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1 Introduction  

1.1 The Human Uterus  

1.1.1 Macroscopic Anatomy  of the Uterus  

The uterus is a primary female reproductive organ located in the lesser pelvis, 

between the urinary bladder and the rectum. It can be divided into two parts, the 

corpus, and the cervix. The rearmost part of the corpus is the fundus. The 

fallopian tubes emerge from the dorsolateral wall and branch out to the right and 

left. Their broadest segment, the ampulla, reaches the ovary [1]. The isthmus 

marks the transition zone from the corpus to the narrower cervix [1]. 

1.1.2 Micros copic Anatomy  of the Uterus  

The wall of the uterus is about 1.5-2 cm thick and consists of three layers. From 

the outside to the inside, the following layers can be distinguished: perimetrium, 

myometrium and endometrium [1]. 

 

Figure 1 Macroscopic and microscopic visualization of the uterus  

Anterior view of the uterus. (A), magnified part of the uterine wall (B), histologic hematoxylin-eosin 

(HE) stain of the endometrium and myometrium of the uterine wall (C). Created with 

BioRender.com 

The perimetrium is the outermost layer of the uterus, consisting of a serosa with 

peritoneal epithelium and a thin layer of connective tissue. The serosa extends 

laterally to the ligamentum latum, which contains a network of smooth muscles, 

collagen fibers, elastic fibers, nerves and numerous blood and lymphatic vessels 

[1].  
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The myometrium (Fig. 1, Panel B, C) is the thickest layer of the uterus and 

comprises interwoven smooth muscle bundles. It plays a crucial role in the 

expulsive phase of childbirth [1]. It has four sublayers: stratum subserosum, 

stratum supravasculosum, stratum vasculosum, and stratum submucosum sive 

subvasculare, which is adjacent to the endometrium.  

The endometrium, the innermost layer, is composed of surface epithelium, 

tubular glands, and a special connective tissue rich in cells and poor in fibers (Fig. 

1, Panel B, C). It has two zones: the hormone-sensitive stratum functionale, which 

undergoes cyclical changes and is shed during menstruation, and the stratum 

basale, which remains unchanged during the menstrual cycle and serves to 

regenerate the stratum functionale. The endometrial glands experience 

pronounced changes during the menstrual cycle. The surface epithelium is 

composed of large epithelial cells (ECs) that produce protein-rich secretions, 

forming a protective coating and facilitating ion and fluid transport, supporting 

sperm survival and implantation of a fertilized egg [1]. 

1.1.3 Menstrual Cycle  

In women of reproductive age, the endometrium undergoes monthly cyclic 

changes that coincide with ovarian changes. The initiation of menstruation marks 

the beginning of the menstrual cycle, which takes about 4 weeks [2]. The cycle is 

divided into a follicular phase (proliferative phase) and a subsequent luteal phase 

(secretory phase) of nearly equal length [2, 3]. Ovulation occurs between these 

two phases. The menstruation period is referred to as the luteal-follicular 

transition phase (desquamation phase) [3]. 

Hormonal fluctuations regulate these changes and prepare the uterus for 

potential pregnancy. 
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1.1.3.1 Physiological Role of Hormones  

 

Figure 2 Overview of physiological changes during the menstrual cycle . 

The ovarian cycle with follicle maturation and atrophy (1), the rise and fall of the pituitary peptide 

hormones (2) and the ovarian steroid hormones (3), the incline of the basal body temperature in 

(4) and the endometrial formation and its shedding (5). Adapted from Reed et al. [2]. Created with 

BioRender.com 

1.1.3.2 Desquamation Phase (1stï4th Day of the Cycle)  

During this phase, estrogen and progesterone levels drop, causing detachment 

of the superficial endometrial layer and visible menstrual bleeding [3]. Prior to 

bleeding, intermittent contractions of the spiral arterioles occur, causing ischemia 

in the stratum functionale, resulting in tissue damage and the migration of 

immune cells into the stroma [3]. 
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1.1.3.3 Proliferation Phase (5th ï14th Day of the Cycle)  

Elevated levels of FSH (Follicle-stimulating hormone) and LH (Luteinizing 

hormone) trigger the growth of ovarian follicles, with one becoming dominant. The 

dominant follicle produces estrogen, stimulating endometrial regeneration. 

Glandular proliferation begins and the cervical mucus becomes more receptive 

to sperm. Towards the end of the proliferative phase, a surge in LH triggers 

ovulation [3]. 

1.1.3.4 Ovulation ( 14th Day of the Cycle ) 

The LH peak triggers ovulation and basal temperature rise. Collagenases cause 

the follicle to burst, releasing the ovum; if fertilization does not occur within the 

next 24 hours, the egg degenerates. As the LH receptors increase on granulosa 

cells and FSH receptors decrease, luteinization (corpus luteum formation) begins 

[3]. Due to the increased production of progesterone and estrogen by the corpus 

luteum, the endometrium becomes thicker, more vascular, and gland-rich [3]. 

1.1.3.5 Secretory Phase (15th ï28th Day of the Cycle):  

Blood vessels develop between granulosa and theca cells (corpus rubrum). 

Luteal cells produce progesterone and estrogen. Endometrial glands become 

more secretory, preparing for potential implantation. Cervical mucus thickens to 

block further sperm entry [3].  

1.2 Endometriosis  

1.2.1 Definition , Epidemiology  and Prevalence  

Endometriosis is a chronic, benign, estrogen-dependent gynecological condition 

affecting mostly women of childbearing age, from the onset of menstruation to 

menopause [4]. The peak incidence is between the age of 25 and 35 [4]. While 

the exact prevalence is unknown, estimates suggest it affects approximately 6-

10% of women worldwide [5, 6], with a high number of unreported cases [7]. 

Prevalence varies depending on the studied population and ranges from 2% to 

over 80% [8-10]. For example, endometriosis is diagnosed in 40ï60% of women 

with dysmenorrhea, in 71ï87% of those with chronic pelvic pain [9] and in about 

20ï30% of infertile women [9, 11].  
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1.2.2 Pathogenesis  

Although endometriosis has been known for a long time, its pathogenesis has 

remained insufficiently understood [12-14]. The majority align with Sampson's 

theory of retrograde menstruation. According to this theory, during menstruation 

parts of the endometrial tissue are flushed backward through the fallopian tubes 

into the peritoneal cavity, where they implant on pelvis organs and develop into 

lesions [15]. 

Over time, many different theories have been proposed, rejected, and combined 

[14]. Underscoring that endometriosis is likely a multifactorial condition [7]. 

Recent research has also focused on identifying specific biomarkers in blood and 

urine, genetic testing, microRNAs (miRNAs), and "omics" approach in 

combination with medical artificial intelligence [16]. Dysbiosis of the gut 

microbiota may also contribute to the development and progression of 

endometriosis. This opens new avenues for both diagnostic and therapeutic 

strategies [16]. 

1.2.3 Symptoms and Clinical Presentation  

The principal symptoms of endometriosis include lower abdominal pain, 

secondary dysmenorrhea, dyspareunia, dysuria, dyschezia [17], abnormal 

menstrual patterns, and impaired fertility [7, 13]. However, endometriosis can 

also be asymptomatic and may be discovered incidentally during infertility 

investigations [17]. The clinical presentation primarily depends on the location 

and extent of the disease [18]. 

1.2.4 Distribution of Endometriosis Locations  

Endometriosis can manifest in various locations in the body, which has led to the 

development of classification systems. In clinical routine, endometriosis is 

classified by location into: endometriosis genitalis interna (Fig. 3, 1), 

endometriosis genitalis externa (Fig. 3, 2) and endometriosis extragenitalis (Fig. 

3, 3) [19]. For precise classification, the use of scoring systems such as the 

revised American Society for Reproductive Medicine (r-ASRM) classification 

and/or the revised ENZIAN classification (#ENZIAN) (Chapter 3.2.5) is 

recommended [19].  
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Figure 3 Visual Overview of Endometriosis  Types based on Location . 

Endometriosis genitalis interna (1), including myometrial endometriosis (adenomyosis uteri) (A), 

and endometriosis within the Fallopian Tube (endometriosis tubae) (B). Endometriosis genitalis 

externa (2) showing potential locations (A-G) and endometriosis extragenitalis (3). Created with 

BioRender.com 

 

The predominant form is endometriosis genitalis externa (Fig. 3, 2) , with foci 

primarily found in the pelvic peritoneum, ovaries, Ligamentum sacrouterinum 

(LIS), and Septum rectovaginale (SRV) [20]. In endometriosis genitalis interna 

(Fig. 3, 1), lesions are located within the uterus.  

 

The exact prevalence of endometriosis genitalis interna is unknown. Lesions may 

be found in the myometrium (adenomyosis uteri) (Fig. 3, 1A), or in the Fallopian 

tube (endometriosis tubae) (Fig. 3, 1B), with the former being much more 

common [21]. Some studies report that around 20% of gynecological patients are 

affected by adenomyosis uteri [22].  

 

Patients with symptomatic, confirmed extragenital endometriosis (Fig. 3, 3), 

account for 10ï15% of all endometriosis cases, marking it as the least common 

type [23]. The most frequent form within this group is intestinal endometriosis, 

affecting about 5% of patients [23]. The most commonly involved intestinal 

segments are the rectosigmoid (51%), the appendix (15%), the small intestine 

(14%), the rectum (14%), and the cecum and colon (5%) [24]. Endometriotic 

lesions can also be found in scars from lower abdominal surgeries and in the 
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umbilical region [23]. The incidence of scar endometriosis following pelvic surgery 

is reported to be between 1ï2% [23]. Extremely rare sites of endometriosis 

include the diaphragm [23, 25], the spleen, lungs, kidneys, brain or skeleton [20]. 

1.2.5 Classification according to r-ASRM and #ENZIAN  

A precise and holistic classification of endometriosis is essential for assessing 

the extent, localization, and clinical-pathologic impacts. It also facilitates 

communication among surgeons, radiologists, and specialists in reproductive 

medicine, and enables the comparison of therapeutic strategies and outcomes 

[26].  

The r-ASRM classification, updated in 1997, uses a scoring system to help 

assess the extent of endometriosis and the function of the reproductive organs 

during an invasive (i.e., surgical) procedure [26, 27]. It is currently the most 

globally accepted and used classification system in clinical practice and in the 

international literature [26].  

In the r-ASRM classification, endometriotic foci on the peritoneum and ovaries as 

well as adhesions that partially obscure pelvic anatomy are the principal criteria 

used to assess disease severity. Points are awarded according to lesion size, 

location, and the extent of adhesions, resulting in four severity stages. Stage I 

(minimal), 1ï5 points ï Stage II (mild), 6ï15 points ï Stage III (moderate), 16ï40 

points ï Stage IV (severe), >40 points (Fig. 4) [28].  

Limitations of the r-ASRM score are that the stages (I-IV) do not convey the 

morphological complexity and extent of endometriosis. Its reproducibility is 

particularly limited when lesions involve the ovaries or the posterior cul-de-sac 

[29]. Additionally, deep infiltrating lesions, pain [30] and infertility [31] are not 

adequately considered. These shortcomings led to the introduction of the 

Endometriosis Fertility Index (EFI) by Adamson and Pasta et al. [32], which 

complements the r-ASRM system by providing prognostic information on the 

pregnancy rates in affected patients [32].  

 



19 
 

Figure 4 Revised American Society for Reproductive Medicine (r-ASRM) Scoring System  

Scoring system for endometriosis affecting the peritoneum and the ovaries, with points assigned 

for extent and location. The total score reflects disease severity [33].  



20 
 

In 2021, the ñStiftung Endometriose-Forschungò (SEF) introduced the #ENZIAN 

classification, enhancing the assessment of DIE, by incorporating ovarian (Fig. 5 

O) and peritoneal (Fig. 5 P) endometriosis and adnexal adhesions (Fig. 5 T) [26]. 

This classification is based on the Classification of Malignant Tumors (TNM) 

classification system [34]. It divides DIE into three main compartments: 

compartment A (SRV and vagina), B (LIS and pelvic sidewalls), and C (rectum 

and sigmoid colon) [35] (Fig. 5). Additional subcategories of DIE are FA 

(adenomyosis), FB (bladder), FI (intestine, excluding the rectum/sigmoid colon), 

and FU (ureter) (Fig. 5). Only the largest focus in one compartment is classified. 

