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Purpose/Objective(s)

Stereotactic ablative body radiotherapy (SBRT) for vertebral metastases is a challenging treatment process. Planning automation has recently reported the potential to improve plan quality and increase planning efficiency. We performed a dosimetric evaluation of the new Personalized engine implemented in Pinnacle3 for full planning automation of SBRT spine treatments in terms of plan quality, treatment efficiency, and delivery accuracy.



Materials/Methods

The Pinnacle3 treatment planning system was used to reoptimize six patients with spinal metastases, employing two separate automated engines. These two automated engines, the existing Autoplanning and the new Personalized, are both template-based algorithms that employ a wishlist to construct planning goals and an iterative technique to replicate the planning procedure performed by skilled planners. The boost tumor volume (BTV) was defined as the macroscopically visible lesion on RM examination, and the planning target volume (PTV) corresponds with the entire vertebra. Dose was prescribed according to simultaneous integrated boost strategy with BTV and PTV irradiated simultaneously over 3 fractions with a dose of 30 and 21 Gy, respectively. Dose-volume histogram (DVH) metrics and conformance indices were used to compare clinically accepted manual plans (MP) with automated plans developed using both Autoplanning (AP) and Personalized engines (Pers). All plans were evaluated for planning efficiency and dose delivery accuracy.



Results

For similar spinal cord sparing, automated plans reported a significant improvement of target coverage and dose conformity. On average, Pers plans increased near-minimal dose D98% by 10.4% and 8.9% and target coverage D95% by 8.0% and by 4.6% for BTV and PTV, respectively. Automated plans provided significantly superior dose conformity and dose contrast by 37%–47% and by 4.6%–5.7% compared with manual plans. Overall planning times were dramatically reduced to about 15 and 23 min for Pers and AP plans, respectively. The average beam-on times were found to be within 3 min for all plans. Despite the increased complexity, all plans passed the 2%/2 mm γ-analysis for dose verification.



Conclusion

Automated planning for spine SBRT through the new Pinnacle3 Personalized engine provided an overall increase of plan quality in terms of dose conformity and a major increase in efficiency. In this complex anatomical site, Personalized strongly reduce the tradeoff between optimal accurate dosimetry and planning time.
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Introduction

The spinal vertebrae are a common location for metastases from many primary cancers (1), leading to pain and neurologic dysfunction. Conventional fractionated radiation therapy has been the standard treatment of the palliative management, but long-term control of symptoms has been reported to be at best approximately 60%, with a median duration of palliation of 4 months (2).

The ineffectiveness of traditional radiation is mostly due to technological limitations, which limit the treatment dose to values below those required for tumor ablation. In the last years, the technological advances in treatment dose delivery with intensity-modulated techniques (IMRT), image-guided systems (IGRT), and new treatment planning optimization algorithms entailed new abilities to achieve a high precision of target coverage with tumoricidal dose levels, while sparing the spinal cord. These technological advancements facilitated the application of stereotactic ablative body radiation therapy (SBRT) for vertebral metastasis (3). Phase I–II studies demonstrated clinical benefits of SBRT in the primary or salvage treatment of stable spinal lesions (4). The results of the RTOG 0631 study showed SBRT to be feasible and accurate (5). In particular, it has been reported that the risk of radiation myelopathy can be kept to ≤1% with high-technological planning and delivery systems (6). Furthermore, radiation dose was found to be a strong predictor of local control in trials on dose escalation (7); spine SBRT has resulted in 80%–90% local control rates after 1 year in many published de novo and adjuvant studies (8, 9).

Despite technological advancements, concern have been raised about the most effective dose-fractionation schemes in spine SBRT because, when compared with conventional radiotherapy, the risk of vertebral compression fractures (VCF) has been shown to be as high as 40% (10). The ideal dose fractionation for spine SBRT is at present uncertain. Different schedules are common in clinical practice including 18 to 24 Gy in 1 fraction, 24 Gy in 2 fractions, 24 to 30 Gy in 3 fractions, 30 Gy in 4 fractions, and 30 to 40 Gy in 5 fractions. Nowadays, no randomized trials confirmed the superiority of single-fraction SBRT as compared with multiple-fraction SBRT. A simultaneous integrated boost (SIB) dose delivery approach has been proposed to reduce the risk of SBRT-induced VCF by increasing the gross tumor volume and including nonaffected bone in the clinical target volume. This strategy has not yet been fully explored and only very few papers demonstrated that SIB strategy could be successfully applied to spinal metastases in a dose-escalation trial (11–13).

