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Introduction

Recently, the American Joint Committee on Cancer (AJCC)/Union for International Cancer Control (UICC) staging system was updated for its 8th edition. F-18 fluorodeoxyglucose positron emission tomography/computed tomography (FDG PET/CT) is a useful imaging tool to diagnose and predict prognoses for esophageal cancer. However, there was no previous study to explore the role of FDG PET/CT in the staging system based on the 8th edition. The prognostic value of FDG PET/CT was investigated in patients with esophageal squamous cell carcinoma (SqCC) considering the new 8th AJCC/UICC staging system.





Methods

Subjects were 721 patients with esophageal SqCC undergoing pretherapeutic FDG PET/CT. Clinico-pathological variables and the maximum standardized uptake value (SUVmax) of the primary tumor were included in survival analysis. Subgroup analysis was performed to compare hazard ratios according to pathological stage and SUVmax. A new staging classification including FDG uptake was proposed.





Results

In multivariate survival analysis, pathological stage and SUVmax of the primary tumor were selected as independent prognostic factors for overall survival in both the 7th and 8th editions. The proposed new staging system showed better discrimination for overall survival between stage I and II than did the conventional staging system (hazard ratios: 2.250 vs. 1.341).





Conclusions

The FDG uptake of the primary tumor was found to be an independent prognostic factor along with pathological stage based on both 7th and 8th AJCC/UICC staging systems in patients with esophageal SqCC. The suggested new staging system including SUVmax was better for predicting prognoses than the conventional staging system.
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Introduction

Esophageal cancer is a representative disease among malignancies in the digestive system. In 2020, esophageal cancer had the seventh highest incidence and the sixth highest mortality in the world (1). The age-standardized incidence rate of esophageal cancer is highest in Eastern Asia (1). Squamous cell carcinoma (SqCC) is the most common histologic subtype of esophageal cancer, not only in Eastern Asia, but also globally (2). Surgery is the most radical and most common treatment option for esophageal cancer (3). According to stage or physician’s opinion, neoadjuvant concurrent chemoradiotherapy (CCRT) can be performed before surgery (4). After surgery, chemotherapy or radiotherapy can be conducted as adjuvant therapy. Definitive CCRT is another treatment option for patients who cannot be candidates for surgery (5). As most esophageal cancer patients undergo radical operations, it is important to predict the prognosis after surgery.

F-18 fluorodeoxyglucose positron emission tomography/computed tomography (FDG PET/CT) is a robust imaging modality to diagnose and evaluate stages of esophageal cancer (6, 7). It provides additional information of nodal staging and distant metastasis (8). Image findings and parameters of FDG PET/CT are well known to predict the prognosis of esophageal cancer. A high standardized uptake value (SUV) of the primary tumor was a significant risk factor in esophageal cancer based on a meta-analysis (9). Although there have been many studies, they included small numbers of patients or applied meta-analysis designs to overcome the limitations of low subject numbers. Furthermore, there were no previous studies dealing with prognostic values according to all discrete substages (e.g., IA and IB) due to the small numbers of subjects. Therefore, it was not clear whether the FDG PET/CT parameters of the primary tumor were independent prognostic factors over pathological substages or stages.

The tumor–node–metastasis (TNM) cancer staging system suggested by the American Joint Committee on Cancer (AJCC)/Union for International Cancer Control (UICC) is the most used system to evaluate the progression of malignancies including esophageal cancer. In 2017, the 8th edition of the AJCC/UICC staging system was released (10). A remarkable change between the 7th and 8th editions is the subdivision of the T1 stage into T1a and T1b according to invasion depth (11). Staging N3 as IVA and re-defining esophagogastric junction cancer are other changes (11). The classification criteria for the N stage have not been changed. In survival analysis, staging based on the 8th edition of the AJCC/UICC staging system still showed good prognostic stratification performance. However, no previous study has explored the independent prognostic value of FDG PET/CT compared to staging based on the 8th edition of the AJCC/UICC staging system.

In this study, the prognostic value of FDG PET/CT was investigated in a large number of subjects with esophageal SqCC according to the 7th and 8th editions of the AJCC/UICC staging system. The significance of SUVmax as a reference to stratify patients of same pathological stage was also explored.