The depth of invasion is categorized into three grades: < 1 cm (grade 1), 1ï3 cm 

(grade 2), and > 3 cm (grade 3) [28, 35]. The #ENZIAN classification also allows 

for documentation of deep infiltrations outside the pelvic region and organ 

involvement, using special abbreviations to determine the exact location of the 

lesion.  

 

Figure 5 #ENZIAN Score for the Classification of Endometriosis . 

Overview of the #ENZIAN classification with detailed information on affected organ systems and 

compartments [36] 
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The #ENZIANôs stage categorization aligns with the r-ASRM classification and 

the recommendations of the European Society of Gynaecological Endoscopy 

(ESGE), the European Society of Human Reproduction and Embryology 

(ESHRE), and the World Endometriosis Society (WES), offering a logical and 

user-friendly system [26]. The aim was to standardize endometriosis 

classification across both pre-invasive (transvaginal ultrasound (TVS), magnetic 

resonance imaging (MRI)) and invasive methods [26]. Future studies are 

necessary to confirm the clinical validity, accuracy, and reproducibility of the 

#ENZIAN classification [26]. 

Compared to the r-ASRM score, the #ENZIAN classification offers a better 

assessment of the retroperitoneal structures and a detailed description of the 

extent of DIE [26] with high sensitivity and specificity [28]. Furthermore, this 

classification allows additional factors to be taken into account, such as the 

expected duration of surgery [37]. The main problem with the #ENZIAN score is 

its limited international acceptance; it is still mainly used in German-speaking 

countries. Despite the simplification of the scoring system, it is still perceived as 

more complex than the r-ASRM score [28]. 

1.2.6 Therapy and Prognosis  

The treatment of endometriosis is a major challenge for clinicians and 

researchers. Both surgical and hormonal treatment options have been discussed. 

Neither approach, nor a combination of the two, seems to adequately address 

the symptoms [38]. Bohn et al. discussed the different treatment approaches for 

endometriosis. These include the combination, escalation of drugs prior to 

surgery as opposed to immediate surgical procedures [39]. Postponing surgery 

in cases where the pain does not respond to more than three medications could 

lead to a deterioration in quality of life and increased costs [39]. A mix of 

pharmacological, surgical, psychotherapeutic, and alternative treatments might 

enhance the quality of life for women living with endometriosis [40]. Regular 

follow-up and ongoing management are often necessary to monitor the condition 

and adjust treatment as needed. While the risk of cancer stemming from 

endometriosis is rare, meticulous surveillance is essential [40]. 
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1.2.6.1 Non-surgical Treatment Approaches  

The insights into the pathogenesis of endometriosis have significantly contributed 

to the development of effective pharmacological therapies [38]. First-line 

treatment typically includes  combined oral contraceptives, which are used for 

both pain relief and suppression of further growth of microscopic or residual 

endometriosis after surgery [40]. The therapeutic effect is achieved by reducing 

local and systemic hormone production and inflammation [40].  

Gonadotropin-releasing hormone (GnRH) agonists are commonly prescribed. 

They suppress ovarian estrogen production, leading to a hypoestrogenic state 

and amenorrhea which may result in regression of endometriotic implants [41]. 

Rafique et al. reported a reduction in pelvic pain and a prolonged symptom-free 

intervals of up to 12 months during GnRH therapy [41]. However, due to potential 

side effects, these drugs are only approved for a limited time. Concomitant 

therapy is recommended to provide symptom relief [41]. GnRH agonists suppress 

ovulation and are therefore suitable for women who are actively trying to conceive 

[41].  

The pharmacological treatment of endometriosis is generally symptomatic rather 

than curative and often results in recurrence of symptoms when treatment is 

stopped [40, 42]. Alternative approaches like tetrahydrocannabinol and 

cannabidiol, acupuncture and physical therapy, have also shown promising 

results in relieving endometriosis-associated dysmenorrhea [40].  

1.2.6.2 Surgical Treatment Approach   

Laparoscopy is regarded as the gold standard for both definitive diagnosis and 

initial treatment of endometriosis [42]. Lesions can be removed by excision, 

vaporization, or ablation. The choice of technique depends on lesion location, 

patient's preference, available equipment, and expertise of the surgical team [38, 

40, 42]. The aim is to remove the endometriosis lesions while preserving organs 

and fertility [38].  

Studies have shown that laparoscopic removal provides symptomatic relief 

across all stages of disease severity [40].  Surgical intervention may be supported 
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by postoperative hormonal therapy to prevent regrowth of residual microscopic 

lesions [40].  

Endometriosis, particularly the deep infiltrating type, may lead to anatomical 

distortion due to its vascular and infiltrative properties, which makes surgical 

dissection more challenging [40]. For successful treatment surgical expertise in 

retroperitoneal dissection is essential [40]. Preoperative hormonal suppression 

may reduce inflammation and vascularization. This creates a cleaner surgical 

field, allowing for a clearer view of the lesion and a more thorough excision [38, 

40].  

The type and extent of surgery should be tailored to each patient, taking into 

account factors such as age, desire for future fertility, family history, symptom 

severity, and intraoperative findings [40].  The ultimate goal is to comprehensively 

remove endometriotic tissue while preserving reproductive potential [38].  

In summary, the management of endometriosis should be based on two core 

principles: removing ectopic endometrial tissue and preventing reimplantation 

until the immune status stabilizes [38]. This also includes the treatment of 

concomitant inflammatory and hormonal conditions [38]. It is important to note 

that neither pharmacological nor surgical measures can guarantee a complete 

cure [38]. It is crucial to incorporate individualized therapy into the perioperative 

strategy. [40]. Since endometriosis is complex and multifactorial, a 

multidisciplinary approach is required [40]. A combination of pharmacological, 

surgical, psychotherapeutic, and alternative therapies can improve quality of life 

of those affected [40]. However, symptoms may persist, and recurrence is 

possible. Kim et al. analyzed nine studies examining postoperative recurrence 

rates in abdominal wall and peritoneal endometriosis, published between 2003 

and 2020 [43]. The analysis included a total of 218 patients  [43]. The recurrence 

rates ranged from 0% and 15%, and the follow-up periods ranged from 1.1 to 235 

months [43]. These findings highlight the importance of regular follow-up and 

personalized long-term management [43]. 
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1.2.6.3 Physiologic Hormonal Changes influencing Endometriotic Lesions . 

Hormonal changes during pregnancy, particularly shifts in the estrogen-to-

progesterone ratio, create favorable conditions for gestation [44]. Rising 

progesterone levels and declining estrogen suppress cell proliferation, which may 

result in stagnation or regression of endometriotic lesions, providing symptom 

relief [44]. However, decidualization-induced stromal hypertrophy has been 

linked to vascular wall nodules in endometriomas and deep infiltrating 

endometriosis (DIE) [44]. Studies have shown that 34ï4.7% of endometriotic 

lesions regress during pregnancy, with 15ï20% disappearing completely, while 

8.8-39% of endometriomas may increase in size [44]. 

In postmenopausal women, declining estrogen levels and elevated FSH and LH 

levels often lead to symptom resolution, with only 2ï5% of women remaining 

affected [45, 46]. It is unclear whether this reflects reactivation of pre-existing 

lesions, persistence, or de novo development [46]. An increased occurrence has 

been observed following hormone therapy or tamoxifen treatment [47].  

Immediate evaluation is required for unexplained pelvic pain or abnormal uterine 

bleeding in postmenopausal women to rule out malignancy or the malignant 

transformation of endometriosis lesions [46, 47]. To optimize management and 

prevent malignant progression, surgical excision of all suspicious lesions is 

recommended [47]. 

1.2.7 Diagno sis    

Endometriosis can potentially affect almost every organ in the body [40], and the 

associated symptoms and disease severity vary greatly among patients [48]. 

Misdiagnosis, trivialization of symptoms and the necessity of invasive procedures 

for definitive diagnosis are major factors contributing to delayed diagnosis, which 

may extend up to 10ï12 years [4, 49, 50]. Fortunately, endometriosis is now often 

diagnosed at earlier stages [49, 51, 52], likely due to increased awareness among 

both physicians and patients [7].  
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1.2.8 Current Screening and Diagnostic Options  

1.2.8.1 Medical History  

The initial step in diagnosis is to gather a detailed medical history. During 

gynecological assessments, it is crucial to explore painful and chronic conditions 

[13], utilizing tools like the visual analogue scale for better pain assessment [13, 

53]. Detailed questioning should cover symptoms such as dysmenorrhea, pain 

intensity, radiation, associated symptoms, aberrant menstruation patterns [54], 

and infertility, while also examining cyclic manifestations like shoulder [53], lower 

abdominal [54], leg (sacral plexus infiltration), and umbilical pain or bleeding [13], 

along with atypical symptoms like hemoptysis [55], catamenial pneumothorax 

[55], and recurrent headaches and migraines [13, 56, 57], potentially linked to 

endometriosis.  

1.2.8.2 Physical Examination  

A physical examination is a noninvasive, low-cost method to evaluate suspected 

endometriosis [53]. It may help identify affected areas by visual inspection or 

palpation, assessing pain distribution and evaluating organ mobility. It is 

especially valuable in the initial assessment of symptomatic patients [53]. 

However, its sensitivity and specificity vary depending on the form and 

localization of the endometriosis [58, 59]. Superficial lesions (e.g. vaginal or scar 

endometriosis) may be detected during inspection, whereas (recto)vaginal 

palpation may reveal painful indurations suggestive of deep pelvic endometriosis 

and bimanual palpation may indicate the presence of ovarian endometriomas 

[56]. The use of a speculum or colposcope enhances visibility of the posterior 

vaginal fornix and cervix [14].  

Limitations include the varying experience of the examiner, patient discomfort 

and the unsuitability of bimanual examination for certain groups such as 

adolescents, non-sexually active individuals or those with a history of sexual 

trauma [53]. As there are no pathognomonic findings, physical examination 

mainly serves to support the diagnosis and rule out differential diagnoses, 

including endosalpingiosis, endocervicosis, Müllerianosis, reactive mesothelial 

hyperplasia, and malignancies [60, 61].  
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1.2.8.3 Advanced Non-invasive Diagnostics  

The main non-invasive imaging modalities for endometriosis are TVS [54] and 

MRI [56]. Due to the heterogeneous manifestations of the disease, their 

diagnostic accuracy varies by lesion location. MRI is slightly more accurate than 

TVS in diagnosing adenomyosis [62, 63], particularly in the presence of other 

uterine pathologies such as leiomyomas [64, 65] or enlarged uteri (> 300 ml) [65]. 

However, the absence of standardized MRI criteria lead to inconsistent findings 

across studies [66]. 

Both TVS and MRI are effective in detecting endometriomas, which typically 

appear as homogeneous, anechoic cysts [56, 67]. Vercellini et al. reported no 

diagnostic advantage of MRI over TVS when assessing urinary tract and bladder 

involvement [56, 67, 68].   

Sonography, including endorectal ultrasound, is well suited for detecting 

endometriosis in the SRV [56] and the LIS [56, 67]. Although an MRI can detect 

nodular endometriosis in the LIS, there is a risk of false positives due to 

misinterpretation of anatomy, artifacts, or postoperative changes [67]. 

Diagnosing peritoneal endometriosis remains particularly challenging, as lesions 

may be small, scattered, and often undetectable via imaging [13, 56]. 

Consequently, neither TVS nor MRI can definitely rule out Endometriosis genitalis 

externa or deep infiltrating endometriosis [13].  

In general, the diagnostic accuracy of TVS strongly depends on the examinerôs 

experience [65], whereas MRI provides more consistent and reproducible results 

ï both in clinical practice and across research studies [66]. When non-invasive 

imaging is inconclusive, further diagnostic procedures, such as laparoscopy, are 

essential for accurate assessment and confirmation.  

1.2.8.4 Advanced Invasive Diagnostics  

Currently, diagnostic laparoscopy remains the most reliable method for 

diagnosing endometriosis. It enables the visualization of the abdominal cavity, 

revealing issues like peritoneal obstruction, adhesions, and defects [69]. Biopsies 

can be taken for histologic confirmation if needed [16]. The histologic diagnosis 
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of endometriosis is considered a confirmatory finding [67]. While histologic 

confirmation is considered definitive, achieving a diagnosis can be challenging 

[69] due to inconsistencies between macroscopic and histologic findings. 

Additionally, seemingly healthy areas can sometimes harbor endometriotic 

lesions [16]. Both diagnostic laparoscopy and biopsy are invasive procedures and 

therefore represent a major obstacle to the effective clinical management of 

endometriosis [16]. 

