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Background: Adjuvant imatinib therapy has been shown to improve overall survival (OS) of gastrointestinal stromal tumor (GIST) significantly. Few nomograms combining the use of adjuvant imatinib and clinicopathological characteristics estimate the outcome of patients. We aimed to establish a more comprehensive nomogram for predicting OS in patients with GIST.

Methods: In total, 1310 GIST patients undergoing curative resection at four high-volume medical centers between 2001 and 2015 were enrolled. Independent prognostic factors were identified by multivariate Cox analysis. Eligible patients were randomly assigned in a ratio of 7:3 into a training set (916 cases) and a validation set (394 cases). A nomogram was established by R software and its predictive power compared with that of the modified National Institutes of Health (NIH) classification using time-dependent receiver operating characteristic (ROC) curves and calibration plot.

Results: Age, tumor site, tumor size, mitotic index, postoperative imatinib and diagnostic delay were identified as independent prognostic parameters and used to construct a nomogram. Of note, diagnostic delay was for the first time included in a prognostic model for GIST. The calibrated nomogram resulted in predicted survival rates consistent with observed ones. And the decision curve analysis suggested that the nomogram prognostic model was clinically useful. Furthermore, time-dependent ROC curves showed the nomogram exhibited greater discrimination power than the modified NIH classification in 3- and 5-year survival predictions for both training and validation sets (all P < 0.05).

Conclusions: Postoperative adjuvant imatinib therapy improved the survival of GIST patients. We developed and validated a more comprehensive prognostic nomogram for GIST patients, and it could have important clinical utility in improving individualized predictions of survival risks and treatment decision-making.
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INTRODUCTION

Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal neoplasms originating in the gastrointestinal tract. GISTs are characterized by aberrant expression of the receptor tyrosine kinase KIT, which is detectable in approximately 95% cases (1, 2). The most common primary site of GIST is stomach (60%), followed by small intestine (30%), colorectum (10%), and esophagus (5%). Rarely, the tumors occur in the mesentery, omentum, pelvis, and retroperitoneum (so-called extragastrointestinal GIST). Constitutively activating mutations of KIT or platelet-derived growth factor receptor alpha (PDGFRA) play a key role in the biology of GISTs, thereby providing a rationale for molecularly targeted therapy (3–5). Indeed, inhibition of KIT and PDGFRA with imatinib (Glivec, Novartis) has yielded remarkable improvements in long-term outcomes (6–8). Unfortunately, the high recurrence rate remains an unsettling problem. Therefore, clinicians continue to seek independent prognostic factors to build a more comprehensive and accurate model to improve disease management (9).

Among existing risk-stratification tools, the most widely used are the modified National Institutes of Health (mNIH) classification and the Armed Forces Institute of Pathology (AFIP) myriad (10, 11). These systems incorporate well-established independent risk factors including primary tumor size, mitotic index, tumor site, and tumor rupture. Of note, other clinicopathological characteristics such as age, sex, histological subtype and postoperative therapy can also influence patient outcomes (12, 13). Adjuvant imatinib treatment has been shown to improve overall survival (OS) significantly. Furthermore, in the past years the potential value of diagnostic delay as a prognostic factor has been explored in many other malignancies. Elfgen et al. (14) reported that diagnostic delay led to tumor growth and/or tumor stage upgrade in 8.9% of basal-like breast cancer, which had the lowest overall survivals. However, Salvador et al. (15) found short diagnostic intervals were significantly associated with higher 5-year mortality in rectal but not in colon cancers, and diagnostic delay seemed not to be associated with poorer outcome. However, in GIST, the prognostic value of diagnostic delay currently remains unclear. To facilitate clinical practice and decision-making, several statistical prediction models integrating diverse prognostic factors have been established to identify homogeneous high-risk patient groups (16–18). Among these decision-making tools, nomogram has been shown in some malignancies to be superior in predicting clinical outcomes (19, 20). By integrating several continuous variables, a nomogram can accurately quantitatively predict the probability of a particular outcome with a single metric.

In this study, we present a novel prognostic nomogram for patients undergoing curative resection for GIST. Independent prognostic factors were identified from a large-scale multicenter retrospective analysis. Based on these factors, we then constructed a nomogram, compared its predictive power with the mNIH system, and further assessed it accuracy by comparing its survival outcome predictions with actual observations.



