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Abstract

Objective
To investigate the expression levels of serum tumor biomarkers, including carbohydrate antigen 125
(CA125), human epididymis protein 4 (HE4), and carbohydrate antigen 19 − 9 (CA199), as well as other
related clinical characteristics in patients with endometrial cancer (EC), and to explore their associations
with lymph node metastasis (LNM). Furthermore, a predictive model for LNM in EC was developed
based on machine learning algorithms by integrating clinical characteristics and serum tumor
biomarkers, aiming to provide support for subsequent clinical decision-making.

Methods
Clinical data from 1,099 patients diagnosed with endometrial cancer at the Affiliated Cancer Hospital of
Xinjiang Medical University between 2021 and 2026 were retrospectively collected. Univariate analysis
was performed to identify clinical characteristics and serum tumor biomarkers significantly associated
with LNM. The selected variables were subsequently incorporated into three machine learning models,
including logistic regression (LR), random forest (RF), and extreme gradient boosting (XGBoost), for
model development. The dataset was randomly divided into training and validation sets at a ratio of 7:3.
The performance of each model was evaluated using the area under the receiver operating characteristic
curve (AUC), and the importance of predictive indicators was further analyzed.

Results
Univariate analysis demonstrated that clinical stage and serum levels of CA125, HE4, and CA199 were
significantly associated with LNM in patients with EC (P < 0.05). Among the three machine learning
models, XGBoost showed the best predictive performance, with an AUC of 0.936. Further analysis
indicated that FIGO tumor stage had the highest predictive value among individual indicators (AUC = 
0.900). Among serum tumor biomarkers, CA125 exhibited superior predictive ability (AUC = 0.703)
compared with HE4 (AUC = 0.658) and CA199 (AUC = 0.605). In addition, the combined detection model
incorporating the three tumor biomarkers achieved an AUC of 0.730, demonstrating improved predictive
performance compared with individual biomarker assessment. The optimal cutoff values for CA125,
HE4, and CA199 were also determined, providing quantitative references for clinical risk stratification
and individualized surgical decision-making.

Conclusion
The XGBoost model integrating clinical stage and serum tumor biomarkers, including CA125, HE4, and
CA199, demonstrated effective predictive performance for LNM in patients with EC. Among the
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evaluated biomarkers, CA125 showed superior predictive ability compared with HE4 and CA199.
Combined detection of multiple tumor biomarkers further improved the prediction of LNM. This model
may provide valuable support for preoperative risk assessment and surgical decision-making in patients
with endometrial cancer.

Introduction
Endometrial cancer (EC) is one of the three most common malignant tumors of the female reproductive
system and accounts for approximately 20%–30% of malignant tumors of the female genital tract. In
recent years, the incidence of EC has shown a continuous upward trend in China. According to the latest
cancer statistics, there were approximately 77,700 newly diagnosed cases and 13,500 deaths due to EC
in China in 2022 [1]. In some economically developed regions, the incidence of EC has surpassed that of
cervical cancer, with an increasing tendency toward younger age at onset [2].

At the national level, increasing attention has been paid to cancer prevention and control strategies. The
Healthy China Action—Implementation Plan for Cancer Prevention and Control (2023–2030) proposed
expanding screening coverage for high-incidence cancers and promoting precise screening strategies
for high-risk populations[3]. In addition, the publication of clinical consensus guidelines, such as the
Chinese Expert Consensus on Screening and Prevention of Lynch Syndrome-Associated Endometrial
Cancer (2023 Edition), has provided important guidance for standardized screening and clinical
management of EC [4].

Lymph node metastasis (LNM) is one of the major metastatic pathways of EC and represents an
important prognostic indicator associated with disease progression and clinical outcomes[5]. Accurate
preoperative assessment of the risk of LNM is essential for determining surgical strategies and guiding
decisions regarding adjuvant therapy. Serum tumor biomarkers have attracted increasing attention in the
prediction of LNM due to their advantages of convenience, repeatability, and minimal invasiveness.
Previous studies have demonstrated that serum human epididymis protein 4 (HE4) levels are closely
associated with LNM in patients with EC. HE4 expression was significantly increased in patients with
lymph node metastasis and may serve as an auxiliary indicator for evaluating metastatic risk [6].
Furthermore, the combination of pelvic magnetic resonance imaging with serum CA125 and HE4
detection has shown favorable diagnostic performance for predicting LNM in EC, suggesting that multi-
parameter assessment may provide more reliable evidence for clinical lymph node management
decisions [7].

