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Objective: Although tumor size is an essential oncologic feature, it is often underutilized in diagnosing and treating bladder cancer (BC). This study investigates the relationship between tumor size and BC prognosis, aiming to enhance clinical applications.



Methods: BC patients were identified from the Surveillance, Epidemiology, and End Results (SEER) database (2004–2015). Cox proportional hazard models were conducted to identify prognostic factors, and restricted cubic splines (RCS) were used to assess the relationship between tumor size and survival outcomes. The Kaplan-Meier method and multivariate COX models were utilized to estimate the effect of the classification scheme.



Results: A total of 69,478 patients with BC were evaluated from the SEER database. Larger tumor size, recent diagnosis, older age, high pathologic grade, variant histology, advanced T stages, positive lymph node status, and receipt of radiotherapy and chemotherapy were associated with worse overall and cancer-specific survival. RCS curves of each stage showed that the relationship between tumor size and prognosis was non-linear. Optimal cut-off points were identified based on the shape of RCS curves, suggesting new classifications of tumor size: 2.5 cm and 5 cm for Ta, 3 cm and 5 cm for T1, and 4 cm and 6 cm for T2.



Conclusions: Incorporating tumor size into prognostic evaluations can enhance bladder cancer risk stratification. Further research is needed to validate these findings and improve personalized treatment strategies.
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Introduction

Rank as the ninth most prevalent cancer worldwide, bladder cancer (BC) maintains an incidence of 549,000 cases per year (1). The diagnosis and treatment of BC continue to be areas of active research due to the rapid advancements in molecular studies, pathology, and medical imaging (2–5). Over the past few decades, the tumor node metastasis (TNM) staging system established by the American Joint Committee on Cancer (AJCC) has consistently been the most valuable prognostic factor. Unlike many other tumors, the division of the T stage of BC relies primarily on the depth and extent of tumor invasion. However, researchers are still trying to enhance this staging system. For instance, the value of substage systems for non–muscle-invasive bladder cancer (NMIBC), categorized based on the extent of micrometric infiltration and invasion of the muscularis mucosae–vascular plexus, has been verified through retrospective studies (6, 7). Meanwhile, researchers have previously conducted a quantitative analysis of the depth of invasion in muscle-invasive bladder cancer (MIBC) to enhance the subclassification system (8). Nevertheless, as an essential feature of solid tumors, the significance of tumor size as a prognostic indicator and its potential incorporation into the staging system remains worthy of further investigation.

The European Organization for Research and Treatment of Cancer (EORTC) conducted the most renowned study on tumor size, demonstrating the significant predictive value of tumor size (>3 cm or ≤3 cm) in their prediction model for recurrence and progression in patients with Ta-T1 NMIBC (9). Tumor size is now recognized as a prognostic factor in risk stratification according to the European Association of Urology (EAU) Guideline and the National Comprehensive Cancer Network (NCCN) Clinical Practice Guideline, with a stratification threshold of 3 cm (10, 11). Studies have demonstrated the effectiveness of this approach and proposed further improvements in the stratification of tumor size (12, 13). However, the role of tumor size in MIBC, whether it is an independent prognostic factor in NMIBC, and its relationship with endoscopic resectability remains uncertain (14). Consequently, the application of tumor size is still very limited. Furthermore, tumor size has mainly been studied as categorical variables with artificially divided thresholds in exited studies, with tumor recurrence and progression being the commonly discussed outcomes. Given this background, we examined the correlation between tumor size and prognosis using the Surveillance, Epidemiology, and End Results (SEER) database. We employed restricted cubic splines (RCS) to visualize the non-linear relationship between tumor size and survival outcome, eventually determining the optimal cut-off value for categorizing size groups. Furthermore, we separately evaluated different size groups in NMIBC and MIBC to verify their prognostic significance.



Materials and methods


Study population

The SEER database, founded by the National Cancer Institute of the United States, is the largest cancer patient database, which encompasses survival information, tumor characteristics, treatment data, and demographic details for approximately 28% of the American population. Patients diagnosed with BC between 2004 and 2015 were selected from the SEER database. The inclusion criteria were as follows: (1) patients with bladder as the primary site of disease (coded as C670–679) and no distant metastases; (2) patients who underwent surgical intervention; (3) patients diagnosed with positive histological diagnosis. Patients with missing oncological information regarding tumor size, TNM stages, and grade were excluded from our study.



