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Purpose

This study was designed to investigate the clinical value of a simplified five-item frailty index (sFI) for predicting short- and long-term outcomes in older patients with upper urinary tract urothelial carcinoma (UTUC) patients after radical nephroureterectomy (RNU).





Method

This retrospective study included 333 patients (aged ≥65 years) with UTUC. Patients were classified into five groups: 0, 1, 2, 3, and 3+, according to sFI score. The variable importance and minimum depth methods were used to screen for significant variables, and univariable and multivariable logistic regression models applied to investigated the relationships between significant variables and postoperative complications. Survival differences between groups were analyzed using Kaplan-Meier plots and log-rank tests. Cox proportional hazards regression was used to evaluate risk factors associated with overall survival (OS) and cancer-specific survival (CSS). Further, we developed a nomogram based on clinicopathological features and the sFI. The area under the curve (AUC), Harrel’s concordance index (C-index), calibration curve, and decision curve analysis (DCA) were used to evaluate the nomogram.





Result

Of 333 cases identified, 31.2% experienced a Clavien-Dindo grade of 2 or greater complication. Random forest–logistic regression modeling showed that sFI significantly influenced the incidence of postoperative complications in older patients (AUC= 0.756). Compared with patients with low sFI score, those with high sFI scores had significantly lower OS and CSS (p < 0.001). Across all patients, the random survival forest–Cox regression model revealed that sFI score was an independent prognostic factor for OS and CSS, with AUC values of 0.815 and 0.823 for predicting 3-year OS and CSS, respectively. The nomogram developed was clinically valuable and had good ability to discriminate abilities for high-risk patients. Further, we developed a survival risk classification system that divided all patients into high-, moderate-, and low-risk groups based on total nomogram points for each patient.





Conclusion

A simple five-item frailty index may be considered a prognostic factor for the prognosis and postoperative complications of UTUC following RNU. By using this predictive model, clinicians may increase their accuracy in predicting complications and prognosis and improve preoperative decision-making.
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1 Introduction

Urinary tract urothelial carcinoma (UTUC), a transitional cell carcinoma of the renal pelvis and ureter, is a rare tumor with poor prognosis and an incidence of approximately 2 per 100,000 in developed countries (1–3). Due to lack of symptoms and delayed diagnosis, tumors usually develop muscle invasion or local progression, resulting in a worse prognosis than bladder cancer. For patients with T2/T3 and T4 stage tumors, the 5-year specific survival rates are less than 50% and 10%, respectively (1). Despite advances in systemic therapy and immunotherapy in recent years (4), radical nephroureterectomy (RNU) with bladder cuff resection remains the standard treatment for high-risk UTUC, regardless of tumor location. Factors related to prognosis after RNU mainly include clinicopathological features, such as lymphovascular invasion, pathological TNM stage, concomitant carcinoma in situ, and tumor multifocality, among others (1).

Population aging is among the most important trends worldwide, and the peak incidence of UTUC is in individuals aged 70–90 years, including high prevalence in people with frailty (1, 5). Frailty is a multidimensional physiological syndrome, typically involving loss of reserves (such as energy, physical capacity, cognition, and health) and increased vulnerability (6, 7). Consequently, frail older patients are more likely to have negative surgical outcome in the perioperative period. Frailty before surgery has been shown to objectively predict postoperative complications, mortality, and extended hospital stay (8–16). The Comprehensive Geriatric Assessment (CGA) is the gold standard for determining frailty (17), however, it requires specialist expertise and is time-consuming, making it less thanideal for use in routine clinical practice. Therefore, many scholars have attempted to use alternative methods to measure the degree of frailty. Fried and colleagues first proposed a standardized phenotype of frailty in older adults and demonstrated that frailty is associated with risk of adverse outcomes in such individuals (6). In 2005, the Canadian Study of Health and Aging developed a 70-item Frailty Index based on the presence and severity of current diseases, ability to perform activities of daily living, and physical and neurological signs from clinical examinations (7). In addition, several other indicators have also been shown to accurately assess frailty, such as the modified Frailty Index (mFI) (18–20) and the Memorial Sloan Kettering-Frailty Index (8). Although these indicators measurement indices represent improvements, their feasibility under the pressure of clinical work remains questionable. Therefore, the original modified frailty index (mFI-11) was modified to generate the mFI-5 by removing some variables, and the ability of mFI-5 to characterize frailty has been demonstrated in many studies (9, 21–27). Overall, frailty is an independent predictor of adverse outcomes after surgery, particular in older adults.

