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Purpose

Our aim was to identify the clinical characteristics and develop and validate diagnostic and prognostic web-based dynamic prediction models for gastric cancer (GC) with bone metastasis (BM) using the SEER database.





Method

Our study retrospectively analyzed and extracted the clinical data of patients aged 18-85 years who were diagnosed with gastric cancer between 2010 and 2015 in the SEER database. We randomly divided all patients into a training set and a validation set according to the ratio of 7 to 3. Independent factors were identified using logistic regression and Cox regression analyses. Furthermore, we developed and validated two web-based clinical prediction models. We evaluated the prediction models using the C-index, ROC, calibration curve, and DCA.





Result

A total of 23,156 patients with gastric cancer were included in this study, of whom 975 developed bone metastases. Age, site, grade, T stage, N stage, brain metastasis, liver metastasis, and lung metastasis were identified as independent risk factors for the development of BM in GC patients. T stage, surgery, and chemotherapy were identified as independent prognostic factors for GC with BM. The AUCs of the diagnostic nomogram were 0.79 and 0.81 in the training and test sets, respectively. The AUCs of the prognostic nomogram at 6, 9, and 12 months were 0.93, 0.86, 0.78, and 0.65, 0.69, 0.70 in the training and test sets, respectively. The calibration curve and DCA showed good performance of the nomogram.





Conclusions

We established two web-based dynamic prediction models in our study. It could be used to predict the risk score and overall survival time of developing bone metastasis in patients with gastric cancer. In addition, we also hope that these two web-based applications will help physicians comprehensively manage gastric cancer patients with bone metastases.
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Introduction

Gastric cancer (GC) is a common and highly malignant type of cancer that affects the digestive system and is the second leading cause of cancer death worldwide (1). It is a relatively common cancer worldwide and is particularly prevalent in Asia, especially in countries such as Japan, Korea, and China. In contrast, it is relatively rare in North America and Western Europe (2). Certain genetic mutations can increase a person’s risk of developing gastric cancer. These mutations are more common in certain populations, such as those with a family history of gastric cancer or those with a history of certain inherited syndromes. Lifestyle factors such as smoking, heavy alcohol consumption, and a diet high in salted or smoked foods have been linked to an increased risk of gastric cancer. Infection with the bacterium Helicobacter pylori is a known risk factor for gastric cancer (3). This bacterium is very common and is often acquired in childhood. In addition, gastric cancer is characterized by rapid growth, high invasiveness, easy recurrence, and poor prognosis, among which invasiveness and easy metastasis are its main features (4, 5). Gastric cancer often spreads to the liver, lungs, and brain, but bone metastasis (BM) is relatively rare, with an incidence ranging from 1.2% to 1.4% (6) and 15.9% to 17.6% detected at autopsy (7).

GC patients with BM often experience a poor prognosis and shortened survival time, as cancer cells have spread to the bone and are often accompanied by metastasis to other organs (8). This can lead to bone pain, significantly affecting the patient’s quality of life (9, 10). Notably, bone metastasis can cause a range of symptoms, including pain, fractures, and spinal cord compression. Recent studies have identified specific molecular pathways that may be involved in the spread of gastric cancer to the bones. For example, certain proteins produced by gastric cancer cells, such as CXCR4 and RANKL, may interact with proteins in bone tissue, promoting the growth of new tumors (11). Early diagnosis is crucial for judging whether gastric cancer patients will develop bone metastases. The early implementation of active preventive and therapeutic measures greatly improves the survival time of gastric cancer patients (12). Therefore, it is important to identify the independent risk factors for the development of BM in GC patients and the risk factors for the prognosis of patients with GC and BM.

In recent years, an increasing number of clinical prediction models have been used in clinical practice. Among them, the nomogram presents data in an easily understandable graphical format based on the results of multiple regression analysis. Nomograms are also often used in medical research on cancer prognosis and promote personalized treatment of the disease by clinical physicians (13). However, to our knowledge, no researchers have yet calculated the risk score for bone metastasis in gastric cancer patients using a web-based prediction model, nor have they established a prognostic model to predict overall survival in GC patients with BM. Therefore, the aim of this study was to use the large sample size in the SEER database to establish and validate diagnostic and prognostic dynamic models (based on the web application) for gastric cancer patients with bone metastasis to fill this gap, and we hope that these two dynamic models can provide a basis for clinical diagnosis and treatment.





