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Purpose

To investigate the added value of 6-(18F]-fluoro-L-3,4-dihydroxyphenylalanine (FDOPA) PET to radiotherapy planning in glioblastoma multiforme (GBM).



Methods

From September 2017 to December 2020, 17 patients with GBM received external beam radiotherapy up to 60 Gy with concurrent and adjuvant temozolamide. Target volume delineations followed the European guideline with a 2-cm safety margin clinical target volume (CTV) around the contrast-enhanced lesion+resection cavity on MRI gross tumor volume (GTV). All patients had FDOPA hybrid PET/MRI followed by PET/CT before radiotherapy planning. PET segmentation followed international recommendation: T/N 1.7 (BTV1.7) and T/N 2 (BTV2.0) SUV thresholds were used for biological target volume (BTV) delineation. For GTV-BTVs agreements, 95% of the Hausdorff distance (HD95%) from GTV to the BTVs were calculated, additionally, BTV portions outside of the GTV and coverage by the 95% isodose contours were also determined. In case of recurrence, the latest MR images were co-registered to planning CT to evaluate its location relative to BTVs and 95% isodose contours.



Results

Average (range) GTV, BTV1.7, and BTV2.0 were 46.58 (6–182.5), 68.68 (9.6–204.1), 42.89 (3.8–147.6) cm3, respectively. HD95% from GTV were 15.5 mm (7.9–30.7 mm) and 10.5 mm (4.3–21.4 mm) for BTV1.7 and BTV2.0, respectively. Based on volumetric assessment, 58.8% (28–100%) of BTV1.7 and 45.7% of BTV2.0 (14-100%) were outside of the standard GTV, still all BTVs were encompassed by the 95% dose. All recurrences were confirmed by follow-up imaging, all occurred within PTV, with an additional outfield recurrence in a single case, which was not DOPA-positive at the beginning of treatment. Good correlation was found between the mean and median values of PET/CT and PET/MRI segmented volumes relative to corresponding brain-accumulated enhancement (r = 0.75; r = 0.72).



Conclusion

18FFDOPA PET resulted in substantial larger tumor volumes compared to MRI; however, its added value is unclear as vast majority of recurrences occurred within the prescribed dose level. Use of PET/CT signals proved to be feasible in the absence of direct segmentation possibilities of PET/MR in TPS. The added value of 18FFDOPA may be better exploited in the context of integrated dose escalation.
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Introduction

Glioblastoma multiforme (GBM) is the most aggressive type of central nervous system malignancy. GBM represents 15% of all brain tumors with an incidence of 3/100 000 people. Treatment usually involves surgery, after which chemotherapy and radiation therapy are used. Despite modern treatment methods, GBM usually recurs. The typical duration of survival is 12 to 15 months, and unfortunately, fewer than 7% of the patients survives more than 5 years (1, 2).

In the modern radiotherapy of brain malignancies, the irradiated treatment volumes are based on conventional computed tomography (CT) and magnetic resonance (MR) information. For the macroscopic target volume (gross tumor volume GTV) definition pre- and postoperative gadolinium enhanced T1; and T2-weighted MR images are used, the resection cavity must be considered also if present (2, 3).

The phenomenon of the gadolinium enhancement is based on the disruption of blood-brain barrier, which leads up to difficult determination between postsurgical changes and residual tumor (4, 5). Contrast enhancement may not refer to exact tumor extension, furthermore based on recurrence pattern and tumor infiltration, clinical target volume (CTV) is defined as a 2-cm expansion of the GTV volume for microscopic spread reduced to anatomical barriers (2, 6, 7).

Nowadays, besides the routine target definition process for cerebral tumors, high attention is paid for the integration of positron emission tomography (PET) imaging, which describes biological and functional morphology [biological tumor volume (BTV)], whereas MRI has limited value to identifying the physical effect of the tumor, such as BBB breakdown and edema (8, 9). This additional information can be used for treatment response, noninvasive grading, differential diagnosis, delineation of tumor extent to improve tumor localization, and radiation therapy treatment planning as well (10–12).

In contrast to glucose metabolism of 2-deoxy-2-(fluorine-18)fluoro-d-glucose (18F-FDG), amino acid analog positron emission tomography (PET) radiotracers are characterized by increased accumulation in tumor tissues and low uptake in normal brain tissues (13).

3,4-dihydroxy-6-(18F) fluoro-l-phenylalanine (18F-FDOPA) is one of the most studied amino acid analog radiotracers to describe central nervous system malignancies. As mentioned, radiotracer increased amino acid transport of the tumor cells are responsible for the elevated accumulation at the malignant tissue (3, 14–18).

