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Abstract
BACKGROUND
Lymphovascular invasion (LVI) and perineural invasion (PNI) are important prognostic factors for gastric cancer (GC) that indicate an increased risk of metastasis and poor outcomes. Accurate preoperative prediction of LVI/PNI status could help clinicians identify high-risk patients and guide treatment decisions. However, prior models using conventional computed tomography (CT) images to predict LVI or PNI separately have had limited accuracy. Spectral CT provides quantitative enhancement parameters that may better capture tumor invasion. We hypothesized that a predictive model combining clinical and spectral CT parameters would accurately preoperatively predict LVI/PNI status in GC patients.

AIM
To develop and test a machine learning model that fuses spectral CT parameters and clinical indicators to predict LVI/PNI status accurately.

METHODS
This study used a retrospective dataset involving 257 GC patients (training cohort, n = 172; validation cohort, n = 85). First, several clinical indicators, including serum tumor markers, CT-TN stages and CT-detected extramural vein invasion (CT-EMVI), were extracted, as were quantitative spectral CT parameters from the delineated tumor regions. Next, a two-step feature selection approach using correlation-based methods and information gain ranking inside a 10-fold cross-validation loop was utilized to select informative clinical and spectral CT parameters. A logistic regression (LR)-based nomogram model was subsequently constructed to predict LVI/PNI status, and its performance was evaluated using the area under the receiver operating characteristic curve (AUC).

RESULTS
In both the training and validation cohorts, CT T3-4 stage, CT-N positive status, and CT-EMVI positive status are more prevalent in the LVI/PNI-positive group and these differences are statistically significant (P < 0.05). LR analysis of the training group showed preoperative CT-T stage, CT-EMVI, single-energy CT values of 70 keV of venous phase (VP-70 keV), and the ratio of standardized iodine concentration of equilibrium phase (EP-NIC) were independent influencing factors. The AUCs of VP-70 keV and EP-NIC were 0.888 and 0.824, respectively, which were slightly greater than those of CT-T and CT-EMVI (AUC = 0.793, 0.762). The nomogram combining CT-T stage, CT-EMVI, VP-70 keV and EP-NIC yielded AUCs of 0.918 (0.866-0.954) and 0.874 (0.784-0.936) in the training and validation cohorts, which are significantly higher than using each of single independent factors (P < 0.05).

CONCLUSION
The study found that using portal venous and EP spectral CT parameters allows effective preoperative detection of LVI/PNI in GC, with accuracy boosted by integrating clinical markers.
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Core Tip: This study developed a machine learning model using clinical indicators and spectral computed tomography (CT) imaging parameters to preoperatively predict lymphovascular and perineural invasive risk in gastric cancer patients. The model combining CT staging, extramural vein invasive based on CT, and quantitative spectral CT measures had high accuracy for noninvasive prediction of these important histological features.

INTRODUCTION
Currently, gastric cancer (GC) ranks fifth in global cancer incidence and fourth in mortality[1]. Accurate preoperative evaluation of GC stage and tumor invasiveness is important for developing personalized treatment. In GC development, nerves, blood vessels, and lymphatic connections constitute the tumor microenvironment, and cancer cells can spread throughout the body by invading lymphatic blood vessels, and nerve fiber sheaths. Therefore, lymphovascular invasion (LVI) and perineural invasion (PNI) are closely related to tumor stage, depth of invasion, lymphatic metastasis, and distant metastasis in GC patients. As a result, the LVI and PNI can be used to predict tumor invasion and patient prognosis (or patient response to treatment)[2-4]. Previous studies have shown that a positive LVI/PNI can be used as an indicator of the efficacy of neoadjuvant and adjuvant therapies in GC patients[5,6]. At present, LVI/PNI can be diagnosed or determined only by postoperative pathology. Therefore, preoperative assessment of LVI and the PNI may assist oncologists in preoperatively identifying high-risk categories and predicting outcomes in GC patients.
In addition to postoperative pathology methods, other diagnostic methods have been identified. For example, one previous study showed a correlation among gastric wall invasion, lymph node metastasis, and the PNI[7]. Chen et al[8] reported that clinical T staging, N staging, American Joint Committee on Cancer (AJCC) staging, and enhanced computed tomography (CT) radiomics could be used to predict LVI. Yardımcı et al[9] confirmed that machine learning-based CT texture analysis was more successful at predicting LVI than was the PNI. However, these studies were usually based on conventional CT images used to construct models to predict LVI status or PNI status separately.
As a new scanning mode, spectral CT imaging has a variety of quantitative parameters, which enables CT imaging to enter the field of microscopic quantitative research from macroscopic morphology[10]. Previous studies have proven that the quantitative assessment of spectral CT image parameters could be used to evaluate the histological classification, staging, lymph node metastasis, and prognosis of GC patients[11-13]. Ren et al showed that cancer antigen 125 (CA125) levels, histological grade, Borrmann grade and energy-based spectrum CT parameters could be used to evaluate LVI and the PNI[14]. However, these studies need further validation. To our knowledge, few studies have focused on assessing the value of using spectral CT imaging and machine learning algorithms to predict LVI and PNI in GC patients preoperatively.
To better address this clinical issue, we hypothesized that optimal fusion of spectral CT parameters and clinical markers using a machine learning method could more accurately predict LVI or PNI status in GC patients preoperatively. Thus, the objective of this study is to test our hypothesis. Specifically, we first used a logistic regression (LR) method to analyze a number of important clinical indicators, including preoperative CT evaluation of gastric wall invasion depth (CT-T stage), lymph node metastasis (CT-N stage), CT-detected extramural vein invasion (CT-EMVI), and serum tumor markers, as well as quantitative spectral CT parameters, and then build a LR-based nomogram model that optimally fuses quantitative spectral CT parameters and clinical indicators (or markers), to predict histological LVI and PNI statuses in GC.