Materials and methods




Study design and data selection

The data for this study were downloaded from the Surveillance, Epidemiology, and End Results (SEER) Program (www.seer.cancer.gov) SEER*Stat Database software (version 8.4.0.1 released on 5/17/2022). The specific database we chose was the Incidence - SEER Research Plus Data, 17 Registries, Nov 2021 Sub (2000–2019) - Linked to County Attributes - Time-Dependent (1990-2019) Income/Rurality, 1969-2020 Counties, National Cancer Institute, DCCPS, Surveillance Research Program, released April 2022 and based on the November 2021 submission. The ethics committee of Beijing Ditan Hospital, Capital Medical University, approved the study. The study did not require medical ethical review or informed consent from patients. The ethics committee waived the requirement for informed consent from all patients.

The inclusion criteria for the study were as follows: (1) histological diagnosis of gastric cancer; (2) the year of diagnosis was from 2010 to 2015; and (3) patients aged between 19 and 85 years old whose follow-up dates were available. The exclusion criteria were as follows: Selected those patients whose diagnostic confirmation was ‘Positive histology’ (2); Selected those patients whose follow-up time was ‘Complete dates are available’ (3); Excluded Race, marital status, grade, lung metastasis status, or brain metastasis status was unknown (2); patients whose liver or bone metastasis status was unknown or ‘N/A’ (3); patients for whom AJCC_T and N were ‘N/A’; and (4) patients with a surgery code of ‘99’ (Figure 1).




Figure 1 | Flow chart of this study.







Patient variables and outcome variables

Age, sex, ethnicity, primary site, grade, T stage, N stage, liver metastasis, lung metastasis, brain metastasis, and marital status were collected to identify risk factors for the development of BM in GC patients. The age of the patients was divided into two groups: <60 years and ≥60 years. The outcome variable of the diagnostic model was defined as whether patients with gastric cancer developed bone metastases.

The specific metastatic data (e.g., liver, lung, and brain metastasis) and treatment data (e.g., surgery, radiotherapy, and chemotherapy) were collected to form a new cohort, which was used to identify prognostic factors to establish a prognostic nomogram. The follow-up time (months) and survival status were defined as outcome variables in the prognostic model. The primary endpoint of the study was overall survival (OS), which was defined as the time from diagnosis to death due to any cause (14).





Statistical analysis

R software (version 4.1.3) was used for statistical analyses in this study. The chi-square test was used to compare variables between the training set and test set, and a p value of less than 0.05 (bilateral) was considered statistically significant. The cohort was randomly divided into a training set (70%) and a test set (30%), with the training set used to establish the nomogram and the test set used to validate the models. Univariate and multivariate logistic regression analyses were used to identify independent diagnostic risk factors for GC with BM. The ‘rms’ and ‘regplot’ packages in R were used to create a diagnostic prediction model. In addition, a web-based dynamic model was developed based on the nomogram using the ‘Dynnom’ package. Similarly, univariate and multivariate Cox regression analyses were used to identify independent prognostic factors for GC metastasis. The ‘survival’ package in R was used to create prognostic nomograms. Similarly, we then developed a web-based prognostic model that predicted overall survival time by using the ‘Dynnom’ package. The two dynamic model applications above were released based on this website https://www.shinyapps.io/ The ROC and AUC were generated to evaluate the discrimination of the nomograms. Finally, calibration curve and decision curve analyses (DCA) were performed to evaluate the prediction ability of the nomograms.






Result




Demographic characteristics of the population and risk factors for BM in GC

Ultimately, our research included 22,181 participants who met the criteria, and 975 GC patients developed BM. We randomly divided all participants into a training set (16,212) and a test set (6,980). Among them, 975 (4.39%) patients developed BM of GC, while 22,181 did not (Table 1). We used multivariate logistic regression analysis to identify variables associated with the development of BM in GC patients and found that 8 factors were significantly associated: age (≥ 60 years), grade, primary site, higher T stage, higher N stage, brain metastasis, liver metastasis, and lung metastasis (Table 2, all p value < 0.05).


Table 1 | Clinical characteristics of patients with bone metastasis of gastric cancer in train set and test set.




Table 2 | Univariate and multivariate logistics analysis of bone metastasis in gastric cancer patients.







The diagnostic nomogram and web-based application for developing BM in GC

We used eight independent risk factors for the development of BM in GC to create a diagnostic nomogram for assessing the risk score of developing BM in GC patients (Figure 2A). In addition, based on the established nomogram, we further developed a dynamic web-based application. This can be accessed by clicking on a hyperlink (Figure 3A, https://sydtliubo.shinyapps.io/DynNomapp/).




