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Abstract

Machine learning is increasingly being explored as a tool for improving the diagnosis
of deep endometriosis. This study investigates its potential for distinguishing between
active and fibrotic lesions using radiomic and clinical data extracted from 3D MRI scans.
The goal is to develop a classification model that could assist in the diagnostic process
by analyzing lesion characteristics automatically.

The dataset consists of 3D MRI scans from 61 patients, in which active and fibrotic le-
sions were segmented. From these images, radiomic features were extracted either from
the 3D volume of each segmented lesion or from their corresponding 2D slices. In paral-
lel, clinical data of the patient, were linked to each lesion based on the patient in whom
it was found.

This approach allowed for the construction of six different datasets: 3D Radiomic, con-
taining radiomic features extracted from the full 3D volume of each lesion; 3D Clinical,
which includes the clinical data of the patient associated with each specific lesion; and
3D Radiomic Clinical, which integrates both radiomic and clinical features. The same
structure was applied to the 2D-based datasets, resulting in 2D Radiomic, 2D Clinical,
and 2D Radiomic Clinical, where the features were extracted from the corresponding 2D
slices of the 3D lesion volume.

A first analysis was conducted using dimensionality reduction techniques such as Lin-
ear Discriminant Analysis (LDA), Principal Component Analysis (PCA), Uniform Mani-
fold Approximation and Projection (UMAP), and Pairwise Controlled Manifold Approx-
imation Projection (PaCMAP). However, no clear separation between active and fibrotic
lesions was observed, suggesting that the selected features may not contain enough dis-
tinctive information to naturally differentiate the two lesion types.

The classification task was then approached using automated machine learning (Au-
toML) tools, specifically Tree-based Pipeline Optimization Tool (TPOT), to optimize
classification pipelines for each of the six different datasets.

The best performance was achieved with the 3D Radiomic Clinical dataset, which com-
bines both radiomic and clinical features, reaching a balanced accuracy of 0.65 £ 0.19
and AUC of 0.60 4+ 0.20. These results were based on 10-fold cross-validation, and the
performance variability across different splits is reflected in the error values.

All other datasets showed poor predictive performance, with balanced accuracy values
close to 0.5.

A significant misclassification of fibrotic lesions was also observed, likely due to the im-
balanced dataset (25 fibrotic lesions vs. 64 active lesions). A limitation of the study
was the relatively small sample size (61 patients, 89 total lesions), which made it more



challenging to achieve robust results and harder to characterize lesion differences.

These findings highlight the challenge of differentiating between active and fibrotic
lesions in deep endometriosis using a combination of radiomic and clinical features. Fu-
ture research should explore additional radiomic features and alternative modeling ap-
proaches to improve classification performance and enhance the diagnostic potential of
these methods.
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Introduction

Endometriosis is a chronic gynecological disorder affecting around 10% of women world-
wide. It is characterized by the growth of endometrial-like tissue outside the uterus,
leading to inflammation, fibrosis, and lesion formation. Among its different forms, deep
infiltrating endometriosis (DIE) is the most severe, as lesions penetrate deeper than 5
mm into surrounding tissues.

MRI is a key imaging tool for diagnosing DIE, and in particular, T2-weighted se-
quences allow for a clear visualization of lesion characteristics. However, traditional MRI
analysis relies on clinicians’ expertise, which can lead to variability in diagnosis. This
has led to growing interest in computational techniques such as radiomics and machine
learning to enhance diagnostic accuracy.

Machine learning (ML) enables feature extraction and classification, offering a promis-
ing approach to differentiating lesion types in DIE. Radiomics, which extracts imaging
features related to texture, shape, and intensity, provides additional insights into tissue
characteristics that may not be visually apparent. Integrating radiomic data with ML
models could improve the distinction between endometriotic lesions. In particular, they
can be used to characterize and distinguish active and fibrotic endometriotic lesions,
with active lesions being associated with inflammation, while fibrotic lesions are denser
and less metabolically active.

This study aims to classify active and fibrotic DIE lesions using 3D MRI scans from
61 patients with endometriotic lesions, developing a machine learning based diagnostic
tools for endometriosis to offer a standardized method for lesion classification. To achieve
this, the study first focuses on extracting radiomic features from MRI images that are
then combined with patient clinical data, which includes patient history, symptoms, and
surgical information, to explore whether integrating both sources of information improves
classification accuracy.
Machine learning pipelines are implemented to automate the process of feature selection,
model training, and classification and are then tested and compared to identify the most
effective approach for lesion classification. The performance of these models is assessed
using cross-validation and classification metrics such as balanced accuracy, precision, re-



call, and F'1-score.

The first chapter 1 introduces the study, explaining the clinical challenges of DIE, the
role of MRI, and the potential of machine learning in lesion classification. The second
chapter 2 explains the machine learning tools available and the and ML applications in
medical imaging. The third chapter 3 details the dataset and methodology, including
MRI images preprocessing, feature extraction, machine learning models, and evaluation
techniques.

In the fourth chapter 4 the results of the study are described, comparing different clas-
sification models and feature sets, with an analysis of model performance and feature
importance. Lastly, conclusion are drawn in the 5 chapter.



Chapter 1

Introduction

1.1 Deep Infiltrating Endometriosis

Endometriosis is a chronic gynecological disorder that affects approximately 10% [1] of
women worldwide.

This condition is characterized by the presence of tissue similar to the lining of uterus,
known as endometrium, that grows outside the uterine cavity. The endometrium consists
of glands embedded in a supportive tissue called stroma, and its structure changes with
age and throughout menstrual cycle due to its sensitivity to the hormones estrogen and
progesterone.

In endometriosis, these glands and stroma (1.1) grow in area where they are not normally
located such as the ovaries, fallopian tubes, or the pelvic regions. These ectopic tissues
(tissues located in abnormal positions), continue to respond to hormonal changes, leading
to inflammation, pain, and scarring, which result in various symptoms and complications.

Figure 1.1: Representation of an endometriotic lesion, highlighting the presence of endometrial stromal cells, epithelial
glands, blood vessels, and nerve fibers. F rom: Hogg, Chloe and Horne, Andrew W. and Greaves, Erin, (2020),
Endometriosis-Associated Macrophages: Origin, Phenotype, and Function

Endometriosis is particularly challenging as abnormal growths of endometrial tissue
differ at a molecular level from the normal endometrial tissue that lines the inside of



the uterus. This difference complicates the development of effective treatments, as the
ectopic tissue behave differently, even though both types respond to hormonal changes.
As a result, managing symptoms and finding therapies that work for all individuals af-
fected by the condition remain significant challenges.

Endometriosis can be categorized into several types based on the location and ex-
tent of the disease. The Endometriosis Foundation of America suggests classifications
according to the anatomical location of endometriosis inside the pelvic and abdominal
cavities: superficial peritoneal endometriosis (SPE), ovarian endometriomas (OMA), and
deep infiltrating endometriosis (DIE).

SPE is the most common form and involves lesions on the surface of the organs within
the pelvic and abdominal cavities. OMA are cysts filled with menstrual blood that de-
velop in the ovaries [2].

DIE is the most advanced and challenging form of the disease, with an incidence of
about 1 — 2% [3] in the global female population. It is associated with very severe pain
in over 95% of cases, which is often accompanied by fertility issues. While the condition
is relatively rare, its impact is debilitating for those affected. [4]

In figure below, the three types of endometriosis lesions are illustrated, along with their
typical locations within the body, providing a clear representation of where each lesion
is most commonly found.

Figure 1.2: Image showing the typical locations of the three types of endometriosis lesions: SPE, OMA, and DIE, as
classified by the Endometriosis Foundation of America (EFA). From: IHH Healthcare Singapore, - Gleneagles Hospital -
hitps://www.gleneagles.com.sg/conditions-diseases/endometriosis /symptoms-causes

DIE occurs when endometrial tissue grows deeper than 5 millimeters into the pelvic
organs. DIE is typically found in the posterior compartment of the pelvis, affecting



areas such as the vagina, rectum, uterosacral ligaments, and ureters, although it can also
involve the anterior compartment, such as the bladder.

A sagittal view of the pelvic organs, showing their relative positions within the pelvic
cavity, is provided in Figure 1.3 to help illustrate these anatomical locations.

Figure 1.3: Sagittal view of the pelvic organs, showing their relative positions within the pelvic cavity. From: Cohen
BJ., (2007), Medical Terminology: An Illustrated Guide, Lippincott Williams & Wilkins

Recently DIE has also been described as “adenomyosis externa”. Adonomyosis is a

condition where endometrial tissue grows within the muscular wall of the uterus. How-
ever, in “adenomyosis externa”, this endometrial tissue grows outside the uterus, forming
a single nodule that is typically larger than 1 cm in diameter. Unlike typical DIE lesions,
which tend to be more widespread, adenomyiosis externa presents as a more compact,
isolated mass. This makes it harder to treat surgically, as the lesions are often deeply
embedded in the pelvic organs.
In severe cases, DIE may result in “adenomyosis externa”, a condition in which the pelvic
organs become stuck to each other due to scar tissue or adhesions, caused by ongoing
inflammation from endometriosis. These adhesions make the pelvic organs less flexible
and can cause significant pain, especially during ovulation and menstrual periods [5]. In
the worst cases, adhesions can become so widespread that they severely restrict move-
ment of the pelvic organs.

Deep endometriosis shows two main types of lesions, each with different characteris-
tics based on their activity, stage of the disease and response to treatment. Active lesions,
often referred to as “red”lesions, are typically marked by their strong blood supply or by
being blisters filled with a reddish fluid, showing that the disease is actively inflaming
the area. These lesions, observed in the early active stage of endometriosis, appear as
small raised spots or fluid-filled bubbles with visible blood vessels on their surface. They
are attached to the surrounding tissue, and may contain enlarged glands surrounded by
blood vessels, indicating that the disease is still actively growing.



Depending on the course of the disease or the course of treatment, some of these active
lesions may develop or disappear over time. It has been observed that hormone thera-
pies that reduce inflammation and slow growth are particularly effective in treating red
lesions [6].

Fibrotic lesions, like the “blue-black plaques”, appear when the disease has been present
for a long time and has led to scarring or tissue hardening. These lesions are character-
ized by the accumulation of scar tissues, which makes the affected area rigid and often
retracted. The blue-black plaques are typically the result of the chronic nature of the
disease, where inflammation has slowed down, and the body has begun to repair the
tissue. For this reason, these types of lesions tend to be more stable and generally do not
shrink or disappear. Unlike active lesions, they do not respond well to hormonal therapy.
In some cases, fibrotic lesions may require surgical intervention to remove deeply affected
tissue.

The distinction between active and fibrotic endometriosis lesions is crucial for under-
standing disease progression and determining the appropriate treatment. Active lesions
are potentially responsive to pharmacological treatments and may benefit from medical
therapy, while fibrotic lesions are stable and do not respond to hormonal therapy. This
differentiation is crucial for pre-operative evaluations as well as for guiding therapeutic
choices, ensuring that treatment plans are customized for the specific type of lesion.

1.1.1 Symptoms

The chronic and inflammatory nature of DIE can significantly impact the quality of life
for affected women. Symptoms such as severe pelvic pain, bowel dysfunction, and sexual
discomfort often result in physical, emotional, and social burdens. DIE is also a leading
cause of infertility, affecting 30-50% of women diagnosed with endometriosis. DIE is often
characterized by severe, stabbing, and persistent pain, with patients also experiencing
abdominal pressure or a sensation of heaviness that further decreases their quality of life
[5]. For this condition symptoms can vary significantly based on the lesions’ location. In
over 95% of cases, DIE is associated with severe pelvic pain, often leading to significant
discomfort during menstruation (dysmenorrhea), intercourse (dyspareunia), and bowel
movements. [4]

Depending on the affected organs, DIE can lead to a range of specific symptoms:

e Bowel involvement: endometriosis affecting the bowel may lead to symptoms such
as abdominal bloating, diarrhea, constipation, and blood in the stool. In severe
cases, adhesions can cause the bowel to fuse with the vagina, leading to intense
pain during sex or bowel movements. Dyschezia (painful defecation) is a com-
mon symptom when gastrointestinal structures are involved, particularly during
menstruation [7].



e Bladder involvement: lesions affecting the bladder can cause urinary symptoms
such as frequent urination, urgency, painful urination (dysuria), and hematuria
(blood in the urine), particularly during menstruation [5].

e Uterosacral ligaments: lesions in the uterosacral ligaments often lead to deep dys-
pareunia, causing significant discomfort during intercourse.

e Rectovaginal area: in cases where the rectovaginal septum is affected, women may
experience lower abdominal pain, vaginal discomfort, and painful bowel move-
ments, sometimes accompanied by menstrual blood in the stool or diarrhea.

e Rare cases: though uncommon, endometriosis may also involve other areas, such
as the pleura, leading to chest pain, dyspnea, or even hemoptysis (coughing up
blood) during menstruation.

Despite the severity of the symptoms, early diagnosis and appropriate treatment can
significantly improve a patient’s condition and fertility prospects.

Figure 1.4: Sagittal view of the pelvis, displaying typical endometriosis symptoms in relation to the location of DIE
lesions; these symptoms often overlap. From: Salari, Salomeh and Coyne, Kathryn and Flyckt, Rebecca, (2022), Deep
Infiltrating Endometriosis: Diagnosis and Fertility-Sparing Management in the ART Patient

1.1.2 Diagnosis and treatment

Despite its significant impact on women’s health, DIE remains challenging to diagnose
due to its variety of symptoms.

Deep endometriosis should be suspected in all women presenting with chronic and debil-
itating pelvic pain, particularly dysmenorrhea, deep dyspareunia, dyschezia and cyclic
rectal bleeding [4]. Although no single symptom is specific to DIE, certain symptoms
tend to correlate with the location of the lesions. However, since lesion size and position



do not always reflect symptom severity, clinical awareness remains crucial for rapid di-
agnosis and effective treatment.

Late diagnosis is often the result of symptom misinterpretation, the masking effect of
hormonal contraceptives, and the normalization of pelvic pain as part of the menstrual
cycle [2].

A detailed medical history and physical examination are the first steps in diagnosing
DIE. A gynecological exam may detect abnormalities in certain areas of the pelvis, but
it is not always reliable since many lesions cannot be easily felt, making additional imag-
ing tests necessary for confirmation.

Laparoscopy is the gold standard for the surgical diagnosis of endometriosis, providing
direct visualization of endometrial tissue outside the uterus and enabling potential treat-
ment of lesions. However, since laparoscopy is an invasive procedure, imaging techniques
have become essential for identifying the locations of DIE lesions, suggesting that the role
of diagnostic laparoscopy may need to be reconsidered, with imaging methods playing a
more central role in the diagnostic process [8].

Transvaginal ultrasound (TVUS) is the first-line imaging-tool for diagnosis DIE [4], with
reported sensitivity and specificity exceeding 85% [5]. However, its accuracy is highly
operator-dependent, and its effectiveness varies based on lesion size and location [7].

In contrast, Magnetic Resonance Imaging (MRI) provides a more operator-independent
approach and is valuable for detecting lesions in locations difficult to assess via ultra-
sound, such as the sigmoid colon and upper abdomen. MRI offers a detailed three-
dimensional view of pelvic structures, allowing for the preoperative assessment of lesion
size, lateral extension, and depth of invasion, which are essential for surgical planning.
The decision to perform surgery is mainly based on clinical evaluation and MRI offers a
useful tool to support this decision [4].

Given the complex nature of DIE, a multidisciplinary approach is essential for accu-
rate diagnosis and effective management. Collaboration between gynecologists, radiolo-
gists, surgeons, and fertility specialists ensures a comprehensive evaluation and tailored
treatment planning, preventing unnecessary surgeries, reducing surgical complications,
and improving fertility outcomes [2].

