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Abstract

:

Simple Summary


Stereotactic radiotherapy (SRT) has become widely accepted as a treatment of choice for patients with a small number of brain metastases that are of an acceptable size. A magnetic resonance imaging (MRI)-only workflow could shorten the planning time and reduce the risk of misalignment in this treatment. Given the absence of a calibrated electronic density in MRI, we successfully compared generative adversarial network (GAN)-generated computed tomography (CT) scans from diagnostic brain MRIs with initial CT scans for the planning of brain stereotactic radiotherapy, finding a high similarity between the planning CT and the synthetic CT for both the organs at risk and the target volumes.




Abstract


Purpose: Stereotactic radiotherapy (SRT) has become widely accepted as a treatment of choice for patients with a small number of brain metastases that are of an acceptable size, allowing for better target dose conformity, resulting in high local control rates and better sparing of organs at risk. An MRI-only workflow could reduce the risk of misalignment between magnetic resonance imaging (MRI) brain studies and computed tomography (CT) scanning for SRT planning, while shortening delays in planning. Given the absence of a calibrated electronic density in MRI, we aimed to assess the equivalence of synthetic CTs generated by a generative adversarial network (GAN) for planning in the brain SRT setting. Methods: All patients with available MRIs and treated with intra-cranial SRT for brain metastases from 2014 to 2018 in our institution were included. After co-registration between the diagnostic MRI and the planning CT, a synthetic CT was generated using a 2D-GAN (2D U-Net). Using the initial treatment plan (Pinnacle v9.10, Philips Healthcare), dosimetric comparison was performed using main dose-volume histogram (DVH) endpoints in respect to ICRU 91 guidelines (Dmax, Dmean, D2%, D50%, D98%) as well as local and global gamma analysis with 1%/1 mm, 2%/1 mm and 2%/2 mm criteria and a 10% threshold to the maximum dose. t-test analysis was used for comparison between the two cohorts (initial and synthetic dose maps). Results: 184 patients were included, with 290 treated brain metastases. The mean number of treated lesions per patient was 1 (range 1–6) and the median planning target volume (PTV) was 6.44 cc (range 0.12–45.41). Local and global gamma passing rates (2%/2 mm) were 99.1 CI95% (98.1–99.4) and 99.7 CI95% (99.6–99.7) respectively (CI: confidence interval). DVHs were comparable, with no significant statistical differences regarding ICRU 91′s endpoints. Conclusions: Our study is the first to compare GAN-generated CT scans from diagnostic brain MRIs with initial CT scans for the planning of brain stereotactic radiotherapy. We found high similarity between the planning CT and the synthetic CT for both the organs at risk and the target volumes. Prospective validation is under investigation at our institution.
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1. Introduction


Approximately 30% of patients with a cancer history [1] and up to 50% of cancer patients, especially those with breast [2] and lung cancers [3], will develop brain metastases. This incidence is increasing due to improvements in cancer therapies and longer overall survival [4]. Stereotactic brain radiotherapy (SRT) has become widely accepted as a treatment of choice in patients with a small number of brain metastases (≤3–5) that are of an acceptable size (≤4 cm) [5]. Indeed, apart from the logistical benefit (3 fractions for SRT versus 10 fractions for whole brain radiotherapy (RT)), SRT allows for better target dose conformity, resulting in both a high level of local control and a better sparing of organs at risk (OAR) [6].



The precision of such a delivery technique requires recent brain magnetic resonance imaging (MRI) for tumor delineation and a computed tomography (CT) scan for planning, performed with a personalized thermoplastic mask. Tumors’ volumes are delineated on the MRI scan and then transferred to the planning CT scan, previously co-registered with the aforementioned MRI scan. Control of the registration is of paramount importance, especially given the low level of metastasis visualization in non-contrast-enhanced CT scans and the risk of misalignment [7].



MRI-based planning could reduce the risk of systematic errors due to misalignments. However, MRI intensities do not possess a calibrated scale; the MRI signal depends on the density of protons and the tissue’s relaxation properties, and not on the electron density like in a CT scan [8,9]. Currently, MRI-only based RT remains cumbersome and is limited to gamma knife therapy, with limited dosimetric planification using the TMR10 algorithm [10].



To take full advantage of the MRI process, an MRI-only workflow could reduce the risk of misalignment between the two imaging modalities and shorten the delays in planning. To this end, synthetic CT scan extraction from diagnostic MRI has recently been developed, allowing for dosimetric planification without the need for a common planning CT scan. This has been studied specifically in prostate cancer and other localizations, including brain tumors [11,12,13,14,15], but clinical and dosimetric data in the specific setting of SRT remain scarce. Given the high dose gradient in SRT, a special consideration with adapted endpoints is needed to assess the feasibility of MRI-only brain SRT.



Several techniques have been developed for the generation of synthetic CT scans from diagnostic MRI. Pseudo-CT can be generated using several approaches (atlas-based or voxel-based) and several calculation techniques (bulk intensity override, neural network (NN), etc.) [13,16,17]. Generative adversarial network (GAN)-generated synthetic CTs have been previously evaluated in the cerebral context but no study has focused on SRT.



Therefore, we aim to assess the equivalence of GAN-generated synthetic CTs for dosimetric planification in the brain SRT setting.




2. Material and Methods


2.1. Population


We retrospectively included all patients treated with intra-cranial SRT for brain metastases from 2014 to 2018 in our single institution (Radiation Oncology Department, CHRU Brest, Brest, France).



Inclusion criteria were: age ≥18 years old, SRT treatment for one or more brain metastases, brain MRI and planning CT scans realized less than 14 days prior to the treatment delivery. Patients were excluded if the MRI’s field of view (FOV) was judged to be insufficient for tumors and OAR visualization. No limitation was made for the number of lesions treated by SRT.




2.2. Imaging


Planning CT (Siemens, Somatom, Siemens Healthcare, Malvern, PA, USA) was obtained with a 1.5-mm slice thickness, a 512 × 512 matrix (pixel size: 0.75 × 0.75 × 1.5 mm3), a tube current of 300 mAs, a 120 kV tube voltage and the H30s convolution kernel, with the patient being immobilized with a frameless thermoplastic mask (BrainLAB®, Feldkirchen, Germany). No contrast-enhancing agent was used for the planning CT scan.



