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ABSTRACT

Background: Superficial peritoneal endometriosis, despite being the most common
type of lesion, presents the greatest challenge for non-invasive diagnosis, resulting
in the majority being recognised surgically.

Objective: To evaluate the performance of machine learning in predicting superficial
peritoneal endometriosis in women with chronic dysmenorrhoea and pelvic pain
without abnormal ultrasound findings.

Design: Retrospective observational study.

Subjects: 298 women with severe dysmenorrhea and persistent acyclic pelvic pain
after at least 6 months of hormonal treatment who underwent laparoscopy, with
imaging examinations showing no significant abnormal findings.

Exposure: Data collected included clinical history, physical examination previously to
the laparoscopy.

Main Outcome Measures: Augmented backward elimination was used as a procedure
to obtain a baseline interpretable binomial logistic model. The performance of
various machine learning models, including Random Forest, Light Gradient Boosting
Machine, Extreme Gradient Boosting, Extremely Randomised Trees, Categorical
Boosting, Adaptive Boosting, Support Vector, Multilayer Perceptron, Naive Bayes,
Voting, and Stacking ensemble meta-classifiers, in predicting superficial peritoneal
endometriosis. Feature importance was assessed using Shapley Additive Explanations
(SHAP) values. Results: The presence of irregular menstrual cycle, irritable bowel
syndrome, bladder pain syndrome, abdominal trigger point, and pelvic floor tenderness
were independently associated with the diagnosis of superficial peritoneal
endometriosis. SHAP values indicated that a history of pelvic inflammatory disease
also suggested endometriosis. The soft voting classifier, which includes Extreme
Gradient Boosting and Naive Bayes algorithms, demonstrated the highest recall
(79.3%), while the Support Vector classifier achieved the best specificity (74.2%).
Conclusion: Irregular menstrual cycles, irritable bowel syndrome, bladder pain
syndrome, abdominal trigger points, and pelvic floor tenderness are independent
factors linked with intraoperative findings of superficial peritoneal endometriosis.
Additional variables, such as a history of pelvic inflammatory disease, may further
enhance preoperative diagnostic accuracy. Machine learning approaches show
promise in predicting the disease through pre-operative clinical data in this
population. This predictive capability can support personalised patient counselling
and surgical decision-making.

Keywords: Chronic pelvic pain, Dysmenorrhoea, Endometriosis, Laparoscopy,
Machine learning, Prediction.
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Introduction

Endometriosis affects approximately 5-10% of
women, with an annual incidence between 0.1-
0.3%', affecting about 180 million women
globally, predominantly those of reproductive age,
though cases can be identified post-menopause®.
The condition, associated with chronic inflammation,
is characterised by endometrial-like tissue outside
the uterine cavity, though its definition does not
include symptoms or physiological changes®.
Clinically, it is found in up to 7% of asymptomatic
women undergoing tubal sterilisation, up to 50%
of adolescents with severe dysmenorrhea, 5-24%
of women with persistent non-cyclic pain, and 10-
40% of women with infertility’. It significantly
impacts women's lives® and the healthcare system,
reducing quality of life’, causing work productivity
loss'™, and generating substantial economic costs,
up to $50 billion annually in the USA™2,

Despite its clinical significance, diagnosing
endometriosis still takes an average of 4 to 11
years, even in countries with universal healthcare
systems™. This protracted delay is multifactorial,
stemming from the reliance on laparoscopy as the
gold standard for diagnosis, which is inherently
invasive. Additionally, the condition is characterised
by a diverse and often overlapping symptomatology,
coupled with the lack of definitive, pathognomonic
signs or symptoms'®. Societal factors also play a
critical role, including the normalisation of symptoms
such as pelvic pain and dysmenorrhea, as well as
pervasive gender-related stigma that can lead to

the dismissal or underestimation of symptoms™.

Endometriosis itself is highly heterogeneous,
typically manifesting in three primary phenotypes:
superficial peritoneal endometriosis (SPE), ovarian
endometrioma, and deep infiltrating endometriosis,
each with distinct pathophysiological and clinical
characteristics™.  Given this complexity, non-
invasive diagnostic tools are preferable'’. Imaging
modalities, particularly transvaginal ultrasonography,
are recommended as a first-line approach'?, and

may even outperform surgery in select scenarios?'.

However, while certain authors have described
suggestive signs for diagnosing SPE?>?*, this remains

a substantial limitation of imaging modalities®.