While many clinicopathological indicators may predict prognosis and morbidity in patients with UTUC, indicators that are simpler and easier to use in a clinical setting are also needed. Furthermore, preoperative risk and prognosis assessment tools currently used in older patients with UTUC do not include frailty. Therefore, in this study, we aimed to assess the prognostic significance of a simplified five-item frailty index on short-term (postoperative complications) and long-term (overall survival (OS) and cancer-specific survival (CSS)) outcomes after RNU for elderly patients with UTUC.




2 Patients and methods



2.1 Study population

Patients aged > 65 years undergoing RNU in the Department of Urology, Beijing Hospital, National Center of Gerontology, were retrospectively enrolled. The inclusion criteria were as follows: (1) patients aged ≥65 years; (2) patients undergoing RNU; (3) patients with histopathologically verified urothelial carcinoma; (4) patients without metastatic lesions; (5) patients with complete clinical and follow-up information. A total of, 333 elderly patients with UTUC (age ≥ 65 years) were included in the final study.




2.2 Data collection and definition of variables

Preoperative patient demographic and general clinical data were collected from patient electronic hospital records, including patient age, weight, height, body mass index (BMI), urine pathology, and presence of preoperative hydronephrosis. Patient comorbidities, including smoking status in the last year, chronic obstructive pulmonary disease, congestive cardiac failure, anti-hypertensive treatment, preoperative acute renal failure, diabetes mellitus, and functional status, were recorded. Pathological findings included cancer-related data, such as tumor stage, tumor grade, tumor site, tumor side, tumor size, lympho-vascular invasion (LVI), multifocality, concomitant CIS (carcinoma in situ), and surgical margin. Intraoperative and postoperative data, including American Society of Anesthesiologists (ASA) score, surgical treatment, blood transfusion, operation time, and postoperative complications, were obtained from anesthesia records, operative documents, and electronic medical record systems.

The simplified five-item frailty index (sFI) was calculated using five dichotomous comorbidity categories, as follows: history of diabetes mellitus, history of congestive heart failure, hypertension requiring medication, history of chronic obstructive pulmonary disease, and functional status, as previously reported (21–23, 28, 29). Functional status was defined as requiring assistance for any activities of daily living (ADLs), including bathing, feeding, dressing, and mobility. Each comorbidity was assigned one point, giving scores in the range,0 to 5. As a result of limitations in sample size, patients were divided into five groups based on sFI score, as follows: 0, 1, 2, 3, and 3+. In this study, OS was defined as the length of time from diagnosis to death or last follow-up visit and. CSS was calculated from the date of surgery to the date of death from cancer. Postoperative complications were graded according to the Clavien-Dindo classification system.




2.3 Features selection

Rapid advances in artificial intelligence have led to an explosion in the use of machine learning to develop prediction models for various diseases in recent years (30–33). Random forest is a classification algorithm comprising numerous many decision trees. Thus, random forests can better predict outcomes than individual classification trees, which can also automatically identify nonlinear effects between variables. A random survival forest model can be constructed by combining random forest and traditional survival analyses; random survival forest models are susceptible to outliers and should, therefore, be used in conjunction with, rather than as a complete replacement for, traditional survival analysis.Thus, we first collected data on clinical and pathological parameters. Then, variable screening was conducted using two methods, variable importance (VIMP) and minimal depth. A VIMP value less than 0 indicates that a variable reduces prediction accuracy, while a value greater than 0 indicates that a variable improves prediction accuracy. The minimum depth rule determines the importance of each variable to the final event by calculating the minimum depth when running to the last node; where variables with smaller values are more critical to the model. We use random forest’s VIMP and minimal depth method to select variables for predictive model construction.