MRI acquisition was performed on a Siemens 1.5T MRI machine (Siemens Healthcare, Malvern, PA, USA) in supine position, using a 6-channel phased-array surface coil. Anatomical images (axial turbo spin echo T2-weigthed) were combined with functional sequences, such as axial diffusion sequences using several b-values and 3D volumetric dynamic contrast-enhanced sequences (T1 sequence with gadolinium injection for Siemens 1.5T). Only the contrast-enhanced T1 sequence was used for the delineation of tumors and certain OARs (brainstem, optic chiasma). Acquisition parameters for the 3D contrast-enhanced T1 sequence were as follows—a repetition time of 450 ms, an echo time of 17 ms, a flip angle of 90°, a slice thickness of 1 mm and a 512 × 512 matrix (pixel size: 0.5 × 0.5 × 1.0 mm3) with a 230 mm field of view.



Co-registration between the planning CT and the MRI-T1 was performed using iPLAN RTImage 4.8.1 (BrainLAB®, Feldkirchen, Germany) and MRI-T1 images were spatially resampled to the corresponding CT acquisition parameters.




2.3. Treatment Planning


Target volume (gross tumor volume, GTV) and OAR were manually delineated by an expert radiation oncologist, with the GTV being defined as the macroscopic contrast-enhanced lesion. The planning target volume (PTV) was based on the GTV, with a 2 mm isotropic margin.



Prescription protocols in our center were previously described [18]. From 2014 to 2016, the prescribed dose (PD) in relation to the PTV was a uniform dose of 3 × 7.7 Gy in the periphery of the PTV and a 99% isodose line covering 99% of the PTV (PD1) with a maximal dose of 107% (24.7 Gy). From 2016 to 2018, the protocol changed to a heterogenous prescription with the creation of a dose gradient inside the PTV—the PD was 3 × 11 Gy at the isocenter, with the 70% isodose line covering 99% of the PTV (PD2). The 99% isodose covered 99% of the PTV in both cases; the only difference was in the dose gradient. The dose calculation grid was set to 2 × 2 × 2 mm.



Dose constraints to OARs remained the same for the two protocols—maximal dose (Dmax) to the optic nerves <13.8 Gy, Dmax to the optic chiasm <10.5 Gy, Dmax to the brainstem <16.8 Gy and V10 Gy (Vx Gy: volume of organ receiving ≥x Gy) and V21 Gy to the brain respectively <5% and <20.9 cc. Secondary constraints could also be used if primary goals could not be achieved—for the brainstem, Dmax ≤ 23.1 Gy and V18Gy < 0.5 cm3; for optic nerves, Dmax ≤ 17.4 Gy and V15.3 Gy < 0.2 cm3. When dose constraints to OARs could not be met, the prescribed dose was decreased to 3 × 7 Gy and 3 × 10 Gy, respectively.



Treatment was delivered using volumetric modulated arc-therapy (VMAT) on a linear accelerator (Truebeam® STx Novalis) equipped with a Millennium MultiLeaf Collimator with 120 leaves (thickness of 2.5 mm at isocenter and up to 8 cm, followed by a thickness of 5 mm from 8 to 22 cm). Every patient was planned using a flattening-filter (FF) VMAT technique with 6-MV beams in the Pinnacle® v9.10 treatment planning system (TPS) (Philips Healthcare, Eindhoven, The Netherlands). Two arcs from 182° to 178° were used, the maximum dose rate being set to 600 MU/min (MU = monitor unit).




2.4. Pseudo-CT Generation


A deep conditional generative adversarial network (cGAN) based on the pix2pix architecture was employed to generate synthetic CT scans from MRI scans [19]. A cGAN is composed of a generator network producing fake CT images trained in competition with a discriminator network distinguishing real from fake CT images. The generator was based on the convolutional U-Net architecture [20] and guided by a cost function composed of a pixel loss, penalizing pixel-wise differences with the real CT scan, and of an adversarial loss, encouraging the generator in fooling the discriminator, while penalizing the discriminator accordingly. The original pix2pix implementation was adapted using Keras to treat floating point medical image data instead of 8-bit color images. A two-dimensional approach was considered by feeding axial slices to the network, given the voxel anisotropy of both CT and MRI scans [21]. Before being fed to the network, the co-registered slices were resliced into 256 × 256 voxels using linear interpolation, allowing for a 7-layer U-Net generator architecture with skip-connections. A 16 × 16 PatchGAN architecture was chosen for the discriminator. To suppress the effect of outliers, CT scans were clipped within the interval [−500; 1000] Hounsfield unit (HU) and MRI voxel intensities were clipped to be inside the [1%; 99%] quantile range. A linear stretch of the voxel intensities between values [−1; 1] was then performed to stabilize network training. The parameters of the transformations were applied in reverse order after passing through the network to restore the original image range. The network was trained for 300 epochs using 3510 paired MRI-CT axial slices from 20 patients, defining the training cohort, with a batch size of one, using a Titan graphical processing unit (NVIDIA, Sunnyvale, CA, USA). The remaining patients were considered as the testing cohort.




2.5. Dose Calculations


Each synthetic CT scan was affiliated to its corresponding initial CT scan, using the initial iPlan® co-registration. The new dose map was calculated using the replanning tool called Dynamic Planning®, implemented in Pinnacle® TPS and the initial dose computation algorithm (Adaptive Convolution). This tool allowed us to recalculate the dose using the same initial radiation plan (with the corresponding isocenter, beam configuration, MU, etc.) without reoptimization. However, as the synthetic CT scan was generated from the already CT-aligned MRI scan, the automatic registration by Dynamic Planning® was canceled to prevent dose miscalculations due to new misalignment errors.



Thus, for each patient, one initial CT scan with the corresponding dose map (initial) and one synthetic CT scan with the calculated dose map (synthetic) were available.



For comparison purposes, the synthetic dose map was then transferred to the initial CT scan using the “dose transfer” tool in MIM Maestro® v7.0.0 (MIM® software Inc., Cleveland, OH, USA).




2.6. HU-Comparability


For the comparison between CT-scans, two classes were pre-defined—a “Bone” class including all pixels with an HU-value superior to 150 (HU: Hounsfield unit) and a “Soft-Tissue” class encompassing all pixels with an HU value between −150 and +150. For these 2 classes, both the initial and the synthetic scans were compared using the root mean square error (RMSE) [22], defined as the square of the pixel-wise difference between the predicted (Ipred) and true (Itrue) image over a region of interest containing n pixels:
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2.7. Digital Reconstructed Radiograph (DRR) Comparability


Digital reconstructed radiographs were created in MIM Maestro® for 20 randomly selected patients and compared using the root mean square error (RMSE) based on the “bone” class.




