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Purpose: This study aims to construct a machine learning model that can recognize preoperative, intraoperative, and postoperative
high-risk indicators and predict the onset of venous thromboembolism (VTE) in patients.

Patients and Methods: A total of 1239 patients diagnosed with gastric cancer were enrolled in this retrospective study, among
whom 107 patients developed VTE after surgery. We collected 42 characteristic variables of gastric cancer patients from the database
of Wuxi People’s Hospital and Wuxi Second People’s Hospital between 2010 and 2020, including patients’ demographic character-
istics, chronic medical history, laboratory test characteristics, surgical information, and patients’ postoperative conditions. Four
machine learning algorithms, namely, extreme gradient boosting (XGBoost), random forest (RF), support vector machine (SVM),
and k-nearest neighbor (KNN), were employed to develop predictive models. We also utilized Shapley additive explanation (SHAP)
for model interpretation and evaluated the models using k-fold cross-validation, receiver operating characteristic (ROC) curves,
calibration curves, decision curve analysis (DCA), and external validation metrics.

Results: The XGBoost algorithm demonstrated superior performance compared to the other three prediction models. The area under
the curve (AUC) value for XGBoost was 0.989 in the training set and 0.912 in the validation set, indicating high prediction accuracy.
Furthermore, the AUC value of the external validation set was 0.85, signifying good extrapolation of the XGBoost prediction model.
The results of SHAP analysis revealed that several factors, including higher body mass index (BMI), history of adjuvant radiotherapy
and chemotherapy, T-stage of the tumor, lymph node metastasis, central venous catheter use, high intraoperative bleeding, and long
operative time, were significantly associated with postoperative VTE.

Conclusion: The machine learning algorithm XGBoost derived from this study enables the development of a predictive model for
postoperative VTE in patients after radical gastrectomy, thereby assisting clinicians in making informed clinical decisions.
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Introduction

The incidence of gastric cancer, which ranks as the second highest among all malignant tumors, is increasing yearly due
to changes in lifestyle and dietary habits.' Patients are frequently diagnosed in advanced stages, resulting in a poor
prognosis.> Surgery remains a primary approach to treating gastric cancer.’ Advances in minimally invasive surgical
techniques, such as laparoscopic and robotic surgery, have reduced postoperative recurrence rates and minimized patient
trauma, thereby enhancing survival and quality of life.*> However, given the intricate anatomy of the stomach and the
distribution of surrounding lymph nodes, as well as the high technical demands of radical gastrectomy, life-threatening
complications may occur, including anastomotic leakage (AL) and venous thromboembolism (VTE).®” VTE is a serious
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complication in cancer patients, causing significant noncancer-related mortality.® Although more common in patients
with malignancies such as pancreatic, brain, lung, and ovarian cancers, postoperative patients with gastric cancer are also
at risk for this complication.” VTE can have serious consequences, including respiratory distress, heart failure, and death,
if the thrombus travels to the lungs. In the lower limbs, VTE can cause edema, pain, and even skin ulceration if it affects
the deep veins.'® This complication prolongs hospitalization and imposes a significant financial burden on patients and
their families. Prophylactic treatment can effectively reduce the risk of patient death by 50% in high-risk patients.'"-'*
Accurate prediction of postoperative VTE in patients undergoing radical gastrectomy and identification of high-risk
patients is therefore crucial.

Surgeons often rely on their previous clinical experience to assess the risk of VTE in surgical patients, but this method
is often unreliable due to the subjective nature of the surgeon’s experience and its temporal limitations. Ten years ago,
some researchers utilized parametric regression methods to predict VTE in surgical patients preoperatively, which were
relatively accurate. However, due to the complex relationships between clinical characteristic variables and the multi-
factorial nature of postoperative complications, using regression models cannot solve the problem of predicting disease.
Moreover, when the number of cases for variables in the regression model is small, the predicted results can be highly
variable, which limits the usefulness of the regression model.'*™'> In recent years, artificial intelligence (AI) has rapidly
advanced in the medical field, with machine learning being a major branch of Al that offers more stable model building
and accurate predictions, making it popular among clinicians for clinical prediction and other applications.'®!” Here, we
analyzed the clinical information of gastric cancer patients and used machine learning algorithms to develop a prediction
model for VTE after radical gastrectomy. This model can identify high-risk patients for VTE without relying on
conventional imaging examinations such as abdominal computed tomography (CT), which can reduce medical costs
and assist clinicians in providing timely and precise individualized treatment plans.