2.4 Statistical analysis

Statistical analyses were performed using R4.2.1 (R Core Team, Vienna, Austria). The Chi-square or Fisher’s exact tests were used to compare categorical variables. Continuous variables are described using mean with standard deviation (SD) and medians with interquartile range (IQR). The Kaplan–Meier method was applied to evaluate OS and CSS rates, and the log-rank test used to analyze significance. Univariable and multivariable Cox regression models were applied to assess risk factors associated with OS and CSS. Similarly, a multivariable logistic regression model was applied to assess relationships between variables and postoperative complications. All significant factors were incorporated into anomogram. The concordance index (C-index) and the area under the time-dependent receiver operating characteristic (ROC) curve (time-dependent AUC) were used to assess the discriminative ability of models. Calibration ability was evaluated using calibration plots. Decision Curve Analysis (DCA) was used to determine the clinical usefulness of the nomogram by calculating the net benefit at different threshold probabilities. Patients were divided into three groups according to total nomogram scores: low-, intermediate-, and high-risk. P<0.05 was considered statistically significant.





3 Results



3.1 Patient characteristics

The clinical characteristics of the 333 patients included in this study are shown in Table 1. Median follow-up time was 36.67 months (IQR: 21.83–67.93 months). Mean patients age was 74 ± 5.80 years, and mean operative time was 227 ± 71.6 minutes. Of patients, 264 were < 80 years old, and 69 were ≥ 80 years of age. Further, 148 (44.4%) patients were male, and 185 (55.6%) were female. Median BMI was 24.14 kg/m2 (IQR: 21.64–26.40 kg/m2). Pathological tumor stage was pT1, T2, T3, and T4 in 82 (24.6%), 103(30.9%), 132 (39.6%), and 16 (4.80%)patients, respectively. Primary tumors located in the renal pelvis accounted for 39.3%, while 60.7% were in the ureter. Approximately 12.6% of patients had multiple tumors at diagnosis, and the majority of patients (82.0%) had a high histologic grade. Patients were grouped according to sFI scores, as follows: sFI 0, 31 (9.31%); sFI 1, 87 (26.1%); sFI 2, 86 (25.8%); sFI 3, 88 (26.4%); and sFI 3+, 41 (12.3%). Within this population, 21 (6.31%) patients had a history of cerebral infarction, and 45 (13.5%) of renal failure.


Table 1 | Clinical characteristics of study population.








3.2 Postoperative complications

At least one Clavien-Dindo postoperative complication grade ≥ 2 developed in 104 (31.2%) patients (Table 1). A breakdown of postoperative complications is presented in Table 2. A total of 138 postoperative complications were observed in this study: Clavien-Dindo grade 2, 95 (68.8%); Clavien-Dindo grade 3, 10 (7.2%); Clavien-Dindo grade 4, 31 (22.5%); and Clavien-Dindo grade 5, 2 (1.4%). The number of postoperative complications differs from the number of patients who experienced them, as some patients experienced more than one complication. Delirium was the most common complication (n=11, 9.6%), followed by Incision fat liquefaction (defined as necrosis of adipose tissue without infection) (n=11, 8.0%), requiring intensive care unit admission (n=10, 7.2%), pneumonia (n=9, 6.5%) and urinary tract infection (n=8, 5.8%). Overall, 3 deaths (sFI score 3+, 2 deaths; sFI score 3, 1 death) occurred during the initial 30 days after surgery (0.9% 30-day mortality rate). 90-day mortality was 2.1% (7 deaths: sFI score 3+: 3 deaths; sFI score 3: 2 deaths; sFI score 2: 2 deaths). Postoperative hospital length of stay and readmission data are summarized in Table S1.


Table 2 | Description of Complications with Dindo-Clavien Grade of 2 or Greater.



