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ABSTRACT

Background: The increasing incidence of endometrial cancer (EC) has highlighted the need for improved early detection
methods. This study aimed to develop and validate a novel DNA methylation classifier, EMPap, for EC detection using cervical
scrapings.

Methods: EMPap incorporated the methylation status of BHLHE22 and CDOI, along with age and body mass index (BMI), into
a logistic regression model to calculate the endometrial cancer methylation (EM) score for identifying EC in cervical scrapings.
We enrolled 1297 patients with highly suspected EC, including 196 confirmed EC cases, and assessed the EMPap performance
in detecting EC.

Results: EMPap demonstrated robust diagnostic accuracy, with an area under the curve of 0.93, sensitivity of 90.3%, and spec-
ificity of 89.3%. It effectively detected EC across various disease stages, grades, and histological subtypes, and consistently
performed well across patient demographics and symptoms. EMPap correctly identified 87.5% of the type II ECs and 53.8%
of premalignant lesions. Notably, compared with transvaginal ultrasonography (TVS) in patients with postmenopausal bleed-
ing, EMPap exhibited superior sensitivity (100% vs. 82.0%) and specificity (85.2% vs. 38.5%). In asymptomatic postmenopausal
women, EMPap maintained high sensitivity (89.5%) and negative predictive value (NPV) (98.3%).

Conclusions: This study demonstrated the potential of EMPap as an effective tool for EC detection. Despite the limited sample
size, EMPap showed promise for identifying type IT EC and detecting over 50% of premalignant lesions. As a DNA methylation
classifier, EMPap can reduce unnecessary uterine interventions and improve diagnosis and outcomes.
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1 | Introduction

Endometrial cancer (EC) is acommon gynecological malignancy
originating from endometrium. It can be broadly categorized
into two types: type I (endometrioid), affecting approximately
80% of patients, and type II (non-endometrioid), affecting the
remaining 20% [1].

Abnormal uterine bleeding (AUB) is a common symptom of
EC. When a patient presents with AUB, especially postmeno-
pausal bleeding (PMB), a biopsy during hysteroscopy or dila-
tion and curettage (D&C) is usually recommended to detect or
exclude EC. However, the risk of EC is observed in only 9% of
women with PMB and 0.33% of premenopausal women with
AUB [2, 3]. Therefore, many patients undergo unnecessary
invasive procedures. Transvaginal ultrasonography (TVS) is
commonly used to detect EC by measuring endometrial thick-
ness (ET). However, its accuracy remains unsatisfactory, and
the optimal threshold for positivity is debatable [4-6]. To ad-
dress this, non-invasive and accurate early warning detection
for triaging patients for endometrial biopsy is essential. Such
an approach would not only benefit triaging patients but also
enhance EC screening.

DNA methylation, an epigenetic modification affecting tumor-
related genes, can serve as a biomarker for cancer detection [7-9].
Recent studies have identified several hypermethylated genes
in ECs, including ADCYAPI, BHLHE22, CDO1, PCDHGB7,
ZNF454,and ZSCANI2 [10-13]. These genes can be tested using
non-invasive methods, such as cervical scraping and tampons,
enabling effective screening and triage of patients suspected of
EC [10-15]. Among these genes, BHLHE22 and CDOI can be
used to detect both type I EC and type II EC [16, 17]. Especially,
their combined performance in detecting EC has good poten-
tial [17]. A multicenter study revealed that MPap, incorporating
the methylation levels of CDOI and BHLHEZ22 along with age
and body mass index (BMI), effectively detects EC in women
with AUB [18]. To further validate the capacity of CDOI and
BHLHE?22 in identifying EC across different subtypes and sub-
populations, our study introduces a classifier, EMPap. EMPap
also combines the methylation levels of these two genes with
age and BMI and utilizes a larger multicenter cohort for training
and validation in women with suspected EC. Our investigation
demonstrated the performance of EMPap in EC detection and
assessed its efficacy in subpopulations with specific clinical
characteristics. Additionally, we evaluated the impact of sam-
pling timing on the accuracy of EMPap. Overall, our study pro-
vides compelling evidence for the clinical application of DNA
methylation detection in the management of EC.

