history of endometriosis; 
history of galactorrhea; history 
of pelvic surgery; 
dysmenorrhea; pelvic pain; 
dyspareunia; premenstrual 
spotting; fatigue 

Family history of endometriosis 
(OR: 2.7, 95% CI: 1.06-7.1); 
history of galactorrhea (OR: 
1.8, 95% CI: 1.1-3.05); history 
of pelvic surgery (OR: 14.5, 
95% CI: 6.1-34.2); 
dysmenorrhea (OR: 1.8, 95% 
CI: 1.1-2.8); pelvic pain (OR: 
4.1, 95% CI: 2.4-6.8); 
dyspareunia (OR: 1.6, 95% CI: 
1.09-2.4); premenstrual 
spotting (OR: 2.2, 95% CI: 1.3-
3.6); fatigue (OR: 2.6, 95% CI: 
1.3-5.1) 

Prospective study (study 
sample) (N = 90); 
Retrospective record review 
(test sample) (N = 120) 210 

Patient evaluation and 
noninvasive diagnostic 
procedures 

Laparoscopically visualized 
endometriosis 

No endometriosis; nonovarian 
endometriosis; ovarian 
endometriosis 

Presence of symptoms 
correctly classified 66% of 
diagnosis. Validation not 
reported 

Prospective, observational 
study in a referral unit; 
women who underwent 
laparoscopy for chronic 
pelvic pain (N = 144) 246 

Patient evaluation and 
noninvasive diagnostic 
procedures 

Laparoscopically visualized 
endometriosis 

Noncyclical pain; 
dysmenorrhea; dyspareunia; 
dyschezia 

Noncyclical pain 
(Endometriosis, 62.5%; no 
endometriosis, 70.8%; p = 
0.48); dysmenorrhea 
(Endometriosis, 79.1%; no 
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endometriosis, 87.5%; p = 
0.37); dyspareunia 
(Endometriosis, 25.0%; no 
endometriosis, 33.3%; p = 
0.46); dyschezia 
(Endometriosis, 25.0%; no 
endometriosis, 20.8%; p = 
0.69) 

Retrospective study of sub 
fertile women undergoing 
diagnostic or therapeutic 
laparoscopy (N = 1079) 239 

Predictive mathematical 
model 

Laparoscopically visualized 
endometriosis 

Primary subfertility; 
dysmenorrhea; chronic pelvic 
pain; oral contraception; obesity 
(inverse relationship) 

Multivariate prediction model 
AUROC = 0.71 for all 
endometriosis and 0.74 for 
grade III/IV endometriosis 
validation not reported 

Prospective multi-center 
observational study. 
Operative cohort from ENDO 
study – Women without a 
history of surgically 
confirmed endometriosis who 
underwent laparoscopy or 
laparotomy (N = 473) 74 

Patient evaluation and 
noninvasive diagnostic 
procedures 

Surgically visualized 
endometriosis 

Chronic pelvic pain; cyclic 
pelvic pain; vaginal pain with 
intercourse; deep pain with 
intercourse; burning vaginal 
pain after intercourse; pain just 
before menstrual period; level 
of cramps with period; pain 
after period is over; pain at 
ovulation (mid-cycle); dysuria; 
dyschezia 

Chronic pelvic pain 
(Endometriosis, 44.2%; other, 
39.0%; normal pelvis, 30.2%; p 
= 0.04); cyclic pelvic pain 
(Endometriosis, 49.5%; other, 
31.0%; normal pelvis, 33.1%; p 
< 0.001); vaginal pain with 
intercourse (Endometriosis, 
54.7%; other, 41.5%; normal 
pelvis, 32.4%; p < 0.001); deep 
pain with intercourse 
(Endometriosis, 53.2%; other, 
38.1%; normal pelvis, 30.9%; p 
< 0.001); burning vaginal pain 
after intercourse 
(Endometriosis, 33.2%; other, 
22.5%; normal pelvis, 22.1%; p 
= 0.03); pain just before 
menstrual period 
(Endometriosis, 75.3%; other, 
61.9%; normal pelvis, 66.2%; p 
= 0.03); level of cramps with 
period (Endometriosis, 91.1%; 
other, 85.0%; normal pelvis, 
79.4%; p = 0.01); pain after 
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period is over (Endometriosis, 
38.4%; other, 26.5%; normal 
pelvis, 38.2%; p = 0.04); pain 
at ovulation (mid-cycle) 
(Endometriosis, 67.4%; other, 
49.0%; normal pelvis, 52.2%; p 
= 0.001); dysuria 
(Endometriosis, 22.6%; other, 
19.1%; normal pelvis, 11.0%; p 
= 0.03); dyschezia 
(Endometriosis, 44.2%; other, 
32.7%; normal pelvis, 25.7%; p 
= 0.002) 

Comparative study of women 
undergoing laparoscopy for 
chronic pelvic pain (N = 185) 
241 

Patient-completed 
questionnaire 

Laparoscopically visualized 
endometriosis 

40 pain descriptors for three 
different aspects of pain: 1. 
Descriptions of pain, 2. 
Anatomical arears of pain, and 
3. Intensity of pain 

Performance not reported 

Retrospective cohort study of 
women with or without pelvic 
pain eveluated for infertility 
(N = 80) 247 

Predictive mathematical 
model 

Histologically verified 
endometriosis 

Premenstrual spotting for ≥2 
days; dysmenorrhea; 
dyspareunia 

Premenstrual spotting for ≥2 
days (Sensitivity, 76%; 
specificity, 90%; PPV, 96%; 
NPV, 74%; accuracy, 81%); 
dysmenorrhea (Sensitivity, 87%; 
specificity, 63%; PPV, 75%; 
NPV, 79%; accuracy, 76%); 
dyspareunia (Sensitivity, 38%; 
specificity, 83%; PPV, 74%; 
NPV, 51%; accuracy, 58%) 

Retrospective review of 
hospital records for women 
presenting with suspected or 
known endometriosis (N = 
69) 240 

Patient-completed 
questionniare 

Surgically visalized 
endometriosis 

34-item questionniare about the 
histroy of endometriosis; 
surgical histroy; allergies and 
other illnesses; family history; 
fertility/pregnancy; hormone 
treatment; menstrual history; 
and visual analog scales for 
common painful symptoms of 
endometriosis 

Performance not reported 
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ENDO Study – prospective, 
matched-exposure chort 
study comprising women 
undergoing pelvic surgery (N 
= 495) and a matched cohort 
(N = 131) 75 

Predictive mathematical 
model 

Surgically visualized 
endometriossis (operative 
cohort) Pelvic MRI-
diagnosed endometriosis 
(matched cohort) 

History of infertility; 
dysmenorrhea; pelvic pain; 
pelvic pain (surgical indication) 

History of infertility (OR: 2.43, 
95% CI: 1.57-3.76) [operative]; 
7.91 (1.69-37.2) [matched]; 
dysmenorrhea (OR: 2.46, 95% 
CI: 1.28-4.72) [operative]; 1.41 
(0.28-7.14) [matched]; pelvic 
pain (OR: 1.39, 95% CI: 0.95-
2.04) [operative]; 0.76 (0.09-
6.54) [matched]; pelvic pain 
(surgical indication) (OR: 3.67, 
95% CI: 2.44-5.50) [operative] 

Prospective, multi-center 
observational study of 
symptomatic women with 
scheduled laparoscopy (N = 
1396) 242 

Predictive symptom-based 
model 

Laparoscopically visualized 
endometriosis 

Mutiple factors such as 
dysmenorrhea; dyschezia; 
nonmenstrual pelvic pain; ovarian 
cyst; family history; race; etc. 
Model and ultrasound 

Factors (Sensitivity, 85%, 
specificity, 44%); Model and 
ultrasound (Sensitivity, 58%; 
specificity, 89%) 
Area under ROC curve = 0.683 

Prospective cohort of women 
with chronic pelvic pain (N = 
284) 248 

Patient evaluation and 
noninvasive diagnostic 
procedures 

Laparoscopically or 
histologically confirmed 
endometriosis 

Anterior vaginal wall tenderness 
(endometriosis and other 
pathology); Anterior vagnal wall 
tenderness (endometriosis 
only) 

Anterior vaginal wall 
tenderness (endometriosis and 
other pathology) Sensitivity, 
93%; Anterior vagnal wall 
tenderness (endometriosis 
only) Sensitivity, 17% 

Retroscpective cohort of 
women evaluated for 
chrronic pelvic pain (N = 331) 
249 

 Histologically verified 
endometriosis 

Short-form MPQ pain 
descriptor: Cramping; 
Sickening; Tiring/exhausting; 
Shooting; Punishing/cruel; 
Splitting 

Cramping days (Sensitivity, 92%; 
specificity, 33%; PPV, 40%; NPV, 
89%); Sickening (Sensitivity, 
73%; specificity, 46%; PPV, 40%; 
NPV, 78%); Tiring/exhausting 
(Sensitivity, 77%; specificity, 38%; 
PPV, 38%; NPV, 77%); Shooting 
(Sensitivity, 70%; specificity, 43%; 
PPV, 37%; NPV, 75%); 
Punishing/cruel (Sensitivity, 49%; 
specificity, 65%; PPV, 40%; NPV, 
72%); Splitting (Sensitivity, 36%; 
specificity, 77%; PPV, 43%; NPV, 
71%) 
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Prospective study of 
consecutive women with 
unexplained infertility 
(N = 55) 250 

Patient evaluation and 
noninvasive diagnostic 
procedures 

Laparoscopically or 
histologically confirmed 
endometriosis 

Anterior vaginal wall tenderness Sensitivity, 84%; specificity, 
75%; PPV, 86%; NPV, 69% 

Retrospective case series 
compaising infertile women 
with regular cycles and no 
prior endometriosis diagnosis 
(N = 221) 78 

Predictive mathematical 
model 

Histologically verified 
endometriosis 

Pelvic pain; pelvic pain and 
type of infertiltity, age, and 
duration of infertility 

Pelvic pain (Sensitivity, 59%; 
specificity, 56%; PPV, 54%; 
NPV, 57%); pelvic pain and 
type of infertiltity, age, and 
duration of infertility 
(Sensitivity, 65%; specificity, 
73%) 

Prospective study of 
consecutive women with 
symptoms of endometriosis 
(N = 200) 212 

 Histologically verified 
endometriosis 

Vaginal examination; vaginal 
examination and TVS 

Vaginal examination 
(Sensitivity, 23-88%; 
specificity, 89-100%; PPV, 65-
100%; NPV, 85-99%; 
accuracy, 86-99%); vaginal 
examination and TVS 
(Sensitivity, 67-100%; 
specificity, 86-100%; PPV, 50-
100%; NPV, 93-100%; 
accuracy, 86-100%) 

Respondent to a self-
adminstered questionnaire 
(N = 1285) 251 

Patient-completed 
questionniare 

Self reporeted surgically 
confirmed endometriosis 

Dymenorrhea; severe 
dysmenorrhea; dyspareunia; 
problems conceiving; chronic 
pelvic pain 

Dymenorrhea (Cases, 82.5%; 
general population, 59.3%; P < 
0.001); severe dysmenorrhea 
(Cases, 65.9%; general 
population, 52.9%; P = NS); 
dyspareunia (Cases, 52.0%; 
general population, 20.0%; P < 
0.001); problems conceiving 
(Cases, 70.6%; general 
population, 25.2%; P < 0.001); 
chronic pelvic pain (Cases, 
80.0%; general population, 
22.9%; P < 0.001) 
 

M
ichael G

abriel

52



 

Multicenter National case-
control study comprising 
women with endometriosis 
(N = 5540) and matched 
controls (N = 21,239) 41 

Diagnostic model based on 
symptom collected via 
patient completed 
questionnaire 

Diagnostic or procedural 
codes consistent with 
endometriosis recorded in a 
nationawide general practice 
databae 

Dsymenorrhea; pelvic pain; 
dyspareunia; abdminal pain; 
menorrhagia; intermenstrual 
pain; infertility/subfertility; plevic 
inflammatory disease; ovarian 
cysts; ovary pain 

Dsymenorrhea (OR: 9.8, 95% 
CI: 8.8-10.9); pelvic pain (OR: 
13.5, 95% CI: 11.7-15.7); 
dyspareunia (OR: 9.4, 95% CI: 
8.0-11.1); abdminal pain (OR: 
5.9, 95% CI: 5.5-6.4); 
menorrhagia (OR: 5.0, 95% CI: 
4.6-5.5); intermenstrual pain 
(OR: 6.9, 95% CI: 4.7-10.2); 
infertility/subfertility (OR: 6.2, 
95% CI: 5.4-7.1); plevic 
inflammatory disease (OR: 6.4, 
95% CI: 5.6-7.4); ovarian cysts 
(OR: 12.2, 95% CI: 9.9-15.0); 
ovary pain (OR: 9.1, 95% CI: 
3.2-26.0) 

Site-specific endometriosis studies 

Retroscpective, comparative 
study of women reffered for 
investigation and treatment 
of endometriosis undergoing 
subsequent laparoscopy  
(N = 51) 252 

Retrospective, observational 
analysis of patient-reported 
sysmptoms 

Laparoscopically visualized 
endometriosis 

Dysmenorrhea; dyspareunia; 
infertility; dyschezia; rectal pain; 
cyclical and noncycical rectal 
bleeding; tenesmus; apareunia; 
nausea; abdominal bloating and 
diarrhea 

Apareunia and nausea or 
abdominal bloating were 
strong markers for rectovaginal 
disease with a prevalence of 
87 and 89% respectively. 
Validation not reported 

Retrospective analysis of 
consecutive women with 
ovarian endometrioma who 
underwent surgery (N = 178) 
253 

Predictive mathematical 
model to predict DIE in 
patients with ovarian 
endometrioma 

Histologically verified 
endometriosis 

Model includes previous 
preganacy; history of surgery 
for endometriosis; 
endometriosis-associated pelvic 
pain score 

Sensitivity, 80%; specificity, 
84% 

Retrospective study of 
women scheduled for 
laparoscopy for chronic 
pelvic pain symptoms 
 (N = 134) 67 

Diagnostic model based on 
symptom collected via self 
administered questionnaire 

Surgically visalized 
endometriosis 

Dysmenorrhea; dyspareunia; 
nonmenstrual pain; and urinary 
or gastrointestinal symptoms 
during menstruation 

Area under the ROC curve, 
0.77; sensitivity, 74.5%; 
specificity, 68.7%; positive 
likelihood ratio, 2.4; negative 
likelihood ratio, 0.4; validation 
not reported 
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Prospective, single-center 
study of women with a 
histological  diagnosis of 
endometriosis (N = 211) 254 

DIE score calaculated from 
multiple regression model 
from preoperative symptom 
questionnaire 

Histologically verified 
endometriosis 

Infertility (primary or 
secondary); duration of pain > 
24 mo; VAS deep dyspareunia 
> 5; VAS GI symptoms ≥ 5; 
severe dysmenorrhea 

Infertility (primary or 
secondary) (Sensitivity, 51%; 
specificity, 73%; OR, 1.5; P = 
0.003); duration of pain > 24 
mo (Sensitivity, 62%; 
specificity, 81%; OR, 7.1; P < 
0.001); VAS deep dyspareunia 
> 5 (Sensitivity, 69%; 
specificity, 59%; OR, 3.2; P = 
0.007); VAS GI symptoms ≥ 5 
(Sensitivity, 75%; specificity, 
76%; OR, 9.3; P < 0.001); 
severe dysmenorrhea 
(Sensitivity, 55%; specificity, 
75%; OR, 3.5; P < 0.001) 

Retrospective and 
prospective study of women 
undergoing surgery for DIE 
(N = 46) 255 

Assessment of clinical signs 
and anataomic sites using 
Lasmar map 256 

Surgically visalized 
endometriosis 

Assessment of anatomical 
areas affected by endometriosis 
using site of disease recorded 
by medical history; physical 
examination immaging tests 
without laparoscopy; age; 
parity; skin color; Symptom 
such as dysmenorrhea; 
hypermenorrhea; pelvic pain; 
not related to menstrual cycle, 
dypareunia; dyschezia; or 
uninary symptoms 

Preoperative clincal evaluation 
/ Lasmar map had high 
sensitivity, specificity, and 
accuracy. 
Validation not reported 

Retrospective, longitudinal 
study of consecutive women 
with clincal evidence of 
endometriosis (N = 92) 213 

Accuracy of physical 
examination, transvaginal 
sonography, rectal 
endoscopic sonography, and 
magnetic resonance imaging 

Laparoscopically visalized 
endometriosis 

Vaginal examination; TVS; 
Rectal endoscopic sonography; 
MRI 

Vaginal examination 
(Sensitivity,18-74%; specificity, 
72-96%; PPV, 40-97%; NPV, 
24-90%; accuracy, 54-87%); 
TVS (Sensitivity,9-94%; 
specificity, 67-100%; PPV, 50-
100%; NPV, 25-89%; 
accuracy, 77-96%); Rectal 
endoscopic sonography 
(Sensitivity,7-89%; specificity, 
44-100%; PPV, 33-100%; 

M
ichael G

abriel

54



 

AUC, area under the curve; CI, confidence interval; DIE, deep-infiltrating endometriosis; ENDO, Endometriosis: Natural History, Diagnosis, and 
Outcomes Study; GI, gastrointestinal; HR, hazard ratio; MPQ, McGill Pain Questionnaire; MRI, magnetic resonance imaging; NPV, negative predictive 
value; PPV, positive predictive value; ROC, receiver-operating characteristic; TVS, transvaginal sonography; VAS, visual analogue scale.

NPV, 9-90%; accuracy, 48-
90%); MRI (Sensitivity,55-87%; 
specificity, 86-99%; PPV, 73-
99%; NPV, 38-94%; accuracy, 
84-94%) 
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2.1.3.3 Surgical diagnosis 

Surgery and  histological confirmation remains fundamental tools in diagnosing 
endometriosis 83,105,221. It makes the direct visualization and identification of the 
disease possible. Histological confirmation is strongly recommended as a result of 
the minimal reliability of visual confirmation alone, as endometriosis is frequently 
not discovered amongst a quarter of women who undergo laparoscopy for chronic 
pelvic pain 257–260. The peritoneal lesions are probably the most challenging to 
diagnose surgically owing to their visual appearance being heterogeneous, while at 
the same time the unpigmented peritoneal lesions are highly active endometriosis 
implants 69. Typically, the histological appearance of endometriosis implants 
consists of endometrial glands, stroma, and hemosiderin laden macrophages. 

2.1.4 Biomarkers for endometriosis diagnostics 
The quest for a biomarker for endometriosis has been a challenging and ongoing 
issue and decades of scientific studies have not resulted in a reliable biomarker for 
the non-invasive diagnosis or prognosis of endometriosis. One of the reason is that, 
as a heterogeneous disease, the different forms of endometriosis could express 
various markers differently 261. However, an array of potential molecular markers 
have been identified 262–265. Biomarker investigations have included serum or plasma, 
menstrual blood, peritoneal fluid, urine and endometrial tissue 266. As a chronic 
inflammatory disease, hormones, cytokines, angiogenic factors, growth factors and 
chemokines, all play a part as etiological factors in endometriosis. While no reliable 
biomarker has been identified among these factors, having a non-invasive marker 
would be a valuable early detection tool in symptomatic women with relatively 
normal outcomes on pelvic ultrasonography and at best such biomarker must be 
relevant in diagnosing all disease stages (particularly minimal to mild endometriosis) 
with relatively high sensitivity 267, independent of menstrual cycle phase. Despite 
The Fact That around a 100 putative biomarkers have been proposed for 
endometriosis, recent systematic reviews of serum and endometrial biomarkers 
found none that demonstrated clear evidence to support their diagnostic role or use 
in clinical settings 268–270. Most of the studies have been relatively small without 
sufficient positive and negative control groups, and some are considered to have poor 
methodological quality. Endometriosis flourishes in an estrogen dominant 
environment, hence hormonal markers such as progesterone, estradiol, luteinizing 
hormone (LH), activin and leptin, have all been studied but none has been shown to 
be useful as a serum marker 270. A recent meta-analysis study evaluated seven 
different hormone markers in the serum of 1279 women with endometriosis in the 
17 studies in the meta-analysis a pooled sensitivity and specificity of 79% and 89% 
respectively was reported for aromatase and concluding it to be a potentially good 
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diagnostic test. They nevertheless, recognized that their findings was based on 
modest quality research 271. 

2.1.4.1 Serum Biomarker 

Among serum markers for endometriosis, cancer antigen 125 (CA-125) a 
glycoprotein that is encoded by the MUC16 gene 272,273 is the most studied. CA-125 
is expressed in some derivatives of the coelomic epithelium 274,275, and is known to 
be elevated in the serum of patients with certain types of cancers 275–278. It is also 
been reported to be elevated in other malignant and benign diseases 279–282. In 
advanced endometriosis CA-125 is reported to be elevated (>35 U/ml) with a 
sensitivity and specificity of 61.1% and 87.5% respectively. However, 
disappointingly it shows only moderate sensitivity and specificity for minimal and 
mild endometriosis 283–291. In a systematic review and meta-analysis of 14 studies, 
CA-125 was reported to have a cut-off level of  ≥30 U/ml with a sensitivity and 
specificity of 93% and 52% respectively 281. However, according to Santulli et al. 
the CA-125 mean serum level in OMA = 60.8 U/ml, in DIE = 55.2 U/ml and in 
peritoneal endometriosis = 23.2 U/ml 292 are indicative for endometriosis. During the 
menstrual cycle CA-125 oscillates and levels are relatively high in both 
endometriosis patients and healthy women 293,294. These inadequacies make CA-125 
an unreliable biochemical test for endometriosis diagnosis 281,292. Another ovarian 
tumor marker investigated for endometriosis is CA-19-9 which was originally 
discovered in patients with colorectal carcinoma. It was shown to be relatively high 
in endometriosis and has an analogous or lower sensitivity than CA-125 268. 
However, the results are conflicting, as other studies have been unsuccessful in 
finding any connections between endometriosis and CA-19-9 serum levels 295, 
consequently, demonstrating an unsatisfactory diagnostic role in clinical settings. 

Other glycoproteins such as alpha-fetoprotein (AFP), CA-15-3, CA-72, β-2 
microglobulin, carcinoembryonic antigen, haptoglobin and follistatin have all been 
investigated over the years. Haptoglobin β chain isoforms levels have been shown 
to be substantially higher in the serum of women with endometriosis than in controls 
296. Follistatin, an activin A inhibitor, encoded by the FST gene 297,298 is richly 
expressed in the endometriotic tissues and also in the endometrium in all menstrual 
cycle phases 299. Recent studies have demonstrated a significant increase in serum 
follistatin levels in women with endometriosis 268 particularly in patient with OMA 
when compared with controls, with a sensitivity of 92% and a specificity of 92% at 
1433 pg/ml cut-off 300 but with unreproducible results 301. 
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2.1.4.2 Inflammatory cytokines and immunological markers 

Inflammatory and immunological factors are considered to be involved in the 
development of endometriosis. Therefore, its role has been extensively examined in 
women with surgically verified endometriosis and compared to healthy controls as 
possible biomarkers for endometriosis 266,268,269. In the search for a noninvasive 
diagnosis of endometriosis a number of cytokines have been evaluated, that includes 
interleukins IL-1, IL-6, IL-8, Tumor necrosis factor alpha (TNF-α), Monocyte 
chemoattractant protein-1 (MCP-1), and interferon-γ (IFN-γ) 268. There is very 
limited data and presently none of the evaluated inflammatory cytokines or 
chemokines have proven useful as a biomarker 38,269,302. 

IL-6 and TNF-α are some of the most investigated for endometriosis of all 
cytokines 303. IL-6 is a pro-inflammatory cytokine deemed to play an essential role 
in the growth and maintenance of ectopic endometrial tissues. It is involved in the 
activation of T-cell, differentiation of B-cells (B lymphocytes) and in the secretion 
of other cytokines and in patients with endometriosis its expression has been shown 
to be dysregulated in macrophages. Some studies have demonstrated increased levels 
of IL-6 in the serum of endometriosis patients, while other studies have not been able 
to replicate the result using different cut-off values. In one of such studies the levels 
of IL-6 in the serum of women with minimal to mild endometriosis was higher than 
in other groups. The authors reported a significant accuracy for IL-6 in detecting 
endometriosis using a cut-off level of 25.75 pg/ml, and reported a sensitivity and 
specificity of 75.0% and 83.3% respectively, suggesting IL-6 to be a reliable, marker 
for minimal and mild endometriosis 304. In another study, in infertile patients with 
endometriosis the values of T-helper pathway related interleukins such as IL-10, IL-
12, IL-17, and IL-23 were comparable to healthy controls with infertility 305. Neither 
did the evaluation of other serum cytokines, such as IL-2, IL-4, IL-18, IL-13, IL-15, 
IL-16 produce any  additional correlation with endometriosis 303. 