In the contouring process, a single observer rater provides data, which can suffer from intra- and inter-rater variances (19). For different tumor types and tracers, standardized recommendations were described by the European Association of Nuclear Medicine (EANM), European Association of Neurooncology (EANO), Response Assessment in Neurooncology (RANO) practice guidelines Society of Nuclear Medicine and Molecular Imaging (SNMMI) procedure standards for imaging gliomas (20, 21).

Regarding the current report of the PET/RANO group, the majority of the available data connected to contribution of PET imaging to radiotherapy planning and monitoring are based on studies with (11C-methyl)-l-methionine (MET) and O-[2-(18F)-fluoroethyl]-l-tyrosine FET. During radiotherapy target delineation, MET, FET, and FDOPA studies suggested that BTV characterized by mentioned radiotracers is larger than contrast enhancement in World Health Organization (WHO) grade III/IV gliomas (22–26).

The objective of this study was to compare GTV volume on MRI with the volume of 18F-FDOPA with different segmentation threshold. The signal intensities of 18F-FDOPA PET information by PET-MR and PET-CT were compared regarding relative brain signal. We also studied the target coverage of 18F-FDOPA volume by standard of care approach. We analyzed the location of recurrences relative to MRI-based GTV, PET-based BTV volume, and standard of care PTV volume. We determined the volume of recurrence, if present, to compare to the initial PET BTV thresholds accumulation volume and PTV.



Materials and Methods

At our institution from September 2017 to December 2020, 17 patients with pathologically confirmed WHO grade IV glioma underwent CT-MR–based radiotherapy up to 60 Gy with VMAT (volumetric arc therapy) plus te-mozolomide (TMZ) per protocol. We excluded from our study those patients who were under treatment for Parkinson’s disease or had contraindications to MRI contrast agent or radiotherapy.

18F-FDOPA radiotracer was produced with an on-site cyclotron (Siemens Eclipse) on the day of the acquisition. The studies were performed using PET/MRI equipment (Siemens Biographs 3.0 T nMR, Erlangen, Deutschland) 10 min after intravenous injection of the radiotracer. Joint EANM/EANO/RANO practice guidelines/SNMMI procedure standards for imaging of gliomas using PET with radiolabelled amino acids and 18F-FDG: version 1.0 recommended using bone segmentation containing MRAC methods. Simultaneous photon emission data collection was performed using one bed position during 30 min. After performing 18F-FDOPA PET/MRI, planning PET/CT (Siemens Biograph Truepoint 64 PET/CT, Erlangen, Deutschland) was performed according to irradiation position protocol, lastly 18F-FDOPA data from PET/CT were co-registrated with planning CT and MRI measurements using rigid registration considering the bony parts of the skull.

Target volumes of GTV and BTV on co-registrated images were described according to the recommendation of the European Organization for Research and Treatment of Cancer (EORTC) by experienced oncoradiologists using Varian Eclipse 13.0 version software (Varian Medical Systems Inc., Palo Alto, CA, USA). CTV was defined as a 2-cm expansion of GTV in proportion of anatomical burdens. Planning target volume (PTV) was defined as 3- to 5-mm additional margin to CTV.

In their study, Patel et al. showed the best differentiation between LG and HGG at the T/N SUVmax ratio greater than 1.7. Based on Patel et al.’s research and EANM/EANO/RANO practice guide-lines/SNMMI procedure standards for imaging of gliomas using PET with radiolabeled amino acids, version 1.0.; T/N 1.7 (in the following BTV 1.7) and T/N 2.0 (in the following BTV 2.0) ratio seemed to be able to deliver the best determination of tumor extend of high-grade gliomas. A 1-cm diameter spherical region of interest (ROI) was placed at the suspected tumor site (T) and contralateral white matter at the level of centrum semiovale to calculate the metabolic activity of the radiotracer using the standard body weight method (27). After calculating the ROI’s activity, BTV 1.7 and BTV 2.0 ratio’s volume coverage was measured. Since the basal ganglia have significant 18F-FDOPA radiotracer uptake, anatomical correction needed to be done to describe basal ganglia region as not a malignant tissue at the cerebral area.

Because of the physical half-life of the 18F-labeled radiotracers, signal intensity deviations were calculated from acquisition time from DICOM header of each PET/MRI and PET/CT to relative brain signal, respectively.

If recurrence was detected on follow-up MRI examinations, the area of recurrence was also contoured and compared with the PTV information.

Institutional ethics committee approved the retrospective analysis of the images (license number: IG/04865-001/2020).


