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Editorial on the Research Topic
 Nuclear medicine in cancer diagnosis




In recent years, nuclear medicine had a tremendous impact on the management of patients with cancer, particularly thanks to the widespread use of positron emission tomography (PET) with [18F]-fluorodeoxyglucose (FDG). Furthermore, additional fluorinated and non-fluorinated radiopharmaceuticals emerged and have now been integrated in current diagnostic guidelines of several tumors. The landscape of diagnostic radiopharmaceuticals is theoretically limitless, given the infinite number of molecules currently under development or that could be radiolabeled to probe any cellular metabolic and functional aspects of tumors and tumor microenvironment. Owing to the rapidly expanding role of nuclear medicine in cancer diagnosis, a focused Research Topic was launched by the section of Nuclear Medicine of Frontiers in Medicine. Between May 2021 and July 2022, ten articles were eventually published within the Research Topic, covering clinical and pre-clinical applications of either well-established or novel radiopharmaceuticals for cancer diagnostics.

Four published articles were dedicated to FDG, the most widely used tracer in oncology. Wang et al. investigated the use of FDG findings to drive ultrasound-guided core biopsy of supraclavicular lymph nodes (SLN) in 54 patients with suspected lung cancer. Diagnosis through SLN has a high potential clinical impact despite minimal invasiveness, as it can directly upstage patients with lung cancer indicating an inoperable disease. The biopsy procedure was performed within 2 days after FGD PET/CT and revealed a diagnostic yield of 98.1%, sparing further bronchoscopy, CT-guided lung biopsy or surgery in 38/54 (70%) patients. In the study conducted by Tien Cong et al. in 86 patients with stage IV lung adenocarcinoma, FDG uptake was found to be higher in patients with positive programmed death-ligand 1 (PD-L1) expression than in patients with PD-L1-negative tumors. This study compares with other previous publications, suggesting that FDG PET could help predict response to PD-1/PD-L1 inhibitors.

One of the most frequent applications of FDG is the investigation of incidental pulmonary nodules. Lai et al. evaluated the potential of a novel deep learning method for an improved differentiation between malignant and benign pulmonary nodules using FDG PET/CT in a group of 112 patients. The authors demonstrated that a deep learning model using high-resolution representation learning might aid in the classification of pulmonary nodules without the need for manual expert annotations. Huang et al. reported on the diagnostic value of FDG PET in the differential diagnosis of pancreatic lesions as compared with contrast-enhanced CT (CE-CT), contrast-enhanced magnetic resonance imaging (CE-MRI) and serum carbohydrate antigen 19-9 (CA 19-9) in a large retrospective cohort of 467 patients. The study showed that FDG PET/CT has higher specificity than CE-CT and CE-MRI, resulting in a higher overall diagnostic accuracy. In addition, FDG was more sensitive and specific than CA 19-9. The authors conclude that the combination of FDG PET/CT with other diagnostic modalities could enhance the diagnostic efficiency, although medium or well-differentiated pancreatic cancers may show low FDG uptake.

Six published articles were dedicated to non-FDG radiopharmaceuticals. Two of these papers focused on the optimization of imaging acquisition and reconstruction of widely available radiopharmaceuticals, such as 3,4-dihydroxy-6-[18F]-fluoro-L-phenylalanine (FDOPA) and [68Ga]-DOTA-TATE, respectively. The study by Girard et al. assessed the value of dynamic FDOPA PET/CT in 14 patients with newly diagnosed glioma and found an additive value of kinetic parameters over conventional static semiquantitative image assessment. Although the results of the study are interesting, the clinical value of kinetic FDOPA uptake parameters in patients with primary brain warrants confirmation in larger cohorts.

Improvements in PET image reconstruction methods that allow for shorter acquisition times or for a reduction of the injected tracer activity while preserving image quality and accurate quantification are of high clinical relevance. This was accomplished by the total variation regularized expectation maximization (TVREM) image reconstruction method evaluated by Liu et al. in 17 patients with neuroendocrine tumors undergoing [68Ga]-DOTA-TATE PET/CT. TVREM could reduce the image noise and increase the signal-to-noise ratio and, hence, seems to be a promising reconstruction algorithm that should be further evaluated for other applications.

Two additional papers reported on novel radiopharmaceuticals, currently at different stages of development. The ability of [18F]AlF-NOTA-HER2 to monitor changes of human epidermal growth factor receptor 2 (HER2), an important predictive biomarker in gastric cancer, was demonstrated by Han et al. in a xenograft mouse model. The radiopharmaceutical could be produced with a high radiochemical yield and demonstrated a good image contrast and resolution. Consequently, [18F]AlF-NOTA-HER2 may be a promising PET probe for the non-invasive whole-body detection of the HER2 status in patients with gastric cancer.

Prostate-specific membrane antigen (PSMA) represents an attractive target for theragnostic applications in patients with prostate cancer (PC). Due to its favorable characteristics, the PSMA-targeting analog PSMA-617 has been mostly used for therapeutic applications following radiolabelling with 177Lu or alpha emitters. In their paper, Qin et al. made diagnostic use of [68Ga]-PSMA-617 in 53 patients with suspected PC, assessing the utility of a delayed PET/MR pelvic acquisition about 3 h following radiopharmaceutical injection, in addition to whole-body PET/CT or PET/MRI. The authors concluded that a delayed acquisition is not necessary in most patients with advanced PC, although it may be interesting to further investigate its role in patients with early-stage disease.

Lastly, the Research Topic features two review papers. Ghidaglia et al. conducted a systematic review of dual-tracer FDG/[18F]-Choline PET to investigate the level of evidence for a link between tracer uptake and the degree of differentiation of resected hepatocellular carcinoma (HCC). The authors found overlapping uptake behavior between well- and less differentiated HCC, which makes the differentiation based on PET alone challenging. Further studies to improve the usefulness of PET in the clinical management of patients with HCC were recommended.

The inflammatory marker cyclooxygenase-2 (COX-2) was shown to play a role in colon cancer development since the early stages of tumorigenesis. Dagallier et al. reviewed the results of COX-2-targeting radiopharmaceuticals in preclinical models of colon cancer. Despite promising results in vitro, none of the radiopharmaceuticals developed so far demonstrated sufficient targeting efficiency in vivo to advance to the clinical stage.

In summary, the articles published in this Research Topic present original works, as well as review papers on a diverse range of nuclear medicine diagnostic applications and developments. We sincerely hope that the readers will enjoy and find useful information for their clinical and research activity.
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Purpose: To analyze 68Ga-PSMA-617 PET/CT or PET/MR and delayed PET/MR images in patients diagnosed with or suspicion of prostate cancer, and to explore the optimal use of PET/CT and PET/MR for initial diagnosis and staging in prostate cancer.

Methods: Images from conventional scan by 68Ga-PSMA whole-body PET/CT or PET/MR followed by delayed pelvic PET/MR were retrospectively analyzed. Prostatic 68Ga-PSMA uptake was measured as SUVmax1 (conventional scan 1 h post injection) and SUVmax2 (delayed scan 3 h post injection). Age, PSA levels, and SUVmax were compared between benign and malignant cases. The correlation of SUVmax1 and SUVmax2 was analyzed. Diagnostic performance was evaluated by ROC analysis.

Results: Fifty-six patients with 41 prostate cancers and 15 benign prostate lesions were enrolled. Fifty-three patients had paired conventional and delayed scans. Age, tPSA, fPSA levels, and SUVmax were significantly different between benign and malignant cases. A good correlation was found between SUVmax1 and SUVmax2. There was significant difference between SUVmax1 and SUVmax2 in the malignant group (p = 0.001). SUVmax1 had superior diagnostic performance than SUVmax2, SUVmax difference and PSA levels, with a sensitivity of 85.4%, a specificity of 100% and an AUC of 0.956. A combination of SUVmax1 with nodal and/or distant metastases and MR PI-RADS V2 score had a sensitivity and specificity of 100%. Delayed pelvic PET/MR imaging in 33 patients were found to be redundant because these patients had nodal and/or distant metastases which can be easily detected by PET/CT. PET/MR provided incremental value in 8 patients at early-stage prostate cancer based on precise anatomical localization and changes in lesion signal provided by MR.

Conclusion: Combined 68Ga-PSMA whole-body PET/CT and pelvic PET/MR can accurately differentiate benign prostate diseases from prostate cancer and accurately stage prostate cancer. Whole-body PET/CT is sufficient for advanced prostate cancer. Pelvic PET/MR contributes to diagnosis and accurate staging in early prostate cancer. Imaging at about 1 h after injection is sufficient in most patients.

ClinicalTrials.gov: NCT03756077. Registered 27 November 2018—Retrospectively registered, https://clinicaltrials.gov/show/NCT03756077.

Keywords: 68Ga-PSMA, PET/CT, PET/MR, benign prostatic hyperplasia, prostatitis, prostate cancer


INTRODUCTION

Prostate cancer is a common malignancy harmful to health of old males. The incidence ranks second (13.5%) and it is the fifth leading cause of cancer death (6.7%) among males worldwide (1). Accurate diagnosis and staging are very important to choose the most suitable treatment.

Serum prostate-specific antigen (PSA) testing and digital rectal examination (DRE) are the most commonly used initial screening methods for prostate disease (2). The limitations of PSA level as a prostate cancer biomarker are well-known because false positive and false negative results are common, and screening for prostate cancer with PSA is generally no longer recommended (3). The value of DRE is limited in the early stages of the disease. Systematic transrectal ultrasound (TRUS)–guided biopsy is regarded as a standard, but it has frequent false-negative results and underestimates the final Gleason score of the tumor compared with histologic examination after radical prostatectomy (4).

Imaging technologies play an important role in the management of prostate cancer. Conventional imaging modalities, including ultrasound, computed tomography (CT), magnetic resonance imaging (MRI), and bone scan are commonly used in the diagnosis, staging, and restaging of prostate cancer (5). However, these conventional imaging modalities are usually regional imaging, or have limited accuracy in small lymph node metastases and small-volume bone metastases. Molecular imaging is regarded as a promising approach to improve prostate cancer diagnosis and staging (6). Several positron emission tomographic (PET) tracers, like 18F-FDG, 18F-fluorocholine, 11C-choline, and 11C-acetate, have been studied in patients with prostate cancer, but the diagnostic performance of most PET radiotracers has so far remained limited (7, 8).

Prostate-specific membrane antigen (PSMA) is a transmembrane protein which is overexpressed in prostate cancer (9, 10). It becomes a promising target for specific imaging of prostate cancer (11). In recent years, gallium 68 (68Ga) has been used to label PSMA ligands for PET imaging (12). Initial experience using 68Ga-PSMA PET/CT indicates that 68Ga-PSMA PET can visualize relapses and metastases of prostate cancer with high contrast through binding to the extracellular domain of PSMA and internalization (13). Studies have described the superior value of 68Ga-PSMA ligand PET imaging to conventional imaging in different clinical scenarios, including differential diagnosis; guiding biopsy, surgery and radiotherapy; initial staging and restaging; recurrence detection and selecting patients who may benefit from systemic targeted radionuclide therapy (14–16).

PET/MR is a hybrid technology that can provide both biologic and morphologic information. Recently introduced 68Ga-PSMA PET/MR combines multi-parametric MRI (mpMRI) along with molecular information of PSMA expression into a “one-stop shopping” procedure for better anatomic localization and characterization of prostate lesions. Compared with PET/CT, simultaneous PET/MR has the advantages of reduced radiation exposure and inherent higher soft-tissue contrast resolution (17, 18). PSMA PET/MR is particularly important for accurate localization and assessment of the extent of pelvic disease in the initial staging of prostate cancer. Despite the advantages of PSMA PET/MR over PSMA PET/CT, cost, scanning time, and patient comfort should also be considered. Domachevsky et al. (19) demonstrated that although early PET/MR has very good agreement compared to same-day PET/CT, PET/CT, and early PET/MR cannot be used interchangeably. They further demonstrated that pelvic PSMA PET/MR is better than whole-body PSMA PET/CT for detecting extensions of localized disease, and may be useful for initial evaluation of prostate cancer (20).

Some PET centers have both PET/CT and PET/MR. Does every patient need to undergo both PET/CT and PET/MR? How to choose the right scan is a matter of concern. The purpose of this study was to retrospectively analyze the images of whole-body PSMA PET/CT or PET/MR followed by delayed limited pelvic PSMA PET/MR in patients diagnosed with or suspicion of prostate cancer, and to explore how to rationally use PET/CT and PET/MR in prostate diseases.



MATERIALS AND METHODS


Patients

This study was approved by Institutional Review Board. Patient data involved in a study that was registered on ClinicalTrials.gov (NCT03756077) were retrospectively analyzed. Inclusion criteria include all of the following: (a) patients diagnosed with or suspicion of prostate cancer; (b) patients underwent whole-body 68Ga-PSMA PET/CT or PET/MR followed by delayed pelvic PET/MR; (c) patients have pathological results or follow-up results, systemic multi-point biopsy of prostate was performed 1 month prior PET imaging or after PET imaging. Patients with any other malignancies and if they had been pretreated for prostate cancer were excluded. General information and biochemical test results were collected. All the patients were divided into a “malignant group” or a “benign group” according to the histological or follow-up results. Patients with prostate cancer were staged according to AJCC Prognostic Groups by combination of TNM, PSA level and Gleason score.



Imaging Protocol

68Ga was produced from a 68Ge/68Ga generator (ITG GmBH, Munich, Germany) by eluting with 0.05N hydrochloric acid. 68Ga-PSMA-617 was synthesized using an ITG manual synthesis module as described previously (21). Briefly, 4 mL of 68GaCl3 was reacted with 20 μg (20 nmol) PSMA-617 ligand (Jiangsu Huayi Technology Company, Changshu, China) in 1 ml of 0.25 M sodium acetate buffer for 5 min at 105°C. The production was purified in a C18 cartridge and collected through a 0.22-μm-pore filter.

All patients were intravenously injected with a dose of 173.53 ± 50.69 MBq (4.69 ± 1.37 mCi) of 68Ga-PSMA-617. Patients were encouraged to drink water after injection and asked to empty their bladder before PET scan. Conventional imaging from vertex to proximal legs were performed using a hybrid PET/CT scanner (Discovery VCT; GE Healthcare, Waukesha WI, USA) or a time-of-flight (TOF) hybrid PET/MR scanner (SIGNA PET/MR; GE Healthcare). Delayed pelvic PET/MR images were acquired using hybrid PET/MR.

PET/CT acquisition followed our standard protocol. A CT scan (120 kV, 110 mAs) was acquired after a scout image with a scanning thickness of 3.75 mm, followed by whole-body emission static PET imaging in a three-dimensional (3D) mode at 3 min per bed position. PET images were attenuation-corrected using CT images, and reconstructed using an ordered-subset expectation maximization (OSEM) iterative reconstruction algorithm (28 subsets and 2 iterations) and co-registered with CT images (Xeleris; GE Healthcare).

For PET/MR, MR attenuation images were acquired using ZTE technology after acquisition of localization images. The PET acquisition of PET/MR was performed in 3D mode for 6 min per bed position (89 sections per bed) in five bed positions. MR imaging of the brain [axial T2-weighted, T1-weighted, and fluid-attenuated inversion recovery (FLAIR)] was performed along with the PET scan, then whole-body imaging (from skull base to midthigh in four bed positions, a high-resolution axial T1-weighted LAVA-Flex sequence and a coronal T2-weighted fast recovery fast spin echo [FRFSE] sequence in two planes were included) were acquired during the PET scan. Next, pelvic dedicated mpMRI images of the prostate [transverse, coronal, and sagittal T2-weighted images and diffusion-weighted spin-echo echo-planar images (b-factor, 0/1,000/1,400 s/mm2)] were acquired along with a 10 min per bed position PET imaging. Other MR protocols were included when clinically required. The delayed pelvic PET/MR imaging was the same to the previous pelvic PET/MR. All PET data were reconstructed with TOF information, using the system's default 3D OSEM protocol iterative reconstruction algorithms with 2 iterations and 28 subsets and co-registered to MR images on a workstation (AW, GE Healthcare).



Image Analysis

PET/CT and PET/MR images were interpreted by two experienced nuclear medicine physicians using dedicated software on the AW workstation. Visual assessment was used for characterizing PSMA-avid lesions in axial, coronal and sagittal reconstructions. Lymph nodes, bone lesions and other foci suspected of being distant metastases were evaluated first. Intra-prostatic PSMA-avid foci were defined as PSMA uptake greater than the adjacent prostate gland or background on PET/CT or PET/MR, and regions of interest (ROIs) were manually drawn on PSMA-avid area or prostate bed if presented with a diffuse pattern of uptake, and maximum standard uptake value (SUVmax) were measured, the SUVmax in the conventional scan was defined as “SUVmax1,” and the SUVmax in the delayed scan was defined as “SUVmax2.” Capsular invasion; seminal vesicle, bladder or other adjacent organ involvement; and involvement of small pelvic lymph nodes were identified if PSMA uptake and abnormal MR signal were seen outside the boundaries of the prostate gland or corresponded to sites on PET/MR images. Version 2 of the Prostate Imaging Reporting and Data System (PI-RADS V2) was used to score prostatic regions with abnormal signal on MR images (22).



Statistical Analysis

Independent samples t-tests were performed to compare the mean values between the malignant group and the benign group. Paired samples t-tests were performed to compare SUVmax1 and SUVmax2. All the correlations were analyzed using Spearman's rank correlation test, and a scatter diagram was drawn with the regression line. Bland–Altman plots were used to assess the agreement between SUVmax1 and SUVmax2. ROC curves were generated to assess the diagnostic performance of each parameter, and to calculate a cutoff value. The sensitivity and specificity were calculated on a per-patient basis imaging diagnosis against the final clinical diagnosis. All statistical analyses were performed using SPSS Statistics, version 22 (IBM, Armonk, NY, USA). A p < 0.05 was considered to indicate significant difference.




RESULTS


Scanner Usage, Characteristics of Patients, and Prostatic Features in Benign and Malignant Groups

Of the 56 patients enrolled between May 2018 and January 2020. Conventional imaging began at 70.0 ± 16.9 min (PET/CT) or 74.3 ± 12.5 min (PET/MR) [p = 0.357] after injection. Delayed pelvic PET/MR images were acquired at 171.2 ± 37.9 min after injection. Forty patients underwent whole-body PET/CT and delayed pelvic PET/MR, 13 patients underwent whole-body PET/MR and delayed pelvic PET/MR, 3 patients underwent only whole-body PET/MR. Finally, forty-one patients were diagnosed as malignant and 15 were benign. In the malignant group, 32 patients were confirmed by histopathology, including 19 acinar adenocarcinoma, 1 ductal adenocarcinoma, 5 adenocarcinoma, and 7 prostate cancers with undefined pathological type. The other 9 patients were diagnosed by imaging and response of endocrine therapy. The benign group included benign prostatic hyperplasia (BPH) and/or prostatitis, 6 patients had biopsy results, symptoms of all patients eased and PSA level decreased after anti-inflammatory or anti-prostatic hyperplasia treatment. The follow-up time was at least 1 year. The patient characteristics are listed in Table 1.


Table 1. Patient characteristics and prostatic features in benign group and malignant group.

[image: Table 1]

The differences in age, total prostate-specific antigen (tPSA), free prostate-specific antigen (fPSA), and prostatic SUVmax between the benign group and the malignant group were statistically significant. Intra-prostatic PSMA-avid foci were found in 6 patients in the benign group (40.0%) and 35 in malignant group (85.4%). In the benign group, three of six presented with symmetrical accumulation in posterior peripheral bands at the base of prostate. In six prostate cancer patients without intra-prostatic PSMA-avid foci, one had bone metastases, two had lymph node metastases, two had both lymph node and bone metastases. Representative images are shown in Figures 1, 2. The locations of the lesions in prostate are shown in Table 1; most were in the peripheral or central zone in the benign group. In the malignant group, most involved both the peripheral zone and central zone (Figure 2).


[image: Figure 1]
FIGURE 1. (A) A 65-year-old man with a total PSA level of > 1,000 ng/L and free PSA > 30 ng/L underwent 68Ga-PSMA PET/MR, which revealed extensive bone metastases but negative uptake of PSMA in the prostate. (B) A 64-year-old man with a total PSA level of 13.9 ng/L and free PSA of 2.15 ng/L underwent 68Ga-PSMA PET/CT, which showed uptake in multiple lymph nodes in the left supraclavicular area, retroperitoneum, and the left iliac chain, but no focal uptake in prostate. Prostate acinar adenocarcinoma with left iliac lymph node metastases (6/6) were histopathologically proved.



[image: Figure 2]
FIGURE 2. (A) A 72-year-old man with a PSA level of 21.26 ng/L underwent 68Ga-PSMA PET/CT and delayed pelvic PET/MR. Positive PSMA uptake was revealed in the left peripheral zone, consistent with the signal change in mpMR. (B) A 68-year-old man with proven prostate cancer in the right lobe underwent PET/MR for staging. Axial T2-weighted image shows an ill-defined hypointense lesion in the right peripheral zone with corresponding hypo-intensity on the apparent diffusion coefficient map. No significant hyperintense signal was observed on DW images (b = 1,000 s/mm2). This was assigned a PI-RADS score of 4, but negative PSMA uptake was observed with diffuse 68Ga-PSMA uptake in the prostate (SUVmax, 4.10). (C) A 71-year-old man with proven prostate cancer after prostate transurethral resection, 68Ga-PSMA PET/CT and pelvic PET/MR were performed for staging. PET/CT revealed only one small lymph node in the left pelvic cavity, which was revealed more clearly on PET/MR, and more lesions were revealed on PET/MR, which were proved to be metastases after surgery.




Characteristics of Prostatic 68Ga-PSMA-617 Uptake and Its Correlation With Gleason Score and PSA Level

In the 53 of the 56 patients with paired conventional and delayed scans, 68Ga-PSMA-617 uptake in the two phases was compared. In the benign group, the mean prostatic SUVmax values in the conventional and delayed scans were 3.95 ± 0.88 and 4.64 ± 1.34 (n = 13), respectively. No significant difference was found between the two phases (t = −1.642, p = 0.127). In the malignant group, the mean prostatic SUVmax in the conventional and delayed scans were 20.31 ± 15.74 and 24.53 ± 16.38 (n = 40), respectively, with a significant difference between the two phases (t = −3.695, p = 0.001). The scatter diagram of SUVmax from different scanners at different time point is shown in Figure 3A. Bland–Altman plots reveal a scatter diagram of the differences plotted against the means of SUVmax values from conventional whole-body PET/CT or PET/MR with delayed pelvic PET/MR. In the benign group, the mean SUVmax has a narrow range at low levels, and the mean difference is 0.68, with the limits of agreement (LOA) between −2.26 and 3.63. In the malignant group, mean SUVmax had a wide range, and the mean difference was 4.22, with LOA between −10.32 and 18.75 (Figure 3B). Good correlation was found between SUVmax1 and SUVmax2 [r = 0.932, p < 0.001, Figure 3C, Y(SUVmax1) = −0.41 + 0.85*X(SUVmax2)]. No significant correlation was found between SUVmax and Gleason score, tPSA, and fPSA. There was a significant negative correlation between SUVmax and fPSA/tPSA (r = 0.674, p = 0.039). The scatter diagram shown in Figure 3D expresses Y (SUVmax1) as the result of 20.45–47.99*X (SUVmax2).


[image: Figure 3]
FIGURE 3. (A) Scatter diagram of SUVmax from different scanner at different time point. (B) Bland–Altman plots of the differences against the means of SUVmax1 with SUVmax2. (C) Scatter plot and correlation of SUVmax1 and SUVmax2. (D) Scatter plot and correlation of SUVmax1 and fPSA/tPSA.




Gleason Score, AJCC Prognostic Stage and Primary Lesion, Involvement of Surrounding Tissues, and Distant Metastases in Patients With Prostate Cancer

Because this was a retrospective study, only 30 patients had available Gleason scores. The numbers of patients with different Gleason scores and AJCC prognostic stage are listed in Table 2. No significant differences were found in SUVmax among different groups according to Gleason score and AJCC prognostic stage. The higher Gleason score, the higher incidence of nodal and distant metastases. However, nodal and distant metastases also occurred even in patients with low Gleason score.


Table 2. Clinical and imaging characteristics in patients with prostate cancer.
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Diagnostic Performance

ROC analysis was performed to evaluate the diagnostic performance of tPSA, fPSA, and fPSA/tPSA (Figure 4A), SUVmax1, SUVmax2, and the difference between SUVmax1 and SUVmax2 (ΔSUVmax) (Figure 4B) for differentiating malignant from benign lesions. Cutoff values, sensitivity, specificity, AUC, 95% confidence interval (CI) and P-values are shown in Table 3. SUVmax1 from the conventional PET/CT or PET/MR revealed the best diagnostic performance with an AUC of 0.956, cutoff value of 5.25 (sensitivity, 85.4%; specificity, 100%; p < 0.001). So SUVmax1 was used for the following analysis. When combining SUVmax1 with nodal/distant metastases, the sensitivity improved to 95.1%. If we combine SUVmax1, nodal/distant metastases and MR PI-RADS V2, sensitivity and specificity both reached 100%.


[image: Figure 4]
FIGURE 4. ROC curves evaluating diagnostic performance of PSA levels (A) and 68Ga-PSMA SUVmax (B).



Table 3. Diagnostic performance of several indices and its combination.
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Diagnostic Overview of All Patients in This Study

A diagnostic overview of all patients is shown in Figure 5. Thirty-three patients at advanced stages were diagnosed and staged by conventional whole-body PET/CT or PET/MR due to detection of bone metastases and involved lymph nodes, so pelvic PET/MR imaging of these patients would be redundant. Among the rest of the patients, delayed pelvic PET/MR was used for further evaluation. Seven had prostatic foci with SUVmax > 5.25 (Figure 2A), and 1 had a PI-RADS score ≥ 4 and SUVmax <5.25 (Figure 2B), which were diagnosed as malignant and accurate staging was identified by invasion of the capsule and/or surrounding tissue provided by MR. The remaining 15 patients were diagnosed with benign disease.


[image: Figure 5]
FIGURE 5. Diagnostic overview of all patients in this study. LN, lymph node.





DISCUSSION

This retrospective study confirmed the value of PSMA PET/CT and PET/MR in prostate disease diagnosing and staging. In this study, whole-body PET/CT (PET/MR) and delayed pelvic PET/MR accurately diagnosed and staged all of the patients. When the SUVmax from a conventional scan was used as the only criterion, sensitivity and specificity reached 85.4% and 100%, respectively. Our optimal cutoff value is 5.25, which is close to literature reports of 5.94 (23). However, PSMA uptake in the prostate is not significantly elevated in some patients; fortunately, nodal or bone metastases were observed on PET/CT or PET/MR imaging (Figure 1), so combination of SUVmax with nodal or bone metastases further improved the sensitivity to 95.1%. There are still a few cases with neither bone, nodal metastasis nor positive prostatic PSMA uptake. In this situation, mpMRI may improve detection (Figure 2B). Combination use of nodal metastases, bone metastases, SUVmax of primary lesions, and MR PI-RADS score from whole-body PET/CT and PET/MR made the sensitivity and specificity reach 100% for prostate diseases diagnosis in this study.

Because it has been proven that the FDG SUV measured by PET/CT and PET/MR has clinically acceptable repeatability (24, 25), our PET/CT and PET/MR scanner are calibrated to ensure the accuracy of the measurements. We ignored the influence of SUV from different devices for statistics. Our results showed that SUVmax values from delayed scans were significantly higher than those from conventional scans in patients with prostate cancer, indicating tracer accumulation increased overtime. Park, S. Y. reported similar results (26). Our results revealed SUVmax values from conventional scanning at about 1 h post injection and those from delayed scan at about 3 h are linearly correlated, which is consistent with the results reported by Ringheim et al. (27). However, they also found a mean 20% difference between PET/CT than on PET/MR (higher on PET/CT), which cannot be used interchangeably in follow-up (27). The difference between PET/CT and PET/MR devices may affect image quality and SUV measurement, therefore, a more detailed study is needed to evaluate the quantitative accuracy of PET/MR and the factors governing it.

As for the optimal timing for prostate PSMA imaging, ROC analysis shows that SUVmax1 from conventional imaging has relatively good diagnostic performance compared with delayed imaging, so we believe that conventional imaging at about 1 h is sufficient for most patients. Delayed imaging takes up time, increases patient anxiety, and may make patients with urinary retention uncomfortable, so it is not necessary on a routine basis. However, for those patients who are difficult to diagnose and whose pelvic images were affected by urine in the bladder, it is necessary to perform delayed imaging after drinking plenty of water and urinating. Some studies have analyzed multiple time-point 68Ga-PSMA imaging, including early dynamic images, static scans after 60 min (conventional scan) and 180 min (delayed scan) post-injection. Kabasakal et al. (28) and Uprimny et al. (29) demonstrated that early PET/CT pelvic imaging has better lesion detectability of lesions in the pelvis than in late images because of the low incidence of halo artifact in the bladder. Another study showed that PET/MR early acquisition has high lesion contrast with very good agreement for lesion detectability with same-day whole-body PET/CT. However, 95% LOAs in SUVpeak and Metabolic Tumor Volume (MTV) are far beyond the clinically acceptable range. Therefore, they suggested whole-body PET/CT and early PET/MR should not be used interchangeably (19). Some studies compared conventional and delayed scans, and reported that detection rates were the same between 60 and 180 min, although improved contrast and an additional cancer focus was found, they concluded that delayed imaging has limited impact (26, 30). However, Afshar-Oromieh et al. (31) reported different results: compared with 1 h after injection, 3-h images revealed higher detection rates and more lesions, but these PET-positive lesions were not confirmed by histopathology.

PSA has a certain value for the identification of benign and malignant prostate lesions (3). This study showed that the difference of fPSA/tPSA between benign and malignant groups is not statistically significant, while the differences of tPSA and fPSA between the two groups are statistically significant, but there are false positive and false negative results and the sensitivity and specificity are not as good as PSMA PET imaging. One study confirmed that SUVmax correlated significantly with PSA level (26). However, our results detected no correlation between tPSA, fPSA and SUVmax, while fPSA/tPSA was negatively correlated with SUVmax. Incomplete data maybe one reason and further study is needed.

