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1 | INTRODUCTION

Endometrial cancer (EC) is the most common gynecologic cancer in
low- and middle-income countries and is the sixth most diagnosed
malignancy in women worldwide. In 2020, 417 367 new cases were
diagnosed and 97370 EC-related mortalities were reported glob-
ally.! In most instances, EC is diagnosed early when tumor growth is
confined to the uterine cavity. The 5-year overall survival of EC, in
the absence of metastasis, ranges between 74% and 91%.2

Ideally, a cancer staging system would be designed to classify
disease spread, indicate prognosis, and contribute to treatment de-
cision.®> With regard to EC, FIGO (the International Federation of
Gynecology & Obstetrics) staging has been adopted as the standard
classification system since 1970.* FIGO staging is generally reflective
of disease prognosis; a Stage Ill EC is associated with 5-year overall
survival of 58%, compared with 91% with Stage | disease.® However,
it is not inclusive of all prognostic factors, such as histologic type,
pathologic grade, and lymphovascular space invasion.’ In fact, dis-
ease grade, and myometrial and cervical stromal invasion were as-
sociated with greater prognostic impact than pelvic lymph node
metastasis.® These factors would impact prognosis and therapeutic
decision making, and contribute to management plan over staging
alone.” Multifactorial interactions add to the complexity of EC clas-
sification and highlight the need for an individualized scoring system
for the assessment of disease prognosis and delineation of treatment.

Machine learning is a subtype of artificial intelligence where the
machine progressively recognizes patterns that link variables to a
specific outcome. In comparison to traditional statistics, machine
learning establishes comprehensive individualized prediction mod-
els rather than recognizing associations between individual variables
and a clinical outcome.® The objective of this study is to develop
an EC scoring system that predicts individualized prognosis based
on patient demographics and disease characteristics using machine
learning algorithms. In addition, the study aims to predict prognosis
in response to a therapeutic plan, which would facilitate individual-

ized treatment decisions in women with EC.

2 | MATERIALS AND METHODS

The Endometrial Cancer International Database (ECID) is a multi-
centric data collection project that was launched by the Middle-East
Obstetrics and Gynaecology Graduate Education foundation for the

Conclusion: The Endometrial Cancer Individualized Scoring System (ECISS) is a

novel machine learning tool assessing patient-specific survival probability with high
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purpose of the current study. ECID comprises the collaboration of
nine European cancer centers. Women who were diagnosed with
EC and received treatment in the contributing centers between
January 1, 2008 and December 31, 2015 were considered eligi-
ble. Inclusion criteria encompassed women aged 18years or older,
with confirmed diagnosis of EC, and who were followed up for at
least 3-5years unless mortality was reported earlier. Women were
excluded from the study if there was inadequate documentation
of management/pathology of the disease, if they were lost to fol-
low up before 3years post-treatment, and if they were diagnosed
with synchronous cancers. Women included in the study should
have provided an authorization to use their deidentified data for
research purposes. The study received ethics committee approval
under number aswu/ 530/5/21 on May 10, 2020 from the hosting
institute (Aswan University Faculty of Medicine Ethical Committee).
Each contributing center received ethical approval from the respec-
tive ethics committees and institutional review board approval was
given by all centers contributing to the study before data collection.
Participants did not have to provide informed consent as data was
retrospectively collected and available to use for research purposes.

Using relevant codes, EC patients, treated within the intended
period, were identified. A standardized ExceL spreadsheet was
designed for the study and shared among participating centers.
Variables of interest included patient demographics (e.g. patient age,
parity, body mass index, ethnicity, major medical comorbidities), pre-
operative assessment of disease extent per clinical assessment and
imaging (e.g. tumor size, extent of myometrial involvement, parame-
trial invasion, cervical and vaginal invasion, pelvic and para-aortic
lymph node metastasis, omental/peritoneal involvement, lung and
liver metastasis, pleural effusion, ascites), disease characteristics
(FIGO staging, histopathologic type, tumor grade, lymphovascular
space invasion [LVSI]), and genetic predisposition (positive family
history, Lynch syndrome). Management details were also collected,;
surgery information incorporated type of hysterectomy, whether
oophorectomy and omentectomy/omental biopsy were performed,
and lymph node management if any (sentinel lymph nodes, pelvic
lymphadenectomy, para-aortic lymphadenectomy, or lymph node
sampling). Data on adjuvant treatment were also considered in-
cluding type of radiotherapy, total dose and number of fractions,
and duration of chemotherapy. Intraoperative and postoperative
complications, residual disease after surgery, duration of follow
up, incidence and site of recurrence, overall mortality, and disease-
specific mortality were identified. Collected data did not include any
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identifiable information. Primary outcome of the study was cancer-
specific survival (CSS) rate at 3 and 5years after initiation of treat-
ment. Disease-free survival (DFS) rate at 3 and 5years constituted

the secondary outcome.