Definition of variables

Demographic covariates included the year of diagnosis (2004–2009, 2009–2015), age group (≤60 years, 60–70 years, 70–80 years, >80 years), sex (male, female) and race (white, others). Tumor characteristics included tumor size, tumor grade (low grade, G1–G2; high grade, G3–G4), histology subtype (transitional cell carcinoma, squamous cell carcinoma, adenocarcinoma, neuroendocrine carcinoma, and others), T stage (Ta, Tis, T1, T2, T3, T4), and N stage (N0, N1, N2, N3). The TNM staging was based on the 6th version of the American Joint Committee on Cancer. Furthermore, the implementation of radiotherapy (yes, no/unknown) and chemotherapy (yes, no/unknown) was also considered.



Statistical analyses

The categorical variables were reported as count (percentage), while tumor size was reported as a continuous variable using mean value (standard deviation) and median value (interquartile range). OS and CSS were calculated separately using the Kaplan-Meier method. Cox proportional hazard models were employed to estimate hazard ratios (HR) and corresponding 95% confidence intervals (95% CI). Firstly, we constructed univariate Cox models to identify significant variables. Subsequently, multivariate Cox regression models were employed, incorporating the significant variables. The Schoenfeld residuals test was used to verify the proportional hazards assumption, and the variance inflation factor (VIF) was employed to assess multicollinearity. After that, we used the RCS model to observe the association between tumor size and survival. The RCS curves were plotted separately for NMIBC, MIBC, each T stage, and each histology subtype. In addition, we divided the study population into different subgroups based on tumor size and plotted KM curves to investigate the prognostic value of these subgroups. The cutoff values for subgroup division were determined based on the shape of the RCS curves.

R version 4.2.2 (R Foundation for Statistical Computing) was utilized to conduct all statistical tests.




Results

A total of 69,478 patients were included in the study. The flowchart of patient selection is shown in Figure 1, and the baseline characteristics are shown in Table 1. The majority of patients were diagnosed between 2010 and 2015 (51.6%), aged 70–80 (30.2%), male (75.3%), of white race (89.7%), with high-grade tumors (57.3%) and transitional cell carcinoma (96.3%), at Ta stage (45.2%) and N0 stage (95.0%), and did not receive radiation therapy (95.6%) or chemotherapy (35.03%). The mean tumor size was 35.49 mm, with a standard deviation of 36.32 mm. The median size was 30 mm, with an interquartile range of 20–50.


[image: Figure 1]
FIGURE 1
Flowchart of patient selection. SEER, surveillance, epidemiology, and end Results database; NMIBC, non-muscle invasive bladder cancer; MIBC, muscle-invasive bladder cancer.



TABLE 1 Baseline characteristics of patients with BC.
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Cox regression models for OS and CSS, both univariable and multivariable, were constructed to calculate the hazard ratio of each variable (Tables 2, 3). Univariable analysis revealed that more recent years of diagnosis, older age, male, white people, high pathologic grade, non-transitional cell carcinoma, advanced T stages, positive lymph node status, and receipt of radiotherapy and chemotherapy were related to worse OS (all HR > 1, all P < 0.05). Additionally, tumor size was analyzed as a continuous variable and demonstrated an association with poorer OS (HR = 1.02, 95% CI 1.019–1.022, P < 0.001). When these variables (year of diagnosis, age, sex, race, grade, histology, T stage, N stage, radiotherapy, chemotherapy, `and tumor size) were included in the multivariable-adjusted Cox model, tumor size was identified as an independent risk factor of OS (HR = 1.013, 95% CI 1.012–1.015, P < 0.001). Comparable findings were observed in terms of CSS when tumor size was included in the univariable model (HR = 1.028, 95% CI 1.027–1.03, P < 0.001) and multivariable model (HR = 1.017, 95% CI 1.015–1.019, P < 0.001).