MATERIALS AND METHODS


Study Population

Our study retrospectively analyzed 1,310 patients undergoing curative resection for GIST between 2001 and 2015 at four medical centers in China, including Sun Yat-sen University Cancer Center, The Union Hospital Huazhong University of Science and Technology, Guangdong General Hospital and Southern Medical University Nanfang Hospital. All are high-capacity centers located in areas of high GIST incidence in China. Two investigators from each center approved the final dataset before it was pooled. After reviewing all deidentified data, reports were made to solve data inconsistencies by personal correspondence. All enrolled patients were diagnosed with GISTs based on postoperative histological specimen according to standard guidelines. Clinical, pathological and survival data were recorded in all cases, including age, sex, histological subtype, performance status, diagnostic delay, postoperative tumor characteristics, postoperative imatinib therapy and survival duration. The modified mNIH criteria, the most commonly used staging system for GISTs, were used for risk stratification. moderate- and high-risk patients routinely received adjuvant imatinib therapy after surgery as per standard guidelines.

Patient inclusion criteria were as follows: (1) the patient had localized primary GIST for which he/she underwent curative surgery, (2) the patient did not present with distant metastases at diagnosis, (3) there was no other synchronous malignancy, (4) the patient had not received preoperative treatment with imatinib or other tyrosine kinase inhibitor, and (5) complete clinicopathological and follow-up data were available for the patient. Furthermore, we excluded individuals who died within 1 month after surgery, upon review all of whom were found to have died of severe postoperative complications including anastomotic leakage, organ infection, bleeding, and multiple organ dysfunction syndrome (MODS). Finally, 1,310 GIST patients were enrolled in our study.



Patient Follow-Up

A strict postoperative monitoring program was conducted annually for very low- or low-risk patients and every 6 months for intermediate- or high-risk patients. Follow-up assessment comprised medical history, physical examination, blood test, endoscopy, and dynamic abdominal pelvic computerized tomography scan. Side effects of adjuvant treatment and postoperative recovery were also assessed at each follow-up. OS was defined as the time interval from the date of surgery to death or last follow-up. The final follow-up date for the study was February 2016 and the median follow-up period was 36.6 (range: 2–174) months.



Ethics Statement

The study was approved by the research ethics board of the Affiliated Hospital of Qingdao University (ethics approval no. QDFY WZLL26688) and complied with the standards of the Declaration of Helsinki. Written informed consent was obtained from either the patient or the patient's family.




STATISTICAL ANALYSIS

Results were presented as mean with 95% confidence intervals (CI). Statistical methods included Kaplan–Meier method for the overall cumulative survival rate, the log-rank test for statistical differences among groups, and the Cox proportional hazards model for multivariate analysis using a stepwise procedure. If a continuous variable met the assumption of linearity in the logit regression analysis, it was then categorized by the optimal cutoff value as determined by receiver operating characteristics (ROC) curve analysis. Variables were assessed for co-linearity with the linear regression model. A nomogram was generated by the R package rms to predict the probabilities of 3- and 5-year OS. Time-dependent ROC curves were constructed to assess the predictive accuracy of prognostic models, and area under the ROC curve (AUC) was calculated to compare the discriminatory ability. Decision curve analysis (DCA) were used to evaluate the clinical benefit of the nomogram model by quantifying net benefits at different threshold probabilities. The curves of treat-all-patients scheme (the highest net benefit) and the treat-none scheme (no net benefit) were set as two references (21, 22). Calibration plots were performed by comparing the predicted probability of OS with the observed outcome, in which the 45-degree line was used as the optimal model. A P-value < 0.05 was considered statistically significant. All statistical analyses were conducted using R software version 3.6.1 (https://www.r-project.org/) and SPSS version 19.0 (IBM Corporation, Armonk, NY, USA).



RESULTS


Patient's Characteristics

The clinicopathological characteristics of patients, surgeons, and hospitals are listed in Table 1. Of the 1,310 enrolled patients (684 men), median (range) age at the time of diagnosis was 59 (20 to 91) years. Most tumors were located in the stomach (65.6%) and the median tumor size was 4.5 cm (range 0.1–45.0). Based on the modified NIH classification (mNIH), 213 (16.3%) patients were classified as very low risk, 414 (31.6%) low risk, 195 (14.9%) intermediate risk, and 488 (37.3%) high risk.