However, previous studies have mainly focused on single-center cohorts, relatively small sample sizes,
or individual biomarkers. Reports on predictive models integrating comprehensive clinical
characteristics with multiple serum tumor biomarkers based on larger clinical cohorts remain limited.
Moreover, existing studies have primarily emphasized the relationship between pathological
characteristics and LNM, whereas the application of machine learning approaches integrating multiple
clinical variables and biomarkers for preoperative prediction remains insufficiently explored. Therefore,
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based on real-world clinical data, this study investigated the associations between serum CA125, HE4,
CA199 levels, related clinical characteristics, and LNM in patients with EC. Furthermore, predictive
models were developed by integrating clinical and biomarker characteristics using machine learning
algorithms, aiming to provide an effective auxiliary tool for preoperative assessment of LNM risk and
improve individualized clinical decision-making [8]

Materials and Methods
The clinical data analyzed in this study were obtained from the Affiliated Cancer Hospital of Xinjiang
Medical University. Patients who met the eligibility criteria were retrospectively enrolled, and their clinical
characteristics, pathological information, and serum tumor biomarker data were collected for analysis.
The inclusion criteria were as follows: patients aged ≥18 years; patients diagnosed with endometrial
cancer by postoperative pathological examination; patients who underwent primary surgical treatment,
including extrafascial hysterectomy, modified radical hysterectomy, or radical hysterectomy combined
with bilateral salpingo-oophorectomy and pelvic and/or para-aortic lymph node dissection. Patients with
incomplete clinical data, unclear tumor staging information, preoperative radiotherapy or chemotherapy,
or elevated tumor biomarkers caused by other diseases were excluded. After applying the inclusion and
exclusion criteria, a total of 1,099 patients were included in the final analysis. The original data regarding
age, height, and weight were further categorized for subsequent statistical analysis.

1.1 Inclusion and Exclusion Criteria

The initial dataset consisted of 2,612 patients diagnosed with endometrial cancer at the Affiliated
Cancer Hospital of Xinjiang Medical University between 2021 and 2026. Clinical variables collected
included age, disease diagnosis, pathological diagnosis, previous medical history, reproductive history,
menstrual history, height, weight, tumor stage, and serum tumor biomarkers, including human epididymis
protein 4 (HE4), carbohydrate antigen 199 (CA199), and carbohydrate antigen 125 (CA125) [5, 9, 10]

Patients were excluded if they met any of the following criteria: incomplete clinical information or
missing laboratory data; abnormal values; unclear tumor staging; receipt of preoperative chemotherapy
or radiotherapy; or elevated serum tumor biomarker levels potentially caused by other diseases,
including hepatic cysts, breast cancer, lung cancer, and pancreatic cancer [11].

Finally, 1,099 patients who fulfilled the eligibility criteria were included in this study.

Age was categorized into five groups according to the following criteria:

1. 18–<35 years (assigned value: 1);

2. 35–<45 years (assigned value: 2);

3. 45–<55 years (assigned value: 3);

4. 55–<65 years (assigned value: 4);

5. ≥65 years (assigned value: 5).
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Body mass index (BMI) was calculated based on height and weight. According to the BMI classification
criteria established by the National Health Commission of China, patients were categorized as follows:

1. BMI <18.5 kg/m²: underweight (assigned value: 0);

2. 18.5≤BMI<24 kg/m²: normal weight (assigned value: 1);

3. 24≤BMI<28 kg/m²: overweight (assigned value: 2);

4. BMI≥28 kg/m²: obesity (assigned value: 3).

1.2 Descriptive Statistics

A retrospective analysis was performed among the 1,099 enrolled patients. Regarding reproductive
history, 356 patients had no children or unavailable reproductive information, accounting for 32.3% of the
study population. A total of 375 patients had one childbirth (34.1%), 219 patients had two childbirths
(19.9%), and patients with three to nine childbirths accounted for 13.7%. Among all patients, 842 (76.6%)
were premenopausal and 257 (23.3%) were postmenopausal. Based on BMI classification according to
the criteria of the National Health Commission of China, 495 patients met the criteria for obesity,
accounting for 45.0% of the cohort. Additionally, 115 patients had diabetes mellitus (10.4%), and 224
patients had hypertension (20.3%). According to the FIGO staging criteria for endometrial cancer, 852
patients were classified as stage I, 84 as stage II, 126 as stage III, and 37 as stage IV. Lymph node
metastasis was determined based on postoperative pathological examination. Among the enrolled
patients, 98 patients were confirmed to have lymph node metastasis, accounting for 9.8% of the total
cohort [12]

