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Background

Currently, there is no validated model for predicting the occurrence and prognosis of lung metastases (LM) in patients with pancreatic ductal adenocarcinoma (PDAC). We aimed to construct a nomogram for risk prediction and a prognostic model to guide clinical practice. 





Methods

In total, 10,813 patients were enrolled from the Surveillance, Epidemiology, and End Results (SEER) database between 2010 and 2015 and divided into training and internal validation cohorts at a ratio of 7:3. Following nomogram construction, data of patients diagnosed with PDAC were retrospectively collected for external validation.





Results

Using multivariate logistic regression analysis, larger tumour size, primary tumour site in the body or tail of the pancreas, bone metastasis, and liver metastasis were associated with LM. Furthermore, through multivariate Cox analysis, we found that LM was associated with a poor prognosis in patients with PDAC. Patients who underwent surgery or chemotherapy had better prognoses.





Conclusion

The two nomograms showed excellent performance in the training and internal validation cohorts and a favourable performance in the external validation. The prognostic nomogram divided the patients into high- and low-risk groups based on mortality. The LM risk and prognostic prediction model in PDAC showed high accuracy and reliable clinical application.
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Introduction

Globally, pancreatic ductal adenocarcinoma (PDAC) stands as the foremost reason for mortality associated with cancer, surpassing breast cancer as the third leading cause of cancer-related deaths in the United States (US) and is forcasted to be the second leading cause of cancer-related deaths in the US by 2030 (1, 2). In China, PDAC ranks ninth among the frequently encountered malignant tumours and the sixth prevalent cause of mortality (3). PDAC is characterised by a grim prognosis and high lethality, exemplified by a 5-year relative survival rate of roughly 10% in the US (4). Many factors affect the prognosis of patients with PDAC, of which distant metastasis is a vital factor. At the time of diagnosis, the majority of patients are found to have either locally advanced (30-35%) or metastatic (50-55%) stages of the disease (5).

In PDAC, the liver is the predominant site for distant metastasis, with the lung being the subsequent most frequent location (referred to as lung metastasis, or LM). The incidence of LM occurring after the initial diagnosis or recurrence of pancreatic cancer (PC) has been reported to be 4.76%–12.3% (6, 7). Three pathways are involved in developing LM: lymphatic metastasis, blood transport metastasis, and direct infiltration. Mechanistically, the metastatic process includes alterations in cancer cell surface adhesion molecules, transmembrane signal distortion, genetic changes, tumour immune microenvironment changes, and exosomes (8). The National Comprehensive Cancer Network (NCCN) guidelines define LM as stage IV, with an extremely poor prognosis. For patients diagnosed with isolated lung metastasis (LM), the reported median Overall Survival (OS) was 561 days, with a median Recurrence-Free Survival (RFS) of 748 days, and a median Progression-Free Survival (PFS) of 307 days (9). Compared with patients with localised tumours, the 5-year survival rate of patients with metastatic PDAC decreases significantly from 42% to 3% (10). Therefore, early diagnosis and detection of PDAC in patients with LM are essential.

Imaging examination is the preferred option for the preliminary assessment of metastasis in clinical scenarios, including computed tomography (CT), magnetic resonance imaging (MRI), and fluorodeoxyglucose positron emission tomography/computed tomography (FDG-PET/CT); however, each has its advantages, with no way to determine which has the best evaluation ability (11–15). The detection efficiency may be improved with a combination of these methods. Tissue biopsy is the gold standard for diagnosing metastatic carcinoma but is not routinely used for early diagnosis unless necessary. Liquid biopsy has attracted wide attention due to the minimal associated trauma and its ability to assess tumour heterogeneity; however, it has no standardised detection method and is costly; thus, it is not used in the clinic (16, 17). Accordingly, we urgently need to establish a new practical clinical diagnosis modality and improve the diagnostic efficiency of patients with PDAC and LM to improve prognosis.