1.2.8.5 Laparoscopic Presentation of Endometriosis  

Endometriosis exhibits a highly variable morphological appearance, with 

variations not only in location but also in appearance. The color spectrum of 

endometriotic lesions is particularly diverse (Fig. 6) [70, 71]. A typical finding 

includes livid, small nodular deposits on the ovaries and/or pelvic peritoneum [56]. 

The range of lesion color extends from blue/black [72] (Fig. 6 A) to brown [72], 

red (Fig. 6 B), white (Fig. 6 C) and even clear or translucent appearances [70, 

72, 73] (Fig. 6 D). Pigmented lesions are generally considered typical, whereas 

non-pigmented lesions are regarded as atypical [56].  

 

Figure 6 Laparoscopic apperance of diverse endometriosis lesions  

Laparoscopic images displaying lesions of varying colors. Adapted according to [27] 

Veil-like structures and cysts are classified as suspicious findings [56]. For a long 

time, the assumption prevailed that the colors of endometriotic lesions reflect 

different levels of disease activity. Red and non-pigmented [26] lesions were 

thought to represent active and highly vascularized implants [73, 74], whereas 

black lesions were considered less active [56] and white lesions were interpreted 

as fibrotic or inactive [70, 75].  

Recent studies have challenged this concept, suggesting that lesion color does 

not necessarily reflect biological activity [70]. In particular, pigmented lesions 
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often present a discrepancy between their clinically suspicious appearance and 

a negative histologic result [56]. Instead, these studies suggest that the lesion 

color correlates with its age, glandular architecture, and glandular content [70]. 

Endometriosis remains a heterogeneous condition, and its macroscopic and 

microscopic appearance is often not specific enough for definitive diagnosis [56]. 

Therefore, the gold standard remains the histologic evaluation of suspicious 

lesions [56]. 

1.2.9 Subject of current research  

In summary, while current imaging techniques are effective in detecting 

retroperitoneal endometriosis in the pelvis [76], they lack the spatial resolution to 

reliably identify small, superficial peritoneal and ovarian implants or adhesions 

[76, 77]. The clinical relevance of detecting early-stage lesions remains unclear, 

as not all small lesions inevitably progress to an invasive state [77]. It is 

hypothesized that the extent of invasion is primarily determined by local 

microenvironmental changes, such as interstitial hemorrhage, inflammation and 

subsequent colonization by endometriotic cells [19]. Thus, if endometriosis is 

suspected, initial drug treatment may be a more favorable initial approach [77]. 

Emerging postgenomic technologies and new serum and endometrial markers 

hold promise for future diagnostic advances [76]. Ongoing research explores 

candidate biomarkers in blood and biofluids, including serum, urine, saliva, and 

synovial fluid [78]. These biomarkers may not only aid in diagnosing or ruling out 

endometriosis but could also serve as tools for monitoring treatment response 

[79, 80]. The systematic review by Webster et al. examined liquid biopsies 

(serum, plasma, and urine) over a 25-year period with the aim of identifying a 

potential biomarker for endometriosis. Although numerous putative biomarkers 

were identified, none demonstrated sufficient clinical utility [79]. The authors 

concluded that biomarker panels, rather than individual markers, may offer better 

diagnostic performance [79].  

Notarstefano et al. analyzed granulosa cells from patients with unilateral ovarian 

endometriosis using Raman Microspectroscopy (RMS). Their results suggested 

that endometriosis may affect the contralateral ovary as well, despite the absence 
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of visible lesions, highlighting the diagnostic potential of RMS for detecting 

subclinical or systemic effects [81].  

Anastasiu et al. and Kiesel and Sourouni et al. have emphasized the value of 

integrating non-invasive techniques, including proteomics, genomics, and miRNA 

microarray technologies into the diagnostic workflow [16, 82]. These approaches 

may be further enhanced by incorporating artificial intelligence [16]. These 

methods have the potential to enhance the diagnostic capabilities for 

endometriosis when used in conjunction with RMS [82]. Additionally, Kiesel and 

Sourouni et al. underscored the significance of dysbiosis in the gut microbiota, 

which may be a pivotal factor in the pathogenesis and progression of 

endometriosis [16]. 

1.2.10 Endometriotic Tissue Characterization  

Biopsies obtained during laparoscopic surgery are usually sent to the pathology 

department for histologic processing. To date, stained histopathology has been 

the gold standard for diagnosing disease, relying on experienced pathologists to 

assess subtle morphological features, making it a subjective and time-consuming 

process [83]. The histopathologic diagnosis of endometriosis is based on a 

combination of histologic and immunohistochemical staining (IHC). H&E staining 

is performed to assess the general tissue structures, while CD10-IHC staining 

specifically identifies the endometrial stroma, especially in smaller or atypical 

lesions [84].  

1.3 Raman Micros pectroscopy   

Compared to other techniques, RMS provides rapid and direct insights into the 

molecular composition of tissues [85, 86] without the need for staining, thereby 

avoiding potential artefacts and interferences [83]. As a vibrational spectroscopic 

method, RMS gathers information about the molecular vibrations in a sample by 

detecting changes in the polarizability of the vibrating molecules [86]. This 

marker-free, non-contact, and non-destructive laser-based technique is used to 

analyze chemical bonds and molecular structures. RMS can be used to analyze 

biological samples [83, 85], enabling the detection of distinct spectral signals from 

proteins, nucleic acids, lipids, carbohydrates, and inorganic crystals [86, 87]. 
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1.3.1 Basic Principles of Raman Micro spectroscopy  

The basic principle of RMS involves various interactions of light with molecules, 

such as absorption, transmission and, in rarer cases, scattering. Scattering 

occurs when a photon interacts with an electron [88], transferring energy that 

promotes the electron to a higher, virtual energy state [88] (Fig. 7). The electron 

subsequently relaxes back to its ground state, emitting a photon in the process 

[88]. The scattered light can then be detected and identified as either elastic 

scattering (Rayleigh) or inelastic scattering (Raman) (Fig. 7). RMS is based on 

the latter.  

1.3.2 Inelastic Scattering ï Raman Scattering  

The Raman scattering can be divided into two categories based on the final 

vibrational level of the electron: Stokes and Anti-Stokes scattering [89] (Fig. 7). 

Stokes shift occurs when the analyte molecule absorbs energy [90]. The emitted 

photon has a lower frequency than that of the incident photon [90] (Fig. 7). Anti-

Stokes shift happens when the frequency of the emitted photon is higher than 

that one of the incident photon [91] (Fig. 7). This indicates that the electron is 

emitting energy during the scattering process [85, 90]. 

 

Figure 7 The JabğoŒski diagram illustrating elastic and inelastic scattering. 
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In elastic (Rayleigh) scattering, the incident photon and the re-emitted photon have the same 

frequency (hv0 = hv0). In inelastic (Stokes and anti-Stokes) scattering, the re-emitted photon has 

a different frequency to the incident photon (hv0 Í hv0). Adapted from [92, 93] 

Classical RMS is based on the measurement of Stokes scattering, which is more 

pronounced at room temperature [91] compared to Anti-Stokes processes [90] 

and typically has a stronger signal. In Anti-Stokes scattering the emitted photons 

have a higher energy/frequency, but lower intensity than the incident photons, 

making them more challenging to detect [92]. Combined analysis of both Stokes 

and anti-Stokes signals can provide more information about molecular vibrations 

in the sample and increase detection sensitivity [92]. 

The energy difference between incident and scattered Raman light corresponds 

to the frequency of the excited vibrational bond [91]. Each chemical bond in a 

molecule vibrates at a different frequency and produces an individual signal, 

resulting in an unique spectrum, also referred to as the "fingerprint" [89] of a 

vibration [91]. 

1.4 Prospects of RMS   

RMS harbors considerable potential for future advances in various fields. It can 

measure significant biochemical changes in tissues [94], allowing for the 

detection of neoplastic changes before they become histopathologically visible 

[95, 96]. This could contribute to the surveillance of precancerous lesions and 

allow earlier intervention and more frequent follow-up of high-risk patients [97]. 

RMS improves biopsy accuracy in organs with precancerous lesions, reducing 

random biopsies and minimizing the risk of missing abnormal lesions [94]. Future 

in vivo measurements may use miniaturized needle probes in solid organs [94]. 

RMS also shows great potential for precise intraoperative margin analysis in solid 

tumors by providing detailed biochemical information with excellent diagnostic 

accuracy [98]. RMS could also contribute to the discovery of new biomarkers, the 

understanding of disease mechanisms and the development of improved 

treatments [99]. It holds promise for the future of clinical cancer nanomedicine 

[100]. It enables a rapid identification and characterization of biomolecules, body 

fluids, bioparticles (such as bacteria, yeast, viruses, and cells), and biological 

tissues. RMS can also contribute to solving issues related to infectious diseases 
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such as malaria [101], as well as metabolic diseases such as diabetes mellitus 

or atherosclerosis and neurodegenerative diseases, including Parkinson's and 

Alzheimer's disease [102]. In pharmaceutical development, RMS can be used for 

drug screening and quality control [103], improving personalized therapeutic 

strategies by identifying molecular biomarkers [104]. In materials science and 

nanotechnology, RMS supports the development of advanced materials and 

sustainable energy technologies [105]. RMS is also useful in the food industry, 

particularly for quality control during the hydrogenation of edible oils by enabling 

online remote control measurements of unsaturation and isomer formation [106]. 
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1.5 Aim of the Study  

Endometriosis is a gynecological disorder affecting 8ï10% of women worldwide 

[5-7]. Definitive diagnosis requires laparoscopic surgery followed by histologic 

confirmation, making it an invasive and resource-intensive process [16, 67, 69]. 

Given the complex and multifactorial nature of endometriosis, neither 

pharmacological nor surgical treatment provides a definitive cure. Consequently, 

long-term, multidisciplinary care and continuous monitoring remain essential [38, 

40]. 

Recent studies have demonstrated the diagnostic potential of RMS in both 

serum- and tissue-based applications [107]. Parlatan et al. applied RMS to blood 

serum and distinguished endometriosis patients from healthy controls with 100% 

sensitivity and specificity[107]. However, tissue-based RMS studies remain 

limited. Lieber et al. included endometriotic tissue in their study on ovarian 

pathologies and showed that RMS could differentiate low-risk tissues (normal and 

endometriotic) from high-risk tissues (benign-cystic and cancerous) with 93.3% 

sensitivity and 86.7% specificity, albeit without histologic confirmation [108]. Patel 

et al. used RMS to differentiate uterine tissue compartments and to distinguish 

cancerous from non-cancerous areas [109]. Notarstefano et al. detected 

metabolic alterations in granulosa cells from patients with ovarian endometriosis 

using RMS [81]. 

In this study, histologically confirmed tissue samples of eutopic endometrium and 

endometriotic lesions were analyzed using RMS. Glandular and stromal 

compartments were identified through histologic staining and selectively 

examined to create detailed spectroscopic fingerprints. The primary objective 

was to identify distinct spectral and biochemical differences between the two 

tissue types. Furthermore, we aimed to evaluate whether RMS is suitable as a 

minimally invasive, real-time, intraoperative diagnostic tool capable of 

differentiating endometriotic tissue without the need for biopsy. 
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2 Material and Methods  

2.1 Materials  

2.1.1 Chemicals  

materials Catalogue-/Lot 

number 

manufacturer 

Acid Fuchsin 1B-525 10G 

Lot# 331830 

Waldeck/Diagonal 

Alcian Blue 8GX 5500 10G 

Lot# 172430 

Sigma Aldrich (Fluka) 

 

bovine serum albumin 

(BSA), 30% sterile filtered 

A9576 50mL 

Lot# SLCC6663 

Sigma Aldrich 

Brilliant-Crocein R 1B109 25G 

Lot# 201630 

Waldeck/Chroma 

cold water fish skin 

gelatin 

G7765 250ML 

Lot# SLBD9897 

Sigma Aldrich 

Dulbecco's Phosphate 

Buffered Saline (DPBS-) 

14190-094 500ML 

Lot# 1892388; 1989155 

GibcoÈ  

life technologiesTM 

Eosin G solution, 1% 

aqueous  

3137.2 1L 

Lot#8782-17 

Carl Roth GmbH + Co. 