SPE is considered one of the most frequent forms
of endometriotic lesions, potentially representing
up to 80% of all identified cases®™. Importantly, it
has been independently associated with primary
infertility and moderate to severe pain%,
underscoring the necessity for accurate diagnosis.
Current guidelines often recommend symptom
management before surgical intervention and
advise laparoscopy for patients with negative
imaging findings or when empirical treatment
fails'®2% However, reliance on laparoscopy poses
a challenge, as rates of negative surgical findings,
where no visible lesions are identified, can exceed

50% in some cohorts?30,

Given its prevalence and clinical impact, improving
pre-surgical diagnostic accuracy for SPE is critical
to reducing the frequency of unnecessary
laparoscopies, despite being a relatively safe
procedure®. While the data supporting surgical
excision or ablation of SPE remains limited®?, some
evidence suggests that surgical intervention may
provide benefits irrespective of findings®. This
highlights the pressing need for more effective
non-invasive diagnostic tools, specifically tailored
to better identify SPE and improve patient outcomes.

Recent advances in artificial intelligence (Al) have
greatly improved the interpretation of complex
clinical data, offering significant promise in
understanding chronic pain conditions®. A recent
study evaluated an Al-powered mobile application
designed to aid in the screening of endometriosis
among patients presenting with chronic pelvic pain
infertility™.  While the

application demonstrated high sensitivity and

and/or  unexplained
positive predictive value, its specificity and
negative predictive value were notably low. This
limitation likely stems from the app's reliance on
user-provided information, failing to address more
complex diagnostic scenarios, particularly cases

where ultrasonographic findings are unremarkable.
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The number of published studies on endometriosis
and Al has increased substantially in the last
decade®. Current research has explored areas
such as biomarkers, imaging analysis, and patient-
reported outcomes. However, biomarkers have yet
to demonstrate sufficient predictive value for
endometriosis®’, and while imaging modalities
exhibit high sensitivity in symptomatic populations,
their utility diminishes in more nuanced presentations.
Consequently, the greatest potential for Al may lie
in  interpreting
Goldstein and Cohen (2023) developed a machine
learning (ML) model for predicting endometriosis

patient-reported  symptoms.

based on self-reported symptoms®. This study
included data from individuals with and without
endometriosis, collected via structured
questionnaires. Although their model showed good
accuracy, several limitations were noted. Chief
among these were the reliance on self-reported
diagnoses and the inherent heterogeneity within
the non-endometriosis group, which likely included
many healthy individuals. While such tools may
facilitate self-diagnosis and expedite referral for
patients with a high likelihood of endometriosis,
their utility in clinical practice is limited. Specifically,
they provide little additional insight into the
likelihood of endometriosis in symptomatic
populations, such as those experiencing chronic

pelvic pain or dysmenorrhoea.

Given the challenges in predicting endometriosis
in individuals with pelvic pain and no typical
ultrasonographic findings, the lack of studies in the
literature addressing this critical aspect, the ability
of Al to effectively manage complex clinical data
interactions, and the importance of thorough
preoperative counselling, we hypothesise that
machine learning (ML) could enhance the non-
invasive diagnosis of superficial peritoneal
endometriosis (SPE). Such advancements could
enable personalised informed consent, improve
the precision of interventions, and reduce
unnecessary surgeries. Thus, the aim of this study
was to evaluate the performance of ML in

predicting an SPE diagnosis in women presenting

with chronic dysmenorrhoea and pelvic pain,
characterised by the absence of abnormal
ultrasound findings and persistent symptoms

despite hormonal therapy.

Materials and Methods

DESIGN

We conducted a retrospective observational study
using an anonymized database of surgical requests
performed at Hospital das Clinicas da Faculdade
de Medicina de Ribeirdo Preto (HCFMRP-USP)
between 2010 and 2017. The study was approved
by the Local Ethics Committee under number
193.015 and national registration 10863612
.7.0000.5440. This study adhered to the TRIPOD-
Al guidance, an extension of the Transparent
Reporting of a multivariable prediction model of
Individual Prognosis Or Diagnosis (TRIPOD)
statement, specifically developed to enhance the
reporting and appraisal of prediction model
studies employing machine learning techniques®.

SETTING

The HCFMRP-USP, located in Ribeirdo Preto, Sao
Paulo, Brazil, is the region's largest public hospital
and serves as a tertiary care referral centre for a
population of 4.5 million in northeastern Sao Paulo
State. Affiliated with the University of Sdo Paulo, it
offers advanced surgical procedures across
specialties, recognized nationally for excellence in

gynaecology and endometriosis care.