Conventional clinical treatments for PDAC include surgery, chemotherapy, and radiotherapy. The PDAC diagnosis and treatment guidelines do not recommend surgical resection for patients with distant metastases. However, in a national multicentre study, Japanese scholars showed that surgery is feasible for PDAC with isolated pulmonary metastases and can be supplemented with gemcitabine (18). In the absence of contraindications, chemotherapy is the routine treatment after radical resection of PDAC, and the separate use of gemcitabine or fluorouracil is recommended (19). However, PDAC shows some resistance to chemotherapeutic drugs, especially gemcitabine. Studies have shown that PDAC cells are more resistant to gemcitabine than other chemotherapeutic drugs (20, 21). This greatly limits the use of gemcitabine and reduces the patient’s prognosis. Therefore, there is an urgent need for practical tools and useful clinical treatment options for PDAC with distant metastases.

The Surveillance, Epidemiology, and End Results (SEER) program gathers demographic, clinical, and outcome information for all cancer diagnoses within selected geographical areas and subgroups across the United States, covering approximately 48% of the total number of patients with cancer in the US population (22). As visual tools, nomograms are widely used in oncology research to build diagnostic and prognostic cancer models. One of the main advantages is the ability to individualise risk estimation based on patient and disease characteristics, which is superior to clinicians’ judgment regarding disease progression (23, 24). Furthermore, due to its significantly better clinical efficacy, the nomogram has replaced the tumour–lymph node–metastasis (TNM) staging system as a new standard for tumour diagnosis (25, 26). Nevertheless, no relevant nomogram has been established for the diagnostic prediction of PC with LM (PCLM). Therefore, the objective of this research was to develop and verify an effective nomogram for the clinical diagnostic prediction of PCLM.





Methods




Patient selection

We extracted data from patients newly diagnosed with PDAC between 2010 and 2015 from the SEER database. The following inclusion criteria were applied: (1) complete survival and follow-up data; (2) PC as the primary tumour (topographical codes from the International Classification of Diseases for Oncology ICD-O-3: C25.0-C25.3, C25.7-C25.9); (3) histological subtype PDAC (ICD-O: 8140, 8480, 8500); and (4) a clear pathological diagnosis of PC and an imaging diagnosis of LM.

The exclusion criteria were as follows: (1) incomplete baseline information, such as age, sex, race, grade, stage, treatment, and metastasis, and (2) patients with unknown primary tumours and metastatic status. Finally, our study included 10,813 patients diagnosed with PDAC, including 445 patients with LM.

In addition, we retrospectively collected data from patients with PDAC and LM at the Affiliated Hospital of North Sichuan Medical College between 2016 and 2023 as an external validation cohort. The inclusion and exclusion criteria for the external validation cohort were consistent with those of the internal cohort. The flow chart for patient selection is shown in Figures 1a, b. The research program was approved by the Institutional Review Committee of the Afemittee Hospital of North Sichuan Medical College (number: 2024ER568-1), and the requirement for informed consent was waived because it’s a retrospective study. Otherwise, all methods were performed in accordance with the relevant guidelines and regulations.




Figure 1 | (a) Flow chart of patient inclusion and grouping. (b) Flow chart of patient selection in the external validation cohort.







Baseline characteristics

Baseline characteristic data were used to analyse the risk factors of LM in PDAC, including age at diagnosis, race, sex, grade, primary site, American Joint Committee on Cancer (AJCC) T stage, AJCC N stage, tumour size, and metastasis status. The following variables were collected to assess the prognosis of patients with PDAC with LM: age, sex, race, income, marital status, grade, tumour size, primary site, AJCC T stage, AJCC N stage, delayed treatment, surgery (performed or not performed), radiation (performed or not performed), chemotherapy (performed or not performed), and metastasis status. The optimal tumour size cut-off was determined by x-tiles software, and the subjects were divided into three groups according to the tumour size: ≤25 mm, 26–40 mm, and ≥41 mm (27). Finally, we used an electronic medical record system to collect the baseline characteristics of patients with PC in the external validation cohort.