TNF-α is secreted from activated macrophages, and it plays a pro-inflammatory 
and pro-angiogenic role in the endometrium where it is responsible for shedding and 
proliferation 303,306. In women with endometriosis TNF-α is elevated in peritoneal 
fluid 307, with some studies showing increased levels correlating with severity of the 
disease 308. However, serum TNF-α findings remain inconclusive as some studies 
have reported elevated levels of TNF-α in women with endometriosis 309, while other 
studies show no difference between endometriosis and control women 264. 

In some studies the inflammatory marker C-reactive protein (CRP) was shown 
to be significantly increased in women with endometriosis when examined with high 
sensitivity assays 310. However in other studies the upregulation could not be 
determined 268,311. 
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2.1.4.3 Endometrial biomarkers 

Like with serum biomarkers numerous tissue biomarkers have been proposed for the 
diagnosis of endometriosis. Although more invasive than serology, apart from the 
minimal irritation to the patient, endometrial biopsies could be beneficial not just to 
test the receptivity of the endometrium in infertile women with or without 
endometriosis 312, but could also offer a prospective advantage for improved 
specificity as the eutopic endometrium demonstrates aberrant extraordinary sex 
steroid driven cyclic alteration and regenerative ability and can be easily obtained 
without the need for anesthesia. Genome-wide profiling of the normal endometrium 
showed enormous variations in the molecular composition between samples taken 
from all the phases of the menstrual cycle 313. The generally accepted hypothesis of 
retrograde menstruation 314 implies that the menstrual endometrium is the origin of 
the ectopic endometriosis lesions. Therefore, using the endometrium is perhaps a 
sensible approach in the pursuit to identify biomarkers for endometriosis instead of 
relying on blood or even urine for prospective biomarkers, which could encompass 
other relevant information than just specifying the existence of endometriosis in 
women. 

A Cochrane review of 54 diagnostic studies 270 assessed endometrial biomarkers 
in either specific menstrual cycle phases or outside of it. The studies analyzed the 
biomarkers both in the menstrual fluid, as well as the entire endometrial tissue or in 
separate endometrial components. In some of these studies a variety of endometrial 
biomarkers that included inflammatory markers (such as IL‐1R2), angiogenesis and 
growth factors (such as Prokineticin, PROK‐1), neural markers (such as CGRP, NF, 
NPY, PGP 9.5, SP, VIP), DNA‐repair molecules (such as human telomerase reverse 
transcriptase, hTERT), endometrial and mitochondrial proteome, cell adhesion 
molecules (such as integrins α3β1, α4β1, α6 and β1), hormonal markers (such as 
17βHSD2 (17β-Hydroxysteroid dehydrogenase 2), CYP19A1, ER‐α, ER‐β), 
myogenic markers (such as caldesmon, CALD‐1), and tumor markers (such as CA‐
125) were evaluated for their diagnostic performance. Many of the above-mentioned 
biomarkers were evaluated in single studies, and only PGP 9.5 and CYP19A1 were 
reported to demonstrate significant diversity for a diagnostic marker. However, there 
were too limited data to reliably determine any source of heterogeneity. In another 
study by Naqvi et al. on the extent of DNA methylation in the endometrium of 
women with endometriosis five hypermethylated (CDCA2, DUSP22, MGMT, ID2, 
and RBBP7) and five hypomethylated (BMPR1B, IGSF21, TNFRSF1B, TP73, and 
ZNF681) genes were compared in the eutopic endometrium of patients versus 
healthy controls and no significant differences were found when compared with 
previously reported genes associated with the pathogenesis of endometriosis, which 
includes ER‐β, CYP19A1 (aromatase), COX-2, PR-B, and SF1 315. When 
considering endometrial biopsies to diagnose endometriosis, the archetypal 
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progesterone resistance of eutopic endometrium where the unresponsiveness to 
progesterone results in an incomplete transition of the endometrium from the 
proliferative to early secretory phase of menstrual cycle in women with moderate to 
severe endometriosis, is just as important 38,316. Knowing this, we can deduce that 
through identifying the impairment of steroid dependent genes as compared with 
healthy control population could help theoretically diagnose endometriosis from 
endometrial biopsies 38. 

2.1.5 Omics -analyses on endometriosis 
The phrase “omics” when added to a molecular term suggests a comprehensive 
assessment of a set of molecules 317. It references a field of study in biological 
sciences that ends with the suffix -omics, such as genomics, transcriptomics, 
proteomics, metabolomics, etc. (Figure 10). The advent of cost-effective, high-
throughput technologies has transformed medical research and in the past decade 
genotyping arrays and current new generation sequencing technologies (NGS), 
combined with the development of high quality human genome reference maps, 
comprehensive statistical tools, and large harmonized cohorts of thousands of 
patients, has enabled genome-wide association studies (GWAS) and methods for 
examining global transcript levels 317–320. The capability to analyze global gene 
expression patterns rapidly found its implementation in many fields of natural 
science, including the analysis of disease. These novel technologies also made 
mapping the loci that control gene expression a possibility, referred to as the 
expression quantitative trait loci (eQTL), which have been proven valuable in 
interpreting GWAS and the development of biological networks 317. Genomics was 
the first of the omics disciplines developed, more specifically it focused on the 
science of the structure, function, evolution, and mapping of genomes. It delivered a 
valuable framework for the characterization and quantification of exact genetic 
variants contributing equally to hereditary and multifaceted diseases as opposed to 
“genetics” that studies individual variants of a single genes. As the ability to identify 
genetic variants that are linked to complex diseases increased so too did the 
realization that shaped ensuing approaches to explaining the cause of disease. 
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Figure 10. Major omics and how they relate to each other. Systems biology ‘omics’ technologies 

i.e., genomics, epigenomics, transcriptomics, proteomics, and metabolomics enable 
high-throughput quantitative profiling of molecules in biological systems. Image modified 
from Wikipedia. (Image licensed under the Creative Commons Attribution-ShareAlike 
3.0 License). 

All identified loci thus far describe just a portion of the inherited elements for certain 
diseases, although hereditary diseases usually stem from alterations in the genes 
coding regions, common disease generally results from alterations in the regulation 
of genes. All these realizations provide a justification for the advancement of 
technologies involved in integrating various omics data types to recognize molecular 
patterns that are linked to diseases 317. Omics technologies can identify and evaluate 
hundreds of markers and each omics data type usually provides a list of associated 
differences with the disease. These may inform the understanding to the distinctions 
between the disease and control groups and may be useful as disease process 
markers. 

Innovations in advanced technologies and computational biology have resulted 
in the generation of large biological datasets which in turn has increased 
methodologies for the use of omics in endometriosis research. Omics has also 
allowed for big scale molecular assessments of tissues and cells in different 
conditions. This might be especially useful when studying complicated diseases 
with unknown pathogenesis, such as endometriosis 321. In endometriosis study, this 
has led to a surge in studies aiming to decipher the molecular signatures involved 
in the disease. Omics methods used in endometriosis research so far, include 
genomics (variability in DNA sequence in the genome), epigenomics (epigenetic 
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modifications of DNA), metabolomics  (variability in composition and abundance 
of metabolites), lipidomics (lipid profile within a cell, tissue, organism, or 
ecosystem), microbiomics (variability in composition and abundance of the 
microbiota), transcriptomic (variability in composition and abundance of mRNA 
and miRNA levels) and proteomic (variability in composition and abundance of 
the proteins) analysis of blood 322, endometrial fluid 323, and tissues (list of omics 
studies in endometriosis listed in Table 5). All which have already been utilized to 
understand the etiology of endometriosis or support proposed pathogenesis theories 
and evaluate the severity of the disease. Secretomics a sub-field of proteomics that 
represents a powerful approach for characterizing and quantifying secretomes- all 
proteins produced by a cell, tissue, or organism at any particular time or under certain 
conditions 324 and interactomics which is the study of complex relationships as well 
as of the effects of these interaction between the proteins as well as other molecules 
of a cell 325 are two omics methods with no endometriosis related data till date. The 
biggest benefit of ‘omics’ studies is that the data can be collected with no existing 
hypotheses, and fundamental research questions are not necessarily needed (first 
experiment-then-hypothesis approach) 326. 

Table 5. ‘Omics’ studies in endometriosis. Modified from Saare et. al 2017 321. 

 Patients (n) Controls (n) Main findings Reference 

Endometrium 

Genome studies 21 9 Gains: +3p, +10q, +13q; 
losses: −1p, −3p, −4p, −22q; 
724 mutated genes 

327,328 

Epigenome studies 55 46 No common genes 315,329,330 

Transcriptome 
studies 

330 203 Differences in PI3K/AKT, 
JAK/STAT, SPK/JNK, and 
MAPK, p53, adherens 
junction, calcium signaling, 
EGF/PGF/DGF, endothelial 
biology, protein synthesis, cell 
division, integrin-mediated cell 
adhesion, RAS/RAF signaling, 
decidualization, cellular 
adhesion, cytokine-cytokine 
receptor interaction, 
apoptosis, complement 
pathway 

312,316,331–346 

Proteome studies 100 97 Vimentin, peroxiredoxin, 
HSP70, HSP90, annexins, 
actins, and 14-3-3 family 
proteins 

332,347–355 
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Lesions 

Genome studies 130 9 Frequent SCNAs: Gains: 1p, 
3p, 6q, 17q, and Xq; Losses: 
1p, 5p, and 6q 

356–362 

EPIGENOME 
STUDIES 

24 27 HOXD10 363–365 

Transcriptome 
studies 

281 96 Differences in expression of 
genes involved in organ 
development; metabolism; 
action of prostaglandins and 
glucocorticoids; complement, 
RAS, MAPK, and PI3K 
signaling; cytokine-cytokine 
receptor interaction; cellular 
adhesion; immune cell 
recruitment; apoptosis; cell 
signaling; T-cell cytotoxicity 
and regulation of inflammatory 
responses pathways; miR-200 
family (epithelial-mesenchymal 
transition) 

331,337,345,346,362,366–

386 

Proteome studies 35 19 Glycolysis and oxidative 
respiration, transforming 
growth factor β-1, calponin-1, 
and emilin-1, SM-22α and 
Rab37, Rho-GDIα, 
haptoglobin, transgelin, 
smooth muscle actin-binding 
protein 

387–391 

Blood and body fluids 

Genome studies 14688 
2226 

161694 
18024 

11 significant SNPs 
9 CNVs 

392–398 

Transcriptome 
studies 

79 69 No common miRNAs, 12 
miRNAs reported in at least 
two studies 

399–404 

Proteome studies 1970 1104 Serum/plasma: HP and A1BG; 
PF: α1-antitrypsin, α-1b-
glycoprotein, S100-A8, 
serotransferrin, acute phase 
proteins (haptoglobin and 
SERPINA1); Menstrual blood: 
RMP2, UCH-L1, MYL9; Urine: 
cytokeratin-19, VDBP; EF: 
proteins involved in cell 
signaling, cell death, and cell 
movement processes. 

323,352,353,404–428 

Metabolome 
studies 

119 114 SMOH (C16:1), ratio (PCaa 
C36:2/PCae C34:2), 2-
methoxyestradiol, 2-
methoxyestrone, 
dehydroepiandrosterone, 
androstenedione, and 
cholesterol 

429–432 

PF peritoneal fluid, EF endometrial fluid. 
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2.1.5.1 Genomics of endometriosis 

Genomics is by far the most mature of the omics technologies. It is the study of the 
whole genetic makeup of an organism known as genomes, as well as the cumulative 
number of genes in these genomes. In the field of medical research, genomic studies 
focuses on finding or detecting genetic variants that may be linked with the 
development of complex diseases, the response to treatment, and the prognosis of 
the future condition of a patient. GWAS has been successfully applied for the 
identification of thousands of genetic variants linked with more complex diseases 
(e.g., GWAS catalog https://www.ebi.ac.uk/gwas/home) in different human 
populations 317. GWAS studies offer a substantial contribution to our understanding 
of complex phenotypes in combination with high throughput technologies, which 
includes NGS for whole genome (WGS) 433,434,  genotype arrays 435–438, and whole 
exome sequencing (WES) 439 have made significant contributions to the revolution 
of medical research 434,437. 

Despite considerable progress in understanding its pathophysiology, the etiology 
of endometriosis remains unknown. Several theories have suggested a link between 
the interactions of various environmental and genetic factors, in the development of 
endometriosis, with each factor having a causal effect on the risk of developing the 
disease. GWAS takes candidate genes and single nucleotide polymorphisms (SNPs) 
into consideration when seeking to untangle the relationship between genomic 
variation and the development of a disease. Several gene association studies so far 
conducted, have been performed by examining hypotheses based candidate genes, 
with the overwhelming majority of them not generating results that can be replicated 
440. Hence, a wide range of nucleotide polymorphism located in the angiogenesis-, 
autoimmunity-, inflammation-, hormonal function-, proliferation, cellular cycle-, 
and apoptosis-related loci as well as tumor growth/suppression and detoxification 
genes have been associated with endometriosis 317. See (Vassilopoulou, L. et al. 
2019) 441 for review. Many of these disease related loci discovered through GWAS 
and meta-analyses, are involved in the cell cycle regulation and transcription,  in cell 
adhesion, inflammation, and signaling and also in metabolism and oxidative stress 
442–445. So far, only a handful of  genome-wide association studies has been published 
206 but they identify 19 different disease associated signals held at 14 different loci 
Table 6 443. Interestingly, the indicators for most of these loci are clear and distinct 
at advanced stages (stage III/IV) of endometriosis 10,197,443.



 

Table 6. GWAS meta-analyses identifying 14 significant loci in endometriosis. Modified from Sapkota et.al 2017 443. 

Chr SNP 
Position 

(bp) RA OA Meta-analysis (All) Meta-analysis (Grade B) 
Associated 

gene/cytoband 

 RAFEUR RAFJPT OR (95% CI) P value OR (95% CI) P value  

Previously reported loci 

1 rs12037376 22462111 A G 0.17 0.58 1.16 (1.12–1.19) 8.87 x 10 - 17 1.28 (1.18–1.36) 2.69 x 10 - 9 WNT4/1p36.12 

2 rs11674184 11721535 T G 0.61 0.54 1.13 (1.10–1.15) 2.67 x 10 - 17 1.18 (1.10–1.24) 1.94 x 10 - 6 GREB1/2p25.1 

2 rs6546324 67856490 A C 0.31 0.21 1.08 (1.05–1.11) 3.01 x 10 - 8 1.19 (1.11–1.26) 3.71 x 10 - 7 ETAA1/2p14 

2 rs10167914 113563361 G A 0.30 0.75 1.12 (1.08–1.15) 1.10 x 10 - 9 1.15 (1.07–1.21) 7.59 x 10 - 5 IL1A/2q13 

4 rs1903068 56008477 A G 0.68 0.88 1.11 (1.07–1.13) 1.04 x 10 - 11 1.33 (1.24–1.40) 2.58 x 10 - 15 KDR/4q12 

6 rs760794 19790560 T C 0.43 0.71 1.09 (1.06–1.12) 1.79 x 10 - 10 1.17 (1.10–1.24) 8.74 x 10 - 7 ID4/6p22.3 

7 rs12700667 25901639 A G 0.74 0.20 1.10 (1.07–1.13) 9.08 x 10 - 10 1.28 (1.19–1.36) 6.69 x 10 - 11 7p15.2 

9 rs1537377 22169700 C T 0.40 0.39 1.09 (1.06–1.12) 1.33 x 10 - 10 1.21 (1.13–1.27) 6.31 x 10 - 9 CDKN2B-AS1/9p21.3 

12 rs4762326 95668951 T C 0.47 0.48 1.08 (1.05–1.11) 2.20 x 10 - 9 1.15 (1.08–1.21) 1.08 x 10 - 5 VEZT/12q22 

Novel loci 

2 rs1250241 216295312 T A 0.29 0.06 1.06 (1.03–1.09) 6.20 x 10 - 5 1.23 (1.15–1.30) 2.99 x 10 - 9 FN1/2q35 

6 rs1971256 151816011 C T 0.20 0.35 1.09 (1.06–1.13) 3.74 x 10 - 8 1.28 (1.19–1.36) 1.50 x 10 - 10 CCDC170/6q25.1 

6 rs71575922 152554014 G C 0.16 - 1.11 (1.07–1.15) 2.02 x 10 - 8 1.35 (1.24–1.43) 2.87 x 10 - 12 SYNE1/6q25.1 

7 rs74491657 46947633 G A 0.91 0.78 1.08 (1.03–1.13) 1.23 x 10 - 3 1.46 (1.28–1.59) 2.24 x 10 - 8 7p12.3 

11 rs74485684 30242287 T C 0.84 0.98 1.11 (1.07–1.15) 2.00 x 10 - 8 1.26 (1.15–1.35) 7.77 x 10 - 7 FSHB/11p14.1 

Chromosome (Chr); single-nucleotide polymorphism (SNP); Genomic position is shown relative to GRCh37 (hg19); genome wide association study 
(GWAS); risk allele (RA); other allele (OA); odds ratio (OR) with respect to RA; confidence interval (CI); average risk allele frequency in European samples 
(RAFEUR); average risk allele frequency in Japanese samples (RAFJPT,).
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2.1.5.2 Epigenomics in endometriosis 

Epigenomics focuses on the study of genome wide characterization of changeable 
alterations of the DNA or DNA associated proteins, as well as the inherited changes 
in gene function that are not associated with changes in DNA sequence. Protein, 
including histone, binding alterations of DNA are key regulators of gene 
transcription and consecutively of cellular fate 446. These alterations may be 
influenced equally by genetic as well as environmental factors and may be long 
lasting 447–449. All the genomic regions within the DNA packaged together with 
proteins (e.g., histones) are affected by epigenomic mechanisms which give rise to 
structures known as chromatin. The most characterized epigenomic alterations are 
DNA methylation (in cytosine of GC dinucleotides) and histone modification. 
Epigenetic signatures are often tissue specific 450, and there are many large groups 
concentrating on creating detailed epigenomic maps in several human tissues 
(Roadmap Epigenomics (http://www.roadmapepigenomics.org/) and International 
Human Epigenome Consortium (http://ihec-epigenomes.org/)) 317. 

Although the role of epigenetic alterations as a mediator of transgenerational 
environmental effects remains controversial 451,452, their importance is evident in 
various biological processes, including developmental, physiological, and 
pathological ones, as well as disease developmental mechanisms from multiple 
epigenome wide association studies 453,454. For instance, the differentially methylated 
regions of the DNA could be used as indicators of disease status for cardiovascular 
disease 454, cancer 455, metabolic syndrome 453,456, and countless other 
pathophysiological states 457. There is mounting evidence that methylation 
alterations in specific genes, may contribute to the pathogenesis of endometriosis, 
while in recent years the wider effect of epigenetics in endometriosis has been 
expansively studied with the possibility to discover the molecular processes leading 
to the disease 458,459. 

Numerous epigenetic studies in endometriosis have centered primarily on the 
differentially methylated DNA in single genes or genome wide characterization 
between normal and endometriotic endometrial stromal cells, but not much on 
histone modifications 365. A differential regulation of the expression of hundreds of 
genes in the endometrial and endometriotic stromal cells were discovered with 
significant differences in their methylation patterns, including a high proportion of 
these genes encoding transcription factors involved in the pathogenesis of 
endometriosis 460. For example higher levels of methylation was shown all through 
the promoter and coding region of GATA-binding factor-6 (GATA6) in 
endometriosis stromal cells when compared with the endometrial stromal cells, 
while exons 2 and 4 of GATA6 displayed full methylation in the endometrium and 
less methylation in endometriosis 460. Steroidogenic factor 1 (SF1) has also been 
discovered to be heavily methylated and below detection level in endometrial 
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stromal cells, but with up to 12,000-fold higher expression in endometriosis stromal 
cells 460,461. Furthermore, the progesterone receptor B (PGE2-d4 RB, encoded by 
the PGR gene) was discovered to be differentially methylated in the endometrial 
stroma cell as compared to the endometriosis stromal cells, resulting in the 
suppression of its expression in endometriosis cells 365,460. ER-β encodes estrogen 
receptor 2 a vital mediator of estrogen action in endometriosis stromal cells is 
deregulated because of changed methylation in the ectopic endometrial tissue as 
compared with the eutopic tissue 460,462. A 142-fold higher ER-β mRNA and protein 
expression levels was detected in endometriosis stromal cells in comparison to the 
normal endometrium, due to hypomethylated promoter region in the ESR2 gene 
460,463,464. It has been proposed that the unusually high concentrations of ER-β in the 
endometrium might play a role as a receptive factor for the development of 
endometriosis 460,465 given the fact that the eutopic endometrium of women with 
endometriosis have elevated expression of ER-β when compared with the 
endometrium of healthy women. In a recent study, the abnormal methylation of 
the IL‐12B promoter region was shown to contribute to the substantially increased 
mRNA levels detected in eutopic and ectopic endometrium of patients with ovarian 
endometriosis, therefore associated in the development of this condition 460,466. 

2.1.5.3 Transcriptomics in endometriosis 

Transcriptomics, which is also referred to as functional genomics, examines RNA 
levels of gene expression patterns, quantitatively (how much of each transcript is 
expressed) and qualitatively (identification of novel splice sites, RNA editing sites, 
which transcripts are present) 317. In biology the RNA is viewed as the molecular 
intermediary between DNA and proteins, which are regarded as the key functional 
readouts of DNA. All the other RNA function, such as regulatory (e.g., X-inactive 
specific transcript (Xist) a non-coding RNA (ncRNA) unique to placental mammals 
in X-chromosomes (ChrX) inactivation) or structural (e.g., ribosomal complexes), 
have frequently been considered as odd exceptions to the general rule. The 
introduction of large transcriptomic studies over the last decade has demonstrated 
that although just about 3% of the genome encodes proteins, up to 80% is transcribed 
467. Thousands of novel isoforms have been identified with RNA sequencing studies, 
these studies have shown a larger than previously appreciated complexity of the 
protein-coding transcriptome 468 and significantly contributed to the advancement of 
the field of non-coding RNA. It is clear that thousands of these long non-coding 
RNAs recorded in the mammal cells (http://www.gencodegenes.org/) play a 
significant role in various physiological processes. The dysfunction of long non-
coding RNAs has been linked with the development of a variety of diseases, such as 
diabetes 469,470, myocardial infarction 471, cancer 472, and a host of others 473. 
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In various studies microarray-based genome wide analysis has been used to 
identify differential expressed genes in the ectopic endometrium compared with 
eutopic endometrium or in healthy endometrium. Some of these studies have 
identified genes with altered expression in the ectopic endometrial tissue when 
compared to the eutopic endometrium, as well as genes that belong to MAPK, PI3K, 
and RAS signaling pathways 460,474 and other genes associated with neurocrine, 
endocrine and immunological functions 381. Numerous differentially expressed genes 
have also been identified, to be involved in immune cell recruitment, cellular 
adhesion, T-cell cytotoxicity, cell signaling  and apoptosis 337. In other studies 
various dysregulated genes that belong primarily to pathways implicated in the 
regulation of metabolism as well as the action of glucocorticoids and prostaglandins 
or complete pathway, individually were discovered 336,404,475. 

In transcriptome studies aspiring to understand and answer questions on whether 
there are dissimilarities between the endometrium of patients with endometriosis and 
healthy women, several genes have been identified with up- or downregulated, 
expression levels and the differences in their gene expression were found to correlate 
with stages of the disease 332,333,338,420. The evaluation of differentially expressed 
genes in the endometrium of patients with severe endometriosis demonstrated the 
dysregulation of various pathways, that have already been associated with 
endometriosis in earlier studies 474. Equally, dysfunction of the RAS/RAF/MAPK 
and PI3 kinase signaling pathway genes was shown in other research 332,334,335, 
connecting the identified pathways with the pathogenesis of the disease. The 
differentially expressed genes included genes coding for proteins linked with the cell 
proliferation, cell adhesion, immune system and inflammatory pathways,  as well as 
the components of signal transduction pathways 378. 