PARTICIPANTS AND ELIGIBILITY

Among 476 patients with chronic pelvic pain and
suspected endometriosis, 298 women aged 18-47
with severe dysmenorrhea and persistent acyclic
pelvic pain after at least 6 months of hormonal
treatment and no significant abnormal ultrasound
or MRI findings were eligible. All underwent
diagnostic conventional laparoscopy at HCFMRP-
USP by the same expert team. Typical endometriotic
lesions® or histopathological confirmation of
atypical lesions observed during or immediately
following laparoscopy served as diagnostic

confirmation. The areas of adhesions without
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obvious signs of endometriotic lesions were
biopsied for histological confirmation. Women with
a prior diagnosis of endometriosis, previous
diagnostic surgeries, or evidence of bowel,
bladder, or ureter involvement, as well as those
with identified endometriomas or lesions deeper
than 5 mm beneath the peritoneal surface during

surgery, were not considered eligible for the study.

INDEPENDENT FEATURES

The independent variables included the duration
(in months) and the intensity of symptoms,
measured using a visual analogue scale (in
millimetres), with the most severe symptoms
selected from dysmenorrhoea, dyspareunia,
dyschezia, and pelvic pain; frequency of symptoms
(weekly); age at surgery; age of menarche; age of
first sexual intercourse reported (coitarche);
number of previous sexual partners; education
level (elementary (< 9 years); high (= 9 years)); civil
status (single, married, divorced, widow); paid job
(any remunerated employment activity); active
tobacco exposure (previous or current); alcohol
misuse (frequent or regular consumption of more
than an average of 2 units a day of alcoholic
beverages); sedentarism: assessed by the short
version of the International Physical Activity
Questionnaire (IPAQ)*, validated for use with
Brazilian population*’; body mass index (kg.m?) at
the time of laparoscopy; irregular menstrual cycle
(lower than 21 days or greater than 35 days in the
last 3 months); heavy bleeding (defined as any of
the following: frequent pad or tampon changes
(every 1-2 hours), using two types of period
products simultaneously, periods lasting over 7
days, passing blood clots larger than 2.5 cm,
bleeding through clothes or bedding, and needing
to avoid daily activities due to period bleeding);
number of previous pregnancies; number of
deliveries; number of previous miscarriages;
number of previous C-sections; episiotomy in any
previous delivery; previous delivery assisted by
forceps; any previous abdominal surgery; any
previous Pfannenstiel incision (C-section or not);

infertility history: (attempting to conceive for more

than 2 years without success having regular
unprotected sex); report of any previous clinically
confirmed pelvic inflammatory disease; chronic low
back pain; report of previous clinically confirmed
migraine; report of previous clinically confirmed
depression; any kind of sexual violence previously
suffered; any kind of emotional abuse or neglect
previously suffered; any kind of physical violence
previously suffered; premenstrual syndrome
(symptoms such as bloating, breast tenderness,
fatigue, and changes in sleep and eating habits
usually associated with periods); insomnia
(difficulty in falling asleep or staying asleep with
negative consequences during the day);
hypersomnia (sleeping for long hours at night and
regularly falling asleep during the day);
dyspareunia (painful intercourse that negatively
impacts mental/physical health, body image, and
relationships with partners); vaginismus (the vagina
suddenly tightens up when trying to insert
something into it); pain after sex (following sexual
intercourse); pain after exercise (abdominal or
pelvic pain  following  physical  exercise);
neuropathic pain component: assessed by the
Brazilian version of the Douleur Neuropathique 4
(DN-4) Questionnaire®, considering a score > 4 as
indicative of a neuropathic pain component;
avoidance of activities (significant restriction of any
physical activity imposed by symptoms);
psychological distress (assessed by the Brazilian
version* of the Self Reporting Questionnaire (SRQ-
20), considering a score = 7 as indicative of mental
suffering; hypoactive sexual desire; insufficient
vaginal (lack) lubrication; inability to achieve
orgasm; functional diarrhoea according to Rome |lI
criteria®®; as well as functional constipation and
irritable bowel syndrome; dyschezia; bladder pain
syndrome (pelvic pain accompanied by at least one
other irritative urinary symptom regularly present
over the last 3 months (urinary urgency, urinary
frequency, nocturia, dysuria, bladder discomfort,
tenesmus)); abdominal trigger point (spots of
extreme tenderness and hyperirritability in the

muscles of the lower abdominal wall); abdominal
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allodynia (pain due to a stimulus that does not
normally provoke pain in the lower abdominal
wall); vulvodynia (pain, burning, and discomfort in
the vulva with no specific cause for at least the last
three months); pelvic floor tenderness (painful
discomfort during unidigital palpation performed
to identify tenderness of the levator ani muscle
bilaterally); pelvic congestion syndrome assessed
by ultrasound screening with findings of dilated
ovarian vein with reversed caudal flow, presence of
varicocele, dilated arcuate veins crossing the
uterine myometrium, polycystic changes of the
ovary, and variable duplex waveform during the
Valsalva's manoeuvre®; chronic non-steroidal anti-
inflammatory drugs (NSAIDs) use (more than three
times a week for more than the last three months);
type of hormonal contraceptive (current usage in
the last 3 months); antidepressants or gabapentinoids

(current usage in the last 3 months).