KG 

ethanol absolute (p.a.) A1613 2.5L 

Lot# 8F014436; 

8Q013199 

AppliChem 

Faramount Aqueous 

Mounting Medium 

S3025 

Lot# 10103297 

Dako 

Fast Green FCF F7252 5G 

Lot# MKBR8790V 

Sigma Aldrich 

glacial acetic acid  1.000.63.1011 1L 

Lot# K38877863825 

Merck 

Hemalaun, Mayerôs T865.2 

Lot# 310299548 

Carl Roth GmbH + Co. 

KG 
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Hematoxylin 5B-535 100G 

Lot# 342132 

Waldeck/Chroma 

Hematoxylin QS H-3404 

Lot# X0916 

Vector Laboratories, 

Inc. 

Hydrochloric Acid 37% 

p.a. 

4625.1 

Lot# 388100009 

Carl Roth 

Hydrogen peroxide 30% 95321 100ML 

Lot# BCBX6541 

Sigma Aldrich 

Hydrophobic barrier 

PapPen (ImmEdge) 

H-4000 

Lot# ZH0413 

Vector Laboratories, 

Inc. 

ImmPactTM DAB kit SK-4105 Vector Laboratories, 

Inc. 

ImmPACTTM VIP kit SK-4605 

Lot# ZG0312 

Vector Laboratories, 

Inc. 

ImmPressTM Kit, mouse 

IgG 

MP7402 

Lot# ZE0912 

Vector Laboratories, 

Inc. 

ImmPressTM Kit, rabbit 

IgG 

MP7401 

Lot# ZB0515 

Vector Laboratories, 

Inc. 

Iodine I/0500/48 

Lot# 1288322 

Fisher Scietific 

 

Iron-(III)-chloride I/1035/53 

Lot# 1003024 

Fisher Scientific 

IsomountÈ 2000 5547535 

Lot#SM00002777 

Labonord 

isopropanol p.a. 33539 2.5L 

Lot# I354S 

Riedel-de-

Haen/Honeywell 

methanol (AnalaR 

Normapur) 

20847307 1.5L 

Lot# I291IS 

VWR 

normal goat serum S1000 20ML 

Lot# ZG1028 

Vector Laboratories, 

Inc. 

Paraformaldehyde (PFA) 16005 1KG Sigma Aldrich 
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Lot# STBJ5933 

Phosphotungstic Acid 2635.3 250G 

Lot# 468277711 

Carl Roth 

Picric Acid (1.3% H2O 

saturated) 

P6744 1GA 

Lot# BCBP0720V 

Sigma Aldrich 

Potassium iodide puriss 

p.a. 

60400 100G 

Lot# 126086440306005 

Fluka 

Resorcin-Fuchsin 

solution, Weigertôs 

X877, 1L Carl Roth 

Saffron du G©tinais 5A-394 

Lot# 302030 

Waldeck/Diagonal 

Sirius Red F3B (c.l. 

35782) ĂDirect Red 80ò 

365548 5G 

Lot# MKBP5683V 

Sigma Aldrich 

sodium thiosulfate S/7250 500G 

Lot#1012285 

Fisher Scentific 

TissueTekÈ O.C.T. 125mL E5348 

Lot# 1626101005 

Sakura Finetek 

Germany GmbH 

Triton X-100 T8787 50ML 

Lot# MKBG6744V 

Sigma Aldrich 

Tween 20 P1379 100ML 

Lot# SZBA3190V 

Sigma Aldrich 

VectorÈ VIP Peroxidase 

Substrate Kit 

SK-4600 

Lot# ZF0517 

Vector Laboratories, 

Inc. 

 Table 1 All used chemicals in alphabetical order. 

2.1.2 Antibodies  

antibody Catalogue/LOT 

number 

manufacturer dilution 

anti-CD10, mAb mouse 

IgG1  

NCL-L-CD10-270 

Lot# 6063359, 31mg/L 

Leica 

Novocastra 

1:100 

anti-collagen I, 

polyclonal rabbit IgG 

R1038 

Lot# A1401438H 

Acris 1:75 
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anti-collagen III, 

polyclonal rabbit IgG 

R1040 

Lot# A1200974 

Acris 1:75 

anti-perlecan, polyclonal 

rabbit IgG 

sc-25848 

Lot# C2309 

Santa Cruz 

Biotechnology 

1:100 

Table 2 All used antibodies in alphabetical order. 

2.1.3 Devices and Equipment  

device Type, S/N producer 

Cryotome  Microtom HM 560 Thermo Scientific 

Fine scale balance M-Power Satorius 

Freezer -20ÁC  Froster Labo 730 Kirsch 

Freezer -80ÁC  Hera Freezer HFU700TV60 Thermo Scientific 

Observer microscope Discovery.V12 CL 1500 ECO  Carl Zeiss  

Raman 

microspectrometer 

alpha300 R Confocal Raman 

Imaging Microscope 

WITec GmbH 

 

Refrigerator 4ÁC  FKS 3600  Liebherr 

Refrigerator with freezer  Comfort Liebherr 

Table 3 All used devices, in alphabetical order. 
 

2.1.4 Solutions and Buffers  

Solution Contained solutions 

0.5% HCl-Ethanol  mix 5mL of 37% hydrochloric acid (HCl) with 995mL 

of 70% ethanol 

1% acetic acid solution 1mL of glacial acetic acid in 100mL of distilled water  

3% acetic acid solution 3mL of glacial acetic acid in 100mL of distilled water 

Acidified distilled water 100ÕL of glacial acetic acid in 100mL of distilled 

water 

1% Alcian Blue 8GX 

solution 

1 g Alcianblau 8GX (C.l. 74240) in 100 mL acetic 

acid (3%) 

Brilliant-CroceinïAcid 

Fuchsin solution 

Mix 8 parts of Stock Solution A with 2 parts of Stock 

Solution B. 
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Stock Solution A (Brilliant Crocein R Solution): 

Dissolve 0.2g of Brilliant Crocein R (C.I. 27290) in 

200mL of 3% acetic acid. 

Stock Solution B (Acid Fuchsin Solution): Dissolve 

0.2g of Acid Fuchsin (C.I. 42685) in 200mL of 3% 

acetic acid. 

Dilution buffer 8% DPBS- 

1% bovine serum albumin (BSA) 

0.1% Triton X-100  

0.1% cold water fish skin gelatin  

0.05% Tween 20 

Ethanol solutions:  

96%, 80%, 70%, 50% 

100% ethanol 

mixed v/v with distilled water 

2% ferric chloride 

solution 

Dissolve 2g Iron-(III)-chloride in 100mL distilled 

water 

10% ferric chloride 

solution 

Dissolve 10g Iron (III)-chloride in 100mL distilled 

water 

Goat block buffer 98% dilution buffer 

2% goat serum 

Iodine/potassium 

iodide solution 

Dissolve 1g Potassium iodide in 5mL of distilled 

water and add 2g Iodine, let it stir until dissolved 

and add 95mL distilled water 

Iron Hematoxylin 

Solution 

Dissolve 10g hematoxylin in 100mL of ethanol p.a. 

 

4% PFA 4g PFA  

100 mL DPBS- 

heated up to until solution turns clear  

5% Phosphotungstic 

Acid solution 

Dissolve 5g of Phosphotungstic Acid in 100mL of 

distilled water. 

Picrosirius Red  0.5 g Sirius Red F3B dissolved in 500 mL saturated 

aqueous Picric Acid (Picric Acid (1.3% H2O 

saturated)). Stirred with magnetic stirrer, filtered to 
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remove undissolved particles, and stored light-

protected at room temperature. 

5% sodium thiosulfate 

solution 

Dissolve 5g of sodium thiosulfate in 100mL of 

distilled water 

Van Giesonôs solution Add 5 mL of 1% aqueous acid fuchsin solution 

slowly to 100 mL of filtered saturated aqueous picric 

acid solution, mix thoroughly. 

Verhoeffôs staining 

solution 

50 mL 10% alcoholic Hematoxylin solution 

50 mL ethanol p.a. 

50 ML 10% aqueous ferric chloride solution 

50 mL iodine/potassium iodide solution 

Washing Buffer 99.95 % DPBS- 

0.05 % Tween 20 

Weigertôs A dissolve 1g of Hematoxylin in 100mL of 96% ethanol 

Weigertôs B dissolve 1.16g of FeCl3 in 99mL of distilled water, 

add 0.68mL of 37% HCl (fuming) 

Table 4 Recipes for all used solutions in alphabetical order 

2.1.5 Laboratory Equipment  

name order number manufacturer 

Cover slips 01-2550/1 Langenbrinck GmbH 

Disposable surgical 

scalpel  

BA221; Lot: 4508952742  B-Braun; Aesculap AG  

Disposable plastic 

tweezers  

H7 301; Lot: 20170316  MediWare  

FalconÈ 50 mL High 

Clarity PP Centrifuge 

Tube, Conical Bottom, 

Sterile 

352070 Corning Life Sciences 

Glass cuvettes 23318005 DWK 

Peel-A-Way Embedding 

Mold 

189985 Polysciences, Inc. 
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Microscope slides  03-0060; Lot: 070816  R. Langenbrick  

Pasteur pipettes (plastic)  ST2600111  neoLab  

Petri dishes  633102 Greiner GmbH 

Table 5 Used equipment in alphabetical order. 

2.1.6 Software and Analysis  

type product name  manufacturer 

Analysis software TheUnscrambler X 10.5  Camo 

Data analysis and 

processing 

Microsoft Excel 365 Microsoft Corporation 

(Redmond, WA, USA) 

Image editing program ImageJ Wayne Rasband (NIH) 

Programming software MatLab R2018a  The MathWorks 

Microscopy software  ZEN 3.0 (blue edition) Carl Zeiss 

Raman analysis 

software 

Project FIVE 5.2 WiTec 

Raman measuring 

software 

Control FIVE 5.0  WiTec 

Statistic software GraphPad Prism 6.0  GraphPad software 

Text processing Microsoft Word 365 Microsoft Corporation 

(Redmond, WA, USA) 

Establishing connection 

from distance 

TeamViewer14 TeamViewer 

(Gºppingen, GER) 

Table 6 Used software for measurements and analyses. 

 

2.1.7 Patient  Samples  

Two groups of patients were considered in this study. The control group consisted 

of patients who underwent total hysterectomy. Indications for hysterectomy 

included two patients with endometrial hyperplasia and consecutive hyper-, 

meno- , and dysmenorrhea, one patient with uterus myomatosus, one patient with 

PAP IIa with large portioectopy and contact bleeding. The study group consisted 

of women who had endometriosis lesions surgically removed from three different 
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sites in the pelvis. Only patients with endometriosis lesions at the LIS, the SRV, 

and in the excavatio rectouterina, the so-called Douglas pouch (DGS), were 

included. 

At the time of collection, all patients were in the same menstrual phase, namely 

the proliferative phase. The average age was 44 years (39 to 48 years). In the 

main study, the average age was 36.75 years (31 to 41 years). The reasons for 

herd rehabilitation varied. However, dysmenorrhea was the predominant factor in 

all patients studied. All patients had different #ENZIAN and rASRM scores. 

Patients who were in a different menstrual cycle phase, postmenopausal or under 

the influence of contraceptives were excluded from the study. Both endometriosis 

tissue and endometrium were obtained from the Womenôs Hospital, Department 

of Womenôs Health, Tübingen. 

2.1.7.1 Ethics application  

The Ethics Committee of the Medical Faculty of the Eberhard Karls University 

Tübingen approved the scientific use of the tissue of the Medical Faculty of the 

Eberhard-Karls-University Tübingen (152/2018 BO2, approval: 29.03.2018). 

2.2 Methods  

2.2.1 Sample generation and processing  

Endometriotic foci were removed via laparoscopic surgery. Endometrial control 

tissue samples were obtained either through laparoscopic hysterectomy or 

transvaginal hysterectomy. In laparoscopic hysterectomy, the uterus is 

morcellated into smaller fragments and extracted through one of the abdominal 

trocar sites. In transvaginal hysterectomy, access to the cervix and uterus is 

gained through an incision in the posterior vaginal fornix. After careful dissection 

and detachment of the uterus from surrounding structures, it is removed through 

the vaginal canal. The vaginal vault is then closed with absorbable sutures.  