SBRT planning optimization for spinal metastases remains a high challenging task because of the complex relationship between the vertebral segment and the adjacent critical structures, particularly the spinal cord. Treatment planning for spine SBRT necessitates extensive skill and a significant time investment on the part of treatment planners. Three recent multicentric studies investigated the dosimetric variability in SBRT planning across a large number of centers. Esposito et al. (14) reported the dosimetric variability in spine SBRT planning in a large number of centers in order to identify crowd knowledge-based solutions. With comparable planning/delivery technologies, planners produced significant different plans in terms of quality, highlighting the importance of the skills of planners in the SBRT planning optimization process and the utility of knowledge sharing to increase plan quality. Moustakis et al. (15) reported the results of a comparative planning study for vertebral SBRT using different treatment platforms emphasizing that target and critical structural dosimetry discrepancies were substantially planner dependent rather than system dependent. Hardcastle et al. (16) reported the findings of an international planning challenge on a vertebral SBRT case, illustrating once more that high-quality were dependent on planner skills rather than technologically advanced in planning systems.

Artificial intelligence applications in radiation oncology are already translating into rapid technological breakthroughs in several elements of the radiotherapy process, including patient outcome modeling, organ autosegmentation, dose prediction, and treatment plan automation (17, 18). However, until today, only few studies intended to validate full automated VMAT plan engines for spinal metastases. Buergy et al. (19) evaluated the performance of the Erasmus-iCycle algorithm to automatically generate high-quality VMAT plans for SRS/SBRT treatments of spinal metastases. At the cost of somewhat longer treatment periods, automated plans provided higher target coverage and OAR sparing. Foy et al. (20) explored the feasibility of knowledge-based planning strategy using Varian RapidPlan software for 10 spine SBRT cases, reporting an overall improved quality and a decrease of total planning time from approximately 1.5 h to 15 min. Last, a dedicated TPS, the Elements Spine SRS (Brainlab AG, Munich, Germany), has been recently evaluated for the generation of automated quality plans in spine SBRT (21, 22). Comparison with previous clinical plans obtained with other TPS resulted in sharpest dose gradient and in lower spinal cord maximum point doses.

A commercial solution, the Autoplanning module implemented in the Pinnacle3 treatment planning system (Philips Medical Systems, Fitchburg, WI, USA), has been successfully used to automate the treatment planning process and find the best patient treatment plan. This strategy is based on a template-based planning optimization procedure that employs an iterative approach capable of replicating all processes of experienced and skilled planners in order to generated high-quality plans (23). The Autoplanning module has been recently evaluated for SBRT treatment of liver and pancreatic tumors, showing a major ability to deliver ablative doses respecting all normal tissue constraints with respect to manually generated plans (24, 25).

Pinnacle3 Personalized, a new generation of advanced algorithms, is currently being investigated with the goal of improving overall plan quality and the speed of IMRT and VMAT optimization for automated plan generation. In particular, the Personalized engine integrates an advanced technology called Feasibility that allows the estimation of the best feasible organ-at-risk dose sparing, then providing an “a priori” knowledge about the achievability of treatment planning goals. The first clinical application of this new strategy has been recently tested for challenging treatments of head-neck and prostate cancers, reporting a general improvement in plan quality in terms of dose conformity and normal tissue sparing (26, 27).

Based on the recent literature data, we aimed to investigate the feasibility of the new Pinnacle3 Personalized engine in creating challenging treatment plans for spine SBRT using a SIB approach and to test the hypothesis that high-quality automated generated plans can be created more efficiently than manual plans. This scenario represents an extreme technical treatment planning challenge, due to the irregular-shaped target volume, the location of critical OARs immediately adjacent to the target structures, and the delivery of heterogeneous dose distribution.

In particular, following the PREST trial (NCT03597984) protocol (28), in this study, we hypothesize the feasibility of SBRT automated planning to administer, in three treatment fractions, 21 and 30 Gy to the whole vertebra and to the macroscopic lesion, respectively. This SIB strategy should then allow radiation dose escalation without increasing the risk of radiation-induced myelopathy and VCF.