Materials and Methods
Study Subjects

In this study, we utilized clinical data obtained from the databases of two medical institutions, namely, Wuxi People’s
Hospital affiliated with Nanjing Medical University and Wuxi Second People’s Hospital. Case inclusion criteria were as
follows: (1) patients aged 18-80 years with gastric cancer; (2) patients undergoing open radical gastrectomy or
laparoscopic-assisted radical gastrectomy; and (3) the surgical team consisted of senior surgeons with the ability to
independently perform radical gastrectomy. Case exclusion criteria were as follows: (1) patients with other malignant
tumors; (2) patient with a previous diagnosis of VTE; (3) patients diagnosed with hemophilia, thrombocytopenic purpura,
vascular purpura, and other disorders characterized by a tendency towards bleeding or abnormal bleeding; (4) patients
diagnosed with hematologic conditions such as vascular purpura, platelets, and coagulation factors; (5) patients
diagnosed with vital organ conditions such as liver and kidney diseases that are intolerant to surgical interventions;
(6) patients on anticoagulant medications such as warfarin and heparin, anti-platelet medications such as aspirin and
clopidogrel, and non-steroidal anti-inflammatory drugs such as ibuprofen during the perioperative period; and (7) patients
with missing cases, clinical data, or visits. All patients in the study were followed up for at least 3 years after surgery.
This study was conducted in accordance with the Declaration of Helsinki and was approved by the Ethics Committee of
Wuxi People’s Hospital and Wuxi Second People’s Hospital, with approval number KY?22085.

Study Design and Data Collection

Clinical data on gastric cancer patients between 2010 and 2020 were obtained from the databases of Wuxi People’s
Hospital and Wuxi Second People’s Hospital. The data included 42 preoperative variables (within 24 h before the day of
surgery), intraoperative variables, and postoperative variables (occurring 48 h after the initial surgery). Preoperative
variables collected included patient demographic characteristics (gender, age, history of smoking, alcohol abuse, and
body mass index), basic clinical characteristics (American Society of Anesthesiologists score, nutrition risk screening
2002 score, history of surgery, adjuvant chemotherapy history, adjuvant radiotherapy history, and use of central venous
catheters), basic medical history (anemia, ileus, ulcerative colitis, Crohn’s disease, diabetes mellitus, hypertension,
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chronic obstructive pulmonary disease, hyperlipidemia, and coronary artery disease), laboratory tests (albumin, carci-
noembryonic antigen and carbohydrate antigen 19-9), and tumor characteristics (T-stage, N-stage, peripheral nerve
invasion, tumor size, and tumor number). The intraoperative variables collected included the type of surgery, surgical
approach, number of lymph nodes dissected, duration of surgery, intraoperative bleeding, intraoperative blood transfu-
sion, intraoperative percutaneous arterial oxygen saturation status, abdominal drainage, whether the patient experienced
intraoperative tachycardia, and whether the surgery was an emergency procedure. Postoperative variables collected
included laboratory test indices (neutrophil to lymphocyte ratio, procalcitonin, C-reactive protein, and serum amyloid A).
The outcome variable of the study was postoperative VTE.

Development and Evaluation of Predictive Models

In the present study, statistical analysis was carried out using SPSS software and R software. The following steps were
taken for the construction and evaluation of the clinical prediction models:' Data preprocessing. The dataset used in this
study comprised patients diagnosed with gastric cancer at Wuxi People’s Hospital between January 2010 and
January 2020. This dataset was employed for building the predictive model. The establishment set was randomly divided
into a training set (70%) and a test set (30%). A separate dataset of gastric cancer patients from Wuxi Second People’s
Hospital during the same period was used as an external validation set to evaluate the model’s performance.” Univariate
and multivariate regression analyses were conducted on the model establishment set’s data. The chi-square test was
utilized to compare the differences between two groups for categorical variables, while a #-test was applied for
continuous variables that followed a normal distribution. For continuous variables that did not conform to a normal
distribution, the rank sum test was employed. A p value of less than 0.05 was considered statistically significant. Logistic
regression analysis was performed for variables that were significant in the univariate analysis to obtain independent
influences on postoperative VTE. Four models, extreme gradient boosting (XGBoost), random forest (RF), support
vector machine (SVM), and k-nearest neighbor algorithm (KNN), were used to score the importance of each factor and
rank them according to the importance of the weight of the influencing factor. The variables that ranked in the top ten in
all four model rankings and were meaningful in univariate and multivariate analyses were selected.’ Evaluate and build
prediction models. The filtered clinical variables were incorporated into four machine learning algorithms, including
SVM, RF, XGBoost, and KNN. The four models were evaluated using three criteria: discrimination, calibration, and
clinical utility, with the best performing model being selected for further analysis. A receiver operating characteristic
(ROC) curve was used to calculate the area under the curve (AUC) value and gauge the model’s predictive ability. The
calibration curve was plotted to assess the agreement between the predicted and actual results, and decision curve
analysis (DCA) was performed to determine the benefit to patients from interventional treatment. Internal validation was
conducted through a k-fold cross-validation methodology.* External validation of the best model. The generalizability
and predictive efficiency of the model was assessed by applying it to an external validation set and plotting ROC curves.’
Model interpretation. The contribution of each feature in the sample to the prediction was obtained through Shapley
value-based Shapley additive explanation (SHAP). The ranking of risk factors’ importance was depicted through the
SHAP summary plot, and the prediction results of individual samples were analyzed and interpreted through the SHAP
force plot.

Results
Clinical Information of the Patients

In this study, we included a total of 1239 patients diagnosed with gastric cancer, among whom 107 patients (8.64%)
developed postoperative VTE (Table 1 and Figure 1). The original data presented in the study are included in Table S1.