Gleason score is a commonly used grading method for prostate cancer. However, we could not find any correlation between SUVmax of primary tumor and Gleason scores. The same results were also reported in two studies, due to inherent bias of the limited range of Gleason scores (23, 32). Our results also showed lymph node and distant metastases presented in patients with low Gleason scores, so Gleason score cannot reflect clinical stage, the possible reason may due to underestimate of the actual Gleason score from biopsy in some patients. These results suggest that imaging techniques have better performance in the detection of prostate cancer than screening techniques such as PSA, DRE, and TRUS-guided biopsy.

Despite many studies reporting the advantages of PET/MR (26, 33–35), its limitations include high expense, a relatively long whole-body scanning time, low visibility of lung lesions, and challenges in patients with claustrophobia and metal implants. For 33 patients with advanced prostate cancer, PET/CT is enough because these patients have nodal and/or distant metastases which can be easily diagnosed by PET/CT only, and PET/CT is better for lung lesion detection, and more time-saving and economic than PET/MR, so pelvic PET/MR had no incremental value. However, to accurately stage those patients without obvious lymph node or bone involvement, to differentiate BPH or prostatitis from early stage or PSMA-negative prostate cancer, pelvic PET/MR is required mainly because of the high soft tissue resolution of MR (20). For 7 patients with SUVmax ≥ 5.25, PET/MR identified whether there is invasion of the capsule and surrounding tissue, which defined T stages of disease precisely. For the 16 patients with SUVmax <5.25, PET/MR identified one patient with PI-RADS ≥ 4 and diagnosed as prostate cancer, playing a decisive role. In the other 15 patients with benign disease, MR-based PI-RADS crosschecked with PET results to enhance diagnostic confidence. Thus, PET/MR actually played role in 43.4% (23/53) of the patients in this study. As reported, PI-RADS 3 lesions are difficult to diagnose by MR only; PET/MR improves the detection of these patients through PET (36). Therefore, whole-body PET/CT with or without pelvic PET/MR would be a sufficient, time-saving method for initial diagnosis and accurate staging of prostate cancer, rational use of pelvic PET/MR for proper patients is important. In centers with both PET/CT and PET/MR, we recommend that all patients undergo PET/CT scanning first, and if lymph node and/or bone metastases are found, the patient can be diagnosed as advanced prostate cancer and PET/MR is unnecessary. Otherwise, according to whether the image quality and prostatic lesion detectability were affected by activity of 68Ga-PSMA from urine in bladder, pelvic PET/MR should be performed subsequently or at about 3 h post injection to further evaluate the prostate, surrounding tissue involvement, and small lymph nodes (Figure 2C), if the patient has no contraindications. Undoubtedly, PET/MR provides superior diagnostic performance in local prostate cancer recurrence, especially biochemical failure, compared with 68Ga-PSMA-617 PET/CT (37–39).

There are some limitations to the present study. First, the number of cases, especially the patients without disseminated disease, is relatively limited. Second, due to it being a retrospective study, some patients did not have a histopathology confirmation and Gleason score, they were diagnosed through comprehensive clinical evaluation and follow-up after treatment. Third, some data are not suitable for statistical analysis, such as the results of tPSA > 100 ng/L, fPSA > 30 ng/L in some patients. Fourth, the high proportion of advanced prostate cancer in this study may have affected the final results. Therefore, larger sample-sized study with early-stage patients should be included to further evaluate the incremental value of PET/MR.



CONCLUSION

This study confirmed that a combination application of PSMA whole-body PET/CT and pelvic PET/MR can accurately distinguish BPH/prostatitis from prostate cancer and accurately stage prostate cancer. Whole-body PET/CT is sufficient to diagnose advanced prostate cancer. The value of pelvic PET/MR is for the diagnosis and accurate staging of early prostate cancer. Conventional imaging at about 1 h is recommended with no need to perform delayed imaging for most patients. Further study with more early-stage prostate cancer patients and a prospective design is needed.
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Colorectal cancer (CRC) is the second most common cause of cancer death, making early diagnosis a major public health challenge. The role of inflammation in tumorigenesis has been extensively explored, and among the identified markers of inflammation, cyclooxygenase-2 (COX-2) expression seems to be linked to lesions with a poor prognosis. Until now, COX-2 expression could only be accessed by invasive methods, mainly by biopsy. Imaging techniques such as functional Positron Emission Tomography (PET) could give access to in vivo COX-2 expression. This could make the staging of the disease more accurate and would be of particular interest in the exploration of the first metastatic stages. In this paper, we review recent progress in the development of COX-2 specific PET tracers by comparing the radioligands' characteristics and highlighting the obstacles that remain to be overcome in order to achieve the clinical development of such a radiotracer, and its evaluation in the management of CRC.
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INTRODUCTION

Colorectal cancer (CRC) is one of the most frequent types of cancer, ranking second in most developed countries, and has the second highest mortality rate (1, 2). This rate is especially high for late diagnosis and advanced stage disease. Thanks to an increase in CRC screening, the incidence rate has been decreasing for the last two decades (2). However, this high mortality rate draws early detection of CRC and prediction of recurrences and metastases as two major public health challenges, in order to initiate the appropriate treatment as early as possible.

Inflammation seems to play a key role in CRC physiopathology. Among the many known markers of inflammation, cyclooxygenase-2 (COX-2) was identified as having a crucial role from the first stages of tumorigenesis (3, 4). Reviews of over 30 epidemiologic studies showed that regular consumption of non-steroidal anti-inflammatory drugs (NSAID) was associated with a 30–50% reduced incidence of several cancer types, including CRC (5, 6). Interestingly, patients with familial adenomatous polyposis receiving COX-2 inhibitors as a preventive treatment developed fewer adenomas than patients receiving a placebo (7).

COX-2 is an enzyme that intervenes in the first steps of prostaglandin E2 synthesis from arachidonic acid and can be induced by various pro-inflammatory signals. COX-2 overexpression has been identified in different malignant neoplastic tissues, especially in up to 85% of adenocarcinomas (8–10) and is also associated with the potential for progression and recurrences of colorectal tumors. Molecular biology studies on CRC tissue samples concluded that COX-2 expression is significantly correlated with invasive (11) and metastatic phenotypes (12, 13). Moreover, high COX-2 expression in patients treated with radical surgery is a prognostic factor for recurrences, mainly because of undetected metastasis (13, 14). The COX-2 expression level is high in CRC cells. On the contrary, COX-2 has a low basal expression in healthy colon epithelial cells (15), making COX-2 a relevant biomarker for molecular imaging, especially for Positron Emission Tomography (PET).

The correlation of elevated COX-2 expression with the first stages of tumorigenesis and cancer progression suggests that COX-2 could be a target for the early imaging of pre-cancerous colorectal lesions. Since inflammation seems to be a hallmark of malignant CRC, PET imaging could allow the early detection of CRC dissemination and thus spot metastasis. In addition, in other cancerous pathologies (breast, prostate), COX-2 expression increases with the stage of the disease (16, 17). PET-scanning could therefore be a tool for CRC staging. Furthermore, positive therapeutic results in cohorts of patients with different types of solid tumors receiving COX-2 inhibitors in addition to their respective standard chemotherapy (18–20) suggest that COX-2 molecular imaging could provide stratification of the patients, enabling individualized treatment approaches. Notably, it could help to decide whether neoadjuvant chemotherapy is needed or determine whether patients would respond to COX-2 inhibitors therapy.

Up to now, numerous radioligands targeting COX-2 have been developed for SPECT or PET applications. Reviews by Laube et al., de Vries et al., and Pacelli et al., summarized their structures and synthesis methods and highlighted the challenges encountered in the development of COX-2 radiotracers (21–23). In the present review, we explore the recent progress of COX-2 molecular imaging in CRC, by comparing the radioligands' characteristics and highlighting the obstacles that remain to be overcome in order to achieve the clinical development of such a radiotracer.

The PubMed database was screened using pre-defined search dates (January 1995–January 2021). The search terms used were as follows: “colorectal cancer” and “COX-2” or “cyclooxygenase 2” and “PET.” It yielded 78 results. We screened preclinical results performed only on colorectal cancer cell lines. Title-, abstract- or full text-reading led to the exclusion of 70 papers because they did not focus on CRC or did not include in vivo PET radioligand evaluation or did not target COX-2. Eight original papers fulfilled these criteria and were thus included in the scope of the present review. Chemical structures of the PET radioligands are presented. The main conditions and results of these PET imaging preclinical studies assessing COX-2 radiotracers in CRC xenograft models are summarized in Table 1.


Table 1. Summary of characterization studies assessing COX-2 PET radiotracers in CRC xenograft models.

[image: Table 1]



COXIB FAMILY DERIVATIVES

Celecoxib 1 (Figure 1) is a well-known COX-2 specific inhibitor used as an anti-inflammatory drug. Its specificity and selectivity for COX-2 over COX-1 makes it a natural candidate for PET applications. In 2005, Prabhakaran et al. synthesized 11C-Celecoxib 2 (Figure 1) in 8 efficient steps including a palladium catalyzed radiomethylation (32), but this radioligand has not yet been tested in a CRC preclinical model. A biodistribution study in baboons showed unsatisfactory pharmacokinetic properties. 11C-2 underwent a fast metabolism (80% after 30 min in plasma samples) and was quickly cleared out of the organism by urinary excretion (33). Therefore, several series of celecoxib derivatives were proposed to work around the limitations of celecoxib. In 2011, Uddin et al. developed a series of celecoxib [18F]-fluorine derivatives (24). Synthesis in 7 steps involving an aliphatic nucleophilic substitution led to the best candidate. Diethylaminosulfurtrifluoride (DAST) mediated fluoration of its alcohol precursor gave the fluoromethyl derivative 18F-3 (Figure 2). In inhibition assays using purified COX-2, 18F-3 exhibited an IC50 of 160 vs. 30 nM for 1. In vivo evaluation was conducted in a Nu-fox1nu mice model bearing human head and neck squamous cell carcinoma cells HNSCC 1483 (COX-2+) or human colorectal carcinoma cells HCT-116 (COX-2–). A biodistribution study gave promising results, with an uptake ratio in COX-2 positive/COX-2 negative tumors of 3, similar to the COX-2+ tumor to muscle ratio (T/M). Blocking experiments with cold celecoxib produced a clear decrease of the radiotracer uptake in the COX-2+ tumor (T/M = 1). However, only the COX-2 negative tumors were CRC cells (HCT-116); the COX-2 positive model was a xenograft of human head and neck squamous cell carcinoma.


[image: Figure 1]
FIGURE 1. Celecoxib and 11C-celecoxib structures.



[image: Figure 2]
FIGURE 2. Radiosynthesis of pyrazole derivative 18F-3.


In 2015, Kaur et al. synthesized a radiolabeled derivative 18F-4 from a key sulfonylchorine and its amination by the prosthetic 4-[18F]fluorobenzylamine scaffold (25) (Figure 3). Derivative 4 exhibited interesting in vitro properties on human recombinant COX-2 (log P = 3.18; IC50 = 360 vs. 40 nM for 1) but suffered from a lack of specificity. Indeed, cellular uptake experiments in human CRC cells expressing COX-2 (HCA-7) showed an accumulation of the radioligand that could not be inhibited by a celecoxib or rofecoxib pre-treatment. In vivo, NIH-III mice xenografted with HCA-7 cells exhibited a maximum tumor to muscle ratio 10 min post injection (p.i.) of 1.4, slowly decreasing over time. Dynamic acquisitions showed a rapid elimination of the radioactivity through the intestinal tract. In vitro results were not convincing, and specificity was not investigated in vivo.


[image: Figure 3]
FIGURE 3. Radiosynthesis of pyrazole derivative 18F-4.


Other teams focused on different coxib-like derivatives. Derivative 5 was first studied by Li et al. and exhibited a very promising COX-2 affinity, with an IC50 in the range of the nanomolar concentration (IC50 = 5 nM) and a high in vitro selectivity for COX-2 over COX-1 (COX-1/COX-2 = 2,000) (34). Wuest et al. synthetized the [11C]methoxy-1,2-diarylcyclopentene 11C-5 in 4 steps from 2-dibromocyclopentene using a double Suzuki cross coupling and as final step a Williamson type O-methylation with [11C]CH3I (26) (Figure 4). The authors confirmed the specificity of compound 5 for COX-2 with cellular uptake studies (especially in the COX-2+ human colorectal adenocarcinoma cell line HT-29 vs. COX-2- RAW264.7). Its lipophilicity of 4.2 enabled it to cross the cell membranes but might be responsible for a lack of specificity in vivo. In fact, in vivo assays on a preclinical rodent xenograft model of human CRC cells (HT-29 cells, COX-2+) exhibited an accumulation of the tracer in the tumor, that could not be inhibited in blocking experiments with an excess of non-radioactive competitor. Moreover, this radiotracer was quickly metabolized, with only 17% remaining intact in plasma samples 10 min p.i.


[image: Figure 4]
FIGURE 4. Radiosynthesis of [11C]diarylcyclopentene 5.


In 2013, Tietz et al. developed 18F-Pyricoxib 6, designed by replacing the celecoxib pyrazole ring by a pyrazine isoster (35). In 2016, Tietz et al. proved that derivative 6 showed better in vitro affinity and specificity than its parent Celecoxib 1 (IC50 = 7 vs. 40 nM for 1) (27). In vitro blocking experiments in HCA-7 and HCT-116 cells were promising. Radiotracer uptake in COX-2 positive cells (HCA-7) was significantly higher than in COX-2 negative cells (HCT-116), and pre-treatment with diverse non-radiolabeled COX-2 inhibitors led to a maximum uptake reduction of 65%. In vivo experiments were then conducted on NIH-III mice xenografted with either HCA-7 or HCT-116 cells, showing a satisfactory uptake in HCA-7 tumors (T/M ratio of 2.25 after 4 h p.i.). Pre-treatment with 2 mg of Celecoxib 1 (intraperitoneal administration, i.p.) led to a marked decrease in radiotracer uptake in the tumors. Biodistribution results showed a %ID/g of 2.12% in HCA-7 tumors, scaled down to 1.04% after a celecoxib pretreatment. However, radiotracer uptake was similar in HCA-7 and HCT-116 tumors. Expression of COX-2 in HCT-116 tumors was confirmed by immunohistochemistry, highlighting a cell line drift and questioning the relevance of the HCT-116 cell line as a COX-2 negative model. They concluded that 18F-pyricoxib 6 was a very promising candidate for a “first in human” study (27). In 2018, Tietz et al. deepened their understanding of this chemical entity by performing pharmacomodulation experiments (28). For the O-analog 18F-7 the radiolabeling was carried out on a preoxidized iodyl precursor. The authors started from 4-chloro-2-(methylsulphonyl)-6-(trifluoromethyl)pyrimidine after 5 steps including radiolabeling with 4-[18F]fluorobenzylamine. 18F-8 radiosynthesis was similar to that of 18F-pyricoxib 6, using sulfonyl precursors and a 4-[18F]fluorobenzylamine (FBA) as building block (Figure 5). The three tested probes 18F-6-8 exhibited similar in vitro properties (lipophilicity, affinity, specificity for COX-2). However, even slight modifications of the structure led to radically different pharmacokinetic, biodistribution and uptake profiles (Table 1). One of the radiotracers was slightly metabolized and excreted via the urinary tract but did not accumulate in the tumors, while the other was rapidly eliminated but had a better T/M ratio.


[image: Figure 5]
FIGURE 5. Radiosynthesis of 18F-6-8 probes.


The same team developed a pyricoxib derivative to reduce this unspecific binding previously observed with 18F-pyricoxib 6 (29). They designed 18F-triacoxib 9 which was obtained from the Celecoxib 1 structure by replacing the CF3 by a CH3 group and the acidic sulfonylamide by a simple methylsulfonyl. Nevertheless, the best innovation in this series consisted in the insertion of a triazole between the pyrazole and the phenyl ring, which required building an azidopyrazole as key intermediate. Noteworthy, 18F-fluorination was achieved using a pinacol boronic ester (in the presence of a copper catalyst [Cu(OTf)2(py)4]) as leaving group (Figure 6). Compound 9 displayed a satisfactory in vitro affinity and selectivity for COX-2 (IC50 = 90 vs. 70 nM for 1; IC50 COX-1 > 100 μM for both compounds, HCA-7 cells). In vitro binding experiments with increasing doses of non-radiolabeled compounds (celecoxib or triacoxib) resulted in an inhibition of the radiotracer uptake by 47 to 63%. In vivo experiments on BALB/c mice bearing HCA-7 xenografts suggested an improved stability of 18F-triacoxib 9 compared to 18F-pyricoxib 6 (respectively, 90 vs. 75% intact radiotracer in plasma samples 60 min p.i.). PET acquisitions confirmed a higher uptake in the tumors than in the muscle, within a similar range as 18F-pyricoxib 6 (tumor-to-muscle ratio of 1.49 vs. 1.47, respectively, 60 min p.i.). In Celecoxib 1 pretreated mice, a partial inhibition of 18F-triacoxib 9 uptake was observed (20%). Unspecific binding was also observed in lipid rich tissues. 18F-triacoxib 9 did not seem to be a better candidate than 18F-pyricoxib 6 as a diagnostic tool for CRC.


[image: Figure 6]
FIGURE 6. Radiosynthesis of 18F-Triacoxib 9.




2,3-DIARYL INDOLES

In 2003, Hu et al. synthesized a large series of original 2,3-diaryl indoles (36). Structure-Activity Relationships (SAR) were established from about thirty derivatives obtained from anthranilic acids in 5 or 6 steps including indole formation by McMurry cyclization (Figure 7). Derivative 10 exhibited high affinity and selectivity for COX-2 (IC50 = 20 vs. 520 nM for 1) over COX-1 (IC50 >10 μM for both compounds), and better anti-inflammatory properties than celecoxib in a rat carrageenan-induced foot pad edema assay. In 2012, Kniess et al. radiolabeled this promising compound using the nucleophilic substitution of a trimethylammonium salt by 18F-fluorine (30). They investigated the determination of PGE2 levels in cell culture supernatants, which is therefore a direct measure of the COX activity. The cellular inhibition assay results demonstrated 10 to be a potent cyclooxygenase inhibitor with only low COX-1/COX-2 selectivity. The authors evaluated the selectivity of 10 using an enzymatic competitive inhibition assay with celecoxib as reference. IC50 = 6.6 μM for COX-1 and 1.2 μM for COX-2 were determined (IC50 COX-1 = 115 and 0.06 μM for 1). Pre-incubation of HT-29 cells with cold compound reduced the cellular uptake by almost 80% compared to incubation with the radioactive compound alone. In vivo PET imaging of HT-29 xenografted mice showed no accumulation of the tracer in the tumor. Despite a low lipophilicity (log D = 1.2), the tracer was rapidly eliminated through the intestinal tract (half-life: 8 min).


[image: Figure 7]
FIGURE 7. Radiosynthesis of 18F-10 via McMurry cyclisation.




INDOMETHACIN DERIVATIVES

Indomethacin 11 (Figure 8) is a COX ligand that binds to both COX-1 and COX-2. Kalgutar et al. modified its chemical structure by adding an amide group (37). After SAR analysis and the building of nearly twenty analogs, they clearly improved the selectivity of the derivatives for COX-2, which was inhibited in the nanomolar range. Following this work, Morgenroth et al. synthetized radio iodinated analogs from stannyl precursors (31). Derivative 125I-12 (Figure 9) was found to be the most suitable tracer. In vitro studies on CRC cell cultures HT-29 and HCT-116 showed a significantly higher concentration of 12 in COX-2 positive (HT-29) cells (COX-2+/COX-2– ratio of 2.5 and 7.6 for the two tested radiotracers). Blocking experiments were performed on human embryonic kidney (HEK) and human umbilical vein endothelial cell (HUVEC) cell lines, showing a partial decrease of the uptake in cells pre-treated with celecoxib 1. These affinities and selectivities were confirmed using both in vivo microPET and bio-distribution studies. The compound with the highest uptake was radiolabeled with 124I and used for PET imaging of HT-29 and HCT-116 xenografted mice. Due to the lipophilicity of this compound (log D = 4.41), the radioactivity was mainly localized in the liver and the gastrointestinal tract. No tracer uptake was observed in HCT-116 tumors whereas HT-29 tumors displayed a significant uptake. Measurement of the remaining activity in each organ with a gamma counter confirmed a COX-2+/COX-2– ratio of 5. The T/M ratio was over 50 times higher in HT-29 tumors than in HCT-116 tumors.


[image: Figure 8]
FIGURE 8. Indomethacin.



[image: Figure 9]
FIGURE 9. Radiosynthesis of indomethacin derivative 124I-12.


In 2011, Uddin et al. also synthesized a series of fluorine-containing indomethacin derivatives. These probes were satisfactory COX-2 inhibitors with an IC50 in the range of the nanomolar both in inhibition assays using purified COX-2 and intact cells. However, they could not be successfully radiolabeled due to a lack of stability in the severe reaction conditions required (24).



DISCUSSION

This review focuses on COX-2 radiotracers tested in CRC models. Other COX-2 radiotracers have also been developed for other oncologic indications as well as applications in the field of neuroinflammation (22).

These eight studies on CRC xenografts display heterogeneous results. Kaur et al. (25), Wuest et al. (26), and Kniess et al. (30) concluded that their radiotracer was not appropriate for further clinical investigation, whereas Uddin et al. (24), Tietz et al. (27, 28), Litchfield et al. (29), and Morgenroth et al. (31) judged their radiotracer to be promising for clinical applications (satisfactory T/M ratio). However, for all the tested compounds, most of the radioactivity uptake was located in the digestive tract. The T/M ratios were deemed satisfactory, ranging from 1.4 to 5.0, but the tumor-to-intestine ratio was not always mentioned in these studies, and, when available, was well above the T/M ratio. The tumors were detectable as xenografts in mice flanks, but these T/M ratios would probably not be sufficient to detect in situ CRC tumors (Figure 10). Thus, the challenge to develop the ideal COX-2 radiotracer for CRC staging remains to date. Two areas of work can be explored to achieve this radiotracer development for CRC imaging.


[image: Figure 10]
FIGURE 10. microPET images of mice xenografted with human colorectal cancer cell lines after injection of a COX-2 specific radiotracer. (A) Kniess et al., 2012 (30): Maximum intensity projection (MIP) images at 1, 5, and 60 min p.i. after a single IV injection of 18F-3 into HT-29 tumor-bearing (right flank) NMRI nu/nu mice. Authors concluded that 18F-3 was not promising. Reprinted from Bioorg Med Chem. 2012 Jun 1;20(11):3410–21, Radiosynthesis of a 18F-labeled 2,3-diarylsubstituted indole via McMurry coupling for functional characterization of cyclooxygenase-2 (COX-2) in vitro and in vivo. Kniess T, Laube M, Bergmann R, Sehn F, Graf F, Steinbach J, et al. Copyright (2012), with permission from Elsevier, license number 5067540791584. (B) Litchfield et al. (29): Maximum intensity projection (MIP) images at 60 min p.i. of 18F-9 into HCA-7 tumor-bearing (left flank) BALB/c mice. Authors concluded that 18F-9 was promising. (C) Morgenroth et al. (31): μPET/CT molecular imaging of COX-2 with 124I-12 in HT29 (left panel) and HCT-116 (right panel) xenografted SCID mice at 4 h p.i. Arrows indicate tumor. Authors concluded that 124I-12 was promising.



Radiotracer-Linked Properties

All the tested compounds display a high lipophilicity (log P or log D ϵ [1.7–4.4]), required to reach their intracellular target COX-2, but also responsible for hepatobiliary excretion that could mask CRC tumors. This assumption questions the relevance of COX-2 as a CRC imaging target and could be tested using in situ CRC preclinical models. 11C-celecoxib was deemed unfit for clinical applications but benefited from a renal excretion that would be a serious advantage in CRC imaging. To increase the affinity for COX-2, pharmacomodulations on this parent compound led to more lipophilic molecules. There is still a need to balance affinity and lipophilicity with ideal pharmacokinetic properties. The use of innovative vectors could prove to be the solution to selectively deliver radiolabeled coxib derivatives into cancerous cells. In particular, the use of the RGD sequence (a tripeptide composed of arginine, glycine and aspartic acid) (38), dendrimers (39) or dehydropeptides (40) proved their potential to carry COX inhibitors into inflammatory or cancerous cells. Other pharmacokinetic properties should be taken into account, especially the metabolization rate and the radiotracer half-life. To be used routinely, the ideal radiotracer should be more than 50% intact 1 h p.i. and the half-life of the vector should not be shorter than 30 min. Other well-known PET tracers, such as 18F-FDG or 18F-FDOPA comply with these requirements (respective renal excretion of 20% 2 h p.i.1 and 50% 45 min p.i.2).

The second parameter to consider is the radioisotope. Due to its 110 min half-life, the use of 18F is widespread in PET imaging, and most of the COX-2 binders were labeled with 18F. Morgenroth et al. obtained the maximum T/M with a radio-iodinate derivative (31). However, due to both the higher energy of emitted beta particles and the longer half-life of 124I (4.2 days), radio-iodinate derivatives exhibit a poorer dosimetry profile compared to 18F-compounds. On the contrary, the shorter half-life of 11C makes it less accessible for routine use (on-site cyclotron required) but would endow it with a better dosimetry profile.

Finally, pharmacomodulations were performed to increase the specificity for COX-2 compared to COX-1, but other targets are known for coxibs. For instance, celecoxib or valdecoxib bind significantly (IC50 in the order of nM) to carbonic anhydrase isoenzymes (CA) (41). In addition, celecoxib is able to bind to PDK1 (42, 43), a cell survival regulation enzyme via the Akt/PKB pathway, with an IC50 in the range of μM (44). Likewise, coxibs bind to the transmembrane protein SERCA (45–47), a pump that can induce cellular apoptosis by increasing the intracellular calcium concentration. These different pro-apoptotic and anti-oncogenic targets have been confirmed by an increasing number of reports indicating that celecoxib does not require the presence of COX-2 to exert its anti-tumoral activity (44, 48, 49). Even more striking, it has been shown that structural analogs close to celecoxib, devoid of any COX-2 inhibitory activity, were able to mimic the anti-tumor properties of celecoxib studied so far, not only in vitro but also in various in vivo xenograft models (43, 50, 51). These data question the relevance of radiolabeled coxibs as specific COX-2 binders.



In vivo Xenograft Models

Xenografts are known to lead to derangement of the normal tumor architecture and nearby healthy tissues and vasculature, and cause altered drug-sensitivity (52, 53). To address these possible biases, the use of orthotopic xenograft or genetically engineered mice expressing human colorectal cancer genes would mimic in situ CRC more accurately (54), easing the evaluation of the impact of unspecific intestinal uptake. Imaging the xenografts with 18F-FDG prior to the radiolabeled COX-2 inhibitor would also inform about the accessibility of tumors for PET radioligands, notably regarding their perfusion.




CONCLUSION

Ultimately, most of these radioligands exhibit promising affinity and specificity in vitro but fail to prove their efficiency in vivo on xenograft models. Chemical screening and pharmacomodulations have yet to work out the ideal COX-2 radiotracer. The use of innovative vectors should be considered to selectively deliver radiotracers in the tumors. Given the hepatobiliary excretion of most of the known coxib derivatives, in situ CRC models should be considered for future explorations. In vivo preclinical studies on in situ CRC models would be decisive to conclude whether COX-2 is a relevant target in CRC imaging. More conclusive in vivo results are required before conducting a “first-in-human” study.
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1Résumé des Caractéristiques du Produit FDG. Available online at: http://agence-prd.ansm.sante.fr/php/ecodex/rcp/R0187540.htm (accessed June 9, 2020).
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Purpose: The aim of this study was to assess the value of the FDOPA PET kinetic parameters extracted using full kinetic analysis for tumor grading with neuronavigation-guided biopsies as reference in patients with newly-diagnosed gliomas.

Methods: Fourteen patients with untreated gliomas were investigated. Twenty minutes of dynamic positron-emission tomography (PET) imaging and a 20-min static image 10 min after injection were reconstructed from a 40-min list-mode acquisition immediately after FDOPA injection. Tumors volume-of-interest (VOI) were generated based on the MRI-guided brain biopsies. Static parameters (TBRmax and TBRmean) and kinetic parameters [K1 and k2 using full kinetic analysis with the reversible single-tissue compartment model with blood volume parameter and the time-to-peak (TTP)] were extracted. Performances of each parameter for differentiating low-grade gliomas (LGG) from high-grade gliomas (HGG) were evaluated by receiver-operating characteristic analyses (area under the curve; AUC).

Results: Thirty-two tumoral VOI were analyzed. K1, k2, and TTP were significantly higher for HGG than for LGG (median K1-value = 0.124 vs. 0.074 ml/ccm/min, p = 0.025, median k2-value = 0.093 vs. 0.063 min−1, p = 0.025, and median TTP-value = 10.0 vs. 15.0 min, p = 0.025). No significant difference was observed for the static parameters. The AUC for the kinetic parameters was higher than the AUC for the static parameters (respectively, AUCK1 = 0.787, AUCk2 = 0.785, AUCTTP = 0.775, AUCTBRmax = 0.551, AUCTBRmean = 0.575), significantly compared to TBRmax (respectively, p = 0.001 for K1, p = 0.031 for k2, and p = 0.029 for TTP).

Conclusion: The present study suggests an additive value of FDOPA PET/CT kinetic parameters for newly-diagnosed gliomas grading.

Keywords: FDOPA, positron-emission tomography, gliomas grading, dynamic, quantification


INTRODUCTION

Gliomas are the most commonly occurring primary malignant brain tumor in adults (1). Patient outcome and treatment strategy are still mainly defined by tumor grade according to the World Health Organization (WHO) classification (2). Furthermore, the main goal of the gliomas surgical resection is to remove as much of the tumor as safely achievable (2, 3). So, in order to determine the extent of tumor resection, presurgical identification of high-grade subregions is needed. Currently, magnetic resonance imaging (MRI) with contrast-enhanced (CE), diffusion, and perfusion sequences is the imaging method of reference for gliomas grading (2). However, around one quarter of low-grade gliomas (LGG) present contrast-enhancement (4) and one-third of non-enhancing tumors are high-grade gliomas (HGG) (5). In order to improve gliomas grading, amino-acid (AA) positron-emission tomography (PET) tracers including O-(2-[18F]-fluoroethyl)-L-tyrosine (FET), [11C]-methionine (MET), and 3,4-dihydroxy-6-[18F]fluoro-L-phenylalanine (FDOPA) have been increasingly investigated (6). To date, FET is the most studied AA PET tracer. However, FDOPA is the only AA PET tracer widely available in several countries (7). FDOPA is transported into the cells mainly by L-type amino acid transporter 1 (LAT 1), which is overexpressed in gliomas (6). Regarding performances of FDOPA PET/CT for gliomas grading, previous studies have provided conflicting results (8–18). However, almost all of these studies used static parameters for FDOPA uptake quantification. Advanced pharmacokinetic analysis of time-activity curves (TAC) from dynamic PET scans using compartment models enables the extraction of direct physiological parameters and could add further information concerning tumor aggressiveness for several cancers (19, 20). Positron-emission tomography kinetic analysis has recently increased with newly developed PET systems that offer higher count rate capabilities than previous scanners. For gliomas assessment, studies shown that FET PET kinetic analysis can provide useful information about the tumor characteristics (21, 22), so dynamic analysis has been recommended in recent guidelines (6).