Methods




Subjects

Eight hundred eighteen consecutive patients undergoing FDG PET/CT examination for the initial staging of esophageal SqCC and subsequent curative surgery between January 2007 and December 2016 were retrospectively enrolled. Among them, 24 patients with pathology other than SqCC were excluded. Tumors located in the esophago-gastric junction were excluded due to the different staging system and prognosis. Seventeen patients with pathologic T0 or Tis were excluded. Forty-two patients without pathologic information of histologic grade were excluded. Pathologic T stage and histologic grade were diagnosed by pathologists from surgical specimens. Pathologic information was obtained from pathologic reports in electronic medical records. One patient with neo-adjuvant concurrent chemoradiotherapy before FDG PET/CT examination was excluded. Ten patients were excluded due to the absence of information regarding adjuvant therapy after surgery. Therefore, 721 patients were included in this study (Figure 1). All patients underwent esophagogastroduodenoscopy (EGD), endoscopic ultrasonography (EUS), and CT of the chest and upper abdomen as a diagnostic workup of esophageal cancer. Our institute review board approved this retrospective cohort study (IRB #2021-06-005), and the informed consent was waived.




Figure 1 | Patient inclusion and exclusion criteria Eight hundred eighteen patients were retrospectively enrolled. Among them, patients with a primary tumor located in the esophago-gastric junction, with pathologic T0 or Tis, without pathologic information of histologic grade, with neo-adjuvant concurrent chemoradiotherapy, or without information of adjuvant therapy were subsequently excluded. Ultimately, 721 patients were included.







FDG PET/CT Acquisition and Analysis

All patients fasted for at least 6 h and had blood glucose levels of less than 200 mg/dl at the time of their FDG PET/CT scans. Whole-body PET and CT images from basal skull to mid-thigh were acquired 60 min after the injection of 5.0 MBq/kg FDG without intravenous or oral contrast on a Discovery LS or a Discovery STE PET/CT scanner (GE Healthcare, Milwaukee, WI, USA). Continuous spiral CT was performed with an 8-slice helical CT (140 keV, 40–120 mA; Discovery LS) or 16-slice helical CT (140 keV, 30–170 mA; Discovery STE). An emission scan was then obtained from head to thigh for 4 min per frame in 2-dimensional mode (Discovery LS) or 2.5 min per frame in 3-dimensional mode (Discovery STE). PET images were reconstructed using CT for the attenuation correction by the ordered-subsets expectation maximization algorithm with 28 subsets and 2 iterations (matrix 128 × 128, voxel size 4.3 × 4.3 × 3.9 mm; Discovery LS) or ordered-subsets expectation maximization algorithm with 20 subsets and 2 iterations (matrix 128 × 128, voxel size 3.9 × 3.9 × 3.3 mm; Discovery STE).

All images were reviewed by two board-certified nuclear medicine physicians who have over 5 years’ experience, using volume viewer software on a GE Advantage Workstation version 4.7. Maximum SUV (SUVmax) of the primary tumor was measured using a spherical volume of interest over the primary tumor. Lymph nodes were considered metastatic if there was focal prominent FDG uptake compared to normal mediastinal activity matching with a lymph node on CT image without high attenuation and calcification based on the previous studies, which showed a high negative predictive value with a range of 88%–98% (8, 12, 13). The number of FDG PET/CT-positive nodes in each patient was recorded.





Clinical Variables and Follow-Up

Clinical information including sex, age, performance of adjuvant therapy, and histological grade of the primary tumor was obtained by reviewing electronic medical records. The location of the primary tumor was classified by examination reports of EGD or EUS. Radiologic reports of CT covering the chest and upper abdomen were reviewed, and the numbers of possible metastatic lymph nodes were obtained. Clinical nodal stage (cN stage) was evaluated by the larger numbers of positive lymph nodes for metastasis in FDG PET/CT or CT scans. After we reviewed the pathologic reports, the pathological TNM stage and substage were determined based on both the 7th and 8th editions of the AJCC/UICC staging system.