With the advent of transcriptomics and Next Generation Sequencing (NGS), 
RNA sequencing (RNA-Seq) has been implemented in studies of 
endometriosis. RNA-Seq possesses the capability to sequence as well as quantify 
millions of RNA fragments and, together with bioinformatics, constitutes a valuable 
tool for comprehensive transcript reads 460. 

2.1.5.4 Proteomics in endometriosis 

Proteomics is involved with the study of alterations in all proteins expressed as well 
as converted from a single genome 476 and all proteins released into the neighboring 
biological fluid 477. It is used to quantify the abundance, interactions, and 
modification of peptides. The substantial number of proteins expressed by a cell, or 
an organism vary from cell to cell and are dependent on the interaction of many 
factors. The quantification and evaluation of proteins has been transformed through 
mass spectrometry (MS) based techniques and, have recently been adapted for high 
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throughput assessments of thousands of proteins in body fluids or cells 477,478. 
Affinity purification techniques, where a single molecule can be isolated using a 
genetic tag or an antibody, is first used before MS to identify any linked proteins. 
These Types of affinity techniques, occasionally combined with chemical 
crosslinking, have been modified to e.g., analyze global connections between 
proteins and nucleic acids (e.g., ChIP-Seq) 317. Functions of a significant proportion 
of proteins are mediated through their post translational alterations such as 
phosphorylation, ubiquitination, nitrosylation, proteolysis, and glycosylation 479,480. 
These alterations play a pivotal role in the control of enzyme activity, intracellular 
signaling, maintaining overall cell structure and, protein transport and turnover 481. 
MS may be used to measure such binding alterations directly by specifying the 
corresponding change in the protein mass. There are efforts to develop genome-level 
analyses of such modifications 482, using MS-based methods to examine global 
proteome quantification and interactions of post translational alterations 483,484. 

From this perspective, proteomics is thought to be considerably more complex 
than genomics, given the fact that the genome of an organism remains largely 
unchanged 460. Proteomics study is based on the discovery of differentially expressed 
protein/peptides in different tissues and/or conditions. These changes in 
protein/peptide expression can be either a precursor to endometriosis or result of this 
disease 460,485. Differentially expressed proteins or peptides have been identified in 
the blood and urine among patients with endometriosis and controls as well as when 
comparing ectopic with eutopic endometrium 460,486. 

In one comparative study, that focuses on identifying proteins expressed in the 
serum and eutopic endometrium of endometriosis patients in the different stages of 
the disease vs. controls, eleven proteins were found to be differentially expressed 353. 
Furthermore, when the differentially expressed protein profile of the endometrium 
of women with and without endometriosis were studied in the secretory phase of the 
menstrual cycle, a total of 119 proteins were found to be differentially regulated 
between endometriosis and control tissue 354,460. These proteins were registered in 
various cellular functions and pathways, including cell structure, transcriptional 
regulation, apoptosis, and immunity. In the study by Vehmas et al. quantitative 
comparison of eutopic and ectopic endometrial tissues (ovarian endometrioma) 
discovered 214 differentially expressed proteins between the tissues, with pathway 
analysis revealing a prospective role for Transforming growth factor β-1 (TGFβ1) in 
ovarian endometriosis development 387. Ametzazurra et al. examined the endometrial 
fluid (EF), presenting a complex composition of proteome with over 800 protein 
spots. Amongst these differentially expressed proteins in the EF between controls 
and women with endometriosis, were high expression of cytoskeletal proteins. 
Moreover, changes were detected in the proteins involved in cell cycle regulation 
and signal transduction, as well as several enzymes involved in various metabolic 
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pathways 323. By using matrix-assisted laser desorption/ionization time-of-flight 
mass spectrometry (MALDI-TOF-MS) analysis Zheng et al. discovered three 
peptide peaks (5988.7; 7185.3, 8929.8 m/z) that differentiated healthy women from 
women with endometriosis from serum samples 418. Fassbender et al. studied plasma 
samples in healthy controls and women with endometriosis and reported 18 
peptides/proteins in different levels in endometriosis patients as compared with 
controls 420. Furthermore, El-Kasti et al. using the same experimental platform 
identified six peptides from urine samples that were able to differentiate between 
patients with severe endometriosis at stages III or IV versus patients without 
endometriosis 421. Wang et al. detected five peptides also from urine samples with 
considerably higher levels in patients with endometriosis versus controls using 
MALDI-TOF-MS and Liquid chromatography–mass spectrometry (LC-MS/MS) 
technology 487. Twenty-two proteins were detected by Cho et al., in the urine with 
elevated levels in endometriosis patients with vitamin D-binding protein 
demonstrating the highest differential expression 417. In a recent proteomic study of 
ectopic and eutopic endometrial tissue specimens from patients with endometriosis 
and controls, proteomic alterations associated with endometriosis and the cycle 
phase were identified in the eutopic tissue from over 1400 identified proteins 460. 
There were elevated levels of muscle related proteins in ectopic compared to eutopic 
tissue, and high expression of extracellular matrix (ECM) proteins in ectopic tissue. 
Additionally, CA-125 (cancer antigen 125) a glycoprotein detected in human uterine 
fluid was discovered to be the best single marker for distinguishing between 
endometriosis and healthy women 488. Several other proteins have so far been 
identified in the eutopic endometrium from healthy women when compared with 
endometriosis patients but very few have been substantiated for a prospective role in 
the etiology of endometriosis 489. 

2.1.5.5 Metabolomics in endometriosis 

Metabolomics focuses on the development of techniques to quantify multiple low 
molecular mass compounds, such as carbohydrates, fatty acids, amino acids, or 
additional products of cellular metabolic functions in various biological systems. 
Originally it was defined as the quantitative measurement of perturbations in the 
metabolite levels of individual cells or cell types in response to stimuli or indicative 
of different growth conditions,  a disease, or drug administration 460,490. Quantitative 
measurements of metabolite levels have made it possible to  detect new genetic loci 
that regulate small molecules, or their comparative ratios, tissues and in plasma 491–

494. Furthermore, combining metabolomics with modeling has been used extensively 
to study metabolite flux. One of the final downstream products of a gene 
transcription is the metabolome and it is located remarkably close to the actual 
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phenotype of the organism. Using metabolic profiles, biomarkers for several diseases 
have been identified, such as for rheumatoid arthritis (Ra), systemic lupus 
erythematosus (SLE) 495, cancer 496, cardiovascular disease 497, diabetes 498, 
schizophrenia 499 as well as for several other diseases. 

In endometriosis research analyzing metabolic profiles allows for insights into 
the metabolic modifications associated with the development of the diseases as well 
as its progression. Using this framework serum metabolome was analyzed in patients 
with mild endometriosis, 13 metabolites, were identified with significant difference 
in the serum levels of patients when compared with healthy controls, including 
amino acids and small metabolites 431. In another study Prieto et al. detected 
significantly reduced activity of superoxide enzymes and increased levels of vitamin 
E in the plasma and follicular fluid of women with moderate to severe endometriosis 
vs. control infertile ones 460,500. All metabolite studies so far performed have shown 
significant changes in metabolite profile of endometriosis patients. Dutta et 
al. endeavored to develop a diagnostic marker from eutopic endometrial tissues of 
women with endometriosis and not from biofluid 501 as was done in previous 
metabolomics studies on follicular fluid (surrounding the developing oocyte) 502, 
urine 322, endometrial fluid 503, serum 431 and plasma 504. 

2.1.5.6 Lipidomics in endometriosis 

Lipidomics, a subsidiary of metabolomics, is classified as the study of pathways and 
networks of cellular lipids in biological systems 505,506. It seeks to explore and model 
lipids at a global level. Lipids are amphipathic or hydrophobic molecules defined by 
their unique biological and structural properties within cells, with a wide variety of 
physiological processes which includes maintaining electrochemical gradients, 
subcellular partitioning, signaling processes, protein trafficking, energy storage, and 
membrane anchoring 454,506. The physiological significance of lipids is demonstrated 
by the various metabolic diseases towards which lipid aberrations contributes, such 
as diabetes, atherosclerosis, obesity, stroke, hypertension, as well as Alzheimer's 
disease. Recent developments in soft-ionization mass spectrometry, in combination 
with established separation techniques, have allowed for sensitive and rapid 
detection of various lipid species with minimal sample preparation506. This fast 
growing field complements the enormous progress that has been achieved in 
genomics and proteomics, all of which alongside metabolomics and lipidomics are 
integral part of the family of systems biology 507. 

There have been several lipidomic studies conducted thus far for endometriosis 
in an attempt to identify endometriosis using lipids as a biomarker. All the studies 
carried out have discovered alterations in the lipid metabolisms of endometriosis 
patients suggesting these altered lipids play a vital role in the development of the 
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disease. One such study when analyzing lipid metabolism in peritoneal fluid, serum, 
and endometrial tissue of endometriosis patients discovered significant alterations in 
the sphingolipid metabolism flux in all tissues and a strong Glucosylceramide 
(GlcCer) correlation in endometriosis patients, signifying GlcCer, a mitogenic 
factor, could be a major candidate for the survival ectopic lesions 504. In a different 
study, eight differential lipid metabolites were discovered in the serum of patients 
with ovarian endometrioma versus controls among them were the sphingomyelin 
SMC (16:1), the hydroxysphingomyelins SMOH (C16:1) and SMOH (C22:2), and 
five ether-phospholipids (acyl-alkyl-phosphatidylcholines) as well as two saturated 
2-acyl-1-alkyl-sn-glycero-3-phosphocholines (plasmanylcholines). The authors 
established a model using several lipids to differentiate between endometriosis and 
non-endometriosis patients with a sensitivity and specificity of 90.0% and 84.3% 
respectively 430. In another study phosphatidylcholines and sphingolipids of the 
follicular fluid were more abundant in the group with endometriosis in comparison 
to the controls 502.  Additional study, discovered deregulated levels of various lipids 
in ectopic tissue in comparison to the eutopic tissue of control, suggesting that the 
Sphingosine-1-phosphate (S1P) lipid pathway might be crucial in the grafting and 
survival of endometriosis lesions 508. A more recent study conducted to evaluate lipid 
profiles in the endometrial fluids, a total of 457 metabolites were identified of which 
123 were found to be significantly differentially expressed in ovarian endometriosis 
compared to controls. They also reported reduced levels of sphingolipid 
monohexosylceramides (CMH), ceramides, saturated diacylglycerols and saturated 
triacylglycerols in endometriosis patients with over expression of glycerolipids and 
glycerophospholipids. Furthermore, there were increased levels of acyl carnitines 
also found in the endometrial fluid samples of patients with ovarian endometrioma 
503. Increased levels of acyl carnitines are linked to cell beta-oxidation dysfunction, 
with previous lipidomics studies substantiating that the different concentrations of 
acyl carnitines are due to the effectiveness of the mitochondrial membrane bound 
enzymes involved in the process of beta-oxidation connected to various levels of 
inflammation 430. 

2.1.5.7 Microbiomics in endometriosis 

Microbiomics is a rapidly developing field in which all the microorganisms of any 
given population are explored together. The human skin, the gut, and mucosal 
surfaces, are all populated by microorganisms, which includes bacteria, fungi, and 
viruses, collectively referred to as the microbiota with the genes of these 
microorganisms forming the microbiome 509. The human microbiome is immensely 
complex for instance, the gut contains approximately 100 trillion bacteria from 
around 1000 different species and identifying the microbiota triggering diseases is a 
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very complicated endeavor due to the substantial variations between individuals 
from seed during birth and throughout development, environmental factors, diet, 
drugs, age etc. 509,510. Numerous studies have linked disturbances in gut bacteria in a 
wide range of ailments, including cancer, diabetes, colitis, heart disease, obesity,  and 
autism 511,512.  

The human body harbors a host of different microflora that are formed early on 
in life and play an essential role in the wellbeing of the host 513. In the last few years 
there has been substantial interest in microbiomic for endometriosis study in trying 
to understand how human and microbial genetics interact with each other and the 
immune system as well as the role microbiome plays in influencing the development 
of endometriosis. Increasing numbers of studies have suggested that the gut 
microbiota is not only necessary for physiologic gastrointestinal functions but also 
as a central regulator of various inflammatory and proliferative conditions 514. 
Numerous identifiable microbial flora have been discovered in the reproductive 
tracts of fertile aged women 515, notably in the vagina, where Lactobacilli species are 
highly dominant in the production of lactic acid that regulates the pH of the vagina 
516. The makeup of the vaginal microbiome was found to be reliant on hormonal 
changes that are linked to the menstrual cycle 517. One comprehensive study 
discovered the microbial flora to be significantly different in the cervical and uterine 
microbiome of endometriosis patients when compared with healthy controls 518. In a 
separate study, 183 distinct bacterial phylotypes were discovered in the microbiome 
of the endometrium 519. The imbalance of some these key microbial dysbiosis may 
be a factor in the inflammatory properties of endometriosis 520.  

The gut microbiota may play a substantial part in the pathogenesis of 
endometriosis beyond its role in regulating the cycling of estrogen 521. Chadchan et 
al. suggested a significant role for the gut microbiota in actively promoting 
endometriosis disease development and progression 522. In another study the 
associations between endometriosis and significantly reduced levels of the gut 
microbiota was established and how the reduced levels adds to chronic stress by 
activating inflammatory pathways in endometriosis patients 523. Other indications of 
a possible connection between the gut microbiota and endometriosis was detected in 
women with high omega-3 polyunsaturated fatty acids (PUFAs) consumption having 
significantly lower risk for endometriosis 524, a discovery that may be explained in 
part by the changes induced by diet in the gut microbiome 514. Identifying specific 
microbiome profiles associated with endometriosis, may be a valuable tool in the 
early diagnosis of endometriosis. By understanding the microbiomes associated with 
the disease and restoring these microbiomes to their healthy state could help reduce 
inflammation and pain. 
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2.2 AI based approaches to improve women’s 
health 

2.2.1 Artificial intelligence 
There is no universally approved designation of artificial intelligence (AI). The word 
broadly suggests the use of computing technologies to model intelligent behavior 
that simulates processes associated with cognitive functions or human intelligence, 
such as reasoning, learning and adaptation, sensory understanding, and interaction 
with minimal human intervention 525. As machines become more and more 
proficient, tasks deemed to require "intelligence" are frequently removed from the 
definition of AI, a trend commonly referred to as the AI effect 526. A considerable 
amount of task performed in the modern era was inspired by Aristotle’s attempt to 
reinforce logic (‘right thinking’) through his syllogisms (a three-part deductive 
reasoning) and early studies on the operation of the mind 527. Programs that allow 
computers to operate using logic are referred to as artificial intelligent systems. In 
the 1950s the British mathematician Alan Turing, one of the founding fathers of 
modern-day computer science and AI termed intelligent behavior in a computer as 
the ability to realize human-level performance in cognitive tasks, this subsequently 
became known as the ‘Turing test’ 528. John McCarthy coined the phrase “artificial 
intelligence” (AI) in 1955, describing it such as “the science and engineering of 
making intelligent machines”. He was prominent in the initial development of AI, 
and along with colleagues established the field of AI in 1956 during a conference on 
artificial intelligence. The conference delivered what evolved into a new cross-
disciplinary research area that offered an intellectual framework for all subsequent 
computer development and research efforts. In subsequent years computers began to 
resolve increasingly complicated mathematical problems, then came the slowdown. 
Later in the 80’s, a new golden era restarted, instruments with increasing 
computational power were developed with immense capability to use of AI in 
logistic data mining and medical diagnosis 529. Artificial intelligent techniques such 
as hybrid intelligent systems, Bayesian networks, artificial neural networks, and 
fuzzy expert systems, are used in various clinical settings in health care. 

AI systems are classified by their ability to imitate cognitive behaviors, the 
hardware they use, their real-world application, and the concept of mind. Using these 
features all AI systems can be divided into three categories: Artificial Narrow 
Intelligence (ANI), Artificial General Intelligence (AGI), and Artificial Super 
Intelligence (ASI). Early AI research was preliminary focused on AGI and the main 
representation of AI 530. However, given the challenges as well as the complexity 
associated with the development of this kind of AI, many scientists turned their focus 
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on ANI: the capability of a machine to execute a single task extremely well. Virtually 
all modern AI health applications are regarded as artificial narrow intelligence 530,531. 

AI programming concentrates on three cognitive skills: learning, reasoning, and 
self-correction. The learning processes concentrates on obtaining data and 
establishing rules for how to transform the acquired data into useful information. The 
rules, which are called algorithms, offer step-by-step directives to computers on how 
to accomplish specific tasks. The reasoning process concentrates on selecting the 
right algorithm to attain a desired result. The self-correction process is intended to 
constantly fine tune and enhance the algorithms and guarantee that they deliver the 
most precise result feasible. The different subsets of AI (Figure 11) all use these 
processes in their applications. The most common subsets of AI include machine 
learning (ML), deep learning (DL) natural language processing, expert systems, 
robotics, machine vision, and speech recognition. 

 
Figure 11. Subsets of Artificial intelligence modified from javapoint.com. 

Modern-day medicine is confronted with the challenges on how to acquire, analyze, 
and apply the enormous amount of knowledge necessary to solving complex 
problems. The integration of AI into medicine has helped ease some of these 
challenges by supporting healthcare in everyday tasks, supporting tasks that rely on 
the manipulation, exploitation, and utilization of data and knowledge 529. 
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2.2.2 AI in Medicine 
As we have become more dependent on computers, it comes as no surprise medicine, 
like with every aspect of our lives has adopted the computer age with so much 
enthusiasm and anticipation. The term AI is relevant to a wide range of elements in 
medicine such as medical diagnosis, robotics, medical statistics, and human biology 
up to and including today's “omics” 529. It is creating a model change to healthcare, 
driven by the growing availability of big data and the fast-paced progress of analytics 
techniques. It is expected that AI-driven approaches will become much more 
objective, accurate, and rapid, which will lead to greater precision, standardization, 
and automatization in medicine. The wider application of AI technology steered by 
relevant clinical questions, and  powerful AI methods could be used to unlock 
clinically relevant information and complex variables hidden in massive amounts of 
data, which in turn can help in disease prevention, diagnosing, monitoring patients, 
and clinical decision making 20,532,533. Most AI applications are narrow, given that 
they are only able to accomplish specific tasks or resolve predefined problems. There 
are 2 major branches of AI in medicine: virtual and physical. The virtual branch 
includes applications using some subsets of AI such as machine learning, and deep 
learning, in applications for information management systems, electronic health 
record, and clinical decision support systems. These systems use mathematical 
algorithms to improve through learning from experience. Some areas of medicine 
that use AI tools include cancer, neurology, obstetrics and gynecology, and 
cardiology. 

2.2.2.1 Machine learning 

Machine learning (ML) has proven to be the most successful subtype of AI in recent 
years and is the fundamental approach of many applications, boosting discoveries in 
all areas of medicine from genetics to molecular medicine. Machine learning 
algorithms can be further subdivided into three main categories: (I) unsupervised 
learning (ability to find patterns and or structures in data); (II) supervised learning 
(classification and prediction algorithms based on knowing the classes or labels from 
unsupervised learning); and (III) reinforcement learning (use of sequences of 
rewards and punishments to form a strategy for operation in a specific problem 
space) Figure 12. 
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Figure 12. Types of machine learning techniques.  

Supervised learning 

There are numerous machine learning methods that can be used to learn how to map 
objects to classes and create predictive models 534. Supervised learning also known 
as supervised machine learning employs regression and classification methods to 
develop machine learning models. to generate reasonable predictions for the 
responses to new data Models are trained with a known set of input data and known 
response to the data. As data is fed into the model, the weights are adjusted until the 
model has been appropriately fitted. This happens within the framework of the cross-
validation process to ensure that the model avoids overfitting or underfitting. the 
classifications or predictions become increasingly more accurate as training 
progresses. 

Classification techniques 
Classification algorithms predict direct response, and are applied when output 
variables are categorical i.e., includes two classes such as yes – no, or whether a 
tumor is malignant or benign etc. Several of the most commonly used classification 
techniques include Random Forest (RF), support vector machines (SVMs), boosted 
and bagged decision trees, naive Bayes classifier, k-nearest neighbor logistic 
regression, discriminant analysis and artificial neural networks, which includes the 
recently developed deep neural networks 534. 

Regression techniques 
Regression algorithms predict continuous responses, and they are used when there is 
a link between the input and the output variables such as, in weather forecasting. 
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common regression techniques which come under supervised learning include linear 
regression, non-linear regression, stepwise regression, regularization, adaptive 
neuro-fuzzy learning, decision tree regression, random forest regression and neural 
networks. 

Unsupervised learning 

Unsupervised learning is a technique used to draw conclusions from data without 
labeled responses i.e., models are trained using unlabeled datasets and then allowed 
to act on the data without supervision. It is also utilized in dimensionality reduction 
processes to reduce the number of features in a model. Unsupervised learning 
algorithms can be divided into two types: clustering and association. 

Clustering is the most widely used unsupervised learning technique and 
frequently employed in exploratory data analysis to find groupings or hidden patterns 
in data. The association rule on the other hand, is used to find correlations between 
variables in large datasets by determining the set of items that appears together in 
the data. k-means clustering and k-medoids, hierarchical clustering, principal 
component analysis (PCA), singular value decomposition, Gaussian mixture models, 
hidden Markov models, anomaly detection, fuzzy c-means clustering, subtractive 
clustering, and more are examples of common unsupervised learning algorithms. 

Machine learning process 

Training, validation, and testing 
To make accurate predictions ML algorithms require quality training and testing 
data, and to prevent overfitting, datasets are separated into train, validation, and test 
splits. While all three are typically split from one large dataset, each one has its own 
unique application in ML modeling. The training dataset is the sample of data used 
to fit or train the model. This data is seen and learned by the model. The validation 
dataset is a subset of data that is used to offer an unbiased assessment of model fit 
on the training dataset while setting model hyperparameters. As skills on the 
validation dataset are incorporated into the model configuration, the evaluation 
becomes increasingly biased. The test dataset, on the other hand, is a subset of data 
used to offer an unbiased assessment of the final model on the training dataset. It is 
only used once a model is completely trained using both the train and validation sets. 

Overfitting 
Overfitting is one of two key issues in machine learning that diminishes the 
performance of ML models. The goal of a ML model is to generalize well and the 
ability of a ML algorithm to make predictions and classify data is attributable to the 
generalization of a model to new data. 
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When ML algorithms are developed, a sample dataset is harnessed to train the 
model. However, if the model is trained on sample data for an inordinately prolonged 
period or if the model is overly complicated, it may begin to learn extraneous 
information or "noise" within the dataset. When this happens the model’s ability to 
generalize well to new data diminishes and performance degrades. The model on the 
other hand is unable to accomplish the classification or prediction task for which it 
was designed. Low error rates and high variance are good indicators of overfitting. 

While using linear models can help avoid overfitting, many issues where ML are 
applied to find solutions are nonlinear. Feature selection, cross-validation, training 
with more data, data augmentation, early stopping, ensemble methods, and 
regularization are a few methods used to reduce the occurrence of overfitting in ML. 

Regularization 
Regularization is one of the most fundamental concepts of ML. It is a technique used 
for preventing ML models from overfitting by adding more information. It can be 
employed in such a way that it allows all variables or features in a model to be 
maintained by lowering the magnitude of the variables. Consequently, the accuracy 
and generalization of the model are maintained. Regularization mostly reduces the 
coefficient of features to zero. Simply put, the regularization technique minimizes 
the magnitude of the features by maintaining the same number of features. 
Regularization techniques are classified into two types: ridge regression and lasso 
regression. 

In ridge regression a modest amount of bias is introduced to improve long-term 
prediction. Ridge regression is used mostly to reduce overfitting in ML models 
which contain all features in the model. It decreases the model's complexity by 
decreasing the coefficients. 

Lasso regression is like ridge regression, except that the penalty term only 
contains absolute weights rather than a square of weights. Lasso regression aids in 
the reduction of overfitting in both ML models and feature selection. Because lasso 
regression uses absolute values, it can reduce the slope to zero, whereas ridge 
regression can only reduce it to near-zero values. 

