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Background

Cervical cancer (CC) is one of the most common cancers in women. This study aimed to investigate the clinical and non-clinical features that may affect the prognosis of patients with CC and to develop accurate prognostic models with respect to overall survival (OS) and cancer-specific survival (CSS).



Methods

We identified 11,148 patients with CC from the SEER (Surveillance, Epidemiology, and End Results) database from 2010 to 2016. Univariate and multivariate Cox regression models were used to identify potential predictors of patients’ survival outcomes (OS and CSS). We selected meaningful independent parameters and developed nomogram models for 1-, 3-, and 5-year OS and CSS via R tools. Model performance was evaluated by C-index and receiver operating characteristic curve. Furthermore, calibration curves were plotted to compare the predictions of nomograms with observed outcomes, and decision curve analysis (DCA) and clinical impact curves (CICs) were used to evaluate the clinical effectiveness of the nomograms.



Results

All eligible patients (n=11148) were randomized at a 7:3 ratio into training (n=7803) and validation (n=3345) groups. Ten variables were identified as common independent predictors of OS and CSS: insurance status, grade, histology, chemotherapy, metastasis number, tumor size, regional nodes examined, International Federation of Obstetrics and Gynecology stage, lymph vascular space invasion (LVSI), and radiation. The C-index values for OS (0.831 and 0.824) and CSS (0.844 and 0.841) in the training cohorts and validation cohorts, respectively, indicated excellent discrimination performance of the nomograms. The internal and external calibration plots indicated excellent agreement between nomogram prediction and actual survival, and the DCA and CICs reflected favorable potential clinical effects.



Conclusions

We constructed nomograms that could predict 1-, 3-, and 5-year OS and CSS in patients with CC. These tools showed near-perfect accuracy and clinical utility; thus, they could lead to better patient counseling and personalized and tailored treatment to improve clinical prognosis.
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Introduction

Cervical cancer (CC) is one of the most commonly occurring cancers in women. Despite being one of the most preventable cancers through screening, cervical cancer caused the death of 4138 women in the US in 2018, the equivalent of 11 women per day, one-half of whom were aged ≤58 years at death (1). Although the overall incidence of CC has been declining for decades, rates of the distant-stage disease and cervical adenocarcinoma, which are often undetected by cytology, are increasing; this increase is largely driven by trends in young women (2). These findings underscore the need for more targeted efforts to increase both human papillomavirus (HPV) vaccination among all individuals aged ≤26 years and primary HPV testing or HPV/cytology co-testing every 5 years in women from the age of 25 years, as recommended by the American Cancer Society in updated guidelines published in 2020 (3, 4). The clinical stage is a reliable and widely accepted indicator that can be used to evaluate the prognosis of patients with CC (5). At the end of April 2022, there were two main clinical staging schemes: the American Joint Committee on Cancer (AJCC) Staging Seventh Edition and the International Federation of Obstetrics and Gynecology (FIGO) 2009 Guidelines. FIGO staging is mainly based on clinical characteristics, but few studies have considered the impact of non-clinical parameters on its clinical utility and net benefit in patients with CC (6–9). Clinical staging is mainly based on cervical tumor size or extent of pelvic disease, with less weight given to other important prognostic factors such as age, race, and treatment modality. Therefore, clinical staging alone is insufficient to predict the prognosis of patients with CC, and a more complete prognostic assessment protocol is required. Herein, we revised the TNM stage according to the FIGO classification (2009 version) and explored the use of nomogram models for prognosis prediction in patients with CC in terms of overall survival (OS) and cancer-specific survival (CSS) in combination with clinical and non-clinical indicators.

The nomogram model is a simple visualization tool based on multivariate Cox proportional hazard regression, which is becoming increasingly popular in oncology as a means of predicting and quantifying the probability of an individual patient’s survival (10). Our data were based on the Surveillance, Epidemiology, and Outcomes Database (SEER), which collects data on cancer diagnosis, treatment, and survival, covering approximately 35% of the US population (11). This widely used resource collects demographic, clinical, and outcome information on all types of cancer and makes it freely available to researchers (11).