Material and Methods


Patient Population, Volume Definition, and Dose Prescription

Six patients were retrospectively selected from our institutional review board. Patient data were anonymized and de-identified to protect patient confidentiality. Patients presented varied tumor sites to represent several complex clinical settings for SBRT planning. Table 1 lists the details of the locations and volumes of the lesions.


Table 1 | Summary of the locations and BTV and PTV volumes of the lesions.



All patients had a simulation computed tomography (CT) scan (2-mm slice thickness) in the supine position at 3-mm interval from the vertex to the level of the aortic arc.

A PET-CT and MRI imaging was coregistered with the simulation CT for accurate volume delineation. The gross tumor volume (GTV) was defined as the macroscopically visible lesion on MRI examination. The clinical target volume (CTV) corresponds with the entire vertebra. The boost target volume (BTV) and the planning target volume (PTV) were defined by expanding the GTV and the CTV by 2 mm, respectively. Two planning organ-at-risk volumes for spinal cord were generated as 1- and 2-mm uniform expansions and were denoted cord_1mm and cord_2mm. These margins were employed to account for both image-guided spinal SBRT setup uncertainty and spinal cord motion or position within the thecal sac (29). The pictorial definition of target volumes is shown in Figure 1.




Figure 1 | Definition of target volumes. GTV, gross target volume; BTV, boost target volume; CTV, clinical target volume; PTV, planning target volume. On the left, the six axial images (A–F) refer to the six patient lesions reported in Table 1.



Radiotherapy was prescribed according to SIB strategy with BTV and PTV irradiated simultaneously over 3 fractions. Doses of 30 Gy (10 Gy/fraction) and 21 Gy (7 Gy/fraction) were prescribed to the BTV and PTV, respectively. This dose fractionation was based on the PREST phase III randomized multicentric trial (28) recommendations. The optimal coverage for BTV and PTV was considered: D95% ≥95% of each prescription dose. Although dose inhomogeneity in BTV and PTV was not considered a priority, a particular attention was paid in order to obtain any dose ≥105% of prescription dose within the target volumes.

Compliance of spinal cord to the maximum dose was considered optimal if D0.03cc ≤18.8 Gy, where D0.03cc is the dose to the 0.03 cc volume and represents the near-maximal dose. Using this constrain and under the assumption of the linear quadratic model and an α/β-value of 2 for late effect, the probability of myelopathy was kept below 3% (30). This constraint is more restrictive than the one suggested by the AAPM101 (31) guidelines, that is D0.03cc ≤21.9 Gy, which was instead used as a hard constraint, together with the additional constraint D0.35cc ≤18.0 Gy (31). All three constraints were simultaneously used in the planning optimization process. Maximal doses for other OARs (esophagus, heart, lungs, trachea, liver) were to be kept within the suggested guidelines of AAPM101.



Treatment Planning

Three plans were created for each patient using the VMAT optimization technique for coplanar flattening filter-free (FFF) 6MV photon beams from an Elekta VersaHD linac (Elekta Ltd., Crawley, UK), equipped with the Agility 160-leaf multileaf collimator. An expert medical physicist created the manual VMAT plans (MP plans) according to local protocols. Pinnacle3 Autoplanning and Pinnacle3 Personalized modules were used to create automated VMAT plans, which were compared with the clinically accepted ones. The dose calculations were done with a 2-mm grid resolution using the collapsed cone convolution dose calculation algorithm. A “dual-arc” configuration was used to generate all plans; a full gantry rotation was represented by a sequence of 180 control points, one every 2°.



Pinnacle3 Autoplanning

The Autoplanning module in Pinnacle3 TPS version 16.2 was used to automatically generate the AP plans for each patient, utilizing a template based on the identical beam parameters, dose prescription, and clinical objectives as manual plans. This module was previously described in details (20). Briefly, this module employs a “Technique,” which is a set of adjustable parameters, including the definition of beam characteristics, dose prescriptions, and planning objectives for PTVs and OARs, that may be tailored to each treatment protocol and tumor site. The Technique is used by the Autoplanning engine to iteratively optimize planning parameters in order to best fulfill the required planning goals. Several dummy structures are automatically generated by the Autoplanning engine during the optimization process including (a) rings around the PTVs to manage the dose fall-off, (b) residual targets structures where overlaps between no-compromised OARs are removed, (c) residual OARs structures where overlaps between targets are removed, (d) body structures used to control body dose, and (e) hot-spot and cold-spot structures to manage target dose uniformity.