Feature selection 
Is the selection of a subset of available features for use in model creation. When 
presented with many features that are not critical for predicting the desired output, 
practical ML algorithms are known to degrade in performance (prediction accuracy) 
535. In feature selection, the best subset of features has the fewest dimensions that 
contribute the greatest to prediction accuracy. Feature selection techniques are used 
for a variety of reason, including shorter training periods, better data compatibility 
with a learning model class, avoiding the curse of dimensionality, and more. 
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The curse of dimensionality, which is one of the reasons for using feature 
selection, refers to a variety of phenomena that emerge while evaluating and 
organizing data in high-dimensional domains. Feature selection is different from 
model evaluation. As a result, it is critical to ensure that predictive models are 
evaluated on data that has not been used to estimate model parameters (training) 536. 
This is often accomplished by withholding a subset of data for testing once or more 
times (e.g., in cross-validation). 

Cross validation 
Cross validation (CV) is a technique for validating a model's efficiency by training 
it on a subset of input data and evaluating it on an unknown subset of input data. 
Simply said, it is a way for determining how well a model generalizes to an 
independent dataset. In machine learning, it is always necessary to validate a model's 
stability. A model is given a dataset of known data on which to train (training dataset) 
and a dataset of unknown data against which the model is evaluated in a prediction 
job (validation dataset or testing set). CV assesses the model's ability to predict new 
data that was not utilized in estimating to identify issues such as selection bias or 
overfitting. CV is classified into two types: exhaustive and non-exhaustive. 
Exhaustive CV methods learn and evaluate every viable way to partition the original 
sample into training and validation set. Exhaustive CV techniques include leave-p-
out cross validation and leave-one-out cross validation. Non-exhaustive CV 
algorithms do not compute every viable way to split the original sample. These 
methods are close approximations to the leave-p-out CV method. K-fold CV, 
stratified k-fold CV, and the Holdout method are examples of Non-exhaustive CV. 

2.2.3 Machine learning in healthcare 
In its application ML has led to discovery of novel therapeutic targets using 
unsupervised protein–protein interaction algorithms 537. New methodology is also 
being developed using ML evolutionary embedded algorithms which are more 
robust and less susceptible to over-fitting to identify DNA variants as predictors of 
diseases or traits 529,538. Deep neural networks have been used in the discovery of 
genetic variants 539 from large scale genomic data as well as extrapolate the 
functional impact of germline and somatic genetic variants 534,539–541. Machine 
learning methods could soon be used in the future to predict responses to therapy 
based on genomic characteristics 542,543. ML has become instrumental in developing 
precision medicine especially in medical imaging. For instance, AI applied to images 
of skin lesion can predict whether or not the lesion is malignant 534,544, same goes for 
AI applied to retinal scans can predict diabetic retinopathies and other retinal 
diseases with relative high accuracy 545,546. When applied to pathology data (tissue 
images), AI can be used to predict whether tumors have certain genetic alterations 
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547, diagnose disease from radiology images 534,548,549, differentiate between different 
cancer subtypes 550, and even identify polyps in colonoscopy videos 551. 

The physical branch includes physical objects, medical devices and increasingly 
sophisticated robots used in performing surgeries, in intelligent prostheses for 
handicapped people, in drug delivery system using targeted nanorobots, in 
monitoring effectiveness of treatments, in physical rehabilitation assessments and 
elderly care 529,552–555. The overwhelming majority of these novel AI applications in 
medicine require further research, especially in the areas of human computer 
interactions. 

Aside from simply demonstrating superior effectiveness and efficiency, modern 
technologies entering the medical field must also integrate with existing practices, 
obtain relevant regulatory approval, and, perhaps most importantly, inspire health 
care professionals and patients to participate in a new paradigm. These challenges 
have resulted in several new developments in AI research and implementation. AI is 
not a substitute for clinical experience but can assist physicians in decision-making 
by providing the most up-to-date medical information about clinical practices to 
proper inform patient care as well as to make more confident decisions. AI system 
can potentially help decrease diagnostic delays and therapeutic errors that are 
unavoidable in clinical practice by enhancing the precision in interpretation and 
reducing the amount of work that could lead to details being overlooked 533,556–562. 
Today, the first signs of AI’s impact in healthcare are already becoming apparent – 
and the potential advances available are significantly greater than anything delivered 
in recent decades. However, only the very surface has been scratched so far 563. 

2.2.4 AI application to women’s health 
In the various fields of medicine, there has been exponential growth in the use of AI, 
especially with regards to the diagnostic or predictive analysis of medical data 564. 
AI use in medicine ranges from online check-ins in medical centers, scheduling of 
appointments, reminder calls for follow-up appointments, digitization of medical 
records, to drug dosage algorithms and adverse effect warnings while prescribing 
multidrug combinations and research. 

Implementation of AI in forecasting health outcomes in women’s health has been 
investigated extensively in the areas of in-vitro fertilization (IVF), 
pregnancy surveillance, preterm labor, parturition, fetal heart monitoring, 
gestational diabetes mellitus, cancer screening, cardiovascular, breast, cervix, 
skeletal health, endometrium, and gynecological surgery. 

Artificial neural networks (ANNs) a subset of ML has proven to be one of the 
most widely used AI technique in medicine 565. ANNs are ML techniques that imitate 
aspects of how the brain works 566. They are a network of neurons (interconnected 
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computer processors) that can perform parallel computations for data processing and 
knowledge representation inspired by the nervous system. A neural network usually 
consists of multiple layers (input, hidden, and output layers) of artificial neurons 
completely linked to each other by edges, with each one associated with a weight. 
Every neuron receives signals from multiple neurons in the previous layer, integrates 
those signals, and fires on the condition that the integrated signals are above a 
specific threshold 534 (Figure 13). The ability of ANNs to learn, classify, recognize 
patterns accurately, handle imprecise information, analyze non-linear data, and 
generalize independent data has made them an extremely attractive analytic tool and 
has drawn scientists to implement them in resolving numerous clinical problems. 
ANNs have been applied to diagnosing cytological and histological samples for 
example PAPNET, an automated screening system developed based on neural 
networks to assist cytologist with cervical screening 567,568. 

 
Figure 13. Artificial neural network architecture. Source javapoint.com 

ANNs have also been applied to the prediction of endometrial cancer in 
postmenopausal women and in estimating the effect of human papillomavirus (HPV) 
types in influencing the recurrence risk of cervical dysplasia 564. As well as in breast 
imaging where images from mammograms, sonograms and magnetic resonance 
imaging  (MRI) were used to improve diagnostic performance 564,569. ANNs have 
been utilized to predict congenital heart disease risk in pregnant women with the 
model identifying patients with high risk of developing congenital heart disease early 
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on in pregnancy 564. ANNs have been used to interpret plain radiographs 570, 
ultrasound 571, computer tomography (CT) 572, MRI 573, and radioisotope scans 574.  

ANNs pattern recognition has been used in analyzing various wave forms 
including the interpreting electrocardiograms (ECGs) to diagnose myocardial 
infarction 575, atrial fibrillation 576, and ventricular arrythmias 577, and to predict a 
patient’s risk after acute coronary syndrome. support vector machines and logistic 
regression has been used in risk predictor models for stroke, heart failure and renal 
failure 564. Analysis of electroencephalograms (EEG) by neural networks has led to 
its application in the diagnosis of epilepsy 578 and sleep disorders 579. They have also 
been instructed to analyze electromyographic (EMG) 580 and Doppler ultrasound 581 
wave forms as well as hemodynamic patterns in intensive care patients 582. 

From discriminating gastric cells 583, examining thyroid lesions 584, categorizing 
oral epithelial cells 585, identifying urothelial cells 586, pleural and peritoneal effusion 
cytology 587 to have all been subject to analysis using neural networks with varying 
degree of success. 

Predictive models for osteoporosis have also been developed to help screen for 
the risk of osteoporosis or fractures as well as assessment of bone age in evaluation 
of patients with endocrine and metabolic disorders 564. Machine learning has been 
used in preventive medicine to predict which patients were at increased risk 
colorectal cancer and complications of type II diabetes such as retinopathy, 
neuropathy, and nephropathy 564. In reproductive medicine there are ongoing studies 
on the role and impact of AI in personalizing treatments for infertility with accurate 
prediction for live birth, embryo implantation potential, effect of endometriosis on 
outcomes of assisted reproductive technology (ART) 564,588. In ART deep learning 
have been applied to predicting the quality of blastocyst based on static 589 or time-
lapse embryo images with high accuracy in individual patients 534,590,591. A 
convolutional neural network (CNN) can be taught to identify particular areas in the 
embryo, such as the trophectoderm, and the inner cell mass, which is subsequently 
fed into an algorithm to assesses the quality of embryo 534,592. 

In endometriosis there are multiple studies where AI have been used to predict 
the risk in women with clinical information as well as pregnancy rates following 
surgical diagnosis of endometriosis 236–242,252–255,593–595. However, none have been 
able to produce a simple analytic approach to aid clinical decision making. 
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3 Aims 

This study is an integral part of our long-term objective to discover novel non-
invasive diagnostic and prognostic methods for endometriosis. To achieve this 
objective, we developed a relational database management system “ENDOMET 
database” that incorporates data from more than 300 patients with endometriosis and 
more than 100 controls with over 10 million data points. These data points include 
clinical features with 162 different parameters, including detailed surgical findings, 
clinical description of symptoms, fertility history, medication history, hormonal 
medication status, disease stage etc. from both patients and controls, detailed 
histopathological data from the eutopic and ectopic endometrium. The data also 
includes, biomarker data from biofluids and various tissue and lesion types 
(endometrium, peritoneum and endometriosis lesion), such as genome wide 
expression data from 190 lesions and from 120 endometrium and 60 peritoneum 
biopsies from both patients and healthy controls; metabolomic data with analytes 
measured from serum and peritoneal fluids; proteomics data measured from ovarian 
endometriomas and peritoneal fluids; serum concentrations for 29 different 
cytokines and growth factors, from serum and tissue; serum concentrations for 
various steroid hormones; serum concentrations – for CA-125, HE4 and 6 cancer 
markers, as well as 5 year post surgery follow up data. 
Facilitated by the data collected in the ENDOMET database, we aimed to: 

1. Generate an endometriosis research resource tool, a database and provide 
a web-based graphical user interface with an analysis engine to facilitate 
the wide use for gene expression and serum biomarker analyses with 
limited statistical analysis expertise. (I) 

2. Identify novel molecular markers for defining lesion properties and lesion 
growth. (I, II) 

3. Develop a machine learning model that combines both clinical features 
and biomarker data to aid the diagnosis of endometriosis more efficiently. 
(I, III) 

Successful implementation of these goals is expected to lead to an improvement in 
the diagnosis, treatment, and well-being of endometriosis patients. 
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4 Materials and Methods 

A complete description of the materials and methods used in this dissertation are 
included in each of the original publications I–III. The original tables and figures are 
cited with italics in parentheses. 

4.1 Study design (I, II, III) 
All studies are part of the ENDOMET project (“Novel diagnostic tools for 
endometriosis and their exploitations for prognosis and prevention of 
complications”). The ongoing study is conducted at the Department of Obstetrics 
and Gynecology, Turku University Hospital, University of Turku, Finland, and the 
Institute of Biomedicine, Research Centre for Integrative Physiology and 
Pharmacology, University of Turku, Finland. For the studies presented in this thesis 
samples were collected between 2005 and 2015 in collaboration with Helsinki 
University Hospital, Turku University Hospital, Pohjois-Karjala and Päijät-Häme 
Central Hospitals. 

Study protocol has been approved by the Joint Ethics Committee of Turku 
University, and Turku University Central Hospital in Finland and are registered in 
ClinicalTrials.gov with the trial number NCT01301885. A written informed consent 
for participation in the study was required from all the study subjects for data 
collection and storage as well as for fluids and tissue samples prior to surgery. 
Specimen collection was conducted together with the Auria biobank 
(https://www.auria.fi/en/index.php). The sample collection protocol looks very 
comparable to those suggested by the World Endometriosis Research Foundation 
Endometriosis Phenome and Biobanking Harmonization Project and the 
Endometriosis Phenome and Biobanking Harmonization Project WERF/EpHECT 
216,217,596–598, in spite of carrying out the collection before those recommendations 
have been published. 



Michael Gabriel 

 86 

4.2 Study subjects (I, II, III) 
Participants were aged between 18 and 48, prior to surgery, serum samples from all 
study subjects were collected into non-heparinized tubes and centrifuged for 15 min 
at 800 g after being kept for no longer than 30 minutes at room temperature and later 
stored at -20°C or for long term at -80°C until analyzed. Samples of healthy or 
normal endometrium, and peritoneum as well as endometriosis lesions were 
collected from endometriosis patients, at all participating hospitals. From control 
women, healthy tissues from the endometrium and peritoneum were obtained from 
women undergoing laparoscopic tubal ligation and from those undergoing surgery 
for benign ovarian cysts, dermoid cysts, and pelvic pain at the Turku University 
Hospital, University of Turku, Finland. Endometrial biopsy had been taken after the 
induction of anesthesia utilizing a sterile endometrial sampler (Pipelle de Cornier®; 
Laboratoire CCD, Paris, France, www.ccd-international.com) to assess the 
menstrual cycle phase and to eliminate endometrial pathology. The menstrual cycle 
phase was classified into four subcategories: proliferative, secretory, menstrual and 
medication, atrophic, inactive, or insufficient. 

A conclusive diagnosis was reached through laparoscopy or laparotomy, and 
endometriosis was further confirmed through histopathological evaluation of 
obtained samples in the two cohorts. Endometriosis was excluded through 
laparoscopic surgery during tubal sterilization in healthy women in cohort I and 
during surgery for benign ovarian cysts, dermoid cysts, and pelvic pain in cohort II. 
The stage of the menstrual cycle was determined on the day samples were obtained 
using a questionnaire, endometrial histology, and serum progesterone concentration. 
Urine samples and peritoneal fluid samples were also collected from all participants. 

Pregnancy, acute pelvic infection, suspected malignancy, and other significant 
diseases were used as exclusion criteria. Preoperative diagnostic protocol was 
conducted in accordance with standard clinical practice, with a minimum of a 
gynecological examination in combination with TVUS for all patients. The severity 
of the disease was determined using the revised American Society for Reproductive 
Medicine (rASRM) classification system and classified into stages (Stages I-IV). 
Additional pathologies, such as benign ovarian tumors or fibroids, were documented 
during surgery. Women with suspected endometriosis but no observed lesions in 
laparoscopy were considered as healthy controls. Women with unexpected 
asymptomatic endometriosis in sterilization were included as patients. 

4.3 Clinical examinations and sampling 
The timeline of the patient examination and sampling, and the overlap of data used 
in studies I, II, and III are shown in Figure 14. During the out-patient visit if 
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endometriosis is suspected, the patient signs an informed consent (required for 
ethical reasons, stored at the hospital), and is given an identification code. This 
patient identification code is stored in the EndometDB and links the patient to their 
data. The EndometDB does not contain sensitive patient data like names or social 
security codes. Before surgery, the patient fills a questionnaire (in Finnish: potilaan 
esitietolomake) (F1) in Webropol. The data is later imported into EndometDB. 

Urine and blood samples are collected from each patient before the operation and 
tissue samples are taken during the surgical operation, after which the surgeon fills 
the operational forms 1, 2 and 3 (F2, F3, F4) and the fertility EFI (F5) index form 
after the operation using Webropol. 

 
Figure 14. Patient timeline. 4-6-month control survey and annual follow-up survey though collected 

were not used in the present study. 

Subjects are initially classified as [P]atients suspected of endometriosis and 
[C]ontrols until histological confirmation from a pathologist. This information is 
submitted to the database using the system user interface (UI). 
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After 4-6 months post operation a control survey (F6) is submitted by the patient 
through webropol and annually thereafter the patient submitted a patient survey (F7), 
quality of life survey (F8), and female sexual function index survey (F9), through 
Webropol corresponding the following five years. 

4.4 Tissue samples 
For all three studies, various endometriosis sample subtypes were collected: 1) 
peritoneal endometriosis lesions, including red peritoneal endometriotic lesion 
(PeLR), black peritoneal endometriotic lesion (PeLB) and white peritoneal 
endometriotic lesion (PeLW); 2); deep infiltrating endometriosis lesions (DiE), 
including deep rectovaginal (REV), sacrouterine ligament lesion (SuL), intestinal 
endometriotic lesions (DiEIn) and deep endometriotic lesions in the bladder (DiEB) 
and 3) ovarian endometrioma samples (OMA). Healthy endometrium samples from 
both patients (PE) and healthy controls (CE) were collected, as well as healthy 
peritoneum samples from both healthy controls (CP) and patients (PP). All tissue 
samples were snap-frozen and stored in liquid nitrogen within 10 min, until used. 

4.5 Patient characteristics 
We used data from 2 cohorts, 277 endometriosis patients and 90 healthy controls 
prospectively recruited between 2005 and 2015 for the studies presented in this 
thesis. The women in the control group were not considerably older than those in the 
patient group with a mean age of 33.5 years and 36 years, respectively (P-value 
0.0039). Median range of the body mass index (BMI) between both groups did not 
differ (p=0.3). The mean height between both groups was 166 cm. Over half of the 
entire study population were on some form of hormonal medication (56%). Among 
the groups 27% were on combined oral estrogen and progestin contraceptives, 11% 
of the women had levonorgestrel-releasing intrauterine device (LNG-IUD) and 12% 
of the women had been prescribed pills with progestin only. The remaining women 
on hormonal medications were categorized into combination groups with either 
gonadotrophin releasing hormone (GnRH) analogues, aromatase inhibitor or a 
combination of any of the above. Between the different medication groups the stages 
of endometriosis were not different. Patient characteristics, r-ASRM stages, 
indication for surgery and menstrual cycle phase presented in Table 7. 
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Table 7. Patient characteristics. 

Parameter Patient group (n=277) Control group (n=90) 

Mean age (SD, range) 33.5 (7.0, 33-34.3) + 36.0 (7.2, 34.4-38) a*** ++ 

Median BMIb (range) 24 (24.1-25.2) 24 (24.2-26.4) 

Mean height (SD, range) 166 (6.2, 165.2-167) # 166 (6.4, 165-167.3) ## 

Parous (%) 99 (27%) ¤ 67 (18.3%) ¤¤ 

Nulliparous (%) 156 (43%) 20 (6%) 

r-ASRM stage   

 I 50 (13.6%) NA 

 II 31 (8.5%) NA 

 III 57 (15.5%) NA 

 IV 131 (35.7%) NA 

 Missing Data 8 (2.2%) NA 

Indication for Surgery   

 Pain 184 (50.1%) NA 

 Infertility 14 (3.81%) NA 

 Both pain and infertility 40 (11%) NA 

 Clinical findings 34 (9.26%) NA 

 Not recorded 2 (0.54%) NA 

Menstrual cycle phase   

 Proliferative 26 (7.1%) 10 (2.7%) 

 Secretory 37 (10.1%) 16 (4.4%) 

 Menstrual 7 (1.91%) 1 (0.3%) 

 Breast feeding NA 2 (0.54%) 

 Inactive, atrophic, 
insufficient, or medication 170 (46.3%) 45 (12.3%) 

 Missing Data 37 (10.0%) 16 (4.4%) 
Note: BMI = Body mass index; NA = not applicable; NS = not significant, a*** 0.0039, Two-sample 
t-test, b BMI missing 8 in the patient group and 4 in the control group, + 1 (0.3%) missing in patient 
group, ++ 2 (1%) missing in control group, # 5 missing in patient group, ## 3 missing in control 
group, ¤ 22 (6%) missing in patient group ¤¤ 3 (1%) missing in the control group. 

4.5.1 Study I 
In this study a total of 115 endometriosis patients with 53 healthy controls from 
cohort I were used in microarray analysis. The mean age of the endometriosis 
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patients was 32 years and 39 years for healthy controls, respectively (p<.0001). The 
endometriosis patients were classified using the revised American society for 
reproductive medicine classification (r-ASRM) 10 criteria. In the patient group 15 
(8.9%) were in stage I, 15 (8.9%) in stage II, 26 (15.5%) stage III and 56 (32.2%) in 
stage IV with stages from 3 patients missing. The menstrual cycle phase among both 
groups were classified into proliferative; secretory; menstrual; and medication, 
inactive, atrophic, or insufficient. In the patient group there were 19 (11.3%) in the 
proliferative phase, 26 (15.5%) in the secretory phase, 6 (3.6%) in menstrual phase, 
and 51 (30.4%) inactive, atrophic, or insufficient. In the control group 14 (8.3%) 
were in the proliferative phase, 12 (7.1%) were in the secretory phase, 1 (0.6%), and 
18 (10.7%) medication, inactive, atrophic, or insufficient. 

4.5.2 Study II 
In this study 103 endometriosis patient and 47 healthy controls from cohort I were 
used. Their mean age was 32 yrs. for the patient group and 39 yrs. for the healthy 
control group, respectively. In the patient group 12 (8%) were in stage I, 15 (10%) 
in stage II, 25 (17%) in stage III and 49 (33%) in stage IV. 93.6% of the healthy 
controls were parous with 3% nulliparous and in the patient group 30.1% were 
parous with 69.9% nulliparous. The cycle phase in the patient group there were 19 
(13%) in the proliferative phase, 24 (16%) in the secretory phase, 4 (3%) in menstrual 
phase, and 46 (30.5%) medication, inactive, atrophic, or insufficient with 4 (3%) in 
the menstrual phase. In the control group 8 (5.3%) were in the proliferative phase, 
12 (8%) were in the secretory phase, and 18 (12%) medication, inactive, atrophic, or 
insufficient. Forty-four (42.7%) women in the patient group were on hormonal 
medication and 12 (25.5%) in the healthy control group. Among the patient group 
there were 33 (75%) on combined hormonal medication, 8 (18.2%) on progestin 
only, 3 (6.8%) on GnRH agonist and in the healthy control group there were 7 (58%) 
using combined hormonal medication, and 5 (43%) on progestin only. 

4.5.3 Study III 
This study was conducted in 2 cohorts with a total of 367 women. In cohort I 139 
patients with endometriosis associated pain symptoms: dysmenorrhea (n=128), 
dyspareunia (n=91), dysuria (n=41), defecation pain (n=73) or abdominal pain 
(n=74) and 57 healthy controls with a mean age of 32 years and 39 years, 
respectively. Ten % (19) were in stage I, 9.2% (18) in stage II, 17% (33) stage III 
and 33.2% (65) in stage IV. Relating to the menstrual cycle phase, in the patient 
group 10% (19) were in the proliferative phase, 13% (25) in the secretory phase, 
3.1% (6) were in menstrual phase, and 32% (62) were put in the medication, inactive, 
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atrophic, or insufficient category. In the control group 4.1% (8) were in the 
proliferative phase, 6.1% (12) were in the secretory phase, 0.5% (1) in menstrual 
phase, and 11% (21) were put in the medication, inactive, atrophic, or insufficient 
category. Cohort II consists of 136 patients with endometriosis associated 
symptoms: dysmenorrhea (n=72), dyspareunia (n=109), dysuria (n=36), defecation 
pain (n=89), abdominal pain (n=79), 2 were asymptomatic women with clinical 
findings of endometriosis. As healthy controls 33 women scheduled for surgery for 
benign ovarian cysts, dermoid cysts, and or pelvic pain was used. Mean age of the 
patients and controls were 32 and 36 years, respectively. Of the patients, 19% (31) 
were in stage I, 8% (13) in stage II, 14.4% (24) stage III and 40% (66) in stage IV. 
The menstrual cycle phase in the patient group 4.1% (7) were in the proliferative 
phase, 7.0% (12) in the secretory phase, 0.6% (1) were in the menstrual phase, and 
63.2% (108) were put in the medication, inactive, atrophic, or insufficient category. 
In the control group 1.2% (2) were in the proliferative phase, 2.3% (4) were in the 
secretory phase, and 14% (24) were put in the medication, inactive, atrophic, or 
insufficient category. 

4.6 Sex steroid and glycoprotein concentration in 
serum, peritoneal fluid, and tissue (I) 

Serum sex steroid concentrations (estrone (E1), 17-OH-pregnenolone, 
dehydroepiandrosterone (DHEA), 17-OH-progesterone, androstenedione, 
testosterone, androstanedione, dihydrotestosterone (DHT), pregnenolone, 
progesterone, estradiol (E2), luteinizing hormone (LH), follicle-stimulating hormone 
(FSH), cortisol, and sex hormone-binding globulin (SHBG).) were measured in 
matched endometrium and endometriosis tissues and in serum samples of the same 
individuals using liquid chromatography–tandem mass spectrometry (LC–MS/MS) 
599. Twenty mg of frozen tissues were homogenized in 200 µl of sterile water using 
ultra-turrax (IKA-Werke GmbH & Co. KG, Staufen, Germany), centrifuged (at 3000 
revolutions per minute (rpm) for 10 min at 4°C), and extracted with hexane: ethyl 
acetate (3:2) mixture containing d4-E2, 0.15 ng/ml). The organic phase with 
lipophilic steroids were evaporated and re-dissolved in 500 µl of 20% methanol in 
phosphate buffered saline (pH 7.4) for analysis. LC–MS/MS measurements were 
conducted in Kuopio for review of method see (Häkkinen et. al 2018) 600. 