2 | Materials and Methods

2.1 | Subject Recruitment and Specimen
Collection

From September 2021 to May 2023, we recruited women aged
18 or older with high suspicion of EC or newly diagnosed EC at
seven hospitals in China. All enrolled patients underwent either
endometrial biopsy or hysterectomy, and their pathological re-
sults were available. The inclusion criteria were as follows: (1)

AUB or irregular vaginal discharge; (2) endometrial abnormali-
ties detected by imaging (ET >4 mm, endometrial heterogeneity,
or polypoid masses) with or without symptoms; and (3) patients
newly diagnosed with EC by endometrial biopsy where required
to exclude EC. We excluded patients with pregnancy or puer-
perium, history of hysterectomy, relevant treatment for EC, or
other gynecological malignancies.

The Ethics Committee of the Peking Union Medical College
Hospital (No. ZS-3064D), the ethics committees of the Obstetrics
and Gynecology Hospital of Fudan University (No. 2021-158), the
Chongging University Cancer Hospital (No. CZLS2022153-A),
the China-Japan Friendship Hospital (No. AF-BG-06-01.0), the
Second Hospital of Hebei Medical University (No. 2022-C016),
the Guizhou Provincial People's Hospital (No. AF-SOP-035-1.1),
and the Sichuan Provincial Maternity and Child Health Care
Hospital (No. 20230626-192) approved the study.

Each participant provided informed consent and underwent en-
dometrial sampling before either an endometrial biopsy or hys-
terectomy. An experienced gynecologist collected the cervical
scrapings by inserting a cervical brush (Cidabio, China) 2cm
deep into the cervical canal and rotating it twice. The brushes
were stored at —20°C in collection tubes containing preservatives
(Cidabio, China). The clinical information of the participants was
also provided. Each specimen was independently assessed by at
least two pathologists. Staging was performed according to the
NCCN guidelines for uterine neoplasms, and surgical pathological
staging was performed according to the International Federation
of Gynecology and Obstetrics (FIGO) 2009 classification. Patients
with inconsistent pathological results between the endometrial bi-
opsy and hysterectomy specimens were excluded from the study,
aswe believe the final diagnosis should rely on the most significant
pathological findings. Some patients with early or focal EC may
have negative results in the hysterectomy despite positive initial
biopsies, curettages, or hysteroscopies. Furthermore, since this
is a multicenter study involving referral hospitals, some patients
underwent a biopsy, curettage, or hysteroscopy and hysterectomy
at different hospitals, making it challenging to obtain pathology
slides from local hospitals for re-evaluation. Therefore, we de-
cided to exclude cases with discrepancies between biopsy and
hysterectomy. We developed an EC detection model using sam-
ples from a training cohort and validated its performance using an
independent cohort (Figure 1). Participants in the training cohort
were recruited from the Peking Union Medical College Hospital,
the Obstetrics and Gynecology Hospital of Fudan University, and
the China-Japan Friendship Hospital between September 2021
and March 2022. An independent validation cohort included pa-
tients from three hospitals in the training cohort and four addi-
tional hospitals (Chongqing University Cancer Hospital, Second
Hospital of Hebei Medical University, Guizhou Provincial People's
Hospital, and Sichuan Provincial Maternity and Child Health
Care Hospital) from March 2022 to May 2023.

2.2 | DNA Methylation Assay

Genomic DNA was extracted from cervical scraping samples
using the QIAamp DNA Mini Kit (QIAGEN, Germany) and sub-
jected to bisulfite conversion using the EZ DNA Methylation-Gold
Kit (Zymo Research, USA). The methylation level of BHLHE22
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and CDOI was assessed using quantitative methylation-specific
PCR (@QMSP). COL2A1 served as the reference gene for quantifica-
tion and quality control in the assay, as it is a CpG island-free gene
unaffected by methylation status [17]. Primer and probe sequences
for BHLHE22, CDOI, and COL2A1 were designed using Primer
Express Software 3.0.1 (Applied Biosystems, USA). The targeted
CpG sites and the sequences of primers and probes are shown in
Table S1. The gMSP was conducted using TagMan probe technol-
ogies and an ABI 7500 Real Time Fluorescence Quantitative PCR
system (Life Tech, USA) with the following programs: activation
at 95°C for 10min, 50cycles of denaturation at 95°C for 10s, an-
nealing and extension at 60°C for 40s, and cooling at 40°C for 45s.
Each specimen was then subjected to qMSP. Trained technicians
conducted the qMSP assays in the USCI laboratory.

