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Background: The maximum standardized uptake values (SUVmax) derived from 18F-fluorodeoxy-glucose positron emission tomography/computed tomography (18F-FDG PET/CT) have some well-known shortcomings in predicting treatment response and prognosis in oncology. The standardized SUVmax with an appropriate reference background may overcome this problem in some instances. This study explored the prognostic value of the tumor-to-liver SUVmax ratio (SUVTLR) and the tumor-to-blood pool SUVmax ratio (SUVTBR) in predicting the objective response (OR) and overall survival (OS) in patients with locally advanced esophageal cancer after concurrent chemoradiotherapy (CCRT).

Methods: We retrospectively analyzed 128 newly diagnosed esophageal squamous cell carcinoma (ESCC) patients who were treated with CCRT. The SUVmax of primary tumor, SUVTLR, SUVTBR and clinicopathologic features data were analyzed. Univariate and multivariate analyses were used to determine the predictors of tumor response. Survival analysis was performed using the Kaplan–Meier method and Cox proportional hazards model.

Results: Receiver operating characteristic (ROC) curve analysis demonstrated that SUVTLR was superior to SUVmax and SUVTBR in predicting treatment response. Univariate and multivariate analyses revealed that advanced tumor stage (hazard ratio [HR] = 9.67; 95% CI: 1.15-81.28; P = 0.037) and high SUVTLR (HR = 21.92; 95% CI: 2.26-212.96; P = 0.008) were independent predictors of poor treatment response. Cox regression analysis showed that good clinical tumor response (p < 0.014, HR =0.501; 95% CI: 0.288–0.871) was a favorable independent predictive factor for OS, while an advanced tumor stage (p = 0.018, HR = 1.796; 95% CI: 1.107-2.915) and a high SUVTLR (p < 0.002, HR = 2.660; 95% CI: 1.425–4.967) were prognostic factors for poor OS. The median OS of patients in the low SUVTLR and high SUVTLR groups was 13.47 vs. 19.30 months, respectively.

Conclusions: PET-derived SUVTLR is superior to tumor SUVmax and SUVTBR in predicting treatment response and overall survival in patients with ESCC undergoing CCRT. High SUVTLR was an independent predictor of poor treatment response and shorter overall survival.
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INTRODUCTION

Esophageal cancer (EC) is the eighth most common malignancy and the sixth leading cause of cancer-related death worldwide (1). The extremely high mortality may be due to the fact that most patients with esophageal cancer have locally advanced disease at the time of diagnosis (2, 3). Concurrent chemoradiotherapy (CCRT) has been established as a first-line treatment for these patients with locally advanced esophagus cancer, according to the phase III intergroup trial of RTOG 85-01 (4). However, the treatment outcome of CCRT remains to be improved, despite CCRT improved local control and overall survival compared with radiotherapy alone. According to the literature, the overall response rate of CCRT in patients with esophageal cancer ranges from 53.3 to 94.0% (5–7), with an estimated 5-year overall survival (OS) rate varying from 20 to 31% (4, 7, 8). The assessment of tumor response and survival in advance plays an important role in the treatment of the disease (9).

18F-Fluorodeoxy-glucose positron emission tomography/computed tomography (18F-FDG PET/CT) is a functional imaging technique based on the theory that cancer cells generally exhibit increased glucose uptake and glycolysis. PET/CT is now widely used and is considered a useful imaging technique for cancer detection, staging, planning and monitoring treatment (10, 11). In addition, PET/CT is known to be effective for predicting treatment response and prognosis (12–14). The semiquantitative parameter derived from FDG-PET, maximum standardized uptake values (SUVmax), has been reported to be a strong predictor of survival in patients with esophageal cancer (13, 14). SUVmax has also been associated with CCRT response (15–17). Other volume-based PET parameters such as metabolic tumor volume (MTV) and total lesion glycolysis (TLG) are dependent on SUVmax. However, these PET parameters based on SUVmax methodology has some well-known shortcomings, such as weight, blood glucose level, time interval, and technical factors (17–20). The use of total weight is the most commonly used method of calculating the average radioactive concentration. However, heavier patients often have a higher body fat percentage, and white body fat is less metabolically active (i.e., takes up less FDG) than muscle tissue. Therefore, comparison of SUVs among patients with different body compositions is flawed (17). On the other hand, the fasting plasma glucose levels may vary significantly between examinations, especially in diabetic patients (21). In addition, different manufacturers and scanner models have different physical properties and different acquisition as well as reconstruction options. Each scanner has a calibration coefficient that converts the measured count to radioactivity. The calibration method and care of how this calibration is performed will affect the basic quantitative accuracy of PET scanner (17). Many recent studies have suggested that standardization of semiquantitative measurement may be superior to SUVmax in the prediction of treatment response and prognosis (22, 23). Standardization in its most common form is a ratio of FDG uptake in tumors to that in normal background tissue, such as the liver and mediastinal blood pool (24–28). This method can provide reliable and reproducible data across different PET scanners and improve the PET characterization of tumors more accurately (29–32).