EXPLORATORY ANALYSIS

Univariable analysis was conducted as part of the
exploratory analysis. Continuous variables were
summarised by mean, median, and interquartile
range. Normality was assessed using the Kolmogorov-
Smirnov test and visual graphics’. Categorical
attributes were represented by absolute (N) and
relative (%) frequencies. Depending on the data
characteristics, Fisher's exact test or Pearson's Chi-
squared test, and t-test or Wilcoxon rank-sum test
were performed as appropriate. The Benjamini-
Hochberg method was applied to adjust p-values
for the false discovery rate (FDR).

MISSINGNESS PATTERN

The proportion of complete cases was 89.9% (n =
268/298). No variable exhibited a missingness rate
exceeding 5%. Based on the similar pattern of
missing data according to the outcome, we
assumed the data were missing-at-random
(MAR)®, and multivariate imputation by chained

equations was performed®.

MULTICOLLINEARITY
Multicollinearity was assessed by computing the

variance inflation factor (VIF), which measures the

inflation of variance in a regression coefficient due
to the correlation between that predictor and the
others. Given the multiple categorical variables, the
adjusted generalised variance inflation factor was
used™, with threshold values above 1.6 indicating
a potential multicollinearity problem. Additionally,
a correlation matrix®' was considered to aid in
feature selection. A panel of experts refined the list
of variables to be included in the final model.

BASELINE LOGISTIC REGRESSION ANALYSIS

We employed a binomial logistic regression model
with a logit link function. Augmented backward
elimination, as implemented in the ABE package in
R, was utilised to derive an interpretable baseline
model, incorporating the Akaike Information
Criterion (AIC) and a threshold of 0.05 for the
relative  change-in-estimate  criterion®?.  This
method begins with all potential predictors and
iteratively removes the least significant variables,
balancing both significance and change-in-
estimate criteria. Compared to traditional
backward elimination, it tends to select larger
models and approximates the unselected model
with minimal differences in the point estimates of
the regression coefficients. We presented the
results using crude and adjusted odds ratio (OR)
checked for

separation, and influential outliers (no issues were

and confidence interval. We
found). For assessing the goodness of fit and
calibration of this model we used the omnibus
test>. For checking discrimination, we used the
Somers' D index®, which is a measure of the
strength and direction of association between two
variables. A higher value indicates a stronger
positive relationship, and it can be used to assess

the accuracy of diagnostic tests.

MACHINE LEARNING CLASSIFICATION

Before modelling, the dataset was divided into
training and test sets with an 80%-20% ratio. To
avoid data leakage, all preprocessing steps,
including missing data imputation, were first
applied only to the training set. The same
transformations were subsequently applied to the

test set.
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Logistic regression was employed as the baseline
model to benchmark predictive performance on
the training dataset. Although the primary
outcome proportion was close to 50%, class
weights were adjusted to account for potential
imbalance. An initial exploratory analysis was
conducted using additional machine learning
algorithms, including Random Forest, Light
Gradient Boosting Machine, Extreme Gradient
Boosting, Extremely Randomised Trees,
Categorical Boosting, Adaptive Boosting, Support
Vector Machines, Multilayer Perceptron, and Naive
Bayes. Each model was subjected to 100
simulations with random seeds to calculate
confidence intervals, and ten-fold cross-validation

was applied for internal validation.

Hyperparameters were optimised using both
manual testing and Bayesian optimisation methods
implemented in the Scikit-Optimize library (version
0.8.1). This method is based on probabilistic
models. It iteratively updates the probability of
each potential hyperparameter based on prior
knowledge and new data, allowing for more
efficient tuning of the model's parameters®.
Predictions on the test dataset were then made to

estimate performance measures.

Additionally, we incorporated hard (majority) and
soft (weighted probability) voting by comparing all
possible combinations of classifiers weighted by F1
score. Stacking ensemble meta-classifiers were
also explored by combining all possible algorithm
combinations®. We implemented these models
using the Scikit-learn library (version 1.5.2).

THRESHOLD DETERMINATION AND OPTIMIZATION
After hyperparameter tuning, we optimised the
decision threshold for converting predicted
probabilities into binary outcomes. Rather than
defaulting to the conventional 0.5 threshold, we
explored thresholds ranging from 0 to 1 in small
increments to maximise the F1 score. Additionally,
we experimented with penalising false negatives to
improve model sensitivity; however, this approach

did not yield satisfactory results. Given the trade-

off observed between specificity and accuracy, we
ultimately retained the standard 0.5 threshold for

final analyses.