2.8. Gamma Analysis


Three-dimensional gamma analysis was performed using the “SciMoCa™ dose comparison tool” natively available in MIM Maestro®. Developed in partnership with Scientific RT®, MIM SureCalc® Monte Carlo and its inherent tool (i.e SciMoCa™ v1.0, Scientific RT) provide validated quality assurance [23,24]. Three-dimensional volumetric calculation was performed for both local and global gamma analysis.



As routine parameters, we used 2 mm and 2% with a dose threshold of 10% to the maximum dose as our cut-offs. The gamma passing rate was set as 95% to be successful, for both the local and global gamma analyses.



We also computed local and global gamma analyses with other criteria, 2%/1 mm and 1%/1 mm, with a 10% threshold to the maximum dose.




2.9. Dose-Volume Histogram


Dose-volume histograms (DVHs) were extracted from each initial and synthetic dose map for the PTVs and the OARs, following the ICRU 91 dose report [25].



Maximum dose (Dmax) and mean dose (Dmean) were collected for OARs (optic chiasma, optic nerves, eyes, lenses, inner ears and hypophysis). For th brainstem, volume, Dmax, Dmean and V18 Gy were collected. For the brain, volume, minimum dose (Dmin), Dmax, Dmean, V10 Gy and V21 Gy were reported (Vx Gy: volume of the target above the threshold dose x Gy). D2% (Dx% = dose received by x% of the volume), D50% and D98% were collected for all OARs.



Regarding the PTVs, volume, Dmin, Dmax, Dmean, D2% (PTVD2), D50% (PTVD50) and D98% (PTVD98) were measured.



The homogeneity index has several definitions—homogeneity index 1 (HI1 = PTVDmax/PD), homogeneity index 2 (HI2 = (PTVD2 − PTVD98)/PD) and homogeneity index 3 (HI3 = (PTVD2 − PTVD98)/PTVD50) [26,27,28].



The conformity index is defined by the volume of the reference isodose (reference dose = PD) multiplied by the volume of the prescription isodose, divided by the PTV volume within the prescription volume [25].



The gradient index is defined by the prescription isodose volume at half the prescription isodose, divided by the full prescription isodose volume.



The prescription isodose volume and number of treated brain metastases were also collected. The reference isodose volume was defined as the 23.1 Gy isodose volume. For patients treated with lower doses (3 × 7 Gy or 3 × 10 Gy), we used the 21 Gy isodose volume as the reference isodose volume.




2.10. Statistical Analysis


Our objective was to study the equivalence of the synthetic CT scan when compared to the initial dosimetric CT scan for planning, based on the local gamma analysis passing rate. Thus, for a power of 95%, a two-sided alpha risk of 5%, expected standard deviation to the outcome of 5 and an equivalence limit of 3146 patients were needed [29].



Comparison between gamma analysis rates and DVH values was performed using a two-sided t-test [30]. Correlation between gamma analysis passing rates and clinical and dosimetric features was tested using Spearman’s coefficient. Such analyses were performed on the overall cohort and then separately on the training and testing cohorts. Statistical analyses were performed with MedCalc® v14.8.5.





3. Results


3.1. Population


From the 210 patients treated at our institution between 2014 to 2018, 184 patients were included. Twenty-six patients were excluded due to unavailable MRI imaging. With a median age of 60 years (31–85), 42.4% were treated with PD1 and 57.6% with PD2. The three main primary histologies were lung (61.4%) and breast (16.3%) cancers, as well as melanoma (11.4%). Other histologies were kidney (2.7%), gastro-intestinal (6.5%), bladder (1.1%) and osteosarcoma (0.5%) tumors.



With a mean number of treated lesions by patient of 1 (range 1–6), 290 brain metastases were treated, with a mean PTV volume of 6.44 cm3 (0.12–45.41).



The main patients’ characteristics are summarized in Table 1.




3.2. HU Comparability


The comparability between the two CT-scans based on the HU values was high, with mean RMSE values of 175.50 HU +/− 63.15 and 13.54 +/− 1.96 for the bone and soft-tissue classes, respectively (Table 2).




3.3. DRR Comparability


The comparability between the two CT DRRs based on the HU values was high, with a mean RMSE value of 86.16 HU +/− 19.80 and a median RMSE of 80.30 HU. An example is available as Supplementary Figure S1.




3.4. Local and Global Gamma Analysis


With the 2%/2 mm cut-off, the mean local gamma analysis passing rate on the overall cohort was 99.1% IC95% (98.1–99.4), with no statistical difference between the training cohort (99.3%) and the testing cohort (99.1%), p = 0.43. Results are presented in Table 3.



A comparison of the initial and the synthetic dose maps and the corresponding 3D gamma analysis comparison for a patient can be found in Figure 1.



The mean global gamma analysis passing rate for the overall cohort was 99.7% CI 95% (99.6–99.7), with no statistical difference between the training cohort (99.8%) and the testing cohort (99.7%), p = 0.83 (Table 3).



As expected, the local gamma analysis passing rate significantly decreased with more stringent criteria from 99.5 to 98.0 and 87.1 for the 2%/2 mm, 2%/1 mm and 1%/1 mm criteria, respectively. No significant differences were observed for the global gamma analysis passing rates when comparing the three criteria (Table S1).




3.5. DVH Comparisons


Regarding OARs, no significant difference was observed for all studied OARs (Table S2). For optic nerves, eyes, lenses, inner ears and hypophysis, mean absolute differences between the initial dose and the synthetic dose were very low, ranging from 0 to 0.19 Gy for Dmax and from 0 to 0.03 Gy for Dmean.



Regarding the brainstem, no significant difference was observed between the initial and synthetic dose maps for Dmax, Dmean and V18 Gy (p = 0.93, 0.94 and 0.96 respectively). Seemingly, DVH parameters corresponding to the brain were similar for the two modalities. The highest absolute difference was observed for Dmax, with a mean of 0.42 Gy and a median of 0.44 Gy, representing 1.3% and 1.4% of the mean Dmax to the brain. The local gamma analysis passing rate was not significantly associated to the Dmax to the brain (nor the PTV), with a Spearman’s correlation coefficient of 0.07, p = 0.25.