However, data regarding the prognostic significance of the tumor-to-liver SUVmax ratio (SUVTLR) and tumor-to-blood pool SUVmax ratio (SUVTBR) in EC are limited. Hence, we conducted this retrospective study to evaluate the predictive value for treatment response and prognosis of SUVTLR and SUVTBR in patients with esophageal squamous cell carcinoma (ESCC) undergoing first-line chemoradiotherapy.



MATERIALS AND METHODS


Patients

The ethics committee of Shandong Cancer Hospital and Institute approved the study. In addition, informed consent was exempted due to the retrospective nature of the study. Patients were included if they had an Eastern Cooperative Oncology Group (ECOG) performance status between 0 and 2 and were confirmed by histopathological analysis. They also needed to fulfill the following criteria: (1) adequate hematological, liver, and renal function; (2) completed PET/CT examination 1 week before treatment; and (3) locally advanced disease based on the 7th edition of the American Joint Committee on Cancer guidelines (AJCC 7th edition), with comorbidities making the tumor ineligible for surgery. The exclusion criteria were as follows: (1) distant metastasis or multiple primary esophageal lesions, (2) history of other malignancies, or (3) any liver disease that may affect liver metabolism and function, such as acute or chronic hepatitis, fatty liver, cirrhosis. We finally included 128 newly diagnosed ESCC patients who were treated with definitive CRT between January 2012 and December 2016 in our hospital.



PET/CT Scanning and Image Analysis

PET/CT scanning was performed 1 week before treatment with an advanced PET/CT scanner (Discovery LS, GE Healthcare). Before undergoing PET/CT scans, all patients were asked to fast for at least 6 h and have a blood glucose level ≤ 11.1 mmol/L. Then each of they were injected into 3.5–4.5 MBq/kg of 18F-FDG. Sixty minutes later, a whole-body PET and CT scans were initiated from top of the skull to the proximal thigh for 5 min per field of view, each covering 14.5 centimeters, with an axial sampling at 4.25 millimeters per slice. The PET data sets were reconstructed with CT-derived attenuation correction using the ordered-subset expectation maximization algorithm. The attenuation-corrected PET images, CT images, and fused PET/CT images were displayed as coronal, sagittal, and axial slices on the Xeleris workstation (GE Healthcare). Two experienced nuclear medicine physicians visually and semiquantitatively analyzed the PET images by measuring the SUVmax of the primary tumor, the liver and the blood pool. Contour threshold method standard uptake values (SUVs) were based on the region of interest (ROI), which was a suspicious area showing an increased FDG uptake compared to the surrounding esophagus tissue. A threshold SUV of 2.5 was used to define ROI boundaries, which has been widely approved. The SUVmax of the liver and the blood pool was calculated using a round-shaped 10-mm ROI at the VIII hepatic segment and the aortic arch (without involving the vessel wall). Then the ratio of the SUVmax of the primary tumor to the SUVmax of the liver (SUVTLR) and the ratio of SUVmax of the primary tumor to the SUVmax of blood pool (SUVTBR) were calculated, respectively.