2.1 | Data pre-processing

Data from contributing centers were merged and reviewed for
integrity and consistency. As part of data pre-processing, all vari-
ables were converted to either continuous or categorical values that
corresponded to categorical values defined in the study protocol.
Variables were described using mean, median, standard deviation,
range, and percentage depending on variable type and distribution.

Missing data were assessed, and imputation of missed values
was considered to preserve data size. Two approaches were initially
tested: MICE (Multiple Imputation by Chained Equations) and KNN
(k-Nearest Neighbors). Both approaches use machine learning algo-
rithms to predict missing values and are superior to traditional meth-
ods of management of missing values.” To determine the selected
strategy, both approaches were tested on “virtual missing values”.
“Virtual missing values” were created by deleting 30% of the val-
ues of three categorical and continuous variables that yielded the
most missing data. MICE and KNN were applied separately to im-
pute virtual missing values and imputed values were compared to
actual values to test accuracy. The three selected variables were
Lynch syndrome, number, and size of enlarged para-aortic lymph
nodes on preoperative imaging. Actual missing values were 39.8%,
40%, and 40%, respectively. Following imputation, accuracy of pre-
diction of missing values of Lynch syndrome was 97.95% with both
approaches. For the number of enlarged para-aortic lymph nodes,
mean standard error was used to assess accuracy and it was 0.1
with both methods. However, mean standard errors for para-aortic
lymph node size were 0.9 and 4.8 with MICE and KNN, respectively.
Accordingly, MICE was deemed superior and was used to treat miss-
ing values in the ECID database.

Feature extraction using principal component analysis was ap-
plied for dimensionality reduction before running the algorithm. This
was applied to model I, as discussed later, due to the large number

of variables.

2.2 | Machine learning approach

Data were defined as Xi and Yi where Xi represents independent
variables (features) and Yi represents dependent variables (target).
Four algorithms were run (logistic regression, Support vector ma-
chine, Xgboost, and random forest) for each target to select the
highest-performing model. Performances of the four models were
overall comparable. However, for purposes of simplicity, we will
refer to the Xgboost model in the Results section because it per-
formed relatively better than other models. Train: test split was
applied to data using a 0.8:0.2 ratio, where the train set was used

to develop the model and the test set was used to evaluate its
performance.

Three models were created to predict each of the four outcomes
(CSS and DFS at 3years and 5years). Model | (preoperative model)
included patient characteristics and preoperatively determined dis-
ease characteristics. This model aims to determine the individualized
probability of survival in percentage at the time of disease diagnosis
as an alternative/adjuvant to FIGO staging (score ). Hence, FIGO
staging was not included in the model. Calculated probability of sur-
vival from model | (score I) was included as a feature in model Il, in
addition to details of management (surgery, radiotherapy, chemother-
apy). The aim of this model (management model) was to determine
prognosis per selected management plan(s). Model Il (postoperative
model) used probability from model Il (score Il) in addition to features
determined after surgery (e.g. residual disease and treatment compli-
cations) to revise probability of survival following surgery. The term
“score” in all models refers to probability of survival as a percentage.
Features included in each model are summarized in Table S1.

