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Objectives

Metabolic tumor volume (MTV) on 18F-fluorodeoxyglucose-positron emission tomography/computed tomography (FDG-PET/CT) is a promising prognostic predictor in pancreatic ductal adenocarcinoma (PDAC). However, the optimal segmentation method and threshold value to determine MTV for PDAC are still unclear. We explored the optimal method and threshold value for the prognostic value of MTV measured on pre-treatment 18F-FDG-PET/CT.



Methods

Seventy-three patients with resected PDAC who underwent 18F FDG-PET/CT before surgical resection were enrolled. MTV values of the tumor were measured on FDG-PET/CT by the two fixed-threshold methods using threshold values as 2.0, 2.5, 3.0, and 3.5 for the absolute method and 35%, 40%, 42%, 45%, and 50% for the relative method. Receiver operating characteristic curve analysis for prediction of 1-year survival rates was conducted for determining the optimal threshold values, and we selected the optimal method and threshold value considering area under the curve. The prognostic values of each FDG-PET/CT parameter for disease-specific survival and recurrence-free survival were assessed with Kaplan–Meier method and Cox proportional hazard models.



Results

In receiver operating characteristic curve analysis, MTV by the fixed-absolute threshold method based on a threshold value of 3.5 (MTV3.5) performed best in our study with area under the curve 0.724, sensitivity of 65%, and specificity of 75%. In univariate and multivariate analyses, MTV3.5 was significantly associated with disease-specific and recurrence-free survival.



Conclusions

MTV3.5 by absolute threshold on pre-treatment FDG-PET/CT was the best independent prognostic predictor in resectable PDAC compared with other absolute threshold values and relative threshold values.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal carcinomas and the fourth leading cause of cancer-related death in Japan (1). Although surgical resection is the only potentially curative treatment for PDAC, the prognosis after resection remains poor because of the high incidence of recurrence (2, 3). Studies have demonstrated the ability of 18F-fluorodeoxyglucose positron emission tomography/computed tomography (18F-FDG PET/CT) to assess PDAC because of its delineation of tumor glucose metabolic activity as well as tumor burden (4). High FDG uptake indicates malignant properties in tumors. Additional information regarding pre-surgical tumor metabolism could contribute to the selection of more effective treatment strategies, such as operation, systemic chemotherapy, and radiation therapy, alone or in combination.

The most widely used parameter of 18F-FDG PET/CT is the maximum standardized uptake value (SUVmax) because it is easily measured as a semiquantitative parameter, and it shows high reproducibility. In a previous study, we found that SUVmax is a useful parameter for predicting the prognosis of patients with pancreatic cancer (5). However, SUVmax is just a single-pixel value within a region of interest, and SUVmax is subject to considerable noise (6–8). Therefore, SUVmax is unlikely to accurately reflect the tumor metabolic activity, especially in heterogenous tumors. Recently, the volumetric parameters associated with 18F-FDG PET/CT such as metabolic tumor volume (MTV) and total lesion glycolysis (TLG) were reported to be effective prognostic factors in patients with PDAC (9–14). These parameters have been considered more reliable for predicting prognosis than SUVmax because they reflect not only tumor glucose metabolism level but also whole tumor burden (15).

Numerous segmentation methods for MTV have been developed, including threshold-based methods and algorithm-based methods, and the MTV values are significantly affected by the segmentation method (16, 17). The algorithm method, including the gradient-based method, is more advanced and sophisticated than threshold-based methods, and this method requires familiarity with professional image analysis software. In contrast, threshold-based segmentation methods can be easily implemented and widely used because of their simplified methodology. Clinically, MTV is often determined using an approach based on two fixed-threshold methods: fixed-absolute threshold method and fixed-relative threshold method of the SUVmax in the tumor (18). Regarding absolute SUV thresholds, all voxels with SUV above the fixed-absolute threshold value within the VOI are assigned to the tumor and those below the threshold are considered background. SUV2.5 is the most widely accepted threshold because of its consistently good prediction for prognosis (9). For relative thresholds, which are defined as a certain percentage of the SUVmax of a tumor, 40% or 42% are the most widely accepted thresholds for their predictive values (19). The optimal segmentation method to measure MTV has varied depending on the characteristics of the tumors or the purpose of the study; however, confirming a standardized method for PDAC has been controversial. To the best of our knowledge, most of the previous studies that investigated the prognostic value of MTV and TLG in PDAC patients only used one method to determine the MTV (10, 11, 13, 14, 18). The exact method and precise threshold value that are associated with prognosis have not been confirmed.