Screening for Risk Factors for Postoperative VTE

The results of univariate and multivariate analyses showed that body mass index (BMI), history of adjuvant radiotherapy,
history of adjuvant chemotherapy, albumin (ALB), use of central venous catheters (CVCs), history of hypertension,
emergency surgery, duration of surgery, intraoperative bleeding, T-stage, N-stage, and neutrophil to lymphocyte ratio
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Table | Characteristic Distribution of Data in the Establishment Set and External Validation Set

Variables Overall Establishment Set External Validation Set P-value
(n=1239) (n=873) (n=366)

Sex Female 728(58.757) 577(66.094) 151(41.257) <0.001
Male 511(41.243) 296(33.906) 215(58.743)

Age <65 831(67.070) 687(78.694) 144(39.344) <0.001
265 408(32.930) 186(21.306) 222(60.656)

BMI <25 kg/m? 909(73.366) 680(77.892) 229(62.568) <0.001
225 kg/m? 330(26.634) 193(22.108) 137(37.432)

ASA <3 638(51.493) 412(47.194) 226(61.749) <0.001
23 601(48.507) 461(52.806) 140(38.251)

Smoking history No 676(54.560) 438(50.172) 238(65.027) <0.001
Yes 563(45.440) 435(49.828) 128(34.973)

Drinking history No 630(50.847) 399(45.704) 231(63.115) <0.001
Yes 609(49.153) 474(54.296) 135(36.885)

Surgical history No 931(75.141) 661(75.716) 270(73.770) 0.47
Yes 308(24.859) 212(24.284) 96(26.230)

Adjuvant No 883(71.267) 645(73.883) 238(65.027) 0.002

Chemotherapy Yes 356(28.733) 228(26.117) 128(34.973)

Adjuvant No 863(69.653) 587(67.239) 276(75.410) 0.004

Radiotherapy Yes 376(30.347) 286(32.761) 90(24.590)

ALB 230 g/L 746(60.210) 592(67.812) 154(42.077) <0.001
<30 g/L 493(39.790) 281(32.188) 212(57.923)

NRS2002 score <3 859(69.330) 592(67.812) 267(72.951) 0.074
23 380(30.670) 281(32.188) 99(27.049)

CEA level <5 ng/mL 878(70.864) 634(72.623) 244(66.667) 0.035
=5 ng/mL 361(29.136) 239(27.377) 122(33.333)

CAI19-9 level <37 U/mL 898(72.478) 645(73.883) 253(69.126) 0.087
237 U/mL 341(27.522) 228(26.117) 113(30.874)

Anemia No 904(72.962) 612(70.103) 292(79.781) <0.001
Yes 335(27.038) 261(29.897) 74(20.219)

lleus No 902(72.801) 602(68.958) 300(81.967) <0.001
Yes 337(27.199) 271(31.042) 66(18.033)

CHD No 985(79.500) 695(79.611) 290(79.235) 0.881
Yes 254(20.500) 178(20.389) 76(20.765)

COPD No 996(80.387) 702(80.412) 294(80.328) 0.973
Yes 243(19.613) 171(19.588) 72(19.672)

Diabetes No 876(70.702) 575(65.865) 301(82.240) <0.001
Yes 363(29.298) 298(34.135) 65(17.760)

Hyperlipidemia No 905(73.043) 611(69.989) 294(80.328) <0.001
Yes 334(26.957) 262(30.011) 72(19.672)

Hypertension No 999(80.630) 695(79.611) 304(83.060) 0.161
Yes 240(19.370) 178(20.389) 62(16.940)

Ulcerative colitis No 988(79.742) 689(78.923) 299(81.694) 0.268
Yes 251(20.258) 184(21.077) 67(18.306)

Crohn’s Disease No 1017(82.082) 705(80.756) 312(85.246) 0.06
Yes 222(17.918) 168(19.244) 54(14.754)

Surgery type Laparoscopic 608(49.072) 438(50.172) 170(46.448) 0.232
surgery
Open surgery 631(50.928) 435(49.828) 196(53.552)

(Continued)
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Table | (Continued).

Variables Overall Establishment Set External Validation Set P-value
(n=1239) (n=873) (n=366)

Surgical procedure Proximal 402(32.446) 287(32.875) 115(31.421) 0.689
gastrectomy
Distal gastrectomy | 429(34.625) 305(34.937) 124(33.880)
Total gastrectomy 408(32.930) 281(32.188) 127(34.699)

Emergency surgery No 854(68.927) 587(67.239) 267(72.951) 0.047
Yes 385(31.073) 286(32.761) 99(27.049)

Surgery time <270 min 883(71.267) 628(71.936) 255(69.672) 0.422
2270 min 356(28.733) 245(28.064) 111(30.328)

CVCs No 870(70.218) 637(72.967) 233(63.661) 0.001
Yes 369(29.782) 236(27.033) 133(36.339)

Bleeding volume <100 mL 951(76.755) 692(79.267) 259(70.765) 0.001
=100 mL 288(23.245) 181(20.733) 107(29.235)