In addition to optimising the threshold to maximise
the F1 score, we also conducted a comparison of
models at fixed levels of specificity (70%, 75%, and
80%). For each model, we identified the decision
threshold that achieved the desired specificity by
adjusting the threshold applied to predicted
probabilities, with a tolerance of 1%. This approach
ensured comparability between models while
maintaining control over the ability to correctly
identify negative cases.

MODEL PERFORMANCE

We proceeded with model validation on the test
set and compared the performance through
measures of Fl-score (harmonic mean between
recall and precision), precision, recall (sensitivity),
specificity, balanced accuracy, and area under the
receiver-operating characteristics (AUROC) curve
(rate of true and false positives).

FEATURE IMPORTANCE

Shapley Additive Explanations values were utilised
to standardise the identification and measurement
of feature importance®. As our focus is on the
positive class (endometriosis), we chose to order
the best classifiers by F1 score.

SOFTWARE

We developed all applications in the Python language
(version 3.9) and used Google Colaboratory platform,
which provides a serverless Jupyter notebook

environment for interactive development®.

Results

Figure 1 displays the flowchart of the participant
selection and inclusion process. A total of 48% (n =
144/298) had a diagnosis of superficial peritoneal
endometriosis (SPE) confirmed at laparoscopy.
Stage |l disease was more common (69.4%, n =
100), followed by stage |1 (25.0%, n = 36) and stage
11 (5.6%, n = 8). The prevalence of intra-abdominal
adhesions identified intraoperatively was similar

between women with and without SPE (p = .998),
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being 43.1% (n = 62/144) and 42.9% (n = 66/154),
respectively. The clinical improvement rate at the
end of three months was significantly better for
women with endometriosis: 79.2% (n = 114/144)

compared to 13.0% (n = 20/154) (p < .001). The full
characterisation of the sample is presented as

supplementary material (Supplementary Table S1).

‘ Surgery indicated by clinical suspicion of endometriosis.
N=a76

‘ N =14 excluded by: ‘

‘ no previous hormonal treatment reported

| Participants with previous hormonal treatment reported

‘ N = 123 excluded by:
‘ presencs of suggestive ultrasound findings

| Participants without abnormal ultrasound findings

Participants without previous surgical diagnosis
N =307

‘ M =32 excluded by:
‘ previous surgical diagnosis of endemetriosis

endometrioma identitied during surgery

N =9 axcluded by:
lesions deeper than 5§ mm under the peritonsal surface

‘ Participants with clinical suspicion of superficial peritaneal endometriosis
N =208

Figure 1: Flowchart illustrating the pathway followed for the selection of patient medical records to be included in the analysis.

Irregular menstrual cycle, irritable bowel syndrome,
abdominal trigger point, pelvic floor tenderness,
and bladder pain syndrome were associated with
intraoperative diagnosis of superficial peritoneal
endometriosis (SPE) according to the explainable
logistic regression model. Otherwise, sleep
disorder, lack of lubrication, pain after sex,
previous episiotomy, and neuropathic components
were associated with no SPE during laparoscopy. A
forest plot including only significant risk factors
shows in detail the magnitude of the odds (Figure
2). Supplementary material provides the crude and
adjusted odds ratio and their 95% confidence

Faature 0dds Ratlo (35% ©1)

intervals of all variables included in the final model
(Supplementary Table S2). Sensitivity analysis
considering complete cases is also presented as
supplemental material (Supplementary Table S3).
The findings were similar, with the addition that
previous transverse incision in abdominal wall
(Pfannenstiel incision) appear to confer an
independent decrease in the odds of SPE by
approximately 56%. The results of the Hosmer-
Lemeshow test indicated that our model was well
calibrated (Supplementary Figure S1), and the
discrimination was satisfactory (pseudo-R2 = .278,
Somers' D = .678, p = .625).

Odds for suparficlal porltonasl andemetrlosls prvalue

Irregular menstrual cycle 321 (1.78-6.15) —_———————— <0001
Irritable bowel syndrome 313 {1.14-0.14) 0027
Abdominal trigger polnt 267 {1.34-6.43) —_——————— 0005
Pelvic floor tendermess 1.97 {1.02-8.85) —— 0088
Bladder paln syndrome 177 (1.00-8.16) o a0

Sleep disorder 0.51{0.78-0.97) -
Lack of lubrication 0.44 {0.22-0.85) -
Paln after sex 0,453 {0.23-0.79) -

Pravious splslotory 0201010039 -

Neuropathic pain component 019 {0.06-0.54) -—

0.075

s

0.008

<0001

[eXi]