We investigated the optimal fixed-threshold method of SUV and threshold values for determining volumetric parameters, including MTV and TLG, on pre-therapeutic FDG-PET/CT for predicting the prognosis of PDAC patients. The aim of this study was to establish the optimal methodology for measuring FDG-PET/CT parameters with PDAC and to confirm the clinical significance of these parameters.



Materials and Methods


Patient and Data Collection

This retrospective study enrolled 73 consecutive patients with PDAC at resectable stage (n=49) and borderline resectable stage (n=24) (20) who underwent curative resection for PDAC in the department of Surgery at Tohoku University Graduate School of Medicine (Sendai, Japan) between January 1, 2006 and December 31, 2016. All data and information were reviewed from medical records, operative reports, and pathological reports. Eligible patients had undergone 18F-FDG PET/CT at preoperative investigation. The exclusion criteria were as follows: 1) distant metastases at the time of initial surgery, 2) neoadjuvant chemotherapy (NAC), 3) died of comorbidities during their hospital stay, 4) low FDG-uptake of the tumor (SUVmax < 2.5), or 5) marked pancreatitis that could not be distinguished from tumor uptake on 18F-FDG PET/CT.

Postoperative follow-up was conducted at least once every 2–3 months until the patient’s death or the last day of data collection (March 31, 2020). Follow-up included blood tests including cancer antigen 19-9 (CA19-9), ultrasonography, magnetic resonance imaging, CT, and 18F-FDG PET/CT to detect cancer recurrence. Adjuvant chemotherapy was performed according to the standard protocols of our institution (5). This study was approved by the Institutional Review Board of Tohoku University (2016-1-573). The requirement of informed consent was waived, and an opt-out method was used because of the retrospective design of the study. The research was conducted in accordance with the Declaration of Helsinki.



18F-Fluorodeoxyglucose-Positron Emission Tomography Positron-Emission Tomography/CT Imaging Protocol

The 18F-FDG PET/CT examinations were performed using a Biograph Duo or Biograph 40 PET/CT system (Siemens Healthcare, Erlangen, Germany) from the skull base to the proximal thigh in a supine position. The patients were required to fast for a minimum of 4 h before the 18F-FDG injection. After injection of approximately 185.0–370.0 MBq of 18F-FDG, the patients rested for about 1 h before imaging. PET acquisition time was 2 min/bed position in three-dimensional mode, and images were reconstructed using the ordered subsets expectation maximization algorithm (14 subsets, 6 iterations) and point spread function correction model. The low-dose CT transmission scan was acquired with 140 kVp and 25 mAs and 2 mm slice thickness. PET images were displayed in a 168 × 168 matrix (pixel size 4.07 × 4.07 mm, slice thickness 2.0 mm). The reconstructed PET/CT images were reviewed by nuclear medicine radiologists (YTat, HS, and TM).



Measurement of 18F-Fluorodeoxyglucose-Positron Emission Tomography Positron-Emission Tomography/CT Parameters

Using the reconstructed PET/CT images, the radiologists (YTat, CT, and HS) measured SUVmax, SUVmean, MTV, and TLG using the Beth-Israel PET-CT viewer plug-in (http://petctviewer.org) for ImageJ software available from FIJI (http://www.fiji.sc). The volume of interest (VOI) for estimating MTV was drawn around each focus of 18F-FDG uptake on pretreatment FDG-PET/CT (Figure 1). In each VOI, we measured PET parameters with various threshold values for the two methods for determining MTV: SUV of 2.0, 2.5, 3.0 and 3.5 for the fixed-absolute threshold method, selecting voxels above the thresholds, and 35%, 40%, 42%, 45% and 50% against SUVmax for the fixed-relative threshold method. We did not use fixed-threshold values less than SUV of 2.0 or less than 35% against the SUVmax in the VOIs because threshold values that are too low can lead to difficulty in discriminating the FDG uptake of the PDAC from that of background pancreas tissue. Conversely, setting the threshold values higher than SUV of 3.5 or more than 50% against the SUVmax in the VOIs could lead to MTV values that are too small to evaluate. TLG was calculated as (SUVmean) × (MTV) in each method.




Figure 1 | Representative case determined using the absolute 2.5 threshold method (A, C) and the relative 41% threshold method (B, D) with representative axial 18F-fluorodeoxyglucose-positron emission tomography (FDG-PET)/computed tomography fusion images and 3D reconstructed FDG-PET images. The green line on the axial images (A, B) indicates the initial volume of interest for determining metabolic parameters of pancreas ductal adenocarcinoma on FDG-PET; the blue dots and lines show the identical metabolic tumor volume (MTV) using the absolute 2.5 method (A, C) and the relative 41% method (B, D), respectively. The MTV is grossly underestimated using the relative 41% method compared with the 2.5 method.