Figure 2 | The diagnosis (A) and prognosis (B) nomograms for predicting bone metastasis in patients with gastric cancer.






Figure 3 | The operation interface of two web-based dynamic diagnostic (A) and prognostic (B) prediction models for gastric cancer patients with bone metastases.



The AUC of the nomogram was 0.788 in the test group and 0.810 in the validation group (Figures 4A, B), indicating a high predictive value for the nomogram. We also plotted the calibration curve and DCA for the nomogram in both the training and test sets, which showed that the nomogram is a good diagnostic tool for predicting BM in GC (Figures 4C–F).




Figure 4 | The receiver operating characteristic curve (A), calibration curve (C) and decision curve analysis (E) in the training set. The receiver operating characteristic curve (B), calibration curve (D), and decision curve analysis (F) in the testing set.







Prognostic factors for gastric cancer patients with bone metastases

We analyzed 975 patients who developed BM from GC to identify prognostic factors. We randomly assigned 684 of these patients to the training set and the remaining 291 patients to the test set. The chi-square test showed no significant difference between the training and test sets (Table 3). Univariate and multivariate Cox regression analyses showed that AJCC T stage (P=0.012), surgery (P<0.001), and chemotherapy (P<0.001) were independent prognostic factors for GC patients with BM (Table 4).


Table 3 | Patient clinical characteristics of gastric cancer with bone metastases in the train set and test set.




Table 4 | Univariate and multivariate cox analysis of OS in patients with bone metastases from gastric cancer.







The prognostic nomogram and web-based application for OS of GC with BM

We developed a prognostic nomogram based on three independent prognostic factors (Figure 2B). Similarly, based on the established prognostic model, we further developed a dynamic web-based application. This can be accessed by clicking on a hyperlink (Figure 3B, https://sydtliubo.shinyapps.io/DynNomOS/).

The areas under the curve (AUCs) at 6, 12, and 18 months were 0.93, 0.86 and 0.78 in the training set, respectively (Figure 5A). In the test set, the AUCs at 6, 12, and 18 months were 0.65, 0.69, and 0.70, respectively (Figure 5B). The calibration curves at 6, 12, and 18 months also showed that the nomogram predictions had good agreement with the actual outcomes (Figures 6A–F). Similarly, the DCA curves at 6, 12, and 18 months demonstrated that the nomogram had good predictive efficiency for the prognosis of patients with GC and BM (Figures 7A–F). The Kaplan–Meier survival analysis with log-rank test suggested a significant difference (P < 0.001) when comparing the survival curves for subgroups in both the training and test sets. Patients with high risk scores had a worse prognosis than those with low risk scores (Figures 5C, D).




Figure 5 | (A) The receiver operating curves at 6, 12, and 18 months in the training set; (B) The receiver operating curves at 6, 12, and 18 months in the test set; The Kaplan–Meier survival curves of three mortality risk subgroups in the training group (C) and testing group (D).






Figure 6 | The calibration curves at 6 months (A), 12 months (B), and 18 months (C) in the training set and at 6 months (D), 12 months (E), and 18 months (F) in the testing set.






Figure 7 | Decision curve analysis at 6 months (A), 12 months (B), and 18 months (C) in the training set and at 6 months (D), 12 months (E), and 18 months (F) in the testing set.








Discussion

To the best of our knowledge, there is still a lack of specific studies on the risk factors and survival analysis of gastric cancer patients with bone metastases. To better fill this gap, we used the SEER database with a larger sample size for analysis. We found it very inconvenient to use only graphical prediction models in clinical practice; therefore, we developed two web-based prediction models to predict the risk factors and survival status of gastric cancer patients with bone metastases. Clinicians only need to enter the population characteristics of each patient, and the two applications can quickly obtain their risk scores. We hope that these two web applications can be applied in the actual work of clinicians.