30
Odds Ratio

Figure 2: Forest plot displaying the adjusted odds ratios for variables independently associated with the diagnosis of superficial

peritoneal endometriosis and the confidence interval of the estimate.
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The performance of the models during training is
the
(Supplementary Figure S2). In this phase, all

available in supplementary  material
models showed a general trend of outperforming
logistic regression. The top-performing individual
classifiers were the Support Vector Machine (SVM)
and Naive Bayes, with the SVM reaching an F1
score of 63.0%, Recall of 58.6%, and Specificity of
79.3%, while Naive Bayes achieved an F1 score of
59.7%, Recall of 74.2%, but with a Specificity of
only 19.4%. The SVM displayed good specificity,
whereas Naive Bayes showed strong recall, albeit

with limited specificity. The best-performing Soft

Voting ensemble combined the Extreme Gradient
Boosting and Naive Bayes models, attaining the
highest F1 score of 64.8% and Recall of 79.3%,
albeit with a specificity of only 38.7%. Table 1
presents the detailed performance metrics for each
individual model and the highest-performing
ensemble. At fixed specificity levels of 70% and
75%, the SVM emerged as the best classifier,
rates of 65.5% and 62.1%,

respectively. All other classifiers showed recall

achieving recall

values below 60% under these fixed specificity

conditions (Supplementary Table S4).

Table 1. Performance measurements sorted by F1 Score

Performance measurements (%)

Classifiers F1 Score Recall Specificity Accuracy Precision AUC'
Soft Voting Ensemble? 64.8 79.3 38.7 59.0 54.8 61.7
Support Vector Machine 63.0 58.6 74.2 66.4 68.0 66.2
Naive Bayes 59.7 79.3 19.4 49.3 47.9 64.3
Multilayer Perceptron 59.6 58.6 64.5 61.6 60.7 66.2
Extremely Randomised Trees 56.1 55.2 61.3 58.2 57.1 65.1
Logistic Regression 55.6 51.7 67.7 59.7 60.0 67.7
Stacking Ensemble® 54.5 51.7 58.1 58.1 57.7 65.2
Categorical Boosting 54.5 51.7 64.5 58.1 57.7 62.6
Adaptive Boosting 54.2 55.2 54.8 55.0 53.3 60.3
Extreme Gradient Boosting 53.3 55.2 51.6 53.4 51.6 66.1
Light Gradient Boosting 53.3 55.2 51.6 53.4 51.6 64.5
Random Forest 491 44.8 64.5 54.7 54.2 59.0

"Area under the curve.

2Extreme Gradient Boosting plus Naive Bayes

3Categorical Boosting plus Naive Bayes with Logistic Regression as the final estimator

Figure 3 showcases the feature importance among
the top classifiers, with logistic regression included
for comparison. Violin plots display Shapley values
(log-odds units) for (A) the soft voting classifier, (B)
the support vector classifier, and (C) logistic
regression, ordered by decreasing mean absolute
values. These plots summarise feature importance,
distribution, and variability, with wider sections
indicating higher value density. Colours represent
feature values: red for presence/high values and
blue for absence/low values. The top ten predictive
features for each model are highlighted, with

© 2024 European Society of Medicine

previous pelvic inflammatory disease reports
showing concentrated Shapley values favouring
SPE prediction in the support vector and logistic
regression classifiers, without significant outliers.
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Figure 3: Violin plots of the Shapley values computed for each feature considering the best models (Soft Voting and Support Vector

Machine) and Logistic Regression for comparison.

Supplementary Figure S3 illustrates how the
feature set influences the probability of outcome
for a random participant in the test dataset across
each model. Waterfall plots provide explanations
for individual predictions: starting from the model's
expected output over the reference dataset, each
row indicates how features contribute positively
(red) or negatively (blue) to adjust the prediction
for the specific case. Waterfall plots illustrate
variable weighting by the Support Vector (top) and
Soft Voting (bottom) models for correctly
classifying participants with and without SPE.
Arrows show how each feature's contribution shifts
the model's initial outcome, highlighting personalised
predictor combinations for each patient.

Discussion

Our results from the logistic regression model
showed that irregular menstrual cycle, irritable
syndrome, syndrome,

bowel bladder pain

abdominal trigger point, and pelvic floor
tenderness are independently associated with
superficial peritoneal endometriosis. Conversely,
symptoms such as sleep disorder, lack of
lubrication, pain after sex, previous episiotomy,
and neuropathic components tend to suggest the
absence of the disease, though not entirely ruling
it out. Shapley values additionally highlight that a
history of pelvic inflammatory disease may play a

significant role in predicting SPE.