Concerning DVH parameters for the PTV, no significant differences were observed, regardless of the studied feature (Dmax, Dmean, Dmin, D2, D50, D98, etc.), as presented in Table 4.



No significant differences regarding the mean absolute difference for the reference isodose volume nor the studied indexes (conformation index, homogeneity indexes and gradient index) were found between the two dose maps. The mean difference for the reference isodose volume was as low as 0.6 cm3 for a mean volume for the reference isodose of 14.43 cm3.



A DVH comparison between the initial and the synthetic CT scans is presented in Figure 2.





4. Discussion


To our knowledge, our study is the first dosimetric study of MRI-generated CT scans using GANs in the context of brain metastases treated by SRT. Studies regarding pseudo-CT use, despite being numerous, remain limited to small cohorts. With 184 patients, this is also one of the largest cohorts studying MRI-only RT.



As previously stated, several techniques have been developed for the generation of synthetic CT scans for diagnostic MRI, including GANs, but no studies have focused on SRT [13,16,17]. Based on a 77-patient population, an NN-based algorithm (2D U-Net) was able to produce synthetic brain CT scan imaging with promising results regarding both the Hounsfield unit intensities and the dosimetric evaluation (OARs only) in a study conducted by Kazemifar et al. [12]. Using the same network, we achieved similar results with non-significant differences between the initial and the synthetic scans, with comparable mean absolute differences for all OARs. We also achieved non-significant differences (D2%, D98%, Dmean, Dmax) for all target volumes, irrespective of PTV volume. No synthetic CT scan was rejected based on the global or the local gamma analysis passing rate of 95%. Kazemifar et al. assessed the dosimetric feasibility of MRI-only brain RT, but they only focused on volumetric modulated arc therapy with normofractionated regimens. Moreover, they only reported the D5% and D95%, which are less representative of dose distribution in SRT treatments according to the ICRU 91 report. Beyond DVH parameters, dose distribution can also be assessed via several indices, such as conformation index, homogeneity index and gradient index. In our study, no statistical difference was found regarding each index.



Although gamma analysis is the most used endpoint for dosimetric comparison, it suffers from great heterogeneity in the selected criteria and in accepted passing rates [31].



With the high conformation and dose gradient in SRT, especially with non-homogeneous dose delivery techniques, doses to the OARs are often low, resulting in tight absolute differences and high global analysis passing rates being expected. When focusing on target volumes, global gamma analysis might be insufficient for several reasons.



The cut-off values vary greatly from one center to another. Based on 210 patients treated by VMAT for prostate cancer, testing two different dosimeters and five different criterion duets (3%/3 mm, 2%/2 mm, 2%/1 mm, 1%/2 mm and 1%/1 mm), correlations between the global and local gamma passing rates varied greatly according to the dosimeter type, linac type and gamma criteria [32,33]. It must be noted that the threshold value for high dose was unknown. Acknowledging this heterogeneity, we tested several criteria to support the model comparison.



Global gamma analysis does not take the steep gradient dose into account and is insufficient to correctly evaluate SRT treatment with the commonly used criterion (3%/3 mm) [34].



Although the 2% /2 mm criterion remains widely used in clinical practice [35,36], no clear international guidelines exist. In the special setting of stereotactic ablative RT delivered by VMAT, a 2D global gamma analysis with a 2%/1 mm criterion provided promising results [37]. Comparison between such criteria and our workflow seemed to be of particular interest. Thus, we tested the 2%/1 mm criterion, finding a high comparability between the synthetic dose map and the reference dose map.



Using criteria presented by Andreasen et al. [38], namely 1%/1 mm and 10% dose threshold, and a 3D gamma analysis, the local gamma analysis passing rate with a 1%/1 mm criteria was significantly lower (when compared to 2%/2 mm or 2%/1 mm—87.4 vs. 99.1 vs. 97.99, respectively). The global gamma analysis passing rate with the same criteria remained high, resulting in clinically acceptable differences between the two dose maps in our study (mean global gamma analysis of 99.2 % with the 1%/1 mm criteria). However, the clinical significance of such criteria in SRT treatment remains unknown.



Our workflow relied on a single co-registration performed on iPLAN®, used for the treatment planning. The same registration was then used for the synthetic and initial scans. Such a workflow efficiently reduces the risk induced by repeated registrations. Registration is often described as a critical step in multimodal treatment planning [39,40]. The need for registration between planning CT and MRI has an inherent and systematic bias, evaluated to 0.5–3.5 mm in prostate and head treatments [41,42]. Although a dosimetric effect of such misalignment is easily conceivable, especially in SRT treatments, its objective quantification remains poorly explored. Dearneley et al. evaluated the risk of a 1% target coverage decrease to a reduction in expected tumor control of 1% for prostate cancer [43]. With the high dose conformity provided by SRT and VMAT, such a dose decrease could theoretically happen often.



With precise delineation and tight PTV margins, delays from the treatment planning to the treatment completion must be as short as possible. A recent brain MRI (<15 days) is essential for the delineation of GTV and it often needs to be renewed to meet this criterion [44]. With our workflow, one patient could be treated within one week of the diagnostic MRI (vs 3 to 4 weeks). However, the thermoplastic mask would need to be molded at the time of the brain MRI.



Regarding the HU intensity comparability, data have already reported using an NN-generated synthetic brain CT scan. Based on a 52-patient cohort, Dinkla et al. reported very small differences between the 2 CTs, with mean absolute errors (MAEs) of 174 +/− 29 HU, 22 +/− 3 HU and 159 +/− 22 for the bone, soft-tissue and air regions, respectively [11]. Similar results were obtained in our cohort using the RMSE. Since the differences are squared before being averaged, the RMSE penalizes larges errors more than MAE and is especially suited for the study of SRT, where a steep dose gradient is expected.



Results regarding the number of treated lesions and the local gamma analysis passing rate must be taken with caution as local gamma analysis might not be relevant for a high number of treated lesions. Furthermore, this sub-set of patients (those with more than three lesions) represents only 6% of the studied population.