Statistical Analysis

95% Hausdorff distance from the GTV as reference were considered, whereas supplementary volume contour (SVC) was also calculated to identify the added value of 18F-FDOPA–based BTV segmentation. SVC was measured for each patient to establish the maximum and mean distance between GTV volume and BTV 1.7 and BTV 2.0 volume using Python programming software. Since Varian Eclipse 13.0 is unable to process the PET information from PET/MR directly, we used the Medical Interactive Creative Environment (MICE Toolkit™, version 1.0.6, NONPI Medical AB, Stockholm, Sweden) to calculate linear regression value whether the 18F-FDOPA accumulation ratios are the same at PET/MR and PET/CT imaging modalities regarding normalized brain signal.




Results

Male patients dominated the sample with the median age of 56.3 years (youngest, 33 years; oldest, 77 years). Biopsy sampling was performed in most patients; all of the study participants had pathologically confirmed WHO grade IV. glioma (Table 1).


Table 1 | Patient and tumor characteristics.



After defining MRI T1CE GTV, BTV 1.7 and BTV 2.0 volumes within GTV and outside GTV were calculated. The tumor extends characteristics are shown in Table 2.


Table 2 | The MRI T1CE GTV; BTV 1.7 and BTV 2.0 and the relation between measured volume (overlap/difference) values are shown in cm3.



PET/CT and PET/MR compared to the relative signal values of PET/CT and PET/MR. A good correlation value can be found between the mean and median values of the variables (r=0.75; r=0.72) (Figure 1).




Figure 1 | Correlation of PET/CT and PET/MR signals regarding PTV, 18F-FDOPA T/N 1.7, and 18F-FDOPA T/N 2.0 volume indicating the time difference between the two acquisitions.



On average, 95% of the segmented volumes were within 15.5 mm (range, 7.9–30.7 mm) and 10.5 mm (range, 4.3–21.4 mm) for BTV 1.7 and BTV 2.0 respectively. For the disagreement, we used the percentage of the volume outside of the reference (in this case GTV) for BTV 1.7, on average, 58.8% (range, 28–100%) were outside the GTV, whereas this lowered to 45.7% (range, 14–100%) regarding BTV 2.0. Both PET volumes remained within the adequate dose coverage (95% of the prescribed dose), only on a few cases had minor coverage loss up to maximum 3% and 5% of their volume for BTV 2.0 and BTV 1.7, respectively. GTV varied substantially within our cohort, with an average 43 cm3 (range, 6.1–183.6 cm3) (Figure 2). Time between the PET/MR and PET/CT acquisition varied between 35 and 83 min, with an average around 1 h (55.7 min) (Figure 3).




Figure 2 | Parieto-medial postoperative status on the right side of the brain. In the surgical region, a fluid-containing cavity with small air bubbles and uneven contrast enhancement can be detected on post-contrast T1-weighted MRI images (A, B). Uneven 18F-FDOPA accumulation can be observed at the edges of the deviation on fused 18F-FDOPA PET/MRI images (C, D). Intense contrast and 18F-FDOPA accumulation suggests of the presence of a residual tumor around the surgical cavity. The yellow line describes the GTV volume (A–D), the green line on panels (A, C) describes the BTV 1.7 accumulation coverage and the green line on panels (B, D) describes the BTV 2.0 accumulation coverage.






Figure 3 | Calculated Hausdorff distance and GTV volume ratios compared to BTV 1.7 and BTV 2.0 volumes and relative GTV size are shown. Time elapsed between PET/MRI and PET/CT scans was also indicated per patient.



During patient follow-up, recurrence was detected in four cases. 68% (range, 9–94%) of the recurrence was detected outside the GTV volumes. Regarding BTV 1.7 and BTV 2.0, on average, 67% (range, 39–81) and 79% (range, 69–89) of the recurrence occurred outside BTV volumes, respectively (Figure 4). There was a negligible volume recurrence outside the PTV area (average, 0.01%; range, 0.01–0.05%).




Figure 4 | Left frontal post craniotomy status. Inhomogeneous, mainly centrally, moderate enhancement of contrast material is observed on T1-weighted post contrast MRI images. The lesion in the left hemisphere is surrounded by edema (A, B). Irregularly shaped intense, focal 18F-FDOPA accumulation can be detected on the left side of the brain frontally, above the level of lateral ventricles (C, D). Pink line, GTV; green line, BTV 1.7 (A, C); green line, BTV 2.0 (B, D); red line, PTV; yellow line, recurrence.