In this retrospective study, we developed nomogram models to provide a simple graphical representation of clinical events and generate numerical probabilities (12), and derived and validated prognostic profiles to predict OS and CSS in patients with CC enrolled in the SEER database from 2010 to 2016. We expect these nomograms to have applications in supporting clinical decision-making and ongoing work. Compared with other studies evaluating survival prognosis in patients with CC using nomograms (6–9), the sample of patients with more complete patient parameters enrolled in our study enabled us to use more real-time data (13). Importantly, we predicted CSS and OS and evaluated our model internally and externally using five approaches: the C-index (Harrell protocol index), receiver operating characteristic (ROC) curves, calibration plots, decision curve analysis (DCA) and clinical impact curves (CICs), making our study more complete and reliable compared with previous studies.



Material and methods


Patients and endpoints

The study used the database of the SEER National Cancer Institute (https://seer.cancer.gov/), a free US cancer registry. We gained access to SEER database files, and all authors followed SEER database policies throughout the search process. Individual informed consent was not required because no personal data were used in this study.

Information on patients newly diagnosed with CC between 2010 and 2016 was extracted from the SEER-18 database using the SEER∗Stat software version 8.3.9.2. As information on site-specific metastases was only available from 2010 in the SEER database, we limited the scope of the analysis to the period 2010–2016. Patients with CC were considered eligible to be enrolled in this study if they had only one primary malignancy, an end date of active surveillance, and complete clinical and pathological information (e.g., age, race, FIGO stage, tumor grade, and treatment). Variables for each patient included age, race, marital status, insurance, primary site, TNM status, pathological type, histological grade, distant metastasis, treatment strategy, vital status, and survival time. The exclusion criteria in this study were as follows: (a) unknown AJCC 6th TNM stage; (b) unknown marital status; (c) unknown race; (d) regional median family income; (e) unknown laterality of the tumor; (f) unknown tumor size; (g) unknown histological grade; (h) unknown radiotherapy and chemotherapy records; and (i) unknown survival months. In our study, TNM status was classified according to FIGO (2009 edition). Distant metastases were diagnosed in the lymph nodes, liver, lung, bone, and brain. We added a variable of “metastasis numbers”, which was classified according to the transfer of organs. Local treatment of primary tumors was mainly by surgery or radiation therapy. The surgical approach was characterized by three variables: radiation sequence with surgery (RSS), primary site surgery, and regional lymph node surgery (RLNS). Radiation was classified into four types: beam radiation, brachytherapy, combination of beam with brachytherapy (BRB), and no/unknown treatment. The primary endpoints of this study were OS and CSS of patients with CC.



Statistical analysis

All eligible patients were randomized in a 7:3 ratio into training and validation groups. Chi-square test was used to compare clinical and pathological characteristics between the training and validation groups. The nomograms were developed in the training cohort as follows. First, univariate Cox analysis was used to evaluate the ability of each variable to predict OS. Second, variables that reached statistical significance in the univariate Cox analysis were fitted in the multivariate Cox analysis. To identify independent variables that had significant impact on patient outcomes, an adverse selection procedure using Akaike information criterion (AIC) scores for variable selection was introduced. Finally, the remaining variables were used in the construction of the nomograms. The primary endpoints of the nomograms were 1-, 3-, and 5-year OS and CSS.

The nomograms were validated in the training cohort and the validation cohort. To assess the predictive accuracy of the nomogram, we used the C-index, ROC curves (14), and calibration curves (with 1000 bootstrap resamples) to visually differentiate the predicted and actual values for 1-, 3-, and 5-year OS and CSS. Furthermore, DCA and CICs were used to assess the clinical value of the nomogram (15). Kaplan–Meier analysis and log-rank test were used to investigate the differences in survival between three risk subgroups. The chi-square test results for these variables between the training and validation cohorts all had P > 0.05. All analyses were conducted using R version 4.1.3 in RStudio.