MATERIALS AND METHODS
Patients
This was a retrospective study in which we selected data from patients with gastric adenocarcinoma who underwent surgical resection and were pathologically diagnosed from December 2017 to June 2023 in our hospital. The inclusion criteria are as follows: (1) Diagnosis of gastric adenocarcinoma with clear LVI and PNI information; (2) Abdominal three-phase enhanced spectral CT scan performed within 2 wk before surgery; and (3) No local or systemic treatment performed before CT examination or surgery. The exclusion criteria were as follows: (1) Unclear lesion on CT image; (2) Poor gastric filling, (3) Poor image quality; and (4) Incomplete clinical information. Using the above criteria, the clinical information and preoperative spectral CT images of 257 patients were obtained in this study. According to the postoperative pathological results, patients with LVI and/or PNI were classified as the positive group (LVI/PNI positive, n = 162), and patients without LVI and PNI were classified as the negative group (LVI/PNI negative, n = 95), as shown in Figure 1.

Clinical information
Clinical data, including sex, age, serum tumor marker levels, and pathological information, were collected by a senior attending physician. The serum tumor markers included CA72-4, alfa fetoprotein (AFP), carcinoembryonic antigen (CEA), CA19-9 and CA125. The pathological information included histological type and complete LVI and PNI data.

CT examination
All preoperative CT images were acquired using a GE Healthcare Revolution CT ascending spectral scanner. Before examination, all patients were asked to fast for 8 h and drink 800-1000 mL of water. The acquisition parameters were as follows: (1) Scanning range; (2) Mid-upper abdomen; (3) Tube voltage, 80 kVp to 140 kVp instantaneous switch; (4) Tube current, 200 mAs; (5) Width of detector, 80 mm; (6) Pitch, 0.992:1; (7) Speed, 0.6-0.8 s/revolution; and (8) Image matrix, 512 × 512. A single-energy image at 70 keV was reconstructed with an image slice thickness of 1.25 mm. Before CT examination, a nonionic water-soluble contrast agent (Dimyron 400 mg/mL, Shanghai Bracco Sine Pharmaceutical Corp. Ltd.) used was injected through the cubital vein of the patient with a high-pressure syringe. The dose was 1.5 mL/kg, and the injection rate was 2.5-3 mL/s. Images in the arterial phase (AP), portal venous phase (VP) and equilibrium phase (EP) were scanned at 20-25 s, 60 s, and 3 min after the start of contrast medium injection.