Adjuvant therapy after surgery was performed according to each patient’s situation and their corresponding physician’s decision. After surgery, all patients were monitored regularly to obtain accurate information regarding recurrence. The follow-up program was every 2–4 months during the first year, every 4–6 months during the next 2 years, and every year thereafter. Every follow-up evaluation included a complete physical examination, complete blood count, biochemical screening, and chest x-ray. CT scans of the chest and upper abdomen were performed from every 6 months to 1 year, or more frequently if clinically indicated. Other tests, including barium contrast esophagography, EGD, and ultrasonography/CT of the neck and abdomen were also performed if clinically indicated.

Recurrence or metastasis was considered when there was an abnormal finding suggesting recurrence or metastasis on serial imaging studies or pathologically confirmed malignancy. The events for survival analysis were defined as recurrence or metastasis and any cause of death. The disease-free and overall survival (OS) durations from the last follow-up or event were recorded for each patient.





Statistical Analysis

Age as a continuous scale was divided into three groups as a discrete scale according to tertiles for log-rank tests and multivariate analyses. SUVmax as a continuous scale was divided into two groups as a discrete scale according to two cutoff references, the median value of SUVmax and a cutoff value of SUVmax to best discriminate the prognosis of OS in all patients. The latter was explored by the “cox” function in the package “cutoff”. The “cox” function provides hazard ratios (HRs) and p-values of Cox regression analysis for each cutoff value. Cutoff values were applied not only for log-rank tests and multivariate analyses but also for suggestion of a reference value for the new staging system. Clinical variables including sex, age with both discrete and continuous scales, location of primary tumor, cN stage, performance of adjuvant therapy, histological grade of primary tumor, pathological T stage based on the 7th edition of the AJCC/UICC staging system (7th pT stage), pathological T stage based on the 8th edition of the AJCC/UICC staging system (8th pT stage), pathological N stage (pN stage), pathological substage based on the 7th edition of the AJCC/UICC staging system (7th pathological substage), pathological substage based on the 8th edition of the AJCC/UICC staging system (8th pathological substage), and SUVmax with both discrete and continuous scales were employed for univariate survival analysis. Both OS and disease-free survival (DFS) were endpoints of analysis. The Cox proportional hazards model was used to evaluate the prognostic power of each variable. HRs and 95% confidence intervals were estimated. Log-rank statistics were also obtained by the Kaplan–Meier method. Significant variables in univariate survival analysis with p-values of log-rank statistics lower than 0.05 were included in multivariate survival analysis. Variables with collinearity were excluded.

Patients in each 8th-edition pathological stage (e.g., I and II) were divided into two groups based on the two reference values of SUVmax. HRs and 95% confidence intervals were estimated, and log-rank statistics were also obtained by the Kaplan–Meier method. Subgroups showing no significant difference in HRs were classified into the same group. Kaplan–Meier analysis was conducted in the newly classified groups. All the statistical analyses were performed using R software (v. 4.0.4, R Foundation for Statistical Computing, Vienna, Austria). A p-value lower than 0.05 was considered statistically significant.






Results




Demographic Data

The clinical characteristics and demographics of the subjects are described in Table 1. Overall, 92.5% of patients were male. The median age was 73 years, and the median SUVmax was 4.7. The tumors were located in the middle and lower thoracic esophagus in 90.1% of subjects. CT or FDG PET/CT demonstrated no lymph nodes suspected as metastatic in 484 patients. In pathological findings, 385 patients had no lymph node metastasis. Stage IB was the most common stage in both the 7th pathological substage and the 8th pathological substage. Stage I was the most common in both the 7th pathological stage and the 8th pathological stage.


Table 1 | Demographic and clinical characteristics of the patients with esophageal squamous cell carcinoma.







Survival Analysis Data

In univariate survival analysis, sex, age with discrete scale, SUVmax with discrete scale, SUVmax with continuous scale, cN stage, adjuvant therapy, 7th pT stage, 8th pT stage, pN stage, 7th pathological substage, 7th pathological stage, 8th pathological substage, and 8th pathological stage were revealed to be significant prognostic factors for OS (Table 2). Sex, SUVmax with discrete scale, SUVmax with continuous scale, cN stage, adjuvant therapy, histological grade, 7th pT stage, 8th pT stage, pN stage, 7th pathological substage, 7th pathological stage, 8th pathological substage, and 8th pathological stage were revealed to be significant prognostic factors for DFS (Table 2).