TABLE 2 Univariable and multivariable Cox regression analysis for OS in patients with BC.
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TABLE 3 Univariable and multivariable Cox regression analysis for CSS in patients With BC.
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To visualize the impact of tumor size on prognosis, we employed RCS models based on Cox proportional hazards models, using 5 knots to illustrate the non-linear relationship. In the RCS models for the general population, the risk of OS and CSS exhibited a moderate growth for tumor sizes below 3 cm, followed by a rapid increase once tumor size exceeded 3 cm. Eventually, it plateaued after reaching 5 cm (Figures 2A,D). This trend diverged after stratification by muscle infiltration condition, with the moderate growth of HR in MIBC continuing until the tumor size reached 4 cm and then stabilized at around 6 cm (Figures 2C,F). We constructed RCS curves at various T stages to investigate this trend further. As shown in Figure 3, RCS curves across various stages exhibit a similar pattern, with a relatively gradual increase in risk when the tumor is small, followed by a more rapid escalation in the mid-range and eventual stabilization after reaching a specific size. This pattern is notably distinct in Ta, T1, and T2 tumors, while trends in Tis, T3, and T4 tumors are relatively ambiguous with relatively wide confidence intervals. We also investigated the relationship between histology subtypes and tumor size. Compared to transitional cell carcinoma, bladder tumors with variant histology showed a generally larger tumor size (Supplementary Table S1). In Supplementary Figure S1, while the overall trends are consistent, the RCS curves for different pathological types show distinct characteristics. Notably, the RCS curve for squamous cell carcinoma has high statistical significance; its slope is relatively gentle compared to the curve of transitional cell carcinoma, and the turning point is not very pronounced. Due to the limited sample size, the statistical significance of the adenocarcinoma and neuroendocrine carcinoma curves is relatively low. Furthermore, we utilized the HR value estimated by the RCS model, abscissa calculated by interpolation functions, along with the shapes of the curves, to determine the optimal value of the inflection points in Ta, T1, and T2. The inflection points were specified as 2.5 cm and 5 cm in Ta, 3 cm and 5 cm in T1, and 4 cm and 6 cm in T2, respectively.
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FIGURE 2
Restricted cubic splines showing the association between tumor size and survival in bladder cancer (BC). (A–C) Association between overall survival (OS) and tumor size in BC, non-muscle invasive bladder cancer (NMIBC), and muscle-invasive bladder cancer (MIBC). (D–F) Association between cancer-specific survival (CSS) and tumor size in BC, NMIBC, and MIBC.
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FIGURE 3
Restricted cubic splines showing the association between tumor size and survival across different T stages of bladder cancer (BC). (A–C); (G–I) Association between overall survival (OS) and tumor size in stages Ta, T1, Tis, T2, T3, and T4. (D–F); (J–L) Association between cancer-specific survival (CSS) and tumor size in stages Ta, T1, Tis, T2, T3, and T4.


Based on cutoff values determined by RCS curve shapes, we divided patients into different subgroups, and the Kaplan-Meier method was utilized to evaluate the significance of these grouping methods (Figure 4). All KM curves exhibited significant differences between the groups, suggesting the efficacy of these classification methods. Both univariate and multivariate Cox regression analyses indicated that the size-based grouping method could more effectively discern survival risks (15, 16) (Supplementary Table S2). In the multivariate models of CSS, the stratification strategies performed well for patients in groups Ta (2.5–5.0 cm vs. <=2.5 cm: HR = 1.186, 95% CI 1.09–1.291, P < 0.001; >5.0 cm vs. <=2.5 cm: HR = 1.822, 95% CI 1.604–2.07), T1 (3.0–5.0 cm vs. <=3.0 cm: HR = 1.243, 95% CI 1.152–1.342, P < 0.001; >5.0 cm vs. <=3.0 cm: HR = 1.618, 95% CI 1.478–1.77), and T2 (4.0–6.0 cm vs. <=4.0 cm: HR = 1.442, 95% CI 1.354–1.535, P < 0.001; >6.0 cm vs. <=4.0 cm: HR = 2.049, 95% CI 1.895–2.215). In addition, we validated the grouping method using the SEER dataset for 2016–2017, with information provided in the Supplementary Materials (Supplementary Figure S2 and Supplementary Table S3).


[image: Figure 4]
FIGURE 4
Overall survival (OS) and cancer-specific survival (CSS) in stages Ta, T1, and T2 patients stratified by different tumor sizes.




Discussion

In recent years, research efforts have been focused on establishing models for risk stratification and prognosis forecasting on BC, particularly NMIBC. The EORTC initially formulated a calculation system for NMIBC, drawing data from a series of randomized trials (17–21), revealing a significant correlation between tumor size, number of tumors, prior recurrence rate, and the likelihood of recurrence. Furthermore, T stage, the presence of cancer in situ, and grade were proved to be the most important prognosis factors for progression (9). However, the tumor size was artificially divided into <3 cm and ≥3 cm without differentiation among sub-stages or further exploration of the cut-off value. Another stratification model was developed by the Spanish Urological Club for Oncological Treatment, which segmented tumor sizes at 1 cm and 3 cm thresholds. Nevertheless, this parameter was not integrated into their final scoring model (22). The risk stratification standard established by the American Urological Association (AUA) also took 3 cm as the critical threshold of stratifying (23). In the meantime, the role of tumor size in MIBC undergoing radical cystectomy remains uncertain (14); only a limited number of studies have suggested that tumor size in pT2 is predictive of CSS or metastasis-free survival (8). Using the SEER database, our study meticulously examined the relationship between tumor size and prognosis in BC. By employing RCS, we graphically represented these associations, ultimately determining optimal cut-off values for categorizing tumor sizes within certain T stages, providing a reference for further improvement of the staging system or establishing prognosis models.