Statistical analysis

First, patients were randomly divided into training and internal validation cohorts (7:3). Chi square and Fisher’s exact tests showed no significant differences in variables between cohorts (P > 0.05). Univariate logistic analysis was done first. Variables with P < 0.05 were selected for multivariable logistic analysis to determine LM risk factors in PDAC. Univariate Cox regression was used for prognostic factor analysis (P < 0.05), and these variables were included in multivariate Cox regression to determine independent prognostic factors for PDAC with LM. Odds ratios (ORs) and 95% confidence intervals (95% CIs) were calculated. Then, two nomograms based on risk and prognostic factors were established via the “rms” package in R. Receiver operating characteristic (ROC) curves were used to assess nomogram accuracy, and decision curve analysis (DCA) was used to test clinical utility (28, 29). Calibration plots were used to estimate prediction actual observation consistency. DCA was used to quantify net gain at different threshold probabilities to compare nomograms and other models (30). We verified the nomogram’s clinical utility by comparing ROC and DCA curve areas of the nomogram and TNM stages in training and validation cohorts. The prognostic nomogram’s predictive value was verified using high and low risk survival curves based on median risk score (31). In this study, overall survival (OS) from diagnosis to death (due to cancer) was the prognostic survival outcome. Finally, an external validation cohort was used to evaluate efficacy in Chinese patients. All data analyses were performed using R software (version 4.3.1).






Results




Clinical baseline characteristics of patients with PDAC

We included 10,813 patients with PDAC from the SEER database, among which 445 had LM. Meanwhile, 7,569 (70%) patients were assigned to the training cohort, and 3,244 (30%) patients were included in the internal validation cohort; there were no significant differences in the patient characteristics between these two cohorts (Table 1). The baseline clinical characteristics of the external validation group are shown in Table 2. A total of 132 patients with PDAC were included, 32 of whom developed LM.


Table 1 | Baseline characteristics of PDAC patients over training cohort and internal validation cohort.




Table 2 | Baseline characteristics of PDAC patients over external validation cohort.







Independent risk factors for LM in PDAC

As shown in Table 3, we performed univariate logistic regression analysis on the ten latent factors and then six LM-related variables, including grade, tumour size, primary site, AJCC T stage, bone metastasis, and liver metastasis. These variables were then subjected to a multivariate logistic regression analysis. The results showed that the independent predictors of LM in PDAC were the primary site, tumour size, bone metastasis, and liver metastasis.


Table 3 | Univariate and multivariate logistic regression analysis of risk factors for LM in PDAC.







Construction and validation of the diagnostic model

We constructed a risk prediction nomogram model for PCLM based on the primary site, tumour size, bone metastasis, and liver metastasis (Figure 2).




Figure 2 | Nomogram for assessing the risk of lung metastasis in pancreatic ductal adenocarcinoma.



A validation curve was constructed in accordance with the model shown in the nomogram. The ROC analysis showed that the area under the curve (AUC) value of the nomogram was 0.776 in the training cohort and 0.858 in the internal cohort, indicating a strong discriminative power of the model (Figures 3a, d). The calibration curves were highly consistent with the predictions (Figures 3b, e). The DCA indicated the high validity of the nomogram model in clinical practice (Figures 3c, f).




Figure 3 | Validation of the diagnostic model. Receiver operating characteristic curves, calibration plots, and decision curve analysis of the nomogram for the risk of lung metastasis in pancreatic ductal adenocarcinoma based on the training cohort (a–c), internal validation cohort (d–f), and external validation cohort (g–i). AUC, area under the curve.



We created an external validation cohort to evaluate the model further using the same analysis. The ROC analysis showed that the AUC value of the nomogram was 0.878, which indicated that the model also had a good discriminatory ability in Chinese patients with PC (Figure 3g). The calibration curve showed good agreement between the nomogram predictions and actual observations, and the external validation cohort was almost identical to the training cohort (Figure 3h). Furthermore, the DCA showed clinical effectiveness similar to that in the training cohort (Figure 3i).

The TNM system is an internationally accepted criterion for cancer staging commonly used to predict the clinical behaviour of malignant tumours and guide clinical decision-making. We compared the predictive effects of both methods by plotting traditional TNM staging against the ROC curves of the nomogram and DCA. The analysis showed that the nomogram had better discrimination than TNM staging in both the modelled and external validation cohorts (Figures 4a–f).




Figure 4 | Predictive performance of the nomogram compared to the TNM stage. Comparison of receiver operating characteristic curve and decision curve analysis between nomogram and TNM stage in the training cohort (a, d), internal validation cohort (b, e), and external validation cohort (c, f). AUC, area under the curve.







Clinical baseline characteristics of patients with PDAC and LM

A total of 445 patients with LM were used to identify the prognostic factors. All patients were randomly categorised at the ratio of 7:3 into training (n = 311) and validation (n = 134) cohorts. No variables were significantly different between the two cohorts (Table 4).