The treatment for DIE generally involves surgery to remove the endometriosis lesions

and alleviate pain. This approach helps restore normal pelvic anatomy and can signif-
icantly improve patients’ quality of life. Hormonal treatments after surgery are often
recommended to reduce the risk of recurrence and to manage ongoing symptoms.
For patients facing fertility issues, the treatment plan should consider the possibility of
pregnancy. In some situations, assisted reproduction techniques, such as in vitro fertil-
ization (IVF), may be recommended, particularly when factors like previous surgeries or
low ovarian reserve affect fertility. In general, addressing endometriosis surgically can
improve the chances of pregnancy, whether naturally or through IVF [7] [9].
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1.2 Nuclear Magnetic Resonance

Magnetic Resonance (MR) techniques represent a class of non-invasive methodologies
widely used across various scientific and technological fields to investigate the properties
of matter.
These techniques are based on the phenomenon of Nuclear Magnetic Resonance (NMR),
which occurs when atomic nuclei, characterized by a non-zero spin quantum number 7,
interact with external magnetic fields through their intrinsic magnetic moment p.
The magnetic moment u of a nucleus is directly proportional to its spin I, as expressed
by the relationship: .

= fyngf (1.1)
where 7, is the gyromagnetic ratio of the n nucleus, h Planck’s constant.
When a static and homogeneous magnetic field By is applied, the interaction between
1 and By, known as Zeeman interaction, induces a splitting of the nuclear energy levels
into 21 4+ 1 discrete levels.
This splitting causes the nuclei to redistribute among these energy levels according to
the Boltzmann distribution, resulting in a population imbalance that, macroscopically,
gives rise to a detectable bulk magnetization M.
For nuclei with spin I = %, such as hydrogen nuclei, the bulk magnetization can be rep-
resented as a vector in Cartesian coordinates, which at thermal equilibrium aligns along
the direction of the applied magnetic field By, conventionally defined along the z-axis.
To detect this magnetization, it is necessary to perturb the system by transferring energy
under the resonance condition. This means that the nuclear spins ensemble is exposed
to an electromagnetic wave whose energy matches the energy difference between the
Zeeman-split levels.
Thereby, to satisfy the resonance condition, a secondary oscillating magnetic field B;
is applied orthogonally to By at the specific frequency required for resonance. This ra-
diofrequency (RF) pulse tilts the bulk magnetization vector away from its equilibrium
position along the z-axis, resulting in the development of a transverse magnetization
component in the xy-plane.[10]
After excitation, the system gradually returns to thermal equilibrium, with the mag-
netization vector regaining its equilibrium position. This vector has two components
— longitudinal and transverse — which relax independently, each driven by distinct
physical mechanisms and occurring over different timescales:

e Longitudinal Relaxation: the recovery of the longitudinal magnetization compo-
nent (M,) involves energy transfer between the nuclear spins and their surrounding
lattice, a process known as spin lattice relaxation. Over time, M, returns to its
equilibrium value along the z-axis, with a rate of recovery characterized by the
longitudinal relaxation time 71, which depends on the material’s specific physical
and chemical properties.
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e Transverse Relaxation: the decay of the transverse magnetization component (M)
is driven by dephasing within the spin ensemble, an entropic process caused by
interactions between individual spins and their local environments, referred to as
spin-spin relaxation. This decay is described by the transverse relaxation time 72,

which quantifies the rate of dephasing.

1.2.1 Magnetic resonance imaging in medicine

Medical imaging has significantly improved modern medicine by providing a variety of
tools designed for different clinical purposes.
From methods like computed tomography (CT) and ultrasound to advanced nuclear
medicine techniques such as positron emission tomography (PET) and single photon
emission computed tomography (SPECT), these tools allow clinicians to visualize anatom-
ical structures and assess functional or metabolic processes, with CT and ultrasound fo-
cusing on anatomical visualization and PET and SPECT assessing metabolic and func-
tional activity, respectively. They are particularly helpful in cancer diagnosis, staging,
and treatment planning, as well as in monitoring conditions in fields like heart diseases
and brain disorders.

Among the various imaging techniques, MRI is particularly relevant due to its wide
range of capabilities and non-invasive nature.
MRI uses strong magnetic fields and radio waves to generate images of internal struc-
tures, including organs, bones, muscles and blood vessels, without exposing patients to
ionizing radiation.
The ability to provide detailed anatomical information, combined with insights into
metabolic, functional and molecular properties of tissues, as well as its capacity to of-
fer both qualitative and quantitative data, enhances its applicability in a wide range of
clinical applications, including the detection, diagnosis, staging, and grading of various
diseases [10].

The technology of an MRI clinical system relies on the principles of Nuclear Magnetic
Resonance, which exploit the magnetic properties of atomic nuclei, specifically hydrogen
atoms in the human body, to generate high-resolution images.

An MRI clinical system consist of several integrated components that work in to-
gether to produce these images. At its core lies the magnet, which generates the strong
and uniform static magnetic field (By) around the patient. This field aligns the hydrogen
protons within tissues, creating the conditions necessary for imaging. Clinical MRI scan-
ners typically operates at field strengths of 1.57T or 37T, with research system reaching
7T or higher. The strength of the magnetic field is a crucial parameter, as it directly
influences image resolution and the signal-to-noise ratio (SNR): stronger field results in
superior image quality, enabling the visualization of finer anatomical details.
Superconducting magnets are the most common type of magnet used in clinical MRI
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system, requiring cooling to cryogenic temperatures with liquid helium to maintain their
superconducting properties.

These magnets are housed in a Faraday cage to shield the system from external electro-
magnetic interference.

To maintain the homogeneity of the static magnetic field By, shim coils are used to
generate localized corrective magnetic fields that compensate for inhomogeneities in By,
which may arise due to imperfections in the magnet itself or the introduction of the
patient into the scanner.

For spatial information encoding of the MRI signal, gradient coils are employed.
These coils generate rapidly changing magnetic fields along the three axes (x,y, z), which
are superimposed on the static By field, enabling the localization of signals in three di-
mensions.

The role of radiofrequency coils is equally crucial: these coils transmit RF pulses (B)
that excite the protons, temporarily displacing them from their alignment with By. As
the protons relax back to equilibrium, they emit RF signals that are detected by the
same or separate RF' coils.

In some cases, contrast agents, typically containing gadolinium, are administered to pa-
tients to enhance differentiation between healthy and pathological tissues. These agents
are able to accelerate the relaxation processes of protons, producing brighter and more
detailed images [11].

The intrinsic properties of tissues, such as T'1 and T2 relaxation times and proton
density (PD), play a crucial role in determining the signal intensity in an MRI im-
age, influencing how bright or dark tissues appear. However, by using different pulse
sequences, it is possible to manipulate these intrinsic parameters to highlight specific
tissue characteristics. Through the careful design of radiofrequency (RF) pulses and gra-
dient waveforms, MRI systems can be modified to emphasize one property over another.
Commonly used pulse sequences, such as T'1-weighted (T'1w), T2-weighted (T2w), Pro-
ton Density-weighted (PDw), and advanced variations like Fluid-Attenuated Inversion
Recovery (FLAIR), allow for the visualization of different tissue properties or abnormal-
ities thus the sequence selection depends on the diagnostic requirements.

The two main sequences employed are T'1-weighted and T2-weighted.

T'1-weighted is mainly used to highlight anatomical structures, producing images where
tissues with high fat content appear bright (hyperintense), while fluid-filled areas, such
as the brain’s ventricles, appear dark (hypointense). T'1-weighted imaging provides clear,
detailed images of anatomy, making it ideal for assessing tissue composition and struc-
tural integrity.

Instead, T2-weighted imaging relies on the transverse relaxation time (7'2) of tissues,
which indicates how quickly protons lose phase coherence after an RF pulse.

Tissues with high water content, such as areas affected by edema or inflammation, main-
tain their transverse magnetization longer, resulting in a bright (hyperintense) signal on
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T2-weighted images. In contrast, tissues with lower water content, like fat and bone,
exhibit shorter 72 relaxation times and appear dark (hypointense).

This sensitivity to water content makes T2-weighted imaging particularly effective for vi-
sualizing pathological processes and, those conditions that increase water content within
tissues - inflammation, cysts, edema, or tumor - are easily identifiable on T'1-weighted
scans.

An important extension of T2-weighted imaging is the Fluid-Attenuated Inversion
Recovery (FLAIR) sequence, which is able to suppress the strong signal due to fluids
that might otherwise obscure other signals. This suppression enhances the visibility of
hyperintense lesions near fluid-filled spaces, such as edema, tumors, and other abnormal-
ities, allowing for a more accurate diagnosis [10] [12].

Figure 1.5: MR images of the pelvis: On the left, the T'1-weighted image and on the right, the T'2-weighted image. In
both sequences, veins and arteries appear dark. Fat is bright in T'1-weighted and also bright in T2-weighted , though less
intense. The urinary bladder appears dark in T'1-weighted and bright in T'2-weighted, while ligaments are darker in
T1-weighted. Bone is dark in both sequences, and the bone marrow shows intermediate brightness in both T'1-weighted
and T2-weighted. Muscles have an intermediate brightness in T'1-weighted and appear more intermediate dark in
T2-weighted. From: hitps://mrimaster.com/t1-vs-t2-mri/

1.3 MRI in deep endometriosis

MRI is an important tool for the diagnosis of deep endometriosis due to its ability to
produce high-resolution images of soft tissues, and assess the extent and location of the
type of lesion.

The European Society of Urogenital Radiology (ESUR) has established recommendations
for the optimal MRI protocol and diagnostic criteria for pelvic endometriosis, providing
standardized guidelines to improve diagnostic accuracy.

MRI helps the identification of key pathological features associated with DIE by de-
tecting signal intensity and morphological abnormalities that correspond to hemorrhagic
lesions, fibrosis, or tissue masses. Hemorrhagic lesions typically appear as hyperintense
foci (localized regions of high signal intensity) on T1-weighted images, reflecting the
presence of blood caused by the cyclic bleeding of ectopic endometrial tissue. Fibrotic
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areas, on the other hand, exhibit signal intensity similar to pelvic muscles on both T'1-
weighted and T2-weighted sequences and may or may not exhibit an enhancement after
the administration of gadolinium-based contrast agents.

Morphologic abnormalities vary by anatomical compartment. For instance, in the pos-
terior compartment, the torus uterinus and uterosacral ligaments (USLs) are the most
frequently affected structures, presenting with mass thickening or nodular formations
with stellate or irregular margins.

Figure 1.6: Transverse MRI T'2-weighted image showing irregular tissue area (related to fibrosis), with signal intensity
close to that of pelvic muscle in the torus uterinus and USLs (arrow). Thickening of anterior rectal wall, which forms
obtuse angle with normal wall, suggests rectal wall involvement (arrowheads). From Bazot M, (2004), Deep pelvic
endometriosis: MR imaging for diagnosis and prediction of extension of disease

Vaginal involvement is typically associated with the obliteration of the hypointense
signal of the posterior vaginal wall on T2-weighted images, accompanied by thickening
or mass formation. Similarly, rectosigmoid endometriosis is characterized by anterior
displacement of the rectum toward the torus uterinus, thickening of the anterior rectal
wall, and occasional hyperintense foci on T2-weighted or fat-suppressed 7T'1-weighted
images, often better delineated with contrast enhancement.

The obliteration of the pouch of Douglas and parametrium involvement are also key
MRI indicators, with the latter presenting as low-signal-intensity areas in T2-weighted
images.

For the anterior compartment, bladder endometriosis is identified by a nodule or hy-
pointense mass near the viscouterine pouch. MRI also helps assess intestinal involvement
in DIE, which commonly affects the sigmoid colon and rectum. Lesions in these areas
may appear with or without adhesions to the posterior wall of the uterus, often leading
to structural distortion.

Finally, endometriotic lesions in the round ligament are associated with fibrotic thicken-
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Figure 1.7: Transverse T2-weighted MR image demonstrates irregular solid area with signal intensity close to that of
pelvic muscle (thick arrow) at patient’s right; area contains foci of high signal intensity (thin arrow) between lateral part
of rectovaginal septum and rectal wall. From Bazot M, (2004), Deep pelvic endometriosis: MR imaging for diagnosis
and prediction of extension of disease

ing exceeding 1 cm, with either regular or irregular margins.

Figure 1.8: Sagittal T2-weighted MR image showing fibromuscular lesions of endometriosis (arrow) that contain
hyperintense foci in intestinal wall and extend into posterior wall of uterus. From Bazot M, (2004), Deep pelvic
endometriosis: MR imaging for diagnosis and prediction of extension of disease Caption

These MRI features are crucial for accurately diagnosing DE, guiding clinical decision-
making and optimizing patient management [13] [8].

16



Chapter 2

Machine Learning

2.1 Introduction to machine learning

Machine learning (ML) is a branch of artificial intelligence (AI) which uses algorithms
that learn from data to make predictions.

ML algorithms are able to detect patterns in data and use mathematical models to
approximate real-world problems.

Depending on its purpose, ML can be used to describe past events by analyzing data
to explain what happened, predict future outcomes by using data to estimate what will
happen, or recommend the best actions to take based on the data.

Machine learning methods are generally categorized into three main types [14][15][16]:

Supervised learning: type of ML where the goal is to learn a mathematical mapping
between an input space and an output space. Since the relationship between these
spaces is unknown, the algorithm is trained on a dataset containing input-output
pairs, allowing it to estimate the correct output for new, unseen inputs. This process
is known as prediction.

Supervised learning is divided into classification and regression, depending on the na-
ture of the output space: if the outputs are discrete values, the task is classification,
and the model is a classifier, while if the outputs are continuous variables, the task
is regression, and the model is a regressor.

The most common models for classification include Decision Trees, Linear Classifiers,
and Support Vector Machines, while for regression, they include Logistic Regression,
Linear Regression, and Polynomial Regression.

The strength of supervised learning lies in its ability to generalize from known exam-
ples, meaning it can make accurate predictions for inputs it has never seen before.
This is achieved through an automated learning process in which the algorithm,
guided by labeled data, refines its ability to produce the desired outputs without
human intervention.
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Figure 2.1: Supervised learning: the data consists of a set S containing elements from the input space (z1,x2, ...,Tn) and
their corresponding values from the output space (y1,y2,...,yn). The goal is to learn a mathematical mapping using S

that can estimate (predict) the corresponding the output value for any given input element. Zollanvari A., (2023),

Machine Learning with Python: Theory and Implementation

Unsupervised learning: type of ML where the algorithm is trained only on input data
without corresponding output labels. The goal is to extract meaningful structures or
patterns from the data defining an output space based on the specific task.

One of the most common applications is clustering, where the algorithm groups sim-
ilar observations, creating a partition of the dataset based on shared characteristics.
This approach is widely used in image segmentation, a technique in digital image
processing that divides an image into multiple regions based on pixel properties, such
as color or shape. In medical imaging, for example, segmentation is essential for iden-
tifying and labeling regions corresponding to tumors or other anatomical structures.
Unsupervised learning also includes a variety of dimensionality reduction techniques,
which seek to project data into a lower dimensional space while preserving essential
information. This is particularly useful when dealing with dataset that have many
features, making analysis and visualization more efficient.

Key models for unsupervised learning include K-means clustering, Hierarchical clus-
tering, Density-Based Spatial Clustering of Applications with Noise (DBSCAN), and
Principal Component Analysis.
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Figure 2.2: Unsupervised learning: the data consists of a set S containing elements from the input space (1, Z2,...,Tn).
The goal is to learn a mathematical mapping using S that can project S to an elements of the output space. Zollanvari
A., (2023), Machine Learning with Python: Theory and Implementation

e Semi-supervised learning: it connects supervised and unsupervised learning by using
both labeled and unlabeled data. In this case, part of the dataset consists of input-
output pairs, similar to supervised learning, while the remaining data is unlabeled,
requiring the model to detect patterns without direct instruction. This method is
particularly useful when labeled data is limited or difficult to acquire, but a large
amount of unlabeled data is available.