The aim of the present study was to assess the value of the FDOPA PET kinetic parameters parameters extracted using full kinetic analysis for tumor grading with neuronavigation-guided biopsies as reference in patients with newly-diagnosed gliomas.



MATERIALS AND METHODS


Participants

From June 2018 to September 2019, 19 patients with suspected supratentorial diffuse gliomas were prospectively included in the “GLIROPA” clinical trial (NCT03525080). All patients were newly diagnosed for gliomas and selected for resective surgery. Included patients had to be at least 18 years-old and covered by national health insurance; and neither be pregnant, nor in an emergency situation, nor be treated by carbidopa, catechol-O-methyl transferase inhibitor, haloperidol, or reserpine medication. All patients provided their written informed consent. This study has been performed in accordance with the Declaration of Helsinki and approved by an independent national research ethics committee (CPPIDF1-2018-ND27-cat.2).



PET/CT Imaging Protocol

The patients were required to fast at least 4 h before undergoing the imaging protocol. Unenhanced CT (2 mm reconstructed section thickness using iterative method, 512 × 512 matrix; pitch index, 0.55) was performed with automated tube current modulation (CARE Dose4D) and automated tube voltage selection (CARE kV) followed by a PET acquisition using list-mode acquisition with a single field of view centered on the brain (Siemens Healthcare Biograph mCT Flow, Erlangen, Germany). Hundred and forty-nine MBq (range 122–192) of FDOPA were slowly administered intravenously, without carbidopa premedication. Positron-emission tomography images were reconstructed with attenuation correction, without point-spread function correction, using a fully 3D ordered-subset expectation maximization algorithm (8 iterations and 21 subsets) with a 400 × 400, matrix and 4 mm kernel convolution filter. Voxel size (XYZ) was 1 × 1 × 2 mm3. A 20-min static image 10 min after injection in accordance with current recommendations (23) and an optimal dynamic time sampling of 8 × 15 s-−2 × 30 s-−2 × 60 s-−3 × 300 s from the bolus arrival time (24) were reconstructed from a 40-min list-mode acquisition immediately after FDOPA injection.



Surgical Biopsies

Surgeries were performed under general anesthesia, with the aid of neuronavigation from StealthStation S7 (Medtronic, Dublin, Ireland). Up to three neuronavigation-guided biopsies of 1 cm3 were performed per patient, depending on the tumor size. Biopsy targets were located on 3D-T2 fluid-attenuated inversion recovery (FLAIR) weighted MR imaging, prospectively and previously defined with all of MRI sequences and FDOPA PET/CT imaging. Each resection specimen and biopsy sample was collected, prepared, and analyzed blind to imaging. Samples were prepared using standard histopathological techniques. Diagnosis and grading were performed on formalin-fixed paraffin-embedded tissue sections stained by hematoxylin and eosin, using complementary techniques to detect isocitrate dehydrogenase (IDH) mutation and 1p19q codeletion, in accordance with the World Health Organization (WHO) 2016 Classification of Tumors of the Central Nervous System (25). Each biopsy sample was graded independently. Grade biopsy results were grouped into LGG and HGG, including grade II for LGG, and grade III-IV for HGG, respectively. For each patient, the IDH genotype of the whole specimen was applied for each individual biopsy sample.



Image Analysis

Volume-of-interest (VOI) of 1 cm3 were drawn on each biopsy site using the Syngo.via software (Siemens Healthcare), after registration with the FLAIR weighted images used for the neuronavigation-guided brain biopsies (Figure 1). For each voxel, the standardized uptake value (SUV) was calculated using the following formula: SUV = tissue radioactivity concentration/[injected activity/patient weight]. SUVmax and SUVmean were, respectively, the maximum and the mean of the SUVs of each VOI. A reference area was drawn on one slice including the whole normal contralateral hemisphere at the centrum semiovale level, for the computing of Tumor-to-normal brain (TBR) ratios. Tumor-to-normal brain ratio were computed as SUVmax or SUVmean of the VOI of each biopsy site by the SUVmean of the normal brain (TBRmax and TBRmean). Volume-of-interests of each biopsy site were projected onto each frame of the dynamic reconstruction. Time-to-peak (TTP), corresponding to the delay between the beginning of the acquisition and the timepoint of the maximal mean activity concentration for each VOI. On the early PET image with the maximum blood pool activity, a VOI was manually drawn into the middle cerebral artery to estimate an imaging-derived input function (IDIF). For each patient, FDOPA plasma input function was obtained after corrections for metabolites and hematocrit. Imaging-derived input function was fitted to the measured fractions of metabolites taken from the publication of Huang et al. (26). To extract kinetic parameters (PMOD software version 3.8; PMOD Technologies; Zürich, Switzerland), the reversible single-tissue compartment model with blood volume parameter (1T2k+VB, with K1 = rate constant from blood to tissue, k2 = rate constant from the tissue compartment to the arterial blood) was selected on the basis of the Akaike information criterion for small sample sizes (27).
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FIGURE 1. Axial T2-weighted fluid-attenuated inversion recovery (FLAIR) sequence from surgical navigation software with the locations of three neuronavigation-guided biopsies in a 59-year-old man with a left temporal diffuse IDH1-wild-type glioblastoma (A). Corresponding axial images of FDOPA PET (B), T2-weighted FLAIR sequence (C), and fused FDOPA PET/T2-weighted FLAIR sequence (D) are displayed. The pathology grading of the neuronavigation-guided biopsies revealed WHO grade II for the red VOI and WHO grade III for the green and blue VOIs.




Statistical Analysis

To compare quantitative kinetic and static FDOPA PET parameters between LGG and HGG, to compare kinetic parameters between CE and non-contrast lesions, and to compare FDOPA PET parameters with gender, a Mann–Whitney U-test was performed. The diagnostic performances of these parameters to discriminate LGG from HGG were assessed by receiver-operator characteristic (ROC) curve analyses using histological grading as reference. The optimal thresholds were defined based on maximization of Youden's index. The area under the ROC curve (AUC) was also determined for each quantitative parameter. Accuracy for grading of the kinetic parameters and CE MRI were compared pairwise with the McNemar t-test. A Spearman rank correlation test was used for correlation analysis between FDOPA PET parameters and the age of the participants. A p-value <0.05 with false discovery rate adjustement for multiple comparisons was considered as significant. Statistical analysis was performed using MedCalc® version 12.5.0.0 (Medcalc Software bvba).




RESULTS


Patients

Two patients were excluded because surgeries were performed in other hospitals. Another patient was also excluded because no surgical resection was performed. The dynamic acquisition was unsuccessful for two patients. Thirty-two biopsy sites from 14 patients were finally analyzed. Patient and tumor characteristics are set out in Table 1. There were eight men and six women, with a median age of 40 years (range 23–66). The distribution of the 14 cases was as follows: six astrocytomas-IDH-mutant; two oligodendrogliomas/1p19q-codeleted-IDH-mutant; and six IDH-wild-type glioblastomas. The MRI was performed within a median time of 3 days (range 1–23) after FDOPA PET/CT. Surgery was performed within a median time of 14 days (range 6–110) after FDOPA PET/CT.


Table 1. Summary of patient characteristics and imaging findings.

[image: Table 1]

Among the 32 biopsy samples analyzed, nine (28%) were grade II, eighteen (56%) were grade III, and five (16%) were grade IV. The CE-MR sequence revealed that eight biopsy sites in five participants were CE and 24 biopsy sites in the other nine participants were not CE. Using a tumor-to-brain ratio higher than 1.7, in accordance with previously published data (17), 11 biopsy sites in seven participants were considered as increased FDOPA uptake and 21 biopsy sites in the other seven participants were not considered as FDOPA increased uptake.



Comparison of Quantitative FDOPA PET/CT Parameters and Gliomas Grading

All quantitative FDOPA PET parameters are given in Table 1. K1 and k2 were significantly higher for HGG than for LGG and TTP was significantly lower for HGG than for LGG (Table 2). Examples of TAC extracted from a HGG VOI and TAC extracted from a LGG VOI in a 27-year-old man with a left temporal WHO grade III astrocytoma IDH1-mutant are shown in Figure 2. The AUC for the kinetic parameters was higher than the AUC for the static parameters, significantly compared to TBRmax (AUCK1 = 0.787 vs. AUCTBRmax = 0.551, p = 0.001; AUCk2 = 0.785 vs. AUCTBRmax, p = 0.031 and AUCTTP vs. AUCTBRmax, p = 0.029) (Table 3). K1, k2, and TBRmax were significantly higher for IDH-wildtype than for IDH-mutant and TTP was significantly lower for IDH-wildtype than for IDH-mutant (Table 4). Diagnostic accuracy of k2 was significantly higher than these with CE (accuracy for k2 = 0.63 vs. 0.47 for CE, p = 0.042). There was a trend toward greater K1 for CE biopsy sites than for non-CE (median K1-value was, respectively, 0.266 vs. 0.098 ml/ccm/min, p = 0.06). TBRmax, TBRmean, K1, and k2 were positively correlated with age (respectively, r = 0.54, p = 0.003; r = 0.41, p = 0.024; r = 0.38, p = 0.033; r = 0.54, p = 0.003) and TTP was negatively correlated with age (respectively r = −0.53, p = 0.003). There were no differences in static and kinetic parameters between female and male participants.


Table 2. Comparison of imaging parameters and WHO grade of each biopsy site.
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FIGURE 2. Examples of time-activity curves extracted from a HGG VOI (red line) and extracted from a LGG VOI (blue line) in a 27-year-old man with a left temporal WHO grade III astrocytoma IDH1-mutant, with corresponding CE-MRI image.



Table 3. Diagnostic performances of FDOPA parameters for discrimination of LGG and HGG.
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Table 4. Comparison of imaging parameters and IDH mutation status of each biopsy site.
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DISCUSSION

Parameters extracted from FDOPA PET full kinetic analysis are well-associated with tumoral aggressiveness. To the best of our knowledge, this is the first study comparing FDOPA uptake kinetic parameters and pathology grading with biopsy validation. The characterization of gliomas with full kinetic analysis using compartmental modeling has been reported in two previous studies but serial biopsies were not performed. Schiepers et al. showed that K1 was higher in HGG than LGG in a pilot study including nine patients with newly diagnosed gliomas (18). Nioche et al. also displayed that the use of K1 enables differentiation between LGG and HGG in a study including 20 patients with newly diagnosed gliomas (15). The findings of our prospective biopsy-controlled study are consistent with these two previous researches. More recently, using simplified kinetic analysis with determination of SUV at different time points, Ginet et al. showed that IDH-wildtype gliomas, which are associated with a poorer outcome (28), have a shorter TTP than IDH-mutant gliomas (13). In that study, authors also reported that IDH-wildtype gliomas have a higher negative slope (linear regression applied on the 10th to 30th minute interval of SUVmean-based curve) than IDH-mutant gliomas. Our results support that higher FDOPA uptake rate constant and FDOPA clearance rate constant might serve as non-invasive markers of aggressiveness. Moreover, we found that accuracy for glioma grading of k2 was higher than accuracy of CE sequence. Our findings indicate a trend toward greater K1 for CE biopsy sites than for non-CE biopsy sites. It is known that a higher regional blood volume linked to a higher intratumoral microvessel density due to neoangiogesesis might be responsible for the higher AA PET tracers uptake in HGG compared to LGG (29, 30). Furthermore, the disruption of the blood–brain barrier is the mechanism suggested for the higher FET washout in HGG compared to LGG (31). However, the tumor accumulation of FDOPA in gliomas is also mediated through the specific LAT transport system, a tight bidirectional coupling of influx and efflux with obligatory exchange (32, 33). The estimates for the contribution of blood–brain barrier disruption and the specific LAT transport system contribution to the FDOPA uptake and washout in gliomas are not fully understood (34).

In our study, static parameters did not significantly differ between LGG and HGG. Regarding FDOPA uptake quantification using static parameters, conflicting results have been provided. While some authors found no association between FDOPA uptake and grading (8, 10, 11), others found higher FDOPA uptake values in HGG than in LGG (9, 12, 14, 16–18). Xiao et al. recently exhibited in a meta-analysis a pooled sensitivity of 0.71 and specificity of 0.86 for newly diagnosed gliomas grading using FDOPA PET static parameters (35). Our results confirmed that simplified quantification parameters have high specificity for gliomas grading. However, the current study showed that kinetic analysis provided a higher accuracy compared to static parameters for gliomas grading. These results are consistent with recent studies revealing that kinetic analysis markedly improved diagnostic performances for gliomas grading using FET PET imaging (21, 22), confirming that kinetic parameters provide different metabolic informations from that of static PET parameters. Regarding FET PET/CT, guidelines recently suggested that the standard method should be supplemented by the dynamic approach for non-invasive tumor grading of newly diagnosed gliomas with (23).

Our results showed that static and dynamic parameters were correlated with age. Carideo et al. already exhibited that age has an impact on FDOPA uptake (36).

The current study has several limitations. Only 14 patients were analyzed and only 9/32 samples were classified as LGG. The time range between FDOPA PET/CT and surgery was up to 110 days. However, only two patients had surgery more than 6 weeks after the FDOPA PET/CT and the pathological analysis revealed astrocytoma-IDH mutant for both patients. An IDIF was used for the PET kinetic modeling. However, recent studies also used an IDIF for quantifying FDOPA gliomas uptake (10, 15, 18, 37, 38). The information on dexamethasone or on medications with other steroids at the time of FDOPA PET/CT was not available (39). No partial volume correction was performed for the middle cerebral artery VOI. We compared FDOPA uptake parameters with IDH mutational status applying the IDH genotype of the whole specimen for each individual sample. Finally, the spatial accuracy of the neuronavigation-guided biopsies may have been impacted by brain shift after craniotomy, which could lead to brain shift. However, the biopsies were performed at the beginning of the surgical procedure before durotomy with Sedan needles, thus limiting the consequences of any such shift.



CONCLUSIONS

The present study suggests an additive value of FDOPA PET/CT kinetic parameters for newly-diagnosed gliomas grading.
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Objective: To investigate the value of 18F-FDG PET/CT in diagnosing pancreatic lesions, and compare it with CA19-9, contrast-enhanced CT (CECT), and contrast-enhanced MRI (CEMR).

Methods: Cases of patients with suspected pancreatic lesions examined between January 1, 2011 and June 30, 2017 were retrospectively analyzed. CA19-9, CECT and CEMR within 2 weeks of PET/CT were evaluated. We compared the diagnostic efficacy of PET/CT with CA19-9, CECT and CEMR as well as combined tests.

Results: A total of 467 cases were examined in this study, including 293 males and 174 females, with an average age of 57.79 ± 12.68 y (16–95 y). Cases in the malignant group (n = 248) had significantly higher SUVmax (7.34 ± 4.17 vs. 1.70 ± 2.68, P < 0.001) and CA19-9 (663.21 ± 531.98 vs. 87.80 ± 218.47, P < 0.001) than those in the benign group (n = 219). The sensitivity, specificity and accuracy of PET/CT were 91.9, 96.3, and 94.0%, respectively. Those for CECT were 83.6, 77.8, 81.2%, respectively; and 91.2, 75.0, 81.7% were for CEMR. PET/CT corrected 14.7% (28/191) CECT diagnoses and 12.2% (10/82) CEMR diagnoses. Although the diagnostic efficiency of CA19-9 was acceptable (80.0, 69.0, 74.9% respectively), the joint application of PET/CT and CA19-9 could significantly enhance the diagnostic efficiency compared with PET/CT alone (sen 97.4 vs. 90.5%, P = 0.0003; spe 100.0 vs. 95.2%, P = 0.0047).

Conclusions: PET/CT has sensitivity similar to CECT, CEMR and significantly higher specificity and accuracy, helping reduce false diagnoses of morphological images. Combining PET/CT with CA19-9 could enhance diagnostic efficiency.

Keywords: 18F-FDG PET/CT, pancreatic lesions, serum CA19-9, enhanced CT, enhanced MR, diagnosis


INTRODUCTION

Pancreatic cancer is one of the most fatal tumors in the world with a median survival time of merely 3–6 months. Its incidence and mortality have continued to rise in the past decade (1, 2). Only surgery is curative for patients with pancreatic cancer. Early symptoms of pancreatic cancer (including epigastric and back pain, jaundice, and weight loss) are insidious and non-specific (3). About 60% of pancreatic cancer patients have distant metastases at the time of diagnosis (4). The main challenge in clinical practice for patients with pancreatic cancer is to accurately distinguish malignant lesions from benign ones in early evaluation.

Carbohydrate antigen 19-9 (CA19-9) is the most commonly used tumor marker in the management of pancreatic cancer. But it is frequent false-positive in pancreatitis, cirrhosis, and in other gastrointestinal cancers such as colorectal cancer and cholangiocarcinoma carcinoma, and inevitably false-negative in Lewis antigen-negative subpopulations (5). The standard imaging modality recommended by NCCN guidelines is contrast-enhanced multi-detector computed tomography (CECT) (6). Remarkable advances in CT technology have improved its ability to precisely assess local invasion of primary tumor. However, there are still limitations when suspected lesions are ambiguous on CT or when CECT cannot be obtained. Contrast-enhanced magnetic resonance imaging (CEMR) with superior soft tissue resolution and high sensitivity is particularly helpful in these situations. Yet both CECT and CEMR are still restricted to morphological portrait of tumor, leading to inaccurate diagnosis of certain patients.

The rapid development of positron emission tomography/computed tomography (PET/CT) since the 1990s has enabled a comprehensive assessment of both morphology and metabolic activity of lesions. Overexpression of glucose transporter-1 (GLUT-1) and increased glucose utilization are reported in pancreatic carcinoma (PC), making it possible to detect PC early with 18F-FDG PET (7). However, current guidelines (NCCN and ESMO) do not clearly define the role of PET/CT in pancreatic cancer (6, 8). This study compared PET/CT with other traditional tests (CA19-9, CECT, and CEMR) in the diagnosis of pancreatic lesions. We then further explored whether the diagnostic efficiency could be improved by combing different methods.



MATERIALS AND METHODS


Patients

Cases of patients from January 1, 2011 to June 30, 2017 with suspected pancreatic lesions were retrospectively analyzed in our PET center. Inclusion criteria were as follows: (1) no pathological diagnosis, or any anticancer therapy including surgery, radiotherapy, or chemotherapy before any examination; (2) serum CA19-9, CECT or CEMR performed within 2 weeks of PET/CT if available; (3) complete medical history and follow-up data (>6 months). Exclusion criteria were: (1) blood glucose >11 mmol/L before injection of 18F-FDG; (2) other malignant tumors in addition to the pancreatic lesions confirmed either before or after PET/CT scan; (3) pancreatic neuroendocrine tumors/cancers (NETs/NECs). The reference standard for diagnosis was based on histology (either biopsy or surgery) and/or clinical outcome assessment. This study was approved by the Institutional Review Board of Union Hospital, Tongji Medical College, Huazhong University of Science and Technology.



PET/CT Protocol

All patients were requested to fast for at least 4–6 h before the PET/CT examination, and their blood glucose levels were ≤ 11 mmol/L before 18F-FDG injection. Patients were intravenously injected with 3.7–5.55 MBq/kg 18F-FDG of ≥95% radiochemical purity synthesized by a cyclotron (GE Minitracer®, GE Healthcare, Milwaukee WI, USA) and synthesizer (TracerLab MX-FDG®, GE). Patients were required to rest in a quiet, dark room for ~60 min and drink 300–500 mL of water before examination. After emptying the bladder, patients were scanned (Discovery LS® or VCT PET/CT/CT®, GE Healthcare, Milwaukee WI, USA). A CT scout view was performed followed by a low-dose CT scan (120 kV, 100 mA, and 3.75 mm slice thickness). Whole-body PET scanning was then performed immediately from the top of skull to the upper thighs at six to eight bed positions (2–3 min per bed position). Delayed abdominal scan (2–3 h after injection) was occasionally required for lesions that were inconspicuous or equivocal in early phase. 3D PET images were reconstructed by an iterative algorithm, using the CT image data for attenuation correction and then transferred to a workstation (Xeleris®, GE).



Image Analysis

PET/CT, CECT, CEMR and other clinical data were retrieved from hospital databases. Diagnoses of pancreatic lesions were independently made by at least two experienced nuclear medicine or radiology physicians. Final consensus was reached after comprehensive image analysis. Visual and semi-quantitative methodology (maximum standardized uptake value, SUVmax) were applied to PET/CT analysis. Retention index (RI) (9, 10) were used for dual-phase PET/CT. The retention index (RI) was calculated as follows:

[image: image]

In general, lesions with focal 18F-FDG uptake (SUVmax ≥ 2.5 or exceeding normal pancreas uptake) or significantly increased uptake on delay scan, evidence of local invasion, or distant metastasis was considered as suspicious for malignancy. CECT and CEMR diagnosis of pancreatic lesions were assessed according to the NCCN guidelines and radiology reporting template (6, 11).



Statistical Analysis

The data are presented as mean ± standard deviation. Differences in SUVmax and serum CA19-9 between malignant and benign diagnoses were compared with an independent-samples t-test. The optimal cut-off points with maximum Youden Index were calculated by receiver operating characteristic (ROC) analysis. Sensitivity, specificity, accuracy, positive predictive value (PPV), and negative predictive value (NPV) of PET/CT, CA19-9, CECT, and CEMR were calculated. The results from different tests were also analyzed in parallel and in serial, to determine whether combinations of tests might give better performance. For parallel tests, results are defined to be positive as long as any one is positive, or negative when both are negative. For serial tests, positive results are considered only when both tests are positive. The diagnostic efficacies of the different methods were compared using the McNemar's chi-squared test. All statistics were generated using statistical packages from R software (www.rproject.org, Version 3.4; “pROC” and “ggplot2”). A two-tailed test with P-value <0.05 was considered statistically significant.




RESULTS


General Characteristics

General characteristics of all 467 patients are detailed in Table 1. The average age was 57.79 ± 12.68 y (range, 16–95 y). Patients ≥ 70 y were 2.37 times more likely to have pancreatic cancer than those <70 y (P < 0.001). Cases were divided into malignant (n = 248) and benign groups (n = 219) by histology (either biopsy or operation) in 142 cases, and clinical outcome assessment (at least 6 months follow-up) in 325 cases. Follow-up was carried out until December 2017. Median follow-up time was 25.7 months (range, 6.1–76.1 months). For the 142 cases who had histology results, 91 were malignant and 51 were benign (Table 2).


Table 1. General characteristics of cases.
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Table 2. Histology results of 142 patients.
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The Diagnostic Efficacy of PET/CT and Derived Parameters

In general, the sensitivity, specificity, accuracy, PPV and NPV of PET/CT were 91.9, 96.3, 94.0, 96.6, and 91.3%, respectively. For those cases misdiagnosed by PET/CT (Table 3), pancreatitis and tuberculosis were the most important false-positive findings on PET/CT (Figure 1), while medium-/well-differentiated pancreatic cancers tend to be negative on PET/CT.


Table 3. Misdiagnosed cases of PET/CT.
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FIGURE 1. Representative patient on PET/CT (False-Positive) compared to CECT (True-Negative): A 34-year-old male had abdominal pain for 2 months, worsening in the last 10 days. Serum CA19-9 was normal (34.1 U/mL). (A) PET/CT showed significantly increased 18F-FDG uptake area in the tail of the pancreas (SUVmax 5.5). The edge of the lesion was indistinct and seemed to be closely related to the stomach wall; it was considered to be malignant. (B) Density of the lesion was relatively low at every phase. Fat spaces around the pancreas were clear on CECT (benefits from the higher resolution), suggesting chronic pancreatitis. Patient underwent distal pancreatectomy, and histopathology revealed chronic pancreatitis with small abscesses. No special complaints during follow-up (>23 months).


SUVmax of primary lesions were measured for all 467 cases. SUVmax in the malignant group were significantly higher than benign group (7.34 ± 4.17 vs. 1.70 ± 2.68, P < 0.001) (Figure 2A). According to ROC curves (Figure 2B), the areas under the curve (AUC) of SUVmax were 0.917. The best diagnostic performances were achieved when the optimal cut-offs were set at SUVmax = 3.75 (with sensitivity of 92.7% and specificity of 82.2%) compared with the conventional standard cut-off 2.5 (with sensitivity of 96.4% and specificity of 67.7%).


[image: Figure 2]
FIGURE 2. (A) Differences of SUVmax between malignant and benign groups, ***P < 0.001; (B) ROC curve of SUVmax (all cases).


Among 47 patients (47/467, 10.1%) examined with delayed abdominal scan, cases in the malignant group tend to have higher SUV1 (5.90 ± 2.35 vs. 3.52 ± 2.15, P = 0.0012), SUV2 (7.90 ± 4.12 vs. 3.49 ± 3.20, P < 0.001) and RI (31.80 ± 31.25 vs. −7.58 ± 40.82, P = 0.0019) than those in the benign group (Figures 3A,B). The optimal cut-off was RI = 2.15 (with sensitivity of 93.3% and specificity of 58.8%) (Figure 3C). Increased SUV2 (or RI > 0) is noted in most of malignant lesions (28/30, sen 93.3%), except for 2 malignant cases (1 medium differentiated adenocarcinoma and 1 unspecified adenocarcinoma). As for benign cases, 3 maintained stationary, 7 had decreased SUVmax (10/17, spe 58.8%), and the rest 7 cases revealed an increase in SUVmax (7/17, 41.2%) including 1 chronic lymphoplasmacytic pancreatitis, 1 autoimmune pancreatitis and 5 pancreatitis.


[image: Figure 3]
FIGURE 3. (A) Differences of SUV1 and SUV2 between malignant and benign groups, **P < 0.01; ***P < 0.001; (B) RI of different groups; (C) ROC curve of RI.




Diagnostic Efficiency of PET/CT Compared With CA19-9

Cases in the malignant group had significantly higher CA19-9 (663.21 ± 531.98 vs. 87.80 ± 218.47, P < 0.001) than those in the benign group (Figure 4A). The sensitivity, specificity, and accuracy of CA19-9 alone were 80.0, 69.0, and 74.9%, respectively.


[image: Figure 4]
FIGURE 4. (A) Differences of CA19-9 between malignant and benign groups, ***P < 0.001; (B) ROC curves of CA19-9 and SUVmax.


For the 358 cases which underwent both PET/CT and serum CA19-9 within 2 weeks (including only the latest CA19-9 result from PET/CT if repeatedly assessed), we compared their diagnostic efficiency by ROC curves. The areas under the curves (AUCs) of SUVmax and serum CA19-9 were 0.90 and 0.831, respectively, indicating that the diagnostic efficiency of SUVmax is higher than that of serum CA19-9. The best diagnostic performances were achieved when the optimal cut-offs were set at 3.75 for SUVmax (sen 91.6%, spe 79.8%) and 105.35 for CA19-9 (sen 72.1%, spe 85.1%) (Figure 4B).

Diagnostic efficiencies were significantly improved when combined PET/CT with CA19-9 compared to PET/CT alone (parallel test: sen 97.4 vs. 90.5%, P = 0.0003; serial test: spe 100.0 vs. 95.2%, P = 0.0047). Moreover, the high NPV of parallel test (95.6%) indicates that negative results of both CA19-9 and PET/CT decrease the odds of a malignant diagnosis. Similarly, positive results of both two tests increase malignance possibility with a PPV of 100.0% for serial test (Table 4).


Table 4. Diagnostic efficiency of PET/CT compared with other tests.
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Diagnostic Efficiency of PET/CT Compared With CECT or CEMR

Among 467 cases, 191 underwent CECT, while 82 cases had CEMR. The sensitivity, specificity and accuracy of CECT were 83.6, 77.8, 81.2%, respectively. And those for CEMR were 91.2, 75.0, 81.7%, respectively.

PET/CT had similar sensitivity to CECT (89.1 vs. 83.6%, P = 0.16) and CEMR (88.2 vs. 91.2%, P = 0.56). But its specificity was significantly better than those of CECT and CEMR (96.3 vs. 77.8%, P < 0.001; 93.8 vs. 75.0%, P = 0.0027). The accuracy of PET/CT was over 90%.

Combined CECT with PET/CT can enhance diagnostic efficiencies compared to CECT alone (sen 94.5 vs. 83.6% for parallel test; spe 97.5 vs. 77.8% for serial test, both P < 0.001). Although CEMR was less specific (75.0%) for diagnosis, it seemed to perform better at detection and excluding malignant lesions with relatively high sensitivity (91.2%) and NPV (92.3%) (Figure 5). Furthermore, Combined CEMR with PET/CT can significantly improve specificity compared to CEMR alone (93.8 vs. 75.0%, P = 0.0027), but not better than PET/CT (Table 4).


[image: Figure 5]
FIGURE 5. Representative patient on PET/CT (False-Negative) compared to CEMR (True-Positive): A 37-year-old female experienced epigastric pain for 4 months. Serum CA19-9 was elevated (259.4 U/mL). (A) The body and tail of pancreas were slightly swollen with slightly increased 18F-FDG uptake (SUVmax 3.1). There was insufficient evidence of malignancy on PET/CT especially when no other significant abnormality was identified on the rest of the body scan. (B) CEMR showed a low-signal area on T1WI with narrowing of the pancreatic duct in the body and tail of pancreas which has no significant density change on PET/CT due to relatively limited resolution. The lesion enclosed retroperitoneal vessels which was suggestive of pancreatic cancer. Biopsy result showed adenocarcinoma (differentiation unspecified). Patient died after 9.2 months.