2. Statistical Methods

Statistical analyses were performed using R software version 4.5.0, and Excel was used for data
management. Continuous variables were initially tested for normality. Normally distributed variables
were expressed as mean ± standard deviation (x̄ ± s) and compared between groups using the
independent-samples t-test, whereas non-normally distributed variables were presented as median
(interquartile range, IQR) and analyzed using the Wilcoxon rank-sum test. Categorical variables were
expressed as numbers (percentages) and compared using the Pearson χ² test or Fisher’s exact test.
Postoperative pathological results were used to determine the presence or absence of lymph node
metastasis as the outcome variable, and variables with statistical significance in the univariate analysis
were included in subsequent model analyses. Logistic regression (LR), random forest (RF), and extreme
gradient boosting (XGBoost) models were applied to construct predictive models, with the dataset
randomly divided into training and validation sets at a ratio of 7:3. Model performance was evaluated
using receiver operating characteristic (ROC) curves, area under the curve (AUC), sensitivity, specificity,
Youden index, and 95% confidence intervals. Calibration curves, Brier scores, and expected calibration
error (ECE) were used to assess the consistency between predicted probabilities and actual outcomes.
All statistical tests were two-sided, and a P value <0.05 was considered statistically significant.
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Results

3.1 Univariate Analysis
The potential factors associated with lymph node metastasis in patients with endometrial cancer were
analyzed using univariate analysis, and the results are presented in Table 1. The results showed that
clinical stage, age, and the levels of tumor markers CA125, HE4, and CA199 were significantly different
between the lymph node metastasis group and the non-metastasis group (P < 0.05). Specifically, patients
with lymph node metastasis had a significantly higher proportion of stage III and IV disease compared
with those without metastasis, and the levels of CA125, HE4, and CA199 were significantly elevated in
the metastasis group. In contrast, menopausal status, BMI category, history of diabetes mellitus, history
of hypertension, and number of childbirths showed no statistically significant differences between the
two groups (P > 0.05). Based on the results of the univariate analysis, clinical stage, age, CA125, HE4,
and CA199 were included for subsequent predictive model construction.
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Table 1
Univariate analysis of factors associated with lymph node metastasis in 1,099 patients with endometrial

cancer
Factor Normality

Test
Metastasis
Group

(%)n = 98

Non-
metastasis
Group(%)n = 
1099

Statistical
Test

Statistic P-
value

Menopause -     Pearson
Chi-square
Test

0.23 0.632

Yes   21(21.43) 236(23.58)      

No   77(78.57) 765(76.42)      

BMI Group -     Pearson
Chi-square
Test

4.13 0.248

BMI < 18.5   0(0) 13(1.3)      

18.5 ≤ BMI < 
24

  29(29.59) 222(22.18)      

24 ≤ BMI < 28   26(26.53) 314(31.37)      

BMI ≥ 28   43(43.88) 452(45.15)      

Diabetes -     Pearson
Chi-square
Tes

2.16 0.141

Yes   6(6.12) 109(10.89)      

no   92(93.88) 892(89.11)      

Hypertension -     Pearson
Chi-square
Tes

2.46 0.117

yes   14(14.29) 210(20.98)      

no   84(85.71) 791(79.02)      

Clinical Stage -     Pearson
Chi-square
Tes

589.73 < 
0.0001

Ⅰ   12(12.24) 840(83.92)      

Ⅱ   6(6.12) 78(7.79)      

Ⅲ   70(71.43) 56(5.59)      

Ⅳ   10(10.2) 27(2.7)      
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Factor Normality
Test

Metastasis
Group

(%)n = 98

Non-
metastasis
Group(%)n = 
1099

Statistical
Test

Statistic P-
value

age Non-
normal

- - Wilcoxon
Rank Sum
Test

41096 0.008

Number of
Children

Non-
normal

- - Wilcoxon
Rank Sum
Test

50837 0.5338

CA125(U/ml) Non-
normal

- - Wilcoxon
Rank Sum
Test

29168.5 < 
0.001

HE4(pmol/L) Non-
normal

- - Wilcoxon
Rank Sum
Test

33507.5 < 
0.001

CA199(U/ml) Non-
normal

- - Wilcoxon
Rank Sum
Test

38707.5 < 
0.001

3.2 Model Construction

3.2.1 Construction of the Optimal Prediction Model
After variable selection, the 1,099 patients were randomly divided into a training set and a validation set
at a ratio of 7:3.

The training set consisted of 769 patients, while the validation set included 330 patients. Three
commonly used machine learning algorithms were applied for model construction:

Logistic regression (LR);

Random forest (RF);

Extreme gradient boosting (XGBoost).