Discussion

Our research focused on the potential additional information of 18F-FDOPA during the irradiation planning process of patients with glioblastoma multiforme. We illustrated the BTV 1.7 and BTV 2.0 volume coverage to GTV described by neurooncologists according to valid recommendation regarding high-grade gliomas. We also examined the area of recurrence in proportion to PTV.

Because of its nature (high degree of vascularity, rapidly dividing cells, invasion into normal brain tissue), the treatment of glioblastoma multiforme is a complex oncology task, which remains a serious challenge despite today’s modern technology; needless to say, overall survival is still unsatisfactory (28). Standard therapy includes surgical resection to the extent feasible and radiotherapy followed with concomitant and adjuvant chemotherapy (29). Conventional imaging modalities provide information regarding the anatomical distribution, whereas PET imaging displays molecular information about malignant abnormalities. The combination of these modalities play a key role at the standard care of management at central nervous system malignancies for surgical purposes, radiation planning, and treatment assessment as well (11, 30).

18F-FDG was the first radiotracer used to diagnose brain tumors, which provided useful information for differentiation WHO grade III/IV gliomas but its specificity seemed to be limited because of high normal brain tissue accumulation. Furthermore, in brain abscesses, demyelinating tumefactive lesions can be described with higher 18F-FDG metabolism, as well as malignant tissues (31).

In 2016, the Response Assessment in Neuro-Oncology (RANO) working group and European Association for Neuro-Oncology (EANO) highlighted the role of amino acid PET as a particularly important imaging tool for central nervous system malignancies especially when determining the tumor burden. As previously mentioned, in contrast of 18F-FDG, amino acid analog tracers have high accumulation in malignant lesions and relatively low accumulation in normal brain tissue; furthermore, they have the ability to pass through blood-brain barrier without disruption. The most studied researches among amino acid radiotracers focused on 11C-MET, 18F-FET, and 18F-FDOPA. The physical half-life of 11C (20 min) is significantly lower than 18F (109 min) that is the reason why 11C-MET is not widely used in clinical routine unless the institution has onsite cyclotron (32–35).

As a radiolabeled dopamine precursor 18F-FDOPA was initially used in Parkinson’s disease diagnostics since the 1980s. The first case report about potential neurooncologic application was published in 1996, a patient with movement disorder underwent 18F-DOPA PET examination and besides asymmetrically reduced dopamine uptake in the putamen, the imaging revealed incidental focal pathologic tracer uptake in other cerebral area, and MR and surgical histology confirmed glioma as an underlying pathology. The case study provided evidence that 18F-DOPA PET could also be suitable for the evaluation of central nervous system malignancies; however, because of the high physiologic DOPA uptake, abnormalities located near or involving the striatum can be challenging to evaluate. Nowadays, besides being a primer diagnosis, 18F-FDOPA is used for detection recurrence, in grading, to predict survival, irradiation planning, and for detection brain metastasizes as well (36–38).

The use of amino acid tracers, such as 18F-FDOPA, enables to represent tumor components beyond contrast enhancement of T1CE MRI images (39). A study performed by Pafundi et al. showed that 18F-FDOPA SUVmax has the ability to distinguish low-grade and high-grade lesions. Therefore, using SUV-based stereotactic biopsy selection and definition of high-grade areas of malignant volume may be valuable added information when delineating radiotherapy boost volumes (20). We need to mention that other retrospective studies confirmed that larger PTVs failed to produce significant reduction of recurrences at close tumor area and even at distant recurrences also led to an increased incidence of radiation-induced necrosis/toxicity, which affected negatively on patients’ long-term survival (40, 41).

According Kazda et al., the T1-CE MRI-based GTV volumes increased considering the 18F-FDOPA information, which did not result in increased doses of the organs at risk. Dowson et al. concluded that volumes defined by 18F-FDOPA PET resulted in larger GTV as well than T1-CE MRI-based GTV. Therefore, MRI and 18F-FDOPA PET-based treatment planning appeared feasible in patients with high-grade gliomas (42, 43).

Another study by Kosztyla et al. stated that uniform dose escalation at high-grade gliomas resulted unfavorable outcome results regarding non-central relapses. According to their result, 18F-FDOPA accumulation of malignant tissues proceeded to larger burden of disease; therefore, dose painting may contribute to better disease control. Their study suggested that dose painting of dedicated treatment volume is feasible while the dose of the organs at risk remain the same (44).