Even if our cohort is the largest cohort of MRI-only brain SRT, it lacks prospective validation. Clinical implementation of such pseudo-CT based RT remains rare, and often occurs in clinical trials [17,45,46]. Furthermore, the workflow still relies on a single registration. Despite being performed on clinically validated software, this remains a limitation. Future works should continue to explore the feasibility of pseudo-CT generation without registration, such as Kazemifar’s workflow [12]. Even if an MRI-only brain RT would accelerate SRT planning, the thermoplastic mask would need to be molded when performing the brain MRI. However, once done, a mask can be kept for several months. Finally, we used a 2D-GAN, although 3D-GAN could be of certain interest for synthetic CT generation, especially for such precise radiation techniques.



GTV visualization is critical for some tumors. MRI-linacs have been recently developed and implemented, with significantly better soft-tissue spatial resolution. Adaptative RT is a technique consisting of offline or online dosimetric recalculation at each fraction based on the daily imaging [47,48]. The fast generation of a synthetic CT scan based on daily MRI imaging could allow rapid recalculation with high precision. Extending the results of our study to primary brain tumors (i.e., glioblastoma or benign tumors such as meningioma) is also currently under investigation in our institution.




5. Conclusions


Our study is the first to fully compare GAN-generated CT scans from diagnostic brain MRIs and initial CT scans for the planning of brain stereotactic RT. Synthetic CT scans appeared to be equivalent to the planning scan. Their implementation in daily routines could help by reducing treatment delays and misalignments due to iterative registrations. Prospective validation is currently under investigation in our institution to further ensure the place of pseudo-CT scanning for dosimetric considerations.








Supplementary Materials


The following are available online at https://www.mdpi.com/2072-6694/13/5/1082/s1. Table S1: Results of the Local and Global Gamma Analyses for each criteria (2%/2 mm, 2%/1 mm and 1%/1 mm), Table S2: DVH comparisons between the Initial dose and the Synthetic dose maps for the Organs at Risks, Figure S1: Example of DRRs comparison: original CT scan (a) and synthetic CT scan (b), Figure S2: Representation of the local Gamma Analysis passing rate (%) depending on the volume of the treated PTV (mL), Figure S3: Representation of the local Gamma Analysis passing rate (%) depending on the number of treated metastases.





Author Contributions


Conceptualization: V.B., U.S., methodology: V.B., V.J., software: C.H., V.J., writing-original draft preparation: V.B., writing-review and editing: V.J., U.S., supervision: N.B., F.L., O.P., J.B., D.V. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was approved by the Institutional Review Board from the CHRU Brest (29BRC20.0154).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data available on request due to restrictions (privacy).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Soffietti, R.; Abacioglu, U.; Baumert, B.; Combs, S.E.; Kinhult, S.; Kros, J.M.; Marosi, C.; Metellus, P.; Radbruch, A.; Freixa, S.S.V.; et al. Diagnosis and treatment of brain metastases from solid tumors: Guidelines from the European Association of Neuro-Oncology (EANO). Neuro-Oncology 2017, 19, 162–174. [Google Scholar] [CrossRef] [PubMed]

	



Mills, M.N.; Figura, N.B.; Arrington, J.A.; Yu, H.-H.M.; Etame, A.B.; Vogelbaum, M.A.; Soliman, H.; Czerniecki, B.J.; Forsyth, P.A.; Han, H.S.; et al. Management of brain metastases in breast cancer: A review of current practices and emerging treatments. Breast Cancer Res. Treat. 2020, 180, 279–300. [Google Scholar] [CrossRef]

	



Mamon, H.J.; Yeap, B.Y.; Jänne, P.A.; Reblando, J.; Shrager, S.; Jaklitsch, M.T.; Mentzer, S.; Lukanich, J.M.; Sugarbaker, D.J.; Baldini, E.H.; et al. High Risk of Brain Metastases in Surgically Staged IIIA Non–Small-Cell Lung Cancer Patients Treated with Surgery, Chemotherapy, and Radiation. J. Clin. Oncol. 2005, 23, 1530–1537. [Google Scholar] [CrossRef]

	



Fecci, P.E.; Champion, C.D.; Hoj, J.; McKernan, C.M.; Goodwin, C.R.; Kirkpatrick, J.P.; Anders, C.K.; Pendergast, A.M.; Sampson, J.H. The Evolving Modern Management of Brain Metastasis. Clin. Cancer Res. 2019, 25, 6570–6580. [Google Scholar] [CrossRef] [PubMed]

	



Suh, J.H.; Kotecha, R.; Chao, S.T.; Ahluwalia, M.S.; Sahgal, A.; Chang, E.L. Current approaches to the management of brain metastases. Nat. Rev. Clin. Oncol. 2020, 17, 279–299. [Google Scholar] [CrossRef]

	



Di Carlo, C.; Trignani, M.; Caravatta, L.; Vinciguerra, A.; Augurio, A.; Perrotti, F.; Di Tommaso, M.; Nuzzo, M.; Giancaterino, S.; Falco, M.D.; et al. Hippocampal sparing in stereotactic radiotherapy for brain metastases: To contour or not contour the hippocampus? Cancer Radiother. 2018, 22, 120–125. [Google Scholar] [CrossRef] [PubMed]

	



Roy, S.; Carass, A.; Jog, A.; Prince, J.L.; Lee, J. MR to CT Registration of Brains using Image Synthesis. In Proceedings of the SPIE—The International Society for Optical Engineering, San Diego, CA, USA, 19–21 August 2014; Volume 9034, p. 903419. [Google Scholar]

	



Karlsson, M.; Karlsson, M.G.; Nyholm, T.; Amies, C.; Zackrisson, B. Dedicated Magnetic Resonance Imaging in the Radiotherapy Clinic. Int. J. Radiat. Oncol. 2009, 74, 644–651. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, K. Basic principles of magnetic resonance imaging. Rinsho byori. Jpn. J. Clin. Pathol. 2000, 48, 614–620. [Google Scholar]

	



Prusator, M.T.; Zhao, T.; Kavanaugh, J.A.; Santanam, L.; Dise, J.; Goddu, S.M.; Mitchell, T.J.; Zoberi, J.E.; Kim, T.; Mutic, S.; et al. Evaluation of a new secondary dose calculation software for Gamma Knife radiosurgery. J. Appl. Clin. Med. Phys. 2020, 21, 95–102. [Google Scholar] [CrossRef] [PubMed]

	