Results


Patient baseline characteristics

Our study identified 11,148 eligible patients diagnosed with CC from 2010 to 2016, with 7803 patients assigned to the training cohort and 3345 patients to the validation cohort. The demographic and clinicopathologic characteristics of patients in the training and validation cohorts are listed in Table 1. The median age of all patients was 47 years, with a range of 20–70 years. Most patients in both cohorts were older (≥40 years) and White. The most common pathological type of CC was SCC (squamous cell carcinoma) (69.62%). Regarding metastasis (5.10%), the most frequent site of metastasis was the lung (3.23%), followed by bone (1.96%), liver (1.52%), and brain (0.31%). In both cohorts, more than half of the patients were treated with radiotherapy or chemotherapy. In addition, initial examination of regional lymph nodes had been performed for only about 45% of patients.


Table 1 | Characteristics of patients with cervical cancer in the training cohort and validation cohort.





Univariate and multivariate analyses

The results of the univariate and multivariate Cox regression analyses (16) for OS and CSS in the training cohort are shown in Table 2. In the univariate Cox regression, all variables were significant for both OS and CSS (P < 0.05). Therefore, all variables were included in the multivariate Cox regression analyses for OS and CSS to identify independent prognostic factors. For OS, the independent prognostic factors included age, race, insurance, grade, histology, chemotherapy, metastasis number, tumor size, regional nodes examined, FIGO stage, lymph vascular space invasion (LVSI), regional lymph node surgery (RLNS), and radiation. For CSS, the independent prognostic factors included marital status, insurance, grade, histology, chemotherapy, metastasis number, tumor size, regional nodes examined, FIGO stage, LVSI, and radiation. Compared with the independent for OS, these findings of CSS were not consistent in terms of independent prognostic variables including age, race, marital status, and RLNS.


Table 2 | Univariate and multivariate Cox regression analysis of OS and CSS in cervical cancer (training cohort).





Construction of prognostic nomograms

After selecting the minimum AIC value, the above-mentioned parameters were used to develop nomograms for predicting 1-, 3-, and 5-year OS and CSS (Figure 1). Each variable was given a score based on the corresponding point on the “point axis”. Next, we added the scores of all variables to obtain a total score, and then drew a vertical line from the “total point axis” to the corresponding “survival axis” to estimate the predicted probability of 1-, 3-, and 5-year OS and CSS. According to the nomograms, we concluded that FIGO stage made the largest contribution to the predicted probability, followed by metastasis and grade respectively.




Figure 1 | Nomograms for predicting 1-, 3-, and 5-year OS (A) and CSS (B) in patients with cervical cancer.





Validation of the nomograms

We performed internal training and external validation on the nomograms using different cohorts. In the internal cohort, we obtained C-index values of 0.831 (95% CI, 0.823–0.839) for prediction of OS, and 0.844 (95% CI, 0.836–0.852) for prediction of CSS. In the external validation cohort, we obtained C-index values of 0.824 (95% CI, 0.810–0.838) for OS and 0.841 (95% CI, 0.827–0.855) for CSS. The calibration plots for the nomograms showed that the predictions of OS (Figure 2) and CSS (Figure 3) made by the 1-, 3-, and 5-year survival probability models were almost consistent with actual observations, in both the internal and external cohorts.




Figure 2 | Calibration plots for 1-, 3-, and 5-year OS prediction for the training cohort (A1, B1, C1) and validation cohort (A2, B2, C2).






Figure 3 | Calibration plots for 1-, 3-, and 5-year CSS prediction for the training cohort (A1, B1, C1) and validation cohort (A2, B2, C2).