2.3 | Construction of the Classifier
for Endometrial Cancer

Logistic regression and five-fold cross-validation were employed
to construct a classifier model for detecting EC using the train-
ing samples. The clinical pathology results were used as refer-
ence standards. Based on the pathological findings, our cohort
was divided into an EC group and a non-EC group comprising
normal endometrium (Normal), benign lesions (Benign), endo-
metrial hyperplasia (EH), and atypical hyperplasia/endometrioid
intraepithelial neoplasia (AH/EIN). We categorized the clinical
pathology based on the highest grade of pathological findings.
For example, cases of AH/EIN accompanied by EC were classi-
fied into the EC group. Relative quantification values (ACt) for
CDOI1 and BHLHEZ22 from qMSP, along with age and BMI, were
used as independent predictors to construct the model. EC status
(EC or non-EC) was designated as a binary outcome variable. A
logistic regression model was developed using the ‘glm’ package
in R to examine the association between these variables and EC
status. This logistic regression approach allowed us to determine
the direction and strength of the relationship between each pre-
dictor and EC status, as represented by the respective regression
coefficients. The model was evaluated on four of the five folds,
reserving the fifth fold for the performance assessment. This pro-
cess was repeated 10 times, yielding 50 distinct models (five-fold
multiplied by 10 repeats). The final model was derived by averag-
ing the regression coefficients across all 50 models, and the score

Schematic workflow of the development and validation of EMPap.

for each sample was obtained using the final model. In the train-
ing set, we determined the cutoff value for optimal differentiation
between the EC and non-EC groups. Subsequently, we assessed
the efficacy of the classifier in identifying EC using a validation
cohort. The study design is illustrated in Figure 1.

2.4 | Statistical Methodologies and Analytical
Framework

We tabulated the patient and tumor characteristics and evalu-
ated the measurement data for normal distribution. When the
data followed a normal distribution, we reported mean % stan-
dard deviation (SD); otherwise, we used median (interquartile
range, IQR). Categorical data are expressed as numbers (per-
centages), and continuous variables were compared using a
two-tailed Student's t-test. Categorical clinical variables were
analyzed using the chi-squared test or Fisher's exact test and a
detection model was created using logistic regression analysis.
Significant differences in the model scores among the subgroups
were analyzed using a nonparametric test (Kruskal-Wallis or
Mann-Whitney U test). Propensity score matching was con-
ducted to address bias related to high-risk factors for EC by
calculating the propensity score using logistic regression. The
detection model's performance was visualized using receiver
operating characteristic (ROC) curves and area under the curve
(AUC) with corresponding 95% confidence intervals (CI). We
determined the cutoff values of the classifier using Youden's
index and calculated the sensitivity, specificity, positive predic-
tive value (PPV), negative predictive value (NPV), and accuracy
for the entire cohort and subgroups. All significant differences
were assessed using two-tailed p<0.05. These analyses were
conducted using R statistical package (version 4.2.3).

3 | Results

3.1 | Demographic and Clinical Profiles
of the Studied Participants

In this study, 1402 women aged 18 or older with suspicion for EC
were enrolled. Among them, 105 subjects were excluded: four
owing to missing BMI information, 85 owing to insufficient or
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inconsistent pathologic findings, and 16 diagnosed with other
gynecologic cancers. The remaining 1297 patients with con-
firmed pathology on endometrial biopsy or hysterectomy in-
cluded 196 (15.1%) patients with EC, 39 (3.0%) with AH/EIN, 339
(26.1%) with EH, 227 (17.5%) with benign endometrial lesions,
and 496 (38.2%) with normal endometrial tissue (Figure 1). A
total of 196 EC cases included 18 (8.2%) AH/EIN cases accom-
panied by EC as we prioritized the most significant pathological
findings in the diagnosis. Of 196 patients with EC, 16 did not
undergo EC staging surgery before the end of the study, leav-
ing their staging information unknown. The remaining 180 pa-
tients with EC completed standard staging surgery according to
the 2009 FIGO criteria, and most of them were at stage I (85%).
Specifically, 180 patients with EC were classified as having en-
dometrioid adenocarcinoma (type I), whereas 16 were classified
as having non-endometrioid adenocarcinoma (type II), primar-
ily comprising serous carcinoma, carcinosarcoma, and mixed
carcinoma (Table S2).