Table 1. Clinicopathologic characteristics of patients with gastrointestinal stromal tumors.
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The Proposal of Diagnostic Delay

Diagnostic delay, defined as time to diagnosis exceeding 60 days by receiver operating characteristics (ROC) curve analysis, was present in 517 (39.5%) patients. Moreover, presence of diagnostic delay was significantly associated with poorer performance status and a lower risk classification (P < 0.001 for both associations; Table 2). A related metric symptom-to-diagnosis interval (SDI) was calculated as the time from the onset of tumor symptoms to the diagnosis of GIST. We found that a shorter SDI was associated with vomiting and gastrointestinal bleeding, and longer one with abdominal pain and abdominal mass (all P < 0.05). Among the four risk groups, the median SDI was significantly longer in very low-risk patients than in other groups (all adjusted P < 0.001).


Table 2. Relationships between diagnostic delay with clinicopathological features.
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Nomogram Variable Screening

Results from the multivariate analysis in all patients indicated that age, tumor site, tumor size, mitotic index, postoperative imatinib and diagnostic delay were all significantly associated with OS (all P < 0.05; Supplementary Table 1). Notably, diagnostic delay maintained prognostic significance when patients were stratified by tumor site and performance status (all P < 0.05). Subsequently, to build a prognosis model, patients were randomly assigned in a ratio of 7:3 into a training set (916 cases) and a validation set (394 cases). Results of the univariate analysis in the training set were showed in Table 3. Of note, there was a positive correlation between postoperative imatinib and mNIH classification, while there was a negative correlation between mNIH classification and OS. Therefore, we included -postoperative imatinib on multivariate analysis and found that age, tumor site, tumor size, mitotic index, postoperative imatinib and diagnostic delay were all significantly associated with OS (all P < 0.05; Figure 1). Furthermore, we drew similar conclusion when including all the ten variables on the multivariate Cox analysis (data not shown). As the repeated identifications of diagnostic delay as an independent factor strongly suggests its potential merit in survival prediction, it was used along with other five clinical attributes in the subsequent nomogram construction and survival prediction.


Table 3. Univariate and multivariate analyses of patients with gastrointestinal stromal tumors in the training set.
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FIGURE 1. Overall survival curves for patients with gastrointestinal stromal tumors based on age (A), tumor site (B), tumor size (C), mitotic index (D), and diagnostic delay (E) in the training set. Overall survival curves for intermediate- and high-risk patients with gastrointestinal stromal tumors based on postoperative imatinib (F) in the training set.




Development and Validation of Nomograms

A prognostic nomogram yields quantitative probabilities of survival at certain time points, for which a higher total score indicates a worse clinical outcome. Figure 2 illustrates the prognostic nomogram established for 3- and 5-year OS based on the six prognostic factors identified with the training set. The C-index value was 0.812 [95% CI = 0.749-0.875] in the training set and 0.849 (95% CI = 0.769–0.929) in the validation set.


[image: Figure 2]
FIGURE 2. Postoperative nomogram for predicting 3- and 5-year overall survival in patients undergoing curative resection for gastrointestinal stromal tumor.


For performance evaluation of this nomogram, calibration curves were generated with the bootstrap approach to assess the concordance between the predicted and the actual outcomes. As shown in Figure 3, calibration plots of the nomogram predicting 3- and 5-year OS performed well with the ideal model in the training and validation set.


[image: Figure 3]
FIGURE 3. The calibration of the nomograms for 3-year and 5-year overall survival in the training set (A,B) and the validation set (C,D). The x-axis represents the nomogram-predicted survival rate, and the y-axis represents actual survival rate and 95% confidence intervals. The dotted line represents the ideal correlation between predicted and actual survival rate.


In the DCA, the nomogram could better predict 3- and 5-year OS, as it added more net benefits compared with the widely accepted mNIH classification for almost all threshold probabilities in both the training and validation sets (Figure 4). Therefore, the DCA analysis demonstrated that our prognostic nomogram had better predictive capability and accuracy.