As we described previously, PET/MR information cannot be directly processed into Varian Eclipse 13.0 software. Because the PET/MR was performed before PET/CT acquisition, we needed to validate whether the PET intensity from PET/MR correlates to PET information gained from PET/CT or not. The MICE Toolkit™, a graphical programming user interface that is user-friendly while still highly flexible, selected DICOM images from PET/MRI and PET/CT, which were co-registered, and the volumes contoured on patients’ data were also examined to gain correlation values. As a result of our method, good correlation values between PET/MR and PET/CT 18F-FDOPA signal intensity to relative brain signal were gained. This result means that the measurement of the contralateral normal-appearing white matter is a good way to determine 18F-FDOPA uptake value to establish tumor burden and use of the MICE Toolkit™ is a highly recommended for method validation.

The obtained BTV values differed from the traditionally defined GTV values. Almost 60% of BTV 1.7 volume coverage was outside the GTV area, and almost 50% of the BTV 2.0 volume coverage was outside the GTV area, respectively. Outside GTV volumes carry additional information regarding conventional imaging methods (CT, MR). Because the CTV area is an extension of the GTV, any information beyond the traditionally defined GTV can modify PTV. Regarding our results, 18F-FDOPA, as an amino acid analog radiotracer, should play a very important role in radiation planning procedure at patients with glioblastoma multiform.

At our study population, recurrence occurred in four patients. We co-registrated the primer 18F-FDOPA PET images with the MRI images where the recurrences were present to see whether the recurrence is overlapping with the PTV area, the area which received the total dose of 60 Gy. At all cases recurrence occurred mostly under PTV area, no outfield recurrence was detected.

Weber et al. examined the 18F-FET radiotracer’s additional value compared 19 patients’ GTVs and CTVs. They found that BTVs were substantially larger than their morphologic counterpart, but paradoxically, this deviation did not resulted significant increase of the target fields during RT planning (22). Piroth et al. analyzed the relapse patterns of 13 patients using 18F-FET-PET and MRI based integrated-boost intensity-modulated radiochemotherapy. The location of the recurrence was analyzed and related to the initial tumor detected in baseline FET-1 acquisition. According to them, the contrast-enhanced MRI does not reliably reflect the extent of the FET uptake neither on baseline and nor on recurrence acquisitions, the relapse pattern was only 13% in median only. Just like at our study population, 100% of the tumor recurrences were located under MRI based, routinely performed target volumes achieving 60 Gy. More than two thirds of tumor recurrence in FET-PET was located outside the boost volume. Regarding Piroth et al., a CTV based on FET with an extra 7 mm may cover 100% of recurrences, leading to reduced PTV. This volume definition may achieve similar therapeutic level with significantly lower side effects for the patient (23). Niyazi et al. analyzed the re-recurrence in recurrent HGG patients undergoing re-irradiation with bevacizumab at a 31-patient population using 18F-FET PET and MRI. Regarding their results, the appeared recurrences were mainly located centrally (24). According Lee et al.’s research, the pretreatment 11C-MET-PET uptake region appeared at the highest risk for recurrences at patients with glioblastoma multiforme, which may provide potentially important additional information. They also found significant correlation between the presence of increased MET-PET uptake outside the high-dose region and subsequent non-central failure (25). Referring to PET/RANO group, the most frequently used amino acid analog radiotracers are MET, FET, and FDOPA. In delineation of radiotherapy target volumes, FDOPA may extend beyond the contrast enhancement on MRI. The concept of dose-painting also seems to be feasible and safe in the PET-based radiotherapy with newly diagnosed gliomas. Recent studies confirmed by FDOPA acquisitions showed that acute and late toxicities were not increased in patients who were treated with integrated boost IMRT beyond 60 Gy, but further studies are still ongoing (26).

Although the result of our study suggests that 18F-FDOPA PET-based treatment planning is feasible, future studies should be implemented with a larger patient sample. Currently, MRI imaging is considered as golden standard for glioma RT treatment planning. Several studies suggested that amino acid analog tracers have the ability to detect malignant tumor tissue above CE-T1 MRI area but larger PTV resulted in various side effects for patients. Because of the mentioned additional diagnostic ability of the 18F-FDOPA radiotracer, there is increasing evidence of the usefulness of the amino acid analog-based radiotracers in the planning process of gliomas but the consensus have not been reached yet. The ongoing development of imaging modalities should improve the radiation therapy targeting in which dosimetric analysis may provide more influence to deliver doses more accurately.



Conclusion

BTV 1.7 volumes were 58.8%; BTV 2.0 volumes were 45.7% outside of the generally described GTV volume. Recurrences occurred below the PTV area which received the full dose of the treatment, no outfield recurrence of the disease appeared. The interpretation of our results is limited by the fact that there are few cases available but the additional value of 18F-FDOPA should be considered when delineating target volumes to improve patient care, optimize outcome, and deliver more focused therapies.
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