In the patient population, the median age was 45years and the
median BMI was 23.2kg/m?. Notably, the EC cohorts exhibited
a statistically significant divergence from their non-EC counter-
parts, with a higher median age and BMI (p <0.001) as well as
a greater prevalence of hypertension (p<0.001 in the training
cohort, p<0.01 in the validation cohort) and diabetes (p <0.001
in the training group, p < 0.05 in the validation cohort) than

the non-EC groups. Among the cohort, 63.1% reported AUB, a
critical symptomatic indicator, with a pronounced occurrence
in EC cases (86.7%) compared to non-EC cases (58.86%). Table 1
summarizes the clinical characteristics of participants in the
training and validation cohorts.

3.2 | Establishment of EMPap in Detecting
Endometrial Cancer

Methylation of BHLHE22 and CDOI can predict the presence of
EC in cervical scrapings, encompassing both type I and type II
EC. Based on these findings, we developed a non-invasive clas-
sifier, EMPap, for EC detection. EMPap integrated the methyl-
ation levels of BHLHEZ22 and CDOI measured via qMSP along
with age and BMI using a logistic regression model to calculate
the endometrial cancer methylation (EM) score for EC identi-
fication. An optimal cutoff of —2.1 for the EM score was estab-
lished based on the Youden index in the training cohort. Patients
with an EM score above this threshold were considered to be
at high risk for EC, whereas those below this threshold were
considered to be at low risk. EMPap demonstrated good per-
formance, distinguishing EC from non-EC with a sensitivity of
93.8% and a specificity of 91.1% (Table 2), achieving an AUC of
0.95 (Figure 2A). Validation in an independent cohort confirmed
EMPap's effectiveness, with a sensitivity of 87.9%, specificity of

TABLE1 | Characteristics of patients.
Training cohort (n=584) Validation cohort (n=713)
Non-EC Non-EC
Characteristic (n=504) EC (n=80) 4] (n=597) EC (n=116) P
Age, year
Median (IQR) 41 (15) 55(15) <0.0001 45 (6) 58 (13) <0.001
BMI, kg/m?
Median (IQR) 22 (4.2) 24.8 (5.5) <0.0001 23.4(4.8) 25.1(4.4) <0.001
Menopausal status
Pre, n (%) 397 (78.8%) 32 (40.0%) <0.001 420 (70.4%) 28 (24.1%) <0.0001
Post, 1 (%) 107 (21.2%) 48 (60.0%) 177 (29.6%) 88 (75.9%)
AUB
Yes, n (%) 210 (41.7%) 66 (82.5%) <0.0001 438 (73.4%) 104 (89.7%) 0.0002
No, 1 (%) 294 (58.3%) 14 (17.5%) 159 (26.3%) 12 (10.3%)
Hypertension
Yes, n (%) 32(6.3%) 22 (27.5%) <0.0001 77 (12.9%) 24 (20.7%) 0.009
No, 1 (%) 445 (88.3%) 54 (67.5%) 465 (77.9%) 89 (76.7%)
Unknown, n (%) 27 (5.4%) 4 (5.0%) 55(9.2%) 3(2.6%)
Diabetes
Yes, n (%) 12 (2.4%) 11 (13.8%) <0.0001 25 (4.2%) 11 (9.5%) 0.0104
No, 1 (%) 465 (92.3%) 65 (81.3%) 518 (86.8%) 101 (87.1%)
Unknown, n (%) 27 (5.4%) 4 (5.0%) 54 (9.0%) 4 (3.4%)

Abbreviations: AUB, abnormal uterine bleeding; EC, endometrial cancer; the non-EC including normal, benign lesions (such as polyp, myoma), benign endometrial
hyperplasia, and endometrial atypical hyperplasia/endometrioid intraepithelial neoplasia (AH/EIN).
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TABLE 2 | Performance of EMPap in detecting endometrial cancer.