Some malignant lesions may lack typical malignant signs on morphology, which makes them harder to diagnose only by CT or MR. In our study, PET/CT corrected 14.7% (28/191) CECT diagnoses, identifying 12 malignant and 16 benign cases with the opposite diagnosis on CECT, and changed 12.2% (10/82) diagnoses by CEMR (Table 5). Additional metabolic information provided by PET/CT may lead to an improvement in the diagnostic accuracy of pancreatic lesions and in subsequent management of these patients (Figures 6, 7).


Table 5. Cross-tabulated diagnosis of PET/CT and CECT, CEMR.
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FIGURE 6. Additional findings on PET/CT (True-Positive) compared to CECT (False-Negative): A 45-year-old female experienced jaundice with abdominal pain for 2 months. Serum CA19-9 was elevated (926.7 U/ml). (A) PET/CT showed focal 18F-FDG uptake in the head of the pancreas (SUVmax 3.6). (B) CECT only showed obstruction, calcification, and the atrophy of pancreatic parenchyma subsequent to chronic pancreatitis. Patient then underwent pancreaticoduodenectomy, and histopathology revealed moderately-differentiated pancreatic ductal adenocarcinoma complicated with chronic pancreatitis.



[image: Figure 7]
FIGURE 7. Representative patient on PET/CT (True-Negative) compared to CEMR (False-Positive): A 61-year-old female experienced abdominal pain, nausea and vomiting for 20 days. Serum CA19-9 was normal (12.2 U/ml). (A) PET/CT showed hypodense area without obvious increased focal 18F-FDG uptake (SUVmax 1.8) in head of pancreas, which was considered as benign lesion. (B) Lesion was inhomogeneously mildly enhanced on CEMR imaging, presumed more likely to be malignancy. Patient refused to undergo biopsy, and improved after symptomatic treatments. During long-term clinical follow-up (>16 months), patient had no complaints of special discomfort.




Compare Diagnostic Efficiencies of Other Combinations

CA19-9 could help improve the diagnostic efficiency combined with CECT (sen 95.8 vs. 83.2% for parallel test, P < 0.001; spe 97.0 vs. 83.3% for serial test, P = 0.0027) or CEMR (spe 97.6 vs. 78.0% for serial test, P = 0.0047) compared to the two imaging modalities alone. Given that sensitivity of CEMR is already pretty high, sensitivity of combined diagnosis was not significantly improved (sen 100 vs. 90.0% for parallel test, P = 0.083). Although combination of CECT and CEMR showed relatively higher sensitivity and specificity, it had no significant difference compared with CECT alone (sen 100.0 vs. 88.2% for parallel test, P = 0.157; spe 96.4 vs. 85.7% for serial test, P = 0.083), which may due to limited cases in this group (n = 45) (Table 6).


Table 6. Diagnostic efficiencies of other combinations.
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DISCUSSION

In our study, we retrospectively evaluated a relatively large group of cases with suspected pancreatic lesions examined by PET/CT, CECT, CEMR and CA19-9. We compared not only the independent diagnostic value of 18F-FDG PET/CT, CA19-9, CECT and CEMR, but also the diagnostic efficacy of different combined tests. Our results indicate that 18F-FDG PET/CT performs better than the other three examinations in diagnosis of pancreatic lesions, especially in terms of specificity and accuracy. Moreover, the joint application of PET/CT with other methods could enhance the diagnostic efficiency.

PET/CT has made distinct progress for the diagnosis of tumors since the 1990s. As previous reported, the diagnostic efficacy of 18F-FDG PET/CT in pancreatic lesions varies from 85 to 100% in sensitivity, 61 to 94% in specificity, and 84 to 95% in accuracy (12–17). One of the reasons for the wide variation was the limited sample size. The heterogeneity of imaging technology between early studies may also affect the results. According to our research, 18F-FDG PET/CT has rather high sensitivity, specificity, and accuracy (91.9, 96.3, and 94.0%, respectively). Additional metabolic information provided by PET/CT may lead to an improvement in the diagnostic efficacy. Besides, PET/CT has larger field-of-view, which can help to detect metastasis and confirm the malignant diagnosis. However, tumor heterogeneity may contribute to inconsistent performance of PET/CT. It is important to note that medium- or well-differentiated pancreatic cancers tend to be negative on PET/CT. Higher tumor uptake, evaluated by the tumor SUVmax or the tumor-to-liver SUVmax ratio (SUVmax T/L), seems correlate to increased Ki67 and worse prognosis (18, 19). The overexpression of GLUT-1 play an important role in FDG uptake and accumulation in pancreatic cancer, which was reported to have positive correlations to SUV and histological grade though controversial (20–22). PET/CT may also have a role in the diagnosis of malignant cystic neoplasms (17). It is reported that malignant high-grade IPMN have significantly higher SUVmax (3.5 ± 1.4, n = 9) than the low-grade IPMN group (1.9 ± 1.1, n = 9), but with overlapped range between groups (23). Pancreatic solid pseudopapillary tumor (SPT) is also associated with increased FDG uptake (5.9 ± 5.7, n = 10) which was similar to PDAC (5.8 ± 2.7, n = 46) (24). However, PET/CT may be false-positive in cases with pancreatitis and tuberculosis. Some benign pancreatic lesions such as chronic lymphoplasmacytic pancreatitis and autoimmune pancreatitis may mimic malignant mass with increased SUVmax (25–28). Researches have been reported that selective use of delayed imaging (usually 2–3 h after injection) is beneficial for differentiating between malignant and benign lesions in pancreas because of the better target non-target ratio (29–31). Our results supported that SUV of malignancies tend to increase over time (or RI > 0) with a high sensitivity of 93.3%, while relatively large variance was observed in benign cases (41.2% increased, 58.8% maintained or decreased). Delayed scan seemed to reduce overlap of SUV obtained in malignant and benign cases and may help improve interpretation confidence especially in benign cases with stable or decreased SUVmax. Future prospective studies are required to better understand the additional value of delayed PET/CT and optimal indication. However, the above parameters were derived from SUV, a semi-quantitative parameter that are known not only as time-dependent values but also as method-dependent ones that can be changed by acquisition conditions, reconstruction methods, region of interest (ROI), plasma glucose level and other factors (32). There are no standard criteria for SUVmax to define an increase in 18F-FDG uptake. Thereby, diagnosis should be made after a comprehensive analysis of the images. With the rapid development of computational biology, extracting advanced image texture features from medical images such as PET/CT could provide a wealth of additional information, which may be promising to improve diagnosis and management of patients (33–35).

Serum CA19-9, CECT, and CEMR have their own merits in diagnosis of pancreatic lesions and have been widely used. Serum CA19-9 is the most useful tumor marker for pancreatic cancer but non-specific. One of the disadvantages of this study is the lack of baseline assessment of serum CA19-9 in some cases (especially those with obstructive jaundice or underlying liver conditions), which may explain its relatively lower specificity (69%) than previous reported [80–90% (6)]. Nevertheless, CA19-9 as a more convenient and cheaper blood examination, could significantly improve diagnostic efficiencies when combined with imaging modalities, with PET/CT in particularly. When the results of PET/CT and CA19-9 are consistent (both positive or negative), the likelihood of supporting or excluding malignant pancreatic lesions increases (with high PPV of 100% for serial test and NPV of 95.6% for parallel test). However, we should also be aware of that the improved sensitivities of parallel tests are at the cost of lower specificity and PPV, while serial tests were less sensitive and accurate than PET/CT alone. Given that PET/CT performs better than serum CA19-9, the results of PET/CT may be more informative and reliable when the two results are opposite.

CECT is the standard diagnostic method for pancreatic cancer because of its effectiveness and availability. MRI has superior soft tissue resolution and high sensitivity and is often used as a supplementary modality (6). CT or MRI with intravenous contrast allows precise assessment of the relationship of the primary tumor to the vasculature. Yet both CECT and CEMR are still restricted to morphological portrait of tumor. There are small-scaled individual series that have compared PET/CT with traditional tests in diagnosis of pancreatic lesions, suggesting the incremental diagnostic value of PET/CT (13, 16, 36). A recent prospective study in UK have provided evidence for incremental diagnostic benefits of PET/CT compared to CECT, especially for those who are suspected of having pancreatic cancer on MDCT and planned for surgery (17). Our study showed that PET/CT has similar sensitivity to CECT and CEMR, and significantly higher specificity and accuracy than the other two. PET/CT helped reduce false diagnoses of morphological images, specifically 14.7% (28/191) cases for CECT and 12.2% (10/82) for CEMR. Moreover, combined application with PET/CT can enhance diagnostic efficiencies compared to CECT alone, meanwhile improve specificity of CEMR alone. Our study also showed diagnosis improvement of combination CECT with CEMR but had no significant difference compared with CECT alone. However, the small number of cases in this subgroup (n = 45) means that a statistical comparison of the diagnostic tests will have a low power to detect small or moderate effects. These results require further verification by larger sample sizes, and prospective methodology research comparing different diagnosis methods.

A major limitation of the current study was the retrospective nature of data collection from a single center, which may lead to selection and recall bias. However, the large sample size, uniform institutional clinical data system and long-term follow-up strengthen the findings of the study. And we also provided comprehensive comparison to diagnosis efficiency of different methods. Secondly, although various types of pancreatic lesions are covered in our study, the cases of certain lesion type, especially with confirmatory pathology results, were too small to provide meaningful statistical results if analyzed as subgroups. Therefore, our study was mainly focused on the general discrimination between malignant and benign pancreatic lesions of different methods. Although current guidelines (NCCN and ESMO) consider that the role of PET/CT in pancreatic cancer remains unclear, NCCN guidelines suggest that functional PET imaging can be used in high-risk patients to detect extra-pancreatic metastases (6, 8). Further systemic analysis comparing PET/CT with standard diagnostic methods, along with prospective, cost-effective analysis are still required to help to address the issues around the widespread utility of PET/CT. Preliminary data suggest that there was a trend for contrast-enhanced PET/CT to be superior to unenhanced PET/CT in detection and assessment of resectability, providing functional information for whole-body staging for surgical and radiotherapeutic planning (12, 37, 38). However, there was also concern about increasing acquisition time, radiation burden, and contrast-related artifacts that may lead to overestimation of SUV in PET/CT with contrast (39). Some researchers suggested that PET/MR can be done without contrast media in some settings where a contrast-enhanced PET/CT is needed to be diagnostic (40). With the increasing installed base of systems, clinical data will be forthcoming and define more clearly its clinical value in pancreatic cancer.



CONCLUSION

18F-FDG PET/CT has outstanding value in the diagnosis of pancreatic lesions and performs better than serum CA19-9, CECT, and CEMR, especially in terms of specificity and accuracy. The joint application of PET/CT with other methods could enhance diagnostic efficiency in varying degrees by their advantage complementation.
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Objectives: Ultrasound-guided core biopsy (UGCB) for supraclavicular lymph nodes (SLNs) represents an attractive procedure to obtain tissues for lung cancer confirmation. The aim of the present study is to evaluate the performance of UGCB driven by FDG-avid SLNs, as performed by nuclear medicine physicians, in patients with suspected lung cancer.

Methods: Institutional database in our hospital was searched for eligible patients between September 2019 and March 2021. A 3-12 MHz linear probe was used to guide the biopsy process and to ensure that the needle tip was being directed at the metabolically active area that had been indicated by side-by-side PET/CT images. Diagnostic yield, malignancy rate, molecular testing results, and complications were reviewed.

Results: Among the 54 patients included in this study, definite pathological diagnosis from UGCB specimens was achieved in 53 patients, reaching a diagnostic yield of 98.1% (53/54) and a malignancy rate of 96.2% (51/53). Among the 50 patients confirmed as lung cancer, thirty-eight were spared from further invasive procedures which had been planned. Molecular analyses were adequately performed on all the 38 specimens obtained from non-small cell lung cancer (NSCLS). The positive rate was 36.8% (14/38) for epidermal growth receptor (EGFR) mutation and 31.6% (12/38) for anaplastic lymphoma kinase (ALK) translocation. 28.9% (11/38) of the patients had a tumor proportion score (TPS) ≥ 50% for PD-L1 expression. No complication was observed and the average biopsy time was 15 min.

Conclusions: Nuclear medicine physicians-performed UGCB driven by FDG-avid SLNs in suspected lung cancer patients could produce a high performance in terms of diagnostic yield, malignancy rate, and molecular analysis, which may obliviate more invasive interventional procedures and lead to fast decisions on subsequent management.

Keywords: ultrasound-guided core biopsy, supraclavicular lymph nodes, lung cancer–diagnosis, FDG-PET/CT, performance


INTRODUCTION

Ultrasound-guided core biopsy (UGCB) for supraclavicular lymph nodes (SLNs) represents an attractive technique to obtain tissues for lung cancer confirmation (1–3). It is a simple, rapid and minimally invasive choice that could avoid the risk of complications from more costly procedures such as bronchoscopy, CT-guided lung biopsy and diagnostic surgery. Besides, lung cancer confirmation through SLN tissues could directly upstage the patients into stage IIIB disease which would exclude surgical therapeutic options according to guidelines (4, 5).

In recent years, 18F-FDG-PET/CT has been increasingly used in the diagnostic workup of a pulmonary mass to stratify malignancy risk and provide possible staging information (6–8). The PET/CT findings may help to optimize UGCB for SLNs from several aspects. Firstly, it could reveal more suspicious SLNs as compared to initial examinations such as CT (9). This will render more choices in selecting SLNs with easier needle pass routes. Secondly, the PET scan could provide whole-body information of tumor involvement including easy-to-access superficial distant metastases, which may obliviate the need for sampling SLNs. Finally, but most importantly, biopsy driven by FDG-avid lesions have demonstrated a high diagnostic yield in various type of changes including thoracic, abdominal, bone, muscle, and breast lesions (10, 11). Because FDG avidness in malignant lesions represents the existence of metabolically active tumor cells, sampling of FDG-avid lesions will be more likely to yield representative material for molecular analysis (12, 13).

Nuclear medicine physicians collect comprehensive patient information and are the first to learn about the PET/CT results. If they become proficient in UGCB, the diagnostic pathway of lung cancer could be significantly optimized. Hence, we hypothesize that UGCB driven by FDG-avid SLNs in suspected lung cancer patients, as performed by nuclear medicine physicians, would produce high performance in terms of diagnostic yield, malignancy rate, molecular testing, and complications. In the present study, we tried to verify this hypothesis by retrospectively reviewing these data within our institution.



MATERIALS AND METHODS


Patient Selection

Since September 2019, we began to routinely implement UGCB upon eligible patients with FDG-avid SLNs by simultaneously consulting side-by-side PET/CT images. Before this time point, WT and LN, which are nuclear medicine physicians in our department, had received over 5 years training for using ultrasound. The following conditions must be fulfilled in order to implement this procedure: (1) suspected lung cancer patients upon initial PET evaluation; (2) an accessible FDG-avid SLN was identified in the absence of other easy-to-access superficial distant metastases, as determined by WT and LN; (3) collective discussions among referring physicians, surgeons and nuclear medicine physicians decided to recommend this procedure to the patients; (4) patients agreed with receiving such an intervention upon recommendation including both the pros (it is simple, with less pain, and may lead to fast decision on subsequent management) and cons (it may not define the highest disease stage and information from SLN may not replace those of primary tumor in terms of molecular analysis). Between 2019 and March 2021, our department completed 866 PET scans for initial evaluation of suspected lung cancer patients. Among them, a total of 54 patients received nuclear medicine physicians-performed UGCB driven by FDG-avid SLNs.

This retrospective investigation based on institutional database was approved by the ethics committee of our institution.



18F-FDG-PET/CT

All patients underwent 18F-FDG-PET/CT within 2 days before UGCB. The PET/CT scans were acquired by using two dedicated diagnostic PET/CT devices uMI 510 unit and uMI 780 unit (United Imaging, Shanghai, China). All PET-CT acquisitions were performed 40–60 min following intravenous injection of 3.5 MBq/kg of 18F-FDG after a fasting period of at least 6 h. Integrated PET/CT images were corrected for scatter and attenuation based on CT information.



Sampling and Histological Evaluation

All FDG-avid SLNs were detectable on ultrasound. Patients were placed in supine position, with the shoulders raised to fully expose the neck for ultrasound scanning. Ultrasound images were evaluated side by side with the serial transverse PET/CT images (recorded by iPad) to identify the lesion or area of interest. Local anesthesia was achieved by injecting 5 mL of 2% lidocaine hydrochloride. 18-gauge biopsy needles (Argon Medical Devices, USA), with a diameter of 1 mm for the cutting needle and a length of 9 mm for the sampling notch were used to obtain SLN tissue. A 3–12 MHz linear probe (N1500, Neusoft, China) was used to guide the biopsy process and to ensure that the needle tip was being directed at the metabolically active area that had been indicated by the PET/CT images. An average of two to three passes were made to obtain sufficient tissue. PET/CT and ultrasound images in representative patients undergoing UGCB are shown in Figures 1, 2.


[image: Figure 1]
FIGURE 1. The liner relationship between the size of sampled SCLNs and SUV max (r = 0.416, p < 0.05).



[image: Figure 2]
FIGURE 2. 18F-FDG PET/CT of a patient with suspected lung cancer. (A) MIP image showed primary lung cancer in the right lower lobe with extensive right supraclavicular (red arrow), hilar, mediastinum, right pleura, liver, and multiple bone tracer accumulation; (B,C) axial PET/CT image showed an FDG-avid SLN (red arrow) on the left side; (D) by consulting side-by-side PET/CT image, FDG-avid SLN was successfully located by the needle (blue arrow) under real-time ultrasound guidance; (E) a lung adenocarcinoma was histopathologically diagnosed.


SLNs samples were subjected to hematoxylin and eosin (HE) staining and immunohistochemical staining for histological evaluation. For patients in whom the tissue diagnosis based on the SLN samples were not metastatic lung cancer, pathological results from the lung lesions were obtained.



Molecular Analysis

When non-squamous cell lung cancer was diagnosed, the SLNs samples were assessed for molecular analysis. The test for epidermal growth receptor (EGFR) mutations was performed using the ADx-ARMS kit (Amplification Refractory Mutation System) that covers exons 18, 19, 20, and 21 (Amoy Diagnostics, Xiamen, China). The analysis for anaplastic lymphoma kinase (ALK) translocation was performed by immunohistochemistry (IHC, clone D5F3, VMSI) on formalin-fixed paraffin-embedded sections. PD-L1 immunohistochemistry was performed using the Dako 22C3 antibody clone (mouse monoclonal primary anti–PDL1 antibody, prediluted, clone 22C3, Dako) according to a previously described protocol (14). The level of PD-L1 expression was based on a tumor proportion score (TPS) which was defined as the percentage of viable tumor cells showing partial or complete membrane labeling regardless of intensity or completeness.




RESULTS

A total of 54 suspected lung cancer patients who have underwent UGCB driven by FDG-positive SLNs and were included in this retrospective study. Table 1 shows the clinical characteristics of our patient population. The median of age was 63 (range, 47–77) years. Thirty patients (55.6%) were males and 40 (74.1%) had a smoking history. The median of the size of sampled SLNs was 12.5 mm (range, 4.9–32.0 mm) in their short axis and 17.0 mm (range, 6.1–46.5 mm) in their long axis. The median of maximum standard uptake value (SUVmax) was 10.7 (range, 3.5–30.2). Figure 1 showed the linear relationship between the size of sampled SLNs and SUVmax (r = 0.416, p < 0.05). The most common histopathological diagnoses were adenocarcinoma (42, 77.8%).


Table 1. Patients' characteristic.
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The diagnostic yield was 98.1% (53/54). There was only one non-diagnostic patient who was established as lung adenocarcinoma by subsequent guided bronchoscopy toward the lung lesion. The malignancy rate was 96.2% (51/53). The two benign SLNs revealed by UGCB were tuberculosis and hyperplasia. There is also one SLN of lymphoma and pathological results from the lung lesion confirmed this diagnosis.

Fifty patients were confirmed as lung cancer by UGCB. The suspected stage and metastatic sites of these patients were summarized in Table 2. Among them, 38 were spared from further bronchoscopy, CT-guided lung biopsy and diagnostic surgery which had already been planned.


Table 2. Results of tissue diagnosis.
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There were 45 patients with non-small cell lung cancer (NSCLC) in the present study. Thirty-eight of them received molecular analyses for SLNs specimens and they were all adequately performed. The positive rate was 36.8% (14/38) for EGFR mutation and 31.6% (12/38) for ALK translocation. In all these specimens, PDL1 testing was also successfully carried out, with PDL1 not expressed in 13/38 (34.2%), PDL1 >1% and <50% in 36.8% (14/38), and PDL1 > 50% in 11/38 (28.9%).

No complication was recorded in the present patient cohort. The average biopsy time was 15 min.

Figures 2, 3 showed the examples of two suspected lung cancer patients who had successfully completed UGCB driven by FDG-avid SLNs.


[image: Figure 3]
FIGURE 3. 18F-FDG PET/CT of a patient with suspected lung cancer. (A) MIP image showed primary lung cancer in the right hilum with extensive hilar and right supraclavicular (red arrow) tracer accumulation; (B,C) axial PET/CT image showed FDG-avid SLN (red arrow) on the left side; (D) by consulting side-by-side PET/CT image, FDG-avid SLN was successfully located by the needle (blue arrow) under real-time ultrasound guidance; (E) a small cell lung carcinoma was histopathologically diagnosed.




DISCUSSION

Our retrospective analysis demonstrated a diagnostic yield of 98.1% (53/54) and a malignancy rate of 96.2% (51/53) for UGCB driven by FDG-avid SLNs in a cohort of patients with suspected lung cancer. Due to the superficial location, precise ultrasound guidance as well as the side-by-side PET/CT information, large SLNs specimens can be easily acquired by nuclear medicine physicians without complications.

The performance was higher than that of a previous report, in which pulmonologists-performed UGCB obtained a diagnostic yield of 95.7% (71/74) and a malignancy rate of 90.1% (64/71). However, among the 67 SLNs biopsied in their study, only 44 were FDG-driven and no specified method was described as to how PET/CT information was utilized during the sampling process (15). Two reasons might be considered to explain the higher performance in our study. Firstly, although both studies lacked well-defined criteria for SLNs selection, nuclear medicine physicians, who have more experience in PET/CT image interpretation, are more likely to choose SLNs with a high pre-test probability of success and malignancy. This might lead to a higher post-test diagnostic yield and malignant rate. Secondly, nuclear medicine physicians may be more focused on ensuring the needle placement toward the metabolically active area during the process of UGCB, thus pronouncing the benefit of FDG avidity in terms of diagnostic yield.

All 54 patients underwent UGCB with the aim of pathological diagnosis in the present study. Among them, fifty were confirmed as lung cancer by UGCB. In 28 patients, the confirmation of lung cancer in SLNs could define the disease stage (IIIB). For the remaining 22 patients, due to the existence of not-easy-to-access suspicious distant metastases on PET/CT (patients with easy-to-access suspicious distant metastases were excluded), exact pathological disease stage still could not be established. Although the guidelines recommended sampling of the lesions that would establish the highest stage of lung cancer, some patients may be more readily to accept a fast, simple and less painful procedure such as UCGB, which serves with high performance in pathological diagnosis and proving a non-resectable tumor stage (4, 5). In our department, the determination of the biopsy site was made considering multiple factors such as accessibility, risks involved with the procedures, and patients' preference.

Molecular analysis including EGFR mutation, ALK translocation and PD-L1 expression was adequately performed on the specimens obtained in the present study. Importantly, two SLNs samples with a diameter smaller than 10 mm successfully yield molecular testing results. This may indicate the powerful yield of UCGB in small lesions when PET/CT information was combined. In the patients tested for PD-L1 expression, 28.9% had a TPS of ≥ 50%, which was an indication for first-line immunotherapy in metastatic NSCLC (16). However, it should be noted that further studies are still needed to ultimately validate the guiding value of molecular information derived from metastatic SLNs on the survival benefits of NSCLC patients. For example, PD-L1 expression has been found to vary between different regions even within the same tumor, and previous studies found that PD-L1 expression in lymph nodes may not be a biomarker for treatment efficacy (17, 18).

Logistic advantages to the diagnostic pathway of suspected lung cancer patients can be expected from this technique. In our study, as a first-step after the PET/CT scan, UGCB driven by FDG-avid SLNs obliviated further interventional procedures in 38 patients in whom bronchoscopy, CT-guided lung biopsy, and diagnostic surgery had been planned. This may optimize the diagnostic process, especially in older patients who are with poor overall status and often have difficulties in complying with more complex and invasive diagnostic procedures. Moreover, the presentation of a PET/CT report, together with a pathological confirmation of stage IIIB disease, could swiftly exclude the patients from surgical therapeutic options and transfer them to oncology department. In this way, patients could have ample time to prepare for anti-tumor drugs while waiting for the molecular testing results if requested.

Several researchers reported that routine US evaluation of supraclavicular region and US-guided biopsy of suspicious SLNs in suspected lung cancer patients also have a high performance both for pathological confirmation and staging (19–21). In the present study, the US was solely used for guidance and localization, but not for selection of targeted SLNs, because we believed that FDG-avid SLNs would have a high probability for lung cancer metastases. To date, most of the investigations focusing on the performance of these two strategies were with small sample size and there exist no direct comparison studies as far as we know. Nevertheless, the high performance yielded from the present study verified our hypothesis and may initially justify the routine implementation of this PET-based selection strategy in suspected lung cancer patients who have already underwent 18F-FDG-PET/CT.

Major limitations including retrospective design, single center, small sample size and the lack of well-defined inclusion criteria may limit external validity of our findings. In this regard, well-designed studies are still needed to confirmed the high performance as well as the real added value of PET/CT information to this procedure.



CONCLUSION

Nuclear medicine physicians-performed UGCB driven by FDG-avid SLNs in suspected lung cancer patients could produce a high performance in terms of diagnostic yield, malignancy rate, and molecular analysis, which may obliviate more invasive interventional procedures and lead to fast decisions on subsequent management.
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Human epidermal growth factor receptor 2 (HER2) is an important biomarker in gastric cancer (GC) and directly influences the therapeutic effect. Fluorine is firmly bound to Al3+ forming [18F]AlF-1,4,7-triazacyclononanetriacetic acid (NOTA)-HER2 affibody is a promising radiolabeled tracer that can monitor the changes of HER2 expression combining the advantages of simple preparation and the properties of 18F. The aim of this study was to develop a quick method for the synthesis of [18F]AlF-NOTA-HER2 affibody and evaluate its utility for HER2+ GC imaging in mouse models. Moreover, 68Ga-NOTA-HER2 affibody imaging was also performed to highlight the superiority of [18F]AlF-NOTA-HER2 affibody imaging in resolution. The HER2 affibody was conjugated with NOTA and labeled using 18F based on the complexation of [18F]AlF by NOTA. Its quality control and stability were performed by high-pressure liquid chromatography (HPLC). The molecular specificity and binding affinity of the novel radiotracer were evaluated in the GC cell line with HER2 overexpression (NCI-N87) and negative expression (MKN74). Distribution studies and PET/CT imaging were performed in mouse models. 68Ga-NOTA-HER2 affibody PET/CT imaging was also performed. [18F]AlF-NOTA-HER2 affibody was efficiently prepared within 30 min with a non-decay-corrected maximum yield of 32.69% and a radiochemical purity of more than 98%. [18F]AlF-NOTA-HER2 affibody was highly stable in incubation medium for 4 h in vitro and in the blood of nude mice at 30 min post-injection (p.i.). In vitro studies revealed specific binding and high binding affinity of the probe in NCI-N87 cells, while no binding was seen in MKN74 cells. PET imaging showed that NCI-N87 xenografts were differentiated from MKN74 xenografts with excellent contrast and low abdominal background, which was confirmed by the distribution results. High-level accumulation of the [18F]AlF-NOTA-HER2 affibody in HER2+ tumors was blocked by excess unlabeled NOTA-HER2 affibody. [18F]AlF-NOTA-HER2 affibody has a higher image resolution than that of 68Ga-NOTA-HER2 affibody. [18F]AlF-NOTA-HER2 affibody could be produced facilely with high radiochemical yield and may serve as a novel molecular probe with tremendous clinical potential for the non-invasive whole-body detection of the HER2 status in GC with good image contrast and resolution. This method could provide an in vivo understanding of GC biology that will ultimately guide the accurate diagnosis and treatment of GC.

Keywords: human epidermal growth factor receptor (HER2), affibody, gastric cancer, molecular imaging, molecular probe


INTRODUCTION

Gastric cancer (GC) ranks fifth in terms of malignancy incidence and third in cancer-related deaths worldwide (1). In China, GC is one of the three most common cancers, and over 70% of patients with GC are diagnosed at an unresectable or metastatic stage (2). Moreover, primary or acquisition cytotoxic chemotherapy resistance renders GC with a very poor prognosis, and the median overall survival (OS) is 10–12 months (3). This finding emphasizes the urgency to identify new therapeutic targets to improve the prognosis.

Approximately 17–20% of patients with GC tested positive for the human epidermal growth factor receptor 2 (HER2) (4). The recommendation in the updated National Comprehensive Cancer Network (NCCN) and European Society for Medical Oncology (ESMO) guidelines suggested that all patients with unresectable, recurrent, or metastatic advanced gastric cancer (AGC) should be screened for HER2 positivity, and those with HER2+ tumors are eligible for first-line trastuzumab in combination with chemotherapy (3). Essentially, accurate monitoring of the HER2 status in vivo is critical for effective treatment. Gastroscopic biopsies are spatiotemporally limited due to the high heterogeneity of HER2 expression (5). HER2 heterogeneity may exist between primary tumors and recurrent focus, primary tumors and metastases, among different metastases, and even in the same lesion before and after treatment (6–11). Thus, accurate assessment of the HER2 status is critical in patients with metastatic or recurrent GC, even if the primary lesion is HER2– (12). Furthermore, a repeated biopsy is necessary to evaluate the efficacy of anti-HER2 agents during treatment because treatment resistance eventually develops in some patients with GC. The invasive biopsies are difficult to accurately reflect systemic lesions, monitor HER2 levels in real-time, and measure heterogeneity of tumors. Moreover, repeated invasive biopsies are not feasible in clinical practice considering the tolerance of patients. These limitations have contributed to the development of HER2-targeted molecular imaging and HER2 liquid biopsy technologies [ctDNA sequencing, ctRNA sequencing, circulating tumor cells (CTCs) detection, etc.] (13, 14). Thus, a whole-body, real-time, and non-invasive HER2-targeted molecular imaging method may be a potential alternative to biopsy-based methods for identifying patients suitable for HER2-targeted therapy and monitoring the therapeutic efficacy to improve the management of GC.