Receiver operating characteristic (ROC) curves were generated, and the area under the curve (AUC) was
calculated to evaluate the predictive performance of each model. The model with the highest AUC value
was considered the optimal predictive model. According to the results obtained using R software, the
AUC values were:

LR: 0.898;

RF: 0.915;

XGBoost: 0.936.
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Among the three models, XGBoost achieved the highest AUC value and was therefore selected as the
optimal model. The ROC curves of the three machine learning models are shown in Fig. 1.

3.2.2 Construction of Prediction Models Based on
Important Indicators
Based on the optimal model identified above, the four statistically significant variables obtained from
univariate analysis were further incorporated into the XGBoost model to evaluate their individual
predictive performance. The prediction models for each factor were established using R software. The
AUC value, sensitivity, specificity, Youden index, and 95% confidence interval (CI) were calculated. The
detailed results are presented in Table 2 and Fig. 2.

Table 2
Predictive performance of individual indicators for lymph node metastasis.

Predictive Factor AUC Value Sensitivity Specificity Youden's Index 95%CI

Clinical Stage 0.901 0.867 0.884 0.751 0.863 ~ 0.936

CA125(U/ml) 0.703 0.684 0.633 0.317 0.645 ~ 0.760

HE4(pmol/L) 0.658 0.653 0.599 0.252 0.603 ~ 0.714

CA199(U/ml) 0.605 0.480 0.765 0.245 0.536 ~ 0.674

According to the model fitting results, clinical stage was closely associated with the occurrence of lymph
node metastasis in patients with endometrial cancer and represented the most important predictive
factor among all evaluated variables. Among the included serum tumor biomarkers, CA125 achieved an
AUC value of 0.703, indicating that CA125 was also an important predictive indicator and exhibited the
highest predictive performance among the evaluated tumor biomarkers. The AUC values of the other two
tumor biomarkers, HE4 and CA199, were both greater than 0.600, suggesting that they may also provide
valuable information for clinical assessment and decision-making. Previous studies by Guo Sheng et al.
and other researchers have demonstrated that combined detection of CA125 and HE4, as well as
combined detection of CA125, HE4, and CA724, showed higher predictive AUC values and improved
accuracy in predicting lymph node metastasis compared with individual tumor biomarkers alone [13, 14].
Therefore, in the present study, the combined detection of the three tumor biomarkers (CA125, HE4, and
CA199) was further incorporated into the optimal predictive model. After model validation, the combined
detection of the three tumor biomarkers included in this study achieved an AUC value of 0.73 in the
optimal XGBoost model[15], which was higher than the AUC values obtained from the individual
detection of each tumor biomarker. The detailed results are presented in Fig. 3 and Table 3.
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Table 3
Predictive performance of combined detection of three serum tumor biomarkers for lymph node

metastasis.
Predictive Factor AUC Value Sensitivity Specificity Youden's Index 95%CI

Combined Detection 0.714 0.833 0.559 0.392 0.643 ~ 0.827

It should be noted that although the sample size included in this study was relatively large, the number of
patients with lymph node metastasis was relatively small, with only 98 cases, accounting for 9.8% of the
total study population. Therefore, calibration analysis was further performed based on the fitted model
to evaluate the consistency between the overall predicted probabilities and the actual observed
outcomes (Fig. 4). According to the calibration curve, the Brier score of the model was 0.047, indicating
good agreement between the predicted probabilities generated by the model and the actual outcomes.
However, the expected calibration error (ECE) was 0.19, suggesting that mild overestimation or
underestimation occurred in certain probability intervals. This phenomenon may be attributed to the
relatively low incidence of lymph node metastasis in the study population, resulting in a limited number
of actual positive cases within each predicted probability interval. Consequently, greater fluctuations
were observed in the intermediate probability range of the calibration curve.

Discussion
Endometrial cancer (EC) is currently one of the most common gynecological malignant tumors, and its
incidence has shown a continuously increasing trend with improvements in living standards. Because
lymph node metastasis lacks a universally accepted consensus guideline for assessment and
represents an important indicator associated with poor prognosis, there is an urgent clinical need to
accurately predict the possibility of lymph node metastasis before surgery. Such prediction may assist
clinicians in selecting the most appropriate surgical treatment strategy and achieving optimal
therapeutic outcomes.

Therefore, based on currently available clinical diagnostic and treatment data, establishing a predictive
model for lymph node metastasis in patients with EC is of considerable clinical importance [16].

In this study, we selected 10 potential related factors commonly investigated in previous domestic and
international studies, including patient age category, menstrual status, BMI category, history of diabetes
mellitus, history of hypertension, number of previous childbirths, clinical stage, and three serum tumor
biomarkers, namely CA199, CA125, and HE4. These variables were systematically evaluated.