Training cohort

Validation cohort Overall cohort

Characteristics Original Adjusted? Original Adjusted? Original Adjusted?
ECs,n 80 78 116 90 196 168
Non-ECs, n 504 504 597 597 1101 1101
Sensitivity, % 93.8 93.6 87.9 91.1 90.3 92.3
(95% CI) (86.0-97.9) (85.0-97.6) (80.6-93.2) (82.8-95.8) (85.3-94.1) (86.9-95.6)
Specificity, % 91.1 91.1 87.8 87.8 89.3 89.3
(95% CI) (88.2-93.3) (88.2-93.3) (84.9-90.3) (84.8-90.3) (87.3-91.0) (87.3-91.0)
PPV, % 62.5 61.9 58.3 52.9 60.0 56.8
(95% CI) (53.2-71.0) (86.0-97.9) (50.6-65.6) (44.8-60.9) (54.1-65.6) (50.7-62.7)
NPV, % 98.9 98.9 97.4 98.5 98.1 98.7
(95% CI) (97.4-99.6) (97.4-99.6) (95.6-98.5) (96.9-99.3) (97.1-98.8) (97.7-99.3)
Accuracy, % 91.4 91.4 87.8 88.2 89.4 89.7
(95% CI) (89.0-93.1) (89.0-93.1) (85.0-90.7) (85.6-90.8) (87.5-92.0) (87.7-91.6)

Abbreviations: EC, endometrial cancer; NPV, negative predictive value; PPV, positive predictive value; CI, confidence interval.

2Excluding scraping samples collected within 10days after biopsy.

87.8%, and AUC of 0.91 (Table 2, Figure 2B). Overall, EMPap
proficiently differentiated EC from non-EC cases in the over-
all cohort, achieving an AUC of 0.93, sensitivity of 90.3%, and
specificity of 89.3% (Figure 2C, Table 2). The exceptional perfor-
mance of EMPap reveals its potential as a good tool to detect EC
non-invasively.

3.3 | Impact of Cervical Scraping Timing on
EMPap Accuracy

The target of EMPap detection was the EC DNA shed from
the uterine cavity into the cervix. To assess whether the ef-
ficacy of EMPap was affected by the timing of intrauterine
operations such as biopsy sampling, we evaluated the cor-
relation between the EC detection rate of EMPap and the
timing of sampling before or after biopsy. We found 26 sam-
ples collected within 10days after endometrial biopsy in the
validation cohort and two samples collected in the training
cohort. Excluding these patients resulted in a higher accuracy
of EMPap, reaching 91.1% in the validation cohort and 92.3%
in the overall cohort (Table 2). This finding suggests that the
intrauterine procedure may influence the detection accuracy
of EMPap.

To further analyze the correlation between detection accuracy
and the timing of cervical scrapings, we conducted a stratifica-
tion analysis of samples collected after biopsy in the validation
cohort. The results revealed that the EC detection rate in the
validation cohort was significantly lower for samples collected
1-10days after biopsy than for those collected before or > 10days
after biopsy (Table S3).

These findings indicate that the timing of cervical scrapings
affects the accuracy of EMPap for EC detection. Collection of
cervical scrapings before biopsy yielded more accurate results.

3.4 | EMPap Capability to Detect Endometrial
Lesions across Various Subtypes

In our overall cohort, we conducted a stratified analysis of the
histological subtypes of EC. The results, as shown in Table 3, re-
vealed that EMPap correctly identified 90.6% (163/180) of type
I ECs and 87.5% (14/16) of type II ECs. EMPap also demon-
strated proficiency in detecting EC across various stages, with
detection rates of 90.8% (139/153), 91.7% (11/12), 91.7% (11/12),
and 66.7% (2/3) in the patients with stage I, II, III, and IV ECs,
respectively. EMPap exhibited an excellent detection record for
clear cell carcinomas, carcinosarcomas, mixed carcinomas, and
undifferentiated carcinomas, except for one serous carcinoma
and one mesonephric-like adenocarcinoma. Furthermore, the
capability of EMPap to correctly identify the grade of type I
EC was equally impressive with success rates of 91.3% (63/69),
90.9% (70/77), and 88.0% (22/25) for patients with grades I, I,
and III, respectively. These results showed that EMPap had a
stable detection rate across all histological subtypes of EC.