Treatment Protocols

All patients received CCRT as their treatment option. The radiation treatments were performed using intensity-modulated radiation therapy (IMRT) with a total dose of 50–64 Gy administered once daily in 25–32 fractions (i.e., 1.8 or 2.0 Gy/ fractions, 5 days/week). Chemotherapy began on Day 1 concurrent with the initial radiation treatments, cycled every 28 days for 2–4 cycles for 2 cycles with radiation followed by 2 cycles without radiation. 5-Fluorouracil (700 mg/m2) was administered intravenously (iv) continuous infusion over 24 h daily on Days 1–4, and cisplatin (75 mg/m2) was administered by iv on Day 1.



Assessment of Response and Follow-Up

Patients were asked to visit the clinic within 2–4 weeks after completion of all therapies. Barium meal and contrast-enhanced thoracic and abdomen computed tomography scans were used to evaluate treatment response based on evaluation criteria in solid tumors (RECIST) Version 1.1. Tumor response was defined as complete response (CR) or partial response (PR); non-response was defined as stable disease (SD) or progressive disease (PD). A primary tumor response that fulfilled the CR criteria and PR criteria was defined as objective response (OR) (OR = CR+PR), and the other was defined as Non-OR. These examinations were performed for all patients every 3 months for the first 2 years and every 6 months thereafter. The last follow-up date was December 30, 2018.



Statistical Analysis

The selection of cut-off values of baseline PET/CT parameters was determined using receiver operating characteristics (ROC) curve analysis. Analysis of the AUCs of the ROC curves was done using Delong's test to compare the performance of PET/CT parameters for predictive response. Univariate and multivariate logistic regression analyses were used to determine the clinical tumor response predictors. OS was defined as the interval between the treatment and death or the last follow-up. The Kaplan-Meier method and the log-rank test were used to analyze the association of each marker with OS, and the associated 95% CIs were calculated. Cox's proportional hazards models were used to perform multivariate analysis defining the independent prognostic factors for OS, and hazard ratios were reported as relative risks with corresponding 95% confidence intervals. The analyses were performed with the SPSS 22.0 program (SPSS Inc., Chicago, IL, USA) and the MedCalc program (Version 18.11). A two-sided p-value < 0.05 was considered statistically significant.




RESULTS


Patient Characteristics

A total of 128 newly diagnosed ESCC patients were retrospectively analyzed, including 103 (80.47%) males and 25 (19.53%) females, with a median age of 65 years (range: 39–83 years). Patients who had a history of smoking were slightly more represented (56.4%) than those who had never smoked, as well as those with a history of alcohol consumption. The lesions were mainly located in the middle thoracic segment of the esophagus (59, 46.10%), followed by the lower thoracic segment (35, 27.34%), and the upper thoracic segment (27, 21.09%), and lesions in the cervical segment were the least common (7, 5.47%). Additionally, most of the patients had stage III disease (96, 75.0%), whereas 32 (25.0%) had stage II disease. The number of patients in the OR and non-OR groups was 105 and 23, respectively, with an overall OR rate of 82.03%. The patients' clinical characteristics are summarized in Table 1.


Table 1. Patient baseline characteristics.
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ROC Curve Analysis

The patients had a median SUVmax of primary tumor of 15.5 (range: 3.43–31.54), SUVTLR of 4.04 (range: 0.73–9.09) and SUVTBR of 3.79 (range: 0.30–14.59). All of the parameters that were calculated from PET/CT are summarized in Table 2. By ROC curve analysis, we found that SUVTLR had the largest area under the curve of 0.855 (95% CI: 0.782–0.911), which was significantly larger than that of SUVmax (AUC = 0.755, 95% CI: 0.693–0.844; ΔAUC = 0.0797, p = 0.018) and SUVTBR (AUC = 0.705, 95% CI: 0.618–0.782; ΔAUC = 0.1500, p = 0.024) (Figure 1). The optimal cut-off value for SUVTLR was 4.21 (sensitivity 95.7%, specificity 63.8%), it was 14.68 for SUVmax (sensitivity 91.3%, specificity 53.3%), and 5.06 for SUVTBR (sensitivity 60.9%, specificity 77.1%) (Table 3). Based on these cut-off values, patients were stratified into different PET/CT parameter groups. The baseline clinical characteristics based on PET/CT parameters are summarized in Supplementary Table 1.