Gastric cancer is a cancer of the stomach characterized by high malignancy, rapid development, high invasiveness, easy recurrence, and poor prognosis. The prognosis for patients with GC becomes poor once bone metastases occur (15, 16). GC is currently the second leading cause of cancer-related death worldwide (17). Gastric cancer is a disease that disproportionately affects certain regions of the world. Approximately 70% of new cases occur in developing countries, particularly in eastern Asia. In contrast, the incidence of GC is lower in North America and northern Europe. These geographical imbalances in incidence and mortality are significant and highlight the need for targeted prevention and treatment efforts in regions with higher rates of GC (18, 19). The incidence of BM of GC in this study was 2.7%, and Turkoz et al. (7) found 176 bone metastases in 4617 patients with GC after investigating them, with an incidence of 3.8%. In the past, the prevailing opinion among investigators was that the incidence of BM in GC ranges from 0.8% to 2.1% (6, 20). GC cells have a tendency to spread to the bones if they invade the blood or lymphatic vessels within the stomach wall. Patients who have metastasis to abdominal lymph nodes, liver, and lungs, in particular, are at a higher risk of also developing BM simultaneously.

Our study found that the independent risk factors for the development of BM in GC were age, primary site, grade III, T stage, N stage, and brain, liver, and lung metastasis, but especially brain metastasis. Many previous studies have found that the primary gastric cancer lesions were located in the gastric antrum and body; in addition, patients with poorly differentiated tumors, deep local invasion, and lymph node metastasis are more likely to develop bone metastases (7, 8, 21). Qiu et al. (9) showed that compared with GC patients without distant metastasis, patients with distant metastasis were more likely to have BM. Liang et al. (22) also found that cardiac cancer, young age, low degree of differentiation, high N stage, and diffuse type were positively correlated with BM. We found that the factors mentioned above have been confirmed in previous studies. Overall, this is consistent with the conclusions of this study.

Our research shows that T stage, surgery and chemotherapy were independent prognostic factors for GC with BM. In other words, patients with primary tumors in the fundus and greater curvature of the stomach who underwent gastric surgery and who received chemotherapy had a lower risk of early death and longer survival. Liang et al. (22) also found that for GC patients with bone metastasis, the median survival time of the primary tumor operation group was longer than that of the nonoperation group. This is in accordance with the results of the present study. Similarly, although bone metastasis of GC is already an advanced stage, systemic chemotherapy should still be actively administered to prolong patient survival time (6, 7, 23), and the relationship between chemotherapy and its prognosis has also been demonstrated. In addition to systemic chemotherapy, the application of bisphosphonates also improves patient survival time (24). Using three independent prognostic factors, we developed a nomogram. The final results suggest that this nomogram may be a useful tool for identifying patients at high risk for poor outcomes.

At the molecular level, the expression of ALP, LDH, DIC, CEA, and CA 19-9 is associated with the development of BM and prognosis in GC (7, 25–27). When malignant tumors develop into BM, the normal bone metabolism mechanism is disrupted, which causes an increase in the rate of bone resorption and bone formation. The biomarkers vary in both the patient’s serum and in the urine (28, 29). However, these biomarkers are difficult to apply immediately to clinical decision-making. To date, no investigators have established diagnostic predictive models for the development of BM in GC and clinical predictive prognostic models for GC combined with BM. This means that it is not possible to combine all of the independent predictors associated with the occurrence of BM in GC. We could not identify the patient’s individualized risk of developing bone metastases on the whole.

The strength of our research is that we have successfully developed and validated two dynamic prediction models: the first one for predicting the risk score of BM in newly diagnosed GC patients and another for predicting the prognosis of GC patients with BM. Furthermore, we developed two applications of web-based predictive models. They will be put into practice by clinical orthopedic surgeons. The results showed that these nomograms have higher discriminant power than any single predictor, indicating the value of a comprehensive prediction model for more accurate individual clinical decision-making and monitoring. The total score for each GC patient can be calculated using the data for various variables on the appropriate nomogram (30–32). Using the nomograms, it is easy to calculate the risk of BM in GC and guide further clinical management. Similarly, the prognostic risk of GC patients with BM can be determined using the prognostic nomogram.

There are several limitations to our study. First, the sample size of patients with BM from GC was relatively small, which may have introduced bias. In future studies, we should aim to increase the sample size to reduce this bias. Second, the SEER database did not include information on specific sites of BM, which can significantly affect the prognostic survival of patients. We can infer that patients with multiple and extensive bone metastases are likely to have shorter survival times. Third, our study was a retrospective study and therefore inherently prone to selection bias. Additionally, detailed treatment information was not available in the SEER database.





Conclusions

We established and validated two prediction models using the SEER database. Furthermore, we developed two applications of web-based predictive models. We hope that they will be used by clinical orthopedic surgeons in practice. They could be used to predict the risk score of bone metastasis in patients with gastric cancer and to predict the overall survival time of patients with gastric cancer with bone metastasis.
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