The endometrium was collected from the morcellated uterine tissue. For 

transport, both endometriotic and endometrial tissue samples were placed in pre-

chilled DPBSï. In the laboratory, the samples were embedded in plastic molds 

and covered with cryoprotectant medium for further processing. The specimens 



42 
 

were incubated at room temperature for approximately 6ï8 hours to allow for 

water displacement and thorough infiltration with glycol-containing cryoprotectant 

prior to freezing at -80°C. Before sectioning, the frozen tissue blocks were 

equilibrated at -20°C for 10ï15 minutes. Cryosections of 10 ɛm thickness were 

then cut using the Cryotome and mounted onto negatively charged microscope 

slides, which were subsequently stored at -20°C until further use. 

2.2.2 Histology  

Several histologic stains were performed and subsequently reviewed by the 

pathology institute to ensure and confirm the presence of endometriosis. These 

staining techniques were essential for a comprehensive assessment of the tissue 

composition in both the endometrium and the endometriosis samples and for 

validating the components identified through True Component Analysis. 

All staining procedures were performed on 10 µm thick cryosections and followed 

a standardized preprocessing protocol. Briefly, cryosections were washed twice 

for 10 minutes in DPBS- to remove any residual TissueTek® O.C.T. compound. 

Subsequently, the sections were fixed in 4% PFA solution for 20 minutes, 

followed by an additional 10-minute wash in DBPS-. 

2.2.2.1 Hematoxylin -Eosin (HE) Staining  

Selected slides of endometrial and endometriotic tissue underwent HE staining 

to allow for detailed examination of their morphological characteristics and to 

facilitate the identification of regions of interest. The staining was performed 

according to a standardized protocol established by AG Schenke-Layland 

(Tübingen, Germany).  Following the preprocessing steps described above, the 

sections were immersed in Mayerôs Hemalaun solution for 8 minutes and then 

rinsed with demineralized water. Microscopic examination ensured optimal 

nuclear staining. Subsequently, the sections were washed under lukewarm 

running tap water for 10 minutes to remove excess dye, followed by a brief 

demineralized water rinse. Eosin G, 1% aqueous solution was applied for 1 

minute and 30 seconds, followed by another brief rinse in demineralized water. 

The samples were then dehydrated in an ascending ethanol series (70%, 90%, 

and 100%) for 5 minutes each, ending in a dual wash in 100% isopropanol p.a. 
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for 5 minutes. Finally, the samples were mounted using Isomount® 2000 and 

covered with a thin glass coverslip. 

2.2.2.2 Van Gieson Staining  

Van Gieson staining was used to visualize collagen fibers in tissue sections, with 

nuclei appearing blue-black, collagen fibers red, and muscle and cytoplasmic 

structures yellow. After standard slide preparation (described in Section 2.2.2), 

Weigertôs iron hematoxylin was applied for 8 minutes to achieve nuclear staining. 

For this, Weigertôs solution A (1% hematoxylin in ethanol) and solution B (29% 

ferric chloride with a small amount of hydrochloric acid) were prepared separately 

and mixed in a 1:1 ratio immediately before use.  

The slides were then rinsed briefly with distilled water to avoid hematin 

precipitates and examined under the microscope. If cytoplasmic overstaining was 

observed, differentiation was performed for a few seconds using a solution of 

0.5% HCl-ethanol. This was followed by a 10-minute rinse in running tap water to 

induce blueing and stabilize the staining. For collagen staining, Van Giesonôs 

solution was applied for 3 minutes. The sections were dipped twice briefly in 70% 

ethanol, followed by two quick dips in 96% ethanol, then incubated for 1.5 minutes 

in fresh 96% ethanol. Dehydration was completed with two 5-minute incubations 

in 100% ethanol, followed by a 5-minute incubation in 100% isopropanol. Finally, 

the samples were mounted using Isomount® 2000 and covered with a glass 

coverslip. 

2.2.2.3 Movat Pentachrome Staining  

Following the standard preparation of the slides described in 2.2.2, the staining 

was proceeded as described in Table 7. 

Solution  Incubation time [minutes]  

Verhoeffôs staining solution  30 

Tap water (running, warm) 5 

Purified water  Rinse  

2% aqueous ferric chloride  1-2; differentiate under microscopic 

supervision, until elastic fibers are visible  
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Purified water  Rinse  

5% sodium-thiosulfate  1 

Tap water (running)  5 

3% glacial acetic acid  3 

1% alcian blue solution  25 

Tap water (running, warm) 1 

distilled Water Rinse  

Brilliant-CroceinïAcid Fuchsin 2 

distilled water I Dip in  

distilled water II Dip in  

distilled water III Dip in  

1% Acetic Acid 5 dips 

5% Phosphotungstic Acid I 5 min 

5% Phosphotungstic Acid II 5 min 

100% ethanol I 3 

100% ethanol II 3 

100% ethanol III 3 

Saffron du G©tinais  45 

100% ethanol I 3 

100% ethanol II 3 

100% ethanol III 3 

100% isopropanol p.a. I 5 

100% isopropanol p.a. II 5 

Isomount 2000  

Table 7 Russell-Movat Pentachrome staining protocol for cryosections. 
 

Based on Russellôs modified Movat Pentachrome staining protocol [110, 111], the 

tissue components show the characteristic staining pattern outlined in Table 8. 

Color  Tissue structure  

Blue-black Nuclei and elastic fibers 

Yellow  Collagen and reticular fibers 
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Blue-green  ground substance, mucins and acidic glycosaminoglycans 

(GAGs)  

Intense red Fibrinoid, fibrin 

Red Muscle cells  

Table 8 The coloring pattern according to the Russell-Movat Pentachrome technique 

2.2.2.4 Weigertôs Resorcin Fuchsin Stain ing  

Following the standard slide preparation described in section 2.2.2, the 

cryosections were incubated in Resorcin-Fuchsin solution for 30 minutes at room 

temperature. Subsequently, the slides were rinsed under running tap water for 1 

minute. Differentiation was performed in 96% ethanol until background staining 

was optimally reduced, as monitored under a light microscope. Finally, the 

sections were mounted using the aqueous mounting medium Isomount® 2000 

and covered with a thin glass coverslip. 

This staining method was applied to visualize elastic fibers within the tissue [112]. 

The dye complex selectively binds to components of elastic tissue, resulting in a 

dark violet to black coloration of elastic fibers. In contrast, cell nuclei appear red 

and the cytoplasm stains light red to pink. Counterstains such as eosin, van 

Gieson, or trichrome methods may additionally be used to enhance cytoplasmic 

or connective tissue contrast [113]. 

2.2.2.5 Picrosirius Red (PSR) and Fast Green Staining  

Following the standard preparation described in section 2.2.2, the cryosections 

were first incubated in acidified distilled water for 5 minutes to optimize dye 

penetration. The slides were then stained with a mixture of PSR and Fast Green 

FCF for 60 minutes at room temperature. After staining, the sections were briefly 

dipped in 70% ethanol for 1 minute, followed by dehydration in 100% ethanol for 

three times, one minute each. Finally, the sections were mounted using the 

aqueous mounting medium Isomount® 2000 and covered with a thin glass 

coverslip. 
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2.2.2.6 Immunohistochemistry (IHC) 

Following the standard cryosection preparation described above, IHC staining 

was performed using the ImmPRESSÊ polymer immunodetection system and 

ImmPACTÊ chromogenic substrates. Prior to staining, tissue sections were 

carefully encircled using a hydrophobic barrier pen (ImmEdge Pap Pen, Vector 

Laboratories) to confine reagents to the tissue area and prevent drying or reagent 

loss during incubation steps. To quench endogenous peroxidase activity, tissue 

sections were incubated in a solution of 1.5 mL 30% hydrogen peroxide (H2O2) 

in 50 mL methanol for 20 minutes in the dark. Nonspecific binding sites were 

blocked using Goat block buffer (98% dilution buffer + 2% normal goat serum) for 

30 minutes at room temperature. The slides were then rinsed with DPBS-. 

For detection of CD10, the sections were incubated overnight at 4°C with the 

primary mouse monoclonal antibody (anti-CD10, mAb mouse IgG1, 1:100 

dilution). After rinsing three times with DPBS-, the ImmPRESSÊ anti-mouse IgG 

reagent was applied for 30 minutes. Signal detection was carried out using the 

ImmPACTÊ DAB kit under continuous light microscope control. The slides were 

then rinsed again with DPBS-. Nuclear counterstaining was performed using 

Hematoxylin QS. The sections were then mounted with Dako Faramount 

Aqueous Mounting Medium.  

Separate tissue slides were used for the detection of collagen I (COL I), collagen 

III (COL III), and perlecan (PRL). Each section was incubated overnight at 4°C 

with the corresponding primary polyclonal rabbit antibody: anti-COL I (diluted 

1:75), anti-COL III (diluted 1:75), or anti-PRL (diluted 1:100). The following day, 

the ImmPRESSÊ anti-rabbit IgG reagent was applied for 30 minutes. Signal 

visualization was performed using the ImmPACTÊ VIP chromogen under light 

microscopic control. After rinsing with DPBS-, nuclear counterstaining was 

performed using Hematoxylin QS. The slides were then mounted using Dako 

Faramount aqueous mounting medium. 
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2.2.3 Microscopy and Image Analysis  

Tile scans were conducted to provide a rapid overview of the entire tissue. Due 

to the tissue thickness of 10 ɛm, multiple focal points (approximately 25ï30) have 

been selected to ensure the acquisition of uniformly focused images. 

2.2.4 Raman Imaging  

For Raman imaging, measurements of cryo-preserved sections of endometrium 

and endometriosis were performed on a customized WITec alpha300 R Raman 

microscope equipped with a charge-coupled-device (CCD) camera. Prior to 

measurement, the tissue sections were rinsed and soaked in DPBS- for 10 

minutes. Calibration and laser power checks were conducted on a silicon slide 

prior to each measurement to ensure standardization. Raman spectral maps 

were specifically acquired from endometrial glands (KO) and endometriotic 

glands (DI). For spectral acquisition, an upright 63x dipping objective, a green 

laser (532 nm) and a spectrograph with a grating of 600 g/mm were used. Three 

spectral maps per sample were recorded, each consisting of single spectrum 

acquired every 0.5 µm across an area of 80 × 80 ɛm, with an acquisition time of 

0.05 seconds per spectrum and a laser power of 60 mW. The TrueSurface 

module, featuring more than 25 adjustable focus points, ensured precise 

measurement of large and coarsely textured samples. 

2.2.5 Analysis of Spectral Data  

The spectral maps were analyzed using Project Five 5.2 software developed by 

WITec GmbH. To begin, cosmic rays were eliminated from the Raman data using 

a filter size of 2 and a dynamic factor of 8. Afterwards, a polynomial baseline 

correction was applied, and the data was cropped and reduced within the range 

of 600 to 1800 cm-1. Subsequently, a normalization of intensity was carried out.  
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2.2.6 True Component Analysis (TCA) 

The recorded Raman spectra were analyzed using specialized data processing 

techniques [114, 115]. Firstly, TCA is used for image analysis, allowing direct 

evaluation of measurements without prior data compression or reduction. TCA 

clusters similar spectra and assigns them into distinct components, each 

represented by a specific color. This results in both intensity distribution maps 

and a color-coded bitmap, visually representing the spatial distribution and 

relationships between components within the tissue, enabling quick and easy 

assessment (Fig. 8; Fig. 16, 1). 

Figure 8  True Component Analysis  

Exemplary representation of the Raman spectra (on the left), where spectra are grouped together 

as components. The resulting bitmap (on the right) reflects the distribution of these components 

within the sample. Adapted from [116]. 

2.2.7 Principal Component Analysis (PCA)   

Secondly, PCA was employed to reduce the amount of data, facilitating the 

identification of spectral differences. The Unscrambler software was used for this 

purpose. In essence, PCA is a powerful multivariate data analysis technique that 

reduces the dimensionality of spectral data through a vector-based approach 

[117]. Each vector, referred to as a principal component (PC), accounts for a 

specific variation within the spectra. By employing an axis rotation method [118], 

PCA aligns these PCs along directions of maximum variance, generating 

matrices for scores, loadings, and residuals [119, 120]. The PCs are orthogonal 

linear combinations of the original variables [121], identifying natural data clusters 
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(similarities and common features) and outliers (significant deviations from the 

general pattern) [121]. Plotting the PC loadings against different variables reveals 

which variables contribute most to the observed differences [121]. The first PC 

captures the most significant variation, with subsequent components 

representing decreasing levels of variability in chronological order [114]. In the 

context of Raman data, the dataset consists of samples (e.g., endometrium and 

endometriosis) and variables (e.g., Raman shifts for nuclei, ECs, lipids, collagen 

and elastin) [12]. PCA interprets complex spectra by revealing differences 

between samples or sample groups, expressed as "scores," and linking them to 

differences in variables, referred to as "loadings" [119, 122-125]. The scores plot 

visually displays differences between samples or groups, while the loadings plot 

illustrates variations in the Raman shifts [126]. By plotting the PC values against 

each other, it is possible to visually evaluate correlations or separations between 

datasets, aiding in the identification of patterns, trends, or groupings [114].  This 

visualization helps to identify key peaks that characterize specific sample types 

and assess reproducibility within the sample set [119].  Overall, PCA provides a 

comprehensive overview of the relationships between different sample sets, 

making it invaluable for analyzing complex datasets like Raman spectroscopy 

data [120]. 
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3 Results   

3.1 Identification of endometriosis by standard pathologic  staining  

Histologic HE staining and IHC anti-CD10 antibody (anti-CD10) staining are 

established methods in pathology for detecting endometriosis.  