The literature linking endometriosis and alterations
in menstrual bleeding patterns is relatively extensive.
Although a clear explanation for this phenomenon
is not entirely understood, various pathophysiological

processes may be responsible for the observed

changes in menstrual flow patterns, such as the

endometrial immune and inflammatory
environment®’, matrix metalloproteinases activity®,
and progesterone resistance®'. Furthermore, there
is a well-documented association between
endometriosis and what we have termed here as
"visceral syndromes"®?, including irritable bowel
syndrome®® and bladder pain syndrome®, as well

"65 such as abdominal

as "myofascial syndromes
and pelvic floor tenderness®. These conditions are
linked to alterations in the central processing of
sensory input from the gut®, bladder®®, and
myofascial system®’, as well as endometriosis.
Central sensitisation has been increasingly recognised
as a crucial component in the pathogenesis of
endometriosis-associated pain, occurring alongside
contributors  on a

peripheral  nociceptive

continuum’%7?

and may be pivotal in post-surgical
outcomes’?.  Additionally, specific features of
peritoneal innervation in individuals  with
endometriosis, such as nociceptor signalling
dysregulation,  neurogenic  and  peripheral
sensitisation, demonstrate that these central
findings also have a corresponding local peripheral
neurological component’®. Our data suggest that
the constellation of these symptoms, representing
a  potential  convergent  impairment  of
corresponding viscerotomes and myotomes, could
be instrumental in predicting the intraoperative
diagnosis of endometriosis. The association of
endometriosis with pelvic inflammatory disease,
although controversial, has also been reported

from both a clinical™ and transcriptomic perspective’.

Our study also identified factors associated with

the absence of SPE. A history of episiotomy,
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despite its potential to cause pelvic pain’®”, is
rarely linked to perineal scar endometriosis’®. The
presence of a neuropathic component in pain
symptoms may also suggest the absence of SPE,
acknowledging that neuropathic-like pain can
occur in endometriosis but is typically associated
with extensive lesions involving nervous tissue’.
Vaginal dryness, often studied in postmenopausal
women, lacks clear links to endometriosis in
premenopausal individuals, potentially influenced
by hormonal changes and psychological factors®®®'.
Similarly, sleep disturbances, commonly observed
in endometriosis patients, may be exacerbated by
pain but lack direct evidence linking them to the
disease®®. Therefore, these symptoms, when
present without other supporting evidence of
endometriosis beyond dysmenorrhea and pelvic
pain, especially in the absence of imaging
abnormalities, suggest the possibility of not finding
identifiable lesions during surgical exploration.

Utilising a variety of machine learning algorithms
for prediction offers the benefit of enhanced
predictive capability and, in some cases,
interpretability>®. While logistic regression remains
widely accepted due to its explainability, our
findings revealed its discriminatory and predictive
performance to be inferior compared to other
models, achieving approximately 60% accuracy
and precision, with a sensitivity of 51.7% and
specificity of 67.7% for diagnosing the condition.
Notably, each algorithm demonstrated distinct
ensemble

performance  characteristics, and

methods like Soft Voting led to overall
performance gains. Specifically, combining two
moderate-performing models within the Soft
Voting framework yielded significant improvements
in sensitivity by capturing nuanced aspects of data
that were insufficient when analysed in isolation.
Among individual classifiers, the SVM exhibited
achieving 74.2%, and

demonstrated superior recall compared to other

standout  specificity,
models, reaching 65%. This balance contributed
positively to its F1 score and highlighted its
capacity to maintain a strong trade-off between

sensitivity and precision. The SVM's strong
specificity is particularly beneficial in clinical and
screening contexts, where minimising false
positives is critical to reducing unnecessary
interventions, patient anxiety, and the operational
costs of evaluating individuals without the
condition of interest. While the SVM's recall is not
the highest possible, it remains superior relative to
other models tested, striking a meaningful balance

in performance for diagnostic applications.

The use of artificial intelligence in healthcare is
rapidly expanding. Bendifallah et al.®> highlighted
ML's potential in diagnosing endometriosis, focusing
on women with presumed diagnoses and higher
disease stages detectable by imaging. In contrast,
our study addresses the challenge of predicting
endometriosis in symptomatic women without
typical imaging findings and unresponsive to
hormonal treatment. We emphasise the importance
of surgical confirmation at this experimental stage
for accurate diagnosis and scientific rigour.

Our method of evaluating feature importance
using Shapley values provides valuable insights
into the individualised predictive relevance of
clinical factors, as illustrated in Figure 3. This
approach reveals that the model identifies a unique
set of predictive features for each participant,
highlighting its ability to handle complex scenarios
where linear relationships between predictor
variables and outcomes are not straightforward,
unlike logistic regression. This capability supports
personalised reporting, aligning with the growing
trend towards personalised medicine. It aids
clinicians in  understanding the intricate
relationships between clinical variables and
provides objective support to help patients make

informed decisions about surgery.