Statistical Analysis

	Statistical analyses were conducted using JMP Pro software, version 14.0 (SAS Institute Inc., Cary, NC, USA). Data are expressed as the mean ± standard deviation or median and range, unless otherwise indicated.

	For determining the optimal threshold values for the two methods for defining MTV, we conducted receiver operating characteristic (ROC) curve analysis for prediction of 1-year disease-specific survival (DSS) rates. SUVmax was a predictor of one-year DSS with high sensitivity in our previous study (Ariake et al., 2018). By determining values of area under the curve (AUC) for each ROC curve, we selected the optimal threshold value for the following analysis.

	To determine the correlations between FDG-PET/CT parameters of PDAC and the clinicopathological data, linear regression analysis was conducted using Pearson or Spearman correlation coefficients, Chi-square test, and Wilcoxon-rank test. P < 0.05 was considered statistically significant.

	Prior to survival analysis, all variables were grouped into two categories according to the cutoff value. ROC curve analysis was used to determine the optimal cutoff values for prediction of 1-year survival rates. Survival rates were established using the Kaplan–Meier method and the differences in survival between the groups were compared using log-rank tests. DSS was measured from the date of surgical resection until the date of death or censoring. Recurrence-free survival (RFS) times were measured from the date of surgical resection until the date of recurrence or censoring. For multivariate analysis, independent prognostic factors were identified using a Cox proportional hazards regression model. P < 0.05 was considered statistically significant.






Results


Patient Characteristics

Of the 73 patients, 55 patients (75.3%) showed recurrence and 53 patients (72.6%) died during the follow-up period. The median duration of clinical follow-up was 30.3 months (range: 2.7–116.8 months). The demographics and patient characteristics are shown in Table 1. The initial postoperative recurrence sites were locoregional sites (n=29), liver (n=28), and peritoneum (n=12); some patients had multiple recurrences.


Table 1 | Patient and tumor characteristics (n = 73).





Optimal Fixed-Threshold Method and Value for MTV

The optimal fixed-threshold method and values for predicting prognosis were determined using ROC curve analysis. The AUCs and cutoff values of MTV and TLG from the nine fixed-threshold values (SUV of 2.0, 2.5, 3.0, and 3.5 for the fixed-absolute threshold method and 35%, 40%, 42%, 45%, and 50% against SUVmax for the fixed-relative threshold method) for 1-year DSS outcome are shown in Figure 2 and Supplementary Table 1. The cutoff value of 2.46 on a fixed-absolute threshold value of 3.5 (MTV3.5) was the most optimal cutoff value with a sensitivity of 65% and a specificity of 75%. Therefore, we selected this value in this study.




Figure 2 | ROC curves for determining the optimal threshold value of the fixed-absolute threshold method of MTV (A) and that of the fixed-relative threshold method of MTV (B) for predicting 1-year DSS. The threshold values for the fixed-absolute threshold method were 2.0, 2.5, 3.0 and 3.5. The threshold values for the fixed-relative threshold method were 35%, 40%, 42%, 45% and 50%. The tables on the right of the graphs show area under the curve (AUC) with 95% confidence intervals. The MTV using the 3.5 absolute-threshold value was the best predictor for DSS (AUC: 0.7248).





Correlations Between MTV3.5 and TLG3.5 Based on Fluorodeoxyglucose-Positron Emission Tomography Positron-Emission Tomography/CT and Clinicopathologic Parameters

The correlation analysis results of MTV3.5 and TLG3.5 based on FDG-PET/CT and clinicopathologic parameters are shown in Table 2. SUVmax, MTV3.5, and TLG3.5 showed correlations with resectability. MTV3.5 and TLG3.5 showed a strong positive correlation with tumor size. Only SUVmax had statistically significant correlations with lymph node metastasis.


Table 2 | Association of FDG-PET/CT parameters with clinicopathological parameters.



Characteristics of MTV2.5 and MTV41%, which were predominant threshold values for each fixed-absolute and fixed-relative threshold method (10, 11, 13, 14, 18), against tumor size and SUVmax are shown in Supplementary Figure 1.