One important technique in this area is self-training, where a model first learn from
the labeled data and then progressively refines its predictions by assigning labels to
the unlabeled data.

This approach minimizes the need for manual labeling while still enabling the model
to use a larger dataset.

2.1.1 Data splitting and generalization

A fundamental step in ML is splitting the dataset into a training set and a test set,
where the training set is used to fit the model, while the test set evaluates the model’s
ability to generalize to unseen data. This process is essential to assess the generalization
performance of the model, ensuring that it does not merely memorize the training data
but can also make accurate predictions on new inputs, simulating in this way real-world
conditions, where the model is applied to new cases.

One common issue that arises during training is overfitting, which occurs when a model
becomes too complex relative to the amount of information available in the dataset. An
overfitted model performs exceptionally well on the training set but fails to generalize,
leading to poor performance in new data. This happens because the model captures
noise and specific pattern in the training data.

On the other hand, underfitting occurs when the model is too simple to capture the
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underlying structure of the data. An underfitted model fails to learn relevant patterns
even within the training data, resulting in poor performance across both training and
test sets.

There is a trade-off between model complexity and generalization, where increasing com-
plexity improves training performance but, beyond a certain threshold, begins to degrade
test performance. The goal is to find an optimal balance, often referred to as the sweet
spot, where the model is complex enough to learn meaningful patterns but not so complex
that it memorizes noise [14].

Figure 2.3: Trade-off of model complexity against training and test accuracy. From Miller, A.C. and Guido, S., (2016),
Introduction to Machine Learning with Python: A Guide for Data Scientists

2.1.2 Preprocessing and feature engineering

ML datasets consist of samples (e.g., patients in a medical study) and their correspond-
ing features (e.g., age, lesion size). However, raw data is rarely suitable for immediate
use in model training. Before feeding a dataset into a machine learning algorithm, it
must undergo preprocessing to ensure that the data is clean, standardized, and properly
formatted for analysis. This includes steps such as handling missing values, normalizing
numerical features, and encoding categorical variables to improve consistency and com-
parability.

Beyond standardization, not all features contribute equally to a model’s predictive accu-
racy. Some may be redundant, irrelevant, or even introduce noise, negatively impacting
performance.

To improve model efficiency and generalization, dimensionality reduction techniques are
applied to retain the most informative aspects of the data while eliminating unnecessary
complexity. These techniques are generally classified into two key steps:
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e Feature Extraction, which consists of transforming raw or high-dimensional data
into a structured set of features. This step is particularly crucial when dealing with
unstructured data, as it enables the quantification of meaningful variables.

e Feature Selection,which follows feature extraction and involves identifying the most
informative features while discarding those that do not contribute significantly to
the model’s performance. This process may also involve combining features to
enhance their predictive power.

These preprocessing and feature engineering steps are crucial for enhancing model per-
formance, reducing computational costs, and mitigating overfitting, ensuring that the
data used for training is both optimized and meaningful.

Feature scaling

One of the most common preprocessing techniques is feature scaling. It ensures that
different features are comparable in scale, and well suited for the model’s learning process,
preventing it from being biased toward features with larger magnitudes. This process
can involve:

e Standardization: using method like StandardScaler, where features are transformed
to have zero mean (¢ = 0) and unit variance (o = 1).

e Normalization: Rescaling values within a fixed range ([0, 1] or [—1, 1]).

To ensure consistency and avoid cross-contamination of information, it is essential
to apply the same process using the same indicators: the mean and standard deviation
calculated from the training set must be used to standardize the test set. [14].

Feature selection

Feature selection identifies the most informative features in a dataset, reducing overfit-
ting, improving interpretability and enhancing computational efficiency. Selection crite-
ria can be based on priori knowledge or data-driven methods which exploit statistical
and algorithmic techniques that rank features by statistic importance in predicting the
target variable or contribution to the model’s performance. As it can be observe in figure
2.4 below, feature selection techniques are typically classified into three categories.
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Figure 2.4: Feature selection: selects a subset of relevant features while keeping the original feature space intact. From
ETS Asset Management Factory, (2019), Machine learning, what is the difference between feature extraction and
feature selection?

1. Wrappers
Wrapper methods iteratively evaluate different feature subset by training a model
and measuring its performance using evaluation rules along with evaluation metrics
(accuracy, ROC-AUC curve). The goal is to find the subset of features the yields the
best results. Common wrapper techniques include:

e Sequential Feature Search (SFS): iteratively adds features one by one, selecting
those that improve model performance.

e Sequential Backward Search (SBS): starts with all features and removes them
gradually to find the optimal subset based on the evaluation metric score.

2. Filter Methods
Filter methods rank features based on their statistical properties, independently of
any learning algorithm. Since these methods do not involve model training, they are
computationally efficient but may not account for interactions between features.
A common filter-based selection technique is Mutual Information (MI). MI measures
the dependence between two variables. Given two discrete random variables x and y
with a joint probability distribution p(z,y), MI is defined as:

HX,Y) = 3 o K0 1)

where:

p(z) and p(y) are the marginal probabilities of x and y
p(z,y) is the joint probability of x and y occuring together
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MI values range from 0 to positive infinity, where zero implies that there is no relation-
ship between the feature and the target variable, while as high is MI as informative
is the feature for the prediction task [17].

3. Embedded Methods
Embedded methods incorporate feature selection directly into the learning algorithm
itself. In some cases, once the model is trained, it can provide an intrinsic measure
of feature importance, depending on the type of algorithm used. These methods are
often more computationally efficient than wrapper methods and tend to generalize
well. Embedded techniques can be further categorize as iterative or non iterative,
where an important iterative method is Recursive Feature Elimination (RFE) that
recursively removes the least important features based on model-specific criteria. The
process continues until an optimal subset of features is identified, often determined
via cross-validation.

Feature extraction

Feature extraction, unlike feature selection, transforms the original feature space into a
new lower-dimensional feature space, while preserving as much information as possible.
This precess is particularly useful for high-dimensional datasets, where many features
may be redundant or highly correlated.

Feature extraction includes techniques as Principal component Analysis (PCA), Lin-
ear Discriminant Analysis (LDA), Uniform Manifold Approximation and Projection
(UMAP) and Pairwise Controlled Manifold Approximation Projection (PaCMAP).

Principal component Analysis (PCA)

PCA is an unsupervised dimensionality reduction techniques used to transform a
high-dimensional dataset into a smaller set of linearly uncorrelated variables, called prin-
cipal components (PCs).

Unlike feature selection methods that retain a subset of the original features, PCA cre-
ates new features by forming linear combinations of the existing ones. The primary
objective is to remove redundant variables and focus on combinations of variables that
preserve most of the informative content of the dataset. This is particularly useful in
high-dimensional datasets where many features are highly correlated, leading to redun-
dancy and increased computational complexity.

The principal components are ordered based on the amount of variance they explain:

e The first principal component (PC1) captures the highest variance in the dataset.
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e The second principal component (PC2) captures the next highest variance while
remaining orthogonal (uncorrelated) to PC1.

e Each subsequent component explains progressively less variance than the previous
one.

To ensure that all features contribute equally, PCA requires data standardization, espe-
cially when the features have different units or scales (e.g., 7age” in years vs. "lesion
size” in millimeters).

Once standardized, the covariance matrix is computed to quantify how different features
vary together, as it captures the relationships between the two. If the dataset contains
d features, the covariance matrix is a d X d symmetric matrix where each element repre-
sents the covariance between two features. The covariance between two features x* and
27 is given by the following equation:

ey = covfat,a?) = = 37 (af — )] — 1) (2.2
k=1
where:
c;j covariance value between feature 7 and feature j
n total number of samples in the dataset
xi value of the i-th feature for the k-th sample
), value of the j-th feature for the k-th sample
1; mean of the i-th feature across all n samples
t; mean of the j-th feature across all samples

The sign of the covariance provides insight into these relationships: a positive covariance
(¢ij > 0) indicates that as one feature increases, the other tends to increase as well, sug-
gesting a direct relationship between the two variables. Conversely, a negative covariance
(¢;; < 0) signifies an inverse relationship, meaning that when one feature increases, the
other is more likely to decrease. If the covariance is zero, it implies that the two features
are uncorrelated, so variations in one do not influence the other.

To determine the principal components, PCA computes the eigenvalues and eigenvec-
tors of the covariance matrix. The eigenvectors define the directions of the new feature
space, while the eigenvalues indicate how much variance each principal component cap-
tures. The eigenvectors corresponding to the largest eigenvalues represent the directions
of maximum variance, forming the new axes along which the data is projected.

By selecting the top k eigenvectors, where k£ is much smaller than the original number
of dimensions d, PCA reduces the dataset’s dimensionality while preserving as much
variance as possible.

The transformed dataset retains its most significant patterns, making it useful for ma-
chine learning tasks such as clustering, classification, and visualization. Reducing dimen-
sionality not only improves computational efficiency but also enhances generalization by
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removing irrelevant or redundant features. When projected into two or three dimensions,
the data can also be visualized more easily, helping to identify underlying structures and
patterns [18].

Figure 2.5: PCA transformation: from original high dimensional feature space to low dimensional features space. From:
Mina Nashed, https://www.biorender.com/template/principal-component-analysis-pca-transformation

Linear Discriminant Analysis (LDA)

Linear Discriminant Analysis (LDA) is a supervised dimensionality reduction tech-
nique used for classification tasks. Unlike Principal Component Analysis (PCA), which
is an unsupervised method that focuses on maximizing variance, LDA aims to find the
best projection that maximizes the distance between different classes while minimizing
the spread of samples within the same class. This means that while PCA looks for direc-
tions where the data is most spread out, LDA looks for directions where different classes
are best separated.

The algorithm works by reducing the dimensionality of the original high-dimensional
space by projecting the data onto a lower-dimensional subspace, where classification be-
comes more effective. This is done by identifying a new set of axes that maximize the
separation between classes.

LDA achieves this by following two key principles: it maximizes the distance between
class means, ensuring that the classes are well separated, while simultaneously mini-
mizing the variance within each class, keeping data points belonging to the same class
together. This transformation enhances class separability.

For binary classification, this process results in a one dimensional projection (a single
line), while for multi-class classification, LDA can find up to C' — 1 dimensions, with C
is the number of classes.

LDA algorithm constructs two scatter matrices that measure how data varies within
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each class (within class scatter matrix Sy, (2.3)) and between different classes measures

how much the class means differ from the overall mean (between class scatter matrix Sp
(2.4).

S =30 (s = ) — )" (2.3
e=1 i=1
where:
C' total number of ¢ classes
N, total number of samples within each ¢ class
11 mean vector for ¢
x; sample of class ¢

Each term (x; — p.)(2; — pe)? represents the deviation of a sample from its class mean.
The sum accumulates this variance across all classes and high Sy, value means that the
data points within a class are spread out, making classification harder.

Sp = Nelpte = 1) (pte — 1)" (2.4)

where:

4 overall mean of all samples

N, weights the contribution of each class based on the number of samples
Each term (. —p) (pe— )T measures how far a class centroid is from the overall mean: for
high Sp values the class centroids are well separated, a desirable results for classification.

Once the matrices are initialized, the LDA algorithm determines the optimal direction
for projecting the data by computing eigenvectors and eigenvalues. The top eigenvec-
tors, corresponding to the largest eigenvalues, are selected to construct the projection
matrix. Using this matrix, the original dataset is mapped onto a new subspace where
class separation is maximized, making classification more effective.

By transforming the data into a space where distinctions between classes is more defined,
LDA enhances the performance of classification models, establishing itself as a valuable
tool in machine learning.
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Figure 2.6: Each color represents a different class, with m1 and mgy the mean of Class 1 and Class 2, respectively. The
left plot illustrates data projections onto the line connecting mi and mg, resulting in significant overlap between the two
classes. In contrast, the right plot shows the data projected using LDA, effectively reducing class overlap and improving

separation. From Christopher M. Bishop, (2011), Pattern Recognition and Machine Learning

Uniform Manifold Approximation and Projection (UMARP)

Uniform Manifold Approximation and Projection (UMAP) is a non linear dimension-
ality reduction techniques that preserves local structure while maintaining some aspects
of the global structure. It is particularly effective for visualizing high dimensional data
in two or three dimensions trying to retain meaningful patterns present in the original
space. Unlike other techniques which relies on linear projections, UMAP build a graph
based representation of the high-dimensional data and optimizes a corresponding low-
dimensional graph to approximate its structure.

The algorithm consists of two primary phases: graph construction in the high dimen-
sional space and graph optimization in the low dimensional space.

The first step is based on the construction of a weighted nearest-neighbor graph in the
original high-dimensional space, where for each point x; the algorithm tries to find its
k nearest neighbors using a defined distance metric. To account for variations in local
density, a parameter p; is computed for each point, ensuring that neighborhoods are
properly defined even in regions of varying density.

After this step a scaling parameter o; is determined by solving:

k

i max (0, Distance; ; — p;)
logs(k) = Zw(xi,xj) = Ze:cp (— ’ b ) (2.5)
j=1

O’.
=1 '

where:
x;; data point in high-dimensional space
k nearest neighbors of x;
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p; the minimum positive distance from point x; to any of its k k-nearest neighbors
w(x;, ;) weight function, used to defined to quantify the connection strength between
points

Distance; ; distance between observations ¢ and j in the original high-dimensional space.
o; parameter that normalizes distances between each point ¢ and its neighbors j to pre-
serve relative proximities.

The result is a weighted nearest-neighbor graph, where edges between points represent
probabilistic relationships derived from their distances in the high-dimensional space.
The final connection strength between two points z; and z; is adjusted to ensure that
their relationship is represented in both directions. This step helps create a stable graph
that accurately reflects the data’s underlying patterns. In UMAP, this means that if
point z; is a neighbor of point z;, but x; was not initially a neighbor of x;, the algorithm
ensures the connection is mutual. This mutual reinforcement between points strengthens
the graph, making it a more accurate representation of the high-dimensional relation-
ships.

Once the high-dimensional graph has been constructed, UMAP seeks to create a corre-
sponding low-dimensional graph that preserves the relationships encoded in the original
graph. This is achieved through an iterative optimization process that adjusts the posi-
tions of the points in the reduced space.

It initializes the points in the low-dimensional space and their positions are then refined
through a series of updates that apply attractive force, which pulls connected points
closer together, and repulsive forces, which pushes apart points that are not connected
in the original high-dimensional graph, preventing unrelated points from collapsing to-
gether in the low-dimensional representation.

In this way, the relative distances and cluster separation observed in the high-dimensional
space are preserved [19].

Figure 2.7: UMAP: (A) the first stage of the UMAP algorithm is to compute a probabilistic graphical representation of
the data. (B) The second step optimizes the embeddings to maintain the structure of the graphical representation. From
Tim Sainburg, Leland McInnes, Timothy @ Gentner, (2020), Parametric UMAP embeddings for representation and
semi-supervised learning
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Pairwise Controlled Manifold Approximation Projection (PaCMARP)

Pairwise Controlled Manifold Approximation Projection (PaCMAP) is a dimension-
ality reduction algorithm able to preserve both global and local structure in a way more
effective with respect to methods like UMAP. UMAP in fact enhances local structure
that can in some cases lead to distorted embedding, while PACMAP controls the re-
lationship between different types of point pairs to ensure an actual representation of
high-dimensional data.