In the ROC curve analysis of the models, the area under the curve (AUC) values for prediction of 1-, 3-, and 5-year OS were 0.8888, 0.8618, and 0.8504 in the internal cohort, and 0.8758, 0.8560, and 0.8541 in the external cohort, respectively (Figures 4A, C). For prediction of 1-, 3-, and 5-year CSS, the AUC values were 0.8990, 0.8743, and 0.8652 in the training cohort, and 0.8934, 0.8701, and 0.8656 in the validation cohort, respectively (Figures 4B, D). The validation of these two nomograms demonstrated the excellent predictive accuracy for OS and CSS based on C-index and AUC.




Figure 4 | ROC curves for 1-, 3-, and 5-year OS and CSS in the training cohort (A, C) and validation cohort (B, D).





Clinical applicability

DCA was used to evaluate the clinical applicability of the nomograms (17). Figure 5 shows decision curves for the nomograms and the FIGO stage for OS and CSS. These indicated that our model was superior to the FIGO stage, providing greater net clinical benefit with a threshold probability between 0 and 90%. CIC analysis (Figure 6) was performed to evaluate the clinical applicability of the risk prediction nomograms (18, 19) and FIGO stage. The DCA and CICs showed that the nomograms had greater net benefit within wide and practical ranges of threshold probabilities and impacted patient outcomes, indicating that our models have a significant predictive value.




Figure 5 | Decision curve analysis of the nomogram and FIGO stage prediction model for predicting OS (A) and CSS (B) in the training cohort. The x-axis represents the percentage of threshold probability, whereas the y-axis represents the net benefit, calculated by adding the true positives and subtracting the false positives.






Figure 6 | Clinical impact curves (CICs) for OS and CSS of the nomogram (A, C) and FIGO stage (B, D). The red curve (number of high-risk individuals) indicates the number of people who were classified as positive (high risk) by the model at each threshold probability; the blue curve (number of high-risk individuals with outcome) is the number of true positives at each threshold probability. The CICs provided visual confirmation of the high net clinical benefit of the nomograms and confirmed the clinical value of the model.





Survival outcomes

During the follow-up period, the rates of OS- and CSS-related adverse events were 26% (2882/11148) and 21% (2332/11148), respectively. Analysis of survival outcomes (Table 3) showed that the 1-, 3-, and 5-year OS rates in the training cohort were 88.8, 73.5, and 67.7%, whereas those in the validation cohort were 88.1%, 73.9%, and 67.7%, respectively. The 1-, 3-, and 5-year CSS rates in the training cohort were 90.4%, 78.0%, and 73.6%, and those in the validation cohort were 90.1%, 77.7%, and 72.4%, respectively.


Table 3 | Survival analysis of OS and CSS in the training cohort and validation cohort.



We used the nine prognostic factors to visually present OS and CSS in the training cohort (Figure 7). The CC patients with insurance had better survival outcomes (Figures 7A1, A2). OS and CSS decreased significantly with increasing grade (Figures 7B1, B2); that is, the higher the pathological grade, the worse the degree of differentiation and the higher the degree of malignancy. Patients with SCC had worse OS and CSS compared with patients with AC(adenocarcinoma) histopathology (Figures 7C1, C2). Patients who did not undergo chemotherapy treatment had obviously better survival outcomes in terms of both OS and CSS than those that received chemotherapy (Figures 7D1, D2). Patients diagnosed with metastasis (Figures 7E1, E2) or tumor size greater than 4 cm (Figures 7F1, F2) had worse survival. Regional lymph nodes with examination (Figures 7G1, G2) and those without positive lymph nodes (Figures 7H1, H2) were associated with better prognosis. Compared with beam radiation, BRB treatment had better survival outcomings (Figures 7I1, I2).




Figure 7 | OS and CSS stratified by patient characteristics in the training cohort: (A1, A2) insurance; (B1, B2) grade; (C1, C2) history; (D1, D1) chemotherapy; (E1, E2) metastasis numbers; (F1, F2) tumor size; (G1, G2) regional nodes examined; (H1, H2) LVSI; (I1, I2) radiation.