Evaluation of Prognostic Factors of MTV3.5 and TLG3.5 for Disease-Specific Survival and Recurrence-Free Survival

Age, sex, pretreatment CA19-9, resectability (resectable or borderline resectable), SUVmax, MTV3.5, and TLG3.5 were evaluated for DSS and RFS because they are clinically important variables that are available throughout pre-surgical examinations. ROC curve analysis of 1-year DSS revealed predictive cutoff values of 66 years for age (AUC 0.596), 246.4 U/mL for pre-treatment CA19-9 levels (AUC 0.641), and 4.87 for SUVmax on FDG/PET-CT (AUC, 0.713).

In univariate analysis, age, pre-treatment serum CA19-9 level, and MTV3.5 were significantly associated with DSS. SUVmax and resectability were not significant but showed some tendency in prediction of DSS (SUVmax: P = 0.079; resectability: P = 0.075) (Table 3, Figure 3). For predicting RFS, only pre-treatment serum CA19-9 level was statistically significant, but MTV3.5 showed a tendency in prediction of RFS (P = 0.061). In multivariate analysis, SUVmax and MTV3.5 were significant for predicting both DSS and RFS, but TLG3.5 was not significant (Table 4, Table 5).


Table 3 | Prognostic factors in univariate analysis.






Figure 3 | Kaplan–Meier survival analysis of 18F-FDG PET/CT parameters including SUVmax, MTV3.5, and TLG3.5 according to disease-specific survival (DSS) (top row) and recurrent-free survival (RFS) after pancreatic cancer surgery (bottom row). Among the 18F-FDG PET/CT parameters, MTV3.5 showed statistically significant prediction ability for DSS and had a tendency for RFS. TLG3.5 was not a significant prognostic indicator for DSS and RFS.




Table 4 | Multivariate analysis with SUVmax, MTV3.5, and TLG3.5 for DSS.




Table 5 | Multivariate analysis with SUVmax, MTV3.5, and TLG3.5 for RFS.






Discussion

We evaluated the prognostic value of MTV measured on pretreatment 18F-FDG-PET/CT for resected patients with PDAC using two different fixed-threshold methods, the fixed-absolute threshold method and fixed-relative threshold method, with various threshold values for each method. Our study demonstrated that the fixed-absolute threshold method is superior to the fixed-relative threshold method for determining MTV and that the optimal threshold value is SUV > 3.5. This study is the first to establish the optimal segmentation method for PDAC.

Several methods for determining MTV have been proposed; however, no consensus has been established regarding the optimal method for prognostic prediction of PDAC. MTV is often determined using an approach based on two fixed-threshold methods because of its availability in clinical practice (18). In this study, we compared two types of threshold-based methods, the fixed-absolute threshold method and fixed-relative threshold method, for the prognostic prediction of PDAC.

Prognosis of PDAC may be based on tumor metabolism rather than tumor size as SUVmax and MTV show correlation with liver metastasis (Supplementary Table 2). The superiority of the absolute threshold method in assessing PDAC could be attributed to the fact that MTV2.5 was strongly affected by SUVmax, but MTV41% was not affected (Supplementary Figure 1). Furthermore, the correlation between the difference (MTV2.5–MTV41%) and SUVmax demonstrated that the relative threshold method could overestimate MTV for PDAC lesions with lower FDG uptake and underestimate MTV for lesions with higher uptake. In cases with low FDG uptake, background uptake can be misclassified into the estimated MTV, which results in overestimating the MTV with the fixed-relative threshold method (19). In lesions with intense SUVmax, the fixed-relative threshold method may define the MTV boundaries more inside the tumor than at the structural tumor boundaries. Consequently, a higher SUV in tumors could lead to underestimated MTV values. As discussed above, the fixed-relative threshold method may yield misleading results when it is applied to PDAC with a variety of sizes and signal-to background ratio on FDG-PET/CT, particularly in cases with high SUV. Patients with PDAC often underwent NAC before surgical resection, and the SUV of the tumor decreases during or after chemotherapy. The fixed-relative threshold method is not optimal to apply to such cases because the methods have high variability based on the SUVmax of the tumor. This can be problematic in predicting the prognosis of PDAC patients.