 

Figure  9 Standard pathologic  staining methods to diagnose endometriosis . 

Overview images in AïH, with corresponding magnified areas (red rectangles) in AIïHI. Each 

column represents a sample: KO in A and E, LIS in B and F, SRV in C and G, and DGS in D and 

H. The scale bars in the overview images are 1000 µm, except for C and G, where they 

correspond to 500 µm. The scale bars in the magnified images are 100 µm, except for C and G, 

where they correspond to 200 µm. 
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HE staining is a rapid and widely used technique that provides an overview of the 

general tissue architecture and highlights cellular organization or disorganization. 

This study used HE staining to locate endometrial and endometriotic glands, 

which proved particularly useful in endometriosis samples due to their irregular 

distribution. Following HE staining, consecutive tissue sections were stained with 

anti-CD10 ï a marker for endometrial stroma ï to confirm the presence of ectopic 

glandular tissue and thus verify the diagnosis of endometriosis. CD10 is 

commonly used in diagnostic pathology to identify endometrial stromal cells and 

to distinguish them from other mesenchymal or vascular components. Both 

staining methods are considered simple and time-efficient. 

When KO samples (KO, Fig. 9A/E) are compared with DI samples (DI, Fig. 9Fï

H), distinct structural differences become apparent. In KO samples, the glands 

appear densely packed, homogeneous, and well demarcated. They are arranged 

in an almost orthogonal, parallel orientation to the uterine lumen and are confined 

exclusively to the endometrium, without invading the adjacent myometrium (see 

Fig. 10). 

 

 

 

Figure 10 Schematic representation  of gland ular organization  in the endometrium . 

The oval-shaped structures depict glands within the endometrium (pink). The white area 

represents the uterine cavity. The intersecting black lines serve to illustrate the regular, almost 

orthogonal orientation of the glands. 

In contrast, DI samples exhibit highly irregular and disorganized glandular 

distributions. The glands vary markedly in shape, size, and orientation, and no 

consistent spatial relationship can be observed. Some glands appear isolated, 

while others are closely clustered or fused. This morphological heterogeneity is 

a characteristic feature of ectopic lesions. 
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In both HE- and anti-CD10 staining similar color patterns are observed in KO and 

DI samples. In the HE-stained sections, the endometrium appears dark violet and 

is therefore easily distinguishable from the adjacent paler myometrium. Glands 

and blood vessels both stain dark purple due to their high density of cell nuclei, 

which may complicate their differentiation in DI samples, where glandular 

structures are randomly dispersed. 

Anti-CD10 staining aids in distinguishing glands from blood vessels by selectively 

staining the pericellular stroma in a brownish hue, while glandular ECs appear 

bluish, particularly evident in the magnified images (Fig. 9AIïHI). The adjacent 

myometrium, composed predominantly of smooth muscle tissue [1], shows 

minimal staining and appears pale in comparison. The presence of CD10-positive 

stromal tissue surrounding glandular structures is considered a diagnostic 

hallmark of endometriosis. 

The morphology of the endometrial glands varies throughout the course of the 

menstrual cycle [127]. During the proliferative phase, the glands are generally 

uniform in shape. They appear straight, short, and narrow [128]. Inactive glands 

from a previous cycle may present a cuboidal and fissured shape [128]. In the 

mid-proliferative phase (8thï10th day of the cycle), glands typically exhibit 

columnar epithelium and a more elongated, curved appearance [128]. In the late 

proliferative phase (11thï14th day of the cycle), the glands become densely coiled 

and demonstrate mitotic activity and nuclear pseudostratification [128]. 

Myometrial cells, in contrast appear spindle-shaped with elongated nuclei [129]. 

All samples included in this study were collected in the early and mid-proliferative 

phase of the menstrual cycle.  
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3.2 Movat Pentachrome  

For further morphological characterization and detailed analysis of the 

extracellular matrix composition in DI and KO samples, Movat Pentachrome 

staining was performed (Fig. 11). This histologic technique enables the 

differentiation of various matrix components based on their distinct color 

reactions (Table 8). 

Figure 11 General overview of the tissue composition with Movat Pentachrom e. 

KO is presented in A, DI in B (LIS) and C (SRV). Each column represents one sample. Images 

marked with I and II are respectively the black rectangles at higher magnification. Some of the 

glands are framed in red to facilitate their recognition. The scale bars are the same for each row 

and correspond to 1000 µm, 200 µm, 50 µm (top to bottom). 

 

The uterine section (Fig. 11 KO) displays both the KO and the adjacent 

myometrium. The myometrium (Fig. 11 KO, A) appears greenish, indicating the 
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presence of mucins, acidic GAGs, and collagen fibers. The neighboring KO 

stands out due to its light blue coloring, reflecting a high concentration of GAGs. 

Glands within the KO are small, oval-shaped, and densely clustered together. 

The ectopic glands found in the LIS (Fig. 11 LIS) are way larger compared to 

those in the KO. The stroma surrounding the glands and the glands themselves 

appear in a bluish color, consistent with the findings in the KO, indicating the 

presence of GAGs. The rest of the extracellular matrix presents a spectrum 

ranging from green to yellow, indicating a substantial amount of collagen and/or 

reticulin alongside mucins and GAGs. Towards the tissueôs periphery, the yellow 

stain dominates suggesting the presence of collagen and/or reticulin. The red-

stained fibrin is present in the periphery of the tissue, but not in immediate 

proximity to the gland itself. 

Similarly, the endometriotic glands in the SRV (Fig. 11 SRV) show a blue 

coloration of both glands and surrounding stroma, consistent with high GAG and 

mucin content. As in the LIS, collagen and reticulin are present around the glands, 

contributing to the greenish coloration.  

A comparative analysis of the endometriotic lesions of the SRV and LIS with the 

glands of the KO reveals several differences. Glands in the endometriotic lesions 

are larger, morphologically more heterogeneous, partially disrupted and lack 

orientation within the tissue. The glandular cells themselves are less columnar, 

compared to those in the KO, and exhibit a distinctly altered morphology. Notably, 

glandular cells in endometriotic lesions show an increased nuclear-to-

cytoplasmic ratio (N/R), resulting in a darker staining appearance. Elastic fibers, 

which stain black in Movat Pentachrome, are observed in DI but not in KO. In 

addition, DI tissues show a more complex extracellular matrix composition, 

including collagen, reticulin, elastic fibers, mucins, and GAGs. Fibrin, identifiable 

by its red staining, is localized predominantly at the periphery of DI tissues. 
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3.3 Distribution Pattern of Elastic Fibers in KO and DI   

Various staining methods are available for the visualization of elastic tissue, 

including Weigert's Resorcin Fuchsin, Orcein, Gomori and Verhoeff stains [130]. 

A common challenge is distinguishing elastic fibers from collagen and smooth 

muscle in different tissues, which often requires a combination of staining 

techniques [130].  

Figure 12 Distribution pattern of elastic fibers in KO and DI . 

Stained tissue sections with Resorcin Fuchsin displaying the KO (A) and two endometriotic 

lesions, the LIS (B) and SRV (C). Glands or glandular fragments are outlined in black; the elastic 

fibers are marked with black arrows. The scale bar represents 50 µm. 

The distribution pattern revealed by Resorcin Fuchsin staining is consistent with 

the findings from Movat Pentachrome staining. In the KO sample (Fig. 12A), the 

glands can be identified by their palisade-like nuclear arrangement (outlined in 

black). Notably, no elastic fibers are detected in the stromal compartment of 

eutopic endometrial glands. These findings are consistent with the study by 

Egging et al. who also reported the absence of elastic fibers in eutopic 

endometrium and their presence in fibrotic or pathologically remodeled tissues 

[131]. 

In contrast, the ectopic glands in DI specimens (Fig. 12B and 12C) are much 

larger. In some cases, complete glands are visible, but in others only gland 

segments are visible. Numerous elastic fibers are irregularly distributed in the 

immediate vicinity of the glands in the pericellular stroma of these lesions. These 

fibers appear as dark purple to black, hair-like structures that vary greatly in 

density and spatial distribution (Fig. 12, black arrows). Depending on the region, 

the fibers may form distinct bundles or appear as a fine network separated by 

narrow gaps. The presence of elastic fibers in the stromal compartment in DI 
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suggests tissue remodeling and fibrotic changes, which can be associated with 

the chronic inflammation in endometriosis [132]. This is further supported by 

histologic studies using Elastica-Van Gieson staining, which report an increased 

abundance of both collagen and elastic fibers in endometriotic lesions [133]. 

3.4 Collagen Fiber Distribution and Content in KO and DI 

Hematoxylin and van Gieson stain (HvG) are common and straightforward 

methods for identifying collagen and other connective tissue components. With 

this technique, smooth muscle fibers appear yellow, elastic fibers appear black, 

and collagen fibers appear red. Cell nuclei are stained black with hematoxylin. 

Figure 13 Histologic  visualization of collagen fibers . 

HvG staining of KO (A) and DI samples from LIS (B) and SRV (C). Two glands are outlined in 

each magnified image (bottom row) in black. Scale bars correspond to 500 ɛm in the top row 

and 100 µm in the bottom row.  

 

In the KO sample (Fig. 13 A/AI), the myometrium can be clearly distinguished 

from the adjacent endometrium due to its high collagen fiber content (red) and 

smooth muscle (yellow) content. The endometrial tissue appears dark blue due 

to its high cell nuclear density. As in previous stains, the glands in the KO sample 
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can be identified by their palisade-like arrangement of nuclei that form oval 

structures. 

DI samples exhibit a high proportion of collagen fibers and smooth muscle tissue 

surrounding the glands. The glands are identifiable by the dense accumulation of 

cell nuclei. Compared to KO samples, the glands in DI are larger and more 

heterogeneous, each exhibiting a unique size and shape. The arrangement of 

cell nuclei within the glands is not as organized as in the endometrial glands. The 

nuclear arrangement within these glands is less organized.  

Another key difference is the presence of elastic fibers (black) in the DI samples 

ï particularly evident in the SRV (Fig. 13 C), which are absent in KO tissues.  

3.5 Quantification  of Collagen Fibers  

Both Massonôs Trichrome and van Gieson staining have traditionally been used 

for collagen visualization in tissue sections [134]. However, both methods exhibit 

limited sensitivity for fine collagen fibrils, potentially resulting in an 

underestimation of total collagen content. Moreover, van Gieson stain is prone to 

fading over time [134]. These limitations have led to the widespread adoption of 

the PSR staining method in combination with polarized light microscopy as a 

more robust and sensitive method for collagen assessment [134]. 

PSR selectively binds to basic amino acid residues (e.g., lysine, hydroxylysine, 

arginine) in collagen fibrils via its sulfonic acid groups [135]. Owing to its 

elongated molecular structure, the dye aligns parallel to the fibrils, resulting in a 

marked enhancement of collagen's natural birefringenceðreported to exceed 

700% relative to unstained sections [135]. This enhancement enables the 

visualization of even very fine collagen fibers. 

While early studies suggested that birefringence color might be indicative of 

collagen type [135], more recent research has refined this interpretation. Dayan 

et al. demonstrated that birefringence hue is influenced not only by fiber diameter 

but also by fibril alignment, molecular packing, and hydration state [136]. In 2005, 

Rich and Whittaker introduced a four-color classification schemeðgreen, yellow, 

orange, and redðrepresenting an ascending order of fiber thickness, which may 
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also reflect progressive tissue remodeling [134]. However, they explicitly rejected 

any correlation between hue and collagen type. Twelve years later, Rittié 

emphasized the multifactorial nature of birefringence and cautioned that hue 

analysis under polarized light microscopy should be considered a qualitative and 

relative measure of collagen organization [137]. She further stressed that 

definitive conclusions regarding fiber maturity, diameter, or subtype require 

validation through complementary techniques such as immunohistochemistry or 

electron microscopy [137].  