In order to accomplish this, PaACMAP dynamically adjusts the importance of different
pairwise relationships during the optimization process, where the algorithm initially de-
fine a global layout and then gradually refine local structures. The result is a robust and
computationally efficient method that adapts well to various data distributions.
PaCMAP is based on the idea that high-dimensional data contain various levels of differ-
ent meaningful relationships, and it processes the dataset to keep close points together
in the low-dimensional embedding, preserve the separation of distant points to maintain
global structure, and use moderately distant points to help define the overall shape of
the dataset.

It structures the data as a graph, where edges represent relationships between points
in the high-dimensional space, and can be divided into three categories: neighbor pairs
(close points), mid-near pairs (moderately distant points), and further pairs (widely sep-
arated points), each of them with a different role in shaping the embedding.

PaCMAP optimizes a loss function. In machine learning, a loss function quantifies how
well a model’s predictions match the true values. It acts as an objective function that the
algorithm seeks to minimize during training. A well-designed loss function ensures that
the learned representation or predictions are as close as possible to the ground truth.
Here the loss function is designed to minimize distances between similar points while
maximizing separation between dissimilar ones to preserve high dimensional relation-
ships in the low dimensional one. The total loss function in PaCMAP consists of three
components:

d;; d.
j ik
Losspacmap = WNB g ——— t+WynN E

S E—
neighbors(i.j) 10 + dzj mid—near(i,k) 10000 + dlk (26)

1
+ wrp Z Fi
Sfurther(i,l) L+da

where:

(i, 7) neighbor pairs
(1, k) mid-near pairs
(1,1) further pairs
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wyp weight for neighbor pairs, wy;y weight for mid-near pairs, wrp weight for further
pairs

d,, distances in the low-dimensional space: d,, = l1Ya — ws||* + 1 with y, and y;, low-
dimensional representations of points a and b

The first term is the loss function of neighbor pairs and it ensures that nearby points
remain close in the low dimensional space: when Jij is small (i.e., points are close), the
loss decreases, while as ciij increases the loss approaches 1, preventing distant neighbors
from being treated as equally important as close ones.

The second term applies to mid-near pairs (moderately distant points). Since the de-
nominator in this term is larger than in the neighbor loss, its impact is lower. This
means that mid-near points influence the embedding only slightly, helping to define the
overall structure without dominating the optimization process.

The third term controls further pairs (distant points) by penalizing small distances be-
tween them. If two far-apart points are mapped too closely in the low-dimensional
space, the loss is high, encouraging them to remain well-separated. Conversely, when
these points are already far apart, the loss is minimal, meaning no additional penalty is
applied.

To refine the embedding effectively, PaCMAP dynamically adjusts the weights of
these terms in three optimization phases:

1. Global phase: the weight of mid-near pairs (wysy) is high, emphasizing global struc-
ture and preserving large-scale relationships.

2. Transition phase: the weight of neighbor pairs (wyp) increases while wy,y decreases,
shifting the focus toward local neighborhood refinement.

3. Local refinement phase: the mid-near term is removed (wyy = 0), while neighbor
and further pair weights refines cluster boundaries and prevent overlap.

By using adaptive weights and a three-stage optimization process, PaCMAP effec-
tively preserves both local and global structure, making it a powerful tool for high-
dimensional data visualization [19].
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Figure 2.8: Application of UMAP and PaCMAP to the Mammoth dataset. In judging these figures, one should consider

preservation of both local structure (e.g., mammoth toes) and global structure (overall shape of the mammoth). From

Yingfan Wang, Haiyang Huang, C. Rudin, Yaron Shaposhnik, (2020), Understanding How Dimension Reduction Tools
Work: An Empirical Approach to Deciphering t-SNE, UMAP, TriMAP, and PaCMAP for Data Visualization

2.1.3 Model evaluation

Assessing the performance of a predictive model is a critical step in machine learning,
as it provides insight into how well the model generalizes to unseen data. A model that
performs well on training data but fails to make accurate predictions on new samples is
unlikely to be useful in real-world applications. Therefore, model evaluation is not only
about measuring performances but also about ensuring generalization, and so the model
ability to maintain accuracy when applied to previously unseen inputs.

Model evaluation plays also a key role in model selection, where the most appropriate
model must be chosen among several candidates. By applying evaluation techniques, it is
possible to compare models objectively and select the one that best balances predictive
accuracy and robustness. To achieve this, model evaluation relies on both evaluation
metrics, which quantify performance, and evaluation rules, which define how these met-
rics are estimated.

One of the most used evaluation techniques is cross-validation.
Cross validation is an extension of the train-test split method, which divides the dataset
into two subsets: one for training and the other for evaluation. While simple, this ap-
proach can lead to unreliable estimates of model performance due to its dependence on
a single train-test partition. Cross-validation accounts for this problem by repeatedly
splitting the data into multiple training and validation sets thereby providing a more
stable and representative estimate of model’s generalization ability.
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By evaluating the model across different train-test splits, cross-validation can reveal
whether a model is too dependent on the training data, which would lead to poor per-
formance on new samples.

The basic form of cross-validation is k-fold cross -validation, where the dataset is divided
into k equally sized subsets, called folds. The model is trained and evaluated k times,
each time using k£ — 1 folds for training and the remaining fold for testing. The process
is repeated until each fold has been used as the test set exactly once, ensuring that every
data point is used for both training and testing, leading to a more robust performance
estimate. At the end of the procedure, multiple evaluation scores are obtained, which
can be aggregated (e.g., by computing the mean and standard deviation) to assess the
model’s stability and sensitivity to data variations [14].

Different cross-validation techniques exist to handle specific characteristics of the dataset:

e Stratified k-Fold cross-validation: ensures that each fold maintains the same pro-
portion of classes as in the original dataset, which is particularly useful for imbal-
anced classification problems.

e Group k-Fold cross-validation: used when the dataset contains grouped observa-
tions (e.g., multiple samples from the same subject in medical applications). To
prevent data leakage, all samples from the same group must be assigned to either
the training or test set, but never both. This is particularly important when the
goal is to develop models that can be applied to entirely new groups, such as new
patients in a medical study.

Figure 2.9: Standard k-fold cross validation. From Haden Pelletier, (2023), Towards Data Science: Cross Validation
with Time Series Data by author

Evaluating a classification model requires the use of various metrics that quan-
tify its ability to distinguish between different classes. These metrics help asses how well
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the model generalizes to unseen data and whether it makes reliable predictions.

The foundation of many classification metrics is the confusion matrix, which provides a
structured way to analyze the model’s performance in terms of correctly and incorrectly
classified instances.

For a binary problem this matrix is a 2 X 2 matrix where rows represent predicted labels,
so the output give by the model, and the columns represent the actual label, the true
class values.

Along the diagonal elements of the matrix there are correct classifications, while off-
diagonal elements represent misclassifications. Given a dataset with two classes, positive
(P) and negative (N), the confusion matrix contains the following elements:

Positive TP FN

Actual value

Negative FP TN

Positive Negative
Predicted value

Figure 2.10: Confusion Matrix: top-left cell represents the True Positives (TP), indicating the number of correctly
predicted positive cases. The bottom-left cell corresponds to False Positives (FP), where negative cases are incorrectly
classified as positive—also. The top-right cell shows the False Negatives (FN), where actual positive cases are mistakenly
predicted as negative. The bottom-right cell contains the True Negatives (TN), representing the correctly identified
negative instances.From Jacob Murel Ph.D., Eda Kavlakoglu, (2024), Che cos’é una matrice di confusione

Each cell corresponds to a different evaluation metrics used to analyze the classifier’s
performance, that are:

e True Positive Rate (TPR) / Sensitivity / Recall: measures how many actual posi-
tive instances are correctly classified by the model. In medical applications, this is
referred to as sensitivity:

n n
. TP TP (2.7)

tpr = =
np  nrp+npp

e False Positive Rate (FPR): measures the proportion of negative instances that are
incorrectly classified as positive:

f o npp ngp (2.8)



e True Negative Rate (TNR) / Specificity: measures how many actual negative in-
stances are correctly classified:

tir = AN . TIN (2.9)

nn nry +npp

e False Negative Rate (FNR): measures the proportion of positive instances that the
model fails to classify correctly:

frr =N TN (2.10)
np nrp + NN .

Other metrics can be derived to evaluate the model’s performance:

e Precision (Positive Predictive Value, PPV): represents the proportion of instances
predicted as positive that are actually positive:

A nrp
ppv = ————— 2.11
nrp + Ngp ( )

e False Discovery Rate (FDR): measures the proportion of instances predicted as
positive that actually belong to the negative class:

5 A ngp
dr =1 — = - 2.12
fdr ppu T ( )

e F1-Score: provides a single metric that balances precision and recall, defined as
their harmonic mean. This is particularly useful when dealing with imbalanced

datasets: o
2 2recall X precision

fi= 1 1

recall precision

(2.13)

recall + precision

e Accuracy: represents the proportion of correctly classified instances across all sam-
ples. However, accuracy can be misleading when dealing with imbalanced datasets,
as a model may achieve high accuracy simply by predicting the majority class:

acc = nrp T NN (2.14)
npp +npy +nrp + Ny

e Balanced Accuracy: version of accuracy that considers both class distributions. It
is calculated as the average of sensitivity (recall for the positive class) and specificity
(recall for the negative class):

sensitivity + speci ficity
2

balancedaccuracy = (2.15)
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e Error Rate: Represents the proportion of misclassified instances, complementary
to accuracy:
ErrorRate =1 — accuracy (2.16)

In many classification models, predictions are made based on a probability score,

and a threshold is applied to decide whether an instance belongs to a certain class. For
example, a model might classify an instance as positive if its predicted probability is
greater than 0.5. However, this threshold can be adjusted, affecting the balance between
true positives and false positives.
To analyze how a model performs across all possible thresholds, we use the Receiver
Operating Characteristic (ROC) curve. The ROC curve plots the TPR against the FPR
for various threshold values. A well-performing model achieves a curve that is closer to
the top-left corner, indicating a high recall with a low false positive rate.

Figure 2.11: ROC curve: relationship between FPR (x axis) and TPR (y axis) at different threshold values. As the curve
apporaches a step function as the model makes precise classification. From Evidently AI Team, (2025), How to explain
the ROC curve and ROC AUC score?

To summarize the ROC curve into a single value the Area Under the Curve (AUC) is
computed, which quantifies the model’s ability to distinguish between classes: an AUC
value of 1 represents a perfect classifier, while as it approaches 0.5 as the prediction made
by the model is randomic.

2.1.4 Pipelines

Machine learning models are built through a sequence of steps, from data preprocessing
to model training and evaluation. Managing these steps individually can be inefficient,
especially when multiple models or data processing techniques need to be tested. To
simplify this process, machine learning pipeline provide a structured way to connect
these steps into a single automated workflow.

A pipeline organizes the different phases of machine learning into a predefined sequence,
where each step takes input from the previous one and passes its output to the next.
This approach ensures that data transformations, model selection and evaluation follow
a consistent procedure, reducing the risk of errors and making it easier to experiment
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with different configurations.

Pipelines also improve reproducibility, allowing models to be trained and tested in the
same way each time, regardless of changes in the dataset or parameters.

Another important key advantage of pipelines is their modularity: each component,
whether a data preprocessing step, a feature selection method, or a machine learning
model, can be adjusted or replaced independently without disrupting the entire workflow.
This flexibility allows for systematic testing of different techniques, helping to identify
the most effective combination for a given problem.

Pipelines also make it easier to maintain and update models over time. Once a pipeline
is set up, new data can be automatically processed and analyzed, reducing the need for
manual intervention [20].

. Data Retrieval
Dataset

v Skip simple model during reiterafion

Feature
Data Extraction and | |Feature Scaling Build a
Preprocessing Feature and selecti »  simple
Engineering model

Data Preparation

Reiterate till satisfactory model performance

| Optimization and ‘ Deployment & Build The ﬂiﬁn::eg
Retraining Monitoring model Algorithm

Figure 2.12: High-level workflow of a standard machine learning pipeline. From Prakshaal Jain, (2021),Standard
Machine Learning Pipeline

2.2 Machine learning in medicine

Machine learning is becoming increasingly important in medicine, offering new ways to
improve disease diagnosis, treatment planning and overall healthcare management. By
analyzing large amounts of data, machine learning models can identify patterns, make
predictions and assist clinicians in making more accurate decisions.

One of the main application of ML in medicine is disease diagnosis: doctors rely on their
experience and medical tests to diagnose illnesses, but ML can process vast amount of
data and detect subtle patterns that might go unnoticed. This is particularly useful in
fields like radiology, where models trained on X-rays, MRIs and CT scans can recognize
tumors or other conditions with high accuracy.

Another key area is disease prediction, where through the analysis of patients data ML
helps doctors anticipate disease progression, complications, and hospital re-admissions,
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allowing them to take preventive measures. In oncology predictive models help deter-
mine which treatments are most likely to be effective for individual patients, reducing
side effects and improving success rates.

Also by analyzing a patient’s medical history, genetic data, and lifestyle, machine learn-
ing models can identify the most effective treatment options, tailoring the treatment to
the needs of each patient rather than following a standard approach [21].

In endometriosis ML has emerged as a promising tool for improving the detection,
prediction and understanding of endometriosis, with applications in diagnostic model
development, patient outcome prediction and research optimization.

Several studies [22] have exploited machine learning models to identify endometriosis
using clinical symptoms, imaging data and biochemical markers, where many of these
models employ logistic regression, decision trees, support vector machines (SVMs). These
models incorporate variables such as age, history of pelvic pain, dysmenorrhea, infertil-
ity, and prior pelvic surgeries, allowing clinicians to assess risk levels more effectively.
As a predictive tool ML can give information on treatment responses and disease pro-
gression, estimating for example the success rates of fertility treatments in endometriosis
patients, predict the likelihood of deep endometriosis (DE) versus other pelvic pain dis-
orders, and assess the risk of post-surgical complications.

Despite challenges such as symptom variability, data limitations, and the lack of stan-
dardized diagnostic criteria, which complicate model development and reduce prediction
accuracy, machine learning remains a promising tool for improving endometriosis detec-
tion and treatment. Continued research and better data quality can enhance its accuracy,
leading to earlier diagnosis and more effective, patient-specific treatments [22].
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Chapter 3

Materials and Methods

This study focuses on the implementation of a machine learning algorithm to classify
fibrotic and active lesions in cases of deep endometriosis.
The following dataset and tools were used in this study:

3D MRI scans: 64 patients’ 3D MRI scans in NIfTI format, acquired using T2-
weighted fast spin echo (FSE) sequences. Corresponding segmentations of the lesions
were also available.

Clinical data: dataset including various clinical parameters, categorized into gen-
eral patient characteristics, preoperative symptoms, surgical procedure details and
locations, and postoperative symptoms.

— The general characteristics (GC) included medical history data, such as weight,

height, body mass index (BMI), and smoking status. Additionally, it considered
whether the patient had prior pregnancies, had undergone hormonal therapy
(including progestin-only pills (POP), combined oral contraceptives (COC), in-
trauterine systems (IUS), or gonadotropin-releasing hormone (GnRH) agonists),
or had a history of abdominal surgery. The presence of dysmenorrhea was also
recorded. The surgical indication was classified as pain, infertility, or organ
dysfunction.

Preoperative symptoms included amenorrhea, chronic pelvic pain (CPP), dy-
suria, rectal bleeding, and bowel dysfunction, such as stipsi or diarrhea.

Surgical details and the location of the intervention were also considered, spec-
ifying where it was performed.

Postoperative symptoms focused on the presence or persistence of dysmenorrhea
or amenorrhea.