2.3 | Model evaluation

Model performance was appraised using model accuracy, F1 score,
and precision and recall scores. The F1 score equals 2 x ([precision x
recall]/[precision + recall]) and is the sum of the predictive perfor-
mance of the model. Precision is equivalent to positive predictive
value (Precision = true positives/[true positives + false positives]),
whereas recall represents true positive / (true positive + false nega-
tive). Learning curves were plotted using train and validation sets,
created by k-fold cross validation, to rule out over-fitting and en-
sure plateauing of the learning process over cohort size (Figure S1).
Feature importance was used to graph the contribution of different
features in predicting outcome and was used for both model Il and
model Ill. Feature importance was not used in model | because prin-
cipal component analysis was used in this model. Calculated prob-
abilities from each model were plotted against each outcome using
the receiver operating characteristics curve to test the diagnostic
performance of these models against the prognostic performance
of FIGO staging. A box and whisker plot was used to visually com-
pare the distribution of the three scores among survivors and non-
survivors. For conventional statistics, a P value less than 0.05 was
used as a cut-off for significance.

Machine learning models were created using pytHoN 3.8, through
the Anaconpa 3 interface. Conventional statistical analysis was per-
formed using STATA software, version 14 (STATA Corp., College
Station, TX, USA).

3 | RESULTS

Out of 1150 women who were initially included, 1091 were eligi-
ble for 3-year survival analysis and 860 for 5-year survival analysis.
The difference between the two values represented women who
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were lost to follow up after 3years after management was initiated
(199 patients) and those who were censored for non-cancer-related
deaths (32 patients) (Figure S2). Mean age of study population was
63.87 +10.99years, and 680 (62.3%) women were white. The most
common medical comorbidities in the study population were hy-
pertension (477, 43.8%) and diabetes mellitus type 2 (266, 24.4%).
Diagnosis of Lynch syndrome was confirmed in 23 (2%) women. Five
hundred and sixty-two (51.51%) women were diagnosed with EC at
Stage la and 260 (23.83%) were diagnosed at Stage Ib. Endometroid
EC was present in 942 (86.3%) women, followed by papillary serous
EC (61, 5.6%). EC was classified as grade 1 in 513 (47%) women and
grade 3 in 270 (24.8%) women. In 279 (24.4%) women, LVSI was
identified. Patient and disease characteristics are summarized in
Table S2. Eight hundred and thirty-nine (73.3%) women underwent
class | hysterectomy and 177 (15.5%) had class Il hysterectomy.
Brachytherapy was received by 434 (38%) women and 388 (33.9%)
were treated with external beam radiotherapy. Treatment and fol-
low-up details are shown in Table S3.

3.1 | 5-year cancer-specific survival

Model | (preoperative model) predicted 5-year CSS with an accuracy
of 84.9% in the train set and 85.5% in the test set. The F1 score, preci-
sion score, and recall score of this model were 91, 86.3, and 96.2, re-

spectively. Accuracy of model Il (management model) was 85.5% and

1-year cancer-specific survival
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84.9% in the train and test sets, respectively. F1 score of this model
was 91.4, precision score was 86.2, and recall score was 97.6. The
most contributing features to this model were score |, total dose of
external beam radiotherapy, and adjuvant chemotherapy (Figure 1).
Calculating probability of survival using model Il, the predicted 5-
year CSS (score Il) was found to change per management plan. For
example, score Il in patients with Stage la, grade 2 endometrioid
EC and positive LVSI was 0.85+0.25 in those who did not receive
brachytherapy versus 0.96+0.09 in women who were treated with
brachytherapy. Table S4 shows examples of score Il in different clini-
cal scenarios per optional management options. Model Il (postopera-
tive model) was associated with an accuracy of 87.4% (train set) and
86.1% (test set) and yielded F1 score, precision score, and recall score
of 92.3, 86.6, and 99.5, respectively (Table 1). Score Il and pelvic
lymph node metastasis contributed the most to this model (Figure 1).

Diagnostic performances of scores |, Il, and Il were plotted
against 5-year CSS. Areas under the curve (AUC) were 0.87 (95%
confidence interval [CI] 0.85-0.90), 0.90 (95% ClI 0.88-0.92), and
0.93 (95% Cl 0.91-0.95) for the three scores, respectively. The AUC
of FIGO staging was 0.75 (95% Cl 0.71-0.79) (Figure 2). The distri-
bution of the three scores among survivors and non-survivors is il-
lustrated in Figure 3.

Score |, I, and lll were strongly correlated. Correlation coeffi-
cient (r) between scores | and Il, scores | and Ill, and scores Il and Il
were 0.92, 0.82, and 0.90, respectively. However, 11.3% of women

had greater than 15% difference between score | and Il (Figure S3).
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FIGURE 1 Feature importance in predicting cancer-specific survival and disease-free survival.
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FIGURE 2 Receiver operating characteristic curves comparing prognostic performance of score I, Il, and Ill and FIGO staging.