In addition, EMPap successfully detected focal EC in 66.7% (12/18)
of AH/EIN cases. We also investigated the correlation between
EM scores and histopathological outcomes. Notably, EM scores
progressively increased from EH to AH/EIN and EC, highlighting
the capacity of EMPap to discern the continuum from benign to
precancerous and malignant endometrial states (Figure 2D).

3.5 | EMPap Performance in Subpopulations with
Specific Clinical Characteristics

EC typically has a higher incidence in older, obese, postmeno-
pausal, women, and those with AUB, hypertension, or diabe-
tes. Our study rigorously evaluated the efficacy of EMPap in
these subpopulations (Table S4). Among women aged >50 in
our study, EMPap demonstrated a sensitivity of 93.2% and a
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specificity of 82.9%. For women with a BMI >24kg/m?, EMPap
exhibited a sensitivity of 91.9% and a specificity of 77.8%.
Similarly, among the postmenopausal women, EMPap consis-
tently performed well, with a sensitivity of 93.4% and a specific-
ity of 83.1%. In the AUB population, EMPap showed a sensitivity
of 90.6% and a specificity of 88.4%. Additionally, EMPap per-
formed consistently well among women with hypertension or
diabetes. Notably, we observed slightly lower sensitivity and
slightly higher specificity in women with low-risk factors (ex-
cept diabetes factor) compared to their counterparts (Table S4).

To address potential bias arising from differences in these char-
acteristics between the EC and non-EC groups, propensity score
matching was performed. This process resulted in 188 matched
pairs of EC and non-EC cases through optimal pair match-
ing (Table S5). The balanced cohort achieved a sensitivity of
89.9% (95%CI: 84.7%-93.8%) and a specificity of 83.5% (95%CI:

77.4%-88.5%). The stratification analysis of the balanced cohort
yielded results similar to those of the original cohort (Table S4
and Table S5).

These results highlight the consistent and excellent performance
of EMPap across diverse patient profiles, affirming its broad ap-
plicability. The higher sensitivity in the high-risk group and the
higher specificity in the low-risk group indicate the potential of
EMPap for stratification screening in EC risk assessment.

3.6 | Diagnostic Potential of EMPap Compared to
TVS for Patients with PMB

TVS is the preferred method for evaluating endometrial lesions
using ET as an indicator of EC risk and is suitable for the initial
EC risk evaluation of PMB. To evaluate the potential of EMPap
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TABLE 3 | Detection rates of EMPap in histological subtypes of
endometrial cancer.

EMPap  Detection rate,

Characteristic Number positive % (95%CI)
Histological subtype (N=196)

Type I 180 163 90.6 (85.3-94.4)

Type I1 16 14 87.5(61.7-98.4)
Stage® (N=180)

I 153 139 90.8 (84.8-94.7)

II 12 11 91.7 (61.5-99.8)

III 12 11 91.7 (61.5-99.8)

v 3 2 66.7 (12.5-98.2)
Differentiation®¢ (N=171)

Grade I 69 63 91.3 (82.0-96.7)

Grade II 77 70 90.9 (82.2-96.3)

Grade IIT 25 22 88.0 (68.8-97.5)

aThe pathological stage of 16 samples was unknown. The stage classification was
for the rest 180 ECs with records.

bDifferentiation classification was specific to the endometrioid carcinoma.

Nine patients had no differentiation record. The differentiation classification
was for the rest of the 171 endometrioid carcinomas with records.

in diagnosing EC, we compared the performance of EMPap and
TVS in detecting EC. In our study, 183 women with PMB, includ-
ing 61 with ECs and 122 non-ECs, had a record of ET detected
using TVS. We utilized 183 patients with PMB to assess the per-
formance of EMPap for EC detection compared with that of TVS.