Dinkla, A.M.; Wolterink, J.M.; Maspero, M.; Savenije, M.H.; Verhoeff, J.J.; Seravalli, E.; Išgum, I.; Seevinck, P.R.; Berg, C.A.V.D. MR-Only Brain Radiation Therapy: Dosimetric Evaluation of Synthetic CTs Generated by a Dilated Convolutional Neural Network. Int. J. Radiat. Oncol. 2018, 102, 801–812. [Google Scholar] [CrossRef]

	



Kazemifar, S.; McGuire, S.; Timmerman, R.; Wardak, Z.; Nguyen, D.; Park, Y.; Jiang, S.; Owrangi, A. MRI-only brain radiotherapy: Assessing the dosimetric accuracy of synthetic CT images generated using a deep learning approach. Radiother. Oncol. 2019, 136, 56–63. [Google Scholar] [CrossRef] [PubMed]

	



Johnstone, E.; Wyatt, J.J.; Henry, A.M.; Short, S.C.; Sebag-Montefiore, D.; Murray, L.; Kelly, C.G.; McCallum, H.M.; Speight, R. Systematic Review of Synthetic Computed Tomography Generation Methodologies for Use in Magnetic Resonance Imaging–Only Radiation Therapy. Int. J. Radiat. Oncol. 2018, 100, 199–217. [Google Scholar] [CrossRef] [PubMed]

	



Arabi, H.; Dowling, J.A.; Burgos, N.; Han, X.; Greer, P.B.; Koutsouvelis, N.; Zaidi, H. Comparative study of algorithms for synthetic CT generation from MRI: Consequences for MRI -guided radiation planning in the pelvic region. Med. Phys. 2018, 45, 5218–5233. [Google Scholar] [CrossRef]

	



Largent, A.; Barateau, A.; Nunes, J.-C.; Mylona, E.; Castelli, J.; Lafond, C.; Greer, P.B.; Dowling, J.A.; Baxter, J.; Saint-Jalmes, H.; et al. Comparison of Deep Learning-Based and Patch-Based Methods for Pseudo-CT Generation in MRI-Based Prostate Dose Planning. Int. J. Radiat. Oncol. 2019, 105, 1137–1150. [Google Scholar] [CrossRef] [PubMed]

	



Largent, A.; Barateau, A.; Nunes, J.; Lafond, C.; Greer, P.B.; Dowling, J.A.; Baxter, J.; Saint-Jalmes, H.; Acosta, O.; de Crevoisier, R. 45 A comparison of pseudo-CT generation methods for prostate MRI-based dose planning: Deep learning, patch-based, atlas-based and bulk-density methods. Eur. J. Med. Phys. 2019, 68, 28. [Google Scholar] [CrossRef]

	



Edmund, J.M.; Nyholm, T. A review of substitute CT generation for MRI-only radiation therapy. Radiat. Oncol. 2017, 12, 28. [Google Scholar] [CrossRef]

	



Lucia, F.; Key, S.; Dissaux, G.; Goasduff, G.; Lucia, A.-S.; Ollivier, L.; Pradier, O.; Schick, U. Inhomogeneous tumor dose distribution provides better local control than homogeneous distribution in stereotactic radiotherapy for brain metastases. Radiother. Oncol. 2019, 130, 132–138. [Google Scholar] [CrossRef]

	



Isola, P.; Zhu, J.-Y.; Zhou, T.; Efros, A.A. Image-to-Image Translation with Conditional Adversarial Networks. In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Honolulu, HI, USA, 21–26 July 2017; pp. 5967–5976. [Google Scholar]

	



Ronneberger, O.; Fischer, P.; Brox, T. U-Net: Convolutional Networks for Biomedical Image Segmentation. In Proceedings of the International Conference on Medical Image Computing and Computer-Assisted Intervention, Munich, Germany, 5–9 October 2015; Springer: Cham, Switzerland, 2015; pp. 234–241. [Google Scholar]

	



Isensee, F.; Petersen, J.; Klein, A.; Zimmerer, D.; Jaeger, P.F.; Kohl, S.; Wasserthal, J.; Koehler, G.; Norajitra, T.; Wirkert, S.; et al. Abstract: nnU-Net: Self-adapting Framework for U-Net-Based Medical Image Segmentation. Inform. Aktuell 2019, 22. [Google Scholar] [CrossRef]

	



Olberg, S.; Zhang, H.; Kennedy, W.R.; Chun, J.; Rodriguez, V.; Zoberi, I.; Thomas, M.A.; Kim, J.S.; Mutic, S.; Green, O.L.; et al. Synthetic CT reconstruction using a deep spatial pyramid convolutional framework for MR-only breast radiotherapy. Med. Phys. 2019, 46, 4135–4147. [Google Scholar] [CrossRef]

	



Hoffmann, L.; Alber, M.; Söhn, M.; Elstrøm, U.V. Validation of the Acuros XB dose calculation algorithm versus Monte Carlo for clinical treatment plans. Med. Phys. 2018, 45, 3909–3915. [Google Scholar] [CrossRef]

	



Stanhope, C.W.; Drake, D.G.; Liang, J.; Alber, M.; Söhn, M.; Habib, C.; Willcut, V.; Yan, D. Evaluation of machine log files/MC-based treatment planning and delivery QA as compared to ArcCHECK QA. Med. Phys. 2018, 45, 2864–2874. [Google Scholar] [CrossRef] [PubMed]

	



Seuntjens, J.; Lartigau, E.; Cora, S.; Ding, G.X.; Goetsch, S.; Nuyttens, J. ICRU Report 91. Prescribing, recording, and reporting of stereotactic treatments with small photon beams. J. ICRU 2014, 14, 1–160. [Google Scholar]

	



Shaw, E.; Kline, R.; Gillin, M.; Souhami, L.; Hirschfeld, A.; Dinapoli, R.; Martin, L. Radiation therapy oncology group: Radiosurgery quality assurance guidelines. Int. J. Radiat. Oncol. 1993, 27, 1231–1239. [Google Scholar] [CrossRef]

	



Gregoire, V.; Mackie, T.R.; De Neve, W.; Gospodarowicz, M.; Purdy, J.A.; Van Herck, M.; Niemierko, A. The international commission on radiation units and measurements. J. ICRU 2010, 10, 55–59. [Google Scholar]

	



Yoon, M.; Park, S.Y.; Shin, D.; Lee, S.B.; Pyo, H.R.; Kim, D.Y.; Cho, K.H. A new homogeneity index based on statistical analysis of the dose-volume histogram. J. Appl. Clin. Med. Phys. 2007, 8, 9–17. [Google Scholar] [CrossRef]