Discussion

Among female malignant tumors, CC ranks fifth in incidence and seventh in mortality worldwide (2022 Cancer Report). Owing to improvements in health awareness, early diagnosis, and early treatment, the incidence and mortality of CC have improved in developed countries; however, the early clinical symptoms of cervical cancer are not obvious, and the disease is usually locally advanced at first diagnosis. Comprehensive treatment of CC in the early stage is mainly based on surgery, and radiotherapy has a pivotal role in the treatment of patients with locally advanced stage disease. Global large-scale prospective randomized controlled clinical trials of concurrent chemoradiotherapy and radiotherapy alone in the treatment of CC have clarified the normative status of concurrent chemoradiotherapy (20–22).

Although technologies for CC treatment have become increasingly advanced, and the use of surgery and concurrent chemoradiotherapy have enabled curative effects in more patients, 20–40% of patients with CC still experience recurrence or metastasis within 2 years (23), with a recurrence rate within 3 years after radiotherapy that exceeds 70% (24). Therefore, there is an urgent need for a more accurate and effective method to evaluate OS and CSS in patients with CC. According to studies of CC at different FIGO stages, failure rates of local treatment in patients with stage IB, IIA, IIB, III, and IV CC were 10%, 17%, 23%, 42%, and 74%, respectively.

In recent years, increasing numbers of studies have focused on the use of predictive models to improve survival, although bottlenecks and deficiencies exist. As a novel, simple, and direct prediction model, the nomogram can directly visualize predicted OS and CSS and provide a reference for further examination and clinical decision-making. In our study, factors including age, race, marital status, insurance status, grade, histology, chemotherapy, metastasis number, tumor size, regional node examination, FIGO stage, LVSI, RLNS, and radiation showed associations with prognosis in patients with CC, and we built nomograms for both OS and CSS based on these factors. Finally, nomograms were developed to calculate the probabilities of 1-, 3-, and 5-year OS (based on 13 independent prognostic factors) and CSS (based on 11 independent prognostic factors) in patients with CC. Our nomograms indicated that FIGO stage made the largest contribution to the predicted probability between 1-, 3-, and 5-year OS and CSS, which was consistent with a large body of previous research (6, 9, 25).

We analyzed the survival outcomes (OS and CSS) of patients stratified by the following factors: insurance status, grade, histology, chemotherapy, metastasis number, tumor size, regional node examination, LVSI, and radiation. Patients with insurance had better survival outcomes, and this has not been reported by previous studies (6–9). CC patients with AC histopathology had slightly better prognoses than those with SCC; similarly, this result has rarely been reported in previous studies (8, 9, 26, 27). Only about 45% of the patients with CC benefited from initial regional lymph node examination. It had been reported that LVSI was an important poor prognostic factor for patients with early cervical cancer. Diffuse lymphatic involvement (diffuse LVSI) has predictive significance for the survival prognosis of patients compared with focal or non-focal lesions (28). In our study, patients with LVSI had worse OS and CSS (P<0.001). In clinical practice, radiation and chemotherapy are the most commonly used effective treatments for patients with CC and lead to significant improvements in survival time (7). Our results indicated that CC patients without chemotherapy treatment had better prognoses than those that received chemotherapy. Compared with beam radiation, patients who chose BRB had a more favorable survival outcome (13).

Surgery is still the main treatment method for early cervical cancer, particularly laparoscopic minimally invasive surgery is currently a popular surgical method. However, combined with the prospective large-scale clinical study LACC trial (Laparoscopic Approach to Cervical Cancer) and meta-analysis (29, 30), it was concluded that this surgical method did not benefit the survival of these patients. In our study, we mainly focus on RSS, primary site surgery and RLNS. In the univariate Cox regression, the three variables were significant for both OS and CSS (P<0.001), in the multivariate Cox regression, they had no significant for both OS and CSS (P>0.05). Since there is no detailed record of specific surgical approaches, more prospective studies may be needed to further determine the safety and efficacy of minimally invasive surgery.