Imaging analysis
First, two senior attending radiologists (with 7 and 13 years of experience in abdominal radiology, respectively) were blinded to the clinical information and independently and retrospectively reviewed the CT images. All TN stages and EMVIs were evaluated on multiplanar reconstruction images constructed using an AW4.6 workstation. The TN staging and EMVI scores were assigned based on the consensus between the two radiologists. Any discrepancies were resolved by a third senior radiologist (with 32 years of experience in abdominal radiology).
TN staging was performed on the CT images according to the 7th edition of AJCC guidelines and the study by Kim et al[15]. CT-EMVI was defined and scored based on the criteria outlined by Yang et al[16]. A positive CT-EMVI was defined as a GC lesion directly invading the extramural vascular lumen, resulting in vascular dilation or filling defects, and connecting with the primary tumor mass. EMVI scores of 0-2 and 3-4 are considered negative, and positive CT-EMVI, respectively. The CT-EMVI scoring criteria are described below Figure 2.
[bookmark: _Hlk155891543][bookmark: _Hlk155893927]Quantitative image analysis was performed on a GE AW4.6 workstation using GSI Viewer software, as depicted in Figure 3. An experienced abdominal radiologist (7 years) who was blinded to the clinical data delineated circular or elliptical regions of interests (ROIs) on the largest cross-sectional area of each tumor, encompassing approximately two-thirds of the lesion volume while avoiding necrotic regions. Each lesion ROI was measured three times, and the average values were calculated. The following spectral CT parameters across three contrast phases were obtained including: (1) Single-energy CT values of 40 keV, 70 keV ,120 keV and 140 keV; (2) Iodine concentration (IC); and (3) Effective atomic number (Zeff). Two additional metrics were also derived, namely: (1) The spectral curve slope, calculated as K40-70 = (CT40 keV-CT70 keV)/30; and (2) The normalized IC ratio (NIC), defined as the lesion IC divided by the thoracic aortic IC at the same level. Thus, a total of 24 parameters were extracted and computed from the spectral CT images.
In this study, the inter- and intraclass correlation coefficients (ICCs) were also calculated to assess the reproducibility of the spectral CT parameters extracted from the ROIs delineated by two radiologists. Radiologist A, who has 7 years of experience, first completed the ROI outlines for all the patients. Radiologist B, who has 13 years of experience, independently outlined the ROIs for a randomly selected subset of 50 patients to evaluate interobserver agreement. Radiologist A also repeated the ROI outlines for the same 50 patients after one month to allow assessment of intraobserver agreement. Spectral CT parameters with ICC values ≥ 0.75 were considered adequately reproducible and were retained for further analysis.

Feature engineering
Figure 4 outlines the steps of computing, selecting features, building a machine learning model and evaluating model performance. First, a total of 257 patients diagnosed with GC were divided into the original in the training cohort (n = 172) and validation cohort (n = 85) in chronological order at a ratio of 2:1. Since 34 features (including 24 spectral CT parameters and 10 clinical indicators) were extracted and computed, some of the features may be redundant. To increase the robustness of the multifeature fusion-based machine learning model, a feature dimensionality reduction step was conducted to select optimal parameters and remove redundant parameters from the whole training cohort via the following steps: (1) Univariate analysis was applied to calculate the associations between clinical characteristics and the status of LVI/PNI. Clinical features that showed statistically significant associations were retained for further analysis; and (2) A correlation-based feature selection subset evaluator was used in conjunction with a best-first heuristic feature search and selection method for feature selection. The InfoGainAttributeEval tool was then utilized to evaluate the worth of attributes by measuring their information gain relative to the class. This was paired with a Ranker tool employing a 0.2 average merit threshold for further selection of informative spectral CT parameters. Step 2 was embedded inside a tenfold cross-validation-based iteration cycle to minimize case partition bias, and variance.

A machine learning-based individualized prediction model
Using the selected clinical characteristics and spectral CT parameters, the machine learning algorithm LR was developed using the Akaike information criterion as the stopping criterion. Model performance was evaluated by the area under the receiver operating characteristic curve (AUC) in the training and independent testing cohorts. The Hosmer-Lemeshow test, calibration curves, and bootstrapping (500 resamples) were used to assess model calibration. The AUCs were compared between cohorts via DeLong testing. DCA was used to quantify the potential net benefit of the nomogram.

Statistical methods
SPSS 26.0 statistical software was used, and single-factor statistical tests, including the χ2 test, Fisher’s exact test, the Mann-Whitney U test and independent sample t tests were used. Weka software (version 3.8.6) was used for feature selection, and R software (version 3.4.3) was used for prediction model construction and plotting. P < 0.05 was considered to indicate statistical significance.

RESULTS
Comparison of clinical characteristics and quantitative three-phase spectral CT parameters between groups
Figure 5 shows examples of CT and histopathology images of two patients, as well as the energy spectral curves. As shown in Table 1, there were no significant differences between the positive and negative groups in either the training or validation cohorts in terms of sex or age distribution (P > 0.05). The data in Table 1 also show the following statistics data analysis results: (1) In both the training and validation cohorts, CT T3-4 stage, CT-N positive status, and CT-EMVI positive status are more prevalent in the LVI/PNI-positive group and these differences are statistically significant (P < 0.05); (2) In the training cohort, serum CA72-4 and CA19-9 levels are significantly higher in the LVI/PNI-positive group compared to the LVI/PNI-negative group (P < 0.05), however this is not observed in the validation cohort (P > 0.05); and (3) There were no significant differences in AFP, CEA, or CA125 levels between the two groups (P > 0.05).
The CT values of 40 keV, 70 keV, 120 keV, and 140 keV, K40-70, Zeff, IC, and NIC are higher in the LVI/PNI-positive group compared to the LVI/PNI-negative group at the AP, VP, and EP (P < 0.05). The interobserver ICCs for these spectral CT parameters ranged from 0.766 to 0.955, while the intraobserver ICCs ranged from 0.759 to 0.945, indicating good inter- and intraobserver agreement, as all the ICCs exceeded 0.75. These reproducible spectral CT parameters were retained for subsequent feature selection.