Many promising PET radionuclides with long half-lives and decay times, such as 64Cu, 89Zr, and 124I-labeled trastuzumab, have been screened to monitor HER2 levels in malignancies in preclinical studies (15–18). Although these probes showed good imaging properties, their slow tumor penetration and blood clearance results in imaging were performed several days after injection, which preclude clinical applications. Additionally, because of the long biological half-lives of 89Zr-trastuzumab and 124I-trastuzumab, the radiation-absorbed doses were calculated to be 0.5 mSv/MBq and 0.3011 ± 0.005 mSv/MBq, respectively, in patients, which were higher than those of 18F-FDG (0.019 mSv/MBq) (16, 17). As early as 2009, Orlova suggested that the use of the radionuclide-labeled affibody provides much better contrast in HER2 imaging than antibody due to the more rapid clearance from the blood and normal organs (19). The ZHER2:342 affibody is one of the most widely studied HER2 affibody molecules and is suitable for HER2 binding since it does not interfere with HER2-targeted therapy due to the use of different HER2 binding domains in the receptors (20). Several derivatives of ZHER2:342 have been developed and evaluated in preclinical and clinical Single photon emission CT (SPECT) and PET studies. 18F is preferred for clinical use due to its good imaging properties and commercial availability (21). [18F]AlF is rapidly expanding as an 18F labeling technique that allows convenient 18F labeling in less time and under milder conditions that can also be combined with a kit (22, 23).

Preclinical studies have shown that [18F]AlF-NOTA-MAL-MZHER2:342 is a promising tracer for in vivo detecting HER2 status (24). Although 9.3% radiochemical yield is greatly improved on the previous 18F labeled ZHER2:342, it still has some limitations for clinical translation. It results in a high concentration of 18F to be used in radiosynthesis, which increases radiation exposure of technicians. So exploring improved derivatives of ZHER2:342 and effective labeling methods to increase the labeling yield deserves further study.

Thus, we hypothesized that the HER2 affibody molecules with the amino acid sequence apoptosis-enhancing nuclease (AEN)- at the N-terminus and NOTA-based chelators labeled with 18F using the new one-step labeling method, with preserved binding specificity to HER2, would yield a low abdominal background and would possess more favorable in vivo pharmacokinetic performance (25). The aim of the present study was to determine whether the [18F]AlF-NOTA-HER2 affibody is a promising imaging candidate for HER2 detection in GC.



MATERIALS AND METHODS


Synthesis and Radiolabeling

All chemicals used in this study were purchased commercially. The HER2 affibody (AENKFNKEMRNAYWEIALLPNLNNQQKRAFIRSLYDDPSQSANLLA EAKKLNDAQ) was synthesized using manual solid-phase peptide synthesis. NOTA was coupled to the N-terminus of the HER2 affibody. The synthetic NOTA-HER2 affibody was obtained from China Peptides Company (China). Electrospray ionization-mass spectrometry (ESI-MS) was performed to analyze the identity of the final product. (HPLC) was used to analyze the purity of NOAT-HER2 affibody conjugate.

A QMA cartridge carrying 18F− was pretreated with NaHCO3 (0.5 M, 10 ml). Then, 18F− was eluted from the cartridge using 0.4 ml of saline. 18F− in saline (0.1 ml, 111 MBq-962 MBq), potassium hydrogen phthalate (KHP) buffer (13 μl, 0.5 M), and AlCl3·6H2O (6 μl, 2 mM) in KHP buffer (0.05 M) were mixed and incubated at room temperature for 5 min. Then, 14 μl of HER2 affibody (20 nM) was added to the mixture and heated at 110°C for 15 min. After cooling to room temperature, the mixture was passed through a Sep-Pak C18-Light Cartridge that was activated with 10 ml of EtOH and H2O. The Sep-Pak C18-Light Cartridge was washed with 10 ml of H2O and extracted with 0.5 ml of 80% EtOH to obtain the final product.



In vitro and in vivo Stability

The in vitro stability of the [18F]AlF-NOTA-HER2 affibody was determined in 5% human serum albumin (HSA) and physiological saline at 37°C. After 0, 1, 2, and 4 h, 20 μl of the mixture were analyzed using HPLC.

For the analysis of in vivo stability, 200 μl of [18F]AlF-NOTA-HER2 affibody (7.4 MBq) were intravenously injected into the caudal region of BALB/c nude mice. After 30 min, blood was collected and centrifuged, and the supernatant was analyzed using HPLC.



Cell Culture

The NCI-N87 cell line derived from human gastric adenocarcinoma with high expression of HER2 was kindly provided by the Stem Cell Bank, Chinese Academy of Sciences. Adherent cells were cultured in RPMI 1640 Medium (Thermo Fisher Scientific, Boston, MA, USA) supplemented with 1% sodium pyruvate 100 mM solution and 10% fetal bovine serum (FBS) (BI, Kibbutz Beit-Haemek, Israel) at 37°C in an atmosphere containing 5% CO2. The GC cell line MKN74 (HER2-negative) was obtained from Otwo Biotech (Guangzhou, China) and cultured in RPMI-1640 medium supplemented with 10% FBS.



Cellular Uptake, Retention Kinetics, and Blocking Studies

NCI-N87 and MKN74 cell lines were cultured in 24-well plates at a density of 1 × 105 cells/well-overnight, and the fresh culture medium containing was replaced. Subsequently, the cells were incubated with the [18F]AlF-NOTA-HER2 affibody (111 KBq/well). After 5, 30, 60, and 120 min, the supernatants were collected, and the cells were washed twice using PBS. Radioactivity was measured using a γ-counter. The radioactive medium and PBS were defined as Cout. Finally, the cells were harvested with trypsin and flushed again with PBS twice. Radioactivity counts of lysates and PBS were considered Cin. The cellular uptake rate was calculated using the formula Cin/(Cin + Cout).

Cellular retention studies were performed in NCI-N87 and MKN74 cells. The cells were incubated with the [18F]AlF-NOTA-HER2 affibody (111 KBq/well) at 37°C for 1 h, and the culture medium was replaced by a fresh culture medium. After 5, 30, 60, and 120 min, the supernatants were collected, and the wells were washed with PBS. Counts containing radioactive supernatants and PBS were designated as Cout. Then the cells were harvested with trypsin and flushed again with PBS twice. Radioactivity counts of lysis solution and PBS were defined as Cin. The cellular retention ratio was calculated using the formula Cin/(Cin + Cout).

For the blocking assay, NCI-N87 cells were incubated with the [18F]AlF-NOTA-HER2 affibody in the presence of 6- and 35-fold excess unlabeled HER2 affibody for 60 min. The supernatant and precipitate were collected and analyzed as mentioned above.



Saturation Binding Assay

The Kd value was studied by adding increasing concentrations (1.625–240 nM) of [18F]AlF-NOTA-HER2 to NCI-N87 cells. Excess unlabeled HER2 affibody (1,900 nM/well) was used as a blocking agent to determine the non-specific binding in another 48-well plate under the same treatment conditions. After removing the medium after 1 h of incubation, the cells were washed twice with PBS and detached with trypsin. The radioactivity of cells was measured and the Kd value was estimated using GraphPad Prism 5.



Animal Model

All animal experiments were approved by the Principles of Ethical Committee of the Fourth Hospital Hebei Medical University (2018MEC123). Female BALB/c nude mice, 4 weeks old, were housed in ventilated filter-topped cages under specific pathogen-free (SPF) conditions with free access to a standard diet and water. Approximately 2 × 107 gastric tumor cells (in 150 μl of Roswell Park Memorial Institute [RPMI] 1640 medium without FBS) were inoculated subcutaneously into the right forelimb to establish the tumor models.



Biodistribution Studies

Female BALB/c mice-bearing NCI-N87 or MNK74 tumor xenografts were injected with the diluted [18F]AlF-NOTA-HER2 affibody (200 μl, 2.96 MBq) via the tail vein. The mice were sacrificed and dissected in groups (n = 3) at 30, 60, and 120 min postinjection (p.i.). Tumor, blood, and normal tissues were collected immediately after cleaning, weighed, and measured for radioactivity using a γ-counter after decay correction. The results are reported as the percentage of the injected dose per gram of tissue (%ID/g).



Molecular Imaging Procedure

Mice-bearing NCI-N87 or MKN74 tumors (n = 6) were intravenously injected with the diluted [18F]AlF-NOTA-HER2 affibody (200 μl, 7.4 MBq). For blocking, 500 μg of cold NOTA-HER2 affibody were coinjected into each mouse bearing NCI-N87 tumors (n = 3). The images in mice-bearing NCI-N87 and MKN74 tumors were acquired at 30, 60, and 120 min p.i., and a blocking study was performed on NCI-N87 xenograft tumor-bearing mice. Imaging was performed using a digital Vereos PET/CT Scanner (PHILIPS, The Netherlands) acquired with 200 mm diameter Transaxial field of view (FOV) and ordered subsets expectation maximization (OSEM) + filtered back-projection (FBP) + time-of-flight (TOF) reconstruction algorithms. The images were digitally stored in a 1,024 × 1,024 matrix. The SUVmax values of the region of interest (ROI) over the tumor and muscle were collected.

At the same time, mice-bearing NCI-N87 tumors (n = 3) were intravenously injected with the diluted [18F]AlF-NOTA-HER2 affibody (200 μl, 7.4 MBq) and imaged by micro-PET/CT at 30, 60, and 120 min p.i. Another group of mice-bearing NCI-N87 tumors (n = 3) was intravenously injected with 68Ga-NOTA-HER2 affibody (200 μl, 7.4 MBq; n = 3) and imaged by micro-PET/CT at 30 and 60 min p.i.



Statistical Analysis

All statistical analyses were completed using SPSS 22.0 software. Variable data are presented as the mean ± SD ([image: image] ± SD). The significance of differences in comparisons between two datasets was analyzed using Student's t-test. When three groups were compared, a one-way ANOVA was applied. A rank-sum test was also performed. A p < 0.05 was considered statistically significant.




RESULTS


Synthetic Chemistry and Radiochemistry

Alanine at the N-terminus of the HER2 affibody was subjected to a condensation reaction with -orcarboxylic acid (COOH) of NOTA [serving as a chelator for [18F]AlF labeling] (Figure 1). The purity of the obtained NOTA-modified affibody molecules was 97.80%. The MS spectrum indicated a molecular weight of 6680.51, which is consistent with its theoretical molecular weight.


[image: Figure 1]
FIGURE 1. Drug synthesis and experimental route.


The [18F]AlF-NOTA-HER2 affibody molecular probe was manually prepared within 30 min. The maximum nondecayed corrected yield of the [18F]AlF-NOTA-HER2 affibody molecular probe was 32.69% with a radiochemical purity >98%, as analyzed by HPLC with a retention time of 8.5 min (Figure 2A).


[image: Figure 2]
FIGURE 2. HPLC chromatograms of the [18F]AlF-NOTA-HER2 affibody (A) and 18F− (C). In vitro stability of the [18F]AlF-NOTA-HER2 affibody in saline and 5% HSA (B) and in vivo stability in blood for 30 min (D). HPLC, high-pressure liquid chromatography; HAS, half-normal saline.




Stability

The radiochemical purity of the [18F]AlF-NOTA-HER2 affibody in vitro following an incubation with physiological saline or 5% half-normal saline (HAS; 37°C, 4 h) was maintained at >90% (Figure 2B), and a single peak was observed without free 18F− (Figure 2C). The radiotracer was injected into mice, and a single peak was observed in blood at 30 min p.i. using HPLC, with a radiochemical purity >90% (Figure 2D). The results indicated that the [18F]AlF-NOTA-HER2 affibody was stable in vitro and in vivo over the period tested.



Cellular Uptake, Retention, and Blocking Assay in vitro

The [18F]AlF-NOTA-HER2 affibody showed higher cellular uptake and retention in NCI-N87 cells than in MKN74 cells at all time points tested (Figures 3A,B). Radioactivity accumulated rapidly in NCI-N87 cells, peaked at 60 min (6.28 ± 0.47%), and decreased slightly over time. Additionally, HER2-negative MKN74 cells did not show any significant uptake of the [18F]AlF-NOTA-HER2 affibody, suggesting the specific HER2-mediated uptake of the molecular probe in HER2+ cells.


[image: Figure 3]
FIGURE 3. Cellular uptake (A), and retention kinetics (B) of the [18F]AlF-NOTA-HER2 affibody in NCI-N87 and MKN74 cells. Blockade of the cellular uptake of the [18F]AlF-NOTA-HER2 affibody in NCI-N87 cells (C) (**p < 0.01). Binding saturation curve of the [18F]AlF-NOTA-HER2 affibody to HER2 in NCI-N87 cells (D).


The uptake of the [18F]AlF-NOTA-HER2 affibody in NCI-N87 cells was 6.28 ± 0.47% and was reduced to 0.53 ± 0.03% and 0.44 ± 0.05% by 6- and 35-fold excesses of cold HER2 affibody at 60 min, respectively (Figure 3C). The amount of [18F]AlF-NOTA-HER2 affibody taken up by NCI-N87 cells was decreased by more than 90% after an incubation with an excess of cold HER2 affibody, indicating that the uptake of the molecular probe in NCI-N87 cells was HER2 specific.



Saturation Binding in vitro

The saturation binding curve of the Kd determination is shown in Figure 3D. The Kd value of the [18F]AlF-NOTA-HER2 affibody to HER2 in NCI-N87 cells was 52.25 ± 3.68 nM, indicating that the radiolabeled tracer binds to HER2 with high affinity and specificity.



Ex vivo Distribution

The [18F]AlF-NOTA-HER2 affibody was efficiently accumulated in HER2-expressing tumors. HER2+ tumor uptake of the radiolabeled agent was 1.27 ± 0.54% ID/g, 1.46 ± 0.65% ID/g, and 1.35 ± 0.07% ID/g at 30, 60, and 120 min p.i., respectively (Table 1). The [18F]AlF-NOTA-HER2 affibody showed a significantly higher concentration in HER2+ tumors than in HER2– tumors at each time point (p = 0.003, 0.016, and 0.010, respectively; Figure 4), which was consistent with the tumor/muscle ratio (T/M) (p = 0.046, 0.046, and 0.002, respectively). The kidney showed the highest uptake of the radiotracer, suggesting that the urinary system is the main route of excretion.


Table 1. Biodistribution of the [18F]AlF-NOTA-HER2 affibody in mice-bearing NCI-N87 tumors.

[image: Table 1]


[image: Figure 4]
FIGURE 4. Biodistribution of the [18F]AlF-NOTA-HER2 affibody in mice-bearing NCI-N87 (A) and MKN74 (B) tumors.


The [18F]AlF-NOTA-HER2 affibody concentration in the blood was decreased from 0.38 ± 0.14% ID/g at 30 min p.i. to 0.11 ± 0.05% ID/g at 120 min p.i. (Table 2). The radiolabeled affibody molecules showed rapid clearance from the blood and normal organs, causing a high tumor-to-background ratio.


Table 2. Biodistribution of the [18F]AlF-NOTA-HER2 affibody in mice-bearing MKN74 tumors.

[image: Table 2]



PET Imaging

3D-rendered digital Vereos PET/CT images of mice-bearing NCI-N87 and MKN74 tumors at 30, 60, and 120 min p.i. are displayed in Figure 5. As early as 30 min after injection, a considerably higher signal intensity was observed in HER2+ tumors and was consistently sustained at subsequent time points. HER2+ tumors, kidneys, and bladder were clearly visualized, while HER2– tumors were almost invisible, consistent with the biodistribution studies. The differences in T/M between NCI-N87 tumor-bearing mice and MKN74 tumor-bearing mice were statistically significant throughout the whole imaging process (p = 0.001, 0.004, and 0.004). The detection ability of Vereos PET/CT is comparable to that of micro-PET/CT in HER2+ tumors. In terms of image quality, the image resolution of [18F]AlF-NOTA-HER2 affibody is higher than that of 68Ga-NOTA-HER2 affibody (Figure 6).


[image: Figure 5]
FIGURE 5. (A) Vereos PET images of the [18F]AlF-NOTA-HER2 affibody in tumor-bearing mice NCI-N87 xenografts. (B) Vereos PET images of the [18F]AlF-NOTA-HER2 affibody in tumor-bearing mice MKN74 xenografts. (C) Blocking study after a coinjection with excess cold NOTA-HER2 affibody in mice-bearing NCI-N87 tumors. (D) Fusion images of mouse model at 60 min post-injection by Vereos PET/CT. White arrows indicate xenografts.



[image: Figure 6]
FIGURE 6. PET and fusion images of the [18F]AlF-NOTA-HER2 affibody (A) and 68Ga-NOTA-HER2 affibody (B) in mice-bearing NCI-N87 by micro-PET/CT. White arrows indicate xenografts.


The accumulation in NCI-N87 tumors was blocked by a coinjection of excess cold HER2 affibody at 30, 60, and 120 min after injection (Figure 5C). The quantitative analysis of T/M acquired from PET imaging data displayed a significant decrease in the blocked group compared to the non-blocked group (p = 0.003, 0.016, and 0.010).




DISCUSSION

The specific expression of HER2 in tumor biopsy samples is crucial in tumor diagnosis and the selection of the appropriate therapy. This approach may not be reliable for gastric tumors, which display high HER2 heterogeneity. Molecular imaging has great potential to characterize important specific targets in malignancies, such as HER2. Moreover, 68Ga-labeled affibody probes have been reported to be successful in many preclinical investigations and a first-in-human study in HER2+ tumor imaging (26, 27). However, applications of the 68Ga labeling method are limited due to the relatively short half-life (67.7 min) of 68Ga compared with 18F.18F-labeled affibody molecules that meet the requirements for clinical use with a single good manufacturing practice production and a longer time window for image acquisition. The positron energy of 18F is lower than 68Ga (Emean = 0.25 MeV vs. 0.83 MeV), resulting in a shorter positron range than 68Ga (0.6 vs. 3.5 mm), which leads to a higher spatial resolution in PET/CT imaging (28). The high image resolution of 18F and easy formation of [18F]AlF chelates make [18F]AlF molecular probes an engaging approach (29–32). Inspired by the emergence of [18F]AlF labeling strategy and the fact that [18F]AlF-NOTA-Octreotide is developed as a clinical substitute for 68Ga labeled somatostatin analog, we constructed a promising HER2-targeting tracer, the [18F]AlF-NOTA-HER2 affibody, and evaluated the biodistribution characteristics and preliminary HER2-targeted imaging efficacy in animal models. Meanwhile, we compared the image quality between [18F]AlF-NOTA-HER2 affibody and 68Ga-NOTA-HER2 affibody.

The preparation of [18F]AlF-NOTA-ZHER2:342 and PET imaging study have already been reported previously (24). However, compared with previous studies, the labeling rate of [18F]AlF-NOTA-HER2 affibody in our study has been greatly improved. Using KHP as the reaction buffer, which was different from sodium acetate buffer, the volume of the reaction system was reduced, and the labeling rate was increased to a certain extent compared to sodium acetate buffer in the previous study (23, 29, 30), which allows a lower concentration of 18F to be used in radiosynthesis. Moreover, KHP with non-volatile characteristics is suitable for the preparation and automatic production of kits, which lays the foundation for clinical translation in the future.

The [18F]AlF-NOTA-HER2 affibody with a Kd value of 52.25 ± 3.68 nM showed good uptake in the HER2+ tumor cell, and the in vitro uptake was blocked by excess cold HER2 affibody, indicating that the probe had high target-binding affinity and specificity in HER2+ cells. The high uptake of [18F]AlF-NOTA-HER2 affibody by HER2+ cells led to an obvious increase in the brightness of HER2+ xenografts on PET images. NCI-N87 xenografts were clearly distinguished from the surrounding normal organs at 30–120 min p.i. Quantification of PET imaging showed that high T/M ratios (12.19 ± 4.71) persisted at 120 min after injection, consistent with distribution study. Meanwhile, the coinjection of excess HER2 affibody noticeably decreased NCI-N87 tumor accumulation. These results confirmed the excellent HER2 targeting specificity in vivo. Moreover, the suitable half-life of 18F allows a longer time window for [18F]AlF-NOTA-HER2 affibody imaging acquisition, which is more practical in clinical situations. In order to clarify the advantage to use [18F]AlF, we contrasted PET images between [18F]AlF-NOTA-HER2 affibody and 68Ga-NOTA-HER2 affibody. The results demonstrated that [18F]AlF-NOTA-HER2 affibody PET can provide higher image resolution than that of 68Ga-NOTA-HER2 affibody. Digital Vereos PET/CT can provide high-quality images and the tumor detection ability of it is comparable to that of micro-PET/CT, which will widen the road for the development of preclinical experimental in some institutions without micro-PET/CT.

The biodistribution results were consistent with the quantitative analysis of PET data, and the [18F]AlF-NOTA-HER2 affibody was rapidly localized in NCI-N87 xenografts and was quickly cleared from the blood. As an improved structure of ZHER2:342, the HER2 affibody used in this study contains the amino acid sequence AEN- at the N-terminus, which might be associated with low hepatic uptake. The probe was removed from blood circulation predominantly by urinary excretion resulting in optimized contrast and improved imaging sensitivity and accuracy.

No free 18F− or other dissociated products were detected in the stability study, indicating that the [18F]AlF-NOTA-HER2 affibody was highly stable in vitro and in vivo. Although the biodistribution results showed that the radioactive accumulation was slightly higher in bone than in most non-target organs, the low radioactive uptake of bone observed in PET images did not affect tumor detection. PET imaging revealed high HER2+ tumor-to-bone contrast, indicating that [18F]AlF was stably complexed to the HER2 affibody by NOTA. Nonetheless, it should be considered that bone accumulation of the free 18F− might hamper visualization of small lesions or lesions with low HER2 expression in the clinical setting. Whether minor interference originating from 18F− accumulation in the bone affects the detection of bone metastases remains to be verified in the next clinical trials.

The combination therapy of chemotherapy and trastuzumab was approved as the first-line treatment for HER2-positive AGC by the FDA in 2010 (16). Many studies have shown that radiolabeled trastuzumab can efficiently detect HER2. The trastuzumab-based probe has some disadvantages in monitoring changes in HER2 expression during trastuzumab treatment because the therapeutic antibody might compete with the probe for the same epitope on HER2 (27, 33). So we deduced that ongoing HER2-targeted therapy did not interfere with [18F]AlF-NOTA-HER2 affibody imaging, because the affibody and trastuzumab bind to different HER2 domains. Whether the [18F]AlF-NOTA-HER2 affibody can be used to monitor the initial response to treatment with trastuzumab and to re-evaluate the systemic HER2 status during trastuzumab treatment need further research.

This research also has some limitations. The radiation-absorbed doses of the kidney are high, renal protection could be performed by the use of positively charged amino acids, albumin fragments, or gelofusine. Moreover, the labeling rate needs to be further improved to minimize radiation exposure for technicians by subtly adjusting the ratio of HER2 affibody to AlCl3·6H2O solution or the pH value of the reaction system.



CONCLUSIONS

The [18F]AlF-NOTA-HER2 affibody can be produced in high yields and with high radiochemical purity in a one-step procedure within 30 min. This new radiolabeled tracer can visualize HER2+ tumors with high specific tumor uptake and rapid blood clearance. [18F]AlF-NOTA-HER2 affibody may serve as a novel PET molecular probe with tremendous clinical potential for the non-invasive, real-time, and whole-body detection of the HER2 status in GC with good image contrast and resolution. This method could provide an in vivo understanding of GC biology that will ultimately guide the accurate diagnosis and treatment of GC. It is worth the clinical transformation.
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Objective: The aim of this study was to investigate the effects of the total variation regularized expectation maximization (TVREM) reconstruction on improving 68Ga-DOTA-TATE PET/CT images compared to the ordered subset expectation maximization (OSEM) reconstruction.

Method: A total of 17 patients with neuroendocrine tumors who underwent clinical 68Ga-DOTA-TATE PET/CT were involved in this study retrospectively. The PET images were acquired with either 3 min-per-bed (min/bed) acquisition time and reconstructed with OSEM (2 iterations, 20 subsets, and a 3.2-mm Gaussian filter) and TVREM (seven penalization factors = 0.01, 0.07, 0.14, 0.21, 0.28, 0.35, and 0.42) for 2 and 3 min-per-bed (min/bed) acquisition time using list-mode. The SUVmean of the liver, background variability (BV), signal-to-noise ratios (SNR), SUVmax of the lesions and tumor-to-background ratios (TBR) were measured. The mean percentage difference in the SNR and TBR between TVREM with difference penalization factors and OSEM was calculated. Qualitative image quality was evaluated by two experienced radiologists using a 5-point score scale (5-excellent, 1-poor).

Results: In total, 63 lesions were analyzed in this study. The SUVmean of the liver did not differ significantly between TVREM and OSEM. The BV of all TVREM groups was lower than OSEM groups (all p < 0.05), and the BV of TVREM 2 min/bed group with penalization factor of 0.21 was considered comparable to OSEM 3 min/bed group (p = 0.010 and 0.006). The SNR, SUVmax and TBR were higher for all TVREM groups compared to OSEM groups (all p < 0.05). The mean percentage difference in the SNR and TBR was larger for small lesions (<10 mm) than that for medium (≥10 mm but < 20 mm) and large lesions (≥20 mm). The highest image quality score was given to TVREM 2 min/bed group with penalization factor of 0.21 (3.77 ± 0.26) and TVREM 3 min/bed group with penalization factor of 0.35 (3.77 ± 0.26).

Conclusion: TVREM could reduce image noise, improve the SNR, SUVmax and TBR of the lesions, and has the potential to preserves the image quality with shorter acquisition time.
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INTRODUCTION

Neuroendocrine tumors (NETs) are a heterogeneous group of cancers derived from the diffuse neuroendocrine system. Neuroendocrine cells are distributed in every organ, the primary NET may occur in any part of the human body, and therefore early diagnosis of NET is very important for treatment (1). NET's early diagnosis methods include multiple CT, MRI, and endoscopic ultrasound. However, the specificity and sensitivity of these methods to NET are not high. One of the characteristics of neuroendocrine tumors is the high expression of somatostatin receptors (SSTR) (2). SSTR-expression tends to correlate inversely with tumor grade and differentiation, and consequently, the role of SRI is more limited in high grade and particularly in poorly differentiated carcinomas (3). Different types of tumors, primary tumors at different locations, and tumors in different differentiation grades have different somatostatin receptors over-expressed. There are 5 somatostatin receptors (SSTR 1-5) widely expressed in both normal tissues and tumors. In most tumors, SST2 and 5 are usually over-expressed (4, 5). This expression enables imaging with high sensitivity using PET with radioactively labeled somatostatin analogs such as 68Ga-DOTA-TATE. PET with 68Ga-labeled somatostatin ligands is well-established as a tool for localizing the primary tumor in metastatic NET (6, 7).

The radionuclide, the performance of the equipment, and the reconstruction algorithm are important factors that affect the precise positioning of the lesion. Ordered subsets expectation maximization (OSEM) is the clinical standard reconstruction method. However, due to the special requirements for noise and reconstruction time in clinical applications, the iteration of OSEM must be stopped before converging. This always leads to underestimation of radio-tracer uptake and low contrast of the lesion. Bayesian penalized likelihood reconstruction (BPL) can reduce image noise and increase lesion contrast compared to OSEM reconstruction (8–10). Total variation regularized expectation maximization (TVREM), a new BPL algorithm, was introduced recently (HYPER Iterative, United Imaging Healthcare). Related studies have shown that TVREM algorithm in 68Ga-PSMA imaging can ensure image quality while shortening the acquisition time (11). Therefore, as a BPL algorithm, TVREM has the potential to further increase the detection rate of lesions, shorten the acquisition time or reduce the dose (reduce administrated dose) for 68Ga-DOTA-TATE PET imaging.

The purpose of this research is to explore the effect of TVREM algorithm on 68Ga-DOTA-TATE PET/CT image quality, and the possibility of shortening the acquisition time and reducing the radiation burden.



METHODS AND MATERIALS


Study Population

Between March 1st, 2021 and May 30th, 2021, 17 patients with neuroendocrine tumors undergoing 68Ga-DOTA-TATE PET/CT were enrolled in this study retrospectively. The study was approved by the ethics committee of the Affiliated Hospital of Southwest Medical University and was in accordance with the 1964 Helsinki declaration and its later amendments. The informed consent of this retrospective study was waived.



Preparation of 68Ga-DOTA-TATE

68Ga stock solution was made by rinsing the 68Ga generator using 4 mL of 0.05 mol/L hydrochloric acid. The pH value was adjusted to 3.5–4.0 with sodium acetate (0.25 mol/L). Twenty μg of DOTA-TATE (ABX, Germany) was added to the solution and mixed, which was then heated at 95°C for 10 min. The solution was first purified by a Sep-Pak C18 column, and then was filtered using a sterile filter to obtain 68Ga-DOTA-TATE injection after washing the column with 50% ethanol solution and saline solution. The radiochemical purity was >99% analyzed by a radioactive high performance liquid chromatography (Radio-HPLC).



Image Acquisition

For 68Ga-DOTA-TATE PET/CT imaging, the activity of intravenously injected according to the patients' weight (2.04 ± 0.19 MBq/kg). PET/CT images were acquired after 50–70 min of intravenous administration using a digital PET/CT scanner (uMI780, United Imaging Healthcare). A non-enhanced CT was used for attenuation correction of PET and anatomic localization. The CT parameters were as follows: 120 kV, 100 mAs, rotation of 0.8 s, and 3-mm slice thickness. After CT scanning, a whole-body PET scan was performed with 5–6 bed positions and 3 min/bed.

Attenuation corrected images were reconstructed with OSEM and TVREM. All images were reconstructed with time of flight (TOF), point spread function model (PSF), 600 mm field of view (FOV), 128 × 128 matrix, and slice thickness 3.0 mm. The OSEM reconstruction was performed with 2 iterations, 20 subsets and 3.2 mm of full width at half maximum (FWHM). Reconstruction with TVREM was performed with seven penalization factors: 0.01, 0.07, 0.14, 0.21, 0.28, 0.35, and 0.42. List-mode data were re-binned using the first 2 min /bed of the data and reconstructed with the same parameters.