Software and libraries: Python 3.11, including libraries such as Pyradiomics 3.0.1
and Scikit-learn 1.5.2.
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Dataset prepocessing

From the initial 64 MRI scans, three were excluded due to differences in acquisition
protocols, as they were not focused on the pelvic region. The remaining 61 MRI scans,
along with their respective lesion segmentations, were considered for analysis.
Anonymized Digital Imaging and Communications in Medicine (DICOM) files were re-
trieved from the hospital’s Radiological Information System (RIS) and Picture Archiv-
ing and Communications System (PACS). Manual segmentation was performed, where
lesion contours were manually outlined across all image slices to ensure accurate three-
dimensional reconstruction using 3D Slicer version 5.6.1. The DICOM files were loaded
into the software, and axial T2-weighted acquisitions (excluding post-contrast images
when contrast was administered) were selected, with a slice thickness of 3 mm.

Then, the DICOM files were converted into the Neuroimaging Informatics Technology
Initiative (NIfTT).

Figure 3.1: MRI scans for patient 18 (slice 27) with fibrotic lesion (left), and for patient 4 (slice 27) with active lesion

This study examines both 3D MRI scans and their corresponding 2D slices, focusing
on the slices where the lesion was present. The inclusion of 2D images analysis was
introduced to enhance lesion characterization in the axial plane. As illustrated in Figure
3.2, the number of samples increased significantly when considering individual slices. As
can be observed the number of active lesions is much higher than the number of fibrotic
ones, leading to imbalanced dataset.
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Figure 3.2: Number of fibrotic and active lesions for 3D images vs their corresponding 2D slices

Dataset construction

Radiomics aims to extract quantitative metrics, the radiomic features, within medical
images, capturing morphological and textural characteristics that may be difficult to
recognize or quantify by the human eye. In this study, extracted radiomic features include
first-order statistics, texture-based features, and shape descriptors. These features were
computed from both original and transformed images, where specific filtering techniques
were applied to improve lesion analysis, such as wavelet decomposition and the Laplacian
of Gaussian (LoG) filter. Wavelet filtering was used to divide the image into multiple
frequency components, while the LoG filter, applied with sigma values of 0.5, 1.0, 1.5,
and 2.0, emphasized local intensity variations, highlighting edges and texture patterns
within the lesion.

The extracted first-order features describe the statistical distribution of pixel intensities
within the region of interest (ROI), including metrics such as mean intensity, standard
deviation, entropy, skewness, and kurtosis. These provide insight into the overall signal
variability, but do not account for spatial relationships between pixels.

To capture other tissue characteristics, texture-based features were derived from different
gray-level matrices, which analyze the spatial relationships between pixels or voxels [41]:

e Gray-Level Co-occurrence Matrix (GLCM): measures how often pairs of pixel in-
tensities levels occur together in a specific pattern, showing variations in texture.

e Gray-Level Run-Length Matrix (GLRLM): measures the distribution of consecutive
pixels with the same intensity along a given direction.

e Gray-Level Size Zone Matrix (GLSZM): evaluates the number and size of homoge-
neous pixel clusters, providing information on regional intensity variations.
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e Gray-Level Distance Zone Matrix (GLDZM): similar to GLSZM, but also consid-
ers the distance between areas of similar intensities, providing a more detailed
evaluation of lesion homogeneity.

e Neighborhood Gray-Tone Difference Matrix (NGTDM): captures the contrast be-
tween pixel intensities and their local neighborhood.

Radiomic features were extracted from both 3D MRI scans and 2D slices using the
pyradiomics 3.0.1 library. For the 2D dataset, only the slices containing the lesion mask
were selected. In cases where multiple regions of the same lesion appeared within the
same slice, only the largest region was considered to maintain consistency.

In addition to radiomic features, clinical features were also incorporated. This led to
the cration of six datasets:

1. 3D MRI datasets:

e Radiomic features only
e (linical features only

e Combined radiomic and clinical features
2. 2D slice datasets:

e Radiomic features only
e (linical features only

e Combined radiomic and clinical features

Lesions were categorized into two classes: active lesions (class 0) and fibrotic lesions
(class 1).
The radiomic datasets contained a total of 1228 features for the 3D extraction and 842
features for the 2D extraction. The clinical dataset comprised 59 features.

Data Analysis

The first step of the analysis involved the evaluation of the mutual information between
features and class labels to asses their relevance for distinguish between lesion types.

Instead, to visualize the dataset and determine whether the extracted features pro-
vided class separation, dimensionality reduction techniques were applied. In particular,
as supervised approach, LDA was employed, also providing a measure of balanced accu-
racy, while as unsupervised approach PCA, UMAP and PaCMAP were selected. For all
these techniques, scatterplots were generated. Additionally, for LDA, a Kernel Density
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Estimation (KDE) plot was implemented to visualize the distribution of the two classes
along the identified direction. Unlike traditional histograms, KDE estimates the proba-
bility density function (PDF) of the data, offering a smoothed representation that is less
sensitive to bin size. Instead, KDE distributes the influence of each data point across a
continuous range, providing a more accurate and representative view of the underlying
data structure.

As a preliminary step, the datasets were scaled to provide a common scale for all
features before applying these techniques.

Pipeline implementation

In order to perform classification Tree-based Pipeline Optimization Tool (TPOT) [39]
was used. TPOT is an automated machine learning tool based used to optimize model
selection and hyperparameter tuning. It employs a tree based approach where each
pipeline consists of a sequence of machine learning operations structured in a tree for-
mat: the root node represents the final predictive model (e.g. a classifier or regressor),
while the intermediate nodes correspond to preprocessing steps such as feature selection
or dimensionality reduction. The leaf nodes contains hyperparameter values that define
specific configurations of the algorithms.

TPOT identifies the best model by generating an initial population of random pipelines.
In this study, 100 pipelines were created in the first generation. Each pipeline consists
of different steps, including feature selection, preprocessing, model selection, and hyper-
parameter tuning, all implemented using the scikit-learn library.

Scikit-learn [40] is an open-source Python library that provides a wide range of tools
for data preprocessing, model training, and evaluation, including classification, regres-
sion, and clustering algorithms, but also for feature scaling, encoding, selection.

Once TPOT generates the initial pipelines, the optimization process begins. In this
study, 200 generations were used to refine the pipelines. This process involves cross-
validation to evaluate model performance, followed by mutation and crossover operations
to create new candidate pipelines
For the 3D dataset, Stratified 10-fold cross-validation was applied to ensure a balanced
representation of classes across training and validation sets. For the 2D dataset, Strati-
fied Group k-Fold cross-validation (k=10) was used to guarantee that all slices from the
same patient were assigned exclusively to either the training or test set.

At the end of the process, only the best performing pipelines are carried for the next
generation, where they are iteratively refined.

The TPOT drawback is its high computational cost. The optimization process can
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take hours to days to complete, depending on factors such as dataset complexity and
hardware capabilities. In this study, pipeline optimization required significant computa-
tional time, particularly due to the high-dimensional nature of the dataset.

Figure 3.3: This diagram illustrates the automated steps performed by TPOT. TPOT handles feature selection,
preprocessing, construction, model selection, and parameter optimization, allowing to focus on data analysis and
interpretation. Form hittps://epistasislab.github.io/tpot/

The pipelines produced by TPOT varied significantly, incorporating different combi-
nations of feature selection, feature extraction, and classification methods, each discussed
below.

Preprocessing methods

e MinMaxScaler class of scikit-learn: scales features to a predefined range (typically
[0, 1]).

e RobustScaler class of scikit-learn: reduces sensitivity to outliers by centering the
data on the median value and scaling it based on the interquartile range (IQR).

e Kernel approximation: transforms input features into a higher-dimensional space.
TPOT utilized two kernel approximation methods, based on scikit-learn classes:

— Radial Basis Function (RBF) Sampler: approximate the Radial Basis Func-
tion (RBF') kernel, which is a Gaussian kernel, using random Fourier features.

— Nystroem: it is an approximation technique that computes the kernel ma-
trix only for a subset of seleted points. The smaller kernel is used then to
approximate the entire kernel matrix.
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Feature selection and engineering

e SelectPercentile class of scikit-learn: this method selects only the features with
higher score based on a statistical test. TPOT selected ANOVA F-values to eval-
uate the relationship between each feature and the target class.

e FastICA class of scikit-learn: this algorithm computes indipendent component
analysis and finds the features that maximize the statistical indipendence.

e Polynomial Features class of scikit-learn: it generates new features by computing
polynomial combinations of existing ones.

Classification models

e Linear SVC [31]: machine learning algorithm that finds an optimal hyperplane that
separates classes while maximizing the distance between the decision boundary
and the nearest data points from each class, also known as margins. The main
parameter is C' that controls the margin’s width: for high C' values hard margins
are defined, which try to find a decision boundary that perfectly separates the data
into two classes without any misclassification, while for low C values, the so called
soft margins allow for some misclassification.

e Decision Tree Classifier: it is a supervised learning algorithm with a tree structure
composed of nodes and branches. It is a hierarchical model that recursively splits
data into subgroups based on feature values. The tree consists of decision nodes,
that are the points where the dataset is split based on condition on features, and
leaf nodes, the terminal nodes that assign class labels based on the majority of
samples reaching that node.

The tree is constructed by initially choosing the best feature to split on, and then
the dataset is iteratively split until reaching pure leaf nodes or a stopping criterion
(e.g., maximum depth).

If a leaf node contains mixed class samples, a majority vote determines the pre-
dicted class.

e Random Forest Classifier [33]: it is an ensemble method that constructs multiple
decision trees and aggregates their predictions. It introduces randomness by train-
ing each tree on a random subset of the data, and selecting a random subset of
features at each split, reducing correlation between trees.

For classification, the final prediction is determined by majority voting across all
the trees or by out-of-bag (OOB) error estimation, which assesses model perfor-
mance on unseen excluded samples.
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e Extra Trees Classifier: ExtraTreesClassifier is an ensemble learning methods also
based on decision trees. It function similarly to Random Forest but in this case
the feature splits are chosen randomly rather than based on optimal thresholds,
producing more diversified trees.

e MLP Classifier [34]: the multilayer perceptron (MLP) is a neural network model
able to learn non-linear relationships. It consist of an input layer, where each
neuron represents an input feature, hidden layers, that consist of interconnected
neurons that perform computations on the input data, applying weighted sums
and non-linear functions, and the output layer, that generates the final prediction
for classes. MLPs learn through backpropagation, adjusting weights to minimize
the error between predicted and actual labels.

e SGD Classifier [35]: Stochastic Gradient Descent (SGD) is an optimization tech-
nique that randomly selects a single training sample to compute the gradient, and
then updates the model parameters accordingly. The primary goal of SGD is to
minimize a specified loss function. A loss function is an error function that quan-
tifies the difference between the predicted outputs of a machine learning algorithm
and the actual target values. In this case, TPOT chose the hinge loss, which is a
type of loss function that penalizes both misclassified samples and correctly classi-
fied samples that are too close to the decision boundary. The hinge loss evaluates
how closely a model’s predictions align with the actual labels.

e Gradient Boosting Classifier [36]: Gradient Boosting is an ensemble learning method
that builds a sequence of models, each correcting errors made by the previous one.
Models are trained to minimize residual errors using a gradient descent approach,
while the new models focus on samples that are hard to classify, improving in this
way the accuracy.

e Naive Bayes Classifier (Multinomial and Bernoulli) [38]: Naive Bayes is a proba-
bilistic classification algorithm based on Bayes’ Theorem, which describes how to
update the probability of a hypothesis based on new evidence. It assumes that all
features are conditionally independent given the class label, which, despite being a
strong assumption, often works well in practice, especially with high-dimensional
data. In particular TPOT chose two particular types of Naive Bayes classifier:
multinomial Naive Bayes, which assumes that features follow a multinomial dis-
tribution and computes class probabilities based on the frequency of each feature,
and Bernouli Naive Bayes, typically used for datasets with binary features.

Also regularization techniques are incorporated into TPOT pipelines. These tech-
niques change the model learning behavior during the training phase, in order to reduce
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the overfitting. This is done by assigning a penalty term to the model, that increases
with the model complexity.

In particular L1 and L2 regularizations are used. The first one adds penalty on the
sum of the absolute values of the model’s weights; this implies that weights that do not
significantly contribute to the model will be set to zero, which can lead to automatic
feature selection. The L2 regularization instead penalizes features with large coefficient
values, in order to distribute equally feature importance.

In some pipelines, classifiers were used as stacking estimators, meaning their outputs
were appended as new features rather than being used directly for classification.

The final pipelines are evaluated based on the balanced accuracy score, ROC-AUC,

a classification report that includes precision, recall, and F1l-score, and a normalized
confusion matrix plot, with normalization based on true labels.
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Chapter 4

Results and Discussion

This section presents the results.

Throughout this chapter, the term 3D Radiomic refers to the dataset containing radiomic
features extracted from the 3D volume of each segmented lesion. Similarly, 3D Clini-
cal includes the clinical information of the patient associated with each specific lesion,
meaning that for every segmented lesion, the dataset contains the clinical data of the
patient in whom that lesion was identified. The 3D Radiomic Clinical dataset combines
both types of features.

The same structure applies to 2D datasets. 2D Radiomic consists of radiomic features
extracted from individual slices of each lesion volume. 2D Clinical includes the clinical
information of the patient related to each specific lesion slice, ensuring that for every
analyzed lesion slice, the dataset contains the relevant patient’s clinical data. Finally,
2D Radiomic Clinical integrates both radiomic and clinical features.

4.1 Feature Selection and Extraction

4.1.1 Mutual Information

Mutual information was computed across all datasets, both 2D and 3D, to evaluate the
dependency between features and class labels. The results are summarized in bar plots,
Figure 4.2, displaying the top 15 features ranked by mutual information score.

In the 2D Radiomic Clinical dataset the most informative feature is GC:BMI (Gen-
eral Characteristic: Body Mass Index), with a mutual information score of approximately
0.25, significantly higher than the dataset average of 0.1. This trend is consistent with
the 2D Clinical dataset, where BMI also emerges as the most relevant feature.

In contrast, radiomic features appear only from the sixth position, with mutual infor-
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mation values ranging between 0.05 and 0.06, indicating that clinical features contribute
more prominently to the classification task in this dataset.

The most informative radiomic feature in the 2D radiomic dataset is wavelet-LL-

glszm_ LargeAreaHighGreyLevelEmphasis, with a mutual information score of 0.07. This
feature is also present in the combined clinical-radiomic 2D dataset on sixth position.
This feature combines wavelet-transformed imaging and texture analysis to describe the
intensity and spatial distribution of grey levels within a lesion. In particular, wavelet-LL
transformation involves applying a low-pass filter along all three spatial axes (z,y, z),
preserving only low-frequency components while removing high-frequency details such
as sharp edges and fine textures.
The GLSZM method is used for texture analysis, quantifying how groups of neighboring
pixels with the same grey level are distributed within a lesion. The LargeAreaHigh-
GreyLevelEmphasis measure, extracted from the GLSZM, quantifies how much the im-
age contains large, high-intensity homogeneous zones (regions where a significant number
of connected voxels share a high grey-level intensity) [42]. The relevance of this feature
suggests that heterogeneity in lesion texture and the presence of high-intensity may be
important discriminative factors in the classification task.