Table 4 | Baseline characteristics of PDAC patients with LM among training cohort and internal validation cohort.







Construction and validation of the prognostic model

Six variables were related to the prognosis of patients with PDAC and LM: race, primary site, surgery, chemotherapy, bone metastasis, and liver metastasis. Independent prognostic factors, including the primary site, liver metastasis, surgery, and chemotherapy, were identified using multivariate Cox regression analysis (Table 5).


Table 5 | Univariate and multivariate COX regression analysis of prognostic factors for PDAC patients with LM.



We constructed a prognosis prediction nomogram model for PDAC with LM based on the primary site, liver metastasis, surgery, and chemotherapy (Figure 5).




Figure 5 | Nomogram for assessing the prognosis of lung metastasis in pancreatic ductal adenocarcinoma. **p<0.01, ***p<0.001.



The ROC analysis of the prognostic nomogram showed that the AUC values for 1-year and 2-year OS in the training cohort were 0.771 and 0.849, respectively (Figure 6a). We performed ROC analysis using internal and external validation cohorts to validate the nomogram further. The AUC values in the internal and external validation cohort for 1-year and 2-year OS were 0.850 and 0.799 (Figure 6b) and 0.766 and 0.767 (Figure 6c), respectively. Thus, the prognosis nomogram performed better in predicting OS at 1 and 2 years. The calibration curves of the prognostic nomogram also showed strong agreement between the predicted OS and the actual values (Figure 7).




Figure 6 | Validation of the prognostic model. Receiver operating characteristic curves for the prognostic nomogram in predicting the 1- and 2-year overall survival in the training cohort (a), internal validation cohort (b), and external validation cohort (c).






Figure 7 | Prognostic performance of the model. Calibration curves for the 1- and 2-year overall survival of patients with pancreatic ductal adenocarcinoma and lung metastasis in the training cohort (a, b), internal validation cohort (c, d), and external validation cohort (e, f).



DCA was used to evaluate the clinical value of the nomogram. As shown in Figure 8, the prognostic nomogram showed significant positive gains when predicting the 1- and 2-year mortality risks of patients in the training cohort (Figures 8a, b). The 1-year mortality risk of the patients in the internal validation cohort also showed remarkable positive gains (Figure 8c). Furthermore, the nomogram showed positive gains within a range when predicting the 2-year mortality risk of patients in the internal validation cohort and the 1- and 2-year mortality risks of patients in the external validation cohort (Figure 8). Therefore, the nomogram has important clinical utility in predicting the OS of patients with PDAC and LM.




Figure 8 | Clinical utility of the nomogram. Decision curve analysis of the 1- and 2-year survival benefits in the training cohort (a, b), internal validation cohort (c, d), and external validation cohort (e, f).



Finally, we divided the patients into the training, internal validation, and external validation cohorts into high- and low-risk groups according to the median risk score. Kaplan–Meier survival curves showed that all high-risk groups in these three cohorts had significantly lower prognoses than the low-risk groups (Figure 9).




Figure 9 | Kaplan-Meier curves for overall survival in patients in the low and high-risk groups. Training cohort (a), internal validation cohort (b), and external validation cohort (c).








Discussion

PDAC is the leading cause of cancer-related death worldwide with an extremely lower 5-year overall survival (32). Since most patients present atypical symptoms at early stage (33), they are often diagnosed with locally advanced (30–35%) or metastatic (50–55%) disease (5). The lung is the second most common site of metastasis, besides the liver, with the incidence of LM reported to be 4.76–12.3% (6, 7). Most patients with PDAC and LM cannot undergo surgical treatment, which greatly increases mortality. Unlike primary lung cancer, PDAC with LM showed no obvious symptoms, such as hemoptysis or cough. Therefore, timely diagnosis of LM in patients with PDAC is particularly important. In the present study, models were established using the SEER database and validated using our single-center data to help clinical diagnosis and treatment.