Blood Transfusion No 897(72.397) 596(68.270) 301(82.240) <0.001
Yes 342(27.603) 277(31.730) 65(17.760)

Lymph node <25 917(74.011) 662(75.830) 255(69.672) 0.024

dissection 225 322(25.989) 211(24.170) 111(30.328)

SpO, 290% 922(74.415) 630(72.165) 292(79.781) 0.005
<90% 317(25.585) 243(27.835) 74(20.219)

Tachycardia No 984(79.419) 712(81.558) 272(74.317) 0.004
Yes 255(20.581) 161(18.442) 94(25.683)

Abdominal drainage No 924(74.576) 717(82.131) 207(56.557) <0.001
Yes 315(25.424) 156(17.869) 159(43.443)

T-stage TI~T2 898(72.478) 619(70.905) 279(76.230) 0.056
T3~T4 341(27.522) 254(29.095) 87(23.770)

N-stage NO 921(74.334) 640(73.310) 281(76.776) 0.203
NI1~N3 318(25.666) 233(26.690) 85(23.224)

PNI No 1082(87.328) 766(87.743) 316(86.339) 0.498
Yes 157(12.672) 107(12.257) 50(13.661)

Tumor number <2 998(80.549) 717(82.131) 281(76.776) 0.03
22 241(19.451) 156(17.869) 85(23.224)

Tumor size <5cem 836(67.474) 582(66.667) 254(69.399) 0.349
25 cm 403(32.526) 291(33.333) 112(30.601)

PCT level <0.05 ng/mL 970(78.289) 715(81.901) 255(69.672) <0.001
20.05 ng/mL 269(21.711) 158(18.099) 111(30.328)

CRP level <10 mg/l 941(75.948) 683(78.236) 258(70.492) 0.004
210 mg/l 298(24.052) 190(21.764) 108(29.508)

SAA level <10 mg/l 885(71.429) 675(77.320) 210(57.377) <0.001
=10 mg/l 354(28.571) 198(22.680) 156(42.623)

NLR <3 867(69.976) 598(68.499) 269(73.497) 0.08
23 372(30.024) 275(31.501) 97(26.503)

Abbreviations: BMI, body mass index; ASA, The American Society of Anesthesiologists; ALB, albumin; CA125, carbohydrate antigen 125; CA19-9, carbohydrate antigen
19-9; PCT, procalcitonin; CRP, C-reactive protein; SAA, serum amyloid A; NRS2002, nutrition risk screening 2002; CHD, coronary heart disease; COPD, chronic obstructive
pulmonary disease; PNI, peripheral nerve invasion; SPO,, percutaneous arterial oxygen saturation; NLR, neutrophil to lymphocyte ratio; CVCs, central venous catheters.

(NLR) were independent influencing factors for VTE (P<0.05) (Table 2). XGBoost, RF, SVM, and KNN algorithms screened
for risk factors influencing postoperative VTE included BMI, history of adjuvant radiotherapy, history of adjuvant chemother-
apy, use of CVC, duration of surgery, intraoperative bleeding, T-stage, N-stage, and NLR (Figure 2A-D). After comprehen-
sive analysis, the risk factors included in this prediction model included BMI >25 kg/m? history of adjuvant radiotherapy,
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Gastric cancer patients between Jan 2010 and Jan 2020 at Wuxi
People's Hospital and Wuxi Second People's Hospital (n=1738)

Hemorrhagic disease (n=74)
Coagulation disorders (n=81)

».| Use of anticoagulant drugs (n=35)

" | Severe liver and kidney diseases (n=66)
Other malignant tumors (n=154)

Missing case records (n=64)

Y
Enrolled in the study (n=1264)|

1 L0sss f follow up (n=25)|

External validation set (n=366)| Establishment set (n=873)|

[VTE (n=34)| [Non-VTE (n=332)| VTE (n=73) Non-VTE (n=800)

Figure | Flow diagram of patients included in the study.
Abbreviation: VTE, venous thromboembolism.

history of adjuvant chemotherapy, use of CVC, surgery time >270 min, intraoperative bleeding >100 mL, T-stage, tumor
lymph node metastasis, and NLR >3.