In the 3D Radiomic Clinical dataset clinical features are no longer among the top-

ranked features (Figure 4.2 (f)). The bar plot is defined only by radiomic features,
with log-sigma-1.5mm-3D-first-order-mean as the most informative feature, achieving
0.2. This feature is derived from a LoG filter applied with a standard deviation of 1.5
mm, where the first-order mean represents the average voxel intensity within the lesion
after filtering. This feature can provide discriminative information for lesions classifica-
tion.
The BMI, which played a crucial role in the 2D dataset, does not appear among the
top 15 features in the 3D clinical dataset. Instead, the most informative clinical fea-
ture in this setting is “SURGERY: OVARY endometriomas: monolat”, which refers to
a patient’s history of unilateral ovarian surgery for endometriomas. However, its contri-
bution remains relatively low, with a mutual information score of 0.08, as it is possible
to observe in Figure 4.2 (d).
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Figure 4.2: Barplots of mutual information score of each feature. The first 15 feature with the higher score are shown.
(a) 2D Radiomic dataset, (b) 2D Radiomic Clinical, (c¢) 2D Clinical (d) 3D Clinical (e) 3D Radiomic (f) 3D Radiomic
Clinical dataset

4.1.2 Linear Discriminant Analysis

LDA is the first technique of feature extraction used in this study for data visualization.
For each split generated by the cross-validation method applied (stratified K fold or
stratified group K fold), the LDA model was trained using the training set and then
evaluated on the test set.

After testing, the Kernel Density Estimation (KDE) plot was computed to visualize class
distributions, feature importance values were analyzed, and the balanced accuracy score
was recorded.

From the KDE plots, illustrated in Figure 4.3, it is possible to observe a clear overfitting.
In the training set, LDA fits the data almost perfectly, effectively separating the two
distributions corresponding to the active lesions and the fibrotic lesions. However, when
the model is applied to previously unseen data, its performance decreases significantly
leading to overlapped distributions.

For the sake of discussion, only the 2D Radiomic Clinical and 3D Radiomic Clinical
datasets are shown, while plots for the other datasets can be found in the appendix ??.
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Figure 4.3: Distributions of class 0, active lesion, and class 1, fibrotic lesion, along LDA 1 for 2D and 3D Clinical
radiomic datasets. (a)-(b) 2D Radiomic Clinical KDE plot on train/test set of split 5, (c)-(d) 3D Radiomic Clinical KDE
plot on train/test set of split 5

Further evidence of overfitting is provided by the values shown in Table 4.1, which
presents the average balanced accuracy with its associated error. A noticeable difference
between training and test accuracy confirms that the model generalizes poorly, achieving
high performance on training data but failing to maintain the same level of accuracy on
unseen data.

Table of mean LDA balanced accuracy on 2D and 3D datasets

Balanced accuracy
Train Test
2D Radiomic 0.998 4+ 0.002 0.521 4+ 0.049
2D Clinical 0.771 4+ 0.034 0.469 £+ 0.029
2D Radiomic Clinical | 1.000 4+ 0.000 0.481 4+ 0.017
3D Radiomic 0.903 + 0.020 0.495 4+ 0.051
3D Clinical 0.796 + 0.018 0.393 + 0.116
3D Radiomic Clinical | 0.879 4+ 0.032 0.522 + 0.110

Table 4.1: Table of mean balanced accuracy of stratified 5 fold splits on 2D and 3D dataset resulting from the LDA
models

To quantify the contribution of each feature in LDA, the coefficients of importance
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are analyzed and a comprehensive summary plot, for each dataset, is shown in figure 4.4.
Figure 4.4 displays the average contribution of each feature across all cross-validation
splits, in particular for the 10 most important features, ranked based on how frequently
they were selected across different splits and their mean coefficient value.

In these plots, the bar length represents the absolute importance of the feature, while
the direction (positive or negative) indicates whether the feature is more informative for
one class or the other.

In 2D Radiomic dataset, numerous features contribute across all dataset splits, pre-
senting high mean coefficients. Conversely, in the 2D Clinical dataset, feature importance
is considerably lower. This pattern is reflected in the 2D Radiomic Clinical dataset, where
radiomic features prevail over the clinical ones.

In the 3D dataset that includes both radiomic and clinical features (3D Radiomic-
Clinical), a more balanced contribution from both feature types is observed. In particu-
lar, for negative class, the most relevant feature is GC: Hormonal Therapy: COC, which
indicates that the patient has undergone combined oral contraceptive (COC) therapy in
previous years.

The second most important contribution is the radiomic feature wavelet-HHL-firstorder-
Kurtosis. This feature is derived from a wavelet transformation, where wavelet-HHL
indicates the specific type of filtering applied. In this case, a high-pass filter was used
along the x and y axes, to retain high-frequency details, while a low-pass filter was ap-
plied along the z axis. As a result, the transformed image emphasizes sharp intensity
variations in the xy plane while smoothing intensity variations along the Z-axis.

The firstorder-kurtosis component is instead a first-order statistical measure that de-
scribes the shape of the intensity distribution within the region of interest (ROI). Specif-
ically, kurtosis quantifies how much the pixel intensity distribution deviates from a nor-
mal distribution [42].

Despite the inclusion of both clinical and radiomic features, the LDA coefficients for

3D datasets remain relatively low. This suggests that LDA does not lead to a well-defined
separation between active and fibrotic lesions.
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Figure 4.4: Average contribution of the top 10 features across all cross-validation splits. Features are ranked by their
frequency of selection and mean coefficient value.

4.1.3 Principal Component Analysis

Another analysis was performed using PCA to reduce the dataset to two principal axes,
maximizing the variance between the data points.
The results are visualized in scatter plots, in Figure 4.5, where the z-axis and y-axis
represent the first and second principal components (PC1 and PC2), respectively. These
scatter plots illustrate the relationship between data points (3D image or 2D slice of
lesions) and the new variables generated by PCA.

As can be observed in Figure 4.5, in all datasets except for 2D and 3D clinical datasets,

the data points tend to align along the diagonal, indicating a linear relationship between
the first and the second principal components. This suggests that a preferred direction
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of variance exists, but there is no explicit separation between the two classes.

Figure 4.5: Scatter plot of relationship between data points (3D images or 2D slices) and principal component. Active
class in blue, fibrotic class in red.

To futher investigate feature importance in PCA, the mean contribution of each
feature to the principal components was analyzed, and the results are shown in Figure 4.6.
The importance of a feature is determined by the magnitude of its corresponding value
in the eigenvectors: features with higher absolute values in the principal components
contribute more to the overall variance. In 2D Radiomic Clinical dataset, only radiomic
features contribute significantly to the principal components, even if with a very low
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mean importance. In all datasets, except for clinical datasets, the mean importance
values remain low, typically of the order of 1072, while for clinical datasets the mean
importance is higher, reaching the order of 1071

Similar to the results of LDA, in both the 2D and 3D Radiomic Clinical datasets, clinical
features do not show high enough importance, indicating that only radiomic features play
a more important role in the definition of the principal components.

Figure 4.6: Bar plots illustrating the mean contribution of each feature - across the cross validation splits - to the
principal components
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4.1.4 Uniform Manifold Approximation and Projection

After applying PCA and LDA, UMAP was used to further investigate whether the com-
bination of radiomic and clinical features allows for a clear separation between active
and fibrotic lesions. The UMAP algorithm tries to preserve both local and global re-
lationships in the dataset by constructing a high-dimensional graph and optimizing its
projection into a two-dimensional space.

UMAP arranges data points in a lower-dimensional space based on two parameters, the
number of neighbors (n_neighbors), which represents number of points in the low dimen-
sional space to consider around a central point, and minimum distance (min_dist), which
defines the minimum distance between points in low-dimensional space, where lower val-
ues result in more compact clusters.

To investigate these effects, UMAP was first applied with n_neighbors of 3 and 5. As
shown in Figure 4.8, increasing the number of neighbors leads to a more continuous
distribution of points, reducing the formation of small, well-separated clusters. This is
expected, as lower values of n_neighbors prioritize local structure and small-scale pat-
terns, while higher values focus on global relationships, showing the overall structure.
However, even at low values of n_neighbors, no clear separation between active and fi-
brotic lesions arises, suggesting that neither radiomic nor clinical features provide strong
class separability in this representation.

For the sake of discussion, only the 2D and 3D Radiomic Clinical are shown in Figure
4.8, while the other datasets can be found in the appendix ?77.
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Figure 4.8: UMAP scatter plots of 2D and 3D Radiomic Clinical datasets, at different value of number of neighbors.
Active class in blue, fibrotic class in red.

Next, the min_dist parameter was varied (0.1, 0.5, and 1) to observe how it affects

the spread of points, and the results of 2D and 3D Radiomic Clinical dataset are shown
in Figure 4.10 (see appendix for other dataset).
In the 2D Radiomic dataset, UMAP produced localized groups of points, indicating that
certain radiomic features tend to cluster together. However, these clusters did not corre-
spond to a clear separation of lesion types. In contrast, the 3D Radiomic-Clinical dataset
exhibits a more dispersed structure, especially as min_dist increases. This suggests that
clinical features introduce additional variability, leading to a more continuous distribu-
tion rather than distinct groupings.

Also UMAP does not reveal any natural separation between lesion types. This aligns

with the findings from PCA and LDA.
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Figure 4.10: UMAP scatter plots of 2D and 3D Radiomic Clinical datasets, at different value of min_dist. Active class in
blue, fibrotic class in red.

4.1.5 Pairwise Controlled Manifold Approximation Projection

PaCMAP was also employed as a visualization technique to generate a low dimensional
representation of the dataset, in order to assess whether active and fibrotic lesions can
be effectively separated in another reduced-dimensional space.

To visualize the results given by PaCMAP, two-dimensional scatterplots were produced.
In Figure 4.11 the 2D and 3D Radiomic Clinical datasets behavior (see appendix ?? for
other datasets) with a number of three and five neighbors is illustrated. Despite the fact
that differences in point arrangment can be observed when the parameter changes, no
clear separation between active and fibrotic lesions arises.

As observed for LDA, PCA and UMAP, also PaCMAP has not identified a projection
where the lesion types are well distinguishable.
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Figure 4.11: PacMap scatterplots for 2D and 3D Radiomic Clinical datasets with three (left) and five (right) number of
neighbors. Active class in blue, fibrotic class in red.

For all feature extraction methods (LDA, PCA, UMAP, PaCMAP) no clear sep-
aration between active and fibrotic lesions was observed, suggesting that the selected
features may not contain sufficient discriminative information to naturally separate the
two classes within the reduced space, further emphasizing the need for more advanced
classification strategies.
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4.2 Pipeline analysis

By exploiting TPOT tools, a pipeline is automatically produced for each dataset.

4.2.1 3D Radiomic Pipeline

The TPOT pipeline for the 3D Radiomic dataset begins by transforming and refining the
feature space, then selects the most important features, and ultimately uses a decision
tree to classify various lesion types.

make_pipeline (RBFSampler (gamma=0.5),
RFE(estimator=ExtraTreesClassifier(criterion="entropy",
max_features=0.05, n_estimators=100),
step=0.7500000000000001) ,
Normalizer (norm="11"),
DecisionTreeClassifier(criterion="entropy", max_depth=6,
min_samples_leaf=14, min_samples_split=9))

The pipeline starts with the RBFSam-
pler, which applies a random Fourier fea-
ture transformation using the Radial Ba-
sis Function (RBF) kernel, that maps
data into higher dimensional space. Its
gamma parameter controls the spread
of the transformation and affects how
points are separated into the new feature
space.

Next, the pipeline applies Recursive
Feature Elimination (RFE) to select the
most relevant features. It does this by re-
peatedly training an ExtraTreesClassifier,
evaluating feature importance, and remov-
ing the least useful features.
The ExtraTreesClassifier employs an en-
semble approach, utilizing entropy to eval-
uate the quality of splits. It decreases the

. . Figure 4.12: Mean feature importance across 10 Fold Split

number of features considered at each Spht Stratified Cross-Validation, ranked based on their mean
to 5% of the totalj ensuring that Only the  importance and number of times they were selected across
most informative features are retained for the splits
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classification.

Along with the ExtraTreesClassifier, RFE uses a step size of 0.75, meaning that in
each iteration, 75% of the least important features are removed, making the selec-
tion process faster. After the application of the RFE the number of features is re-
duced from 1228 to 94. The top 15 most important features are shown in Figure
4.12, with the original shape_ Maximum3D_Diameter being the most relevant feature.
In particular, original shape indicates that the feature is extracted from the original,
untransformed 3D lesion volume (not derived from filtered or processed images), while
Maximum3D_Diameter quantifies the largest Fuclidean distance between any two points
on the lesion’s surface within the segmented 3D volume.

After feature selection, the dataset is

normalized using L1 normalization so that
its absolute sum equals one.
The processed features are then clas-
sified using a Decision Tree Classi-
fier. The tree is built using the en-
tropy criterion, meaning it selects splits
that maximize the information gain.
The tree is limited to a maximum
depth of 6, preventing it from be-
coming too complex and reducing the
risk of overfitting. Additionally, it re-
quires at least 14 samples in a leaf
node and at least 9 samples to split a
node.

At the final stage of the pipeline,
the number of remaining features is
approximately 13 and their mean im-
portance is illustrated in Figure 4.13,
where features are ranked according to
their average importance and the fre-
quency with which they are selected across
cross-validation splits. The only feature
consistently selected across all splits is
original_shape_Maximum3DDiameter, the

same feature with the hlghest importance Figure 4.13: Mean feature importance of the 3D Radiomic
also in the previous plOt dataset across 10 Fold Split Stramﬁed Cros.s—VahdatJon. The
feature are ranked based on their mean importance and
number of times their were selected across the splits

The performance of the pipeline was
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evaluated using multiple classification metrics, with results reported as mean values
across a 10-fold cross-validation (Table 4.2). The balanced accuracy of 0.56 £ 0.22 is
only slightly higher than the 0.5 threshold for random classification, suggesting that the
model struggles to achieve reliable discrimination between the two classes.

The test AUC is 0.66 £ 0.20, which is higher than the balanced accuracy score but still
indicates moderate discriminative ability. This suggests that while the model can cap-
ture some degree of class separability, its overall predictive performance remains limited.
In particular, the model does not perform equally well for both classes, leading to im-
balanced classification outcomes.

The AUROC curves shown in Figure 4.14, illustrate the model’s behavior across dif-
ferent cross-validation splits, showing a deviation from the diagonal (random classifier),
which indicates a certain level of predictive power, though not strong enough for reliable
classification.

Table of mean balanced accuracy and AUC 3D Radiomic dataset
Train Balanced Accuracy | Train AUC | Test Balanced Accuracy | Test AUC
0.78 + 0.04 0.90 £+ 0.01 0.56 £+ 0.22 0.66 £+ 0.20

Table 4.2: Table of mean balanced accuracy and AUC for test and train of 3D Radiomic dataset across 10 Fold Split
Stratified Cross-Validation

Figure 4.14: Mean ROC-AUC curve of 3D Radiomic dataset across 10 Fold Split Stratified Cross-Validation
A more detailed evaluation is provided in Table 4.3, where additional metrics such
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as precision, recall and F1l-score, are reported and the normalized confusion matrix is
displayed in Figure 4.15. Along the diagonal, we observe a mean value of 0.80 for
true positive predictions (active lesions) and 0.32 for true negative predictions (fibrotic
lesions), which correspond to the recall values in Table 4.3. The off-diagonal values,
0.2 (false positives) and 0.68 (false negatives), indicate that the model performs better
in identifying active lesions but struggles significantly with fibrotic lesions, leading to a
high false-negative rate.

Table of mean classification report
3D Radiomic

precision recall F1-score

0]0.75£0.12 0.80 +0.21 0.77 &£ 0.15

11 038+£04 032+£0.33 0.33+0.33

Table 4.3: Table of mean classification report across 10 Fold Split Stratified Cross-Validation of 3D Radiomic dataset

Figure 4.15: Normalized mean confusion matrix of 3D Radiomic dataset across 10 Fold Split Stratified Cross-Validation

These findings suggest that while the model shows some predictive capability, it is far
from optimal for clinical application. The high misclassification rate for fibrotic lesions
is particularly concerning, as it implies poor sensitivity in detecting these cases, which
could result in inaccurate patient diagnosis.