Table 2. PET parameters.
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FIGURE 1. The area under the curve of SUVTLR (AUC = 0.855 95% CI: 0.782-0.911) was significantly larger than that of SUVmax (AUC = 0.755, 95% CI: 0.693-0.844; ΔAUC = 0.0797, p = 0.018) and SUVTBR (AUC = 0.705, 95% CI: 0.618-0.782; ΔAUC = 0.1500, p = 0.024).



Table 3. Analysis of ROC curves in predicting treatment response.
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Univariate and Multivariate Analyses of Treatment Response

The univariate analysis revealed that tumor stage (P = 0.012), SUVmax (P < 0.001), SUVTLR (P < 0.001) and SUVTBR (P < 0.001) were prognostic factors for OR. Advanced tumor stage (stage III), high SUVmax (>14.68), high SUVTLR (>4.21), and high SUVTBR (>5.06) were significantly associated with poor treatment response. The objective remission rates of the tumor stage III group, high SUVmax group, high SUVTLR group and high SUVTBR group were 77.08, 68.57, 63.33, and 63.16%, respectively. However, these values were significantly higher in the corresponding groups (96.87, 96.55, 98.53, and 90.00%, respectively). However, none of the other parameters (i.e., age, sex, smoking history, drinking history, tumor location, T stage, and N stage) showed significant differences (Table 4). Subsequently, the significant variables from the univariate analysis (tumor stage, SUVmax, SUVTLR, and SUVTBR) were included in the multivariate logistic regression models. Multivariate analysis revealed that only advanced tumor stage (hazard ratio [HR] = 0.103; 95% CI: 0.012-0.87; P = 0.037) and high SUVTLR (HR = 0.446; 95% CI: 0.074-2.692; P = 0.008) were independent predictors of poor treatment response (Figure 3).


Table 4. Univariate analysis for treatment response.
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Prognostic Values of the PET/CT Parameters for OS

The median follow-up time was 28 months. At the end of follow-up, 106 patients (82.8%) died from ESCC, whereas 22 patients (17.2%) were still alive. The median OS was 18.35 months (range: 5.37–42.7 months). In the univariate analysis, tumor stage (p = 0.020), tumor response (p < 0.001), SUVmax (p = 0.003), SUVTLR (p < 0.001) and SUVTBR (p = 0.002) were significantly associated with OS. As shown in Figure 2, the Kaplan-Meier curves revealed that, compared to patients in the high SUVmax group, in the high SUVTLR group and in the high SUVTBR group, patients in the low SUVmax group, in the low SUVTLR group and in the low SUVTBR group had a longer OS. None of the other parameters (i.e., age, sex, smoking history, drinking history, tumor location, T stage, and N stage) were associated with OS (Table 5). All these factors were included in the subsequent multivariate analysis. In addition, although variables such as age and gender are not significant in univariate analysis, these variables may be an important confounding factor, so they are also included in the multivariate analysis. The multivariate analysis confirmed that only tumor stage (HR = 1.777; 95% CI: 1.087–2.904, p = 0.022), tumor response (HR = 2.043; 95% CI: 1.170–3.567, p = 0.012), and SUVTLR (HR = 2.620; 95% CI: 1.405–4.887, p = 0.002) were independent prognostic factors for OS (Figure 4). Overall, a good clinical tumor response was a favorable independent predictive factor for OS, while an advanced tumor stage and a high SUVTLR were prognostic factors for poor OS. The median OS of patients in tumor stages II and III, in the OR group and non-OR group, and in the low SUVTLR and high SUVTLR groups were 20.68 vs. 17.77 months, 13.47 vs. 19.30 months, and 22.05 vs. 15.65 months, respectively.


[image: Figure 2]
FIGURE 2. Kaplan-Meier analyses of OS according to SUVman, SUVTLR and SUVTBR.Patients with low SUVmax (A), low SUVTLR (B), and low SUVTBR (C) achieved better OS than patients with high SUVmax, high SUVTLR and high SUVTBR.