Model Building and Evaluation

The ROC curve results show that XGBoost has an AUC value as high as 0.989 in the training set; the AUC value in the
validation set is 0.912, which is the best performance among the four models (Table 3). The Brier score is a significant measure
of the accuracy of model prediction, and a small Brier score for all four models signifies an accurate prediction. In this study,
the slight deviation of the calibration curves of all four models from the diagonal line suggests their excellent calibration
performance, and their predicted probabilities can be relied upon for making decisions. The net benefit curves of all four
models showed an “S” shaped pattern, indicating an increase in net benefit with an increase in the probability threshold,
followed by a decline after reaching the highest point. The XGBoost model showed the high net benefit among all models, and
the optimal threshold point was located within the probability range of the actual disease state (Figure 3A-D). The general-
ization ability of the four models was compared using k-fold cross-validation. In this study, the test set comprised N=262 cases
(30.01%), and the remaining samples were used for 10-fold cross-validation. The XGBoost algorithm exhibited an AUC value
0f'0.9036+0.0566 in the validation set and an AUC value of 0.9212 in the test set, with an accuracy of 0.8855 (Figure 4A—C).
The RF algorithm displayed an AUC value of 0.8820+0.0511 in the validation set and an AUC value of 0.8485 in the test set,
with an accuracy of 0.7786. The SVM algorithm showed an AUC value of 0.8788+0.0704 in the validation set and an AUC
value of 0.8788 in the test set, with an accuracy of 0.8702. Finally, the KNN algorithm exhibited an AUC value of 0.8263
+0.1192 in the validation set and an AUC value of 0.8065 in the test set, with an accuracy of 0.9046. After a comprehensive
comparison, the XGBoost algorithm was selected to construct the model in this study.
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Table 2 Univariate and Multivariate Analyses of Variables Related to Postoperative VTE
Variables Univariate Analysis Multivariate Analysis
OR 95% CI P-value OR 95% CI P-value
Sex Female Reference Reference
Male 3.89 [2.388,6.336] <0.001 1.354 [0.581,3.176] 0.483
Age <65 Reference Reference
265 335 [2.066,5.432] <0.001 0.981 [0.416,2.271] 0.965
BMI <25 kg/m? Reference Reference
225 kg/m? 6.975 [4.265,11.407] <0.001 3.0l [1.335,6.87] 0.008
ASA <3 Reference
23 0.91 [0.570,1.452] 0.691
Smoking history No Reference
Yes 0.925 [0.579,1.477] 0.744
Drinking history No Reference
Yes 1.354 [0.839,2.185] 0.215
Surgical history No Reference
Yes 0.947 [0.545,1.644] 0.846
Adjuvant Chemotherapy No Reference Reference
Yes 0.496 [0.263,0.936] 0.03 0.314 [0.115,0.789] 0.018
Adjuvant Radiotherapy No Reference Reference
Yes 4.128 [2.532,6.728] <0.001 3.301 [1.573,7.202] 0.002
ALB 230 g/L Reference Reference
<30 g/L 9.982 [5.634,17.686] <0.001 3.874 [1.61,9.707] 0.003
NRS2002 score <3 Reference
23 1.152 [0.705,1.883] 0.572
CEA level <5 ng/mL Reference
25 ng/mL 0.564 [0.310,1.027] 0.061
CAI19-9 level <37 U/mL Reference
237 U/mL 0.662 [0.369,1.189] 0.168
Anemia No Reference
Yes 1.141 [0.691,1.882] 0.606
lleus No Reference Reference
Yes 3.151 [1.959,5.068] <0.001 1.488 [0.688,3.158] 0.304
CHD No Reference
Yes 1.417 [0.827,2.427] 0.205
COPD No Reference
Yes 1.282 [0.735,2.237] 0.381
Diabetes No Reference Reference
Yes 3.018 [1.873,4.864] <0.001 0.997 [0.421,2.325] 0.994
Hyperlipidemia No Reference
Yes 0.637 [0.364,1.115] 0.114
Hypertension No Reference Reference
Yes 9.048 [5.482,14.935] <0.001 2817 [1.267,6.277] 0.011
Ulcerative colitis No Reference
Yes 0.67 [0.354,1.268] 0.219
Crohn’s Disease No Reference
Yes 0.926 [0.506,1.697] 0.804
Surgery type Laparoscopic surgery Reference
Open surgery 0.979 [0.613,1.563] 0.93
Surgical procedure Proximal gastrectomy Reference
Distal gastrectomy 1.403 [0.774,2.541] 0.264
Total gastrectomy 1.477 [0.812,2.690] 0.202
(Continued)
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Table 2 (Continued).

Variables Univariate Analysis Multivariate Analysis
OR 95% CI P-value OR 95% CI P-value

Emergency surgery No Reference Reference

Yes 5.336 [3.218,8.849] <0.001 2.983 [1.43,6.396] 0.004
Surgery time <270 min Reference Reference

2270 min 10.75 [6.185,18.682] <0.001 272 [1.204,6.34] 0.018
CVCs No Reference Reference

Yes 6.073 [3.698,9.974] <0.001 3.52 [1.643,7.687] 0.001
Bleeding volume <100 mL Reference Reference

2100 mL 5.672 [3.494,9.207] <0.001 2.561 [1.196,5.48] 0.015
Blood transfusion No Reference Reference

Yes 2.702 [1.684,4.336] <0.001 1.973 [0.845,4.669] 0.118
Lymph node dissection <25 Reference

225 (AN [0.651,1.897] 0.699
SpO, 290% Reference

<90% 1.275 [0.772,2.105] 0.343
Tachycardia No Reference

Yes 1.077 [0.596,1.947] 0.806
Abdominal drainage No Reference Reference

Yes 2278 [1.358,3.820] 0.002 1.939 [0.857,4.341] 0.108
T-stage TI~T2 Reference Reference