4.7 RNA Purification (I, II) 
For microarray analysis and quantitative reverse transcription PCR (qRT-PCR), total 
RNA was isolated from tissue samples using Trizol-reagent (Invitrogen, Carlsbad, 
CA, USA, Thermo Fisher Scientific, USA), further purified with RNeasy columns 
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(Qiagen, Netherlands), and treated with DNase (RNase-free DNase Set, Qiagen, 
Netherlands; or DNase I, Invitrogen, Thermo Fisher Scientific, USA). For the siRNA 
experiment, TRIsure reagent (Bioline, UK) was used according to manufacturer’s 
instructions. The RNA concentrations were measured using Nanodrop ND-1000 
(Thermo Fisher Scientific, USA) spectrophotometer. The quality of the isolated 
RNA was controlled using ExperionTM Automated Electrophoresis system (Bio-Rad 
Laboratories, Hercules, CA, USA), with a mean RNA quality indicator (RQI) value 
of 7.5 for all the samples. 

4.8 Microarray analysis (I, II) 
The microarray analysis was performed on 408 tissue samples Table 8. For 336 
samples the microarray analysis was carried out with Sentrix® Illumina HumanWG-
6 v2 Expression BeadChip (Illumina, USA) (I, II) was performed at the Turku 
Bioscience Center (BTK) and for 72 samples the analysis was carried out using the 
Illumina HumanHT-12 v4.0 Expression BeadChip (Illumina, USA) microarray 
platform (I) and was performed at the Biomedicum Functional Genomics Unit 
(FuGU) of the Helsinki Institute of Life Science and Biocentre Finland at the 
University of Helsinki. Both the Sentrix® Illumina HumanWG-6 v2 Expression 
BeadChips (Illumina, USA) and the Illumina HumanHT-12 v4.0 Expression 
BeadChips (Illumina, USA) microarray platform, contained over 47 000 known 
genes, gene candidates and splice variants. From each sample three hundred 
nanograms (ng) RNA was used as a template to produce double-stranded cDNA and 
biotinylated cRNA using the Illumina RNA TotalPrep Amplification Kit (Ambion 
Inc., Austin, TX, USA). The labeled cRNA were purified and hybridized to the 
BeadChip at 55°C, for 16 hours following the Illumina Whole-Genome Gene 
Expression Protocol for BeadStation. Hybridization was detected with Cyanine3-
streptavidine (GE Healthcare, Little Chalfont, UK). The hybridized images were 
scanned using Agilent’s microarray scanner and quantified with Feature Extraction 
Software (Agilent Technology, CA, USA). Raw intensity data was then globally 
normalized according to manufacturer’s instructions. Data from the Sentrix® 
Illumina HumanWG-6 v2 and Illumina HumanHT-12 v4.0 Expression BeadChips 
were loaded using beadarray R package 601. 
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Table 8. Samples used in microarray analysis. Modified from Gabriel et al. 2020 602. 

Samples Cycle phase  

Tissue type Proliferative Secretory Hormonal 
medication Others Total 

Control endometrium 14 12 10 7 43 

Patient endometrium 16 28 43 14 101 
Control peritoneum 3 6 12 3 24 

Patient peritoneum 4 9 15 10 38 
Ovarian endometriosis 7 9 7 5 28 
Peritoneal endometriosis 13 15 37 11 76 

Deep endometriosis 9 16 48 13 86 

4.8.1 Study I 
For global correction, each chip generation was treated as a separate batch. Log 
transformation and quantile normalization was completed batch-wise using standard 
R Bioconductor methods 603–605. We used the BLAST method to map each probe to 
their corresponding genes utilizing up-to-date gene-to-probe associations. Each probe 
sequences were aligned to the NCBI’s Nucleotide Sequence (nt) database 606 
implementing a technique published in a previous study 607. Subsequently aligning to 
the nt database resulted in several hits across multiple species, the data was cleaned 
and filtered before being used to join the different array generations. To extract the 
relevant features from the BLAST results, the data was annotated with up-to-date gene 
symbols and Entrez IDs. Furthermore to achieve a more reliable annotation three 
different sources are used, dbOrg (bioDBnet - Biological Database Network) 608, 
HGNC 609 and BioMart (Interface to BioMart databases) 610,611. During the joining 
process, the symbols discovered in many of the annotation sources was utilized. 

Combining the microarray data from the two Expression BeadChips data frames 
obtained from the BLAST approach were joined on the Entrez Gene ID and the 
RefSeq mRNA Accession ID, resulting in 27541 common probes corresponding to 
24423 genes. To correct the variation originating in the different Expression 
BeadChips array versions the ComBat batch adjustment algorithm 612 within the 
Surrogate Variable Analysis (SVA) R-Package 613 was used. The quality of the 
merged data was then assessed using PCA and global correlation analysis. 

4.8.2 Study II 
In study II normalization and analyses of the microarray data were carried out using 
limma R-package 614,615. 
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4.9 Quantitative real-time polymerase chain 
reaction (qRT-PCR) (I, II) 

For qRT-PCR analysis, 0.5μg of total RNA was converted to cDNA using the 
DyNAmo HS SYBR Green qRT-PCR kit (Finnzymes, Thermo Fisher Scientific, 
USA). The qRT-PCR reactions were carried out for 40 cycles at 95°C. For 
normalization Ribosomal protein L19 (RPL19) and HPRT 1 were used as reference 
genes. The primers used for qRT-PCR analysis are presented in Table 9. 

Table 9. Primers used in qRT-PCR analysis. 

Primer name Accession No. Sense primer (5’→3’) Antisense primer (5’→3’) 

RPL19 NM_000981.4 aggcacatgggcataggtaa ccatgagaatccgcttgttt 

CYP19A1 NM_001347248.1 agtgcatcggtatgcatgag agaagggtcaacacgtccac 
HSD17B2 NM_002153.3 aactgatggggagcttcttcttat cctcctcccatgctgctgaca 

HSD17B6 NM_003725.4 ctccagcattctgggaagag aatatgcttgggggcttctt 
ESR1 NM_000125.3 tggatttgaccctccatgat gatctccaccatgccctcta 
ESR2 NM_001437.2 tatcacatctgtatgcggaacc tacatccttcacacgaccagac 

AR NM_000044.4 tggcgggccaggaaagcgac gggcaaaacatggtccctggca 
HGD NM_000187.4 ctctcaggatcggctttcac tgtctccagctccacacaag 

MPZL2 NM_005797.4 gggacagatgctcggttaaa caagacacccggtccttaaa 
PDGFRL NM_006207.2 aaaagtggggacgacatcag gggagattctcgtggtgtgt 

SMTN NM_134270.2 gagtctgcccaagacctcag agtcttggctcgacaccagt 
SRD5A3 NM_024592.5 tccttctttgcccaaacatc ctgatgctctccctttacgc 

TRH NM_007117.5 ctgaagcgttgtgtgcaaat agccagacacagcacaacac 
STS NM_000351.5 catggacatatttcctacagtagcc gatcacgtccatcaatgatcc 
PRUNE2 NM_015225.3 cagaaaacatggagctgtgc aaagggctccagttctaggc 

DKK1 NM_012242.4 tccgaggagaaattgaggaa cctgaggcacagtctgatga 
DKK3 NM_015881.5 acagccacagcctggtgta cctccatgaagctgccaac 

FZD7 NM_003507.1 ggctgcgctgcgagaacttc cagcgcggtgaagggcaggtc 
FZD10 NM_007197.3 cctccaagactctgcagtcc gactgggcagggatctcata 

FRZB NM_001463.4 gcaagcagtgaacgctgtaa ggcagccagagctggtatag 
HPRT1 NM_000194.3 tgctcgagatgtgatgaagg tcccctgttgactggtcatt 

SFRP1 NM_003012.5 cgagtttgcactgaggatga cagcacaagcttcttcaggtc 
SFRP2 NM_003013.3 cgaggaagctccaaaggtat ctccttcacttttattttcagtgcaa 

WNT5A NM_003392.4 tggctttggccatatttttc ccgatgtactgcatgtggtc 
WISP2 NM_001323370.1 ctgtatcgggaaggggagac ggaagagacaaggccagaaa 
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4.10 Primary cell culture and siRNA knockdown (II) 
Primary cells from extraovarian samples were isolated from three patients. The 
samples were plated in serum free DMEM/F12 (Sigma-Aldrich, Merck, USA) 
supplemented with 1% penicillin/streptomycin and 1% L-glutamine (Gibco, Thermo 
Fisher Scientific, USA). For primary culture, the samples were rinsed with PBS and 
carefully minced and digested in 0.25% collagenase solution (Worthington) at 37°C 
for 1hr. Macroscopically undigested tissue pieces were removed with sterile forceps, 
and the suspension was then centrifuged, and the cells suspended in PBS. The 
suspension was then filtered through a 40μm cell strainer to collect the undigested 
epithelial fraction, which was further digested with trypsin-EDTA for 7 minutes at 
37°C, and the reaction then terminated using serum-containing medium. To mimic 
the whole tissue environment epithelial and stromal fractions were pooled and plated 
in DMEM/F12 (Sigma) supplemented with 1 % penicillin/streptomycin (Gibco) and 
1 % L-glutamine (Gibco, Thermo Fisher Scientific, USA), these cells being of 
passage (p) 0. When nearly confluent, the cells were split to 24-well plates (p1). 
siRNA treatments were carried out according to the manufacturer’s instructions 
(Origene, USA) with minor modifications after one passage to 24-well pates. Two 
different human SFRP2-specific siRNAs were tested using three different 
concentrations (0.1, 1 and 10 nM). After 24 hours, equal amounts of cells treated 
with SFRP2-siRNA and control siRNA were seeded into 96-well plates for cell 
proliferation assay (WST-1; Roche, Switzerland), according to the manufacturer’s 
instructions, and into 24-well plates for RNA harvesting. For Western blot analysis, 
cells from 2 deep lesions and 1 peritoneal lesion in passage 1 were transferred into a 
6-well plate, and within 24 - 48 hours, the siRNAs were added to cultured cells until 
enough protein could be harvested (11-17 days in culture with siRNAs). 

4.11 Western blot analysis (II) 
Western blot analysis of 6 ovarian endometriosis samples, endometrium, and 
extraovarian endometriosis lesions from different patients in both the proliferative 
(n = 3), and secretory (n = 3) phase of the menstrual cycle were carried out to define 
the expression of SFRP2. Tissue samples were homogenized on ice with Ultra-
Turrax in lysis buffer (150 mM Tris, 150 mM NaCl, 1 % NP-40, 0.5 % sodium 
deoxycholate, 1 mM EDTA, 1 mM SDS; pH 7.4) containing 1 mM sodium 
orthovanadate and protease inhibitor cocktail (Complete Mini, Roche), incubated on 
ice for 30 minutes, and centrifuged at 13000 g for 20 min at 4˚C. Protein 
concentrations of the supernatants were determined using BCA (Bicinchoninic Acid) 
kit (Pierce). Thirty micrograms of total protein were separated on a 10-12% SDS-
polyacrylamide gel, electrophoresis or 4-20 % precast Mini Protean TGX gels 
(BioRad) and transferred to PVDF membrane (Hybond-P, Amersham) using a 
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BioRad semidry transfer apparatus. For cell culture studies, 10–19μg of total lysate 
per patient were loaded from cells treated with SFRP2-siRNA and control-siRNA. 
The membranes were treated with rabbit polyclonal antibody against human SFRP2 
(0.12μg/ml, HPA002652, Sigma-Aldrich, Merck, USA), rabbit polyclonal antibody 
against human β-catenin (CTNNB1) (2μg/ml, SC7199, Santa Cruz Biotechnologies, 
USA) and mouse monoclonal antibody against human tubulin-α (0.02μg/ml, MS-
581-P, Thermo Fisher Scientific, USA). After washing with phosphate-buffered 
saline solution with Tween® 20 (PBS-T), horseradish peroxidase-conjugated 
secondary antibodies (GE Healthcare and Cell Signaling) were used to bind the 
primary antibody and protein complexes were visualized with a chemiluminescent 
detection kit ((ECL, Amersham, GE Healthcare). The intensities of the protein bands 
were measured using the ImageJ version 1.49. 

4.12 Histological analysis (II) 

4.12.1 Immunohistochemical analysis 
Tissue samples intended for histological analysis, were fixed in 10% formalin, 
dehydrated, and embedded in paraffin. Five μm thick sections were stained with 
hematoxylin and eosin (H&E) and utilized in immunohistochemical analysis. 
Immunohistochemical (IHC) staining was performed using primary antibodies 
against human SFRP2 (rabbit polyclonal, #HPA002652, Sigma- Aldrich, Merck, 
USA; 0.3μg/ml for scoring analysis and 0.75μg/ml for lesion border analysis; rabbit 
polyclonal, #sc-13940, Santa Cruz Biotechnology, USA, 1.3μg/ml to verify lesion 
border analysis results), human CTNNB1 (mouse monoclonal, #610153, BD 
Transduction Laboratories, USA, 0.08μg/ml, for scoring and lesion border analysis), 
and CD10 (also known as MME; mouse monoclonal, #NCL-L-CD10-270, Leica 
Biosystems, Germany; 0.75μg/ml for lesion border analysis). For IHC the paraffin-
embedded sections were deparaffinized and then rehydrated before antigen retrieval. 
Antigen retrieval was performed in a pressure cooker (Retriever 1200) with Tris-
EDTA (pH 9.0) for SFRP2 and CTNNB1, and in 10 mM sodium citrate buffer (pH 
6.0) for CD10 for 20 minutes. After cooling for 30 minutes at room temperature, the 
samples were transferred into hot rinse and allowed to cool for another 5 minutes 
before a wash in phosphate-buffered saline solution with Tween® 20 (PBS-T, pH 
7.4). Blocking against non-specific binding was done using normal goat serum (10% 
normal goat serum in 3% BSA-PBS-0.05% Tween) at room temperature for 30 
minutes. Samples were incubated overnight at 4°C with primary antibody. 
Endogenous peroxidase activity was inhibited with 1% hydrogen peroxide solution 
(H2O2) at room temperature for 20 minutes. After rinsing in PBS-Tween, sections 
were incubated with Dako EnVision®+ System-HRP labeled polymer against mouse 



Materials and Methods 

 97 

IgG, K4001 for β-catenin and CD10 and for SFRP2 Dako EnVision®+ System-HRP 
labeled polymer against rabbit IgG, K4003 for 30 minutes, washed and stained with 
Liquid DAB Substrate Chromogen system (Agilent corp., CA, USA) and 
counterstained with Mayer’s hematoxylin. After rinsing with tap water and dH2O 
(Distilled water), the sections were dehydrated and mounted. Stained IHC sections 
were scanned for analyses using the Pannoramic® 250 Flash series digital slide 
scanner from 3DHISTECH Ltd (Budapest, Hungary). Staining intensity was scored 
for SFRP2 in endometrium samples with 7 samples in their proliferative and 9 in 
their secretory phase as well as in the extraovarian endometriosis lesions with 5 in 
the proliferative and 5 in the secretory phase. For CTNNB1 staining, samples from 
3 subjects in the proliferative and 5 in the secretory phase were analyzed from the 
endometrial and extraovarian endometriosis samples. For the lesion border analysis, 
extraovarian endometriosis lesion samples from 20 patients were evaluated. Seven 
were in their proliferative phase, 6 in the secretory phase and with 2 menstruating, 
as well as 5 samples from women using hormonal medication (combined estrogen 
and progestin (n = 1), progestin only (n = 2), progestin only + combined estrogen 
and progestin (n = 1), GnRH analog (n = 1)). 

4.12.2 Immunofluorescence 
Immunofluorescence double staining for SFRP2 and CTNNB1; and for SFRP2 and 
CD10 was performed on formalin-fixed paraffin-embedded extraovarian 
endometriosis samples from 3 patients in the secretory phase using primary 
antibodies against human SFRP2 (rabbit polyclonal, #sc-13940, Santa Cruz 
Biotechnology, USA, 1.3μg/ml), human CTNNB1 (mouse monoclonal, #610153, 
BD Transduction Laboratories, USA, 0.08μg/ml) and CD10 (mouse monoclonal, 
#NCL-L-CD10-270, Leica Biosystems, Germany, 0.75μg/ml). 

Paraffin-embedded sections 5µm thick were deparaffinized and then rehydrated 
before antigen retrieval. Antigen retrieval was performed using the Retriever 1200 
pressure cooker in Tris-EDTA (pH 9.0) for SFRP2 and CTNNB1 double staining, 
and in 10 mM sodium citrate buffer (pH 6.0) for SFRP2 and CD10 double staining 
for 20 minutes and allowed to cool for 2 hours at room temperature. Section was 
then chilled and rinsed with Milli-Q® water (MQ-H2O) and washed with phosphate-
buffered saline solution with Tween® 20 (PBS-T, pH 7.4). After wash, the 
endogenous peroxidase activity was inhibited by treating the sections with 1% 
hydrogen peroxide solution (H2O2) at room temperature for 60 minutes. Non-specific 
binding was blocked by incubating the slides with 10% bovine serum albumin in 
0.1% PBS-T for 60 minutes at room temperature. Samples were then incubated with 
primary antibodies in humidity chamber for 60 minutes at room temperature. 
Sections were then washed in 0.1% PBS-T and then incubated with Dako 
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EnVision®+ System-HRP labeled polymer against rabbit IgG, K4003 for 60 minutes 
at room temperature. Samples were then washed in 0.1% PBS-T. Tyramide signal 
amplification system detection kits (TSA™ Kit #41 with Alexa Fluor® 555 tyramide 
for SFRP2 and TSA™ Kit #2 with Alexa Fluor® 488 tyramide for CTNNB1 and 
CD10) were used to stain the samples according to the manufacturer’s instructions 
(Thermo Fisher Scientific, USA) for 10 minutes in humidified chamber and then 
washed in PBS, before destruction by boiling in MQ-H2O for 1 minute and then 
washed in 0.1% PBS-T. All sections were incubated with DAPI at 1:50000 dilution 
in PBS for 5 minutes, rinsed immediately with PBS and then washed for 5 minutes 
in MQ-H2O before being mounted with Invitrogen ProLong™ Diamond Antifade 
Mountant (P36961, Thermo Fisher Scientific, USA). Analysis was done using the 
Zeiss Axioimager M1 Epifluorescence and Brightfield Microscope with exposure 
times set to that of the negative controls without primary antibodies and no signal. 

4.13 Serum biomarker and cytokine analysis (III) 
CA-125 (Cancer antigen 125 also known as MUC16) and HE4 (human epididymal 
secretory protein E4; also known as WAP four-disulphide core domain protein 2, 
WFDC2) concentrations were evaluated using ELISA analysis according to the 
manufacturer’s instructions (Fujirebio Diagnostics Inc, Malvern, PA, USA). 

Midkine (MDK) concentration was measured and analyzed in sera from 
endometriosis patients and healthy controls using a sandwich enzyme immunoassay 
according to the manufacturer instruction (Biovendor Research and Diagnostic 
Products, Czech Republic). Elastin microfibril interfacer 1 (EMILIN-1) was 
measured from serum of endometriosis patients and healthy controls with an in-
house sandwich immunoassay (ELISA) using commercially available antibodies 
listed in Table 10. 

Table 10. Antibodies used in sandwich immunoassay. 

Protein Category Clone Manufacturer Product number 
EMILIN-1 IgG2b κ 5E2 Abnova H00011117-M03 
EMILIN-1 IgG1 60047 Acris 60047-1-Ig 

 

Serum concentrations of 29 cytokines were measured using the commercially 
available Human Cytokine/ Chemokine Pre-mixed LINCOplex Kit according to the 
manufacturer’s instructions (HCYTO-60K-PMX29; LINCO Research Inc., St. 
Charles, Missouri, USA). This multiplex assay kit allows for the simultaneous 
quantitative determination of the following proteins: Epidermal growth factor  
(EGF), eotaxin, fractalkine, granulocyte colony-stimulating factor (G-CSF), 
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granulocyte–macrophage colony-stimulating factor (GM-CSF), interferon-gamma 
(IFN-γ), interleukin-1alpha (IL-1α), IL-1β, IL-1Ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-
8, IL-10, IL-12p40, IL-12p70, IL-13, IL-15, IL-17, IFN-γ-induced protein-10 (IP-
10), monocyte chemotactic protein 1 (MCP-1), macrophage inflammatory protein 1-
alpha (MIP-1α), macrophage inflammatory protein 1-beta (MIP-1β), soluble CD40 
ligand (CD40L), transforming growth factor alpha (TGF-α), tumor necrosis factor 
alpha (TNF-α) and vascular endothelial growth factor (VEGF). According to the 
manufacturer, the intra-assay variation is between 1.6% and 14.6%, and the inter-
assay variation is from 5.0% to 15.6%, depending on the analyte. 

4.14 Metabolites (III) 
Lipid serum metabolites which include (PC.ae.C38.0 and PC.ae.C38.1) being 
phosphatidylcholines were analyzed from serum of endometriosis patients and 
healthy controls using targeted electrospray ionization flow injection analysis 
tandem mass spectrometry (ESI-FIA-MS/MS) with AbsoluteIDQ p150 kit 
(BIOCRATES Life Sciences AG, Innsbruck, Austria). 

4.15 Statistical analysis 

4.15.1 Study I 
Principle component analysis (PCA) was applied to the microarray data to assess the 
similarities of each individual chip. Unnormalized and normalized microarray data 
from each BeadChip as well as on normalized combined data sets were assessed. 

4.15.2 Study II 

4.15.2.1 Pathway and correlation analysis 

In the clustering analysis of the WNT signaling pathway molecules, listed human 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway genes were matched 
with recently identified WNT signaling pathway genes 616–618. The CTNNB1 target 
genes were selected based on the lists of human genes on the WNT home page 619 
and in the recent literature 620. For hierarchical clustering analysis the Ward 
clustering algorithm and the Canberra distance metric was used. The microarray 
expression of WNT genes and CTNNB1 target genes were compared among the 
different tissues using non-parametric unpaired Mann–Whitney test. Multiple 
comparison-adjusted P-value < 0.05 and thresholds r ≥ 0.3 were considered as 



Michael Gabriel 

 100 

significant for correlation analyses. Point-biserial correlation was calculated for 
dichotomous clinical variables such as disease status and fertility. With polyserial 
correlation calculated for categorical variables such as menstruation length and the 
number of days with dysmenorrhea. And Pearson correlation calculated for 
numerical variables such as pain strength, height, and weight. Pearson correlation 
was also used to investigate the association between intratissue steroid 
concentrations (estradiol, testosterone, and progesterone) and WNT gene expression 
using the rcorr function in R software. The SFRP2 promoter transcription factor 
binding site prediction analysis was done with the ALGGEN PROMO open source 
software using 0% maximal dissimilarity rate 621. 

4.15.2.2 Statistical analysis for data distribution 

GraphPad Prism version 7 (GraphPad Software inc., San Diego, CA, USA) was used 
to perform the statistical analysis. Data distribution was tested using D’Agostino-
Pearson and Shapiro Wilk tests, parametric test was selected for normal distribution 
and nonparametric test was selected for non-normal distribution. Student’s t-test or 
Mann Whitney test was used for two-group analysis and one-way ANOVA or 
Kruskal-Wallis’s test with the appropriate post hoc test (Dunn’s multiple comparison 
tests) was used for multiple group comparisons. Repeated Measure ANOVA (RM-
one-way ANOVA) or Friedman multiple comparison test was used to analyze siRNA 
knockdown effects on SFRP2 mRNA expression and cell proliferation between the 
different siRNA treatments. Paired t-test was used to compare epithelial and stromal 
SFRP2 IHC staining intensity during proliferative and secretory phases in 
endometrium and endometriosis and to compare SFRP2 protein knockdown effect 
between SFRP2 and control siRNA. Spearman’s method was used to analyze 
correlation between cell proliferation and SFRP2 mRNA expression. The P-value 
cutoffs for statistical significance were: *P <0.05, **P <0.01, ***P <0.001. 