Table 5. Univariate analysis for OS.
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FIGURE 3. Multivarite analysis for treatment response.
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FIGURE 4. Multivarite analysis for OS.





DISCUSSION

Concurrent chemoradiotherapy is the main treatment for locally advanced inoperable esophageal cancer patients. In the present study, we investigated the prognostic value of SUVTLR and SUVTBR in locally advanced esophageal cancer patients who were treated with CCRT. We demonstrated that SUVTLR was an independent predictive factor for treatment response. Furthermore, SUVTLR was also an independent risk factor for OS. The median OS was significantly different below and above the cut-off value of SUVTLR (22.05 vs. 15.65 months). However, SUVmax and SUVTBR did not significantly correlate with OR or OS. To the best of our knowledge, this is the first study focusing on the potential prognostic role of the ratio between tumor lesions and reference background SUVmax in locally advanced esophageal cancer patients treated with CCRT.

18F-FDG PET/CT, which reflects glucose metabolism, has been widely applied in the management of oncological patients (10–14). The semiquantitative metabolic parameters derived from PET/CT, such as SUVmax, have been reported as useful prognostic factors in various cancers, including EC (13–15). For example, a previous retrospective study in 179 esophageal or gastroesophageal carcinoma patients showed that patients who reached a clinical complete response after definitive CCRT had a median SUVmax of 10.2, whereas those who did not achieve a clinical complete response had a median SUVmax of 15.3 (16). This study also revealed that patients with higher SUVmax were associated with poorer OS compared with patients with a lower SUVmax after definitive chemoradiotherapy. These results are supported by the study of Atsumi et al. in which the analysis of 56 esophageal carcinoma patients showed that the median SUVmax of the patients who reached a complete response was 10.6, compared with 17.6 in non-CR patients. SUVmax was significantly associated with OS, and the 2-year OS rates in the low-SUVmax (<10) and high-SUVmax (≥10) groups were 100 and 41% (15). Our results highly agree with this finding; patients with higher SUVmax (>14.68) are more likely to have a poor tumor response and a shorter OS than those with a lower one ( ≤ 14.68). Although SUVmax performs well in predicting prognosis, it has many well-known limitations, as explained in the introduction section (17–20). SUV measurements are influenced by body composition and habits, as well as time intervals. In addition, SUVmax is also affected by some technical factors, for example, errors in scanner calibration, reconstruction settings, and the attenuation-corrected protocol (33). Moreover, it was reported that FDG uptake and biodistribution are affected by tumor burden, tumor volume, and the volume of interest (34–36). In light of this variation, recent reports have suggested that applying a standardized SUVmax, i.e., tumor SUVmax normalized by an appropriate reference background, may overcome this problem in some instances (36, 37). The liver and blood pool are the most widely used reference background (37, 38), since they maintain a nearly constant SUV level over time after injecting 18F-FDG. There are some important advantages to applying this ratio, e.g., it is independent of management activities and weight as well as different PET/CT scanners, so at least part of the abovementioned inherent variability in SUV methodology and inter instrumental variability problems can be reduced or addressed (35, 36). Another advantage is that it is practical and simple in daily clinical use, and clinicians can easily identify primary tumor uptake compared to liver/blood pool uptake without the use of additional or special software or equipment. This method of analysis can yield reproducible results across different institutions or researchers without the need for additional imaging data that would lead to further economic burden and radiation exposure. In the present study, SUVmax of the eighth hepatic segment and aortic arch were used as the reference background to standardize one of the primary lesions, namely, SUVTLR and SUVTBR. This methodology was reported in previous studies in lymphoma (39). In the present study, we first performed a ROC analysis to determine the best cut-off values of SUVTLR, SUVTBR and SUVmax and then compared their predictive performance. We found that SUVTLR performed the best with a significantly higher ROC of >0.85 and yielded a sensitivity and specificity of 0.957 and 0.638, respectively. SUVTLR was the best predictor of the OR. Further analysis indicated that SUVTLR is an independent predictor of treatment response in patients undergoing CCRT. Patients with a high SUVTLR are more likely to have a poor treatment outcome than are those with a low SUVTLR. Considering OS, we demonstrated that SUVTLR was also an independent predictor. With a median overall survival of 18.35 months in all patients, patients with a lower SUVTLR (<4.21) had a significantly longer OS than those with a higher SUVTLR (>4.21) (22.05 vs. 15.65 months). This is the first study to report the prognostic value of SUVTLR in patients with esophageal cancer after CCRT. The results of this study are basically consistent with the results of previous studies in other tumors. In a study by Huang et al. (35), 504 patients with stage IIA colorectal cancer following curative resection were examined. They found that SUVTLR was superior to tumor SUVmax in predicting recurrence. Patients with SUVTLR>6.2 revealed a 14.7-fold increased risk of disease-specific mortality. The 1-, 3-, and 5-year OS rates were 100.0, 100.0, and 98.3% for patients with lower SUVTLR vs. 98.1, 83.3, and 74.3% for those with higher SUVTLR. Similarly, Park et al. retrospectively reviewed 167 patients with surgical margin-negative stage IA non-small cell lung cancer; the result indicated that SUVTLR was an independent prognostic factor for recurrence and disease-free survival (40). In the study of 23 adenoid cystic carcinomas of salivary gland patients, high SUVTLR was significantly associated with decreased OS. With a SUVTLR cut-off of 2.69, there was a 1.83-fold increase in the risk of death (41). In addition, the prognostic value of SUVTLR was also reported in lymphoma (30, 42). In the current study, tumor stage and treatment response were also found to be independent prognostic factors for OS, and these factors have already been well established as significant prognostic factors.