T3~T4 3.721 [2.307,6.001] <0.001 3.061 [1.449,6.622] 0.004
N-stage NO Reference Reference

NI~N3 4.548 [2.809,7.363] <0.001 2.303 [1.093,4.845] 0.027
PNI No Reference

Yes 0.943 [0.456,1.950] 0.873
Tumor number <2 Reference

22 0.748 [0.386,1.452] 0.391
Tumor size <5cm Reference Reference

25 cm 4.006 [2.459,6.528] <0.001 1.023 [0.448,2.329] 0.957
PCT level <0.05 ng/mL Reference

20.05 ng/mL 1.006 [0.549,1.845] 0.984
CRP level <10 mg/l Reference Reference

210 mg/l 1.965 [1.189,3.247] 0.008 1.266 [0.535,2.901] 0.583
SAA level <10 mg/l Reference

210 mg/l 0.885 [0.498,1.572] 0.677
NLR <3 Reference Reference

23 4414 [2.706,7.199] <0.001 3.926 [1.895,8.42] <0.001

Abbreviations: OR, odds ratio; Cl, confidence interval; BMI, body mass index; ASA, The American Society of Anesthesiologists; ALB, albumin; CA125, carbohydrate
antigen 125; CAI19-9, carbohydrate antigen 19-9; PCT, procalcitonin; CRP, C-reactive protein; SAA, serum amyloid A; NRS2002, nutrition risk screening 2002; CHD,
coronary heart disease; COPD, chronic obstructive pulmonary disease; PNI, peripheral nerve invasion; SPO,, percutaneous arterial oxygen saturation; NLR, neutrophil to
lymphocyte ratio; CVCs, central venous catheters.

Model External Validation
The external validation set yielded an AUC value of 0.85, suggesting that the disease prediction model was characterized
by a high degree of accuracy (Figure 4D).

Model Explanation

The SHAP summary plot results demonstrated that the risk factors for VTE after radical gastrectomy were prioritized as
follows: surgery time > 270 min, usage of CVC, intraoperative bleeding > 100 mL, history of adjuvant radiotherapy, NLR >
3, gastric cancer of T3 and T4, history of adjuvant chemotherapy, tumor lymph node metastasis, and BMI > 25 kg/m?
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Figure 2 The variable influence factor ranking plots of the four models. (A) Variable importance ranking diagram of the XGBoost model. (B) Variable importance ranking
diagram of the RF model. (C) Variable importance ranking diagram of the SVM model. (D) Variable importance ranking diagram of the KNN model.
Abbreviations: BMI, body mass index; ASA, PNI, peripheral nerve invasion; NLR, neutrophil to lymphocyte ratio; CVC, central venous catheter.

(Figure 5). The SHAP force plot presents the results of predictive analysis for three patients with VTE using the study model.
For patient one, the model predicted disease occurrence with a probability of 0.029, with increased probability associated
with gastric cancer of T3 and T4, use of CVC, and surgery time >270 min and decreased probability associated with a history
of adjuvant chemotherapy. For patient two, the model predicted disease occurrence with a probability of 0.374, with
increased probability associated with gastric cancer of T3 and T4, use of CVC, and surgery time > 270 min. For patient
three, the model predicted a disease occurrence probability of 0.748, with increased probability associated with NLR > 3, use
of CVC, gastric cancer at T3 and T4, and surgery time > 270 min (Figure 6A—C).

Discussion

In this study, we developed risk prediction models using four machine learning algorithms. Despite each algorithm
having unique characteristics and potential for various scenarios, we evaluated and determined that the XGBoost
algorithm demonstrated the highest accuracy, better stability, and superior generalization ability. Compared to the RF
algorithm, the XGBoost algorithm allows for easy assessment of the feature contribution to the model by ranking the
importance of the features, providing more intuitive output of the model’s conclusions. Additionally, the XGBoost
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Table 3 Evaluation of the Four Models

AUC (95% CI)

Accuracy (95% CI)

Sensitivity (95% CI)

Specificity (95% Cl)

Fl Score (95% CI)

Cutoff (95% CI)

Kappa (95% CI)

KNN

XGBoost

RF

SVM

Training set
Validation set
Training set
Validation set
Training set
Validation set
Training set

Validation set

0.971 (0.955-0.988)
0.852 (0.746-0.958)
0.989 (0.982-0.996)
0.912 (0.848-0.975)
0.913 (0.880-0.946)
0.904 (0.844-0.965)
0.985 (0.974-0.997)
0.884 (0.808-0.960)

0.949(0.945-0.953)
0.921(0.912-0.931)
0.944(0.937-0.951)
0.901(0.886-0.915)
0.845(0.822-0.868)
0.843(0.816-0.869)
0.976(0.969-0.982)
0.888(0.870-0.906)

0.988(0.983-0.993)
0.773(0.718-0.829)
0.978(0.969-0.987)
0.898(0.853-0.943)
0.855(0.815-0.895)
0.879(0.825-0.932)
0.901(0.888-0.915)
0.874(0.820-0.928)