In total, there were 16 groups of PET images in the final evaluation. We named these groups as OSEM_2 and OSEM_3 for OSEM with 2 and 3 min/bed; R201, R207, R214, R221, R228, R235, R242 for TVREM with different factors (0.01–0.42 for 2 min/bed) and R301-R342 for TVREM with factors (0.01–0.42 for 3 min/bed).



Clinical Studies Analysis

All the images were evaluated by an experienced nuclear medicine doctor with HERMES (HERMES, Stockholm, Sweden), and the regions of interest (ROI) were drawn on transaxial images around the tumor lesions to perform a semiquantitative analysis. A spherical (approximated 3 cm in diameter) in the right liver lobe was used as the activity background for each patient. The mean standardized uptake value (SUVmean) and the standard deviation (SD) of liver were recorded. Background variability (BV) was used as parameter to evaluate the image noise level and calculated as follow:

[image: image]

Maximum SUV (SUVmax) values of lesions were recorded. Signal-to-noise ratios (SNR) and tumor-to-background ratios (TBR) were calculated as follows:

[image: image]
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Lesions were also divided and compared according to their size (diameter <10 mm, ≥10 mm but <20 mm, and ≥20 mm). The diameter of lesions were calculated as follows:

[image: image]

where the volume of lesions was measured on PET imgaes.



Clinical Evaluation

Two experienced nuclear physicians evaluated the image quality of 68Ga-DOTA-TATE PET images reconstructed using OSEM and TVREM independently on a commercial workstation (uWS-MI R004, United Imaging Healthcare). The nuclear physicians evaluated the images using a 5-point scale without knowing the reconstruction parameters (Table 1). The image of 5-point was with excellent image quality, almost free of noise, ideal contrast and sharp border. The image of 4-point was with good image quality, and its noise did not affect the identification and diagnosis of the lesion at all. The image of 3-point was with moderate image quality, obvious noise, and sufficient lesion delineation to make a diagnosis. The image of 2-point was barely acceptable, and the noise was large, which affected the diagnosis. The image of 1-point had the worst image quality and could not be used for diagnosis at all.


Table 1. The 5-point scale of image quality.

[image: Table 1]



Statistical Analysis

SPSS 22.0 statistical analysis software (IBM, Armonk, NY, USA) was used for statistical analysis, and Graphpad8.0 was used for graphing. The data were presented as mean ± SD. The SUV of OSEM_3 was served as the reference for the comparison between different reconstruction groups. Shapiro-Wilk test were used to test the normal distribution of data. Paired samples were compared using the Wilcoxon signed-rank test and paired t-test. The inter-evaluator agreement was measured by Cohen's κ. A p < 0.05 was considered significant.




RESULTS

A total of 17 patients (7 women and 10 men; mean age ± SD, 48 ± 17 years) with suspicion and diagnosis of NET were enrolled and the presence of lesions was confirmed by CT, MRI, 18F-FDG PET and biochemical evidence of NETs. The characteristics of the study population were summarized in Table 2.


Table 2. Characteristics of study population.

[image: Table 2]


Lesion Analysis

In total, 63 lesions were identified in both reconstructions. The lesions' diameter ranged from 7.0 to 60.0 mm. The mean values of SUVmean were not significant different between TVREM and OSEM (all p > 0.80). The mean values of BV in OSME_2 and OSEM_3 were 8.2 ± 1.9% and 7.2 ± 1.9%, the BV in TVREM groups decreased with the increase of penalization factors and the BV of R221 group was considered comparable to OSEM_3. The SUVmax, SNR, and TBR were higher in all TVREM groups than OSEM (all p < 0.05). The SNR increased with the increase of penalization factor. Moreover, the SUVmax and TBR of the lesions decreased as the penalization factors increased (Table 3).


Table 3. SUVmean, background variability, SUVmax, SNR and TBR of the clinical study.

[image: Table 3]

Figure 1 shows the results of lesions SNR and TBR. When lesions were divided into different groups according to their sizes, the SNR of small lesions (<10 mm) in most TVREM groups for 2 min/bed were higher than OSEM_3 significantly (all p < 0.05) except for R201 (p = 0.25), and the TBR of small lesions (<10 mm) in all TVREM groups were higher than OSEM significantly (all p < 0.05).


[image: Figure 1]
FIGURE 1. SNR and TBR based on different size of lesions: diameter < 10 mm (A,D), 10 mm ≤ diameter < 20 mm (B,E), diameter ≥ 20 mm (C,F). The quartiles are represented by the bottom and top line, respectively. Median is middle line. SNR, signal-to-noise ratio; TBR, tumor-to-background ratio.


For medium lesions (≥ 10 mm but <20 mm), there were not significantly differences in the SNR between most TVREM groups and OSEM_3 except for R235 (p = 0.02) and R242 (p = 0.01), and the SNR of R214 was considered comparable to OSEM_3. The TBR of lesions in TVREM were higher than OSEM_3 significantly (all p < 0.05) except for R228 (p = 0.05), R235 (p = 0.06), and R242 (p = 0.07).

For large lesions (≥20 mm), there were not significantly differences in the SNR and TBR between TVREM groups and OSEM_3 (all p > 0.05).

The mean percentage difference in the SNR and TBR between TVREM with difference penalization factors and OSEM_3 were shown in Figure 2. The mean percentage difference in the SNR of R242 was 19.25 ± 22.76% for small lesions, 12.79 ± 18.40% for medium lesions, and 18.13%± 9.80% for large lesions compared to OSEM_3. The mean percentage difference in the TBR of R201 was 14.31 ± 9.66% for small lesions, 8.06 ± 8.65% for medium lesions, and 8.88 ± 7.41% for large lesions compared to OSEM_3. A representative case for lesions with different sizes is shown in Figure 3.


[image: Figure 2]
FIGURE 2. Mean and SD (error line) of the percentage difference in SNR and TBR of TVREM compared to OSEM_3 according to lesion size: diameter <10 mm (A,D), 10 mm ≤ diameter <20 mm (B,E), diameter ≥20 mm (C,F). SD, standard deviation; SNR, signal-to-noise ratio; TBR, tumor-to-background ratio; TVREM, total variation regularized expectation maximization; OSEM, ordered subset expectation maximization.



[image: Figure 3]
FIGURE 3. Patient images reconstructed by different algorithms. Patient with Adrenal pheochromocytoma (female; 44-years-old). (A) Maximum-intensity-projection 68Ga-DOTATAE PET shows multiple metastases. (B) Fused PET/CT images. (C–F) PET images with different size lesions in OSEM_2, OSEM_3, R221, and R314 groups. The diameter of the lesion was 8.40 mm in the first row, 16.86 mm in the second row, and 25.00 mm in the third row.


The results of subject evaluation for image quality were shown in Figure 4. The image quality scores of all the TVREM groups were higher than OSEM groups. R221 and R228 had higher image quality scores compared to OSEM_3 (p = 0.010 and 0.006), and the image quality scores of R328, R335, and R342 were significantly higher than OSEM_3 (p = 0.019, 0.004 and 0.029). The highest score was given to R221 (3.77 ± 0.26) in 2 min/bed groups and R335 (3.77 ± 0.26) in 3 min/bed groups. In all reconstruction series, the Kappa value of 0.45 indicated moderate reliability.


[image: Figure 4]
FIGURE 4. The mean and standard deviation (error bar) of the image quality score for TVREM and OSEM groups. The highest score was given to R221 and R335 for 2 and 3 min/bed acquisition. TVREM, total variation regularized expectation maximization; OSEM, ordered subset expectation maximization.





DISCUSSION

In our study, we evaluated the impact of TVREM on the image quality of 68Ga-DOTA-TATE. There was no significant difference in the liver SUVmean between TVREM and OSEM, and TVREM showed a significant improvement of SNR and TBR compared to OSEM, especially for small lesions with diameter <10 mm. Moreover, we found that SUVmax values in TVREM were higher than that in OSEM significantly. TVREM with a penalization factor of 0.14 and 2 min/bed acquisition time could provide equivalent image quality compared to OSEM with 3 min/bed acquisition time.

It has been shown that BPL provided better image quality without affecting the background liver uptake and improved the lesions conspicuity (12, 13). Yoshie et al. showed that BPL reconstruction significantly improved the detection of small inconspicuous malignant tumors (diameter <10 mm) in the lung and improved the diagnostic performance of PET/CT (14). In our study, the results showed that the SNR and TBR of small lesions (diameter <10 mm) increased more than 3 and 6% in all TVREM groups compared to OSEM 3 min/bed. Those results were partly consistent with a previous study by Ewa et al. in which showed that BPL SUVs and TBR tend to be higher for small lesions (9). In addition, the SUVmax of lesions in our study decreased with the increase of penalization factor, which was consistent with a previous study using 18F-FDG PET/CT (15).

The capability of BPL algorithm of shortening acquisition time was reported in several studies (16, 17). A phantom and clinical study by Yang et al. showed that TVREM could improve the lesion contrast and lower image noise of 68Ga-PSMA-11 PET/CT compared to OSEM and enable a fast acquisition with 2 min/bed with preserved image quality (10). Similarly, the results in our study showed that a penalization factor between 0.21 and 0.42 for TVREM with 2 min/bed acquisition time could attain equivalent or lower noise compared to OSEM with 3 min/bed acquisition time.

New image reconstruction methods could help in clinical practice by reducing acquisition times while maintaining accuracy (18), getting better image quality in obese patients (19), improving accurately identify of very small lesions (20), and underpinning the use of further new tools such as data driven gating which can help to differentiate malignant lesions from begin structures and injuries (21). And the most accurate reconstruction factor were likely depending on the count statistics and uptake pattern vary between the radionuclide and radiopharmaceutical (22). In our subjective evaluation, the image quality was assessed using a 5-grade scale by two radiologists. Our results showed that the higher quality score was given to TRVEM groups with the penalization factor ranged from 0.14 to 0.35 for 2 and 3 min/bed acquisition. In our study, the image noise and TBR decreased with the increase of penalization factor. Although the increase of the penalization factor could reduce more noise, it could also reduce the contrast of the lesion, which was reflected in the lower image quality scores of the high-level penalization factor groups.

Our study has some limitations. First, the patient population was relatively small; a larger and multicenter study should be involved in the future. Second, the experience of two radiologists who evaluated the images were different, and the agreement was not very high. Furthermore, there was no pathologic confirmation of most lesions. The biopsy results should be used to investigate whether the TVREM could improve the detection rate of lesion in further studies.



CONCLUSION

TVREM reconstruction algorithm can improve the SUVmax, SNR and TBR and lower image noise of 68Ga-DOTA-TATE compared to OSEM, especially for small lesions <10 mm in diameter. TVREM has the potential to preserve image quality in short acquisition time with penalization factors ranged from 0.14 to 0.35.
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Differentiation Between Malignant and Benign Pulmonary Nodules by Using Automated Three-Dimensional High-Resolution Representation Learning With Fluorodeoxyglucose Positron Emission Tomography-Computed Tomography
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Background: The investigation of incidental pulmonary nodules has rapidly become one of the main indications for 18F-fluorodeoxyglucose (FDG) positron emission tomography (PET), currently combined with computed tomography (PET-CT). There is also a growing trend to use artificial Intelligence for optimization and interpretation of PET-CT Images. Therefore, we proposed a novel deep learning model that aided in the automatic differentiation between malignant and benign pulmonary nodules on FDG PET-CT.

Methods: In total, 112 participants with pulmonary nodules who underwent FDG PET-CT before surgery were enrolled retrospectively. We designed a novel deep learning three-dimensional (3D) high-resolution representation learning (HRRL) model for the automated classification of pulmonary nodules based on FDG PET-CT images without manual annotation by experts. For the images to be localized more precisely, we defined the territories of the lungs through a novel artificial intelligence-driven image-processing algorithm, instead of the conventional segmentation method, without the aid of an expert; this algorithm is based on deep HRRL, which is used to perform high-resolution classification. In addition, the 2D model was converted to a 3D model.

Results: All pulmonary lesions were confirmed through pathological studies (79 malignant and 33 benign). We evaluated its diagnostic performance in the differentiation of malignant and benign nodules. The area under the receiver operating characteristic curve (AUC) of the deep learning model was used to indicate classification performance in an evaluation using fivefold cross-validation. The nodule-based prediction performance of the model had an AUC, sensitivity, specificity, and accuracy of 78.1, 89.9, 54.5, and 79.4%, respectively.

Conclusion: Our results suggest that a deep learning algorithm using HRRL without manual annotation from experts might aid in the classification of pulmonary nodules discovered through clinical FDG PET-CT images.

Keywords: pulmonary nodules, 3D high-resolution representation learning, fluorodeoxyglucose (FDG), positron emission tomography-computed tomography (PET-CT), operating characteristic curve (AUC), artificial intelligence, deep learning


INTRODUCTION

Lung cancers usually present as either abnormal lung masses or small pulmonary nodules on chest computed tomography (CT) images and are the leading cause of cancer deaths worldwide, including in Taiwan. Several guidelines have stipulated that patients at high risk must undergo annual screening with low-dose CT scanning for pulmonary nodules to be more easily discovered (1–6). These incidentally detected pulmonary nodules could be benign or malignant (7), and differentiating between them is challenging for clinical physicians. Understanding the nature of these pulmonary nodules is crucial because it has vital implications in both therapeutic and prognostic areas. Fluorodeoxyglucose-positron emission tomography (FDG PET) has played a crucial role in the diagnosis of indeterminate pulmonary nodules with CT imaging. FDG PET detects malignancy based on the high FDG uptake, which reflects the increased glucose metabolic activity of cancer cells. Traditionally, a standardized uptake value of 2.5 has been used as a threshold to differentiate between malignant and benign nodules (8, 9). There is evidence showing that dual time point (18)F-FDG PET imaging is an important non-invasive method for the differentiation of malignant and non-malignant lesions (10–13). For instance, the sequential dual-time-point [18F]FDG PET-CT examinations may increase the sensitivity and the specificity of the PET-CT method in differential palatine tonsils diagnosis according to Pietrzak et al. (11). In addition, PET is typically used as an adjunct to CT in the evaluation of suggestive nodules (11, 14–16). However, FDG PET has several intrinsic limitations in differentiating lesions with extreme metabolic rate, leading to false positives or false negatives (17). In addition, many researchers reported that ground-glass nodules with minor metabolic activities and lower SUVmax might have a high malignancy potential (18).

Artificial intelligence (AI) algorithms based on convolutional neural networks have been increasingly applied in cross-domain image translation (19). According to previous studies, machine learning (ML) models can help in detection, differentiation from benign lesions, segmentation, staging, response assessment, and prognosis determination. More specifically, researchers have found that FDG-PET-CT metrics and radiomics features had a significant role in predicting the final diagnosis of solitary pulmonary nodules (20–22).

Conventional radiographic findings that are suggestive of benignity or malignancy include size, density, stability over time, margin appearance, wall thickness, and the presence of cavitation and calcification. According to several previous studies, uptake parameters from FDG PET have shown good diagnostic performance (accuracy between 65 and 91%) (23–28) with potential improvements coming from the characterization of uptake heterogeneity. However, a meta-analysis (29) suggested that FDG PET-CT showed insufficient sensitivity and specificity for diagnosing malignant solitary pulmonary nodules; it cannot replace the “gold standard” pathology by either resection or percutaneous biopsy. Therefore, we planned not to use traditional imaging features to differentiate benign from malignant pulmonary nodules in this study. Instead, we hoped to utilize deep learning methods that learn these features directly from data, without the need of hand-engineered feature extraction from inputs (20–22, 30).

Some of the most remarkable results of AI algorithms have been produced by systems that aid in medical image diagnoses. Several state-of-the-art AI models, such as Visual Geometry Group (VGG) and ResNet, are widely used in nuclear medical imaging (31). These algorithms take advantage of stride and pooling to downsize the feature maps, which are done prior to input from a classifier. However, the aforementioned methods result in the loss of intrinsic high-resolution information of medical images. This study aimed to use high-resolution representation learning (HRRL) as the AI algorithm to retain the high-resolution imaging features, without any stride or pooling, to reserve the size of the images (32). Therefore, we implemented automated HRRL without manual annotation by an expert as the deep learning approach to aid in the differential diagnoses of FDG PET-CT scanning for pulmonary nodules.



MATERIALS AND METHODS


Patients

A total of 112 consecutive cases of eligible patients (age range 29–85 years; mean age 62.28) with pulmonary nodules (PN) were enrolled in this retrospective study from 30 December 2008 through 30 July 2010 at China Medical University Hospital. Patients were selected for this study according to the following criteria: (a) underwent integrated FDG PET-CT and (b) had definitive diagnosis determined by surgical pathology (Figure 1). The final study group of 112 patients comprised 60 men and 52 women. Overall, pulmonary nodules detected by CT of the chest were divided into two groups (i.e., benign and malignant) as diagnosed by surgical pathology (Table 1). The first group comprised 33 benign nodules (mean diameter: 24.88 ± 16.49 mm), 4 of them were ground-glass nodules (GGN) and the other 29 were solid nodules. The second group comprised 79 malignant nodules (mean diameter: 29.86 ± 18.99 mm), 12 of them were GGN and the other 67 were solid nodules. The imaging and clinical data of these patients were reviewed and analyzed retrospectively. This study was approved by the Ethics Committee of our hospital [DMR99-IRB-010-(CR-12)].
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FIGURE 1. The analysis workflow of the collected dataset. A total of 112 consecutive cases of eligible patients with pulmonary nodules (PN) were enrolled in this retrospective study from 30 December 2008 through 30 July 2010 at China Medical University Hospital. Patients with pulmonary nodules had definitive diagnosis determined by surgical pathology. All of them underwent integrated FDG PET-CT prior to surgical resection of pulmonary nodules.



TABLE 1. Patient characteristics.

[image: Table 1]


Fluorodeoxyglucose Positron Emission Tomography-Computed Tomography Imaging Protocol

All patients were asked to fast for at least 4 h before FDG PET-CT imaging. Imaging was performed with a PET-CT scanner (Discovery STE, GE Medical Systems, Milwaukee, WI, United States). Whole-body FDG PET-CT images were acquired approximately 45 min after intravenous injection of 370 MBq (10 mCi) of FDG. Delayed FDG PET-CT images were obtained approximately 70 min after FDG injection (33–35). In this study, however, we only adopted the delayed FDG PET-CT images for further preprocessing and input to the deep learning models. PET emission images were acquired after CT scans at 2 min per field of view in the three-dimensional acquisition mode. The CT images were reconstructed onto a 512 × 512 matrix with a section thickness of 3.75 mm, reconstructed onto a 128 × 128 matrix, and converted into 511 keV equivalent attenuation factors for attenuation correction of the corresponding PET emission images. The maximum SUVmax of lung nodules on early and delayed FDG PET-CT images were measured.



Preprocessing for Automated Models

We defined each patient’s lung territories by using the mediastinal window on the CT images. The CT mediastinal window level (WL) was 40, and the window width (WW) was 400. Therefore, values less than −160 were rendered entirely black, and values >240 were rendered entirely white (Figure 2A). Under this setting, the tracheal lumen and lung parenchyma appeared to be almost black. Such an image preprocessing can help the program automatically determine which trans-axial slice of image is the upper edge of the lung parenchyma. The lungs were indicated by the presence of air.
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FIGURE 2. (A) The red contour delineates the air (black area) within the tracheal lumen, which helps the program determine the upper edge of the lungs (B) OpenCV identifies the contour area of the body on the CT images (C) Body contour block (red contour block) (D) Green area indicates the limited calculation area. Only the black area in the green range is included in the calculation of the ratio.


In order to accurately determine the contour of bilateral lung regions, the body block must be found first. This study used the Python Open Source Computer Vision Library (OpenCV) package. It comes free with a cross-platform program and can execute a few functions, such as finding contours. The contour function can perform threshold calculations for grayscale images or customize the threshold of the cutting block to optimize the contour finding function. In this study, we used the contour function of the OpenCV package to identify all the contours on the CT images (Figure 2B).

When identifying the contour block of CT images in OpenCV, determining the contour block of the body is essential. The contour area of the body can be determined according to the center of gravity and the size of the contour area (Figure 2C). A contour area with its center of gravity biased toward the edge area or with an overly small size is generally not the main body area.

After identifying the body contour area, we determined the upper edge of the lung parenchyma within the body area. As we viewed the consecutive trans-axial slices of the CT images from the top to the button, the lung parenchyma usually begins at the level where the air (i.e., black area) does. When the block area of the uppermost lung air exceeds a certain percentage (e.g., 5%) of the body block area, the block is adopted as the starting level of the lungs. However, in this circumstance, the presence of some unusual, poor quality CT images results in the presence of many hollow black areas in the body contour block, which may cause errors in the capture. Therefore, to determine the area of the body block accurately, we took the center of the images as the starting point and extended to the left and right of it until the framed area was 33% of the body block area. The derived region (marked in green on Figure 2D) was then defined as the calculation region of interest, and only the black area (i.e., air) within that region (marked in red on Figure 2D) was subsequently adopted for further calculation. When the proportion of air exceeded a particular proportion (e.g., 5% of the body block area), the trans-axial slice of that image was regarded as depicting the upper edge of the lung parenchyma, and the image was ready to be captured for training.

To obtain accurate three-dimensional (3D) CT images and to improve training efficiency, the body contour area was obtained from the determined uppermost level trans-axial image slice of the lung parenchyma. The center of gravity of the body contour area was identified. Subsequently, we retrieved 256-pixel wide images that extended outward based on the center of gravity of the body contour block, followed by obtaining the counterpart PET images. From the uppermost level trans-axial image slice of the lung parenchyma, 96 consecutive trans-axial image slices were captured downward from both CT and PET images.

The 96 images retrieved from CT and PET, respectively, were of the same thickness and size and could cover the entire bilateral lung regions. Finally, both CT and PET 3D images from 112 patients were obtained for subsequent input to the deep learning models. The 3D image data were unified into 256 × 256 × 96 and 64 × 64 × 96 for the CT and PET images, respectively (Figure 3).
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FIGURE 3. Extraction of the 3D images of the lungs with a thickness of 96 slices of trans-axial CT images.




Preprocessing by Manual Annotation

An experienced nuclear physician carried out conventional manual annotation by determining the representative image slices that contain the maximum diameters (i.e., tumor coordinates) of pulmonary nodules. A total of 16 consecutive image slices (adjacent to the aforementioned representative image slices) were then retrieved. We cropped out CT images of 64 × 64 × 16 and PET images of 16 × 16 × 16, followed by resizing the PET images to the same size as the CT images.



Input to Deep Learning Models

Under the lung window setting (WL: −400 and WW: 1,500), we normalized the input image data by converting the data to a value from 0 to 1. For PET images, the maximum value in the image range was normalized. Furthermore, PET image data were converted into values ranging from 0 to 1 to enhance the convergence efficiency of the model.

Conventional convolutional neural network such as VGG and ResNet models pass through the stride and pooling layers to continuously reduce the sizes of the feature maps and finally enter the classifiers (Figure 4). However, reducing the sizes of the features leads to the loss of resolution. Therefore, we proposed a High-Resolution Network (HRNet) architecture with a view to preserving high-resolution features. The top layer of HRNet does not pass through any of the stride and pooling layers so that the features were able to retain their sizes.
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FIGURE 4. Overall structure of the proposed deep learning model (i.e., HRNet).




Statistical Analyses

The statistical analysis was performed using SPSS 26 statistical software (IBM, Armonk, NY, United States) and MedCalc statistical software1. Fisher’s exact or Chi-square (χ2) test was used to compare categorical variables. Student’s t-test was used to compare continuous variables between groups as appropriate. The p-value of <0.05 was considered statistically significant. MedCalc statistical software was used to perform ROC curve analysis, the value of the models was predicted based on the ROC curve analysis and corresponding 95% confidence intervals (CIs) were calculated. ROC analysis for the models prediction with benign and malignant lesion revealed an area under the ROC curve (AUC) of 0.781 (95% CI = 0.755–0.834), 0.789 (95% CI = 0.761–0.906), 0.652 (95% CI = 0.582–0.737), and 0.743 (95% CI = 0.680–0.842) for High-Resolution Network (HRNet)-automated, High-Resolution Network (HRNet)-manual, Residual Network (ResNet)-automated, and Residual Network (ResNet)-manual models, respectively (Figure 5).
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FIGURE 5. ROC analysis of the 4 models based on the PET-CT images. Receiver operating characteristic (ROC) curves for the four deep learning models (i.e., HRNet-automated, HRNet-manual, ResNet- automated and ResNet-manual) based on the PET-CT images. The area under the ROC curve (AUC) of the HRNet-automated, HRNet-manual, ResNet-automated, and ResNet-manual models were 0.781 (95% CI = 0.755–0.834), 0.789 (95% CI = 0.761–0.906), 0.652 (95% CI = 0.582–0.737), and 0.743 (95% CI = 0.680–0.842), respectively.


Deep learning often uses heat maps to differentiate regions with characteristic features (Figure 6). The lungs are adjacent to other internal organs and tissues, such as the heart, liver, and lymph nodes. If these organs also exhibit high FDG uptake, they may disrupt the focus of the deep learning model and affect the accuracy (ACC) of the analysis. Therefore, the heat map is based on the feature map in the last layer of the proposed model and is concentrated on the area of pulmonary nodules.
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FIGURE 6. Heatmap visualization of the HRNet-automated model. The highlighted (e.g., red) area on the heat map were used to indicate the portions/pixels of an image that have the greatest contribution to the output of the model. The heated area matched quite well with the actual locations of pulmonary nodules on the DICOM PET-CT images and the clinical records, which potentially serves as a beneficial clinical tool for patient treatment planning.





RESULTS

The effects of the two groups of PET-CT images on the differentiation between benign and malignant pulmonary nodules were evaluated. First, when applied only to automatically detected pulmonary nodules on the PET-CT images, the HRNet model [sensitivity (SEN): 0.899; specificity (SPE): 0.545; ACC: 0.795] performed significantly better than the ResNet model (SEN: 0.785; SPE: 0.394, ACC: 0.670) did. Compared with the ResNet model, the HRNet performed better in terms of SEN and ACC. HRNet and ResNet models performed comparably when applied only to the PET-CT images of pulmonary nodules. The ACC of the ResNet model was only slightly better than that of the HRNet model. In summary, HRNet is suitable for two types of PET-CT datasets, and its performance is more stable than that of ResNet.


Model Comparison

Compared with the traditional model, the HRNet-automated model used in this study performed significantly better than the ResNet-automated models. When models which automatically detected pulmonary nodules were compared with each other, HRNet performed significantly better than ResNet (significance level: 0.0036) did. The performance for the HRNet-automated versus that for the ResNet-manual (significance level: 0.3343) did not significantly differ, indicating that this study’s method, which functions without manual expert annotation, yield comparable predictions as traditional labeling models that require expert annotation (Table 2).


TABLE 2. Model comparison.

[image: Table 2]
The results of manual and automated detection show that the prediction performance of ResNet is low in automated detection (AUC = 0.652), and the prediction effect must be improved by manually labeling detection (AUC = 0.743). The results of HRNet manual (AUC = 0.789) and automated detection (AUC = 0.781) have comparable prediction performances.

According to the ROC curves based on image data from automated detection, the prediction performance of HRNet using PET-CT (AUC = 0.781) is moderately better than that of only using CT (AUC = 0.725); and the performance of ResNet utilizing PET-CT (AUC = 0.652) is also better than that of utilizing only CT (AUC = 0.566).

The sensitivity (0.899) and AUC of HRNet-PET-CT-automated are moderately better than those of HRNet-CT-automated (p-value = 0.742). Although the specificity of HRNet-PET-CT-automated (0.545) is slightly lower than that of HRNet-CT-automated, it does not markedly affect the overall prediction performance, as evidenced by the satisfactory precision (0.795) of HRNet-PET-CT-automated. Therefore, the HRNet-PET-CT-automated model is quite effective in predicting malignant pulmonary nodules, which is also one of the most prominent findings in this research.




DISCUSSION

With the advancement of chest CT and plain radiographs, the detection rate of pulmonary nodules has drastically improved (36, 37). The assessment of pulmonary nodules is crucial because they may be the first indications of early lung neoplasm. Approximately 35% of single pulmonary nodules are primary malignancies (38). Differentiating small nodules into malignant and benign nodules is challenging because of their small size and lack of specific morphological features (39). A study reported that approximately half of lung cancer patients missed the optimal time for surgical treatment, resulting in a decrease in the 5-year survival rate by 10–15% (40). Therefore, the accurate diagnosis of patients with pulmonary nodules helps to improve the ACC of the initial cancer staging and prognosis of patients with malignant nodules (23).

Nevertheless, pulmonary nodules are not all malignant lesions. Pulmonary nodules, except in lung cancer, can be inflammatory or infectious lesions and can have other relatively rare benign etiologies. The prevalence of lung cancer in pulmonary nodules is high, and the early detection of malignant nodules might improve the chances of successful treatment. Transbronchial needle aspiration biopsy, percutaneous transthoracic biopsy, or video-assisted thoracoscopic surgery can yield histopathological information. However, they have variable ACC in diagnosing lung cancer because these are invasive procedures dependent on the diameter and position of the nodule and whose execution is dependent on skill.

FDG-PET-CT is commonly used in the diagnosis of pulmonary nodules. It can be used to detect malignancy through high FDG accumulation, which indicates the presence of metabolically active cancer cells by quantifying the rate of cellular glucose metabolism. Malignant nodules generally have increased glucose transporter expression and metabolic activity, which is evidenced by a high FDG uptake (41). However, benign lesions also occasionally exhibit increased metabolic activity, such as infections, tuberculosis, and granulomatous disease (29, 42–44). Conversely, malignant lung lesions with false-negative findings on PET scan may be relevant tumors with low glycolytic activity (such as adenocarcinomas, bronchioloalveolar carcinomas, carcinoid tumors, and low-grade lymphomas), small-sized tumors (partial volume effect), or metastasized tumors with a mucinous component (relative low cellularity) (45). In pooled results from a meta-analysis, FDG-PET-CT had a diagnostic SEN of 0.89 [95% confidence interval (CI), 0.87–0.91] and an SPE of 0.70 (95% CI, 0.66–0.73) in the diagnosis of malignant solitary pulmonary nodules (29). Thus, at present, the evidence in the literature indicates only moderate ACC for FDG-PET-CT in differentiating malignant from benign pulmonary nodules. Further research is required to improve its reliability.