Feature selection
After removing 29 redundant features, five features-CT-T stage, CT-N stage, CT-EMVI, single-energy CT values of 70 keV of VP-70 keV, and the ratio of standardized IC of EP (EP-NIC)-were frequently selected by the BestFirst method with ≥ 90% probability. The CT-N stage was then removed after applying InfoGainAttributeEval with a 0.2 average merit threshold. The remaining four features (CT-T stage, CT-EMVI, VP-70 keV CT value, and EP-NIC) were selected and incorporated into LR models. The confusion matrices of clinical and spectral CT features and details of the feature selection process are presented in Tables 1 and 2.

Model performance evaluation
Using training cohort, LR demonstrated that CT-T stage [odds ratio (OR) = 2.683, 95% confidence interval (CI): 1.103-6.523], CT-EMVI (OR = 3.396, 95%CI: 1.277-9.027), VP-70 keV CT value (OR = 1.047, 95%CI: 1.021-1.074), and EP-NIC (OR = 117.723, 95%CI: 4.867-2847.564) were independent influencing factors for predicting LVI/PNI status.
According to the ROC analysis (Table 3 and Figure 6), the AUC of the established LR model was 0.918 (95%CI: 0.866-0.954) in the training cohort, which was greater than that of the single independent factors (0.762-0.888). According to the DeLong tests, the differences between the AUC generated by the LR model and each of the 4 parameters (CT-T, CT-EMVI, VP-70 keV, and EP-NIC) were significant (P values ranging from 0.0428 to 0.0001). A nomogram was constructed for clinical use (Figure 6).
The AUC of the LR model in the validation cohort was 0.874 (95%CI: 0.784-0.936); when each of the 4 parameters was used individually, the AUC ranged from 0.735 to 0.824. There are no significant differences between the paired ROC curves using the same features or LR model applying to the training and validation cohorts with P-value > 0.05, such as P = 0.3564 using LR model.
Additionally, the calibration curve and Hosmer-Lemeshow test showed good fit of the nomogram (Figure 6), with no significant differences (P = 0.6051). The decision curve analysis confirmed that, compared to the treat-none and treat-all strategies, using the nomogram can help stratify patients based on their predicted risk of LVI/PNI positivity for threshold probabilities between 0.10 and 0.95.