In clinical guidelines, an ET >4mm or >5mm is a high-risk indi-
cator for EC. Among the 183 patients, 125 patients had ET >4 mm,
40% had EC, 107 patients had ET>5mm, and 40.2% had EC.
EMPap detected all 61 ECs, including 11 and 18 ECs missed by
TVS at ET>4 and >5mm, respectively. Specifically, for women
with PMB and ET>4mm or >5mm, TVS had an AUC of 0.60
and 0.59, a sensitivity of 82.0% or 70.5%, and a specificity of 38.5%
and 47.5%, respectively (Table S6, Figure 3). In contrast, the per-
formance of EMPap was further underscored by its AUC of 0.93,
sensitivity of 100.0%, and specificity of 85.2% in 183 women with
PMB. These findings demonstrate the superiority of EMPap over
TVS for detecting EC for PMB women with PMB.

Given that TVS may not adequately cover postmenopausal women
without bleeding and premenopausal women, we evaluated the
performance of EMPap in these subgroups (Table S7). Among the
162 postmenopausal women without bleeding, EMPap exhibited
a sensitivity of 89.5%, a specificity of 79.7%, and a NPV of 98.3%.
For the 877 premenopausal women, EMPap achieved a sensitivity
of 83.3%, a specificity of 91.4%, and a NPV of 98.7%. These find-
ings highlight the excellent exclusion capacity of EMPap, which
effectively complements the population targeted by TVS.

4 | Discussion

In this study, we developed the EMPap test to assess its signifi-
cance in the early diagnosis of EC and evaluate its effectiveness

S
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—— EMPap AUC=0.926 (95% Cl: 0.895-0.958)
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Specificity

FIGURE3 | EMPap performance in comparison with TVS in women
with PMB in the overall cohort. PMB, postmenopausal bleeding; TVS,
transvaginal ultrasonography; ET, endometrial thickness.

in triaging patients with highly suspected EC who require fur-
ther invasive endometrial biopsy. EMPap demonstrated impres-
sive sensitivity (90.3%) and specificity (89.3%) for detecting EC.
However, we observed that the EMPap performance was in-
fluenced by recent cervical scraping after biopsy. By excluding
patients who had undergone a biopsy within 10days before cer-
vical scraping, EMPap sensitivity for detecting EC increased to
92.3%. Furthermore, EMPap consistently performed well across
the different EC subtypes and specific patient characteristics.
Notably, EMPap successfully identified 66.7% of patients with
AH/EIN accompanied by EC, conditions that are often under-
estimated or misdiagnosed. For patients with PMB, EMPap
outperformed TVS, with a significantly higher AUC, sensitivity,
and specificity.

DNA methylation is a stable epigenetic marker that can be de-
tected in cancerous tissues and various body fluids [19]. There
is no significant difference in the diagnostic accuracy for EC be-
tween cytological samples and endometrial tissues [12]. Several
studies have employed cervical swab sampling to explore DNA
methylation as a screening tool for EC [10]. Compared with
obtaining tumor tissues, this method has the following ad-
vantages: (1) cervical swabs can be sampled even if the patient
presents with AUB (blood does not affect the assay) or when
ultrasonography indicates endometrial lesions; (2) it is a less in-
vasive or even non-invasive procedure that can be conveniently
conducted in an outpatient clinic; (3) this method benefits post-
menopausal women with cervical atrophy and women who are
not sexually active; and (4) with a short learning curve, it pro-
vides a convenient and efficient way to obtain specimens with
high patient satisfaction.

We analyzed 1297 samples with highly suspected EC, includ-
ing 196 EC and 39 AH/EIN samples. The proportions of EC
and AH/EIN in our study exceeded those reported in previous
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studies. In our investigation, EMPap outperformed all previ-
ous similar studies [20]. It achieved an impressive AUC of 0.93,
along with 90.3% sensitivity and 89.3% specificity for the entire
cohort. EMPap accurately distinguished EC from non-EC cases,
not only for type I EC but also for type II EC. Among the 16 type
II cases representing six different types, EMPap correctly iden-
tified 14 as high risk, suggesting promising prospects for non-
invasive screening of type II EC. In specific populations, EMPap
consistently performed well in high-risk patients with advanced
age or obesity and those presenting with typical symptoms such
as AUB or increased ET. These findings underscore the strong
potential of EMPap as an efficient screening tool for detecting
EC, transcending conventional symptomatic thresholds, and
offering broader applicability for EC surveillance. Remarkably,
AH and EC samples consistently yielded higher EM scores than
EH samples, highlighting the ability of EMPap to reveal the
gradual progression of endometrial lesions from benign to ma-
lignant. In summary, EMPap facilitates the clinical stratifica-
tion of patients, aids in selecting those who require endometrial
biopsy, and reduces the physical, mental, and economic burdens
of unnecessary invasive examinations.