Despite our study employing a contemporary and
rigorous methodology, and utilising a well-
documented database collected prospectively in a
specialised reference hospital by a team of experts,
it has limitations. Unfortunately, the database of
individuals with these characteristics is small. One

of the primary challenges is the reliance on large,
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high-quality datasets for training ML algorithms.
Initiatives to standardise the recording of patient
history and characteristics, as well as the recording
of surgical procedures and extent of disease, as
proposed by the World Endometriosis Research
Foundation with the Endometriosis Phenome and
Biobanking  Harmonisation  Project®®,  will
undoubtedly help compile a relevant case series in
the near future, also allowing for external validation

with reliable international data.

The generalisability of model predictions to diverse
populations remains a critical challenge, as clinical
characteristics and symptom profiles can vary
significantly across geographical regions, ethnicities,
and patient demographics. While we conducted
extensive internal validation, the model developed
here lacks external validation, particularly in varied
clinical settings. To address potential variability in
predictors, we prioritised the use of nominal
variables wherever feasible, especially for tools like
IPAQ, DN-4, and SRQ-20. Although this approach
sacrifices some granularity, it ensures these variables
are considered at least nominally. However, the
wide range of instruments and methodologies
used to assess these factors introduces variability
across studies and represents a potential source of
bias in predictive models. Furthermore, while ML
models hold great promise, they are susceptible to
challenges such as overfitting and the need for
continuous updates to accommodate evolving
clinical data. Addressing these issues requires
rigorous external validation in real-world settings
to ensure the robustness and reliability of

predictions across diverse patient populations.

In practical clinical settings, the application of ML
models requires careful consideration of how
clinicians can interpret and act on the predictions.
While ML can provide valuable insights, the role of
the clinician in validating and contextualising these
predictions remains crucial. Clear guidance on how
to integrate ML predictions with clinical expertise
will be necessary to facilitate decision-making in
areas such as patient counselling, treatment planning,

and follow-up care. For instance, ML models can

help clinicians identify high-risk patients for SPE or
guide the choice of treatment options, but they
should not replace the clinician's judgement. As
such, the implementation of ML tools in clinical
practice should always be accompanied by clear
protocols for interpreting and acting on the
predictions within the context of individual patient
circumstances. Another significant limitation is the
difficulty in establishing a secure temporal
relationship between the disease and potential
predictors in a retrospective study. Consequently,
it is not possible to make any extrapolations about
potential causalities. On the other hand, our study
also generates intriguing additional hypotheses for
future investigation. Upon examining Figure 3, an
interesting observation emerges: we observe in
image (B) that the use of depot progestogen
(1=Progestogen _depo) negatively contributes to
the identification of endometriosis. Conversely, in
images (C) and (D), the absence of the medication
(O=Progestogen _depo) positively contributes to
the identification of the disease. The critical issue
here is whether depot progestogen can significantly
reduce endometriosis foci and hinder its macroscopic
identification, given the potential presence of
occult microscopic endometriosis undetectable by
laparoscopy in apparently normal peritoneum®.
Our study does not provide an answer to this
question, nor does the current literature offer
further explanations®”. Nevertheless, it raises an
important point.

In light of the Prediction model Risk Of Bias
Assessment Tool (PROBAST), our model, while
presenting a certain risk of bias, demonstrates low
concerns regarding applicability. We view it as a
proof-of-concept that encourages multicentre
studies focusing on this population. Moreover, it
represents an important step towards standardising
measurement tools and predictor definitions, while
respecting the sociocultural and geographical
diversity inherent to global healthcare settings. By
fostering collaboration and harmonisation, this
work aims to pave the way for more generalisable

and inclusive predictive models in clinical practice.
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Conclusions

In conclusion, our study identifies irregular menstrual
cycles, irritable bowel syndrome, bladder pain
syndrome, abdominal trigger points, and pelvic
floor tenderness as independent factors associated
with intraoperative findings of SPE. Moreover,
other variables, such as a history of pelvic
inflammatory disease, may further aid in predicting
preoperative diagnoses in a personalised manner.
We propose that ML approaches show significant
potential for predicting SPE by analysing pre-
operative clinical data, particularly in patients
presenting with severe dysmenorrhoea, acyclic pelvic
pain unresponsive to hormonal treatment, and normal
ultrasonographic results. This predictive tool could
enhance patient counselling and inform surgical
decision-making, fostering tailored and more
effective care strategies. Regardless of laparoscopy
outcomes, it remains crucial that informed consent
comprehensively addresses the probabilities of
disease presence and the potential short- and
long-term implications of surgical interventions.
This ensures that patients are thoroughly informed
and empowered to make well-grounded decisions
regarding their treatment options.
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