DISCUSSION
This study analyzed quantitative spectral CT parameters, CT-determined TN stage, CT-detected EMVI, and serum tumor markers using a machine learning algorithm. Feature reduction and subsequent LR analysis demonstrated that CT-T stage, CT-EMVI, the VP-70 keV CT value, and the EP-NIC were independent predictors of histological LVI/PNI status. The LR model demonstrated promising results, with comparable accuracy in predicting LVI/PNI across independent training and testing cohorts.
The present study suggested a greater possibility of vascular nerve invasion in the T3-4 stage, which aligns with the findings of previous studies[9] that identified clinical T stage as a predictive factor for LVI. Although CT-determined N status differed significantly according to the χ2 test, it was removed by the InfoGainAttributeEval tool, which evaluates attribute worth by measuring information gain relative to the class. This may be because preoperative CT has lower accuracy for N staging than for T staging, as reported previously[17,18].
The presence of an EMVI in CT images is another independent risk factor for LVI/PNI. Previous studies have shown that EMVI usually coexists with invasion of the perigastric nerves, blood vessels, and lymphatic vessels and is considered a route for tumor spread through neurovascular bundles[19]. Our study also confirmed that CT-EMVI is closely related to LVI/PNI status. Patients with positive CT-EMVI findings had a greater probability of having positive LVI/PNI (OR = 3.396, 95%CI: 1.277-9.027).
Serum tumor markers are produced by tumor cells or the body’s autoimmune response during tumor growth. CA72-4, AFP, CEA, CA19-9, CA125, and other markers are widely used to diagnose and evaluate the prognosis and treatment efficacy in GC patients[20-22]. Significant differences were found for CA72-4 and CA19-9 in the training cohort (P < 0.05) but not in the verification cohort (P > 0.05), indicating population-level differences. In contrast, AFP, CEA, and CA125 did not significantly differ (P > 0.05). In contrast to our results, Ren et al[14] reported higher CA125 levels in LVI/PNI-positive patients. Other studies have shown that GC patients with nerve, vascular, or serosal infiltration and lymph node metastasis have a greater probability of having increased CA72-4[20]. These findings further indicate that serum tumor marker levels differ across populations.
The single-energy CT value, IC, and NIC in energy spectrum CT can reflect the degree of blood supply to lesions[23]. Previous studies have indicated that LVI/PNI-positive patients exhibit greater angiogenesis activity and greater microvascular density, resulting in greater lesion enhancement[24]. Therefore, iodine uptake rates (IC and NIC) and single-energy CT values were greater in the positive group than in the negative group. The energy spectrum curve slope and Zeff were also greater in the LVI/PNI-positive group (P > 0.05), indicating differences in attenuation characteristics between the groups. An increased lesion mass from the vasculature and endoneurial tumor embolus formation leads to increased Zeff[14].
Among the spectral CT quantitative parameters, VP-CT70 keV and EP-NIC were identified as independent predictors of LVI/PNI status by multivariate LR, while arterial-phase parameters were excluded. This may be because the AP mainly reflects intravascular blood supply, whereas the venous and EPs can more effectively reflect blood supply distribution, especially the extracellular lesion space. Thus, venous and EP parameters had better predictive performance than AP parameters. Ren et al[14] and Li et al[25] also reported superior diagnostic performance for LVI/PNI status using venous-phase spectral parameters. In our study, 70 keV single-energy CT values in the VP were selected as an independent risk factor. This is likely because 70 keV images have the lowest noise, even below that of conventional mixed-energy images, providing the best signal-to-noise ratio[24,26].
Multivariate LR was used to construct predictive models for LVI/PNI status. The AUC of spectral CT quantitative parameters in the venous and EPs for predicting LVI/PNI status was 0.888 and 0.824, respectively, slightly higher than CT-T and CT-EMVI (AUC = 0.793, 0.762). This finding suggested that venous and EP spectral CT alone enables effective assessment. However, the nomogram constructed using combined parameters provides even greater sensitivity and positive predictive value. This allows preoperative identification of high-risk LVI/PNI patients, allowing oncologists to stratify patients into risk categories and adopt more aggressive treatment if warranted. In summary, our study demonstrated the utility of a multiparametric approach using spectral CT for preoperatively identifying high-risk categories and predicting outcomes in GC patients.
This study has several limitations. First, the sample size was relatively small, and there were unequal numbers of patients in the positive and negative LVI/PNI groups. Second, this study focused solely on gastric adenocarcinoma and did not evaluate other histological tumor types. Third, traditional clinicopathological factors were not incorporated into our prediction models. Fourth, as a single-center study, our results may have limited generalizability. Further multicenter studies are warranted to verify the clinical feasibility of implementing these predictive models more broadly.

CONCLUSION
In conclusion, despite these limitations, this study demonstrated the feasibility of using multiphasic spectral CT parameters to preoperatively predict lymphovascular and PNI risk in gastric adenocarcinoma patients. Further validation of this noninvasive approach may enable individualized risk stratification and outcome prediction to optimize treatment.

ARTICLE HIGHLIGHTS
Research background
The research background involves the critical role of lymphovascular invasion (LVI) and perineural invasion (PNI) as prognostic factors in gastric cancer (GC), indicating an increased risk of metastasis and poor patient outcomes. The ability to accurately predict LVI/PNI status preoperatively is significant for identifying high-risk patients and guiding treatment decisions. Conventional models using standard computed tomography (CT) images to predict these invasions have had limited success; thus, this study proposes a new approach using spectral CT imaging and machine learning to improve prediction accuracy.

Research motivation
The research is motivated by the necessity to improve preoperative predictions of LVI and PNI in GC patients, addressing the limitations of conventional CT imaging techniques. The primary objective is to develop a more precise predictive model by integrating spectral CT imaging parameters with clinical markers through machine learning algorithms. Successfully achieving this could refine preoperative assessments, aid in risk stratification, inform treatment planning, and potentially elevate future diagnostic strategies in the field of GC.

Research objectives
The primary objective of the research is to test the hypothesis that an optimal fusion of spectral CT parameters with clinical markers using a machine learning method can more accurately predict LVI or PNI status in GC patients before surgery. Specifically, the study analyzed a set of clinical indicators, such as preoperative CT evaluation of gastric wall invasion depth, lymph node metastasis, extramural vein invasion, and serum tumor markers, along with quantitative spectral CT parameters. The research aimed to develop a logistic regression (LR)-based nomogram model that integrates these clinical indicators with spectral CT parameters to predict histological LVI and PNI statuses in GC. Realizing these objectives has significant implications for improving preoperative staging and tailoring appropriate treatment plans for GC patients, thus advancing future research and diagnostic strategies in this field.