4.2.2 3D Clinical

For 3D clinical dataset the generated pipeline includes a MLPClassifier used as a stacking
estimator, then a scaling of the data through a Robust Scaler, which ensures the same
scale for all features and reduces sensitivity to outliers, and finally applies an ensemble
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method for classification, in particular Gradient Boosting Classifier (GBC).

exported_pipeline = make_pipeline(

StackingEstimator (estimator=MLPClassifier(alpha=0.01,

learning_rate_init=0.001)),
RobustScaler(),

GradientBoostingClassifier(learning rate=1.0, max_depth=3,
max_features=0.45, min_samples_leaf=3, min_samples_split=b,
n_estimators=100, subsample=0.45))

The pipeline starts with a MLPClas-
sifier estimator for stacking estimator,
where it is used as a feature engineer-
ing tool: the outputs of this neural net-
work are appended to the original feature
set.

The MLP introduces new, abstract

feature representations by learning com-
plex relationships between input vari-
ables.
In Figure 4.16 the weights between
the input layer and the first hid-
den layer of MLP neural network are
shown, sorted by mean feature impor-
tance across the ten splits. A barplot
of the weights reveals which inputs have
the most influence in the first layer
of processing. In Figure 4.16, the
weights between the input layer and
the first hidden layer of the MLP neu-
ral network are sorted by mean fea-
ture weight across ten splits and the
feature with the highest importance is
surgery of the anterior round ligaments,
indicating that the patient has un-
dergone a surgical procedure in that
area.

Then the Robust Scaler is applied.

Figure 4.16: Features weight between the input layer and
the first hidden layer of the MLP neural network, sorted by
mean value across ten splits
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The Gradient Boosting Classifier is selected as the final classifier.

This model was selected by TPOT,
which optimized its hyperparameters,
resulting in a high learning rate of
1.0. ~ While a high learning rate ac-
celerates convergence, it also increases
the risk of overfitting, as each indi-
vidual tree has a greater influence on
the final prediction. The model con-
sists of 100 decision trees, the de-
fault setting, with a depth of each
decision tree restricted to three lev-
els.

Additionally, for each split within a tree,
only 45% of the features are consid-
ered.

The classifier requires a minimum of
three samples per leaf node and at
least five samples per split, prevent-
ing too much specific splits that could
fit noise rather than meaningful pat-
terns.

After applying the Gradient Boosting
Classifier, 47 out of 58 features were as-
signed a nonzero importance value, in-
dicating their contribution to the classi-
fication process. The top 15 most im-
portant features, ranked by their mean
importance across the ten splits, are
presented in Figure 4.17, the first po-
sitions are occupied from general pa-

tients characteristcs as height, weight and
BMI.

The pipeline is evaluated, and the met-
ric score is presented in Table 4.4, calcu-
lated as the average values from a 10-fold
cross-validation.

Figure 4.17: Mean Feature Importance of the 3D Clinical
Dataset across 10 Fold Split Stratified Cross-Validation.
The feature importance values are derived from a Gradient
Boosting Classifier and sorted by their mean importance,
and on the number of times their importance was greater
than zero across the splits.

As it is possible to observe in Table 4.4 the pipeline reveals poor classification perfor-
mance. The balanced accuracy is 0.45 + 0.25, indicating that the model performs a
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random classification. Similarly, the AUC score on the test set is about 0.44 + 0.20, and
still does not suggest a meaningful discriminative capability. These two results indicate
that the model is misclassifying more often than it is correctly distinguishing between
classes.

Figure 4.18 presents the mean AUROC curve across the 10-fold splits, alongside indi-
vidual ROC curves for each fold. The observed deviation from the diagonal (random
classifier) is minimal, further confirming the model’s lack of discriminative power.

Table of mean balanced accuracy and AUC of 3D Clinical dataset
Train Balanced Accuracy | Train AUC | Test Balanced Accuracy | Test AUC
0.56 £ 0.05 0.56 £ 0.05 0.45 £ 0.25 0.44 + 0.20

Table 4.4: Table of mean balanced accuracy and AUC for test and train of 3D Clinical dataset across 10 Fold Split
Stratified Cross-Validation

Figure 4.18: Mean ROC-AUC curve of 3D Clinical dataset across 10 Fold Split Stratified Cross-Validation

A more detailed analysis, including precision, recall and F1-score, is summarized in
Table 4.5 and the normalized confusion matrix (Figure 4.19) provides further insights
into the classification errors. The diagonal elements, representing correctly classified
cases, show a mean of 0.59 (true negative, active lesions) and 0.32 (true positive, fibrotic
lesions). However, the off-diagonal values are high, with 0.41 false positives (active
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lesions misclassified as fibrotic) and 0.68 false negatives (fibrotic lesions misclassified as
active). This suggests that the model struggles significantly with correctly identifying
fibrotic lesions.

It is likely due to imbalanced feature classes or insufficient discriminative information in
the extracted features.

Table of mean classification report
3D Clinical

precision recall F1-score

010684021 059+ 0.29 0.60 + 0.23

11024 +£028 0.3240.37 0.26 + 0.29

Table 4.5: Table of mean classification report across 10 Fold Split Stratified Cross-Validation of 3D Clinical dataset

Figure 4.19: Normalized mean confusion matrix of 3D Clinical dataset across 10 Fold Split Stratified Cross-Validation

In general, these results indicate that the current pipeline does not provide a reliable
classification between active and fibrotic lesions.

4.2.3 3D Radiomic Clinical

The optimized pipeline selected by TPOT for processing the 3D Radiomic Clinical
dataset transforms and refine the feature space through a series of steps, and the apply
a LinearSVC classification model to define the final classes.
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exported_pipeline = make_pipeline(

StackingEstimator (estimator=SGDClassifier(alpha=0.001, eta0=0.1,
fit_intercept=False, 11_ratio=0.0, learning_rate="invscaling",
loss="hinge", penalty="elasticnet", power_t=0.1)),

ZeroCount (),

SelectPercentile(score_func=f_classif, percentile=62),

VarianceThreshold(threshold=0.05),

LinearSVC(C=25.0, dual=False, loss="squared_hinge",

penalty="11", tol=0.01)

The pipeline starts with a StackingEs-
timator, which applies a Stochastic Gra-
dient Descent (SGD) classifier as an in-
termediate transformation step.  This
classifier uses a hinge loss function, and
employs L2 regularization. By do-
ing so, it increases the feature space
with linear projections of the origi-
nal features, creating a mnew represen-
tation of the data before feature selec-
tion.

Elastic Net regularization, the hy-
perparameter of SDG, is a linear re-
gression technique that combines L1
and L2 penalties, but in this case the
11 ratio is set to 0.0, and so only
the L2 regularization is applied. Also,
by setting the invscaling, the learning
rate (invscaling) decreases progressively
during training, preventing abrupt up-
dates.

Since this classifier is used within a
StackingEstimator, its outputs are not
used for direct classification. Instead,
they serve as transformed features that
enrich the dataset.  This transforma-
tion add one feature to the dataset,
expanding it from 1283 to 1284 fea-
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tures.

The successive step applies ZeroCount, which calculates how often each feature is
equal to zero across the dataset for each sample, and helping the next steps in the iden-
tification of redundant or uninformative features.

To reduce the number of features and keep the most informative ones, the SelectPer-

centile method is applied. This step uses the ANOVA F-test (f_classif) to evaluate how
well each feature distinguishes between the target classes. Features with higher F-values
are considered more relevant, while those with low statistical significance are removed.
As a result the number of features is reduced from 1284 to 797. The top 15 features
with the lowest p-values (indicating higher statistical importance) are shown in Figure
4.20. The values represent the mean feature importance across 10 cross-validation splits,
with error bars indicating the associated standard deviation. Additionally, the plot dis-
plays the frequency with which each feature was selected across the 10 folds, ranking
them based on both selection frequency and mean p-value (lower p-values correspond to
higher importance).
It can be observed that only radiomic features appear in the ranking, suggesting that
clinical features have lower statistical significance in distinguishing the target classes.
The most important feature is log-sigma-2-0-mm-3D_firstorder_Variance, which quanti-
fies the degree of intensity variation within a lesion after applying a LoG filter with a 2.0
mm smoothing scale. The sigma value defines the standard deviation of the Gaussian
smoothing applied before the Laplacian operator is used. A sigma of 2.0 mm means
that the filter selectively enhances structures that are approximately 2.0 mm in size,
while smaller details are suppressed. The 3D designation indicates that the LoG filter
was applied to the entire three-dimensional lesion volume, while variance measures how
widely intensity values are spread around the mean: a high variance means that the
lesion contains voxels with widely varying intensity values.

A VarianceThreshold filter (0.05) further removes near-constant features, so that
only variables with meaningful variation contribute to the model. The dataset is further
reduced reaching a value of 397 features, that are the features passed to the final classifier.

The classification step is performed using LinearSVC, SVM model that incorporates
L1 regularization. The classifier employs a squared hinge loss function with an high
regularization parameter (C = 25.0), creating a strict decision boundary.
The final number of selected features is approximately 350. Figure 4.21 illustrates the
top 10 most important features after the selection process, ranked by their frequency of
selection and absolute importance. The sign of the coefficients indicates whether a fea-
ture contributes more to the negative class (active lesions) or the positive class (fibrotic
lesions).
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The most important feature for active lesion classification is wavelet-LHL-first_order_variance,
which measures intensity variance after applying a wavelet transformation (LHL decom-
position), highlighting textural variations.

For fibrotic lesion classification, the most important feature is log-sigma-0-5-mm-3D first
_order_variance, which captures intensity variations after applying a Laplacian of Gaus-
sian filter with a standard deviation of 0.5 mm.

Figure 4.21: Mean feature importance of the top 10 features after SVC classification, averaged across 10-fold
cross-validation. Features are ranked by frequency of selection and mean importance. Bars pointing towards positive
values indicate association with the positive class (fibrotic lesions), while bars towards negative values indicate
association with the negative class (active lesions).

The pipeline’s performance is assessed using balanced accuracy and AUC and the
results are summarized in Table 4.6.
For the balanced accuracy the model achieves a value of 0.65+0.19 for the test set. This
suggests that the model struggles to effectively differentiate between classes.
The test AUC of 0.60 £+ 0.20 and the mean ROC curve across the 10 cross validation
folds (Figure 4.22, displaying a deviation from the diagonal trend), confirm the model’s
limited performance, showing that it does slightly better than random guessing but lacks
strong predictive capability.
It is important to notice that the training set achieves a balanced accuracy and AUC of
1.0, indicating important overfitting. This means that while the model performs perfectly
on training data, it fails to generalize well to unseen test data.

Table of mean balanced accuracy and AUC - 3D Radiomic Clinical
Train Balanced Accuracy | Train AUC | Test Balanced Accuracy | Test AUC
1.0 £ 0.0 1.0 £ 0.0 0.65 + 0.19 0.60 £ 0.20

Table 4.6: Table of mean balanced accuracy and AUC for test and train of 3D Radiomic Clinical dataset across 10 Fold
Split Stratified Cross-Validation
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Figure 4.22: Mean ROC-AUC curve of 3D Radiomic Clinical dataset across 10 Fold Split Stratified Cross-Validation

As with previous pipelines, the classification report for this pipeline is also computed
and reported in Table 4.7, while the confusion matrix is shown in Figure 4.23.
In the confusion matrix, the mean recall values are of the order of 0.77 and 0.53; while
the off-diagonal values (misclassifications) are 0.23 (active lesion misclassified as fibrotic)
and 0.47 (fibrotic misclassified as active).
This suggests that the model is better at identifying active lesions than fibrotic lesions,
leading to higher false negatives for fibrotic cases.

Table of mean classification report
3D Radiomic Clinical dataset
precision recall F1-score
0]082=£0.13 0.77 = 0.11 0.78 £ 0.09
110454031 0.53 £0.34 0.47 £+ 0.29

Table 4.7: Table of mean classification report across 10 Fold Split Stratified Cross-Validation of 3D Radiomic Clinical
dataset
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Figure 4.23: Normalized mean confusion matrix of 3D Radiomic Clinical dataset across 10 Fold Split Stratified
Cross-Validation

4.2.4 2D Radiomic

The pipeline selected from TPOT for 2D Radiomic dataset consists of a polynomial
feature expansion, kernel approximations, feature scaling, and ensemble-based transfor-
mations, followed by a probabilistic classification model.

exported_pipeline = make_pipeline( PolynomialFeatures(degree=2,
include_bias=False, interaction_only=False),

Nystroem(gamma=0.6000000000000001, kernel="linear",
n_components=3),

RobustScaler (),

StackingEstimator (estimator=RandomForestClassifier (bootstrap=False,
criterion="entropy", max_features=0.55, min_samples_leaf=18,
min_samples_split=4, n_estimators=100)),

ZeroCount (),

BernoulliNB(alpha=1.0, fit_prior=False)

The polynomial feature transformation is applied as first step. It generates quadratic
interaction terms between features, that can allow the model to capture non-linear de-
pendencies. However, these terms significantly increase the dimensionality of the dataset
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and can lead to redundancy. This is evident from the significant increase in feature num-
ber that follows the polynomial feature application: from 842 to 355745.

To address this issue, a Nystroem kernel approximation is applied, projecting the

data into a lower-dimensional space via a linear kernel, thereby reducing the number of
features to three.
The three new features are visualized in a 3D scatter plot, Figure 4.24, in particular
for split 7 of the 10 fold split cross validation. These points, indicating the active and
fibrotic classes, remain very close to each other, indicating a poor class separability in
the transformed feature space.

Figure 4.24: 3D feature plot using Nystroem kernel features for split 7 of the 10 fold cross-validation. Each axis
represents one of the three features, with blue points indicating the active class and red points indicating the fibrotic
class.

After feature transformation, the data undergo robust scaling, which scales feature
distributions based on the median and interquartile range.

Next, the Stacking Estimator applies a Random Forest Classifier (RFC), which gen-
erates new transformed features that are used as input for subsequent pipeline steps.
The RFC used here has 100 trees, with each terminal node requiring a minimum of 18
samples. At each split, only 55% of the total features are considered, and a node will only
be further split if it contains at least 4 samples. This approach trains the Random Forest
classifier on the input data and generates new features based on its learned patterns. As
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a result, the dataset is expanded from three to six features, followed by the application
of a ZeroCount transformation.

The final classification step is performed using Bernoulli Naive Bayes (BernoulliNB).
This model assumes that each feature follows a Bernoulli distribution, meaning it consid-
ers whether a feature is present (1) or absent (0) rather than its exact numerical value.
The key hyperparameters are alpha=1.0, which corresponds to the Laplace smoothing
parameter and prevents zero probabilities that could arise when a feature is absent in
all training samples of a class, and fit_prior=False, meaning the model does not assume
a prior class distribution to estimates class probabilities, relying only on data.

In Figure 4.25 a log-odds plot is used to visualize the probability estimates from a Naive
Bayes classifier. In particular, the log-odds values for each feature indicate how much
the feature contributes to distinguishing between the two types of lesions, and they are
computed as mean values across 10 fold Stratified Group cross-validation.

In the plot, the feature with a log-odds value of 2.4 suggests that it strongly favors one
class over the other, while other features have log-odds around -0.3, meaning they slightly
favor the opposite class. This suggests that the feature with a log-odds of 2.4 is likely
one of the most important predictors in the model.

Figure 4.25: Log-odds plot illustrating the probability estimates from a Naive Bayes classifier. The log-odds values are
averaged across 10 Fold Stratified Group cross-validation.

The performance of the pipeline is evaluated based on balanced accuracy and AUC
scores, averaged over 10-fold cross-validation. The results, presented in Table 4.8, show
values of balanced accuracy and AUC very close to 0.5 suggesting that the model has
weak discriminative power.