Table 2 | Univariate Cox regression analysis of survival in esophageal squamous cell carcinoma.



Due to multicollinearity issues, multivariate survival analysis was performed repeatedly according to each PET parameter and staging system (Tables 3, 4). In the multivariate survival analysis, both SUVmax and pathological stage were selected as significant prognostic factors for DFS based on both the 7th- and 8th-edition staging systems. In addition, sex was an independent prognostic factor in the 8th staging system. In multivariate survival analysis, both SUVmax and pathological stage were selected as significant prognostic factors for OS based on both the 7th- and 8th-edition staging systems. The same results were observed irrespective of the SUVmax cutoff method. Survival curves of SUVmax with discrete scale and 7th or 8th pathological substage are displayed in Figures 2, 3.


Table 3 | Multivariate Cox regression analysis of disease-free survival in esophageal squamous cell carcinoma.




Table 4 | Multivariate Cox regression analysis of overall survival in esophageal squamous cell carcinoma.






Figure 2 | Survival curves according to SUVmax UVmax with median cutoff was a significant prognostic factor in both disease-free survival (A) and overall survival (B). SUVmax with the best cutoff to discriminate prognosis of overall survival most accurately in all patients showed the same results in both disease-free survival (C) and overall survival (D).






Figure 3 | Survival curves according to the AJCC/UICC staging systems Pathological substage based on the 7th edition of the AJCC/UICC staging system was a significant prognostic factor in both disease-free survival (A) and overall survival (B). Pathological substage based on the 8th edition of the AJCC/UICC staging system was also a significant prognostic factor in both disease-free survival (C) and overall survival (D).







Proposed New Staging System Including SUVmax

Subgroup analysis was performed to explore the role of SUVmax in each stage and to adjust the staging system to discriminate prognoses better. HRs for OS were calculated in each subgroup classified according to each 8th pathological stage and SUVmax group (Supplementary Table 1). The HRs of stage I subjects with low SUVmax and stage II subjects with low SUVmax demonstrated no significance differences from each other. Likewise, the HRs of stage I subjects with high SUVmax, stage II subjects with high SUVmax, and stage III subjects with low SUVmax demonstrated no significance difference from each other. Our proposed new staging system was designed based on these results. Stage II subjects with low SUVmax were downstaged into a new stage I. Stage I subjects with high SUVmax were upstaged into a new stage II. Stage III subjects with low SUVmax were downstaged into a new stage II. In the conventional staging system, the HRs of stage I subjects and stage II subjects showed no significant difference. In contrast, the HRs of stage I subjects and stage II subjects showed significant differences in the proposed new staging system (Table 5). Compared to survival curves based on the 8th pathological stage, those based on the improved staging system discriminated prognosis better (Figure 4). The same results were observed irrespective of the SUVmax cutoff method. Figure 5 demonstrates two representative cases upstaged or downstaged according to the SUVmax of the primary tumor.


Table 5 | Univariate Cox regression analysis of overall survival according to the conventional stage and the proposed new stage including SUVmax in esophageal squamous cell carcinoma.






Figure 4 | Survival curves according to the conventional stage and the proposed new stage Compared to survival curves based on the 8th-edition pathological stage (A), those based on our proposed new staging system discriminated prognoses better in reference to both SUVmax with median cutoff (B) and SUVmax with the best cutoff (C).






Figure 5 | Representative cases of upstaging and downstaging according to SUVmax Maximal intensity projection images of FDG PET/CT demonstrate representative cases of upstaging and downstaging. (A) A 73-year-old male patient with ht low SUVmax of 1.0 (red arrow). Thus, he was downstaged into the new proposed stage I. DFS duration was 1,554 days, and OS duration was 2,546 days. (B) A 75-year-old male patient with esophageal SqCC of stage I. The tumor was clearly demonstrated in the image due to its high SUVmax of 16.0 (red arrow). Thus, he was upstaged into the new proposed stage II (Figure 5b). DFS duration was 329 days, and OS duration was 496 days.