Research methods
The research adopted a retrospective dataset and a LR-based nomogram model that incorporated clinical indicators with quantitative spectral CT parameters for the preoperative prediction of lymphovascular and PNI in GC patients. Methods included using statistical software for univariate analysis and correlation-based feature selection, along with 10-fold cross-validation and information gain ranking within a training-validation cohort framework to select significant features. The model’s performance was evaluated through receiver operating characteristic (ROC) analysis, calibration using the Hosmer-Lemeshow test and bootstrapping, and decision curve analysis to quantify potential net benefits. These methods highlighted novel approaches in integrating machine learning with available clinical and imaging data to potentially improve preoperative assessment and treatment planning.

Research results
The research results demonstrated that CT values and parameters such as iodine concentration and normalized iodine concentration were significantly higher in the LVI/PNI-positive group across all phases (arterial, venous, and equilibrium) when compared to the LVI/PNI-negative group, with statistical significance (P < 0.05). Good inter- and intra-observer agreement was observed for these spectral CT parameters, as indicated by the inter-observer intraclass correlation coefficients (ICC) values ranging from 0.766 to 0.955 and intra-observer ICC values from 0.759 to 0.945. This reproducibility led to their retention for feature selection in developing the predictive model. These findings contribute to the overall research in the field by introducing reproducible and quantifiable spectral CT parameters as reliable predictors for LVI/PNI status in GC patients. The study opens avenues for further investigation into refining and validating these spectral CT-based assessment methods, possibly addressing existing challenges in preoperative staging and treatment planning.

Research conclusions
The study proposes a novel application of spectral CT imaging integrated with machine learning to preoperatively predict lymphovascular and PNI in patients with GC. Through the use of a logistic regression-based nomogram model, the research introduces a new method for combining clinical indicators with quantitative imaging parameters to improve the accuracy of preoperative assessments. This contributes to the field by proposing an alternative to the current postoperative pathology methods and could improve treatment planning by enabling non-invasive, individualized risk stratification prior to surgery.

Research perspectives
The direction of future research following this study is anticipated to focus on validating the noninvasive spectral CT-based machine learning model in prospective multicenter studies to confirm its clinical utility in preoperative risk stratification. Additionally, further research may explore the integration of this model in routine clinical practice to assess its impact on patient management, particularly in the identification of those who may benefit from more aggressive treatment strategies preoperatively. By refining and expanding the predictive capabilities of spectral CT imaging, future research could pave the way for improved individualized treatment planning and outcomes in GC care.
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Figure Legends
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Figure 1 Flowchart of the inclusion and exclusion criteria. LVI: Lymphovascular invasion; PNI: Perineural invasion; CT: Computed tomography.
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[bookmark: _Hlk155891438]Figure 2 Example of a computed tomography-detected extramural vein invasion score on computed tomography images of gastric cancer patients. A: Score 0: The tumor has not penetrated the gastric wall, and there are no extramural vessels beside the lesion (arrow) in the transverse position of the venous phase (VP); B: Score 1: The transverse view of the VP shows that the tumor has permeated the gastric wall, and there are no extramural vessels beside the lesion (arrow); C: Score 2: In the VP, the coronal lesion has penetrated the gastric wall, and there are tortuous blood vessels connected with the lesion (arrow), but no tumor density shadow is observed in the vascular lumen; D: Score 3: The transverse view of the VP shows that the mass has penetrated through the gastric wall, the involved blood vessels appear slightly tortuous and dilated, and the tumor density shadow is visible (arrow); E: Score 4: In the coronary view of the VP, the tumor permeated the gastric wall, the extramural vascular lumen was significantly dilated, and a slight low-density filling defect was visible inside (arrow).
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Figure 3 Example of the energy spectrum data measurement. A: 70 keV single-energy image; B: The iodine base image; C: The energy spectrum curve. Elliptical regions of interests were drawn at the largest level of the lesion in the lesser curvature of the gastric horn, as shown in A and B.
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Figure 4 Technical study pipeline. CT-EMVI: Computed tomography-detected extramural vein invasion; CT: Computed tomography.
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[bookmark: _Hlk106196977]Figure 5 Comparative imaging and spectral analysis of pathological gastric adenocarcinoma in two patients with different lymphovascular and perineural invasion status. A and B: Patient 1: The patient was a 75-year-old female with pathological gastric adenocarcinoma, and both lymphovascular invasion (LVI) and perineural invasion (PNI) were negative (HE, × 200); the equilibrium phase (EP) transverse view shows that the gastric cancer (GC) lesion was immersed in the submucosal low-density layer, and the infiltration depth was more than 50% of the lesion; however, the low-density zone was still visible with an intact outer membrane. No suspicious metastatic lymph nodes were found on the computed tomography (CT) image, and no extramural blood vessels were found around the lesion. The CT stage was CT-T2N0, and CT-detected extramural vein invasion (CT-EMVI) was 0 and negative. The slopes of the energy spectrum curves in the EP were K40-70 = 3.43, IC = 18.46 (100 μg/cm3), normalized iodine concentration (NIC) = 0.40, and effective atomic number (Zeff) = 8.68; C and D: Patient 2: The patient was a 77-year-old male with pathological gastric adenocarcinoma, and both LVI and PNI were positive (HE, × 200). The GC lesion in the transverse position in the equilibrium stage permeated the gastric wall, and a cord-like thickened vascular shadow was observed in the fat space around the lesion. An endovascular low-density filling defect (black arrow) was observed. Enlarged lymph nodes were observed around the lesion, the short diameter was 7 mm (blue arrow), the CT stage was CT-T4aN1, and the CT-EMVI score was 4, indicating positivity. The slopes of the energy spectrum curves in the EP are K40-70 = 5.18, IC = 27.41 (100 μg/cm3), NIC = 0.59, and Zeff = 9.14; E: The energy spectrum curve shows that the CT value at 40-140 keV in patient 2 is greater than that in patient 1, and the value of the slope is greater. The spectral parameters of patient 2 are greater than those of patient 1.
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Figure 6 Comprehensive analysis of predictive models. A: Individual nomogram; B: Calibration curve; C: Decision curve analysis of the training cohort; D: Receiver operating characteristic (ROC) curves of the application of the nomogram, VP-70 keV, EP-NIC, CT-T and CT-EMVI to the training cohort. The DeLong test showed that the differences were significant between the nomogram and each single independent factor; E: ROC curve of the application of the nomogram to the training cohort and the validation cohort. CT-EMVI: Computed tomography-detected extramural vein invasion; VP-70 keV: Single-energy computed tomography value of 70 keV in the venous phase; EP-NIC: Ratio of the standardized iodine concentration in the equilibrium phase; ROC: Receiver operating characteristic; AUC: Area under the receiver operating characteristic curve.