In addition, several previous studies have reported the prognostic value of the SUVmax ratio between tumor lesions and the blood pool. In a study in esophageal cancer, SUVTBR was an independent prognostic factor for overall survival and distant metastasis (26). Normalization to the blood pool SUVmax improved the prognostic value and led to a higher hazard ratio than did the metabolically active tumor volume, which was also an independent prognostic factor for overall survival and distant metastasis. Similarly, Gencturk et al. (41) came to a similar conclusion that patients with lower SUVTBR (<4.14) have a significantly longer progression-free survival and overall survival than those with a higher SUVTBR. However, in our study, Cox's proportional hazards models indicated that SUVTBR was not an independent prognostic factor for OS, despite a significantly longer OS in patients with lower SUVTBR in the univariate analysis. This result is highly in agreement with the previous findings by Albano et al. (43, 44). One possible explanation is that, due to the anatomical structure, the SUVmax of the blood pool may be influenced by the primary esophageal tumor and mediastinal metastatic lymph nodes. Another possible explanation is that although the SUV values of the liver and blood pool are stable over time, they are not the same in nature. The blood pool is only the storage vessel of the 18F-FDG, while the liver is both a storage organ and a consumption organ. This may result in different baseline states. It seems preferable to select liver uptake as a background reference. This conclusion was supported by Itti E's previous result that with mediastinal blood pool as a reference, PET was unable to distinguish early responders from nonresponders (45). In contrast, with liver as a reference, 2-year progression-free survival was significantly different between patients with PET-negative findings and patients with PET-positive findings. Therefore, we suggest that the liver is a more optimal reference background tissue than the blood pool for normalization of FDG uptake when performing semiquantitative metabolic tumor response and prognosis prediction.

This study has some limitations. First, this is a retrospective single-center study. Further prospective, multicenter, clinical trial should be conducted to clarify the results of our findings. Second, although we have applied endoscopic ultrasonography, enhanced CT and PET/CT, clinical TNM staging is still not as accurate as pathological TNM staging. Lastly, only a small number of patients underwent a second PET/CT examination after the end of treatment, so we did not have enough data to deeply analyze the changes in metabolic parameters before and after treatment, as well as the prognostic value.



CONCLUSION

In summary, our study indicated that the PET-derived tumor-to-liver maximum standardized uptake value ratio (SUVTLR) is superior to the tumor SUVmax and tumor-to-blood pool maximum standardized uptake value ratio (SUVTBR) in predicting treatment and overall survival in patients with ESCC undergoing first-line chemoradiotherapy. Patients with a higher SUVTLR are more likely to have a poor treatment response and shorter overall survival than those with a lower one.
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