In this study, 10 µm cryosections were stained with PSR and counterstained with 

Fast Green. The counterstain enhanced the contrast of non-collagenous 

components under brightfield microscopy by staining cytoplasmic and matrix 

proteins green. This facilitated the interpretation of structural orientation and 

tissue architecture. Tissue sections were examined under circularly polarized 

light. Collagen fibers appeared birefringent in varying hues, while non-

collagenous elements and interstitial background remained dark. The thickness 

and/or maturity of collagen fibers can be classified based on the four distinct color 

hues defined by Rich et al. [134] in 2005. Subsequent image analysis was 

performed using ImageJ and MATLAB to quantify the pixel counts corresponding 

to each hue (green, yellow, orange, red). In the subsequent MATLAB analysis, 

the pixels corresponding to each color hue were counted. Collagen fibers from 

KO samples (n = 3) were compared with those from DI samples (n = 3), which 

were collected from various locations: LIS (n = 3), SRV (n = 1), and DGS (n = 1). 

Figure 14 Quantification of collagen fibers using  PSR and Fast Green stain  

The glands in KO (A) and DI (B) are outlined in blue. Scale bars correspond to 100 ɛm. The 

scatter plot (C) shows the fractions of the four distinct color hues defined by Rich et al. [134] 
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comparing KO ( ) with DI (LIS , DGS , SRV ). Mann-Whitney U test was performed to 

compare the individual color proportions for KO (n=4) compared to DI (n=5) (LIS n=3; SRV n=1; 

DGS=1). Results are expressed as mean ± SD. *p < 0.05. 

 

In both the KO (Fig. 14 A) and DI samples (Fig. 14 B), the glands, including their 

lumina, appear dark to black under circularly polarized light. Compared to DI 

samples, the KO tissue exhibits a markedly higher proportion of green, yellow, 

and orange birefringent fibers. The overall darker appearance of the KO tissue 

may reflect a higher proportion of non-collagenous elements or a more porous 

matrix. This finding is consistent with the higher abundance of thinner collagen 

fibers typically observed during the proliferative phase of the endometrium, a 

phase marked by active reconstruction of the Stratum functionale.  

Statistical analysis revealed a significantly higher proportion of red fibers in the 

DI samples (Fig. 14 B), indicating the presence of thicker and more densely 

packed collagen. However, no clear differences in the distribution or arrangement 

of the various fiber thicknesses were detected, nor was there an increased 

content of thin fibers near the glands.  

When comparing the ectopic glands from different anatomical locations, 

significant differences were also observed (Supplementary Fig. 25). In particular, 

the SRV and DGS samples showed markedly divergent birefringence profiles. 
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3.6 Heterogenous Phenotype of Endometrial Foci  

Figure 15 IHC characterization of endometriosis . 

IHC staining of KO (A) and DI of LIS (B) and SRV (C) with anti-COL I in AïC, anti-COL III in AIï

CI, and anti-PRL, in AIIïCII. The black arrows highlight the glands. The scale bars correspond to 

100 ɛm. 

 

The IHC stain was performed to highlight the heterogeneous phenotype of 

endometrial foci. The three antibodies anti-COL I (Fig. 15 AïC), anti-COL III (Fig. 

15 AI-CI) and anti-PRL (Fig. 15 AIIïCII) were applied to tissue samples of KO 

(Fig. 15 A) and DI (Fig. 15 BïC). 

In the KO samples (Fig. 15 A), the epitopes of anti-COL I and anti-COL III were 

detected both in the stroma surrounding the glands and as a type of boundary 

around the glands. The well-defined and uniform glandular architecture in the KO 

samples, highlighted by the anti-COL I and anti-COL III staining, emphasizes the 

integrity and organization of these structures. 
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In contrast, the DI samples (Fig. 15 BïC) exhibited a rather heterogenous 

glandular configuration. In the LIS samples (Fig. 15 B), the endometriotic glands 

both anti-COL I and anti-COL III were observed as linings surrounding the glands. 

However, in the SRV sample (Fig. 15 C), although collagen was present around 

the glands, the clear demarcation of the glands observed in the KO samples was 

not as evident. This indicated a more disrupted or varied glandular architecture 

in the DI samples. 

 

PRL staining (Fig. 15 AII, BII, CII) revealed that anti-PRL epitopes were primarily 

localized within the glandular cells, with punctate deposits also present in the 

surrounding tissue. This pattern was consistent across KO and DI samples, 

though the density and distribution of these deposits varied, reflecting differences 

in glandular and stromal composition between the samples. 

The results of IHC staining showed that both anti-COL I and anti-COL III are 

integral components of the glandular and stromal architecture in endometrial 

tissue. There was a clear difference in glandular structure between KO and DI 

specimens, with KO specimens showing more defined and uniform glandular 

structures, while DI specimens showed a more heterogeneous and disrupted 

architecture. Anti-PRL was primarily localized within the glandular cells, but also 

showed a dispersed presence throughout the surrounding stroma, suggesting its 

involvement in the structural and functional organization of the tissue. 

3.7 Identification of the Prominent Tissue Components  with TCA  

TCA was used to identify tissue components with similar spectral and hence 

biochemical properties. All similar structures showed clusters on a generated 

pseudocolored map (bitmap). This enabled the identification and localization of 

the same prominent tissue components of the glands and their surroundings in 

endometrial samples (Fig. 16 A), and endometriosis samples (Fig. 16 B and C).  
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Figure 16 TCA of eutopic and ectopic endome trial glands . 

(A) Marker-independent TCA of KO and DI of LIS and SRV identifies nuclei (blue), ECs (pink), 

lipids (yellow), collagen fibers (green) and elastic fibers (red). Scale bar equals 20 µm. (B) 

Average spectral signatures for the molecular assignment of the tissue components with labeled 

characteristic peaks of the individual components. 

The Raman spectra of the identified components are shown in Fig. 16 B, focusing 

on the fingerprint region from 600 to 1800 cm-1. This spectral range contains 

numerous characteristic bands that reflect specific molecular vibrations related to 

chemical composition and structure of the sample. These bands provide detailed 

information about functional groups, molecular conformations, and bonding types 

of sample components. Raman bands arise from vibrational modes that are 

highly dependent on the molecular structure and intramolecular interactions; 

thus, spectral patterns differ significantly between substances. This region is 

referred to as the "fingerprint region" because it often exhibits unique substance-

specific signatures, enabling precise molecular identification and discrimination.  
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The blue component appears in a palisade-like arrangement in both KO and DI. 

These clusters are tightly packed and form ring-shaped structures that vary in 

size and shape, particularly when comparing KO (Fig. 16 KO) with DI (Fig. 16 LIS 

and SRV). The Raman spectrum of the blue component (Fig. 16 B) exhibits 

characteristic peaks that can be attributed to nucleic acids (Table 9); indicating 

that this component represents cell nuclei. 

The pink component was consistently located adjacent to the blue component in 

both KO and DI samples and was found to surround. Upon closer inspection, the 

pink component was observed enveloping the nuclei.  

Its spectral features (Table 10) include peaks attributable to amino acids and 

(phospho)lipids. These findings support the interpretation that the pink 

component may correspond to the cytoplasm of glandular ECs. The spatial co-

localization of the blue and pink components is consistent with glandular 

structures observed in both KO and DI samples. The yellow dot-like component 

was observed throughout the entire tissue sections in all samples (Fig. 16 A). 

Spectral analysis revealed characteristic peaks associated with cholesterol, as 

well as aliphatic CH2 and C = C stretching vibrations ï which are predominantly 

found in lipid-rich regions. Based on these spectral features, the yellow 

component may correspond to lipids.  

The green and red components both exhibit a fibrillar morphology in the bitmap, 

which is particularly evident in the SRV sample (Fig. 16 SRV). These components 

are located around the glandular areas, i.e., the blue and pink regions, and are 

found exclusively outside the lumen formed by the blue component. Based on 

their Raman spectra, the green component could correspond to collagen fibers 

and the red component to elastic fibers. Interestingly, the red component was 

predominantly observed in the DI samples, whereas it appeared mainly as 

spectral noise in the KO samples. This observation is consistent with previous 

histologic studies reporting that the eutopic endometrium contains few or no 

elastic fibers [131]. 
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3.7.1 Nuclei  

The blue component (Fig. 16 A) exhibits several characteristic peaks and bands 

(Table 9), which can be attributed to the nucleic acid bases uracil, adenine, 

guanine, cytosine and thymine, as well as to the deoxyribonucleic acid (DNA) 

backbone and deoxyribose. Based on both image morphology (Fig. 16 A) and 

spectral assignment (Table 9), the blue component corresponded to the cell 

nuclei. 

Wavenumber (cm-1) Assignment  References 

782ï792  Uracil, Thymine, Cytosine ring 

breathing; O-P-O symmetric stretch 

[138-142]  

1084ï1095  DNA backbone: PO2 stretch [138, 143-145] 

1263  Thymine, Adenine (ring breathing 

modes of the DNA/ribonucleic acid 

(RNA) bases)  

=C-H bend (protein), Thymine, 

Adenine  

[146, 147] 

1304ï1342  Adenine, guanine   [138-142]  

1373 Thymine, adenine, guanine (ring 

breathing modes of the DNA/RNA 

bases) 

[145-147] 

1455 Deoxyribose [144] 

1487 Guanine, adenine  [140] 

1578 Nucleic acid (adenine, guanine)  [138, 140, 145] 

1659ï1671  Thymine, guanine, cytosine [139, 143, 144, 

148] 

Table 9 Characteristic bands and peaks for Nuclei 

 

3.7.2 Epithelial Cells with Cell Organelles other Than Nucleus  

Eukaryotic cells consist of cytoplasm that contains various subcellular structures 

such as the plasma membrane, nucleus, mitochondria (MIT), lysosomes, 

macromolecules (proteins, DNA, and RNA), the endoplasmic reticulum (ER), and 
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numerous smaller molecules involved in metabolism and nutrient storage [149, 

150]. The spatial arrangement of these organelles contributes to the overall 

shape of the cell. Endometrial glandular ECs are simple single-layered and 

columnar [151]. Cell organelles like ribosomes are made up of ribosomal RNA 

(rRNA) and ribosomal proteins. MIT possess a double-layered membrane 

composed of phospholipids and proteins, and are primarily made up of proteins 

(60%) and lipids (35%) [152].  

The pink component (Fig. 16 A) displays several characteristic Raman peaks and 

bands corresponding to phospholipids, proteins, and lipids (Table 10). Based on 

the image morphology (bitmap in Fig. 16 A) and spectral features (Table 10), this 

component was assigned to the ECs of the glands, including their organelles ï 

excluding the nucleus (blue component). 

Wavenumber (cm-1) Assignment  References 

750 Cytochrome complex inside MIT  [153, 154] 

1004 Symmetric ring breathing mode of 

phenylalanine 

[145, 152] 

1089 C-C stretch [152] 

1298 CH2 deformations (lipid); Amide III [94]; [152] 

1437 Phospholipid (phosphatidylserine); CH2 

bend of the hydrocarbon chains 

[155]; [152] 

1652 Lipid (C=C stretch) [94] 

Table 10 Characteristic bands and peaks for cell organelles and cytoplasm of the epithelial cells 
 

3.7.3 Lipids  

Based on the bitmap image (Fig. 16 A) and the peak assignments (Table 11), 

which are consistent with the literature data, the yellow component was identified 

as lipids. 

The fingerprint region of the Raman spectra for lipids shows three spectral 

regions: 1500ï1400 cm-1, 1300ï1250 cm-1, and 1200ï1050 cm-1. Vibrations in 

the 1500ï1400 cm-1 region are generally attributed to the scissoring motions of 

the CH2 groups, whereas bands around 1300 cm-1 are associated with twisting 
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motions of the CH3 groups. In the 1200ï1050 cm-1 range, the observed bands 

are typically linked to the CïC skeletal stretching vibrations.  

It is important to note that the Raman spectral characteristics of individual lipids 

can vary significantly, depending on multiple factors, including the degree of 

saturation, liquid phase state, the presence of geometric isomers, as well as 

polymorphic or polytypic forms. Additionally, hydrophilic functional groups may 

affect properties of lipid solubility [156].  