Recently, several studies have applied deep learning or machine learning approaches to conventional CT and FDG-PET-CT images to diagnose lung cancer (20–22). A study evaluated the performance of a deep learning system for the differential diagnosis of lung cancer with conventional CT and FDG-PET-CT by using transfer learning and metadata (46). The introduction of metadata and data on SUVmax and lesion size derived from PET-CT into baseline CT models improved diagnostic performance for models applied to CT images derived from PET-CT [area under the receiver operating characteristic curve (AUC) = 0.837 vs. 0.762] or conventional CT images (AUC = 0.877 vs. 0.817) models.

In our study, we sought to assess whether deep learning may be helpful in the differentiation of pulmonary nodules in FDG PET-CT imaging. In total, 112 patients with pulmonary nodules who underwent FDG PET-CT before surgery were enrolled retrospectively. The images of the lungs were automatedly extracted through deep HRRL without the aid of an expert. The deep convolutional networks were trained within a HRNet framework, which executes high-resolution classification instead of using the conventional segmentation method to provide more precise localization of image data.

The performance of two-dimensional (2D) and 3D networks were evaluated. According to a recently published study, the additional spatial dimension of the 3D network substantially improved the quality of the inference because the additional dimension allowed an equivalent 3D network to produce volumes with higher fidelity across all spatial dimensions. Therefore, we implemented the 3D model instead of the conventional 2D model. The lung images obtained were then fed to the HRRL algorithm to automatically classify the detected pulmonary nodules into malignant and benign ones, followed by an assessment of ACC. To our knowledge, our study is the first to determine the value of deep learning for the automated classification of pulmonary nodules on FDG-PET-CT images.

Conventional deep learning model architectures generally use a classification task model as the primary framework. When the image is being extended, its size is gradually compressed, which compromises its high-resolution representations. Therefore, we applied the conventional deep learning algorithm for the overall 3D image classification, which led to decreased diagnostic ACC and loss of features.

The proposed HRNet retains the high-resolution features. However, it is challenging to solve multiscale problems effectively by using only high-resolution representations. Therefore, we implement the proposed architecture to preserve high-resolution features. The network solves multiscale problems through continuous reduction, followed by multiscale fusions, to maintain the resolution of various scales. Therefore, in this study, HRNet used for lung image recognition did not lead to the loss of pulmonary nodule characteristics (47, 48).

With regard to the overall 3D image classification target processed in this study, the aforementioned reduced size feature causes the loss of regional lung features and decreases ACC.

High-Resolution Network maintains high-resolution features, but it is not easy to extract deep textural features using only high-resolution features. Therefore, the proposed architecture preserves high-resolution features. It aims to solve the multiscale problem through continuous shrinking. The architecture of HRNet is similar to that of ICLR’18-MSDNet, which works through multiscale fusion and preserves high resolution.

The main architecture of HRNet acts to integrate each branch of the feature map. The resolution of each feature map is different, and the actual operation involves the use of upsampling and downsampling to achieve integration. Although the resolution of each branch is different, the features are fused through the multiscale fusion method to extract meaningful information for overall 3D image classification.

Furthermore, we used 3D HRRL and compared the ACC values of two types of model input: The CT component of PET-CT input, and the combined PET-CT input based on FDG PET-CT imaging. Although most previous studies assessing the ACC of AI algorithm in differentiating malignant from benign lesions have taken advantage of a combination of different tests as the reference standard, such as clinical follow-up with additional imaging for some study participants and histopathology for others, surgical pathology was the sole definitive reference standard used for all individuals in this study.

The significant findings of our study are detailed as follows: First, deep learning might be a promising technique for the detection and differentiation of pulmonary nodules on FDG PET-CT images. Although our study only consisted of 112 patients, the AI algorithm generally gave accurate and reliable results. Second, the lung images could be extracted automatically through HRRL in the absence of any manual delineation. Third, the deep HRNet kept the high resolution of the images intact, unlike in other well-known AI models, such as VGG and ResNet, which compromised their resolution at each round of k-fold cross-validation (46). Fourth, the performance metrics of the combined PET-CT model were generally better than those of the model derived from the CT component solely.



CONCLUSION

This retrospective study indicates that automated 3D HRRL with FDG-PET-CT has promising performance in distinguishing between malignant and benign pulmonary nodules. One of the most significant strengths of the proposed deep learning algorithm is that it can potentially automatically detect and classify pulmonary nodules without any time-consuming manual annotation. However, this study had a limited number of participants, and an extensive multicenter study with external validation is required for further verification of the results.
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Background: This study evaluated the prognostic ability of 18F-fluorodeoxyglucose (18F-FDG) positron emission tomography (PET)/computed tomography (CT) in patients with stage IV adenocarcinoma lung cancer to detect protein death-ligand 1 (PD-L1) expression levels.

Methods: In total, 86 patients with stage IV adenocarcinoma lung cancer underwent 18F-FDG PET/CT imaging and PD-L1 expression evaluation before treatment from February 2019 to November 2020 at Bach Mai Hospital, Hanoi, Vietnam. The assessed patient characteristics in this study included sex, age, smoking status, epidermal growth factor receptor (EGFR) mutation, PD-L1 expression level, survival status, tumor, node, and metastasis (TNM) stage, and metastasis locations.

Results: The average age was 62.23 ± 9.51 years, and men and women represented 67.4% and 32.6% of the population, respectively. The EGFR mutation rate was 36%. PD-L1 expression was negative (detected in <1% of the tumor) in 40.7% of cases and positive in 59.3% of cases (detected in 1–49% of the tumor in 32.6%; detected in ≥50% of the tumor in 26.7%). The mean maximum standardized uptake value (SUVmax) was 11.09 ± 3.94. SUVmax was significantly higher in PD-L1–positive tumors than in PD-L1–negative tumors (12.24 ± 4.01 and 9.43 ± 3.22, respectively; p = 0.001). Receiver operating characteristic curve analysis revealed an area under the curve of SUVmax was 0.681 (95% confidence interval 0.570–0.793, p = 0.004). Compared with PD-L1–negative cases, SUVmax was significantly different in all PD-L1–positive cases (p = 0.001), weakly PD-L1–positive cases (1–49%, p = 0.005), and strongly PD-L1–positive cases (≥50%, p = 0.003). PD-L1 expression levels were significantly associated with SUVmax (p = 0.001), tumor size (p = 0.022), and EGFR mutation status (p = 0.045).

Conclusions: SUVmax in the primary lesions was able to predict PD-L1 expression and may play a role in predicting PD-L1 immunotherapy efficacy in patients with stage IV lung adenocarcinoma.

Keywords: lung cancer, adenocarcinoma, stage IV, FDG PET/CT, PD-L1, prediction, SUVmax


INTRODUCTION

Lung cancer is associated with high morbidity and mortality rates. According to GLOBOCAN 2020, lung cancer is the second-most frequent cancer type worldwide (11.4%), accounting for over 2.3 million new cases each year. Lung cancer is estimated to be the leading cause of cancer-related death in both sexes (1) and is the leading cause of cancer-related death in most developed countries (2).

Lung cancer is highly aggressive, rapidly developing, and has poor prognosis, with a 5-year survival rate of only 15% for both sexes (2). However, the majority of individuals are diagnosed at stage III, and late-stage diagnosis (stage IV) is particularly common in developing countries. In recent years, immunotherapy have become increasingly popular treatment options for late stage lung cancer. Testing for programmed death-ligand 1 (PD-L1) expression level should be routinely performed routinely to choose the most suitable treatment approach for patients with non-small cell lung cancer (NSCLC) (3).

Positron emission tomography (PET)/computed tomography (CT) is a nuclear medicine diagnostic tool that enables early detection, provides comprehensive information regarding disease stage, and has prognostic value in patients with NSCLC. Monoclonal antibodies have been developed that target PD-L1, a critical immune system checkpoint. The binding of programmed cell death protein 1 (PD-1) with PD-L1 induces T-lymphocyte depletion or death. The inhibition of this signaling pathway has been shown to increase T cell activity, boost antitumor immunity, and prevent tumor cells from evading host immune responses, representing a viable technique for successful tumor immunotherapy (4).

Numerous studies have been conducted worldwide to ascertain the relationship between the maximum standard uptake value (SUVmax) and PD-L1 expression. Our published research has not established any relationships between PD-L1 expression levels and SUVmax in patients with NSCLC. PD-L1 expression is higher in solid tumors, such as lung cancer, breast cancer, colorectal cancer, and liver cancer, than in other tumor types (5–9).

Limited data is available for late-stage NSCLC, especially stage IV. Additionally, little research has been conducted in Vietnam examining PD-L1 expression in NSCLC patients, and no existing studies in Vietnam have demonstrated a relationship between PET/CT values and PD-L1 expression levels. Therefore, this study evaluated the prognostic significance of 18F-fluorodeoxyglucose (18F-FDG) PET/CT values to predict different PD-L1 expression levels in patients with stage IV adenocarcinoma lung cancer.



MATERIALS AND METHODS

This cross-sectional study was conducted in patients with stage IV adenocarcinoma lung cancer treated at the Nuclear Medicine and Oncology Center and Pathology and Cytology Center, Bach Mai Hospital, from February 2019 to November 2020.

This study was approved by the Ethics Committee of Hanoi Medical University (accession No. NCS02/HMU-IRB), and written informed consent was obtained from all included patients. We included all patients with stage IV NSCLC with an adenocarcinoma histologic subtype treated at our hospital during the study period. Before treatment, patients underwent 18F-FDG PET/CT and were tested for PD-L1 expression and EGFR mutations. The normal functions of the liver, kidney, and bone marrow were recorded. All patients who agreed to participate in this study provided a complete medical record for study use. Exclusion criteria included lung cancer types and stages other than stage IV adenocarcinoma, no histologic sample from the primary tumor, or lack of EGFR mutation or PD-L1 testing. Patients whose primary tumors were not defined on 18F-FDG PET/CT were also excluded.

The patient characteristics assessed in this study included sex, age, smoking status, EGFR mutation, PD-L1 expression level, CEA level, Cyrfra 21-1 level, survival status, tumor, node, and metastasis (TNM) stage, and metastasis locations. Patients were asked to fast for 4 h prior to intravenous administration of 0.15 mCi/kg bodyweight 18F-FDG. PET testing was performed 45 min after 18F-FDG administration. 18F-FDG PET/CT was performed using an ECAT ACCEL (Siemens). Image slices were obtained and analyzed by Syngo Via software from the skull to midthigh vertex. The following variables were assessed using the PET/CT results: primary tumor size, TNM stage, and tumor characteristics. A region of interest (ROI) was manually placed on the lung lesion detected in PET/CT images, and SUVmax was obtained. Figure 1 shows one representative patient in our study with TNM staging according to PET/CT.


[image: Figure 1]
FIGURE 1. Representative 18F-FDG PET/CT images: (A) PET image. (B,C) Pleural tumor invasion was detected in the upper left lung with SUVmax or 10.17 (red arrow). (D) Mediastinal node metastasis (green arrow). (E) Brain metastasis (white arrow).


PD-L1 testing was performed at our institution by an expert pathologist. Samples were obtained from the primary tumor.


PD-L1 Expression

We followed the instructions provided in the “PD-L1 Immunohistochemistry Testing in Lung Cancer” manual distributed by the International Association for the Study of Lung Cancer (IASLC). Briefly, pathologists counted PD-L1–positive tumor cells, defined as complete circumferential or partial cell membrane staining. Cytoplasmic staining and tumor-associated immune cells, such as macrophages, were excluded from scoring. The tumor proportion score (TPS) was calculated as follows:

TPS (%) = (PD-L1–positive tumor cells / Total number of tumor cells) × 100. (https://www.accessdata.fda.gov/cdrh_docs/pdf16/p160046c.pdf).

The TPS was used to categorize PD-L1 expression status as follows: <1% (negative staining), 1%−49% (weakly positive staining), and ≥50% (highly positive staining). All tumors with TPS ≥1% were considered PD-L1–positive. Figure 2 shows representative images of the three PD-L1 categories.


[image: Figure 2]
FIGURE 2. Identification of PD-L1–positive tumor cells: (A) Negative staining (TPS < 1%). (B) Weakly positive staining (TPS 1–49%). (C) Highly positive staining (TPS ≥ 50%). PD-L1, programmed death-ligand 1; TPS, tumor proportion score.




Statistical Analysis

Statistical analyses were performed using SPSS, version 20.0 (SPSS Inc., Chicago, IL, USA). Data are presented as the number and frequency or the mean ± standard deviation (SD). The association between two continuous variables was analyzed by the Mann–Whitney U test or t-test. The association between two categorical variables was evaluated by the Chi-square test. Significance was established at p < 0.05.




RESULTS


Patient Population

The general characteristics of the study population are shown in Table 1. The average age was 62.23 ± 9.51 years, and 64% of patients were younger than 65 years. Men represented 67.4% of the study population. Smoking was reported by 44.2% of patients. EGFR mutations were detected in 36% of the study population. PD-L1 expression was negative in 40.7% of cases and positive in 59.3% of cases, including 32.6% with weak PD-L1 expression (1–49% of cells) and 26.7% with strong PD-L1 expression (≥50% of cells). The mean SUVmax was 11.09 ± 3.94. Other characteristics are summarized in Table 1.


Table 1. General patient characteristics (n = 86).

[image: Table 1]

The expression of PD-L1 was evaluated in 86 tumor samples by immunohistochemical analysis. A positive association was identified between SUVmax from 18F-FDG PET/CT imaging and PD-L1 expression. SUVmax was significantly higher in PD-L1–positive tumors than in PD-L1–negative tumors (12.24 ± 4.01 vs. 9.43 ± 3.22, respectively; p = 0.001). The ability of SUVmax to predict PD-L1 expression was determined (Figure 3) by performing receiver operating characteristic curve analysis, which showed revealed an area under the curve (AUC) of 0.681 (95% confidence interval [95% CI] = 0.570–0.793, p = 0.004).


[image: Figure 3]
FIGURE 3. The ability of SUVmax to predict PD-L1 expression.


Table 2 shows the relationship between SUVmax and PD-L1 expression. Significance differences were identified between SUVmax in PD-L1–negative and SUVmax for all PD-L1–positive cases (p = 0.001), weakly PD-L1–positive cases (1–49%, p = 0.005), and strongly PD-L1–positive cases (≥50%, p = 0.003). These relationships are displayed graphically in Figure 4.


Table 2. The association between SUVmax and PD-L1 expression.
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[image: Figure 4]
FIGURE 4. The relationships between SUVmax and PD-L1 expression.


Table 3 shows all the associations between patient characteristics and PD-L1 expression status. PD-L1 expression was significantly associated with SUVmax (p = 0.001), tumor size (p = 0.022), and EGFR mutation status. However, we found no associations with age, sex, carcinoembryonic antigen (CEA) level, cytokeratin 19 fragment (CYFRA 21-1) level, smoking, survival status, T stage, N stage, or any metastasis location (pleural, lymph, brain, liver, adrenal, bone, or other lung).


Table 3. Comparisons between patient characteristics and PD-L1 expression.

[image: Table 3]




DISCUSSION

18F-FDG PET/CT can reveal disease at the molecular level prior to the occurrence of anatomical structural alterations, detected via observing changes in metabolism. SUVmax measured by 18F-FDG PET/CT has excellent reproducibility and is widely available; therefore, this measurement is often used to establish precise diagnoses, perform TNM staging, plan radiation therapy, and monitor therapeutic effects for lung cancers in comparison with other imaging modalities such as computed tomography, magnetic resonance imaging, and scintigraphy (10–12).

Takada et al. demonstrated that the metabolic features of lung cancers expressing PD-L1 on 18F-FDG PET/CT were associated with other parameters, such as smoking status, pleural invasion, and SUVmax (13). In our study, we discovered no relationships between PD-L1 and smoking status, pleural invasion, or any other invasion type.

In our investigation, 18F-FDG PET/CT measurements were able to predict PD-L1 expression status in stage IV adenocarcinoma lung cancer patients, with an AUC of 0.681. This outcome differs slightly from results reported by Cui Y et al., who studied 73 patients with adenocarcinoma lung cancer and found an AUC of 0.855 for the prediction of PD-L1 expression using SUVmax (14). This difference could be due to differences in the patient populations between these two studies.

SUVmax has been found to be a prognostic indicator for both early and advanced NSCLC (15). A meta-analysis revealed that a high SUVmax is associated with poor OS in patients with NSCLC (16). Although we obtained survival data from the stage IV patients in our study, the OS rate is still being evaluated. Preoperative SUVmax at the primary lesion is a more accurate indicator of nodal metastases when a cutoff of 3 is used (17). Almost all patients in our study had an SUVmax > 3 because they were all in stage IV with metastases. Increased PD-L1 expression is associated with worse prognosis in patients with NSCLC (18), supporting the concept that enhanced PD-L1 expression in tumor cells facilitates the evasion of host immune monitoring, promoting disease progression (19). However, Kerr et al. demonstrated that increased PD-L1 expression was associated with better OS in patients with resected NSCLC (20). Thus, high PD-L1 expression has been associated with both favorable and adverse prognoses (20). PD-L1 expression was associated with poorer OS prognosis in a study examining the relationships between PD-L1 expression and various clinicopathologic factors in 90 resected NSCLC patients, including various adenocarcinoma subtypes (21). The preoperative SUVmax at the primary lesion measured during 18F-FDG PET/CT is a more efficient index of nodal metastasis than tumor size, and SUVmax can predict regional lymph node metastases (22).

In patients with early-stage lung cancer who are suitable for resection, preoperative SUVmax is associated with PD-L1 expression in NSCLC patients (22), as demonstrated in another study (13). An SUVmax of 8.6 is associated with PD-L1 expression (TPS 11%) and is an independent prognostic factor for OS in lung squamous cell carcinoma (23). Additionally, elevated PD-L1 expression and a high SUVmax (>11.2) are both independently associated with poor OS in surgical lung squamous cell carcinoma (24). A significant difference in OS was identified between individuals with lung adenocarcinoma with SUVmax of 2.9 (25).

Although clinical research studies examining the association between SUVmax and PD-L1 are limited, the findings remain controversial. Determining the relationship between PD-L1 expression and SUVmax can determine optimal treatment selection. Previous clinical trials have demonstrated that the expression of immune checkpoints, such as PD-L1, in various patient populations can predict treatment efficacy, including pembrolizumab vs. chemotherapy, pembrolizumab vs. platinum-based chemotherapy for advanced NSCLC (26–28). SUVmax is considerably higher in patients with positive PD-L1 expression than in those with negative PD-L1 expression (13). This finding suggests that combining the evaluation of PD-L1 expression and SUVmax in the primary tumor may help predict stage IV adenocarcinoma lung cancer prognosis.

Immuno-PET imaging may become a routine clinical assessment tool in this field in the near future. By defining tumors using TKI-PET and immuno-PET, we can tailor NSCLC therapy (29). Whole-body PD-L1 PET can also be conducted on NSCLC (30). We could obtain more detailed information on PD-L1 expression by using immune-PET because immune-PET delays the resolution of unresolved issues. Immune-PET can provide more precise information regarding PD-L1 expression while also consistently collecting the SUVmax of the primary site. This study may gain increased significance in the future as this imaging method becomes more regularly used.

Several limitations existed in this study. First, this is a cross-sectional study, which did not allow us to evaluate the response to treatment PD-L1–targeted treatment. Additional studies with larger, externally validated cohorts remain needed to elucidate the value of PD-L1 and SUVmax for evaluating treatment and prognosis. Second, glutamine transporters (GLUT1) and hexokinase II should be included in future investigations. Further studies are also essential to evaluate the value of FDG PET/CT in predicting immunotherapy response.



CONCLUSION

The SUV measured in the primary lesion was valuable for predicting PD-L1 expression status in stage IV adenocarcinoma lung cancer patients. Therefore, SUVmax may play a role in predicting the efficacy of PD-L1 immunotherapy in patients with stage IV lung adenocarcinoma.
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Background: Post-operative recurrence remains the strongest prognostic factor of resected hepatocellular carcinoma (HCC), making the accurate selection of patients with curable HCC a crucial issue. PET imaging combining both 18F-FDG and fatty acid synthase (FAS) radiotracers—such as Choline—has shown its interest for the initial staging and therapeutic management of patients with HCC, but its use is still not consensual. Importantly, the very first dual-tracer PET studies suggested 18F-FDG/FAS PET behavior be linked to the degree of differentiation of HCC, a major predictive factor of post-operative recurrence. Although this key molecular imaging concept may impact how dual-tracer PET will be used in early-stage HCC, its level of evidence remains largely unexplored. In this study, we conducted a systematic review of the available evidence-based data to clarify the relevance of dual 18F-FDG/18F-Choline PET in characterizing the degree of differentiation of HCC tumors.

Methods: A systematic search of the PubMed/Medline and Embase databases was performed up to November 2021. A systematic review of the dual-tracer 18F-FDG/18F-Choline PET behavior of histology-proven HCC according to their degree of differentiation was conducted. The overall quality of the included studies was critically assessed based on the STROBE guidelines. Information on study date, design, patient cohort characteristics, grade of differentiation of HCC tumors, and the dual-tracer PET behavior per HCC was independently extracted and summarized.

Results: From 440 records initially available, 6 full-text articles (99 histology-proven HCC) provided dual-tracer 18F-FDG/18F-Choline PET behavior per HCC tumor grade were included in the systematic review. Based on our analysis, 43/99 HCCs were reported to be well-differentiated, and 56/99 HCCs were reported to be less-differentiated tumors. In the well-differentiated subgroup, more than half were exclusively positive for 18F-Choline (51%), whereas 39% were positive for both 18F-FDG and 18F-Choline. In the less-differentiated subgroup, 37% of HCC patients were positive exclusively for FDG, 36% were positive for both 18F-FDG and 18F-Choline, and 25% were positive exclusively for 18F-Choline.

Conclusion: The 18F-FDG/18F-Choline dual-tracer PET behavior of uptake shows high overlap between well- and less differentiated HCC, making the characterization of tumors challenging based on such PET combination alone. Given our growing knowledge of the molecular complexity of HCC, further studies are necessary to refine our understanding of radiotracers’ behavior in this field and improve the usefulness of PET imaging in the clinical decision process of HCC.
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INTRODUCTION

Hepatocellular carcinoma (HCC), the most common primary liver cancer and the third leading cause of cancer death worldwide, represents a major health challenge (1). Chronic liver disease—cirrhosis—which can be related to alcohol, NASH, HBV or HCV infection, or less frequently primary biliary cholangitis, hemochromatosis, or α1-antitrypsin deficiency, is the strongest risk factor of HCC development, concerning more than 90% of the cases. The treatment strategy is currently mainly driven by the Barcelona Clinic Liver Cancer staging system (BCLC), a five-stage classification scale integrating the characteristics of the primary tumor (size, number of nodules), the disease extent (portal invasion, N+ and M+ status), the liver function (Child-Pugh), and the performance status (ECOG). Very early and early-stage HCC patients may benefit from various curative options (resection, ablation or liver transplantation), whereas more advanced stages are candidate to chemoembolization, systemic therapies including immunotherapy, or best supportive care. In early-stage HCC, post-operative recurrence remains the strongest survival prognostic factor (2) making the accurate selection of patients with curable HCC a crucial issue. Tumor differentiation is a major predictive factor of post-operative recurrence in HCC (3, 4). However, the histological analysis of tumor differentiation, which remains the gold standard, is currently carried out only in atypical cases. Conventional imaging is essential for the management of HCC patients (5–8), but its limited value in such atypical cases and the need for non-invasive biomarkers of tumor differentiation have progressively motivated the use of PET imaging in this field (9), while this functional imaging is still not consensually recommended. Because 18F-fluorodeoxyglose (18F-FDG) shows mitigated performance to detect HCC (10, 11) but excellent specificity for HCC metastases (9), PET radiotracers of fatty acid synthase (FAS) have been proposed as complements, such radiolabeled choline, the most widely used FAS-targeted radiotracer in clinical practice (12, 13). Although 18F-FDG and FAS PET radiotracers have shown their complementarity for the initial staging and treatment management of HCC patients (14–17) their combined use is still not consensual, making dedicated recommendations challenging (18).

The very first dual 18F-FDG/18F-Choline PET studies suggested 18F-FDG/FAS PET behavior be linked to the degree of differentiation of HCC tumors (19, 20). Although this key concept could impact the rational for using dual-tracer PET in HCC, its level of evidence remains largely unexplored. In this study, we conducted a systematic review of the available evidence-based data, to clarify whether 18F-FDG/18F-Choline dual-tracer PET behavior is a relevant imaging biomarker of tumor differentiation in HCC.



METHODS

This methodological study was conducted according to the PRISMA 2020 statement for systematic review reports (21).


Search Strategy

Two authors (JG and FLB) independently performed a comprehensive search of PubMed/Medline and Embase databases to find studies using 18F-FDG and 18F-Choline dual PET tracers for HCC purposes. The search strategy combined the following keywords: “HCC + PET” or “HCC + FDG” AND “HCC + Choline.” No starting date was used, and the search procedure was updated until 10 November 2021. Moreover, references of the retrieved articles were also screened for additional studies. The inclusion criteria were as follows: (i) articles exclusively in English; (ii) the combined use of 18F-FDG and 18F/11C-Choline dual PET tracers for each HCC tumor, in order to assess the dual-tracer PET behavior without a priori; (iii) histology-confirmed HCC diagnosis; and (iv) available description of HCC differentiation for each patient. All the articles not fulfilling the inclusion criteria mentioned above, together with review articles, editorials, letters, comments, or case reports, were excluded from the analysis. For each eligible study, the following information was independently extracted: study date; design; patient cohort characteristics, including sample size, number of patients with HCC, and number of HCC lesions per patient confirmed by histology (either by surgery or biopsy); delay time between the 18F-FDG and 18F-Choline PET acquisitions; histological differentiation of HCC; and dual PET radiotracer behavior of HCC patients per histological subtype. For all included studies, the same predefined definition of PET positivity was considered: any focal uptake superior to the locoregional background was considered positive, whereas iso or hypometabolic lesions were considered negative for the radiotracer of interest.



Quality Assessment of the Studies

The overall quality of each included study was critically assessed by two authors (JG and FLB) based on the “STROBE guidelines” (22). Because the dual PET tracer behavior according to the level of differentiation of HCC was never considered the primary outcome, a general standardized checklist of 22 items covering the overall quality statements of non-interventional studies (22) was independently applied by the two readers as follows: each item was quoted “yes” if present, “no” if absent, or “unclear” if the statement was equivocal. All disagreements between the two readers were resolved by consensus.



Ethics and Data

The need for ethical approval was waived due to the nature of the study (review article).




RESULTS


Literature Search

The PRISMA flow diagram of the literature search is provided in Figure 1. The comprehensive literature search from PubMed/MEDLINE and Embase identified the following records: 440 records using the “HCC + PET CT” keywords; 353 records using the “HCC + FDG” keywords; 192 records using the “HCC + Choline” keywords; and 19 records using the “HCC + FDG + Choline” keywords. Among the 19 articles, 12 were discarded due to study type (reviews n = 4), analysis of metastatic disease (n = 1), cholangiocarcinoma study (n = 1), use of Choline only in 18F-FDG-negative patients (n = 1), and preclinical studies (n = 2). At the end of the screening process, 7 full-text articles were retrieved. Among them, one article was discarded because no explicit HCC differentiation status per patient was provided (23), and two studies presented patient data overlap (20, 24). Of the two studies with patient data overlap, we discarded the second study (24). Finally, 6 full-text articles over the last 15 years (2006–2021) were included in the systematic review (14, 16, 19, 20, 25, 26).
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FIGURE 1. PRISMA flowchart of the systematic review.




Methodological Quality of the Included Studies

The overall quality assessment of the 6 included studies is shown in Figure 2. The studies were of limited quality with 12 items (55%) considered present (range = 9–16), 3 items (14%) considered absent (range = 0–6) and 6 items (27%) considered unclear after a double blinded reading (range = 5–11). In particular, only two studies provided a majority of unequivocal item statements for the results section (19, 26), and one study provided unclear or no information for the majority of the STROBE statements of the discussion section (25). Considering these statements, the level of evidence for the dedicated use of dual 18F-FDG/18F-Choline PET tracer for the characterization of HCC differentiation was considered a level 4–5 (grade C-D of recommendation) according to the Oxford Centre for Evidence-Based Medicine.
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FIGURE 2. STROBE quality assessment.




Qualitative Analysis (Systematic Review)

The main characteristics of the 6 included studies are provided in Table 1. The primary outcomes were as follows: the detection rate of 18F-FDG and 18F-Choline PET tracers for HCC tumors (16, 19); the diagnostic performance of 18F-FDG and 18F-Choline PET tracers for detecting and staging HCC in patients with chronic liver disease (14, 20); and the assessment of dual 18F-FDG and 18F-Choline PET with perfusion CT behaviors of HCC tumors (25). The dual radiotracer PET data of 99 biopsy-proven HCC patients were reanalyzed. The study samples were mainly limited with only two prospective studies reaching more than 20 histologically proven HCC samples (14, 20). Talbot et al. (20) included a case mix of 34 HCC patients (27 biopsy proven), 2 hepato-cholangiocarcinoma patients, 10 patients with other malignancies, and 8 patients with benign conditions. Castilla-Lièvre et al. (14) included 38 HCC patients (22 biopsy proven) with 4 cholangiocarcinoma patients and one adenoma patient. The other 4 studies exclusively focused on HCC patients. Among the pooled 99 HCC tumors, 43 were considered well-differentiated tumors, and 56 were considered moderate to poorly differentiated tumors. The classification used for tumor differentiation (Edmonson Steiner or WHO) was mentioned for only 57% of the HCC tumors as follows: biopsy for 14 HCC tumors (14, 16) surgery for 37 HCC tumors (14, 19), and a case mix of biopsy/surgery for the rest of the dataset without any information concerning the ratio. Additionally, 50 HCC patients were explicitly qualified as having unifocal HCC tumors (14, 16, 19), and 25 HCC patients were explicitly qualified as having multifocal HCC tumors (14, 16, 19, 25). In all studies, PET positivity was defined visually as non-physiological focal liver radiotracer uptake in four studies (14, 16, 19, 25), whereas one study also proposed a “photopenic” pattern for Choline PET positivity (20).