	



Julious, S.A. Sample sizes for clinical trials with Normal data. Stat. Med. 2004, 23, 1921–1986. [Google Scholar] [CrossRef]

	



Bland, M. An Introduction to Medical Statistics, 3rd ed.; Oxford Medical Publications: Oxford, UK, 2000. [Google Scholar]

	



Low, D.A.; Harms, W.B.; Mutic, S.; Purdy, J.A. A technique for the quantitative evaluation of dose distributions. Med. Phys. 1998, 25, 656–661. [Google Scholar] [CrossRef]

	



Park, J.M.; Kim, J.-I.; Park, S.-Y.; Oh, D.H.; Kim, S.-T. Reliability of the gamma index analysis as a verification method of volumetric modulated arc therapy plans. Radiat. Oncol. 2018, 13, 175. [Google Scholar] [CrossRef]

	



Kim, J.-I.; Park, S.-Y.; Kim, H.J.; Ye, S.-J.; Park, J.M. The sensitivity of gamma-index method to the positioning errors of high-definition MLC in patient-specific VMAT QA for SBRT. Radiat. Oncol. 2014, 9, 167. [Google Scholar] [CrossRef]

	



Heilemann, G.; Poppe, B.; Laub, W. On the sensitivity of common gamma-index evaluation methods to MLC misalignments in Rapidarc quality assurance. Med. Phys. 2013, 40, 031702. [Google Scholar] [CrossRef] [PubMed]

	



Fredh, A.; Scherman, J.B.; Fog, L.S.; Munck af Rosenschold, P. Patient QA systems for rotational radiation therapy: A comparative experimental study with intentional errors. Med. Phys. 2013, 40, 031716. [Google Scholar] [CrossRef]

	



Benedict, S.H.; Yenice, K.M.; Followill, D.; Galvin, J.M.; Hinson, W.; Kavanagh, B.; Keall, P.; Lovelock, M.; Meeks, S.; Papiez, L.; et al. Stereotactic body radiation therapy: The report of AAPM Task Group 101. Med. Phys. 2010, 37, 4078–4101. [Google Scholar] [CrossRef]

	



Kim, J.I.; Chun, M.; Wu, H.G.; Chie, E.K.; Kim, H.J.; Kim, J.H.; Park, J.M. Gamma analysis with a gamma criterion of 2%/1 mm for stereotactic ablative radiotherapy delivered with volumetric modulated arc therapy technique: A single institution experience. Oncotarget 2017, 8, 76076–76084. [Google Scholar] [CrossRef] [PubMed]

	



Andreasen, D.; Van Leemput, K.; Edmund, J.M. A patch-based pseudo-CT approach for MRI-only radiotherapy in the pelvis. Med. Phys. 2016, 43, 4742–4752. [Google Scholar] [CrossRef]

	



Sharpe, M.; Brock, K.K. Quality Assurance of Serial 3D Image Registration, Fusion, and Segmentation. Int. J. Radiat. Oncol. 2008, 71 (Suppl. 1), S33–S37. [Google Scholar] [CrossRef]

	



Brock, K.K.; Mutic, S.; McNutt, T.R.; Li, H.; Kessler, M.L. Use of image registration and fusion algorithms and techniques in radiotherapy: Report of the AAPM Radiation Therapy Committee Task Group No. 132. Med. Phys. 2017, 44, e43–e76. [Google Scholar] [CrossRef] [PubMed]

	



Demol, B.; Boydev, C.; Korhonen, J.; Reynaert, N. Dosimetric characterization of MRI-only treatment planning for brain tumors in atlas-based pseudo-CT images generated from standard T 1-weighted MR images. Med. Phys. 2016, 43, 6557–6568. [Google Scholar] [CrossRef] [PubMed]

	



Nyholm, T.; Nyberg, M.; Karlsson, M.G.; Karlsson, M. Systematisation of spatial uncertainties for comparison between a MR and a CT-based radiotherapy workflow for prostate treatments. Radiat. Oncol. 2009, 4, 54. [Google Scholar] [CrossRef]

	



Dearnaley, D.P.; Jovic, G.; Syndikus, I.; Khoo, V.; Cowan, R.A.; Graham, J.D.; Aird, E.G.; Bottomley, D.; Huddart, R.A.; Jose, C.C.; et al. Escalated-dose versus control-dose conformal radiotherapy for prostate cancer: Long-term results from the MRC RT01 randomised controlled trial. Lancet Oncol. 2014, 15, 464–473. [Google Scholar] [CrossRef]

	



Bronnimann, C.; Huchet, A.; Benech-Faure, J.; Dutriaux, C.; Saut, O.; Blais, E.; Mollier, O.; Trouette, R.; Vendrely, V. Interval between planning and frameless stereotactic radiosurgery for brain metastases: Are our margins still accurate? Neuro-Oncol. Pract. 2020, 7, 211–217. [Google Scholar] [CrossRef]

	



Paradis, E.; Cao, Y.; Lawrence, T.S.; Tsien, C.I.; Feng, M.; Vineberg, K.; Balter, J.M. Assessing the Dosimetric Accuracy of Magnetic Resonance-Generated Synthetic CT Images for Focal Brain VMAT Radiation Therapy. Int. J. Radiat. Oncol. 2015, 93, 1154–1161. [Google Scholar] [CrossRef] [PubMed]

	



Greer, P.; Martin, J.; Sidhom, M.; Hunter, P.; Pichler, P.; Choi, J.H.; Best, L.; Smart, J.; Young, T.; Jameson, M.; et al. A Multi-center Prospective Study for Implementation of an MRI-Only Prostate Treatment Planning Workflow. Front. Oncol. 2019, 9, 826. [Google Scholar] [CrossRef]

	



Lagendijk, J.J.; Raaymakers, B.W.; Raaijmakers, A.J.; Overweg, J.; Brown, K.J.; Kerkhof, E.M.; Van Der Put, R.W.; Hårdemark, B.; Van Vulpen, M.; Van Der Heide, U.A. MRI/linac integration. Radiother. Oncol. 2008, 86, 25–29. [Google Scholar] [CrossRef] [PubMed]

	