[image: Figure 4]
FIGURE 4. Decision curve analysis (DCA) of the nomogram and the modified NIH risk classification. The y-axis represents the net benefit, whereas the x-axis represents the threshold probability. (A) 3-year survival benefit in the training set. (B) 5-year survival benefit in the training set. (C) 3-year survival benefit in the validation set. (D) 5-year survival benefit in the validation set.




Predictive Ability of the Nomogram Compared With the MNIH Classification

Furthermore, we compared the discrimination ability of the nomogram with that of the widely accepted mNIH (Figure 5). In the training set, the AUCs of our nomogram predicting 3- and 5-year OS were 0.79 and 0.82, respectively, whereas the corresponding AUCs of mNIH were 0.70 and 0.73. Moreover, AUCs of 3- and 5-year OS predictions were also significantly higher with the nomogram (AUCs 0.90 and 0.86) than with mNIH (0.77 and 0.75) in the validation set (P < 0.05 for all comparisons). Therefore, time-dependent ROC analysis of both training and validation sets demonstrated a greater discriminatory power in 3- and 5-year survival prediction our nomogram has compared with mNIH. Taken together, these results suggest superiority of our prognostic nomogram over mNIH in predictive ability for patients with operable GIST.


[image: Figure 5]
FIGURE 5. Comparison of the area under curves (AUCs) of the time-dependent receiver operating characteristic (tROC) analysis of our nomogram and the modified NIH risk classification. tROC curves were plotted to evaluate the performance of the two prognostic models in predicting 3-year and 5-year overall survival in the training set (A,B) and the validation set (D,E) and AUC of these curves were calculated for comparison. tROC curves of the nomogram for 3- and 5-year overall survival prediction in the training set (C) and the validation set (F).





DISCUSSION

The success of targeted therapy with selective tyrosine kinase inhibitor (TKI) in treating GIST has generated considerable interest in this field in recent years (23). In particular, there has been a continuing effort to identify independent prognostic factors for improved risk stratification, as accurate risk stratification after surgery helps determine adjuvant therapy plans and the intensity of postoperative surveillance (24–26). In the past decades, various risk stratification systems for patients with GIST have been proposed. In 2002, Fletcher et al. (27) developed a consensus approach. Based on long-term follow-up results, Miettinen et al. (11) put forward the AFIP criteria using tumor size, mitosis count and tumor site as independent risk factors. The NIH system was subsequently modified, adding a new factor, tumor rupture, and has since been the most widely used tool to identify high-risk groups (10). More recently, other schemes began to emerge for estimating individualized outcomes, including the prognostic contour maps and the Memorial Sloan Kettering Cancer Center (MSKCC) nomogram (16, 28). However, current classification schemes are still unable to explain all the biological behaviors and outcome variations. Therefore, it is a focus in clinical research to create a more effective prognosis model (29, 30).

Our study presents a prognostic nomogram with improved accuracy and specificity based on clinicopathological characteristics and adjuvant therapy for GIST.

A nomogram model was chosen because its ability to extend the standard stratification tools on an individualized basis by integrating tumor- and patient-related factors. Multivariate analyses were first conducted and identified age, tumor site, tumor size, mitotic index, postoperative imatinib, and diagnostic delay as independent prognostic factors. In nomogram construction, we included age, diagnostic delay and postoperative imatinib therapy in addition to well-established factors such as tumor size and mitotic index to comprehensively evaluate prognosis. Calibration plot analysis showed high concordance between predicted and actual survival rates. Moreover, in time-dependent ROC analysis our model exhibited greater discriminatory ability than the classic modified NIH classification. Therefore, inclusion of age, diagnostic delay, and postoperative imatinib therapy as independent risk factors conferred the nomogram model with additional predictive power. This may have resulted from a more comprehensive delineation of the underlying tumor biology and postoperative management enabled by including these additional independent risk factors.