Our research has revealed that primary tumours in the pancreatic body and tail are more prone to develop into liver metastases (LM) compared with tumours in the pancreatic head. This may be attributed to the fact that they are frequently detected at a late stage due to the absence of obstructive jaundice. Moreover, tumours in the pancreatic body or tail are generally larger at the time of initial diagnosis and more susceptible to metastases (34). Consequently, these patients are at a higher risk of pulmonary metastasis, which is in line with the results of previous studies. Patients with larger tumours at the primary site are more likely to develop distant metastases. In combination with the findings of previous studies, this conclusion might only be applicable to patients in the early stages of pancreatic cancer (PC). When PC exhibits local or distant spread, it is not suitable for predicting lung metastasis; however, at this stage, the tumour size is large and the potential for lung metastasis is increased (35). Among the data extracted from the SEER database, 13.46% of patients with liver metastasis had LM, and 29.94% of those with bone metastases had LM. This finding indicates a high probability of LM in the presence of multiple distant metastases.

Surgery represents the sole curative treatment for pancreatic ductal adenocarcinoma (PDAC). Nevertheless, the PDAC diagnosis and treatment guidelines do not advocate surgical resection in patients with distant metastases. Chemotherapy is routinely carried out following the radical resection of PDAC, and the separate application of gemcitabine or fluorouracil is recommended (19). However, PDAC exhibits certain resistance to chemotherapeutic drugs, particularly gemcitabine. Studies have demonstrated that PDAC cells are more resistant to gemcitabine compared with other chemotherapeutic drugs (20, 21). This significantly restricts the use of gemcitabine and deteriorates the patient’s prognosis. Consequently, there is an urgent necessity for practical tools and concise clinical treatment options. In this respect, identifying the prognostic factors for patients with PDAC and liver metastases (LM) and developing a new tool for clinicians could enable personalised treatment options for each patient.

This study revealed that the primary site, liver metastasis, surgery, and chemotherapy were independent prognostic factors for patients with pancreatic ductal adenocarcinoma (PDAC) and liver metastasis (LM). The median overall survival (OS) of patients with isolated liver metastasis (IL) was merely 561 days (9). Early diagnosis and prompt treatment can enhance the prognosis of patients. As in previous studies (36–38), we found that the prognosis of patients who underwent surgery and chemotherapy was significantly improved. Additionally, in patients who are unable to undergo surgery, combining gemcitabine with nab paclitaxel (GnP) can substantially improve the feasibility and efficacy of surgery (39). Liver metastasis is the predominant site of distant metastasis in PDAC; thus, patients with PDAC and LM often have liver metastasis concurrently, and the prognosis of patients with multiple distant metastases is undoubtedly very poor (6). We also found that the prognosis of primary tumours in the pancreatic head was far superior to that of tumours in other sites. This might be related to the tendency of patients with pancreatic head cancer to develop jaundice during early diagnosis and treatment. It has also been demonstrated that PDACs located in the pancreatic body and tail are rich in genetic programs involved in tumour invasion and epithelial to mesenchymal transition, as well as having a poor antitumour immune response, resulting in a better prognosis of head PDAC than body and tail PDACs (40, 41).

Predictive and prognostic nomograms were constructed based on these factors. The ROC AUCs of the internal validation and external validation cohorts were high. Meanwhile, the calibration plots and DCA of the internal and external validation cohorts showed good discriminative power and clinical applicability. Therefore, these two nomograms can predict the risk and prognosis of LM in PDAC and help make individualised clinical decisions. The two prediction models derived from this study will become convenient and effective practical tools in clinical practice.

This study has some limitations. Although external validation was performed in this study, the amount of data in the external validation cohort was small; therefore, the results were not convincing. Next, neither the internal validation data from the SEER database nor the external data considered potential factors that may influence the diagnosis, such as body mass index, alcohol consumption, smoking, tumour biomarkers, and routine blood tests. Furthermore, we can add genetic testing as one of the predictive factors for diagnosis and prognosis on the basis of the clinical characteristics to enhance the reliability of the prediction (42). Despite these limitations, the nomogram remains practical, and we expect that prediction model validation will be further improved in the near future.





Conclusion

In summary, we identified risk and prognostic factors for PDAC with LM based on univariate, multivariate logistic, and Cox regression analyses. Risk factors include the primary site, tumour size, bone metastasis, and liver metastasis. Prognostic factors included the primary site, liver metastasis, surgery, and chemotherapy. We established two nomograms for the diagnosis and prognosis of PDAC with LM using R software, which can help clinicians effectively identify high-risk patients and target them individually.
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