Wavenumber (cm-1) Assignment  References 

702 Cholesterol, cholesterol ester [155] 

1030ï1130  skeletal CƄC stretches (cis 1030ï

1040; chain trans 1055ï1066; 

chain random 1080ï1085) 

[138, 141, 157]   

 

1254ï1284  ƏCH deformations   [138-140, 143, 

157] 

1295ï1305  twisting motions of the CH3 groups     [156] 

1440ï1460  CH2 scissors      [139, 141, 143, 

158]  

1645ï1660  CƏC cis stretch [139, 141, 143, 

148, 157, 158]  

Table 11 Characteristic bands and peaks for lipids 

3.7.4 Collagen  fibers  

Based on the spatial distribution (Fig. 16 A) and the peak assignments (Table 

12), which are supported by literature, the green component was attributed to 

fibers. 

Collagen is the most abundant macromolecular protein in the human body and 

plays a key role in the extracellular matrix (ECM) of connective tissues [159]. A 

prominent Raman band at 815 cmϖ¹ indicates the presence of glucosyl-

galactosyl-hydroxylysine, which is particularly intense in COL I compared to type 

IV collagen (COL IV), thereby enabling their differentiation [159].  
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The characteristic peak pair at 855 cm-1 and 936 cm-1 is associated with the 

amino acid side-chain vibrations of proline and hydroxyproline, as well as a C=C 

stretching of the collagen backbone [159-161]. RMS is also sensitive to the 

secondary structures of collagen, such as Ŭ-helix and ɓ-sheet [159], which are 

crucial for the stability and organization of collagen fibrils [159]. These secondary 

structures are typically examined using the amide I and III bands [159].  

Wavenumber (cm-1) Assignment  References 

815  

glucosyl-galactosyl-hydroxylysine 

on/within leucine crosslinks in 

tropocollagens  

[159] 

855 

n(C-C) of the proline ring and ring 

breathing mode (ŭ(CCH)) of 

tyrosine; proline and hydroxyproline, 

as well as a (C=C) vibration of the 

collagen backbone 

[160, 162, 

163] 

938 

proline and hydroxyproline, as well 

as a (C=C) vibration of the collagen 

backbone 

[160, 164] 

1002 

C-C aromatic ring stretching, 

phenylalanine (high in COL IV) 

[165, 166] 

1248 

Amide III, ɓ-sheet (COL III) [162, 167-

170] 

1445 CH2 and CH3 deformation [164] 

1645 Amide I, Ŭ-helix [94] 

1668 Amide I, ɓ-sheet 

[169, 171-

173] 

Table 12 Characteristic bands and peaks for collagen fibers 
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3.7.5 Elasti c fibers  

The red component was assigned to elastic fibers due to its fibrillar morphology 

and distinctive Raman spectral features. Elastic fibers are supramolecular 

assemblies primarily composed of elastin, a key protein that provides connective 

tissues with their elastic recoil properties [174, 175].  

Elastin has a largely disordered structure and lacks a well-defined secondary 

structure as reported by Bruce et al. and confirmed by Mammi et al. The amide I 

and III bands of elastin appear at approximately 1668 cm-1 and 1250 cm-1, 

respectively, reflecting its irregular chain conformation [176]. Furthermore, elastin 

appears to lack a well-defined secondary structure. A unique biochemical feature 

of elastin is the presence of the amino acids desmosine and isodesmosine ï 

unique tetrasubstituted aromatic pyridinium derivatives that serve as covalent 

cross-links within the insoluble elastin network [174-176]. Raman bands at 1108 

cm-1 and 1340 cm-1 have been attributed to the vibrational modes of these cross-

links [175-177]. A desmosine analysis can be used to determine the elastic fiber 

content in tissue samples [174]. 

Wavenumber (cm-1) Assignment  References 

1002 

C-C aromatic ring stretching, 

phenylalanine 

[165, 166, 174] 

1108 

nCC,nCN, nCO; desmosine, 

isodesmosine 

[175-177] 

1250 

n(CN), ŭ(NH), Amide III, ɓ-

pleated sheet 

[138, 142, 174, 175, 

178]   

1340 

ŭ(CH2), ɔɤ(CH2), ɔt(CH2), 

desmosine 

[175-177] 

1454 Amide II, ŭ(CH2, CH3) [164, 175-177] 

1668 Amide I, ɓ-sheet [176, 177] 

ŭ (deformation), ɔɤ (wagging coordinate), ɔŰ (twisting coordinate), n 

(stretching)  

Table 13 Characteristic bands and peaks for elastic fibers 
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3.8 PCA of KO and DI of all Components   

In contrast to TCA, which isolates and quantifies specific components, PCA 

enables a comprehensive analysis of multidimensional data by reducing complex 

patterns to essential features. To investigate the molecular differences between 

the KO (n=3) and DI (n=3) samples, PCA was performed for nuclei, ECs, lipids, 

and collagen fibers. TCA revealed that no elastic fibers were present in the 

stroma of the KO samples (Fig. 16), therefore no PCA was performed for this 

component.  

Three scans of three different glands were performed per sample. From each of 

these scans, 200 spectra were extracted, resulting in a total of 4800 spectra per 

component. In the scatter plot (Fig. 17ï21 A), each point represents one of these 

4800 data points. For each donor, the spectra were averaged to create a single 

point in the graph: blue for KO and red for DI (Fig. 17ï21 C).  

From two LIS donors, additional samples were collected from the SRV and DGS 

regions. For each region, three scans from three distinct glands were acquired, 

following the same protocol as for the primary samples. Consequently, the DI 

analyses now include two additional data points representing the SRV and DGS 

regions (Figs. 17ï21C). 

3.8.1 Nuclei  

The PCA of the nuclear spectra revealed no significant differences between the 

KO and DI samples across the first seven PCs. However, certain trends were 

observed, suggesting potential underlying patterns and group-specific variations 

(Supplementary Fig. 22).  

 

 

 

 

 



70 
 

3.8.2 Epithelial Cells  

3.8.2.1 PC-5 of Epithelial Cells   

A                                   B 

 

 

 

 

 

 

 

C   

 

 

 

 

 

 
Figure 17 PCA of Epithelial cells PC-5 
Scores plot of PC-5 and PC-1 (A). Loadings of PC-5 (B). The characteristic wavenumbers are 
labeled. Two-tailed Mann-Whitney U test was performed to obtain the score value of PC-5 
comparing the KO (blue) and DI (red) (C). KO n=3, DI n= 5. DI from LIS (n=3), SRV (n=1) and 
DGS (n=1). 
 

Wavenumber (cm-1) Assignment  References 

(w) 750 Cytochrome complex inside MIT  [153, 154, 179] 

(w) 1022  n(CC), n(CO), ɓip(COH)  

D-(+)-glucose 

[180] 

(s) 1128  Cytochrome C [179] 

(m) 1235 Amide III (ɓ-fold) [181] 

(m) 1315  Cytochrome C [179] 

(s) 1460  ŭ(CH)2 D-(+)-glucose; Glycogen [180] 

(s) 1583  Cytochrome C [179] 

(s) 1640  Amide I; Ŭ-helix/triple-helix 

(ordered helical structures) 

[182-186] 

(s) 1674 Amide I; disordered structure [187, 188] 
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ɓip (in-plane bending), s (strong), m (medium), w (weak) 

Table 14 Loadings of EC PC-5 
 

The score values of PC-5 show a significant difference between the spectral 

signatures of KO and DI of the ECs.  

PC-5 accounts for 3% of the total variance. In the score plot, DI samples are 

shifted towards the positive y-axis, while KO samples are shifted towards the 

negative y-axis. The corresponding loadings (Fig. 17 B) indicate which spectral 

bands contribute to this separation. Spectral bands associated with the upward 

clustering of DI samples are located at 1235 cm-1 and at 1640 cm-1. In contrast, 

bands with higher intensity in the KO samples include 750 cm-1, 1022 cm-1, 1128 

cm-1, 1314 cm-1, 1460 cm-1, 1583 cm-1, 1674 cm-1. A more detailed overview of 

the peak assignments can be found in Table 17.  

3.8.3 Lipids   

3.8.3.1 PC-2 of Lipids  

A                               B 
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Figure 18 PCA of Lipids PC-2 
Scores plot of PC-2 and PC-1 (A). Loadings of PC-2 (B). The characteristic wavenumbers are 
labeled. Two-tailed Mann-Whitney U test was performed to obtain the score value of PC-2 
comparing the KO (blue) and DI (red) (C). KO n=3, DI n= 5. DI from LIS (n=3), SRV (n=1) and 
DGS (n=1). 
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Wavenumber (cm-1) Assignment  References 

(w) 1118  C-C stretch (n(C-C))  [94, 156, 189] 

(w) ~1270 Typical phospholipids; 

C=C groups in unsaturated fatty acids 

(FAs);  

ŭip(=C-H) in an unconjugated cis 

double bond  

[190]; 

[155]; 

[106, 191] 

(m) 1379 n(C=C) symmetric stretch   [181] 

(sh) 1415 CH vibrations/rocking in lipids [189] 

(m) 1493 conjugated C=C vibrations [189] 

(s) 1699ï1710 n(C=O) carbonyl band in free fatty 

acids (FFAs) 

[192] 

ŭip (in-plane deformation) 

Table 15 Loadings of Lipids PC-2 

 

PC-2 accounts for 14% of the total variance in the dataset and reveals a clear 

separation between lipid-associated signals in DI and KO samples. The KO 

samples cluster towards the positive y-axis, while the DI samples are positioned 

towards the negative y-axis (Fig. 18 A). The corresponding loadings (Fig. 18 B) 

provide insight into the spectral features responsible for this separation.  

The upward clustering of KO is primarily driven by spectral bands at 1118 cm-1, 

1493 cm-1 and 1699ï1710 cm-1. In contrast, DI tissues show relatively higher 

intensities at ~1270 cm-1 and 1415 cm-1. For further details, refer to Table 15.  
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3.8.3.2 PC-7 of Lipids  

A                                   B 
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Figure 19 PCA of Lipids PC-7 
Scores plot of PC-7 and PC-1 (A). Loadings of PC-7 (B). The characteristic wavenumbers are 
labeled. Two-tailed Mann-Whitney U test was performed to obtain the score value of PC-7 
comparing the KO (blue) and DI (red) (C). KO n=3, DI n= 5. DI from LIS (n=3), SRV (n=1) and 
DGS (n=1). 
 

Wavenumber (cm-1) Assignment  References 

(m) 1295  Ű(CH2) sphingomyelin [156] 

(s) 1464 ɓ(CH2/CH3) in cholesterol and 

cholesterol esters 

[156] 

(s) 1626 symmetric stretching of conjugated 

dienes (oxidation products of 

polyunsaturated fatty acids (PUFAs))  

[193] 

(s) 1672 n(C=C) sphingomyelin (Membrane 

lipids); Ceramide 

[107, 156] 

[155] 

(s) 1699 - 1710  n(C=O) carbonyl band in FFAs [192] 

(m) 1741 n(C=O) in cholesterol and cholesterol 

ester 

[155, 156] 



74 
 

ɓ (bending), Ű(twisting) 

Table 16 Loadings of Lipids PC-7 
 

The score value of PC-7 (Fig. 19 C) also reveals a significant difference in the 

lipid-associated spectral profiles between DI and KO samples. In contrast to PC-

2, PC-7 accounts for only a small proportion of the total variance of the data, 

namely 1%. The KO samples cluster along the negative y-axis, while the DI 

samples are positioned on the positive y-axis.  

The corresponding loadings (Fig. 19 B) provide insights into the lipid-related 

spectral features driving this separation. The downward clustering of KO is mainly 

associated with Raman peaks at 1626 cm-1 and 1706 cm-1. In contrast, DI 

samples exhibit stronger intensities at 1289ï1297 cm-1, 1464 cm-1, 1672 cm-1 and 

1741 cm-1. For more detailed spectral assignments, refer to Table 16. 

3.8.4 Collagen  

3.8.4.1 PC-4 of Collagen  

A                               B 
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Figure 20 PCA of Collagen PC-4  
Scores plot of PC-4 and PC-1 (A). Loadings of PC-4 (B). The characteristic wavenumbers are 
labeled. Two-tailed Mann-Whitney U test was performed to obtain the score value of PC-4 


























































































