For NMIBC, this paper suggests some improvements to the existing classification criteria. First, 5 cm is considered a valuable cut-off point, except for 3 cm. This trend is particularly discernible on the RCS curve, where once the tumor size surpasses 5 cm, the impact of size escalation on HR significantly diminishes. Secondly, the 2.5 cm for Ta-stage tumors emerges as a more critical inflection point than 3 cm for T1-stage tumors, which may be attributed to the shallower invasion depth of Ta-stage tumors and their better prognosis. However, the rationality and practicality of this conclusion remain uncertain, given the difficulties in precisely measuring tumor size in patients receiving transurethral resection of bladder tumors (TURBT). In addition, the prognostic value of tumor size in Tis-stage tumors is lacking, which is evident because the lesion is confined to the mucosal layer. For MIBC, our study found that using 4 cm and 6 cm as classification criteria effectively supplements the current T2 tumor classification based on the depth of muscle layer invasion. Furthermore, the RCS curves for T3 and T4 tumors were relatively irregular; since the main factor affecting the prognosis of these tumors was their invasion into tissues surrounding the bladder, we did not include them in the subsequent analysis.

The variant histology (VH) of bladder cancer is also a noteworthy topic. In our research, non-transitional carcinoma demonstrated significantly larger tumor sizes and worse survival outcomes, with RCS curves exhibiting different characteristics. Researchers have focused on the characters and prognostic significance of histological subtypes (24, 25). As the most common VH of BC, squamous cell carcinoma was described as bulky and polypoid, filling the bladder cavity (26). In our study, squamous cell carcinoma exhibited the largest mean tumor size, with its RCS curves showing indistinct segmentation features. This may also reflect its overall more aggressive nature. A similar trend was observed in adenocarcinoma, while changes in the size of neuroendocrine carcinoma below 5 cm had less impact on survival. Thus, adopting a uniform management approach for non-transitional carcinomas is unwise; targeted research for reinterpretation is needed.

The main advantages of our study comprised the analysis of large sample sizes, the visualization of trends in continuous variables, and an in-depth exploration based on these findings. A limited number of studies have discussed the association between tumor size and prognosis. Tully et al. analyzed the impact of tumor size on oncological outcomes in 1,116 patients with high-grade NMIBC and demonstrated that patients with tumors larger than 3 cm have worse OS and CSS (13). Gofrit et al. and Lee et al. developed and validated the classification of patients with tumors smaller than 1 cm as “very low risk” (12, 27). However, it is essential to note that an efficient method is absent for accurately measuring such scales, and a larger threshold appears more reasonable for both imaging and visual observation. Meanwhile, these studies involved small sample sizes and either employed an artificially defined classification size or validated a previous classification, resulting in limited practical value and generalizability. Nevertheless, our study's combination of RCS, KM analysis, and COX regression scientifically reflect the relationship, and the large population enhances its applicability in clinical practice. The preliminary assessment of tumor size based on imaging and cystoscopy is more timely than that based on postoperative pathology. Additionally, tumor size classification can further aid in prognostic evaluation in postoperative patients combined with current TNM staging.

Our study has some limitations. First, as a retrospective study, the data quality is constrained by uncontrollable interventions and inherent biases, such as inaccuracies in tumor size measurement. Additionally, the study cohort primarily consists of individuals from the United States, raising concerns about the generalizability of the results. Validation across diverse populations may be necessary to ensure that the conclusions drawn from this study are broadly applicable. The accurate measurement of tumor size is also a challenge. Since TURBT is the primary procedure for NMIBC, the measurement of tumor size primarily relies on imaging examination or visual assessment using an endoscope, which undoubtedly lacks precision. The development of measurement techniques, such as imaging omics and endoscopic precision measurement, may represent a valuable research direction. Additionally, the SEER database only provides data on chemotherapy and radiotherapy, lacking information on essential treatments of BC, such as intravesical chemotherapy, BCG therapy, and immunotherapy. These treatments' application efficacy and impact on survival outcomes cannot be further analyzed (28). Due to a similar issue, only OS and CSS information are provided. As the vital outcome indicators, progression-free and recurrence-free survival could not be assessed.

In conclusion, this study further explores the correlation between BC tumor size and prognosis, introducing novel stratification criteria. It emphasizes the significance of integrating tumor size assessments into prognostic evaluations to improve risk stratification and patient management strategies. Prospective studies are needed to validate these new classifications' value further. In addition, further studies are warranted to personalize treatment for different pathological subtypes of BC and explore the relationship between tumor size and prognosis from molecular biology's perspective (29).
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Restricted cubic splines showing the association between tumor size and survival across different histological subtypes. (A) OS across different histological subtypes (B) CSS across different histological subtypes.
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Validation of the efficacy of the classification scheme in patients from 2016 to 2017 sourced from the SEER database. (A-C) OS in stages Ta, T1, and T2 (D-F) CSS in stages Ta, T1, and T2.
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