TABLE 1. Characteristics of the included studies with dual PET tracer.
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The 18F-FDG and 18F-Choline PET tumor behaviors according to the differentiation of the tumors are shown in Table 2. In the well-differentiated subgroup, 51% were exclusively positive for 18F-Choline, 39% were positive for both 18F-FDG and 18F-Choline, and only 5% were exclusively positive for FDG. Two patients were negative for the two PET radiotracers (20, 26). In the poorly differentiated subgroup, 37% of HCC patients were exclusively positive for 18F-FDG, 36% were positive for both 18F-FDG and 18F-Choline, and 25% were exclusively positive for Choline. One patient was considered negative for both radiotracers (20).


TABLE 2. Dual PET radiotracer behaviors function of HCC level of differentiation.
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Five studies also performed SUV-based semiquantitative analyses (14, 16, 19, 25, 26) with discrepant results. In one study, no significant difference was observed between the 18F-FDG or 18F-Choline signal-to-noise ratio irrespective of the HCC level of differentiation (16). Yamamoto et al. found no significant difference in radiotracer uptake between the histological subgroups (19). Tulin et al. reported a significant difference in radiotracer uptake according to the liver areas (well-differentiated HCC, poorly differentiated HCC, or normal parenchyma) (25). Chotipanich et al. found a significant difference between well- and poorly differentiated HCC only for 18F-FDG (26). The last study did not perform any comparative analyses (14).




DISCUSSION

Based on our analysis of the literature data, well-differentiated HCC patients were positive for 18F-FDG in approximately 44% of the reported cases and positive for 18F-Choline in 90% of the reported cases. For the less-differentiated HCC tumors (moderate to poorly differentiated HCC), 73% of reported HCC cases were 18F-FDG-positive, and 61% of reported HCC cases were 18F-Choline-positive. Among the 56 less differentiated tumors considered in the present study, 16 were explicitly mentioned as poorly differentiated HCC, of which 100% were 18F-FDG-positive and 31% were 18F-Choline-positive. However, the 8 poorly differentiated tumors all considered 18F-FDG-positive and 18F-Choline-negative in one study had no information regarding the motivation of their inclusion criteria (25). Focusing on the 8 remaining poorly differentiated HCC patients (16, 19, 26), 100% were reported to be positive for 18F-FDG, of whom 63% were also positive for 18F-Choline. Moreover, more than one-third of patients showed dual PET tracer positivity regardless of the degree of HCC differentiation.

A trend toward an inverse gradient of dual-PET HCC tumor behavior has been previously suggested (16, 20), but our systematic review showed that a strong mirrored dual-PET tumor behavior according to HCC differentiation should be considered with caution. First, the lack of standardized histological grading of HCC remains a major issue. Although Edmonson Steiner and WHO classifications share similarities (4-level grades and structural/cellular features), the respective definitions for well- and less differentiated grades are not fully concordant with a related impact on subgroup outcomes (27). In our systematic review, only two of the six included studies explicitly mentioned either Edmonson Steiner (19) or WHO (14) classifications (39% of the included HCC). As 61% of the biopsy-proven reported HCC cases were potentially a blinded case mix of ES/WHO definitions, any generalizability of 18F-FDG/18F-Choline dual PET tracer behavior according to HCC grading would be ambiguous. Second, a significant association between glucose metabolism assessed by FDG PET and microvascular invasion (MVI), another strong prognostic factor in HCC (28, 29), has been widely reported (23, 30–32). Surprisingly, Kornberg et al. reported that 14 of the 16 HCC patients who were positive for 18F-FDG PET had MVI (87.5%), of whom only 1/3 were poorly differentiated (5 patients) (30). Although an extensive review by Gouw et al. showed that high-grade tumors but also tumor size and number of nodules to be predictive of MVI (33), MVI has also been reported in 29% of HCCs with a size ranging from 2 to 5 cm (34). Sabaté-Llobera et al. reported that the ratios of well- to less differentiated tumors ranged from 1.3 in the 18F-FDG-positive group to 5.7 in the 18F-FDG-negative group (31). However, nearly 50% of 18F-FDG-positive cases in the present study were well-differentiated HCC. Consequently, 18F-FDG PET positivity may reflect both MVI and tumor differentiation, which are two prognostic factors that are not highly interlinked. Third, studies by Okazumi, Torizuka, and Trojan (35–37) have suggested that a loss of FDG 6-phosphatase activity in undifferentiated tumor cells explains the higher 18F-FDG avidity of poorly differentiated HCC. Importantly, the studies by Okazumi and Torizuka were mainly dynamic PET studies (35, 36). The tissue behavior of advanced PET kinetic parameters, especially k3 or k4 microparameters, cannot be directly extrapolated to static PET metrics, such as SUV, a surrogate of the glucose retention index in cells. Trojan et al. reported that the 18F-FDG uptake (SUV) was more efficient not only in poorly differentiated tumors but also in large tumors and elevated AFP (37). In particular, the vast majority of the reported FDG-positive tumors also showed multiple nodules, all being predictive factors of MVI (38).

Evidence-based analysis of the literature over the past 20 years suggests complex interlinks between tumor grade and MVI, and the related FDG PET behaviors in HCC patients. In contrast, 18F-Choline appears not as informative as 18F-FDG to characterize tumor aggressiveness in HCC patients. In 29 HCC patients, Mulé et al. showed a higher 18F-FDG uptake for MVI-positive HCC cases compared to MVI-negative HCC cases (SUVr 2.65 vs. 1, p = 0.003) without any significant difference in 18F-Choline uptake (39). This lack of prognostic significance of 18F-Choline was also reported by Castilla-Lièvre et al. (14). Notably, a combined photopenic 18F-Choline with a positive 18F-FDG-PET pattern has been suggested to be a pejorative prognostic factor of HCC recurrence (24). In light of this methodological review, the question of the leading prognostic value of 18F-FDG PET arises. The biological significance of glucose- and Choline-based PET tracer behaviors in HCC patients remains poorly understood.

Recently, a better understanding of biological pathways of HCC tumors has led to the emergence of a new molecular-based classification of HCC, dichotomizing the tumors into proliferation and non-proliferation classes based on their multidimensional molecular pattern (40–45). While the proliferative class is characterized by poorly differentiated tumors, high vascular invasion, and elevated AFP, the non-proliferative class corresponds to well to moderately differentiated tumors, less vascular invasion, and lower level of AFP. In both groups, the characteristics of T-cell infiltrates further define four immune-related subclasses (46). Because the characterization of tumor heterogeneity at the molecular level is emerging in HCC (47, 48), the powerful capabilities of vectorized PET molecular imaging in this field would gain in relevance. Although several 18F-FDG/FAS studies emphasize the clinical usefulness of PET to manage HCC patients (17, 49), future multitracer PET studies are mandatory to better understand the deep biological meaning of multitracer PET behavior in this field.

Our systematic review had several limitations. The limited number of dual 18F-FDG/18F-Choline PET articles with available per patient-based HCC tumor differentiation hampered any quantitative analysis. However, our pooled semiquantitative analysis revealed the high overlap of 18F-FDG/18F-Choline PET behavior between well- and less differentiated HCC. Additionally, we did not include acetate PET studies in this systematic review (11, 50–52). Initially, evaluated in cardiac (53) and urological oncology settings (54, 55), acetate shows a biodistribution quite similar to that of Choline. Although both substrates are fed into fatty acid synthesis, also known as the Kennedy pathway (56–58), Choline and acetate have various other biological functions (59, 60), making them not strictly comparable. Additionally, 18F-Choline is currently the most widely used FAS-targeted PET tracer of HCC in clinical practice, which is why we focused on this PET radiotracer in this study.



CONCLUSION

The 18F-FDG/18F-Choline dual-tracer PET behavior of uptake shows high overlap between well- and less differentiated HCC, making the characterization of tumors challenging based on such PET combination alone. Given our growing knowledge of the molecular complexity of HCC, further studies are necessary to refine our understanding of radiotracers’ behavior in this field and improve the usefulness of PET imaging in the clinical decision process of HCC.
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Background SUVpmean Background variability % SUVpnax SNR TBR

OSEM_2 7.62 8% 19.06 268.20 262
R201 7.56 8% 20.82 281.92 288
R207 756 8% 20.78 294.46 2.87
R214 7.57 8% 20.73 309.71 286
R221 757 7% 20.68 325.63 285
R228 7.60 7% 20.63 341.02 285
R235 7.60 7% 20.57 357.25 284
R242 7.60 6% 20.53 373.98 2.83
OSEM_3 7.56 7% 18.94 207.89 261
R301 761 8% 20.98 299.67 2.89
R307 761 8% 20.95 305.71 2.89
R314 768 7% 20.92 317.58 2.88
R321 7.58 7% 20.89 320,07 2.88
R328 7.62 7% 20.90 339.40 2.88
R335 7.61 7% 20.85 352.69 288
R342 761 6% 20.81 364.06 2.87

SUV, standardized uptake value; SNR, signal-to-noise ratio; TBR, tumor-to-background ratio.
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Benign group nant group p-value

Age (y) 6193 7.41(47-75) 71024858 (52-91) p=0.001
PSA(ng/ml)  15.67 % 18.43 (0 = 16) 135.98 % 282,92 (n = 87) p = 0.004
PSA (ng/mi) 282£4.45(1=14) 11.18£11.49(1=35)" p=0001
{PSA/tPSA 0.164 £0.086 (1= 14) 0.132+0840(n=27) p=0247
Prostatic 409+£0.96 2031+ 1574 p <0.001
SUVmaxi

Prostatic 463+ 134 2453 + 16.38 p <0001
SUVmax2

Location of lesion in prostate

Peripheral zone 7 (46.7%) 12 (29.3%)

Central zone 5(33.3%) 3(7.3%) p=0006
Peripheral zone+ 3(20.0%) 26 (63.4%)

central zone

"6 patients have tPSA >100ng/mi, 2 >1,000ng/mi; *5 patients have PSA >30ng/ml.
The limit values were used in statistics.
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Characteristic No. Prostatic Seminal Other adjacent Lymph node Bone Other

SUVmax vesicle organ metastasis metastasis metastases”
involvement involvement*
Gleason score 30 p=0550 16 8 23 13 4
1(<6) 4 0 1(12.5%) 28.7%) 3(28.1%) 2 (50%)
2@+4=7) 3 243226 2(125%) 0 28.7%) 2(15.4%) 1(25%)
3@4+3=7) 2 (@s<7) 0 0 0 0 0
4@d+a=8 9 173+ 124 6(37.5%) 4(50%) 8(34.8%) 2(15.4%) 0
5(or10) 12 213:£159 8(50%) 3(37.5%) 11(47.8%) 6(46.2%) 1(25%)
AJCC prognostic stage P p=0.700 23 11 29 19 7
2A 5 201148 0 0 o 0 0
2B 3 0 0 0 0 o
A 14 193 121 10 (43.5%) 3(37.5%) 14 (48.3%) 0 0
4B 19 211189 13 (56.5%) 8(62.5%) 15 (61.7%) 19 (100%) 7 (100%)

“Other adjacent organ involvement include 11 blacider involvement, 1 combined with rethra and corpus spongiosum penis involvement, 1 right ureter and recturn involvement, 1 right
ureter involvement, and 1 rectum involvement.

*Other distant metastases include 4 patients with biateral lung metestases, 1 patients with bilateral lung metastases and liver metastases, 2 patients with muscle metastases (1 right
obturator, 1 right psoas major).

GS: Gleason score.
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Scores

Descriptions

Excellent image quality, almost free of noise, ideal contrast
and sharp border

Good image quality, and its noise cid not affect the
identification and diagnosis of the lesion at all

Moderate image quality, obvious noise, and sufficient lesion
delineation to make a diagnosis

Barely acceptable, and the noise was large, which affected
the diagnosis

The worst image quality and could not be used for
diagnosis at all
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Patient number Age (years) Gender

1 a7
2 44
3 38
4 57
5 38
6 31
7 34
8 48
9 27
10 30
1 64
12 15
13 63
14 67
15 73
16 66
17 75

NET, neuroendocrine tumor; CBT, carotid body tumor:

ZZTmMEZTNEENNE

=

Tumor location

Pancreas NET
Adrenal
pheochromocytoma
Adrenal
pheochromocytoma

Pancreas NET

cBT

Pancreas NET
Pancreas NET
Pancreas NET
Pancreas NET

Pelvic NET

Pancreas NET
Hypophysoma
Pheochromocytoma
Highly differentiated
neuroendocrine tumor of
the left laryngeal wall
Mediastinal NET

Small cell NET of the left
neck

Left groin NET

Ki-67

3%
20%

8%

5%
3%
10%
10%
8%
2%
8%
1%
10%
12%
10%

80-90%
40%

20%

NET grade

G2
G2

G2

G2
G2
G2
G2
G2
G2
G2
G1
G2
G2
G2

G3
G3

G2

The number of lesions
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Eligible participants undergoing integrated FDG
PET/CT with pulmonary nodules (PN) from 30
December. 2008 through 30 July. 2010 (N=128)

Lesion annotation

® Diagnosis determined by surgical pathology

® Without complete surgical pathology reports were
excluded (N=16)

® SUVmax value + Maximum diameter (mm)

® 2 Nuclear Medicine specialist + 1 Radiologist (N=112)

\ 4

Image Processing
Feature redundancy reduction

/

Deep learning models Deep learning models
with CT Images with PET Images
256*256*96 64%64*96
Resize
256*256*96
Per Model Analysis

® High-Resolution Network (HRNet)
® Residual Neural Network (ResNet)

Compare the performances of the deep
learning (DL) models
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Characteristic

Year
Sex
Female
Male

SLN diameter on CT
(mm)
Long axis

Short axis
Smoking history
Current

Former

Never
Metastatic site

Supraclavicular lymph
node

Neck lymph node
Bone
Pleura

Liver
Brain

Value

63(47-77)

24 (44.4%)
30 (55.6%)

17.9 (6.1-46.5)
12.9 (4.9-32.0)

35 (64.8%)
5(9.3%)

14 (25.9%)

52

21
18
13

1
6
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Diagnosis

CECT positive
CECT negative
CEMR positive

CEMR negative

Malignant

PET/CT positive

86

12

29
1

PET/CT negative

ISR

PET/CT positive

2
1
3
0

Benign

PET/CT negative

16

62
9

36
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Sensitivity  Specificity

CECT® with CA19-9 (n = 161)
CECT 83.2%
CA19-9 74.79%NS:
CECT/CA19-9 958%™
CECT +CA19-9 621%™
CEMR? with CA19-9 (n = 71)
CEMR 90.0%
CA19-9 86.7%NS
CEMR/CA19-9  100.0%NS
CEMR + CA19-9  76.7%"
CECT® with CEMR (n = 45)

GECT 88.2%
CEMR 100.0%MS:
CECT/CEMR 100.0%NS
CECT + CEMR 88.2%

83.3%

62.1%"
48.5%"*
97.0%"

78.0%

58.5%NS-

39.0%"
97.6%"

85.7%
85.79%MNS:

75.0%NS:

96.4%NS:

Accuracy

83.2%
69.6%
76.4%
76.4%

83.1%
70.4%
64.8%
88.7%

86.7%
91.1%
84.4%
93.3%

PPV

87.8%
74.0%
72.8%
96.7%

75.0%
60.56%
54.5%
95.8%

78.9%
81.0%
70.8%
93.8%

NPV

77.5%
63.1%
88.9%
64.0%

91.4%
86.7%
100.0%
86.1%

92.3%
100.0%
100.0%
93.1%

Statistical significance compared with test® : ***P < 0.001; **P < 0.01; *P < 0.05; N.S.

= not significant.

When equal, McNemar test is inapplicable.
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PET/CT false-positive (FP)

Pancreatitis
Chronic pancreatitis

Chronic lymphoplasmacytic pancreais
Autoimmune pancreatitis

Inflammatory lesions

Pancreatic tuberculosis

Benign mass*

PET/CT false-negative (FN)

By histology
Well-differentiated adenocarcinoma
Medium-wel-diferentiated adenocarcinoma
Medium-well-differentiated tubular adenocarcinoma
Medium differentiated ductal adenocarcinoma
Poor differentiated mucinous cystadenocarcinoma
Adenocarcinoma (unspecifiec)
Solid-pseudopapillary carcinorma (SPT)
Multiple metastasis found during operation

By clinical follow-up

P N SR

20

[ P

*1 case refuse to carry out biopsy and was clinically diagnosed as benign by multi-

disciplinary consultation, cured after supportive treatment (follow-up >16 months).
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PET/CT (1 = 467)
PET/CT* with CA19-9 (n = 358)
PET/CT

CA19-9

PET/CT/CA19-9

PET/CT + CA19-9

CECT with PET/CT (n = 191)
CECT

PET/CT

PET/CT//CECT

PET/CT + CECT

CEMR® with PET/CT (n = 82)
CEMR

PET/CT

PET/CT // CEMR

PET/CT 4+ CEMR

Statistical significance compared with testA:***P < 0.001; *'P < 0.01; *P < 0.05; N.S. = not significant.

Sensitivity

91.9%

90.5%
80.0%"
97.4%"
73.2%"

83.6%
89.196NS-
94.5%"

78.2%"

91.2%
88.29%NS
94.19%NS:
85.3%S:

When equal, McNemar test is inapplicable.

Specificity

96.3%

95.2%
69.0%"
64.3%"
100.0%"*

77.8%
96.3%""
76.5%NS-
97.6%"*"

75.0%
93.8%"
75.0%
93.8%"

Accuracy

94.0%

92.7%
74.9%
81.8%
85.8%

81.2%
92.1%
86.9%
86.4%

81.7%
91.5%
82.9%
90.2%

PPV

96.6%

95.6%
74.5%
75.6%
100.0%

83.6%
97.0%
84.6%
97.7%

72.1%
90.9%
72.7%
90.6%

NPV

91.3%

89.9%
75.3%
95.6%
76.7%

77.8%
86.7%
91.2%
76.7%

92.3%
91.8%
94.7%
86.5%
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Organ (Mean  SD, %ID/g)

Blood
Heart

Lung

Liver

Spleen

Kidney
Stomach
Smallintestine
Large intestine
Muscle

Bone

Brain

Tumor

30 min

0.38+0.14
0.17 £0.08
037 £0.31
0.21+£0.12
015+ 0.11
15.48 + 1.60
0.09 +0.06
0.12+0.10
0.07 £ 0.04
0.11£0.04
0.51+0.22
0.03 £0.01
1.27 £ 064

60 min

0.24 £0.06
0.12£0.08
022 £0.12
021 £0.11
0.14 +0.06
1741 £2.17
0.05 +0.02
0.07 £0.08
0.05 +0.08
0.09 £0.04
0.63 £ 0.40
0.04 £0.08
1.46 £0.65

120 min

0.11£0.06
0.10 £0.03
0.14 £0.06
0.17 £0.08
0.15£0.11
18.97 + 4.82
0.05 4+ 0.01
0.07 £0.02
0.194£0.12
0.09 £0.02
0.48 £0.23
0.08 £0.01
1.35 £0.07
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Organ (Mean = SD, %ID/g)

Blood
Heart

Lung

Liver

Spleen
Kidney
Stomach
Small intestine
Big intestine
Muscle

Bone

Brain

Tumor

30 min

0.51+0.04
0.23+0.01
0.40 £ 0.05
0.41 £0.02
027 £0.01
16.72 +3.53
0.15+0.01
0.18 +£0.01
0.094 001
026 +0.03
0.39 £ 0.06
0.03+0.01
0.27 £ 0.02

60 min

0.28 +0.01
0.14 £0.01
0.24 £0.05
0.24 +0.02
0.16 £0.01
17.80 £ 1.75
0.09 £0.08
0.07 £ 0.02
005 0.02
0.14 £0.01
0.34 +0.09
0.01£0.01
0.16 £0.01

120 min

0.11£0.01
0.07 £0.01
0.13£0.01
0.40 £0.04
0.21£0.01
17.88 £+ 1.10
0.07 £0.02
0.14 £0.02
005001
0.10£0.03
0.32 £0.04
0.06 £0.02
0.16 £0.01
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issue diagnosis

Adenocarcinoma
Squamous cell carcinoma
‘Small-cell lung cancer
Lymphorna

Tuberculosis

Hyperplasia
Non-diagnostic

Number

42 (77.7%)
3(5.5%)
5(9.2%)
1(1.9%)
1(1.9%)
1(1.9%)
1(1.9%)
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Parameters Auc Pp-value Threshold Youden'sindex  Sensitivity Specificity Accuracy

(C195%) (C195%) (C195%) (C195%)
Ki™ 0.787 0.028" 0.131 0.48 0.48 1 063
(ml/com/min) (0.607-0.911) (0.27-0.69) (0.66-1) (0.44-0.79)
k2 0785 0.028" 0.085 061 061 1 072
(min ") (0.604-0.910) (0.39-0.80) (0.66-1) (053-0.86)
TP 0775 0028 133 050 061 089 069
(min) (0.594-0.903) (0.39-0.80) (0.52-1) (050-0.84)
TBRmax 0551 0.104 27 032 043 089 056
(0.366-0.726) (0.20-0.59) (0.52-1) 0.38-0.74)
TBRmean 0575 0.104 20 0.19 030 089 047
(0.388-0.747) 0.18-0.53) (0.52-1) (0.29-0.65)

-value < 0.05 with false discovery rate adjustment = statistically significant for AUC compared to 0.500.
p-value < 0.05 with false discovery rate adjustment = statistically significant for pairwise comparison of ROC curves with TBRmax.
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Parameters IDH mutation status p-value

IDH-mutant (1 = 16)  IDH-wildtype (n = 16)

median K1 0.088,0.055-0578  0.154,0.067-0452  0.049*
(mcemvmin),

range

median k2 (min"),  0.064,0.027-0.155  0091,0.046-0.180  0.088*
range

median TTP (min), 16.0,3.0-20.0 75,1.25-200 0.003*
range

median TBRmax, 21,1462 30,1551 0.049*
range

median TBRmean, 15,0850 1.7,1.0-40 0.160
range

“p-value < 0.05 with faise discovery rate adjustment = statistically significant.
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Characteristic

Age (years), median (range)

Gender (N = 14)
Male
Female

Tumor types (N = 14)
Astrocytomas-IDH mutant
Oligodendrogliomas/1p19g-codeleted-IDH mutant
IDH-wild-type glioblastomas

WHO grading of each biopsy sites (N = 32)
I
1]
Y

K1 (m/cenvmin), median (range)

K2 (min™"), median (range)

TTP (min), median (range)

TBR max, median (range)

TBRmean, median (range)

Value

40 (23-66)

9(64%)
5(36%)

6(43%)
2(14%)
6(43%)

9(28%)
18 (66%)
5(16%)
0.103 (0.055-0.578)
0.082 (0.027-0.180)
15,0 (1.25-20.0)
23(1.4-6.2)
1.6 (0.8-5.0)
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Parameters WHO Grade p-value

LGG (n=9) HGG (n = 23)
median K1 0.074,0.055-0.131  0.124,0.086-0.578  0.025*
(ml/cem/min), range
median k2 (min~"), 0.063,0.027-0085  0.093,0.043-0.180  0.025*
range
median TTP (min), 15.0, 10.0-200 100,125-200  0.025*
range
median TBRmax, range 22,1787 2.4,1.4-62 0681
median TBRmean, 17,1227 1.6,0.8-5.0 0.670
range

*p-value < 0.05 with false discovery rate adjustment = statistically significant.
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Radioligand Structure Parent In vitro 1C50 (WM)  In vitro results In vivo model In vivo results References
molecule models/cell lines
18F.3 Celecoxib COX-2-: HCT-116 0.16 Affinity in the range of NU-Fox1nu mice 3-fold higher accumulation (24)
Fluoromethyl- COX-2+: celecoxib's (ICso = bearing 1483 or in the COX-2+ expressing
celecoxib o RAW 264.7* 0.03M). No blocking HCT-116 cells tumor vs. COX-2-
N experiment available. or muscle. Accumulation
. /O/ was inhibited by
celecoxib pre-treatment
18F-4 Celecoxib COX-2+: HCA-7 0.36 Significant uptake after NIH-lll mice bearing Maximum T/M ratio of 1.4 ©5)
fluoromethyl- \0\3_« 60 min. No inhibition HCA-7 cells 10min p.. High intestinal
celecoxib : observed after uptake.
derivative pre-treatment with celecoxib
1e-5 o) Coxib-like COX-2-: RAW264.7 0.005 High selectivity for COX-2 NMRI nu/nu mice T/M ratio of 1.7 (60 min p.i.) (26)
[11CImethoxy-1, COX-2+: HT-29 over COX-1 (x2000). In bearing HT-29 cells Poor specificity (no effect of
2- HT-29 cell cuttures, pre-treatment with a non-
diaryloyclopentane Gelecoxib pre-treatment radioactive competitor).
reduced radioactivity uptake Fast metabolism (98 %
HCo.s by 40% to 60%. eliminated 60 min p.i).
High intestinal and fat
tissue uptake
8F-6 nees. kvoz“' Celecoxib COX-2-: HCT-116 0.007 Better in vitro affinity and NIH-Ill nude mice 50% decrease of ©n
Pyricoxib U\g} & COX-2+: HCA-7 specificity than ts bearing HCA-7 radotracer uptake in
parent, celecoxib. Higher xenografts with or COX-2+ tumors after
- uptake in HCA-7 cells than  without celecoxib pre-treatment
HCT-116 cells. Maximum pre-treatment. Control  with celecoxib. T/M ratio of
uptake reduction of 65% group: NIH-ll nude 225 (4 hp.i) High
when pre-treated with mice bearing HCT-116 intestinal uptake.
non-radioactive coxib. cells.
18F-6-8 e Celecoxib COX-2+: HCA-7 6:0.007  Similar in vitro properties HCA-7 xenografts PET acquisitions displated ©8)
7:0039  (ipophilicity, affinity, administered to NIH-ll  a substantially higher
' 8:0.02 specificity). Higher uptake nude mice uptake of ['®F]6 than 7
e for compound 6 > 7 > 8. and 8, with a T/M ratio of
1.19 (1 h p.i). High
[ 4 intestinal uptake
18F-9 ,.,_Q_(’::' 5-azido-pyrazole  COX-2+4: HCA-7 0.09 COX-2/COX-1 selectivity NIH-lll mice bearing Pre-treatment with ©9)
Triacoxib "Y’>—°": ratio > 1,000. Pre-treatment  HCA-7 xenograft celecoxib induced a
with celecoxib induced a decrease of 20% of
- ,O/ decrease of 47% in the the uptake. T/M ratio of
uptake. 1.49 (1 h p.i. Unspecific
binding in lipid rich tissues.
18F-10 " 2,3-diaryl indole COX-2+: HT-29 1.2 High uptake in COX-2+ NMRI nu/nu mice No substantial (30)
based on COX-2 cell lines. Pre-treatment with  bearing HT-29 accumulation of the
inhibitors celecoxib induced a xenografts radioligand in COX-2+
e decrease of 80% in the xenografts. High intestinal
W uptake. Low specificity uptake.
(COX-2/COX-1 ratio of 5.5);
125142712412 3_6 indomethacin COX-2 / 125142 COX-2+/COX-2- HT-29 and HCT-116 124142 Normalized uptake (31)
indomethacin AW, Celecoxib: HCT-116 uptake ratio of 7.6 xenografted SCID mice  (kBeyg tissue) was
amide Il COX-2+: HT-29, Pre-treatment with approximately 5-fold higher
HEK, HUVEG celecoxib induced a in HT-29 tumors than in

decrease of 70% in
the uptake.

HCT-116 tumors. T/M ratio
was more than 50-fold
higher in HT-29 xenografts
compared to

HCT-116 xenograts. pPET
imaging highiighted a
predominantly intestinal
uptake (no quantitative
results available).

The table summarizes for each probe: chemical structure, parent molecul, (Cso, cell lines used for in vitro studies and conclusion of these studies, models used for precinical studies and conclusions, reference article. Cell lines with
high COX-2 expression: HT-29, Human colorectel adenocarcinoma cells; HCA-7, Humen colon adenocarcinoma cells; HUVEC, humen umbilical vein endotheliel cell: HEK, human embryonic Kicney. Celllines with low COX-2 expression:
HCT-116, human colorectal carcinoma cells; "RAW264.7, murine macrophage cell line. Low basal COX-2 expression, but that can be induced, for instance with y-interferon and lipopolysaccharide.
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Malignant cases o

Pancreatic ductal adenocarcinoma (PDAC) 9
Serous/Mucinous cystadenocarcinoma

Intraductal papillary mucinous neoplasm (IPMN) with 2
atypical hyperplasia

Tubular adenocarcinoma 10
Adenocarcinoma (unspecified) 44
Solid-pseudopapillary carcinoma (SPT) 2

IPMN-related invasive carcinoma - ductal
adenocarcinoma with neuroendocrine microadenomas

Undifferentiated carcinoma 1

Found multiple metastasis intraoperatively 18
Limited sample* 2

Benign cases 51
Pancreatitis

Acute pancreatitis

Chronic pancreaitis 14
Chronic ymphoplasmacytic pancreatitis
Pancreatic pseudocyst 2
Autoimmune pancreatitis 3
Pancreatic benign tumor
Serous/Mucinous cystadenoma 7
Giant Pancreatic lipoma
Pancreatic tuberculosis 2
Normal pancreatic tissue/no cbvious lesion was 16
observed™

*Two patients without positive finding e to limited sample of biopsy, but then diagnosed
as pancreatic cancer during clinical follow-up.

**Sixteen patients without significant abnormal finding on biopsy or multiple imaging’s,
and were cured after treatment.
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Total
Sex
Male
Female
Age
270y
<70y
Location of lesions on pancreas
Head/neck
Body/tail
Whole pancreas
Diffused/multiple lesions
Not obvious
Clinical stage
i
(0%

Malignant

248

162
86

64
184

102
133

98
150

Benign

219

181
88

28
191

7
7
42
1
18

Al cases (%)

467

293 (62.7)
174 (37.9)
57.79 + 1268y
92(19.7)
375 (80.9)

179(38.9)

204 (43.7)

49(10.5)
17 (36)
18(3.9)

OR
P-value

OR=127
P=025

OR =237
P <0.001
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