0.913(0.905-0.921)
0.906(0.889-0.923)
0.939(0.931-0.948)
0.837(0.793-0.880)
0.842(0.815-0.869)
0.829(0.786-0.873)
0.982(0.974-0.990)
0.794(0.749-0.838)

0.820(0.798-0.841)
0.676(0.617-0.734)
0.752(0.726-0.779)
0.636(0.601-0.670)
0.488(0.455-0.521)
0.514(0.468-0.559)
0.871(0.842-0.899)
0.594(0.537-0.652)

0.200(0.200-0.200)
0.200(0.200-0.200)
0.157(0.130-0.184)
0.157(0.130-0.184)
0.125(0.106-0.145)
0.125(0.106-0.145)
0.154(0.116-0.191)
0.154(0.116-0.191)

0.681(0.656-0.705)
0.547(0.501-0.593)
0.653(0.613-0.693)
0.490(0.434-0.545)
0.402(0.365-0.439)
0.369(0.332-0.405)
0.887(0.875-0.899)
0.430(0.398-0.462)

Abbreviations:

AUC, area under the curve; RF, random forest; XGBoost, extreme gradient boosting; SVM, support vector machine; KNN, k-nearest neighbor algorithm; Cl, confidence interval.
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Figure 3 Evaluation of the four models for predicting VTE. (A) ROC curves for the training set of the four models. (B) ROC curves for the validation set of the four
models. (C) Calibration plots of the four models. The 45-degree dashed line in each plot represents the ideal correspondence between the predicted (x-axis) and observed
(y-axis) probabilities of complications. The closer the distance between the two curves, the higher the predictive accuracy. (D) DCA curves of the four models. The point of
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curve indicates the decision node where the corresponding patients may derive benefit.

Abbreviations: XGBoost, extreme gradient boosting; SVM, support vector machine; KNN, k-nearest neighbor algorithm.

algorithm offers more options for parameter tuning, which enhances the model’s performance control.'® The SVM and
KNN algorithms have high model complexity, potentially hindering performance on large datasets.'” Conversely, the

XGBoost algorithm has lower model complexity and is better suited for multidimensional studies, reducing
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Figure 4 Internal validation of the XGBoost model. (A) ROC curve of the XGBoost model for the training set. (B) ROC curve of the XGBoost model for the validation set.
(C) ROC curve of the XGBoost model for the test set. (D) External validation of the XGBoost model.
Abbreviations: AUC, area under the curve; XGBoost, extreme gradient boosting.

computational effort and training time. After comprehensive comparison of the four algorithms, we chose the XGBoost
algorithm to construct a model predicting postoperative VTE formation in patients in this study.

Several studies”®?' have demonstrated the effectiveness of machine learning algorithms in clinical diagnosis and
prognosis, as well as their ability to accurately predict adverse outcomes in disease progression compared to traditional
diagnostic methods. Machine learning algorithms were also employed in the development of the prediction model in this
study. This model can aid clinical decision-makers in accurately identifying patients at high risk for postoperative VTE,

enabling patients to avoid unnecessary tests and reducing the financial and physical burdens of diagnostic procedures.
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Importantly, the model considers risk factors that are often overlooked by clinicians, such as NLR and BMI, and thus
may improve patient survival rates. Previous studies’>** have focused on hematological indicators such as platelets and
fibrinogen to assess the risk of postoperative thrombosis, but with poor accuracy. This study expands the list of risk
factors, with the hope of drawing attention to other high-risk patients. The current study visualized the model by SHAP
analysis and showed that VTE was strongly associated with BMI, history of adjuvant radiotherapy, history of adjuvant
chemotherapy, use of CVC, duration of surgery, intraoperative bleeding, T-stage, N-stage, and NLR.

Obesity is associated with increased surface tension on the abdominal wall, which impedes instrument movement
during surgery and compresses the operating space in the abdominal cavity, requiring greater surgical skill. In addition,
due to looser vascular tissue in obese patients, tissue resection during surgery is more likely to cause injury and affect
blood supply to the trauma and intestine, increasing the risk of postoperative VTE. A recent study by Jeong®* confirmed
the strong association between high BMI and surgical trauma and thrombosis in tumor patients after surgery. Obesity is
also associated with increased inflammation and impaired endothelial cell function, and the added pressure on veins
further increases the risk of postoperative VTE.