3.2 | 3-year cancer-specific survival

Model I, Il and Il prediction accuracies of 3-year CSS in the train
and test sets were 91.3%/87%, 92.9%/87%, and 91.7%/86.1%, re-
spectively. Model | was associated with F1 score of 95.3, precision
score of 91.4, and recall score of 99.6. The F1 score of model Il
was 96.1, precision score was 92.8, and recall score was 99.7. The
most significant features that contributed to model prediction were
score |, type of hysterectomy, and external beam radiotherapy frac-
tions (Figure 1). Model Il had values of 95.5, 91.7, and 99.7 for F1
score, precision score, and recall score, respectively (Table 1). AUC
of scores I, Il and Il were 0.90 (95% Cl 0.87-0.92), 0.93 (95% Cl
0.90-0.95), and 0.91 (95% CI 0.88-0.93) for 3-year CSS, respec-
tively. FIGO staging yielded an AUC of 0.73 (95% Cl 0.68-0.77)
(Figure 2). Scores | and Il were greater than 15% different in 6.5%

of women.

3.3 | 5-yeardisease-free survival

Accuracy of model | in predicting 3-year DFS was 74.6% (train set)
and 76.7% (test set). Model Il accuracies were 77% and 76.7% in the
train and test sets, respectively. Score |, external beam radiotherapy
dose, and type of hysterectomy were the most important features

in this model (Figure 1). Model Ill performed at accuracies of 80.6%
(train set) and 77.8% (test set). The model was most influenced by
score Il and lymph node metastasis (Figure 1). AUC was 0.87 (95%
Cl 0.82-0.87) for score |, 0.87 (95% Cl 0.84-0.89) for score I, 0.84
(95% Cl 0.84-0.89) for score Ill, and 0.75 (95% Cl 0.72-0.78) for
FIGO staging (Figure 2). In 7.1% of women, score | and |l were greater
than 15% different.

3.4 | 3-yeardisease-free survival

For the 3-year DFS, predictive accuracies of model | were 83.2% and
84.2% in the train and test sets, respectively. Accuracy of model Il as
shown in the train test was 84.3% and it was 84.7% in the test set.
In terms of feature importance, score |, external beam radiotherapy
fractions, and chemotherapy were the most significant, in order
(Figure 1). Model Il performed at accuracy of 86.3% (train set) and
85.1% (test set) (Table 1). Score I, residual disease, and lymph node
metastasis were the most important features (Figure 1). Compared
with FIGO staging, which showed an AUC of 0.73 (95% CI 0.69-
0.77), the AUC of scores |, II, and Il were 0.84 (95% Cl 0.81-0.87),
0.85 (95% Cl 0.82-0.88), and 0.86 (95% CI 0.83-0.89), respectively
(Figure 2). The difference between scores | and Il was greater than
15% in 5.1% of women.
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4 | DISCUSSION

The current study established a series of machine learning models
to predict DFS and CSS in women newly diagnosed with EC. These
models were designed to determine individualized disease prognosis
at baseline considering a wide range of patient and disease charac-
teristics and were associated with higher diagnostic performance
compared with traditional FIGO staging. In addition, these models
compute individualized probability of survival in response to differ-
ent management strategies before treatment. All models exhibited
high accuracy and precision and were associated with convergent
and plateaued learning curves.

Since the 1970s, FIGO staging has been globally recognized as
the standard classification system of EC.* Similar to other cancer
staging systems, it incorporates disease extent of invasion, metas-
tasis to regional lymph nodes, and evidence of distant metastasis,
and is used mainly to provide information on disease prognosis and
to determine treatment plan.’® Although disease stage contributes
significantly to disease prognosis, emerging evidence has supported
the crucial rule of a range of patient and disease characteristics in
cancer outcome. Well-established prognostic factors such as histo-
pathologic type and tumor grade are not incorporated in the cur-
rent staging.11 Similarly, LVSI was found to adversely impact overall