Survival and prognosis studies on patients with locally advanced cervical cancer showed that (31), multivariate analysis of tumors ≥6 cm had worse loco-regional-recurrence-free survival (LRFS) and OS; AC and positive lymph nodes were associated with distant-metastasis-free survival (DMFS); adjuvant chemotherapy has longer DMFS and OS. In our study, tumor size ≥4 cm were poor prognostic factors for OS and CSS; patients with AC had better OS and CSS; those with positive lymph nodes and a history of chemotherapy had worse OS and CSS, because the data source did not clearly classify neoadjuvant chemotherapy or adjuvant chemotherapy, so more follow-up studies are needed to confirm the contribution of chemotherapy timing.

Previously, many studies developed nomograms for diagnosis and prognostic prediction in patients with CC; however, these studies had many limitations, including insufficient sample size (7), the model having a low C-index and prediction accuracy (6, 32), insufficient inclusion and exclusion criteria (6, 33), and a single study endpoint (8, 9). To our knowledge, compared with other studies evaluating CC survival using nomograms (6–9), the present study considered more real-time sample data and a more complete set of patient prognostic factors (13) than previous studies, showed excellent predictive accuracy for OS and CSS (6–9, 33), and demonstrated greater clinical net benefit. The calibration plots were almost consistent with actual observations, and we obtained excellent C-index (approximately 0.84) and AUC (approaching 0.89) values, indicating that our nomograms showed outstanding performance in predicting 1-, 3-, and 5-year OS and CSS. In addition, we compared FIGO staging and the nomograms with respect to their net benefit. FIGO stage is widely used clinically, and the use of a nomogram could reduce the diversity due to different treatments and sociodemographic statuses when predicting the prognosis of patients with CC (25, 32). We found that the nomograms had greater net benefit than the FIGO stage according to DCA and CIC. Therefore, our nomograms could represent a reliable alternative or supplementary tool to predict survival outcomes.

Our study included the latest and sufficient data sets through the SEER database, which contained enough clinical and non-clinical factors to have better practical significance in line with the real world. We constructed more 10 independent prognostic factors nomograms to calculate the probabilities of 1-, 3-, and 5-year OS (13 factors) and CSS (11 factors) in patients with CC. To provide strong evidence, we evaluated our model internally and externally using five approaches: the C-index, ROC, calibration plots, DCA, and CICs, which made our study more complete and reliable compared with previous studies. From the 1-, 3-, and 5-year OS and CSS nomograms, it was found that the scores of FIGO stage, metastasis number, and grade were the three highest in all indicators, which can provide direct and effective actual clinical implications for survival prognostic assessment. However, this study had some limitations. First, this was a retrospective population analysis without multicenter validation data. Second, there was a lack of information about other important factors, including HPV infection status and blood type parameters; future studies could refine the nomograms by incorporating these predictors. Third, our data were from the US population only, and the demographic data was relatively homogeneous. Future analyses of multicenter data with larger sample sizes, more variables including clinical and non-clinical factors, and patients of different ethnicities are required to validate our conclusions.



Conclusions

We used the SEER database to analyze prognostic data for CC patients, identified independent prognostic factors, and constructed nomograms for estimating 1-, 3-, and 5-year OS and CSS. Internal and external validation showed that these models had excellent predictive performance. They could thus be considered as reliable tools to predict prognosis, which is essential for maximizing the patient’s chance of survival.
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FIGO, International Federation of Gynecologists and Obstetricians; UNK, Unknown; OLC, overlap crossing; RSS, Radiation sequence with surgery; AC, adenocarcinoma; SCC, Squamous
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