A retrospective investigation conducted in the United States, which encompassed a total of 399 participants,®>°
discovered that the risk of venous thrombosis was six times higher among patients who underwent radiotherapy in
comparison with those who did not. The results of the study suggest that radiotherapy is a significant factor that
influences venous thrombosis, corroborating the present study’s findings. Radiotherapy exerts a potent effect in impeding
tumor growth and killing tumor cells; nevertheless, it also generates severe detrimental effects.”’*® High-energy particles
interact with tissues during radiotherapy, resulting in the production of free radicals that cause harm to cell membranes
and other cellular structures, including endothelial cells.”**° The damage to endothelial cells expedites the release of pro-
inflammatory molecules and triggers the activation of peripheral platelets and leukocytes, leading to thrombosis.
Furthermore, impairment of the natural anticoagulant properties of blood vessels can arise due to damage to endothelial
cells, amplifying the likelihood of coagulation.’' Conversely, radiation therapy can also provoke localized limb swelling,
rendering the veins stiff and inelastic, which, in turn, results in venous blood stasis. Curiously, the converse physiological
transformations were observed in patients undergoing chemotherapy. While some researchers contend that chemotherapy
impairs estrogen-producing cells, diminishing the influence of estrogen on the coagulation system and thus making
patients more vulnerable to venous thrombosis,*> chemotherapy is exceedingly efficacious in inhibiting coagulation
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factors such as thrombin and fibrinogen, natural anticoagulants such as protein C and protein S, and also reduces platelet
adhesion. These effects play a crucial role in curtailing the incidence of postoperative venous thrombosis.**

This study has also identified that, in addition to the impact of radiotherapy on thrombogenesis, surgery heightens the
risk of thrombosis, particularly in patients who undergo longer surgeries or experience more intraoperative bleeding. As
the duration of surgery increases, tissue and vascular damage can occur, which can result in extended postoperative pain,
fatigue, and other adverse effects. Patients may then be hesitant to resume activities due to physical discomfort, further
increasing the risk of blood clots in the legs and feet. Furthermore, elevated intraoperative bleeding disrupts the balance
of coagulation and anticoagulation factors in the patient’s blood, triggering the body’s procoagulant response.**
Therefore, healthcare professionals should closely monitor patients who undergo longer operative times and experience
more intraoperative bleeding and take necessary precautions when thrombosis signs manifest to mitigate the risk of
postoperative mortality.>

The findings of this study suggest that patients with more aggressive and invasive gastric cancer have a higher
likelihood of developing postoperative VTE, which is likely related to the extent of surgery required to remove the tumor.
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Advanced gastric cancer typically necessitates more extensive resection and lymph node dissection, making it challen-
ging to prevent postoperative thrombosis.>® Additionally, malignancy can increase the levels of procoagulant substances
and inflammatory factors in the blood, as supported by prior research.’’>® Furthermore, clinicians often use
a combination of treatments, including adjuvant radiotherapy and chemotherapy, to eradicate advanced gastric cancer,
which can increase coagulation and further elevate the risk of thrombosis. In conclusion, postoperative VTE in patients
with advanced gastric cancer is a multifactorial phenomenon. Therefore, clinicians should monitor the preoperative blood
profile, liver and kidney function of patients, minimize surgical duration and bleeding volume, and encourage patients to
engage in physical activity as soon as possible after surgery to prevent thrombus formation.

This study examines the application of three samples to determine the rationale for models predicting VTE. Analysis
of disease prediction in sample II identified the use of CVCs as a significant risk factor. The placement of a CVC in
a larger venous vessel can lead to vein trauma and contribute to thrombosis.>® Furthermore, the use of CVC may cause
adverse complications such as blood stagnation and bacterial colonization of peripheral veins, increasing the risk of
thrombosis. Importantly, patients with CVCs require rest and recuperation, which we believe is the main mechanism of
thrombosis.

In recent years, several predictive models for VTE have been constructed successfully by clinical investigators.*™*
However, these studies usually only include basic clinical characteristics of the patient. The hemagglutination process
often triggers the expression of proinflammatory cytokines and signaling molecules, leading to systemic inflammation.*'
Inflammatory cells can be an important predictor of postoperative thrombosis, as suggested by the results of the current
study, which indicate that patients with a higher NLR index are more likely to experience VTE in the postoperative
period. Neutrophils, a type of white blood cell, play an important role in the inflammatory and immune response. They
can cause oxidative stress that damages vascular endothelial cells and inhibits their function while also releasing tissue
factors and other procoagulant molecules, increasing the risk of postoperative VTE.** Similarly, lymphocytes have
similar functions to neutrophils, and their reduced number usually indicates poorer immune function and a stronger
postoperative trigger of infection and inflammation, increasing the risk of VTE in the postoperative period.

Limitations

This study provides a comprehensive evaluation of the discrimination, calibration, and clinical utility of the model, but it
also has some limitations. While the study considered multiple risk factors, it did not focus on laboratory test indicators.
Additionally, although machine learning algorithms were more accurate, their models were more complex and less
interpretable The entire computational and decision-making process of the model runs in a black box, which is not as
intuitive and clear as the logistic regression model.**** Furthermore, the current study was a retrospective study, which
has inherent limitations such as selection bias and retrospective bias. Therefore, future studies should incorporate
multicenter prospective studies to further improve the reliability of the findings.

Conclusion

This study employs the XGBoost machine learning algorithm to construct a model that predicts the risk of postoperative
VTE. The model exhibits high accuracy in prediction and clinical utility, providing surgeons with a means to promptly
identify high-risk patients. Notably, the model identifies VTE as a significant challenge for patients undergoing radical
gastrectomy, with risk factors including BMI, adjuvant radiotherapy and chemotherapy history, use of CVC, surgical
time, intraoperative bleeding, T-stage, N-stage, and NLR.
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