Several studies investigated the prognostic predictive utility of MTV using a fixed-absolute threshold of SUV > 2.5. We anticipated that SUV of 2.5 would also be an optimal threshold value for PDAC; however, our study revealed that SUV of 3.5 was more optimal. We speculate that MTV2.5 could not accurately reflect the tumor bulk which is responsible for the biologically malignant capability associated with metastasis. MTV2.5 might partly contain tissue volume including low-grade PDAC cells and interstitial fibrosis, which are non-high-risk factors for recurrence, and probably normal pancreatic cells. For investigating the prognostic value of MTV3.5 for recurrence types, our study revealed that MTV3.5 was a significant independent predictor for liver metastasis but not for PC recurrence and local recurrence (Supplementary Table 2). The volume of malignant cells with high viability (more than 3.5 of the SUV) which was meant by MTV3.5 could more strongly contribute liver metastasis and consequently affect poor prognosis. Thus, our results suggested that the threshold setting for MTV determination directly reflected the biological behavior of PDAC.

Multivariate analysis confirmed that MTV3.5 on pretreatment 18F-FDG-PET/CT was a better prognostic predictor in resectable PDAC than SUVmax, which was in accordance with several reports. Heterogeneity of the tumor, partial volume effect, time of SUV evaluation and body size may severely influence assessment of metabolic parameters such as SUVmax which reflect the accurate tumor characteristics. Volumetric parameters including MTV and TLG are expected to be more reliable for predicting prognosis than SUVmax because they reflect not only tumor metabolism but also whole tumor burden composed of viable malignant cells (10, 11). Although these studies reported that TLG was also an independent prognostic predictor for PDAC, the current study could not find a tendency for TLG3.5 as a predictor of PDAC. This discrepancy between our studies could be attributed to two factors. One reason may be the difference in the patients’ profiles among the cohorts. The prior cohorts included patients with resected PDAC treated with NAC, only resectable PDAC excluding borderline resectable, or advanced pancreas cancer, whereas this study included both resectable and borderline resectable PDAC without NAC. Therefore, the current results may more accurately reflect the biological behavior of resected PDAC. The second reason may be the difference in the observation periods among the cohorts. Hence, we concluded that tumor viability/metabolism (SUVmax) was an essential factor for predicting prognosis of PDAC. Volumetric information reflecting the sum of tumor viability responsible for liver metastasis as MTV3.5 could improve the accuracy of prediction for PDAC.

Currently, the treatment strategy for resectable, borderline resectable, or unresectable tumors is mainly defined by tumor configuration without considering parameters on FDG-PET/CT. Preoperative systemic chemotherapy or chemoradiation therapy may be preferred for patients with a high risk of recurrence. Additional information of tumor metabolism and tumor bulk such as MTV3.5, which is a feasible pre-surgical predictor for prognosis of patients with PDAC, may allow for a great advantage in selecting a favorable treatment strategy and could improve the prognosis of patients with PDAC. Thus, our study is of a great clinical use in establishing the effective methodology for determining volumetric parameters including MTV and TLG on pre-treatment FDG-PET/CT as potential predictors for the prognosis of PDAC patients.

This study has several limitations. First, this study was a retrospective single-center study, and the results might be subject to selection bias and thus may be biased depending on how that center managed patients with PDAC. This would impact both the values obtained and the analysis in this study. Second, the optimal threshold value of SUV 3.5 for prediction with PDAC, which we confirmed in our study, could be a specific value to our institute and not applicable to other centers. Values of SUV on FDG-PET/CT can vary depending on many technical factors: differences in machines, PET camera, image resolution, correction methods, and conditions for reconstruction (21). Further validation studies are needed to provide a normalized threshold value of SUV available for multi-center study. Third, we used only two methods, the fixed-absolute and fixed-relative threshold methods, for determining MTV on FDG PET/CT, but we did not evaluate the algorithm method. Algorithm-based methods were reported to be able to segment the tumor more accurately in tumors with wide ranges of uptake and size (18). Further investigation to explore the optimal method and compare the threshold and algorithm methods is needed. Finally, some patients showed diffuse 18F-FDG uptake in their pancreas parenchyma distal to the cancer, which might be associated with obstructive pancreatitis. Although we carefully avoided uptake due to pancreatitis from VOI, the measurement of MTV in those cases could be affected by the contaminated FDG uptake corresponding with pancreatitis.

Our results showed that the fixed-absolute threshold method was much more effective than the fixed-relative threshold method in determining MTV on pretreatment FDG-PET/CT for prognostic prediction in PDAC. The fixed-relative method was problematic for measuring MTV of PDAC because of the high variability according to SUVmax of the PDAC. Furthermore, we confirmed that the absolute SUV of 3.5 was the most optimal threshold value as the prognostic indicator of PDAC. MTV3.5 (cut-off value of 21.13 mm3) could be a powerful predictor and useful for optimizing therapeutic strategies of PDAC.
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