3-year cancer-specific survival
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survival in EC patients.'?® Extent of tumor invasion into surround-
ing structures is well recognized by disease staging. Nevertheless,
specific tumor size may act as an independent factor to disease sur-

vival. Canlorbe et al.**

studied 633 women with early-stage EC and
concluded that tumor size of 35mm or more was associated with
lower DFS, probably as a sequence of nodal involvement.
Prognostic impact of patient characteristics has also been in-
vestigated. Of these characteristics, age was recognized as a risk
factor of poor prognosis. Son et al.t® analyzed data of 551 women
with EC who underwent primary surgery or fertility-sparing treat-
ment. Younger age group, less than or equal to 40years, was linked
to good prognosis. A secondary analysis of a randomized clinical
trial, including 173 patients with EC, showed that age over 65years
was significantly associated with poor survival (5-year CSS 92.1%
in women at or younger than 65years versus 78.4% in women over
65years, P<0.001). Interestingly, high body mass index aggravated
poor prognosis only in this particular age group.16 Hence, the pres-
ent study not only highlights the impact of individual factors on dis-
ease prognosis, but also indicates possible interactions among these
factors. Although these prognostic factors are not included in FIGO
staging system, they are growing evidence that, at least some of
these factors would influence treatment decisions. The PORTEC-2
trial highlighted the effect of brachytherapy on DFS in women with
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additional risk factors, including myometrial invasion, grade 3, and
age greater than 60years.”” LVSI was recognized by Bosse et al.'®
as the most prominent poor prognostic factor based on a pooled
analysis of data from the PORTEC-1 and -2 trials and accordingly, ad-
juvant external beam radiotherapy and/or chemotherapy were rec-
ommended in women with stage | EC if substantial LVSI was evident.
The significance of these factors has added to the complexity of
the treatment decision and has warranted additional classifications
within the same disease stage, proposed by national and interna-
tional guidelines, to determine prognosis and proper management.
The national comprehensive cancer network integrates risk factors
and tumor grade within Stage | to outline management.! On the
other hand, the European Society for Medical Oncology classifies EC
into low, intermediate, high-intermediate, or high risk based on risk
factors including stage, grade, extent of invasion, LVSI, and genetic
factors.?°

Consequently, there is a wide spectrum of risk factors that
would contribute to the prognosis and treatment decisions, which
have been variably included in contemporary guidelines. The cur-
rent study proposed a series of prediction models that endorse a
comprehensive panel of general and prognostic factors to individ-
ualize prognosis. The models were created using machine learning
algorithms, which carry the privilege of identifying patterns and
interactions among potential predictors to create robust models.
Machine learning considers all variables and precludes risk of
bias secondary to variable selection in traditional statistics and
sufficiently treats potential coIIinearity.8 The study used a mul-
ticenter large database to enhance machine learning algorithms
and support the generalizability of results. Unlike FIGO staging,
which is a surgical staging that should be fully determined after
the procedure, the Endometrial Cancer Individualized Scoring
System (ECISS) model | employs preoperative data, and model I
provides the option of testing a treatment plan based on preoper-
ative assessment.?!

However, the present study is prone to inherent limitations
due to its retrospective nature. The current study has not included
immunohistochemical and genetic features, which have been in-
creasingly considered in EC studies and have been recently high-
lighted by internationally recognized guidelines.22'24 Given the
fact that genetic and immunohistochemical assessments have not
been fully established and standardized in all gynecologic can-
cer centers, the current study, which presents the first version
of ECISS, did not include these variables in the models to per-
mit generalizability. Nevertheless, the ECISS development proj-
ect is a planned project that will be launched by the end of 2022
to secure an ongoing process to develop further versions of the
model, which would consider more centers, larger data, and more
variables including genetic and immunohistochemistry results as
well as validation of the ECISS model on external data (https://
www.mogge-obgyn.com/eciss-project). Unlike traditional statis-
tics, complexity of machine learning algorithms interferes with
its applicability because scores cannot be calculated using simple
mathematics. Therefore, a software was created using the created

models and is available in the current link: https://www.mogge-
obgyn.com/eciss-project.

In conclusion, ECISS is a novel machine learning scoring system
that endorses individualized prognosis of women with EC based on
patient and disease characteristics. The system is reflective of the
treatment decision and can be incorporated in management planning.
ECISS development is supported by an ongoing project that aims at

expanding the database and input variables in future versions.
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