TVS is commonly used for the initial assessment of EC for pa-
tients with PMB when ET exceeds 4mm [3, 15]. However, this
study found that ET>4mm had low sensitivity (82.0%) and spec-
ificity (38.5%) for EC detection. In contrast, EMPap showed supe-
rior performance in identifying patients with PMB and thin ET,
with or without symptoms. EMPap serves as a valuable comple-
ment to ultrasonography, particularly in the detection of type II
ECs. Compared to TVS, EMPap has obvious advantages for EC
screening diagnosis: approximately 90% sensitivity and specific-
ity, independence from sampling time, and the menstrual cycle.
It effectively stratified patients and accurately identified popula-
tions that required further invasive examinations for a definitive
diagnosis. Unlike invasive procedures, such as D&C and hysteros-
copy, EMPap is non-invasive, causes less psychological trauma,
and is cost-effective. In addition, our study shows the importance
of EMPap in premenopausal and postmenopausal women without
bleeding, who are easily misdiagnosed with TVS. Overall, EMPap
exhibited strong methodological feasibility and high performance
compared to current clinical approaches for EC detection.

EC can be detected in pap smears, vaginal samples, and urine
[14, 18, 21]. These methods demonstrate that shed endometrial
tumor cells can be collected from the cervix, inspiring the de-
velopment of novel methodologies to enhance EC detection
rates. Our EMPap test, which utilizes cervical samples, has
been proven to be effective for EC detection. Additionally, we
investigated whether uterine procedures such as D&C or hys-
teroscopy, which may decrease malignant lesions within the
uterine cavity or interfere with the cervical surface, could lead
to false negatives. Analyzing the impact of biopsy sampling on
EMPap results, we found that excluding patients who under-
went biopsy within 10days before cervical scraping increased
sensitivity from 90.3% to 92.3% in the entire cohort. These find-
ings suggest that intrauterine procedures may affect the concen-
tration or availability of exfoliated endometrial cells and debris
in the cervix. Our findings are consistent with a previous report
by O'Flynn (2021), which advocated collecting cervical sam-
ples for EC detection before any clinical procedure or at least
2weeks after a routine clinical diagnosis of EC [21]. Therefore,

optimizing clinical procedures by collecting cervical samples
before biopsy could enhance early detection and provide an ef-
fective triage to prevent unnecessary invasive procedures.

Given that most patients with EC exhibit AUB symptoms, sev-
eral studies have used AUB populations to investigate methyl-
ation testing in EC [18, 22]. We compared the performance of
our method in the AUB population to these studies. Our method
achieved 90.6% sensitivity and 88.4% specificity in the AUB
population. While sharing the same methylation markers and
clinical variables with MPap, EMPap had a higher specificity
(88.4% vs.71.5% ~73.8%) and a slightly lower sensitivity (90.6% vs.
92.5% ~92.9%) compared to MPap [18]. In comparison to the EPI-
SURE study [22], EMPap sensitivity in AUB women was similar
to WID-qEC (90.6% vs. 90.9%) but our specificity was lower (88.4%
vS. 97.3%). In addition to the differences in biomarkers and meth-
ods, we observed that the EPI-SURE obtained samples before
any other clinical intervention. Therefore, we deduce that the
difference in performance may be attributed to the fact that EPI-
SURE obtains samples before any clinical intervention, which is
consistent with our findings on the impact of sampling timing
on accuracy. Additionally, we compared our method with cytol-
ogy for detecting EC. Despite the methodological differences, our
method achieved similar results to urine and vaginal cytology
(sensitivity 90.3% vs. 91.7%; specificity 89.3% vs. 88.8%) [21].

Owing to the economic situation in China and variations in
medical conditions, facilities, and laboratory standards for mo-
lecular subtyping methods across the referral hospitals involved
in this multicenter study, we initially did not include molecular
subtyping in our study. However, recognizing its importance
in the diagnosis and prognosis of EC, we will conduct further
in-depth research to enhance our understanding and improve
existing detection methods.
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