4.15.3 Study III 
Statistical analyses for Serum CA-125, HE4, cytokine, MDK, EMILIN-1 and 
metabolite concentrations were performed using JMP® Pro, version 15.1.0 (SAS 
Institute Inc., Cary, NC, USA). Data distribution was evaluated using Shapiro-Wilk 
and Anderson-Darling tests, for normal distribution, parametric test was selected, 
and for non-normal distribution nonparametric test was used. For multiple group 
comparisons we used one-way ANOVA or Kruskal-Wallis’s test with the 
appropriate post hoc test (Dunn’s multiple comparison tests). Rank analysis of 
covariance adjusted for age was used to compare each marker concentration between 
patients and controls, nonparametric tests was chosen, as the values for most markers 
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were not normally distributed. The concentrations are expressed as medians with 
interquartile range. 

Statistical analyses performed for mathematical model generation were carried 
out using R language statistical computing environment version 3.4.1 622. 

4.16 PostgreSQL relational database (I, III) 
PostgreSQL (https://www.postgresql.org/), an open-source object-relational 
database management system (ORDBMS) which allows for the handling of various 
workloads ranging from small-machine application to large internet scale 
applications with concurrent users. The PostgreSQL database stores information and 
metadata on a Linux server that efficiently and securely deals with computational 
demands. An application programming interface (API) was implemented in I and III 
to allow smooth communication between the server and the clients (web browser on 
computers, tablets, etc.) specifically adapted to send structured query language 
(SQL) queries to the database and return the results in standardized format to the 
client. In addition, the PostgreSQL interfaces with the analysis engine in I which 
sends custom queries to the database to retrieve measurement data for statistical 
analysis and visualization. 

4.17 Graphical user interface (GUI) 

4.17.1 Study I 
In I the GUI is implemented on an Ubuntu Linux system that utilizes HTML5, 
JavaScript, PHP, and R as the main programming languages. The GUI also uses 
jQuery, Plotly.js, and cascading style sheets (CSS) for frontend styling, and the graph 
visualizations are generated with the Plotly R open-source graphing library. The GUI 
allows users, through a client, send requests to the analysis and visualization engine 
via an application programming interfaced (API) layer implemented with PHP. The 
analysis engine is implemented as a S3 R package and utilizes several R packages 
for statistics and graphical outputs, specifically ggplot2 623. Plotly and HTML 
widgets, were used to generate a JSON representation of the plots which is then 
transferred via Plotly JavaScript Open-Source Graphing Library back to the GUI 
where it is displayed. The open-source Report Creator App R Package (ORCA) on 
the backend is used to allow the rendered plot to be generated in PDF. List of 
programming language and URL in Table 11. 
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4.17.1.1 Interactive visualization 

The interactive visualization is implemented using the Plotly open-source JavaScript 
graphing library (https://plot.ly/javascript/). 

4.17.2 Study III 
The GUI in III was developed as a progressive web application (PWA). The PWA 
is implemented on an Ubuntu Linux system and incorporates a GUI built using 
common web technologies that includes HTML5, JavaScript, PHP, and R as the 
main programing languages. The GUI also uses jQuery, and Cascading Style Sheets 
(CSS) for the frontend styling. It requires no installation and works on any platform 
and can be accessed through any web browser. List of programming language and 
URL in Table 11. 

Table 11. List of programming languages used in I, III. 

 Programming 
language 

URL Study 

MAIN 
PROGRAMMING 
LANGUAGE 

HTML5 https://www.w3.org/html/, https://whatwg.org/ 

I, III 
JavaScript https://developer.mozilla.org/en-

US/docs/Web/JavaScript 

PHP https://php.net/ 

R https://www.r-project.org/ 

Python https://www.python.org/ III 

FRONTEND 
STYLING 

jQuery https://jquery.com/ I, III 

Plotly.js https://plot.ly/javascript/ I 

CSS https://developer.mozilla.org/en-US/docs/Web/CSS I, III 

GRAPH 
VISUALIZATION 

Plotly R graphing 
library https://plot.ly/r/ I 

SVG https://www.w3.org/Graphics/SVG III 

API PHP https://php.net/ I, III 

BACKEND 

R https://www.r-project.org/ I, III 

Analysis 
engine 

Plotly 
graphing 
library 

https://plot.ly/r/ 

I ggplot2 
R 
package 

https://www.rdocumentation.org/packages/ggplot2/ 
versions/3.1.1 

ORCA https://www.rdocumentation.org/packages/plotly/ 
versions/4.9.0/topics/orca 
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4.18 Model generation & Development (III) 
All mathematical modeling were carried out using R statistical computing 
environment version 3.4.1 622 and Python, version 3.6 624. We used predictive models 
in a binary classification setting to predict the probability of the disease when 
symptoms are combined with biomarkers. We then used wrapper feature subset 
selection methodology 625 in particular recursive feature elimination 626 to select the 
best discriminating clinical features and biomarkers. We tested the model with the 
wrapper subset selection strategy in a repeated cross-validation setting and ensemble 
the results across different repeats of the cross-validation. We used nested five-fold 
cross-validation to train our machine learning classifier for the final classification 
with RF as the machine learning classifier 627 using scikit-learn in Python 628. Special 
attention was taken in encoding variables for clinical data because most of the 
variables were categorical. Finally, we ensembled the results from the repeated 
cross-validations into a final list of features to be used for classification. 

4.18.1 Data Preprocessing 
To produce quality data for the predictive modelling, data pre-processing was 
applied on each dataset to remove irrelevant and redundant information. 

4.18.2 Data Quality Assessment 
1. Missing values 

Missing data in the datasets were managed carefully because they can have 
drastic effects on the final diagnosis. Many of the clinical attributes 
contained overlapping data which could be deduced using logic and were 
used to fill in missing attributes. We used the mean value of the attribute to 
fill in the missing values belonging to the same class for continuous data and 
for categorical data we replaced the mode of the attribute belonging to the 
same class. If over 50 % of data were missing for a particular attribute, then 
it was automatically discarded. 

2. Noisy data 

To address noise in our dataset, we used binning. The binning technique 
divides the dataset in ascending order first and then partitions it into smaller 
segments (bins) of the same size (frequency) before being applied separately 
on each segment 629. Binning, groups multiple continuous values into a 
smaller number of categorical variables thus reducing complexity and the 
noise. 
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3. Duplicate values 

The duplicate values were removed from dataset as the redundant data can 
result in anomalies. 

4. Encoding 

In encoding variables, we performed transformation on our dataset such that 
it can be utilized as input for machine learning algorithms while retaining its 
original meaning. 

Categorical variables were divided into 2 types- ordinal and nominal with 
both encoded differently. To encode ordinal categorical variables, we used 
label encoder and to encode nominal categorical variables we used One-Hot 
encoding. 

4.18.3 Feature Selection 
Feature selection was formulated as: Let X = {x(1), x(2), …, x(D)} be a set of predictors 
(features, i.e., clinical features/biological measurements) and T be the target variable 
(i.e., the disease status we want to predict). The task of feature selection is to find a 
minimal subset X'={x(1), x(2), …, x(d)} of X such that it achieves maximum 
classification performance of T (for a given classifier and a given classification 
metric) and d<<D. 

We used supervised wrapper method to select a subset of the input features in 
the dataset that are the best predictor for the variables we want to predict training the 
model and ignoring the irrelevant or redundant ones. With nested cross-validation 
used to access the predictive contribution of every combination of variables to the 
result we want to predict. 

4.18.4 Classifier Training 

Random Forest 

A Random Forest consists of an outfit of multiple decision trees that are useful for 
classification, regression, and also imputing missing value 627. In our application to 
endometriosis diagnosis, we used RF in the classification setting where it models a 
binary response (Patient or Control) as a function of predictor variables (biomarkers 
and clinical information of patients). In general, decision tree algorithms create a 
binary tree by continually splitting the features in the dataset into two groups. At 
every splitting point (a node in the tree), any feature can be split into two groups 
(children) which results in the best separation between the categorical response. The 
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splitting is performed until the leaves of the tree contains observations of a single 
class. Random Forest consist of training a finite number of such decision trees and 
then finally assembling them to obtain a robust predictive solution. 

Decision trees are excellent modelling tools used in classification and prediction 
and have found usage in many application domains. Decision tree possesses two 
significant features in biomedical applications, first, it provides a tool for data 
exploration to identify relationships within limited data and second, decision rules 
that are generated can be expressed in natural language 630. Nevertheless, one of the 
major disadvantages of decision trees is that they are prone to overfitting. Random 
Forest aims to address this issue by using “Bootstrap aggregating or Bagging” 631 a 
collection of decision trees, each trained on the different random permutations of the 
data as well as the predictive features 632. Finally, the results from these different 
decision trees are averaged to get the final unbiased prediction, thus improving the 
disadvantages of a single tree, and providing robust and better generalization 
capabilities. 

4.18.5 Model cross-validation 
When the most discerning features have been selected using feature selection, RF 
was used as the final predictive classifier 627 using scikit-learn in Python 628. To train 
the RF classifier, we used nested five-fold cross-validation (CV). Nested CV is 
frequently used to train a model where hyperparameters also need to be optimized to 
avoid selection bias 633. The nested CV projects the generalization error of the 
underlying model and its (hyper)parameter search. Some RF parameters applied 
were optimized in the CV setting (e.g., max depth of the trees generated, max 
features to check for tree splits and the sample count used for bootstrapping), while 
others were default parameters of the RF method. The data was initial divided into 
five training and validation sets 633. Each of the training data was again split into five 
different folds to tune the parameters of the model in a fivefold CV setting. The 
model which produced the best results on the test data in the inside validation setup 
was then again assessed on the validation set in the outer CV setup. The reported 
outcomes were then averaged over all the repeats of the CV. In the final 
classification, we used 100 repeats of CV. Each repeat was arbitrarily seeded at each 
iteration in both feature selection and RF classification for variation in different 
random parameters (e.g., division of data into test and training set in cross-
validation). The reported results are the average of different repeats. 
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5 Results 

5.1 Endomet database (I, II, III) 
The Endomet database has one of the most extensive collections of endometriosis 
clinical and sample data ever collected in a repository for research purpose. It 
consists of data from over 400 endometriosis patients and healthy controls. With 
very detailed surgical and clinical descriptions such as menstrual history, initiation 
of pain, dyspareunia, infertility, medications, previous treatments, and family history 
as well as continuous annual follow-up of symptoms from all patients. A total, of 
2,750 different biological samples of endometrium, peritoneum, endometriosis 
lesions, blood and/ or serum, peritoneal fluid and urine with extensive clinical 
descriptions have been collected and entered in the database. Histological evaluation 
of the endometriosis and endometrial samples and the laboratory documentation for 
performed analysis are also included in database Figure 15. 

 
Figure 15. Endomet database structure. 
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5.1.1 Endomet database system overview 
The EndometDB contains and links several kinds of data originating from the 
endometriosis research. The data accumulates through questionnaires from both 
doctors and patients as well as measurement data on biological samples that are 
analyzed using various technologies. All the functionality of the system is available 
through a Web UI, and access to different functions is restricted using user roles. 
The Endomet database dataset includes: 

• The whole genome expression profiles performed for eutopic endometrium, 
endometriosis lesions, and normal peritoneum. 

• Hormone concentrations in serum (15 hormones), tissue (13 hormones) and 
peritoneal fluid (13 hormones) samples. 

• Serum cytokine and growth factor concentrations (29 parameters). 

• Serum and peritoneal fluid metabolomics (163 metabolites). 

• Peritoneal fluid and tissue proteomics. 

• Serum concentrations of biomarkers CA125 and HE4. 

• Histopathological data for tissue specimens. 

• Clinical data: 162 parameters, including detailed surgical and clinical 
descriptions e.g., pain symptoms, fertility history, medication, hormonal 
status, and disease stage etc. 

• Follow-up of symptoms using annual questionnaires. 

The data is stored in the Endomet database through a service layer (API). 
Analytic functions are available through an analysis engine and can be used to query 
the whole dataset. The service layer (API) is designed also to be used to integrate the 
system with new user interfaces (e.g., native mobile app) or other external systems. 
The data generation and input process of the system is described in Figure 16. 
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Figure 16. Process overview. The red arrow denotes sample flow in the overall process while the 

green arrow denotes how data flows. 

5.1.2 Endomet database omics 
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USA), and Illumina HumanHT-12 v4.0 Expression BeadChip (Illumina, USA) 
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genome expression profiles (a total of 408 specimens). 
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samples from analyzed from 141 endometriosis patients and 66 healthy controls 
(clinical characteristics in Table 12.) measured using targeted electrospray 
ionization flow injection analysis tandem mass spectrometry (ESI-FIA-MS/MS). 
The screened metabolites consist of 41 acylcarnitines, 14 amino acids, hexose, 38 
diacyl phosphatidylcholines, 40 acyl-alkyl phosphatidylcholines, 15 acyl 
lysophosphatidylcholines and 15 sphingomyelins. 

Table 12. Clinical characteristics of samples used in metabolomics. 

Characteristics Patients (n=141) Healthy control (n=66) 

Age (y), mean, (SD) 32.14 (7.05) 39.15 (4.27) a *** 

BMIb (kg/m2), median (SD) 22.57 (4.16) 23.18 (4.72) 

Disease stage   

Stage I (%) (Minimal) 16 (7.73) NA 

Stage II (%) (Mild) 14 (6.76) NA 

Stage III (%) (Moderate) 32 (15.46) NA 

Stage IV (%) (Severe) 59 (28.50) NA 

Missing (%) 20 (9.66)  

Cycle phase   

Secretory (%) 28 (13.53) 12 (5.8) 

Proliferative (%) 22 (10.63) 23 (11.11) 

Menstruation (%) 5 (2.42) 1 (0.48) 

Medication (%) 54 (26.09) 21 (10.14) 

Missing (%) 32 (15.46) 9 (4.35) 
Note: BMI = Body mass index; NA = not applicable; NS = not significant, a <.0001, *** Two-sample 
t-test, age missing 16 in the patient group and 12 in the control group, b BMI missing 3 in the patient 
group and 3 in the control group. 

Proteomics data linked to the Endomet database contains proteins and peptides 
identified and defined from peritoneal fluid and tissue samples from 13 women with 
and 4 women without endometriosis in two menstrual phases. The identification of 
trypsin digested proteins and endogenous peptides from tissues was carried out using 
nanoflow capillary LC/ESI-MS/MS. 
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5.1.3 Sex steroid and glycoprotein concentration in serum, 
tissue, and peritoneal fluid 

The Endomet database contains sex steroid concentration measured in the sera, 
peritoneal fluid, and tissues from endometriosis patients and healthy controls. In the 
sera 14 hormones (17-OH-pregnenolone, 17-OH-progesterone, androstanedione, 
androstenedione, cortisol, dehydroepiandrosterone (DHEA), dihydrotestosterone 
(DHT), estradiol (E1), estrone (E2), follicle stimulating hormone (FSH), luteinizing 
hormone (LH), pregnenolone, progesterone (P4), and testosterone (T)) and 1 
glycoprotein (sex hormone-binding globulin (SHBG)), were measured from 148 
endometriosis patients and 76 healthy control women. In the peritoneal fluid 13 
hormones (17-OH-pregnenolone, 17-OH-progesterone, androstanedione, 
androstenedione, DHEA, DHT, estradiol, estrone, FSH, LH, pregnenolone, 
progesterone, and testosterone) were measured from 60 women with and 14 women 
without endometriosis and in tissues hormone concentration were measured in the 
endometrium, and different endometriosis lesion types from 60 women with 
endometriosis and endometrium from 16 healthy controls. 

5.1.4 Serum protein biomarkers, including cytokines and 
growth factors measured by multiplex assay 

Serum concentrations was measured from 124 patients with endometriosis and 53 
healthy control women from the following proteins: EGF, eotaxin, fractalkine, 
granulocyte colony-stimulating factor (G-CSF), granulocyte–macrophage colony-
stimulating factor (GM-CSF), interferon-gamma (IFN-γ), interleukin-1alpha (IL-
1α), IL-1β, IL-1Ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12p40, IL-12p70, 
IL-13, IL-15, IL-17, IFN-γ-induced protein-10 (IP-10), monocyte chemotactic 
protein 1 (MCP-1), macrophage inflammatory protein 1-alpha (MIP-1α), 
macrophage inflammatory protein 1-beta (MIP-1β), soluble CD40 ligand (CD40L), 
transforming growth factor alpha (TGF-α), TNF-α and VEGF. 

5.1.5 Serum concentrations of biomarkers measured by 
ELISA assays 

CA-125 (Cancer antigen 125 also known as MUC16) and HE4 (human epididymal 
secretory protein E4; also known as WAP four-disulphide core domain protein 2, 
WFDC2) concentrations were measured and evaluated from 125 endometriosis 
patient and 53 controls. Midkine (MDK) concentration was measured and analyzed 
from 124 endometriosis patients and 46 healthy controls. Elastin microfibril 
interfacer 1 (EMILIN-1) was measured from 112 endometriosis patients and 45 
healthy controls. 
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5.1.6 Histopathological data 
The EndometDB consists of over 420 endometrium and over 630 endometriosis 
sample types with histological analysis confirmed by a clinical pathologist. The 
histological analysis grades the endometrium to determine the menstrual cycle phase. 

5.2 Endomet database graphical user interface (I) 
The EndometDB web graphical user interface design enables users search and 
analyze transcriptomic data without the use for advance computational skills. It 
incorporates different analytical methodologies and techniques, allowing the user to 
browse and analyze gene(s) of interest in tabbed sections. The EndometDB GUI 
relies on filter-based data mining that allows mRNA expression of gene(s) of interest 
in the normal endometrium, and peritoneum from both healthy controls and patients 
and in various endometriosis lesion types be displayed in several analysis plots using 
clinical features such as age, menstrual cycle phase, hormonal medication, and 
disease stage for stratification. These analysis plots include data distribution plots 
such as boxplots (I, Fig. 2; Figure 17) which can be used to show the range of the 
data distribution and heatmap (I, Fig. 3; Figure 18) which can be used to 
simultaneously compare expression patterns between different pathway genes or 
genes of interest. These comparisons in the heatmap can be summarized either by 
the mean or median and centered using the gene or the tissues/lesions. The heatmap 
can be further analyzed using different unsupervised hierarchical clustering 
algorithms such as complete linkage; single linkage; average linkage; or ward’s 
method with predefined distance methods such as Euclidean; Canberra; Manhattan; 
Maximum; and Minkowski method. Clinical features can be used as contrasts in the 
hierarchical clustering to show how these features relate to the genes of interest. 
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Figure 17. Example boxplot output of HSD17B6 from the EndometDB GUI. 
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Figure 18. Example output of unsupervised hierarchical clustering analysis of differentially 

expressed WNT pathway genes in the endometrium, peritoneum and endometriosis 
lesions generated from the EndometDB GUI 602 as reported by Heinosalo et al. 2018634. 
The different clinical features of the samples (lesion/tissue type, age of the patients with 
pre-selected grouping, hormonal stage, and disease stage) are attached to the 
heatmap. Manhattan distance metric with complete linkage clustering method was used 
showing clusters corresponding to lesions and tissue types. The dendrogram on the x-
axis shows the hierarchical relationship between the tissues and lesion as well as the 
cycle phase and disease stage. While the dendrogram on the y-axis shows the measure 
of similarities in the activation levels of the genes. 
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The correlation heatmap feature in the EndometDB analysis can be used with the 
most common correlation methods such as Pearson; Spearman; and Kendall, to show 
the correlation matrix between two discrete dimensions. The correlation heatmap (I, 
Fig. 4; Figure 19) can be used to analyze how genes of interest correlate with each 
other in the different tissues and lesions with the most used hierarchical clustering 
methods. These methods provide information on the involvement of analyzed genes 
in the connected biological process. 

 
Figure 19. Correlation heatmap of WNT pathway genes with Spearman correlation method and 

complete linkage used as the clustering method generated from the EndometDB GUI 
602. 

Asides from the analysis plots the EndometDB includes three dimensionality 
reduction methods: Principal Component Analysis (PCA) (I, Fig. 5a; Figure 20), 
Local Fisher Discriminant Analysis (LFDA) (I, Fig. 5b; Figure 21), and 
Multidimensional scaling (MDS) (Figure 22) that can be used to further investigate 
similarities in the gene expression, between various sample types or to identify gene 
clusters to generate further hypotheses. 
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Figure 20. PCA analysis of the differentially expressed WNT pathway genes in the endometrium, 

peritoneum and endometriosis lesions colored by tissue types, and the confidence 
ellipses with 95% confidence level for the expression in various tissue types generated 
using the EndometDB GUI 602. 

 
Figure 21. LFDA analysis of WNT pathway genes with orthonormalized metric colored by tissue 

generated from the EndometDB GUI 602. 
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Figure 22. MDS projection output generated from the EndometDB GUI 602 of differentially 

expressed WNT pathway genes in the endometrium, peritoneum and endometriosis 
lesions colored by tissues/lesion with Euclidean used for the distance metric. 

5.3 WNT Signaling in Endometriosis (II) 
WNT (wingless-type MMTV integration site family) signaling is one of the most 
significant developmental signaling pathways that regulates cell fate determinations 
and tissue modeling during early embryonic and later development. It is triggered by 
very well preserved WNT proteins produced as palmitoylated glycoproteins and act 
like morphogens to form a concentration gradient across developing tissues 635. 
Several studies, have suggested that the abnormal activation of the WNT/β-catenin 
pathway may be involved in the pathophysiology of endometriosis 379,636–642. In 
addition, there is significant evidence of the role that WNT signaling in endometrium 
and endometrial diseases 313,378–380,636,638,639,641–646. In II we used our, well-
characterized cohort of human endometriosis samples from the Endomet database to 
analyze the expression of WNT signaling molecules in the endometrium of healthy 
women and endometriosis patients, as well as in ovarian endometrioma, superficial 
peritoneal endometriotic lesions and deep infiltrating endometriosis lesions. In 
global gene expression profiling, the WNT signaling pathway gene(s) were shown 
to be one of the significant pathways modified in endometriotic tissues, specifically, 
SFRP2 which was shown to be upregulated in both the superficial peritoneal and 
deep endometriosis lesions. 
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5.3.1 Alterations in WNT pathway genes expression in 
endometriosis in comparison with the endometrium 

Analysis of the eutopic endometrium of healthy control women and endometriosis 
patients, and the different types of endometriosis lesions revealed strong changes in 
the WNT signaling pathway gene expression profile in the endometriotic lesions as 
compared to the eutopic endometrium of both healthy controls and patients. Eighty-
five percent of the pathway genes listed in the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway and selected based on literature analysis were 
differentially expressed in at least one of the following comparisons: eutopic 
endometrium as compared with endometriosis, eutopic endometrium as compared 
with extraovarian endometriosis, eutopic endometrium as compared with ovarian 
endometriosis or ovarian endometriosis as compared with extraovarian 
endometriosis (p < 0.05) list of the significantly changed WNT pathway genes (P < 
0.05, FC ≥ 1.4) is shown in II, Supplemental Table SII. Hierarchical clustering 
analysis based on the mRNA expression of WNT signaling genes, revealed two well-
defined clusters (II Fig. 1A) indicating, there are major differences in the WNT 
pathway gene expression between both the eutopic endometrium and ectopic 
endometrium. Further clustering analysis showed cycle-dependent regulation of 
WNT pathway genes in the endometrium. However, this cycle-dependency was 
entirely lost in the endometriotic tissues, with further analysis showing that ovarian 
and extraovarian endometriosis differ in their WNT gene expressions. We analyzed 
a set of WNT pathway genes with mRNA expression using quantitative real-time 
polymerase chain reaction (II, Fig. 2; Figure 23) to validate the gene expression 
changes identified from the global microarray data. The expression changes 
identified were like those observed with the microarray profile with statistically 
significant changes between the eutopic and ectopic endometrium (II, Supplemental 
Table SII). Among the identified genes, SFRP2 gene coding was recognized as one 
of the highly upregulated genes in extraovarian endometriosis as compared with 
endometrium, both with the microarray and qRT-PCR. The expression of SFRP2 
with qRT-PCR analysis was 183.3-fold higher in the extraovarian endometriosis 
than in the endometrium (p < 0.001), and in ovarian endometriosis, there was a 5.4-
fold increase however there was no notable difference in the SFRP2 expression 
observed between the endometrium of healthy control women and endometriosis 
patients. 
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Figure 23. The expression of SFRP1, SFRP2, FRZB, DKK1, DKK3, WNT5A, FZD7, FZD10 and 

WISP2 analyzed using qRT-PCR to validate the data obtained by gene expression 
profiling. Statistically significant expression changes were seen for SFRP2, FRZB, 
DKK3, FZD7 and WISP2. SFRP2 showed the highest expression increase between 
endometrium and extra-ovarian endometriosis (183.3-fold increase in extra-ovarian 
endometriosis), while the increment was much less (5.4-fold) for ovarian endometriosis. 
E = endometrium, OMA = ovarian endometrioma, EO = extra-ovarian endometriosis, * 
p ≤ 0.05, ** p < 0.01, *** p < 0. 001. 