Table 1 Comparative analysis of clinical indicators and spectral computed tomography parameters between groups
	Variables
	Training cohort (n = 172)
	Validation cohort (n = 85)

	
	LVI/PNI (+)
	LVI/PNI (-)
	P value
	LVI/PNI (+)
	LVI/PNI (-)
	P value

	Gender, n (%)
	
	
	
	
	
	

	Male
	77 (61.1)
	49 (38.9)
	0.818
	47 (70.2)
	20 (29.8)
	0.109

	Female
	29 (63.0)
	17 (37.0)
	
	9 (50.0)
	9 (50.0)
	

	Age, yr, n (%)
	
	
	
	
	
	

	< 60
	33 (66.0)
	17 (34.0)
	0.450
	19 (67.9)
	9 (32.1)
	0.788

	≥ 60
	73 (59.8)
	49 (40.2)
	
	37 (64.9)
	20 (35.1)
	

	CT-T
	
	
	
	
	
	

	T1/2
	23 (30.3)
	53 (69.7)
	< 0.001a
	9 (28.1)
	23 (71.9)
	< 0.001a

	T3/4
	83 (86.5)
	13 (13.5)
	
	47 (88.7)
	6 (11.3)
	

	CT-N
	
	
	
	
	
	

	N0
	29 (34.9)
	54 (65.1)
	< 0.001a
	19 (55.8)
	24 (44.2)
	< 0.001a

	N1/2/3
	77 (86.5)
	12 (13.5)
	
	36 (12.2)
	5 (87.8)
	

	CT-EMVI
	
	
	
	
	
	

	Negative
	44 (41.5)
	62 (58.5)
	< 0.001a
	20 (45.5)
	24 (54.5)
	< 0.001a

	Positive
	62 (6.1)
	4 (93.9)
	
	36 (87.8)
	5 (12.2)
	

	CA72-4, n (%)
	
	
	
	
	
	

	Negative
	86 (57.3)
	64 (42.7)
	0.002a
	46 (63.9)
	26 (36.1)
	0.528

	Positive
	20 (90.9)
	2 (9.1)
	
	10 (76.9)
	3 (23.1)
	

	AFP, n (%)
	
	
	
	
	
	

	Negative
	104 (61.5)
	65 (38.5)
	1.000
	54 (65.9)
	28 (34.1)
	1.000

	Positive
	2 (66.7)
	1 (33.3)
	
	2 (66.7)
	1 (33.3)
	

	CEA, n (%)
	
	
	
	
	
	

	Negative
	91 (61.1)
	58 (38.9)
	0.704
	42 (61.8)
	26 (38.2)
	0.109

	Positive
	15 (65.2)
	8 (34.8)
	