Based on VIMP and the minimal depth analyses, major predictors of postoperative complications after surgery were history of cerebral infarction, sFI score, renal failure, smoking, ASA score, age, and sex (Supplementary Figure 1). Moreover, we performed logistic regression analysis to determine which factors were associated with Clavien-Dindo grade ≥3 postoperative complications (Table 3),and found that the history of cerebral infarction, sFI, renal failure, smoking, ASA score, and age were significantly associated with postoperative complications. Multivariable analysis revealed that history of cerebral infarction (odds ratio (OR)=4.587, p=0.003), sFI (sFI=2~3 vs. sFI=0~1, OR=3.121, p = 0.031; sFI=4~5 vs. sFI=0~1, OR=6.666, p= 0.002), renal failure (OR=2.617, p=0.020), smoking (OR=2.284, p=0.024), and age (OR=2.174, p=0.035) were significant independent predictors of complications graded as Dindo-Clavien 3 or more. The C-Index of the model was 0.756 (95% confidence interval (CI),0.703-0.809).


Table 3 | Univariate and multivariate logistic regression model assessing predictors of postoperative complications.



Based on the results of multivariable analysis, five factors were combined to establish a nomogram (Supplementary Figure 2). AUC analysis of ROC curves was used to evaluate the discrimination performance of the nomogram. As shown in Supplementary Figure 3, the AUC value, calibration plot, and DCA curves for the model suggested acceptable performance and discrimination, calibrating ability, and clinical usefulness.




3.3 Overall survival and cancer-specific survival according to sFI

As shown in Figure 1, we analyzed OS and CSS curves according to sFI. There were significant survival differences in OS and CSS (p<0.001) among the five groups of patients classified by sFI. Eight variables selected by VIMP and minimal depth methods were chosen for subsequent modeling (variables below the horizontal dotted line) (Figure 2). Based on univariate analysis, age, smoking, hydronephrosis, LVI, T stage, N stage, margin, and sFI score were significantly associated with worse survival rate. Those eight variables were included in multivariate Cox regression analysis, which showed that age (hazard ratio (HR)=1.055, p=0.003), hydronephrosis (HR=1.779, p=0.019), LVI (HR=2.087, p=0.003), T stage (T2 vs. T1, HR=1.798, p = 0.037; T3 vs. T1, HR=2.219, p = 0.003; T4 vs. T1, HR=3.476, p = 0.002), N stage (HR=3.170, p<0.001), margin (HR=2.517, p=0.015), and sFI score (sFI=2 vs. sFI=0, HR=3.025, p = 0.037; sFI=3 vs. sFI=0, HR=3.407, p = 0.023; sFI=3+ vs. sFI=0, HR=3.965, p = 0.016) were all significant prognostic factors for OS (Table 4).




Figure 1 | Kaplan–Meier curves for overall survival (OS) (A) and cancer-specific survival (CSS) (B) in patients with UTUC according to sFI.






Figure 2 | Random survival forest for OS. (A) The prediction error rate for random survival forests of 1000 trees. (B) Variables selected by VIMP and minimal depth.




Table 4 | Univariate and Multivariate Cox Analyses for OS of UTUC Patients.



Regarding CSS, seven variables were included in the univariate analysis (Supplementary Figure 4; Table 5). Six factors(hydronephrosis, LVI, T stage, N stage, margin, and sFI score)had significant effects on CSS and were identified as prognostic factors (p < 0.05) (Table 5).


Table 5 | Univariate and Multivariate Cox Analyses for CSS of UTUC Patients.