In recent years, several nomograms have been created to guide the management of operable GIST according to the Surveillance, Epidemiology, and End Results (SEER) program database (31, 32). However, these studies did not take into account the aspect of adjuvant imatinib therapy, which would most likely affect the accuracy of risk stratification. According to current guidelines, adjuvant imatinib at 400 mg daily for ≥3 years is recommended based on the SSG XVIII/AIO trial, which demonstrated an improvement in both RFS and OS for high risk patients. Adjuvant imatinib is also given for 1 years after resection of intermediate risk tumors. Many patients finally gave up imatinib treatment due to huge expenses, especially ten years ago. Therefore, most study lacked associated data for a further analysis. In our study 1,310 GIST patients undergoing curative resection at four high-volume medical centers between 2001 and 2015 were enrolled, and only 301 (23.0%) patients received imatinib treatment. We found adjuvant imatinib therapy improved the survival of GIST patients and were used to construct a nomogram. Of the 488 high risk patients, 187 (38.3%) patients received postoperative imatinib more than 1 year. The median number of months treated in patients who tolerated treatment was 26.2 (range 13.5 to 99.1). Furthermore, some intermediate-risk patients were also not treated with a standard dose and duration of imatinib, which might have confounded our results. In our study, the most common adverse effects of adjuvant imatinib were fluid retention, rash, nausea and diarrhea. Rarely (<1%) severe adverse effects, such as liver toxicity or severe rash, might preclude the use of imatinib. Furthermore, mutation analysis is particularly important for decision-making regarding the use of adjuvant imatinib. Unfortunately, there was only a small number of patients with genetic mutation information acquired in our database.

Another interesting feature in the present study is the identification of diagnostic delay as an independent prognostic factor and its use in our novel nomogram. Relationship between diagnostic delay and clinical outcomes has been reported in many malignancies. However, up to now no definitive data exist to prove whether diagnostic delay has an impact on long-term prognosis in GIST. Our results suggest that diagnostic delay have potent prognostic value in GIST and constitute a promising complementation to current risk classification systems. By combining the well-established risk factors with the ones identified from 1,310 patients, we built a prognostic nomogram with greater accuracy and discriminatory power than the standard modified NIH classification. Due to the retrospective study design and data collection, missing data were inevitable. To maintain the representativeness of the study population, we kept as many cases as possible and used all available information for each analysis, which may have resulted in biased estimates. Finally, 1310 consecutive GIST patients were enrolled to build a prognosis model. Patients were randomly assigned in a ratio of 7:3 into a training set and a validation set by R software. Furthermore, although there exists the heterogeneity and sample selection bias, we think it is reasonable to conclude that they are difficult to alter the conclusions.

Our prognostic model may have important clinical value in predicting clinical outcomes and informing postoperative therapeutic intervention for individual patients. The model can also be used to facilitate risk communication between doctors and patients. Moreover, through providing evidence supporting early monitoring of the high-risk GIST patients, our model can help identify high-risk patients for prospective clinical trials (33). With these potential benefits in mind, we encourage prospective randomized controlled studies to further validate our nomogram. Of note, whether high-risk patients benefit from a prolonged imatinib treatment would also be of considerable interest in clinical practice.

Although the nomogram performed well, our study had several limitations. Patients with tumor rupture have a high risk of GIST recurrence. However, only 0.7% of the patients with tumor rupture were included in our studies and there was no correlation between tumor rupture and OS, which might affect the accuracy of our model. Moreover, our conclusions might be strengthened by the progression/recurrence-free survival analysis. Unfortunately, we lacked associated data to further investigate this idea. Finally, a small number of patients were not treated with a standard dose and duration of imatinib, which may have confounded the results. However, our model was based on a large-scale multicenter sample size whose statistical power was generally strong. More importantly, we constructed an adjuvant imatinib therapy-associated prognostic model to predict the outcome of GIST accurately and individually in the era of TKIs.



CONCLUSIONS

In summary, based on a retrospective, multi-center analysis of 1,310 GIST patients undergoing curative resection, six independent prognostic factors were identified and used to construct a prognostic nomogram. Compared with the modified NIH criteria, our nomogram included additional factors such as diagnostic delay and postoperative treatment, which provided additional delineation of the disease course. In terms of performance, the nomogram model showed increased discriminatory ability in predicting 3- and 5-year overall survival probabilities compared with modified NIH classification and also predicted survival rates highly consistent with observed ones. Thus, our novel model could have important clinical utility in improving individualized predictions of survival risks and treatment decision-making.

We invite prospective randomized controlled studies to provide this nomogram model with further validation.
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