5.3.2 SFRP2 defines lesion borders in extraovarian 
endometriosis 

Western blot analysis from tissue homogenates showed significant increase in the 
expression of SFRP2 in extraovarian endometriosis as compared with ovarian 
endometriosis lesions and the patient endometrium (p < 0.01) (II, Fig. 3A and B; 
Figure 24 a and d). Comprehensive analysis of cell specific expression during 
menstrual cycle was performed using IHC, with the data showing a high expression 
of SFRP2 in both epithelial and stromal cell components. In the endometrium of both 
the healthy controls and the patient a strong expression of SFRP2 was observed in 
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both the epithelial and stromal cells during the proliferative phase of the menstrual 
cycle but not in the secretory phase, while there was reduced SFRP2 expression in 
the epithelial cells of the endometrium, signifying a cycle-dependent suppression of 
SFRP2 protein expression in the endometrial epithelial cells (II, Fig. 3C, E and F; 
Figure 24 b, and e). However, in extraovarian endometriosis, throughout the 
menstrual cycle there was no cycle-dependent downregulation of SFRP2 in the 
epithelial cells as we observed strong SFRP2 protein expression in both the epithelial 
and stromal components (II, Fig. 3D, G and H; Figure 24 c and f). 

 
Figure 24. SFRP2 protein expression in endometrium and endometriosis. (a) A plot of protein intensities 

measured in the E = endometrium, OMA = ovarian endometrioma, EO = extra-ovarian 
endometriosis, showing SFRP2 expression normalized with α-tubulin expression. (b) A more 
detailed immunohistochemical analysis showed that in the endometrium, SFRP2 was 
downregulated during the secretory phase in the epithelium, but not in endometriosis (c). (d) A 
Representative Western blot, showing increased SFRP2 protein expression in extra-ovarian 
endometriosis. (e, f) Representative pictures at x100 magnification from the secretory phase of 
endometrium with apparent epithelial SFRP2 downregulation. In extraovarian endometriosis, 
equal staining in both the epithelium and stroma was observed in the secretory phase. 

IHC and immunofluorescence of SFRP2 protein showed marked differences 
between the extraovarian endometriosis lesions and the normal tissue surrounding 
the endometriosis lesion area (II, Fig. 4A - H). As β-catenin (CTNNB1) is a key 
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mediator of the canonical WNT pathway, we analyzed the expression pattern of β-
catenin in extraovarian endometriosis, and similar expression patterns were detected 
for both SFRP2 and β-catenin (II, Fig. 4A - H). Both SFRP2 and β-catenin were 
found to have high protein expression in the same region as CD10, CD10 being an 
immunohistochemical marker currently used in identifying endometrium stroma 
surrounding the epithelium of endometriosis lesions 647. Unlike with CD10, high 
protein expression of SFRP2 and β-catenin were also found in the epithelium and 
with low expression in and around the lesion border (II, Fig. 4D). 

Analysis projected two strong progesterone response elements (PREs) in SFRP2 
promoter to be present (II, Fig. 3J and K). We, therefore correlated the intra-tissue 
steroid hormone data 648,649 with SFRP2 gene expression profiles, and identified 
negative correlation between SFRP2 expression and intra-tissue progesterone 
concentration in extraovarian endometriosis (r = -0.552, p < 0.05), with no 
correlation found with estradiol and testosterone. Furthermore, using clinical data 
from questionnaires collected at the day of surgery we observed positive correlation 
between SFRP2 expression and abdominal menstrual pain symptoms occurrence (r 
= 0.300, p < 0.05), while no or very weak correlations with SFRP2 expression were 
found for other symptoms and patient characteristics (r = 0.3), as shown in II, Table 
III and Fig. 3L. 

5.3.3 Increased β-catenin protein expression in extraovarian 
endometriosis 

We examined the subcellular localization of β-catenin in the endometrium and 
extraovarian endometriosis with immunohistochemical analysis. The IHC analysis 
revealed considerably more nuclear staining in both the epithelium and stroma of 
endometriosis as compared with the endometrium (II, Fig. 5A-F), as well as 
increased membranous staining in extra-ovarian endometriosis suggesting the 
canonical WNT signaling pathway is more active in extraovarian endometriosis than 
in the endometrium. To further determine the activation of the canonical WNT 
signaling pathway in endometriosis, we analyzed the expression of known human β-
catenin target genes. Twenty-seven of the fifty-four human β-catenin target genes 
upregulated upon β-catenin activation were differentially expressed in extraovarian 
endometriosis compared with control and patient endometrium, further 
strengthening the hypothesis of increased activation of the canonical WNT pathway 
in extraovarian endometriosis. The expression patterns (analyzed using microarray) 
for the selected β-catenin target genes are shown in II, Fig. 5G. A more 
comprehensive analysis of the hierarchical clustering pattern of the human β-catenin 
target genes revealed similar clusters observed when analyzing the WNT pathway 
genes (II, Supplemental Fig. S2). The endometrium and endometriosis clustered 
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separately, with ovarian and extra-ovarian endometriosis also forming separate 
clusters. Of the 8 β-catenin target gene shown in II, Fig. 5G; Figure 25, three of the 
genes (CLDN1, JUN and VEGFB) were differentially expressed in the proliferative 
phase compared to the secretory phase, with no cycle dependent regulation in 
endometriosis. The full list of upregulated targets with their microarray expression 
differences is shown in II, Supplemental Table SIII. 

 
Figure 25. β-catenin target gene expression analysis showing upregulation of various β-catenin 

target genes as compared with endometrium. Of the significantly changed targets 67 % 
were upregulated (p ≤ 0.05, FC ≥ 1.4). * p ≤ 0.05, ** p < 0.01, *** p < 0.001. 
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5.3.4 SFRP2 is a WNT signaling agonist in endometriosis, 
and it regulates the canonical β-catenin mediated 
signaling pathway 

As SFRP2 has been shown to act as a WNT signaling agonist or antagonist, 
depending on the tissue environment, we examined the function of highly expressed 
SFRP2 in extraovarian endometriosis. Primary cultured extraovarian endometriotic 
cells from human lesions were exposed to SFRP2 siRNA-mediated knockdown, and 
measured cell proliferation. The SFRP2 mRNA expression was decreased by 72 % 
(p < 0.05), and protein expression reduced by 60 % (p < 0.01) as compared with the 
control siRNA (II, Fig. 6A-C). SFRP2 knockdown resulted in a significantly reduced 
cell proliferation (48 %, p ≤ 0.05) in vitro (II, Fig. 6D), and cell proliferation and 
SFRP2 mRNA expression showed strong positive correlation in all samples in the 
siRNA experiment (r = 0.732, p < 0.01) (II, Fig. 6G). Furthermore, Western blot 
analysis showed an average of 33.1 % reduction in total β-catenin protein expression 
(p < 0.05) after SFRP2 knockdown as compared with treatment with the non-
targeting siRNA (II, Fig. 6E, F), suggesting a role for the canonical WNT/ β-catenin 
pathway in the reduction of cell proliferation and regulation of extraovarian 
endometriosis growth. 

5.4 Description of the predictive model (III) 
The Endomet database structure and content has allowed us to create a symptom-
based predictive model for risk assessment and early prediction of endometriosis 
among women. We used several advanced machine learning methods described in 
the methods section to combine clinical features from questionnaires with serum 
biomarkers. The questionnaires were designed in agreement with the World 
Endometriosis Research Foundation (WERF) and the European Society of Human 
Reproduction and Embryology (ESHRE) guidelines. The multi-dimensional data 
analyzed using machine learning algorithms enabled the identification of multiple 
sets of features that effectively characterize distinct pathways and identify disease 
classes. We used predictive models in supervised and semi-supervised learning 
framework to extract patterns that are predictive for disease risk, progression, and 
recurrence with histopathological data used as class labels in the training and to 
assess the performance of the predictive models. The machine learning process used 
in developing and training the risk assessment model for endometriosis diagnosis 
using clinical symptoms and serum biomarkers shown in Figure 26, III, Fig. 2. 
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Figure 26. Machine learning process used in developing and training the risk assessment model 

for endometriosis diagnosis. 

5.5 Model generation and development (III) 
The predictive model was developed in 3 stages: in stage 1 only patient 
characteristics with symptoms which we categorized as clinical features were used 
in developing the model. To select the best discriminating clinical features, we used 
wrapper feature subset selection (recursive feature elimination) method 625,626 in a 
repeated CV setting and ensemble the results across different repeats of the CV. The 
results from the repeated cross-validations were compiled into a final list of features 
to be used for classification. Once the most discriminating features had been 
selected, nested five-fold CV was used to train our machine learning classifier for 
the final classification as shown in Figure 27 with RF used as the machine learning 
classifier 627. 
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Figure 27. Most predictive clinical features. Clinical data in disease prediction. Final classification 

with decision tree and nested 5-fold cross-validation in 200 repeats. 

In stage 2 we used only biomarkers in the predictive model. The same wrapper 
feature subset selection method was employed to selecting the best discriminating 
biomarkers from all metabolites, cytokines, serum hormones concentration, CA-125, 
HE4 and 6 cancer markers. The result put to a list of features used in classification. 
We then used nested fivefold CV to train the machine learning classifier for the final 
classification on the selected list of features as shown in Figure 28. 
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Figure 28. Biomarkers only. Metabolites, cytokine, serum hormone concentration, CA-125, HE4, 

and 6 cancer markers. Final classification with decision tree and nested 5-fold cross-
validation in 100 repeats. 

In stage 3 we combined both clinical features and biomarkers in the predictive 
model. After combining clinical features and biomarkers, we used the same recursive 
feature elimination methodology 625,626 used in the previous models to select the best 
discriminating clinical features and biomarkers in a repeated CV setting and 
ensemble the results across different repeats of the cross-validation (III, Fig. 3). In 
feature selection, we used 100 repeats of cross-validation. We based the predictive 
models on personalized biomarker signatures and clinical features and adjusted for 
confounding factors, such as age, BMI, and medication status. We then trained the 
predictive algorithms (filtered sets of decision trees) to identify patients with high 
risk of endometriosis. 
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5.6 Validation of the predictive model (III) 
To demonstrate the predictive performance of the chosen model, we trained the final 
model on the full data from cohort I, and the cohort II was used to validate the 
generalizability. Cohort II as a validation cohort eliminates the risk of reporting 
overly optimistic results due to the potential for sample bias and overfitting in ML 
models resulting in better representation when predicting risk in future unseen cases. 
The performance of the 3 stage models in predicting endometriosis was assessed by 
analyzing the receiver operating characteristic (ROC) curve. Model sensitivity, 
specificity, and positive and negative likelihood ratios were also calculated, and the 
best model cut-off points considered to be those corresponding to the highest sum of 
specificity and sensitivity. Without reassessment, the model produces acceptable 
results for cohort II as shown in Figure 29; III, Fig. 6. 

 
Figure 29. Predictive prowess of using only clinical features. 

The cross-validation sensitivity and specificity of endometriosis diagnosis first stage 
analyses when using only patient characteristics and symptom with the most 
predictive features was 0.95 and 0.85 respectively, with an AUC of 94% (III, Fig. 
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5). When only using serum biomarkers the sensitivity and specificity was 0.88 and 
0.78 (III, Fig. 5), the nested cross validated accuracy of the model to diagnose 
endometriosis was between 82% and 93%, respectively, with an AUC of between 
87% - 95% depending on biomarker combination (III, Fig. 4). And when symptoms 
and patient characteristics are combined with the most robust serum biomarkers, the 
cross-validation sensitivity and specificity was 0.94 and 0.91, respectively, with an 
AUC of 98% (III, Fig. 5). 

The independent sensitivity and specificity in the validation cohort (cohort II) 
when using both clinical features with serum biomarkers was 1.0 and 0.80, 
respectively, with and AUC of 0.96 (III, Fig. 6).
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6 Discussion 

Our current understanding of the pathogenesis and etiology of endometriosis is still 
quite limited, even though for several decades there has been significant efforts 
dedicated to their study. There remain several important unresolved questions. 
Among them, what is the origin of the different endometriosis phenotypes? Why do 
lesions with normal appearing histology always induce chronic inflammation, while 
their uterine equivalents do not? Why does DIE lesions behave as disseminated 
cancer? 650 What is the origin of pain? How do we reduce diagnostic delay? as well 
as how to choose individual treatment options? Since its characterization, a century 
ago, researchers, clinicians, and patients alike have mulled over these questions. In 
assessing the experience of patients with endometriosis, pain and infertility are 2 of 
the most common symptoms and typically of greatest concern. However, the overall 
toll is much greater as these women experience diminished quality of life, increased 
incidence of depression, adverse effects on intimate relationships, limitations on 
participation in daily activities, reduced social activity, loss of productivity and 
associated income, increased risk of chronic disease, and significant direct and 
indirect healthcare costs 52,651–655. Recommendations were updated recently for future 
research priorities in endometriosis to include the development, validation, and 
implementation of new endometriosis classification systems as well as the discovery 
of accurate non-invasive diagnostic methods combined with clinical characteristics 
to improve diagnosis 218. 

6.1 Challenges and limitations of current 
endometriosis diagnosis 

There are no pathognomonic features in the clinical presentation or biomarkers 
necessary and adequate to define endometriosis. Instead, there are key symptoms 
that prompt surgical evaluation, such as pain and infertility, which can have multiple 
alternative causes 52. Endometriosis is difficult to diagnose for several reasons. One 
of the factors is insufficient understanding of the disease by health-care 
professionals. It is typically defined by its histological evaluation and further 
described based on location and depth of lesions. However, the presence of lesions 
does not in any way exclude other etiologies for the symptom’s patient experience, 



Discussion 

 129 

and the absence of obvious lesions does not eliminate the possibilities of 
endometriosis. Moreover, there are poor correlations between symptoms and disease 
severity or extent, as measured by existing staging systems 9,52. The current 
diagnostic model, necessitates laparoscopy with or without histologic verification as 
the gold standard, despite the fact that many societies endorse the management of 
symptoms prior to obtaining a definitive surgical diagnosis 3,52,83,84,105,221 except in 
cases where fertility is a priority 656. The advantages of laparoscopy and its role in 
management must not be underestimated, however its precision, risk, and cost 
effectiveness merit reassessment. The inadequate relationship between symptoms 
and the extent of disease discovered at laparoscopy demonstrates the shortcomings 
of surgical disease evaluation 52,205. 

Asymptomatic endometriosis 657–659, the fortuitous finding of endometriotic foci 
during other laparoscopy surgeries, e.g. tubal ligation 27,71, confounds and further 
challenges our understanding of the connection between the existence of 
endometriotic foci and the prevalence of pelvic pain in symptomatic women 52. 

The dependence on laparoscopy for endometriosis diagnosis strengthens the 
perspective that the existence of identifiable lesions in the pelvis is the main principle 
of endometriosis, instead of approaching endometriosis as a menstrual cycle 
dependent, chronic, inflammatory, systematic disease that frequently presents as 
pelvic pain 52. By changing the focus to the patients instead of the lesion, the clinical 
diagnosis has the possibility to be more comprehensive with reduced diagnostic 
delay. Diagnosing endometriosis using nonsurgical methods has been reported to 
reduce the mean time from the appearance of symptoms to when a definite diagnosis 
is obtained compared to insisting on surgical diagnosis or verification 660. This 
change, nevertheless, requires reliable clinical diagnostic methods to accurately 
detect endometriosis. 

Even with increasing awareness and apparent interest in endometriosis, the 
diagnostic delay has not been shown to be shortened. 661,662 Primarily the delays 
could stem from reluctance to seek medical help, especially in adolescent. Early age 
considerably increases the delays and often the first indications of endometriosis 
have their debut in teenage years shortly after the menarche 663. Additionally, 
symptoms occurring throughout the adolescent period might be overlooked by 
healthcare professionals. The stigma associated with menstrual issues and the social 
normalization of women’s pains often considered to be a normal pattern or 
misinterpreted is another cause for delays. One study discovered that women wait 
on average of 2.3 years from the beginning of symptoms before seeking assistance 
661. The implications may include social isolation, poor self-esteem in a vulnerable 
period in their young life with long-lasting consequences.  

Although prevalent amongst women with endometriosis, pelvic pain alone is 
inadequate as an indicator of endometriosis, as it may be linked with multiple 
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gynecologic and non-gynecologic conditions which may have pelvic pain in their 
symptomology 78,241. Additionally, pelvic pain is not present in all endometriosis 
patients and when present women may not understand their pain as a treatable 
condition, particularly if this pain started already at menarche 664. Nevertheless, 
pelvic pain characterized as cyclic, chronic, and progressive or persistent increases 
the probability of an association with endometriosis 73–75. Pain is characteristically 
menstrual (dysmenorrhea), although may progress to include non-menstrual pelvic 
pain, common amongst patients diagnosed with endometriosis 665. In a quantitative 
study, participant characterized their pain symptoms as severe and progressive 
throughout both menstrual and non-menstrual phases in response to questions about 
their experiences living with endometriosis 653. Along with pain endometriosis 
patients were much more likely to report dyschezia,  dysuria, and dyspareunia,  than 
unaffected women 41,73,74,242,251,254. While the sensitivity of dyspareunia is usually 
low, 244,247,666 its presence is not particular to endometriosis, deep dyspareunia on the 
other hand is associated with deep endometriosis 254. 

6.2 Databases in scientific and medical research 
Precise and accurate data are equally valuable resource for as well as essential 
outputs from scientific research. It is through the creation of ideas, communication, 
and the use of facts that scientists conduct their research. Throughout the history of 
science, new findings and ideas have been documented and used as the foundation 
to further scientific advancements and for educating others. Because of the near 
complete digitalization of data collection, dissemination, and manipulation over the 
past decades, almost every aspect of the natural environment, human activities, and 
in fact every single life form can be observed as well as captured in digital form in a 
database 667. There is hardly any sector of our lives that is not involved in the 
establishment and development of digital databases. Undoubtedly science is not an 
exception in its ever-increasing dependence on the exploitation and creation of 
databases. 

The collection of vast quantities of clinical data has become more and more 
prevalent, and so are the scientific studies that utilize such data 668–670. This is a fast-
growing area, and these rich data sources provide a lot of potential benefits. The 
rapid evolution of information technology infrastructure, and the ability to store, 
manipulate, share, and process copious quantities of data, associated with the greater 
acknowledgement of the value of clinical data and the increase in the associated 
science, have driven this growth. Using ‘big data’, a wide range of research 
questions with corresponding research studies and design can be conducted. There 
are advantages to utilizing such data sources such as their relatively substantial 
number of patients and comprehensive nature, allowing subgroups and rare events 
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to be investigated. Although expensive to setup and maintain once the infrastructure 
is in place the database provides a platform that allows for numerous resource and 
cost-efficient research studies compared to studies using bespoke data collection.  

In study I we developed the Endomet database to allow for further characterization 
of specific pathways involved in endometriosis using gene expression profiles. There 
is still a great need for a more systemic and thorough analysis of the expression patterns 
of genes across different types of lesions because the different forms of endometriosis 
may express different markers/genes differently 261. 

 Analyzing the different lesion types could aid in the identification of potential 
diversity within the etiology of the different lesions. As an illustration of what is 
achievable with this data source, utilizing the data that contained in the EndometDB 
we identified Secreted frizzled-related protein 2 (SFRP2) in study II to be a gene 
with relative high expression in endometriosis in comparison with the endometrium. 
The protein was shown to be a novel lesion border marker in histological sections, 
and as a secretory protein it has a potential to serve also as a serum biomarker 634. 

The EndometDB in study I integrates clinical data (I, Fig. 1a) and tissue types 
(endometrium, peritoneum, and the different endometriosis lesion types) with 
transcriptomic data (>48000 measured). This enables the exploration of the data 
through various patient factors, such as age, cycle phase, disease stage and hormonal 
medication status. The EndometDB is a handy tool that can be used to identify 
potential biomarkers and treatment targets, and to gain new information on the gene 
expression networks linked with the lesion growth. The resource established is 
expected to contribute to the development of novel diagnostic and prognostic 
markers predictive of endometriosis and to understanding the pathogenesis of 
endometriosis better. 

6.3 AI- big data – algorithms for research (etiology) 
in general and then endometriosis 

The growth and intricacy of big data in healthcare implies that artificial intelligence 
(AI) will be used increasingly within the field of medicine. Multiple AI applications 
are currently being utilized by patients and healthcare providers, as well as life 
sciences companies. Many AI applications in healthcare   consist of diagnosis and 
treatment recommendations, administrative activities, patient engagement, as well 
as adherence. Although there are numerous examples wherein AI can successfully 
conduct healthcare tasks as good or better than humans, ethical issues in the 
application of AI and implantation will prevent large-scale automation of healthcare. 

Since at least the 1970s  AI  in healthcare has focused solely on diagnosis and 
treatment of disease when MYCIN was developed at Stanford for detecting 
bloodborne bacterial infections 671. MYCIN and other early rule-based systems even 



Michael Gabriel 

 132 

though demonstrated promise in correctly identifying and treating disease they were 
not adopted for clinical practice because they were not substantially better than 
specialists and were poorly integrated with existing workflows for clinician and 
medical record systems 672. Even Though rule-based systems are widely integrated 
within electronic health record (EHR) systems, 673 they do not have the accuracy of 
more computational systems based on machine learning and autonomous decision-
making. These rule-based decision support systems are hard to maintain as medical 
knowledge grows and changes, the systems are frequently not able to cope with the 
explosion of data and knowledge based on genomic, metabolic, proteomic, and other 
‘omics-based’ methods used in healthcare 672. 

The value of using AI tools is based apparently on the compromise between the 
potential benefit and associated risk as the benefits outweigh the risk, there is higher 
value placed on the use of technology. Studies have highlighted the significance of 
AI in healthcare, particularly in medical informatics 674 since it is able to offer 
enhanced patient care, improved  diagnosis, and better interpretation of medical data 
675. In 2017 machine learning was utilized successfully to diagnose skin cancer as 
efficiently as dermatologists 544 with some claiming AI able to accomplish this task  
better than dermatologists 676. In April of 2018, the Food and Drug Administration 
(FDA) authorized the very first AI device to diagnose diabetic retinopathy without 
help from a physician in the USA 677. There is increasing investments in the 
development of AI embedded in health devices or applications to enhance patient 
safety, improve the quality of practice, and patient care management, as well as 
decrease healthcare costs. 

6.3.1 AI and precision medicine 
We have taken giant strides in our quest for answers, and in spite of all our scientific 
knowledge, much of medicine is still based on alleviation of symptoms and 
performing learned trials based on treatments, which works for most patients to 
reduce the risk of complications 678, bring symptom relief, as well as improve 
chances of survival, but not for everyone. To get new knowledge about etiology, 
pathogenesis, and disease categorization, it is essential to comprehend how diseases 
are linked to one another 678. Intelligent big data platforms are critical to furthering 
our understanding of diseases with AI accelerating the investigation of hidden 
elements in clinical data and obtaining effective gap-based information about 
patients for the early identification and prevention of constitutional disorders 678. 
During recent years, the concept of precision medicine using AI has developed into 
a fundamental creativity pillar for prominent research in the development of health 
care processes, and has great potential in patient care 679,680. Precision medicine holds 
the potential to improve the symptom driven practice of medicine by intelligently 
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integrating multiple omics profiles with imaging, epidemiological, demographic and 
clinical details to allow for better and economical personalized treatment and a wide 
range of earlier interventions for advanced diagnostics and tailoring 678. While 
complications associated with diseases on an individual level have made it 
challenging to make use of healthcare information alone in the clinical decision-
making process, some of these existing limitations have been curtailed by 
innovations in technology 681. As biotechnology has progressed enormously and 
computers have become faster in speed, heterogeneity and the growing volume of 
datasets have fueled the AI engine in discovering technological improvements to 
resolve complicated problems in science and medicine. Sufficient, diagnostic, and 
intelligent access to healthcare data has the potential to transform the field of 
medicine by improving outcomes and reducing cost, enhancing the quality and 
transition of care, detecting diseases in early stages and developing a better 
understanding of biological mechanism by modeling multifaceted biological 
interactions through an all-inclusive integration and analysis of knowledge 682–684. 