3.4 Development and validation of a novel prognostic nomogram

Based on the results of multivariable analysis, a nomogram for OS and CSS prediction was constructed (Figure 3; Supplementary Figure 5). C-index values of the nomogram for OS and CSS prediction were 0.750 (95% CI, 0.704–0.796) and 0.781 (95% CI, 0.732–0.830), respectively. In addition, the time-dependent AUC values for predicting OS and CSS within 5 years were both > 0.7 for predicting OS and CSS within 5 years (Figure 4; Supplementary Figure 6), indicating good discrimination by the nomogram. The 1-, 3-, and 5-year AUC values for OS were 0.697, 0.815, and 0.862, respectively (Figure 4), while for CSS, the 1-, 3-, and 5-year AUC values were 0.772, 0.823, and 0.843, respectively (Supplementary Figure 6). Calibration curves showed good agreement between the predicted and observed risks for both OS and CSS (Figure 5; Supplementary Figure 7). As shown in Figure 6 and Supplementary Figure 8, DCA suggested that the nomogram demonstrated a higher net benefit than pathology factors for predicting 1-, 3-, and 5-year OS and CSS.




Figure 3 | Establishment of overall survival (OS) nomogram.






Figure 4 | Evaluation of the discriminative ability of the OS nomogram. The time-independent AUC (A) and ROC curves (B) for the nomogram.






Figure 5 | Calibration plots of OS nomogram model. (A) 1-year calibration plot of OS; (B) 3-year calibration plot of OS; (C) 5-year calibration plot of OS.






Figure 6 | Decision curve analysis (DCA) of OS nomogram. (A) 1-year DCA of nomogram; (B) 3-year DCA of nomogram; (C) 5-year DCA of nomogram;.






3.5 Risk stratification based on the nomogram

Finally, we constructed a risk classification systembased on the patient total nomogram scores. Patients were divided into three groups: low-risk (score < 95), intermediate-risk (95 ≤ score < 175), and high-risk (score ≥ 175). Significant differences were detected among the Kaplan-Meier curves for OS and CSS of the three groups (Figure 7; Supplementary Figure 9).




Figure 7 | Risk Classification based on OS nomogram. (A) Survival status map. (B) Risk heatmap. (C) Kaplan–Meier overall survival curves of patients with UTUC with different risks stratified by the nomogram.







4 Discussion

Among all types of cancer, upper tract urothelial carcinoma is one of the most aggressive. RNU with bladder cuff resection is the gold-standard treatment for high-risk UTUC. However, surgery has considerable risks, despite its excellent oncological outcomes. It was reported that 20.5% of patients experienced morbidity, and 1.5% died within 30 days after surgery (34). Moreover, the growing geriatric population and advance in minimally invasive procedures have boosted the demand for radical procedures, such as RNU, in the elderly. But a lower physiological reserve mean that risks are higher for older adults. Therefore, it is very important to assess the risk of complications and prognosis in the elderly. It was reported recently that frailty is strongly associated with postoperative morbidity and in-hospital mortality in older patients (20, 35); however, the association between frailty and outcomes in UTUC is unknown.

To our best knowledge, this was the first study to validate the effectiveness of the sFI in older patients with UTUC undergoing RNU. One strength and a novelty feature of the present study is the application of machine learning methods. By employing a random forest model, we determined the importance of each variable using the VIMP and minimal depth methods. We found that sFI was associated with postoperative complications, consistent with previous studies. Further, we constructed a nomogram based on five variables with a good predictive value for postoperative complications in elderly patients with UTUC. Moreover, we assessed the relationship between sFI and prognosis, and found that high sFI scores were significantly associated with worse OS (p<0.001) and CSS(p=0.0015). High sFI score was identified as an independent risk factor for OS and CSS. We also integrated sFI and clinical variables into a nomogram to predict OS and CSS, where nomograms have shown excellent ability to individualize risk stratification.

Frailty is characterized by multifactorial deterioration in energy metabolism, strength, endurance, and function beyond what is expected for a person of a given age (6, 7, 36, 37). Meta-analysis showed that the prevalence of frailty among older adults undergoing general surgery ranged from 8% to 77.8% (5). Recently, frailty has been increasingly recognized as a common feature affecting surgical outcomes, such as increased risk of postoperative complications, mortality, and prolonged hospital stay. The mFI-11 index is used to evaluate frailty and predict postoperative mortality and morbidity (18, 38); for example, Dicpinigaitis and colleagues reported that higher mFI-11 score is associated with development of severe complications, but not with in-hospital mortality or extended length of stay (39). In addition, Heimann et al. found that preoperative frailty independently predicts OS in elderly patients with brain metastases requiring surgery (40). Banaszek et al. also concluded that mFI-11 is an independent predictor of adverse events, acute length of stay, and in-hospital mortality in patients after traumatic spinal cord injury (41); however, there remains a lack of consensus regarding the best way to assess frailty, in terms of feasibility and reliability in daily clinical practice.