Discussion

The present study showed that the SUVmax of the primary tumor on FDG PET/CT was a significant prognostic factor on both continuous and discrete scales in univariate analysis. In addition, it was selected as an independent prognostic factor as well as a pathological TNM substage/stage based on both the 7th and 8th editions of the AJCC/UICC staging system in multivariate analysis. When subjects were grouped into our proposed new staging system including the 8th pathological stage and SUVmax, the new staging system was revealed to discriminate prognosis better than the conventional pathological staging system.

SUV is a semi-quantitative value for FDG PET/CT, reflecting the glucose metabolism of tissue. It is very useful to diagnose malignancy, evaluate aggressiveness, and predict the prognosis of cancer (14). Also, it is utilized in many radiogenomics approaches to investigate tumor biology non-invasively (15). There are other quantitative parameters derived from FDG PET/CT, such as metabolic tumor volume (MTV) and total lesion glycolysis (TLG). There have been several reports that have suggested the prognostic roles of MTV and TLG from pre-treatment FDG PET/CT in esophageal cancer (16–19). However, MTV and TLG have lesser reproducibility than SUVmax in terms of various and arbitrary tumor segmentation methods. Furthermore, an additional process is needed to delineate tumors and calculate MTV and TLG so that they are difficult to utilize in clinical fields. Compared to other volumetric parameters, SUVmax is the most common parameter in terms of its high reproducibility and simplicity and is easily clinically applicable in routine practice.

In esophageal cancer, the usefulness of FDG PET/CT was investigated in many previous reports (20, 21). Among them, a few studies showed that SUV was an independent predictor for OS after surgery (22–25). However, most of the previous studies recruited less than 100 subjects; Cerfolio et al. employed 89 patients (22), Cheze-Le Rest et al. used 47 patients (23), and Sepesi et al. utilized 72 patients (24). Kato et al. enrolled 184 patients and analyzed the prognostic role of peak SUV with TNM stage (e.g., I and II) based on the 6th edition of the AJCC/UICC staging system (25). Other scholars performed meta-analyses to include larger numbers of patients. Pan et al. incorporated 542 patients from 10 studies (9). However, the study included heterogeneous histologic subtypes and a threshold definition of SUV. Han et al. employed 1,294 patients from 16 studies to explore the prognostic value of FDG PET/CT parameters (16). However, CCRT without operation was performed in the majority of study subjects. To the best of our knowledge, this is the first study to explore the prognostic power of FDG PET/CT with a large number of subjects from a single institute. It is significant in that all patients were diagnosed with SqCC and underwent radical operations. Therefore, this study strongly suggests that SUVmax has a prognostic role in patients with esophageal SqCC undergoing curative surgery.

In this study, seven discrete substages (e.g., IA and IB) were used in univariate and multivariate Cox regression analyses. Notably, the prognostic power of SUV was significant with substage/stage not only based on the 7th edition of the AJCC/UICC staging system but also based on the 8th edition. In the 8th edition, it is remarkable that the T1 stage was classified more precisely according to the invasion depth of a tumor and that N3 was classified into stage IVA. One institute demonstrated that the staging system based on the 8th edition of the AJCC TNM staging system was superior to that based on the 7th edition in the prognosis of OS (26). Despite the improved prognostic power of the 8th-edition staging, this study showed that SUVmax still has its prognostic role. The present study may be the first study to investigate the prognostic role of FDG PET/CT based on both the 7th- and 8th-edition staging systems including all substages.

Herein, a new staging system including the 8th-edition staging system and the SUVmax of the primary tumor was proposed. The proposed new staging system demonstrated better survival curves than the conventional staging system. Notably, stage II and stage III patients with low SUVmax could be downstaged into the new stage I and stage II, respectively, in terms of prognostic stratification. Stage I patients with high SUVmax could be upstaged into the new stage II. This study suggests that SUVmax of the primary tumor deserves to be included in the next edition of staging system for esophageal SqCC to discriminate prognosis more accurately. Specifically, 3.4 or 4.7 is suggested as a reference value to upstage or downstage patients. In contrast, subjects with stage IV were not adjusted because there was no prognostic difference regardless of SUVmax reference. This indicates that FDG PET/CT may have a better prognostic role in the early stages of esophageal SqCC. In the current staging system, patients without lymph node metastasis (N0) are classified into an early stage below stage II. Therefore, it is presumed that biologic characteristics of the primary tumor affect prognosis more significantly in early stages than in advanced stages.