6.4 AI and ML based algorithms in healthcare 

6.4.1 Symptom and biomarker based predictive models in 
endometriosis 

AI has contributed vastly to building an ecosystem in the healthcare sector, and there 
have been numerous attempts to use AI in the development of predictive models to 
assess the risk or predict endometriosis in women before surgical intervention 236–

242,252–255,593–595,685. Nonetheless, these attempts have not produced any simple viable 
solution that can aid decision making in clinical setting or reduce diagnostic delays, 
associated high healthcare costs, and the personal suffering in women with 
endometriosis related symptoms. In these studies, various statistical and modeling 
techniques such as logistic regression analysis, were used to analyze data obtained 
from relatively small sample numbers, although internal cross validation within the 
dataset was attempted in some of these studies 236,237,242,253,254. In one such study, a 
classification tree correctly classified only 38% of non-ovarian endometriosis cases 
594. In others, the likelihood of finding deep infiltrating  lesions was evaluated with 
varying results of success 593,595. In another study, predictive models were generated 
to predict pregnancy rates following surgical diagnosis of endometriosis 242. 

There have been no attempts so far to predict the presence of endometriosis using 
ensemble ML models that combine multiple predictors. In study III using data 
described in study I we used random forest (RF) based ensemble models in 
predicting endometriosis by combining both clinical and biomarker data. We 
developed a symptom and serum biomarker based predictive model for the risk 
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assessment and early prediction of endometriosis. The model was developed using 
both clinical features that includes symptoms and serum biomarker data obtained 
from women who were about to undergo laparoscopy or laparotomy for 
endometriosis associated pain symptoms, such as dysmenorrhea, dyspareunia, or 
pelvic pain. With the model validated in a separate cohort of women, we were able 
to achieve specificity and sensitivity, with a relatively high degree of confidence (III, 
Fig. 5). The predictive power of the models was also evaluated using the area under 
receiver operating characteristic (AUC) curve in a cross-validated setting (see 
results). The predictive model equates and ranks endometriosis associated symptoms 
such as dysmenorrhea, dyspareunia, and dyschezia as symptoms with the strongest 
predictive performance in the model, in line with the fact that these symptoms are 
often associated with endometriosis related pain 686,687. However, symptoms, such as 
abdominal pain, dysuria, chronic pelvic pain, infertility, and chronic fatigue did not 
fall into any significant category of predictors. 

Among serum biomarkers used, CA-125 provided the strongest predictive value 
when predicting endometriosis. CA-125 measurement is considered an essential 
component in the diagnostic examination of women with adnexal mass 688. Despite 
its shortcomings, It has been used extensively to detect and monitor the progression 
of endometriosis 685,689–693. In  epithelial ovarian cancer detection CA-125 has a set 
cutoff value of 35 U/mL 694, but in endometriosis screening a decisive cutoff value 
cannot be set as serum level may not necessarily correlate with the severity of 
endometriosis 695. Other serum proteins that were shown to be of importance in the 
model when predicting endometriosis include EMILIN-1, MDK, IL-1Ra, EGF, and 
HE4. HE4 is a marker currently used to rule out ovarian epithelial cancer in patients 
with endometriosis related symptoms 696–698.  All these prognostic factors, except for 
HE4, showed significant difference in serum concentration levels between the 
patients and controls also when tested separately (III, Supplementary Table 4). One 
notable serum biomarker that showed significant difference between the patient and 
control groups but was not considered an essential predictor in the ML model, was 
granulocyte colony-stimulating factor (G-CSF), this might be likely due to other 
features compensating for its predictive contribution in the model. 

In clinical practice CA-125 remains widely used and is the only biomarker that 
has been reported recurrently to be elevated in endometriosis 699–703, and when 
included, in serum marker panels studied and in predictive models, CA-125 has 
constantly been among the best performing markers similar to our finding in study 
III. However, due to inadequate sensitivity in minimal-mild endometriosis, it is not 
considered reliable as a single marker in clinical practice 288,693,704–706 although widely 
used. Thus, a combination of multiple serum biomarkers and other features, such as 
the clinical features shown in the present study, are expected to offer more reliable 
prediction power. 
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6.5 The role of SFRP2 and WNT signaling in 
endometriosis 

In study II we identified differentially marked activation of WNT signaling pathway 
components in endometriosis when compared with the endometrium, presenting 
evidence of a significant role for WNT pathway action in endometriosis growth. The 
highest expression change was detected for SFRP2 which is highly expressed in 
extraovarian endometriosis, but its expression less evident in ovarian endometriosis. 
The WNT signaling pathway is active throughout uterine growth and implantation, 
as well as during cyclic remodeling of the endometrium demonstrated by the fact 
that several WNT pathway elements are expressed in a cell-specific and cycle-
dependent manner in the endometrium. In the proliferative phase of the menstrual 
cycle, WNT signaling is enhanced by estradiol, while in the secretory phase, 
inhibitory effect on WNT signaling by progesterone 707. For individual WNT 
pathway genes, significant cycle-dependent differences have been previously 
detected 313,636,707–710, and sex steroids regulation has been shown for some of them 
644,645,708,711–713. Also, the expression of SFRP2 in the endometrium varied during the 
cycle so that the epithelial expression was downregulated in the secretory phase, and 
in study II we observed a significant negative correlation of SFRP2 expression with 
intratissue progesterone concentration in extraovarian endometriosis lesions. 

Expression analysis of WNT pathway components and β-catenin target genes in 
study II showed clear clusters of endometrial samples separate from endometriosis 
with further analysis of the endometrium samples showing separate clusters for the 
proliferative and secretory phase. In the endometriosis samples there were no 
clusters observed according to the menstrual cycle phase, but there were further 
subclusters separating the ovarian and extraovarian endometriosis. In previous 
studies we have shown the cycle-dependent changes in estradiol and progesterone 
concentrations in the endometrium to be missing in endometriosis tissue and the loss 
of cycle phase -specific expression pattern of the WNT genes is likely to reflect the 
disturbed hormonal environment of endometriosis tissue 648,649. Recent studies have 
shown that by binding to the estrogen-response element of β-catenin promoter in 
ovarian endometriosis estradiol directly upregulates β-catenin expression 644,645, 
which further supports our hypothesis that steroid hormone action is a central 
upstream regulatory mechanism of WNT signaling in the endometrium and 
endometriosis tissue.  

Microarray data in study II from both ovarian and extraovarian endometriosis 
specimens showed high activation of WNT signaling in extraovarian endometriosis, 
but less in ovarian endometriosis. In extraovarian endometriosis specimens, we 
detected significantly more nuclear and membranous β-catenin staining, 
accompanied with increased alteration in target gene expression as compared with 
endometrium and ovarian endometriosis. Signifying increased canonical WNT 
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signaling activity especially in extraovarian endometriosis. Membranous β-catenin 
staining has been shown to be reduced along the transformation from normal 
endometrium to hyperplasia and cancer 714, and the degradation of membranous β-
catenin has been associated with cancer cell metastasis and invasion with various 
cancer types 715–717, suggesting that β-catenin might have a dual role in endometriosis 
promoting proliferation, but on the hand controlling the invasion and metastasis 
processes in endometriosis. Numerous studies have shown the role of SFRP2 either 
as a WNT signaling agonist or antagonist depending on the tissue and the 
physiological context 718–726. Using primary cultured extraovarian endometriosis, in 
study II we showed that SFRP2 knockdown resulted in severely reduced cell 
proliferation and lower β-catenin protein expression, indicating that SFRP2 
expression stimulates the canonical WNT signaling pathway and lesion growth 
upstream of β-catenin in extraovarian endometriosis. Interestingly, we could not 
detect gene expression changes in the WNT pathway components between the 
endometrium of control women and endometriosis patients. Thus, our data suggests 
non-endometrial origin of the changes in WNT pathway components in 
endometriosis. Most likely, these changes are gained only after the endometrial 
tissue has escaped to ectopic location, or they reflect the differential origin of the 
tissues, as suggested by the metaplasia- or stem cell differentiation -based 
endometriosis pathogenesis model 727,728. 

Surgical management of endometriosis frequently leads to symptomatic 
improvement 148,729 but about 40 to 50% of women who undertake treatment 
experience inadequate relief or a swift recurrence of their symptoms 730–732. Several 
studies have suggested the partial elimination of endometriosis lesions during 
surgery as a major cause of endometriosis recurrence 142,733–736 with reports of unseen 
/ undetectable endometriosis or some subclinical forms of the disease 737–740, single 
cell layer or extremely subtle, or endometriosis may not be easily identified. The use 
of methylene blue staining of the peritoneum in identifying subtle forms or otherwise 
undetectable endometriosis (Lewis and Lessey Abstract AAGL (American 
Association of Gynecologic Laparoscopists) /AGES (Australasian Gynaecological 
Endoscopy & Surgery) Brisbane, Australia 2008) 741 during surgery has increased 
the perception that endometriotic cells extend far beyond the visible lesions and that 
improved visualization of the lesions may be helpful in detecting minimal 
endometriosis 742,743. Indigo carmine staining was also recently introduced for this 
purpose 741. In extraovarian endometriosis, the SFRP2 protein is expressed in both 
the epithelium and stroma in both the proliferative and secretory phases of the 
menstrual cycle and specifically in the stromal area surrounding the endometriotic 
epithelium. Interestingly in study II, we also discovered that SFRP2, marked both 
the active epithelium and stroma, and consequently, the lesion border of 
endometriosis, while there was less expression in the adjacent areas of rectovaginal 
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septum, peritoneum, uterosacral ligaments, or ovarian tissue. In addition, a crucial 
WNT signaling mediator β-catenin demonstrated similar high expression pattern 
with SFRP2, suggesting that the expressions of these proteins are interconnected. 
Notably, SFRP2 and β-catenin displayed a secondary, and more distant lesion border 
not shown with CD10, indicating that WNT signaling is upregulated further outside 
the tissue surrounding the primary endometriotic epithelium as compared with 
CD10, currently used as a reference marker 647,744,745. 

6.6 Options for future diagnostics 

6.6.1 Diagnostic modalities 
The most suitable and up to date approach to diagnosing symptomatic endometriosis 
non-surgically is enhanced based on a combination of factors such as clinical 
examination and patient consultations to allow for the identification and selection of 
women suspected with having endometriosis 211. Although effortlessly implemented, 
it is regarded commonly as less accurate than surgical diagnosis. Ballard et al. 
reported increase in the probability of endometriosis the more the number of 
symptoms present, from an odds ratio of 5.0 with 1 symptom to 84.7 with 7 or more 
41. Due to the invasiveness and the prohibitive cost of laparoscopic surgery, 
noninvasive diagnostics methods in both clinical practice and scientific studies for 
endometriosis is of great need. There are currently some noninvasive and less 
invasive tools which can aid the identification of certain types of endometrial lesions 
in use 746. For instance, magnetic resonance imaging or transvaginal ultrasounds can 
be used to identify ovarian endometriomas and deeply infiltrative endometriosis 
lesions, such as on the rectovaginal septum, bladder, and sigmoid colon 
746,747. Sensitivity and specificity rates for nonovarian endometriosis using 
transvaginal ultrasound are 78–98% and 90–100%, respectively 746,748. 

6.6.2 Imaging 
While diagnostic imaging can be helpful in the diagnosis of endometriosis, it is not 
without disadvantages and shortcomings. Regarding the best imaging modality, the 
MRI enables the detection of extremely small lesions and can recognize the 
hemorrhagic signal of endometriotic lesions due to its extremely high spatial 
resolution. It is no longer adequate to operate on severe endometriosis without 
exploring the uterus to exclude the existence of uterine adenomyosis with MRI 749. 
Furthermore, it performs better in detecting the limits between muscles and 
abdominal subcutaneous tissues than the CT scan 750. MRI has also been 
demonstrated to precisely detect in more than 90% of cases rectovaginal disease and 
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obliteration when ultrasonographic gel was inserted in the vagina and rectum 751. The 
MRI has a high specificity for identifying endometriomas, categorized by high signal 
intensity on T1-WI and low signal intensity on T2-WI. Correlation of the imaging 
features of endometriotic lesion with laparoscopic appearance may help improve 
individual proficiency in the radiologic diagnosis of endometriosis 752. 

MRI diagnostics still requires a dedicated radiologist for high quality diagnosis. 
And as there are advancements in technologies, clinical symptoms combined with 
distinctive imaging features and AI in suitable patient groups may facilitate the use 
of minimally invasive and or noninvasive diagnoses. With AI becoming more 
pertinent in radiological diagnostics. 

6.6.3 Biomarkers 
There have been a plethora of evaluations evaluating the specificity and sensitivity 
of every conceivable invasive and noninvasive diagnostic biochemical marker for 
diagnosis and or screening for endometriosis. More investment is required in this 
area to be productive, and it is considered necessary for biomarkers the testing be 
conducted on populations that mirror the diversity of individuals with the disease. 
Endometrial and menstrual effluent biomarkers as well as blood based biomarkers 
under investigation consist of inflammatory markers, growth factors, hormonal 
markers, tumor markers, and regulators of gene expression (microRNAs) 269,746,753. 
However, none have been confirmed in significantly large heterogeneous samples 
nor have been proven to have sufficient sensitivity and specificity to be used in 
clinical settings outside of research 746. Given the heterogeneous nature of 
endometriosis as well as the various pathways involved in the etiology of the disease, 
there might not necessarily be a one universal biomarker approach to precisely 
diagnose all type of endometriosis. A mixture of several biomarkers may be required 
in conjunction with symptomology to help diagnose the disease or characterize the 
different subtypes of endometriosis, which could potentially open possibilities for 
more individualized treatment options. Nevertheless, a large, diverse, and highly 
phenotypic patient population, with comprehensive prospective data collection on 
the severity and characteristics of pelvic symptoms (e.g., dysmenorrhea, 
dyspareunia, non-menstrual pain, infertility), associated complications (e.g., 
autoimmune disease and other pain conditions), appearance, location, and extent of 
lesions will be required 746. The Endometriosis Phenome and Biobanking 
Harmonization Project established by the World Endometriosis Research 
Foundation (WERF) aim to achieve this by standardizing the reporting of  
pathological processing for endometriosis research, and through facilitation of large-
scale international collaborations to improve the understanding of the disease 
216,217,596–598. Existing areas of research include predictive biomarkers for early 
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diagnosis utilizing a metabolomics approach, 431 specific plasma biomarker obtained 
during menstruation, 754 dynamic contrast-enhanced imaging studies, 755 
identification and validation of novel serum markers for early diagnosis, 405 and 
more. 

6.6.4 Benefits of surgical diagnosis 
Among patients with clinical suspicion of endometriosis, in 78% to 84% surgical 
diagnosis with  laparoscopy has been demonstrated to confirm the diagnosis 
supported by histopathological confirmation of both endometrial glands and stroma 
in biopsies, 756,757 though substantially lower rates have also been reported 
258,260,758. Surgical diagnosis is considered a great tool for the visualization of the 
pelvis and may assist in identifying the etiology of the pain in the patients, 759 and in 
the same process surgical ablation of the disease should occur. However, the 
effectiveness of surgical diagnosis as it pertains to patient outcome is limited, as all 
the available studies are retrospective. Moreover, there is still a lack of data on the  
long term outcomes and very little data on the cost effectiveness and quality of life 
759. 

6.7 Strengths and limitations of studies 
We used advanced open-source object-relational database system in both studies I 
and III, as opposed to other database systems. Relational databases have 
numerous advantages and are in many instances an exceptionally viable choice as 
they are suitable for heavyweight use cases and can easily handle gigabytes of data, 
while simultaneously serving as a centralized database that multiple applications or 
user can interface with directly. Open-source software’s were also used in the 
development of the graphical user interface in both studies I and III. There are 
numerous advantages to using open-source software from the flexibility and 
scalability it provides to strong security and lower costs. Using open-source software 
allows for easy customization and integration, meaning you can start with an open-
source baseline and tweak it to your need. Open-source software offer possibilities 
for a more adaptable technology and for quicker innovation as well as are more 
dependable since it typically has thousands of independent programmers testing and 
fixing bugs of the software. Some limitations to using open-source software include 
issues with compatibility which means the application is developed in a specific 
environment using specific programming languages, but it can be deployed for use 
on various systems. Other limitations with using open-source software in developing 
applications are in support services as well as liabilities and warranties issues as 
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open-source licenses usually contain only limited warranty and no liability or 
infringement indemnity protection. 

The Endomet database in study I, provides a valuable resource for endometriosis 
functional genomics research and can be used to address additional questions on 
mRNA expression profiles in endometriosis. One of its core strengths is that it 
includes the most extensive collection of endometriosis lesions so far analyzed for 
genome-wide mRNA expression embedded with an interactive web-based user 
interface that allows researchers investigate mRNA expression related biological 
questions without the need for advanced computational skills. However, in its current 
format it only allows for statistical analysis of mRNA data with a few statistical 
analysis techniques, which is also one of its drawbacks. Another limitation in 
database study, is that many of the control women recruited in the study, did not 
present with any typical endometriosis related symptoms. One strength of the 
Endomet database is that it allows for expansion for future use. Based on its 
structure, you can add other dataset to the Endomet database and use the analytics 
tools available to analyze these data. The system is also designed to allow 
connections from external systems using API. Furthermore, the analytic engine for 
data analytics in study I, uses R as computational engine and easy plug-in of new 
analytics functions written in R can be easily integrated. 

One limitation in study II, is that improved extraovarian endometriosis lesion 
border detection with SFRP2 and β-catenin staining was performed in a relatively 
small cohort, while larger studies with different endometriosis subtypes in variable 
cycle phases and under hormonal medication are required to fully evaluate the 
validity of the method. 

In study III, the Random Forest (RF) algorithms used are a class of supervised 
ensemble algorithms that are typically robust to data limitations, such as small 
sample size. Comparatively, most other supervised algorithms are more susceptible 
to overfitting because of the relatively small sample sizes. Furthermore, fitting 
parameters is considerably easier with RF models because one needs to essentially 
fit only one parameter, and even the default values for the algorithm produces 
plausible results. Additionally, different randomization runs of the RF optimization 
procedure reveal the importance of features, in terms of their selection frequency, 
giving an additional insight on the robustness of the features. Random forest requires 
little preprocessing, as input features do not need to be scaled. RF can handle 
categorical and numerical features, which was an advantage in the present study 
including categorical questionnaire data. 

The limitation with using RF is that it lacks interpretability, although it consists 
of decision trees, the final ensemble model can be hard to interpret. Moreover, when 
compared to neural networks, RF cannot learn intrinsic low-level, non-linear 
interactions. Usually, the computational complexity of training RF models is low, 
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compared to neural networks, but higher than for other standard methods such as 
naive Bayes or decision trees. Furthermore, RF algorithm may not be robust enough 
to handle class imbalance in the training datasets and smaller sample size. As with 
any supervised ML model, the eventual accuracy and applicability of the RF is 
highly dependent on the training data used. We validated the high accuracy of the 
model in an independent cohort. However, one potential limitation of the model 
development are the heathy controls used. Thus, more data is needed to increase the 
robustness of the algorithm further. 

The predictive model in study III warrants further testing in a larger cohort and 
in a more diverse population. Especially, as many of the control women recruited in 
study III, did not present with any typical endometriosis related symptoms. 
Therefore, having a more diverse study population would likely improve the 
assessment of a wider applicability of the model in more heterogeneous populations. 

6.8 Practical and clinical implications 
The results presented in this study adds value to the already existing research data 
on endometriosis for both women with endometriosis like symptoms and healthcare 
professionals. With emphasis on translational research, database systems that can 
bridge basic and clinical sciences are essential. We developed the Endomet database 
in study I for collecting, and processing, basic and clinical science data on 
endometriosis. The Endomet database is accessed via a user-friendly web-based 
application, thus increasing data accessibility. Study I provide a platform for 
researchers to investigate mRNA gene expression profile related questions in 
endometriosis by characterizing and understanding pathways involved in the 
development of endometriosis. 

In study II, the high expression of SFRP2 and β-catenin improved endometriosis 
lesion border detection, which can have implications for better visualization of 
endometriosis lesions over CD10 in clinical practice. Moreover, SFRP2 acts as a 
canonical WNT/β-catenin signaling agonist in endometriosis and positively 
regulates endometriosis lesion growth, suggesting that the WNT pathway may be an 
important therapeutic target for endometriosis. 

There are no quick and easy solutions to reaching a timely diagnosis for 
endometriosis which may cause diagnostic delays resulting in endometriosis 
progressing to a more advanced stage and compromising fertility. Symptoms are 
typically underrecognized among healthcare providers and women with 
endometriosis like symptoms. Increasing awareness of the disease is one way to 
facilitate early diagnosis and appropriate intervention 760–763. As endometriosis 
symptoms can already start as early as from adolescence, having a screening tool 
would be beneficial for early intervention. The predictive model in study III was 
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generated to address the issue of diagnostic delays by identifying women at risk of 
endometriosis early. We expect this predictive tool will help to prioritize women for 
surgical intervention in clinical practice, hence, speeding up the diagnosis of 
endometriosis and improving its early management. 
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7 Conclusions 

This interdisciplinary research work encompasses the fields of clinical medicine, 
information technology, machine learning, and endometriosis research. It addresses 
challenges in the diagnosis of endometriosis, with the profound impact it exacts on 
the lives of women suffering from the disease, including associated pain, infertility, 
decreased QoL, interference with daily life, relationships, and livelihood. The most 
crucial step in mitigating these negative complications is early diagnosis of the 
underlying condition. For many, the journey to a concrete diagnosis is long and 
fraught with obstacles and misdiagnosis. Some of the fundamental challenges 
include a gold standard of diagnosis based on an invasive surgical procedure and 
various symptomatology, contributing to the well-established diagnostic delay from 
first onset of symptoms to surgical diagnosis and management. 

To remedy the associated diagnostic delays requires increased patient education, 
timely referral to healthcare providers, and developing non-invasive diagnostic 
methods as well as a shift in how endometriosis is approached as a disease by 
healthcare providers. By approaching endometriosis as a chronic, inflammatory, and 
heterogenous diseases and focusing on the symptoms, signs, and clinical findings 
rather than mainly on the surgical findings and pelvic lesions could lead to quick 
clinical diagnosis and early intervention. In study III using this approach with AI 
and combining these factors into an algorithm we expect to simplify the diagnosis of 
endometriosis as well as making the process accessible to more clinicians and 
patients, culminating in early effective management. Therefore, bridging the 
disparities and minimizing delays in diagnosis and treatment. 

In addition, it is of immense importance to discover new medical treatment 
options, and actively at an earlier age treat women with medications to avoid 
repeated surgical procedures and to preserve fertility. To achieve this, novel tools for 
diagnosis and treatment of endometriosis needs to be discovered. We approached 
this in study I by creating an interactive web-based platform the EndometDB, with 
the analytics tools needed for exploiting genome-wide expression analysis to 
determine transcriptomics-based classification of endometriosis, and to evaluate 
novel insights on hormone actions on endometriosis, as well as to assess biomarkers 
for differentiation of ovarian endometriosis from ovarian cancer without the need for 
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advanced computational skills. Comparing the gene expression changes of the 
disease tissue to that of normal healthy tissue is a strong approach to understanding 
the fundamental cellular events in the etiology of endometriosis. The EndometDB 
allows for further characterization and description of pathways involved in 
endometriosis as there is still a need for a more methodical, and complete analysis 
of the gene expression patterns across the different types of lesions. As the different 
forms of the lesion may express different markers/genes differently 261. Evaluating 
the different lesion types could help to identify potential variety in the etiology of 
the different endometriosis lesion types. As one example, using the EndometDB we 
identified Secreted frizzled-related protein 2 (SFRP2) in study II to be highly 
expressed in endometriosis when compared to the endometrium. The protein was 
shown to be a novel lesion border marker in histological sections, and as a secretory 
protein it has a potential to serve also as a serum biomarker. There are various 
therapeutic strategies currently being developed for diseases associated with 
abnormal WNT signaling 764,765, which includes SFRP2 as a target 719, these strategies 
could provide new and effective treatment options for endometriosis. 
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