Three commonly used machine learning models were applied to predict lymph node metastasis using
the same dataset. All three models demonstrated relatively high predictive performance based on ROC
curve analysis, with AUC values of 0.898 for logistic regression (LR), 0.915 for random forest (RF), and
0.936 for extreme gradient boosting (XGBoost), suggesting that the included clinical dataset had good
predictive potential. Among the three models, XGBoost achieved the highest AUC value, indicating
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superior predictive performance compared with LR and RF. Previous machine learning studies in other
malignant tumors have also demonstrated that XGBoost models exhibited better predictive performance
than other machine learning algorithms. For example, Nan Zihan, Zhang, and Ren et al. [17–19] reported
that XGBoost showed advantages in predicting clinical outcomes of malignant tumors. The findings of
the present study are consistent with previous research, further supporting the reliability and predictive
capability of XGBoost-based models. Based on validation using the optimal model, this study
demonstrated that CA125 achieved an AUC value of 0.703, with a sensitivity of 0.684 and a specificity of
0.663, representing the highest AUC value among the three evaluated tumor biomarkers. CA125 is a
glycoprotein secreted by coelomic epithelial cells[20] and is widely expressed in tissues including the
peritoneum, cervical epithelium, and endometrium. Elevated CA125 levels have been closely associated
with malignant transformation and tumor progression, making it one of the earliest identified tumor-
associated antigens. The present study further confirmed that CA125 was closely associated with lymph
node metastasis in patients with EC. Therefore, CA125 measurement may contribute to early
assessment of tumor progression and facilitate optimization of clinical treatment strategies [16] HE4
was initially isolated from human epididymal tissue. It is expressed at low levels in normal tissues and
benign tumors but is abnormally elevated in both tumor tissues and serum samples of patients with
endometrial cancer. Therefore, HE4 has been considered an important biomarker for predicting
metastasis in patients with EC. The findings of this study are consistent with previous studies conducted
by Wang Yingxiang, Romera, Maurya, and other researchers [21–23], further supporting the potential
clinical value of HE4 in assessing lymph node metastasis risk. CA199 is a carbohydrate antigen
expressed on the surface of cell membranes [24]. Although it is commonly used for the diagnosis and
differential diagnosis of gastrointestinal tumors, it has also been increasingly applied in the evaluation of
gynecological malignancies in recent years.

In the present study, CA199 showed relatively high specificity (76.5%) but relatively low sensitivity
(48.0%), indicating that its predictive performance as an individual biomarker for lymph node metastasis
was limited. Therefore, combined detection of multiple tumor biomarkers was considered in this
study[25]. Using the optimal XGBoost model, the combined detection of CA125, HE4, and CA199 was
incorporated into the prediction model. The ROC curve analysis demonstrated that the AUC value of the
combined biomarker model reached 0.73, which was higher than the predictive performance of any
individual tumor biomarker. The sensitivity of the combined model reached 83.3%, while the specificity
was 55.9%. These findings suggest that integrating multiple serum tumor biomarkers may improve the
ability to identify patients at risk of lymph node metastasis compared with single-marker assessment.
Furthermore, this study analyzed the optimal cutoff values associated with lymph node metastasis
prediction. According to the XGBoost model results, the optimal cutoff value was 24.8 U/ml for CA125,
56.7 pmol/L for HE4, and 31.42 U/ml for CA199. These cutoff values were similar to those reported in
previous studies by Wang Yingxiang, Zhao Jian, and other researchers[21, 25], suggesting that these
thresholds may provide additional reference values for clinical risk assessment.

Through predictive modeling analysis, this study provides potential evidence for clinical differential
assessment, which may assist clinicians in making more accurate judgments, improving the allocation
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of medical resources, and reducing unnecessary medical costs, thereby benefiting both healthcare
providers and patients[26].However, several limitations should be acknowledged. Although this study
included a relatively large sample size, the number of positive lymph node metastasis cases remained
limited. In future studies, larger cohorts with more positive cases should be included, and external
validation using independent datasets should be performed to further improve the robustness and
generalizability of the predictive model [27].
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Figure 1

Receiver operating characteristic curves of three machine learning models for predicting lymph node
metastasis in patients with endometrial cancer.
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Figure 2

Receiver operating characteristic curves of significant predictors in the XGBoost model.
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Figure 3

ROC Curve of combined serum tumor biomarkers in XGboost model
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Figure 4

Calibration curve of the combined tumor biomarker model in the XGBoost model
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