In the clinical field, the conventional TNM stage is commonly used to select appropriate treatment options and predict prognoses. The National Comprehensive Cancer Network guideline recommends esophagectomy as a primary treatment option for patients with low-risk stage II esophageal SqCC, as compared to preoperative or definitive chemoradiation for those with high-risk stage II esophageal SqCC (27). The guideline suggests the presence of lymphovascular invasion, size of tumor, and grade of differentiation as criteria for risk classification. Based on the results of this study, we suggest the SUVmax of the primary tumor as another favorable criterion to select high-risk stage II patients in terms of its good prognostic prediction power, the non-invasiveness of FDG PET/CT examination, and the simplicity of SUVmax. After radical operation, the surveillance follow-up duration is recommended as 3–6 months for 1–2 years. The result of this study implies that follow-up intervals for those with high FDG uptake should be shorter than the intervals for those with low FDG uptake considering the high risk for DFS and OS. In brief, the present study suggests that patients with the same TNM stage can be treated with different treatment options and follow-up plans according to the FDG uptake of primary tumor. Further study is warranted to evaluate the role of FDG PET/CT in selecting an appropriate treatment option in esophageal SqCC patients, especially those in stage II.

This study has several limitations. First, two different kinds of PET/CT scanners were used in this study, which might affect the measurement of SUVmax. Nevertheless, one study showed that SUVs from different instruments were not significantly different in a phantom study (28). Therefore, the analysis was performed based on the hypothesis that SUVs from different instruments can be analyzed without a specific integration process. Furthermore, subgroup analysis according to the PET/CT scanner model showed that SUVmax had a similar prognostic power irrespective of the PET/CT scanner model (Supplementary Tables 2–7). Second, only subjects undergoing curative surgery as initial treatment were included in this study for accurate pathological staging. Therefore, relatively small numbers of subjects with advanced stages were included. Further study including all esophageal cancer patients treated with various kinds of therapy is warranted. Third, our proposed new staging system was designed only for pathological stage, not for pathological substage. There was a lack of subjects in specific substages for subgroup analysis to compare HRs according to SUVmax. Further study with more patients could substantiate the value of SUVmax for upstaging or downstaging in pathological substages. Finally, due to the retrospective study design, subjects who underwent therapy based on the 6th- or 7th-edition staging system were also included. A further prospective study including subjects undergoing appropriate treatment according to the 8th-edition staging system is necessary.

In conclusion, the FDG uptake of the primary tumor on FDG PET/CT was found to be an independent prognostic factor along with pathological stage based on both 7th- and 8th-edition staging systems in patients with esophageal SqCC undergoing curative surgery. The proposed new staging system including SUVmax may be better for predicting prognoses than the conventional staging system.
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OEBPS/Images/table5.jpg
Variable Categories Hazard ratio  95% confidence interval  p

8th pathological stage | 1.000
I 1.341 0.934-1.926 0.112
n 3.681 2.728-4.968 <0.001
\% 6.687 4.478-9.986 <0.001

Proposed new stage | (I with low SUVmax + Il with low SUVmax) 1.000
(SUVmax, median cutoff) Il (I with high SUVmax + Il with high SUVmax + Il with low SUVmax) 2.010 1.422-2.840 <0.001
Il (I with high SUVmax) 4.805 3.5617-6.564 <0.001
\% 7.837 5.220-11.767 <0.001

Proposed new stage (SUVmax, best cutoff) I (I with low SUVmax + Il with low SUVmax) 1.000
Il (I with high SUVmax + Il with high SUVmax + Ill with low SUVmax) 2.250 1.5644-3.279 <0.001
Il (I with high SUVmax) 5.474 3.806-7.872 <0.001

v 9.473 6.048-14.839 <0.001