The mean ROC curve (Figure 4.26) deviates slightly from the diagonal, indicating that
the model learns some useful information, but not enough for reliable classification.
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Table of mean balanced accuracy and AUC of 2D Radiomic dataset
Train Balanced Accuracy | Train AUC | Test Balanced Accuracy | Test AUC
0.59 £+ 0.01 0.62 £+ 0.02 0.54 + 0.14 0.56 + 0.16

Table 4.8: Table of mean balanced accuracy and AUC for test and train of 2D Radiomic dataset across 10 Fold Split
Stratified Group Cross-Validation

Figure 4.26: Mean ROC-AUC curve of 2D Radiomic dataset across 10 Fold Split Stratified Group Cross-Validation

From Table 4.9 and Figure 4.27 it can be said that the model correctly identifies
active lesions more often than fibrotic ones, but misclassifies a substantial number of
fibrotic lesions, leading to a high false negative rate for class 1. This means that fibrotic
lesions are harder to identify, suggesting that the features extracted from the dataset
may not effectively capture the distinguishing characteristics of fibrotic tissues.

Table of mean classification report
2D Radiomic

precision recall F1-score

01079 +0.12 0.62+0.14 0.69 + 0.11

11031 £021 046 4+ 0.23 0.35 + 0.22

Table 4.9: Table of mean classification report across 10 Fold Split Stratified Group Cross-Validation for 2D Radiomic
dataset
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Figure 4.27: Normalized mean confusion matrix of 2D Radiomic across 10 Fold Split Stratified Cross-Validation

4.2.5 2D Clinical

The pipeline for 2D Clinical dataset integrates different steps as feature normalization,
feature extraction, thresholding, and probabilistic classification.

exported_pipeline = make_pipeline(
make_union( make_pipeline(
MinMaxScaler(),
StackingEstimator (estimator=MLPClassifier(
alpha=0.001, learning_rate_init=0.1)),
Binarizer (threshold=0.7000000000000001)),
StackingEstimator (estimator=MLPClassifier(alpha=0.001,
learning_rate_init=0.1))),
MultinomialNB(alpha=0.1, fit_prior=False)

The first step in data preprocessing is MinMax scaling, which normalizes all feature
values within the range [0, 1]. After normalization, the pipeline utilizes a MLP classifier
to extract relevant features. The Figure 4.28 illustrates the mean weights of the connec-
tions between the input layer and the first hidden layer. For the 2D Clinical dataset,
the bar plot displays the feature weights sorted by their average values across ten data
splits.

In this first hidden layer, the feature with the highest mean weight corresponds to a clin-
ical variable indicating the absence of ovarian endometriomas in the patient. The second
most relevant feature is associated with patients who have undergone bowel surgery,
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specifically segmental bowel resection.

Figure 4.28: Weights between the input layer and the first hidden layer of the first MLP neural network applied, sorted
by mean feature weight across ten splits, for 2D Clinical dataset

Next, the Binarization transformation applies a threshold of 0.7 to the feature values,
converting to 1 any feature value above 0.7 and to 0 the others.

A second transformation using the MLP classifier is then applied, introducing addi-
tional features. The mean weights assigned to the connections between the input layer
and the first hidden layer of this second MLP classifier are shown in Figure 23.
Compared to the previous MLP, the most important features are general patient char-
acteristics such as weight, age, and height, similarly to the 3D clinical case.
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Figure 4.29: Weights between the input layer and the first hidden layer of the second MLPClassifier applied, sorted by
mean feature weight across ten splits, for 2D Clinical dataset

The feature set is then passed to the Multinomial Naive Bayes classifier, implemented
with alpha=0.1 Laplace smoothing, to prevent zero probabilities from occurring.
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To visualize the classifier’s probabil-

ity estimates, a log-odds plot is pre-
sented in Figure 4.30. Similarly to
the 2D Radiomic dataset, log-odds val-
ues for each feature are computed as
the average across a 10 fold Stratified
Group cross-validation. The features
are ranked based on their mean log-
odds values, and the top 15 are dis-
played.
The most influential feature for the first
class is a clinical variable indicating
that the patient has had prior deliver-
ies. For the second class, the most rele-
vant feature identifies patients who have
undergone left lateral ultrasound-guided
surgery.  Additionally, a feature intro-
duced by the MLP classifier is among
the top 15, showing positive log-odds val-
ues.

The performance of the pipeline is eval-
uated using the metrics reported in Table
4.10, computed as the mean values across
a 10-fold cross-validation.

The balanced accuracy score is approxi-
mately 0.52 +0.19 indicating poor perfor-
mance. The test AUC is slightly higher,
reaching 0.59 4 0.26. While this suggests
a weak ability to discriminate between

Figure 4.30: Log-odds plot illustrating the probability
estimates from a MultinomialNB classifier. The log-odds
values are averaged across 10 Fold Stratified Group
cross-validation.

classes, the large standard deviation indicates high variability across splits.

The ROC-AUC shown in Figure 4.31, displays the mean ROC curve across all ten splits
along with individual curves for each split. As for the previous datsaset also this curve
has a slight but not significant deviation from the diagonal, and so a low predictive

capability.

Table of mean balanced accuracy and AUC of 2D Clinical dataset

Train Balanced Accuracy | Train AUC

Test Balanced Accuracy

Test AUC

0.78 £ 0.02 0.84 £ 0.02

0.52 £ 0.19 0.59 + 0.26

Table 4.10: Table of mean balanced accuracy and AUC for test and train of 2D Clinical dataset across 10 Fold Split
Stratified Group Cross-Validation
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Figure 4.31: Mean ROC-AUC curve of 2D Clinical dataset across 10 Fold Split Stratified Group Cross-Validation

A more detailed performance analysis is provided in Table 4.11, which includes met-
rics such as precision, recall and F1-score. Additionally, the normalized confusion matrix
in Figure 4.32 reveals that the mean value of correctly classified instances is 0.69 for class
0 and 0.36 for class 1. Misclassification is more frequent for class 1, with a value of 0.64.
These results suggest that the model performs better at detecting active lesions but
struggles significantly in identifying fibrotic cases.

Table of mean classification report
2D Clinical

precision recall F1-score

0]0.76+£0.22 0.69+ 024 0.71 +£0.21

11017 4+£0.19 0.36 £0.43 0.21 + 0.25

Table 4.11: Table of mean classification report across 10 Fold Split Stratified Group Cross-Validation for 2D Clinical
dataset
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Figure 4.32: Normalized mean confusion matrix of 2D Clinical across 10 Fold Split Stratified Cross-Validation

The high misclassification rate indicates that the current feature set and modeling
approach may not be well-suited for distinguishing between these conditions, requiring
further refinement.

4.2.6 2D Radiomic Clinical

The proposed machine learning pipeline for the 2D Radiomic Clinical dataset consists of
a Stacking Estimator using SGDClassifier, dimensionality reduction via FastICA, and a
final classification step also employing SGDClassifier.

exported_pipeline = make_pipeline(

StackingEstimator (estimator=SGDClassifier(alpha=0.0, eta0=0.01,
fit_intercept=False, 11_ratio=1.0, learning_ rate="constant",
loss="perceptron", penalty="elasticnet", power_t=50.0)),

FastICA(tol=0.9500000000000001),

SGDClassifier(alpha=0.01, eta0=1.0, fit_intercept=False,
11_ratio=0.25, learning rate="invscaling",
loss="squared_hinge", penalty="elasticnet", power_t=0.5)
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The first step applies a SGD classi-
fier with a perceptron loss, which means
that the model is trying to separate data
with a hyperplane. Elastic net regulariza-
tion is also employed, combining both L1
(LASSO) and L2 (ridge) penalties, in or-
der to try to improve generalization. The
model tries to select the most relevant fea-
tures while reducing model complexity.
In particular, in Figure 4.33, the impor-
tance of each feature for the SGD classifier
is visualized as a bar plot.
The importance score assigned to each fea-
ture corresponds to the weight attributed
by the SGD classifier. These values can
be interpreted as an indication of the fea-
ture’s influence on classification, where
higher absolute values represent stronger
contributions toward either the positive or
negative class.
The values shown represent the mean im-
portance scores across 10 cross-validation
splits. The presence of positive and nega-
tive values indicates the classifier’s prefer-
ence towards one class or the other. The
plot. bighlights the 15 tmost important fea- ¥ 455 The e shov s b s of e e
tures, ranked based on their absolute mean the top 15 in order of highest value. The values are
importance. Tt can be observed that no averaged across the 10 Folds of cross-validation.
clinical feature appears among the top-
ranked variables, suggesting that the model mainly relies on radiomic features for clas-
sification.

Following feature selection, the pipeline applies FastICA, a technique designed to

extract statistically independent components from the dataset to reduce feature redun-
dancy. The consequence of this transformation is the loss of the original feature names,
as the method generates new independent components. After applying FastICA, the
total number of features is reduced from 897 to 778.
The transformed dataset is then passed to the final SGD classifier, which employs a
squared hinge loss function. Once again, elastic net regularization is used, but with a
different balance between L1 and L2 penalties. Additionally, the learning rate decreases
over time, promoting more stable model optimization.
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The pipeline performance is evaluated and shown in Table 4.12. The balanced ac-
curacy and AUC have similar values, around 0.44, suggesting that the model shows
insufficient predictive capability. This fact can be also observed in the ROC-AUC plot,
Figure 4.34, where the mean curve approaches the diagonal trend.

A critical issue is highlighted by the training evaluation results, which show an extremely
high balanced accuracy (0.99+0.003) and AUC (0.99+0.001). This discrepancy between

training and test performance indicates severe overfitting.

Table of mean balanced accuracy and AUC of 2D Radiomic Clinical dataset

Train Balanced Accuracy | Train AUC | Test Balanced Accuracy Test AUC

0.99 & 0.003 0.99 £ 0.001 0.44 £ 0.16 0.44 £ 0.21

Table 4.12: Table of mean balanced accuracy and AUC for test and train of 2D Radiomic Clinical dataset across 10 Fold
Split Stratified Group Cross-Validation

Figure 4.34: Mean ROC-AUC curve of 2D Radiomic Clinical dataset across 10 Fold Split Stratified Group
Cross-Validation

In Table 4.13 are shown precision, recall, and F1-score values for the pipeline, and
Figure 4.35 shows the normalized confusion matrix. The normalized mean number of
correctly classified instances is 0.47 for active lesions and 0.41 for fibrotic cases. The non
diagonal values result higher than the recall values, indicating that the model struggles
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in the classification of both active and fibrotic lesions.

Table of mean classification report
2D Radiomic Clinical
precision recall F1-score
0]0.76 £0.15 0.47 +0.19 0.55 4+ 0.16
110214020 0.41+0.31 0.25+0.20

Table 4.13: Table of mean classification report across 10 Fold Split Stratified Group Cross-Validation for 2D Radiomic
Clinical dataset

Figure 4.35: Normalized mean confusion matrix of 2D Radiomic Clinical across 10 Fold Split Stratified Cross-Validation
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Chapter 5

Conclusions

This study investigated the classification of active and fibrotic lesions in deep endometrio-
sis using machine learning models trained on radiomic and clinical features extracted
from 3D MRI scans of 61 patients, as well as from the corresponding 2D slices. The
comparative analysis across different datasets and feature sets provided key insights into
the potential and limitations of these approaches.

Dimensionality reduction techniques such as LDA, PCA, UMAP and PaCMAP, failed
to reveal a clear separation between lesion classes, suggesting that the extracted features
do not have strong discriminative power.

Across all datasets, TPOT pipelines struggled to achieve robust discrimination be-
tween active and fibrotic lesions.
From a comparison of the TPOT pipelines between 3D and 2D datasets, they present
almost the same low discriminative performance, with balanced accuracy and AUC val-
ues that remain around the random classification range of 0.5.
The highest performance is reached by the 3D Radiomic Clinical dataset with values of
0.65 £ 0.19 for balanced accuracy and of 0.60 + 0.20 for AUC. The high error value must
be taken into account, indicating a high variability of the model performance across the
different cross-validation splits.

The balanced accuracy for 2D Radiomic Clinical (0.44£0.16) is noticeably lower than
its 3D counterpart, suggesting that including both radiomic and clinical features of the
2D lesion slices does not improve classification performance. However, when considering
radiomic features alone, the balanced accuracy of 2D Radiomic (0.54 4 0.14) is roughly
the same as that of 3D Radiomic (0.56 £ 0.22), indicating that 2D radiomic information
captures similar patterns to its 3D equivalent.

In contrast, the 2D Clinical dataset shows a slight improvement in balanced accuracy
(0.52 4+ 0.19) compared to 3D Clinical (0.45 £ 0.25), although with a high error margin.
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Feature importance rankings varied between 2D and 3D datasets, but in general,
models relied more on radiomic features than on clinical ones. Additionally, a compar-
ison of training and test scores revealed overfitting in most models, as performance on
training data was significantly better than on test data. Misclassification was particu-
larly high for fibrotic lesions, likely due to the class imbalance in the dataset (64 active
vs. 25 fibrotic lesions).

An important limitation of this study is the small sample size, which complicates the
classification task. The dataset consists of 61 patients, with a total of 64 active lesions
and 25 fibrotic lesions. This imbalance and the overall limited number of samples reduce
the model’s ability to generalize, increasing variability in performance.

Overall, these findings show that analyzing both 2D and 3D representations produced

comparable classification results. However, the small sample size and class imbalance
may have played a significant role in limiting the model’s ability to differentiate between
lesion types effectively.
In conclusion, this study highlights the challenges of classifying active and fibrotic le-
sions in deep endometriosis using radiomic and clinical features. Future work should
explore additional radiomic features and alternative modeling approaches to improve
classification performance and enhance the diagnostic potential of these methods.
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Appendix A

Appendix

A.1 LDA KDE plot

(c)
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(b)

(d)



(e) ()
Figure A.2: Distributions of class 0, active lesion, and class 1, fibrotic lesion, along LDA 1 for 2D datasets. (a)-(b) 2D
Radiomic KDE plot on train/test set of split 5, (c)-(d) 2D Clinical KDE plot on train/test set of split 5, (e)-(f) 2D
Radiomic Clinical KDE plot on train/test set of split 5

(a) (b)

(c) (d)
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(e) )
Figure A.4: Distributions of active lesions (class 0), and fibrotic lesions (class 1), along LDA 1 for 3D datasets. (a)-(b)
3D Radiomic KDE plot on train/test set of split 5, (c)-(d) 3D Clinical KDE plot on train/test set of split 5, (e)-(f) 3D
Radiomic Clinical KDE plot on train/test set of split 5
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A.2 UMAP Scatterplots

Figure A.5: UMAP scatter plots of 2D Radiomic datasets, at different value of number of neighbors. Active class in blue,
fibrotic class in red.
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Figure A.6: UMAP scatter plots of 2D Clinical datasets, at different value of number of neighbors. Active class in blue,
fibrotic class in red.
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Figure A.7: UMAP scatter plots of 2D Radiomic Clinical datasets, at different value of number of neighbors. Active
class in blue, fibrotic class in red.
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Figure A.8: UMAP scatter plots of 3D Radiomic datasets, at different value of number of neighbors. Active class in blue,
fibrotic class in red.
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Figure A.9: UMAP scatter plots of 3D Clinical datasets, at different value of number of neighbors. Active class in blue,
fibrotic class in red.
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Figure A.10: UMAP scatter plots of 3D Radiomic Clinical datasets, at different value of number of neighbors. Active
class in blue, fibrotic class in red.
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A.3 PaCMAP scatterplots

Figure A.11: PaCMAP scatterplots for 2D datasets with three (left) and five (right) number of neighbors. Active class in
blue, fibrotic class in red.
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Figure A.12: PaCMAP scatterplots for 3D datasets with three (left) and five (right) number of neighbors. Active class in
blue, fibrotic class in red.
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