	14 (82.4)
	3 (17.6)
	

	CA199, n (%)
	
	
	
	
	
	

	Negative
	89 (58.6)
	63 (41.4)
	0.022a
	48 (64.0)
	27 (36.0)
	0.483

	Positive
	17 (85.0)
	3 (15.0)
	
	8 (80.0)
	2 (20.0)
	

	CA125, n (%)
	
	
	
	
	
	

	Negative
	101 (60.5)
	66 (39.5)
	0.158
	54 (65.9)
	28 (34.1)
	1.000

	Positive
	5 (100.0)
	0 (0.0)
	
	2 (66.7)
	1 (33.3)
	

	VP-70 kev, mean ± SD
	92.46 ± 18.29
	64.54 ± 15.90
	< 0.001a
	89.87 ± 20.34
	66.30 ± 18.65
	< 0.001a

	EP-NIC, mean ± SD
	0.68 ± 0.16
	0.49 ± 0.13
	< 0.001a
	0.69 ± 0.15
	0.51 ± 0.12
	< 0.001a


aP value < 0.05.
P was calculated from univariate association of characteristics with lymphovascular invasion/perineural invasion status in gastric cancer cohorts. LVI: Lymphovascular invasion; PNI: Perineural invasion; (+): Positive; (-): Negative; CT-EMVI: Computed tomography-detected extramural vein invasion; VP-70 keV: Single-energy computed tomography value of 70 keV in the venous phase; EP-NIC: Ratio of the standardized iodine concentration in the equilibrium phase; CA: Cancer antigen; CEA: Carcinoembryonic antigen; AFP: Alfa fetoprotein.

Table 2 Risk factors of lymphovascular invasion and perineural invasion in gastric cancer
	Variables
	Feature selection
	Individual nomogram

	
	BestFirst with probability (%)
	InfoGainAttributeEval with average merit
	Z value
	OR (95%CI)
	P value

	CT-EMVI
	100
	0.203 ± 0.016
	2.451
	3.396 (1.277-9.027)
	0.014

	CT-T
	100
	0.263 ± 0.018
	2.177
	2.683 (1.103-6.523)
	0.029

	VP-70kev
	90
	0.356 ± 0.016
	3.565
	1.047 (1.021-1.074)
	< 0.001

	EP-NIC
	90
	0.239 ± 0.016
	2.934
	117.723 (4.867-2847.564)
	0.003

	CT-N
	100
	0.197 ± 0.014
	
	
	


CT-EMVI: Computed tomography-detected extramural vein invasion; VP-70 keV: Single-energy computed tomography value of 70 keV in the venous phase; EP-NIC: Ratio of the standardized iodine concentration in the equilibrium phase; OR: Odds ratio; CI: Confidence interval.

Table 3 Performance of the individual nomogram and single independent factors
	
	AUC (95%CI)
	Sensitivity
	Specificity
	PPV
	NPV
	Accuracy

	Nomogram
	
	
	
	
	
	

	Training cohort
	0.918 (0.866-0.954)
	85.9
	83.3
	89.2
	78.6
	84.9

	Validation cohort
	0.874 (0.784-0.936)
	87.5
	75.9
	87.5
	75.9
	83.5

	CT-EMVI
	
	
	
	
	
	

	Training cohort
	0.762 (0.691-0.824)
	58.5
	93.9
	93.9
	58.5
	72.1

	Validation cohort
	0.735 (0.628-0.825)
	64.3
	82.8
	87.8
	54.5
	70.6

	CT-T
	
	
	
	
	
	

	Training cohort
	0.793 (0.725-0.851)
	78.3
	80.3
	86.5
	69.7
	79.1

	Validation cohort
	0.816 (0.717-0.892)
	83.9
	79.3
	88.7
	71.9
	82.4

	VP-70kev
	
	
	
	
	
	

	Training cohort
	0.888 (0.831-0.931)
	84.9
	71.2
	82.6
	74.6
	79.7

	Validation cohort
	0.804 (0.703-0.882)
	92.9
	55.2
	80.0
	80.0
	80.0

	EP-NIC
	
	
	
	
	
	

	Training cohort
	0.824 (0.758-0.877)
	82.1
	62.1
	77.7
	68.3
	74.4

	Validation cohort
	0.824 (0.726-0.898)
	85.7
	58.6
	80.0
	68.0
	76.5


CT-EMVI: Computed tomography-detected extramural vein invasion; VP-70 keV: Single-energy computed tomography value of 70 keV in the venous phase; EP-NIC: Ratio of the standardized iodine concentration in the equilibrium phase; AUC: Area under the receiver operating characteristic curve; CI: Confidence interval; PPV: Positive predictive value; NPV: Negative predictive value.
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