Consequently, the reorganized 5-item modified frailty index (mFI-5) was developed based on five routinely collected patient comorbidity factors. According to the present study, patients with higher mFI-5 score had higher levels of perioperative complication and worse survival rates, consistent with previous findings (9). Additionally, Subramaniam et al. found that the mFI-5 was a significant independent predictor of mortality and postoperative complications (42). Likewise, in a retrospective National Surgical Quality Improvement Program study of 336,556 patients undergoing primary hip and knee arthroplasty, Traven et al. found that frailty was a significant independent predictor of postoperative complications, including life-threatening medical complications, surgical site infections, readmission, and mortality within 30 days (21). Similarly, in a multicenter retrospective study, Yamashita et al. showed that high preoperative modified 5-item frailty index score was a significant independent predictor of poor OS (23). These studies support our conclusion that the 5-item modified frailty index (mFI) is a proven and reliable method to characterize frailty and as associated with postoperative complications and poor prognosis. Therefore, surgical and prognostic risk stratification based on mFI-5 score can help surgeons assess surgical risk and predict patient prognosis, as well as guiding post-surgery recovery plans and assisting in the prevention of complications in high-risk patients.

Our study indicated that sFI has significant impact on CSS. However, Other studies suggest that frailty is associated with perioperative and short-term outcomes but not cancer-specific outcomes (43). This may be attributed to various factors. Firstly, these studies assessed frailty differently, which may lead to heterogeneity. Further, the follow-up period is short, which may have affected survival outcomes. Secondly, elevated levels of some inflammatory cytokines have been reported in frail patients (44), suggesting that chronic inflammation may play a role. Chronic inflammation is closely related to the occurrence and progression of tumors. In addition, frail patients cannot tolerate the trauma and side effects of treatment, which will also affect the patient’s prognosis. Although the underlying mechanisms between frailty and poor prognosis are not well understood, these reasons may explain the poorer prognosis of frail patients. We also found that smoking was a risk factor for major complications but not for long-term outcomes. Many previous studies have shown that smoking is a risk factor for postoperative complications (45, 46). However, there have been few studies on the relationship between smoking and postoperative complications of UTUC. Therefore, our results can provide guidance for the perioperative period, and indicate that smoking cessation is necessary for patients undergoing surgery for UTUC. However, in terms of long-term prognosis, smoking is not associated with non-negligible differences in overall mortality and cancer specific mortality rates. This finding is inconsistent with those of previous studies (46, 47), possibly because the population included in our study was older, potentially resulting in selection bias. Further, our follow-up period was short, which may have affected survival outcomes.

This study had several limitations. First, selection bias may have occurred because the study was conducted in a single center. Our data show that the prevalence of frailty was 90%; the main reason for this is that our hospital is a national geriatric center, and most patients admitted to the hospital have multiple comorbidities, leading to a greater proportion of patients with high frailty scores. Second, although we internally validated the predictive value of sFI, our findings were not externally validated using an independent dataset. In addition, this study is limited by the limitations of the recording variables. Finally, physical and environmental factors can affect the prognosis of elderly patients with cancer. Therefore, it is essential to account for additional confounding factors that may influence patient outcomes.




5 Conclusion

Overall, our data demonstrate an association between frailty and RNU outcomes. sFI represents a potential predictor of procedure-related complications and prognosis in older patients with UTUC patients. Moreover, the nomogram developed in this study incorporates sFI and clinical risk factors to effectively predict OS and CSS in elderly patients with UTUC following RNU.
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