Tseng, C.-L.; Eppinga, W.; Seravalli, E.; Hackett, S.; Brand, E.; Ruschin, M.; Lee, Y.K.; Atenafu, E.G.; Sahgal, A. Dosimetric feasibility of the hybrid Magnetic Resonance Imaging (MRI)-linac System (MRL) for brain metastases: The impact of the magnetic field. Radiother. Oncol. 2017, 125, 273–279. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 13 01082 g001 550] 





Figure 1. Dose comparison between the initial dose map (middle) and the synthetic dose map (bottom). Gamma analysis between both dose maps (top). PTVs (n = 2) are highlighted in light blue. 
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Figure 2. DVH comparison between the initial dose map (top) and the synthetic dose map (bottom). Abbreviations: PTV: planning target volume, M1: metastasis 1, M2: metastasis 2, Dmax: maximum dose, DMin: minimum dose, Dmean: mean dose. 
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Table 1. Main patients’ characteristics.
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Main Patients Characteristics

	
N = 184

	
%






	
Gender

	
Male

	
105

	
57.1




	
Female

	
79

	
42.9




	
Age median (range)

	
60 (31–85)

	




	
Primary Histology

	
Lung

	
113

	
61.4




	
Breast

	
30

	
16.3




	
Melanoma

	
21

	
11.4




	
Kidney

	
5

	
2.7




	
GI

	
12

	
6.5




	
Bladder

	
2

	
1.1




	
Osteosarcoma

	
1

	
0.5




	
Planning target volume (PTV) (cm3)

	
Mean (range)

	
6.44 (0.37–45.41)

	




	
Median

	
3.89

	




	
Number of brain metastases

	
1

	
114

	
62.0




	
2–3

	
59

	
32.0




	
>3

	
11

	
6.0




	
Mean (range)

	
1 (1–6)

	




	
Prescription dose

	
PD1

	
78

	
42.4




	
PD2

	
106

	
57.6
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Table 2. HU comparability and DRR comparability between the initial CT scan and the synthetic CT scan (root mean square error).
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	Dose
	Bone
	Soft-Tissue
	DRR

(20 Patients)





	Mean (HU)
	175.50
	13.54
	86.16



	Median (HU)
	179.58
	13.70
	80.30



	SD
	63.15
	1.96
	19.80







Abbreviations: HU: Hounsfield unit, DRR: digital reconstructed radiograph.
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Table 3. Results of the local and global gamma analyses for each set (Overall, Training and Testing) with the 2%/2 mm criteria (10% maximum dose threshold).
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Gamma Analysis

	
Dose

	
Overall

	
Training

	
Testing

	
p






	
Local Gamma Analysis

	
Median

	
99.5

	
99.6

	
99.5

	
0.43




	
Mean

	
99.1

	
99.3

	
99.1




	
SD

	
0.53

	
0.54

	
0.54




	
Global Gamma Analysis

	
Median

	
99.8

	
99.9

	
99,8

	
0.83




	
Mean

	
99.7

	
99.8

	
99.7




	
SD

	
0.39

	
0.18

	
2.12








Abbreviation: SD: standard deviation.
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Table 4. Dose-volume histogram (DVH) comparisons between the initial dose and the synthetic dose maps for the PTVs.
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DVH Feature

	
Initial

	
Synthetic

	
Absolute Difference

	
Relative Difference




	

	
Median

	
Mean

	
SD

	
Median

	
Mean

	
SD

	
Median

	
Mean

	
SD

	
p

	
%






	
PTV Volume (mL)

	
3.89

	
6.44

	
7.98

	

	

	

	

	

	

	

	




	
Dmin (Gy)

	
22.56

	
22.20

	
1.84

	
22.85

	
22.46

	
1.87

	
0.30

	
0.26

	
0.34

	
0.15

	
1.17




	
Dmax (Gy)

	
32.94

	
29.89

	
4.54

	
33.11

	
30.28

	
4.57

	
0.41

	
0.39

	
0.28

	
0.38

	
1.30




	
Dmean (Gy)

	
28.21

	
26.83

	
2.78

	
28.42

	
27.19

	
2.80

	
0.38

	
0.37

	
0.24

	
0.19

	
1.38




	
D2 (Gy)

	
32.25

	
29.30

	
4.34

	
32.44

	
29.62

	
4.64

	
−0.42

	
−0.32

	
1.79

	
0.47

	
−1.09




	
D50 (Gy)

	
27.99

	
26.85

	
2.86

	
28.19

	
27.12

	
3.24

	
−0.38

	
−0.27

	
1.69

	
0.37

	
−1.01




	
D98 (Gy)

	
24.18

	
23.89

	
1.48

	
24.43

	
24.09

	
2.11

	
−0.32

	
−0.20

	
1.51

	
0.26

	
−0.84




	
Reference Isodose Volume (mL)

	
11.46

	
14.43

	
12.94

	
11.76

	
15.02

	
13.34

	
0.30

	
0.60

	
0.72

	
0.65

	
4.16




	
Half Reference Dose Volume (mL)

	
46.93

	
61.92

	
50.05

	
48.05

	
62.99

	
51.34

	
−1.21

	
−0.42

	
1.06

	
0.83

	
−0.68




	
Conformation Index

	
1.39

	
1.44

	
0.22

	
1.42

	
1.48

	
0.25

	
0.03

	
0.02

	
0.06

	
0.10

	
4.86




	
Ihomogeneity1

	
1.43

	
1.30

	
0.19

	
1.43

	
1.32

	
0.19

	
0

	
−0.02

	
0.01

	
0.28

	
−1.54




	
Ihomogeneity2

	
0.32

	
0.24

	
0.15

	
0.33

	
0.24

	
0.15

	
0.00

	
−0.01

	
0.02

	
1

	
−4.17




	
Ihomogeneity3

	
0.25

	
0.19

	
0.11

	
0.26

	
0.20

	
0.17

	
0.00

	
−0.01

	
0.13

	
0.48

	
−5.26




	
Dose Gradient

	
4.34

	
4.87

	
2.03

	
4.26

	
4.70

	
2.00

	
0.05

	
0.17

	
0.51

	
0.39

	
3.49








Abbreviations: Dx: dose received by x% of the volume (Gy), SD: standard deviation, Ihomogeneity 1: PTV Dmax/PD (PD: prescribed dose), Ihomogeneity 2: (D2 − D98)/PD, Ihomogeneity 3: (D2 − D98)/D50, Dose Gradient: PD50%/Volume Isodose PD.
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