An iterative process is then carried out over multiple optimization loops by the Autoplanning engine that automatically adds new objectives to these structures and adjusts the optimization parameters in order to continuously spare the OARs without compromising the target coverage, then simulating what a manual experienced planner would normally do.



Pinnacle3 Personalized

New automated plans (Pers_plan) were created using a new generation of automated treatment planning technology called Personalized and implemented in the Pinnacle3 Evolution TPS version 16.4. The Pinnacle3 Personalized module was previously described in greater details (26). Briefly, this module combines new powerful Philips-exclusive optimization algorithms with the so-called Feasibility technology. Two new powerful algorithms are now available in order to enhance the efficiency of automation process, namely the Broyden-Fletcher-Goldfarb-Shanno (L-BFGS) algorithm for fluence map optimization and the Layered Graph algorithm used for aperture size and shape optimization. One of the main features is the integration of a new module called Feasibility within the optimization process, able to provide the best-case scenario dose distribution for any patient. This module creates a “feasibility” dose-volume histogram (fDVH) for each OAR based on the patient’s CT imaging, prescription doses, and the geometric relationship between the target volumes and OAR. The planner is then given the a priori optimal dose distribution and the achievability of treatment planning goals (26). The Personalized engine then integrates the Feasibility goals into the Technique to iteratively tune planning parameters to best fulfill the specified planning goals.

For both AP and Pers plans, after the end of automated optimization, a manual fine-tuning of the plans was performed if hot-spots, i.e., local small-dose areas exceeding dose objectives, were still present within Cord_2mm.



Plan Evaluation

Dose-volume histograms were used to compare all of the plans. The target volumes coverage was compared in terms of mean doses, D98% (the near-minimal dose), D95%, D50% (the median dose), and D2% (the near-maximal dose). OAR dose sparing was evaluated following the metrics previously reported.

The dose conformity indexes (CI95%) to each target volume were calculated as the ratio of the tissue volume covered by the reference isodose and the volume of that target. For the ideal case, CI = 1. We also calculated the dose conformity at 50% for the vertebra (CI50%) as the ratio between the tissue volume receiving 50% of the prescription doses and the PTV volume, in order to obtain a volumetric measure of how rapidly the dose falls off from the prescription isodose line.

The dose contrast index (DCI) was utilized to quantify the ability to deliver highly heterogeneous doses to the two target volumes as requested for the SIB method (32). The ideal DCI (iDCI) was calculated as the ratio of prescription doses to the BTV and the PTV and was then equal to 1.429. The DCI was calculated by dividing the mean dose to the BTV by the mean dose to the PTV. The percentage DCI (percent DCI) is defined as the ratio of DCI and iDCI multiplied by 100 and quantifies the deviation of the real DCI from the ideal iDCI. A dose contrast closer to 100% suggests a superior contrast ability.



Planning Efficiency and Plan Complexity

The cost effectiveness of the planning procedure was assessed for each patient by examining total planning time (human inputs, optimization loops, and dose calculation times), treatment delivery time, and total number of monitor units. All optimization processes were carried out on a centralized server architecture (Oracle Pinnacle Professional X6-2, 22-core 2.20 GHz processor).



Dose Delivery Verification

The accuracy of dose deliverability was assessed by a dosimetric verification of all plans. The 1000SRS ion-chamber array and the Octavius-4D phantom, both developed PTW (PTW, Freiburg), were used to measure dose distributions. The 1000SRS array consists of 977 liquid-filled ion chambers organized in a grid over a 11 × 11 cm2 area. This array is inserted into the Octavius-4D motorized cylindrical polystyrene phantom, which can rotate synchronously with the gantry enabling 3D dose reconstruction. The gamma-index metric was used to compare the measured and calculated dose distributions. Dosimetric verification was judged optimal if the percentage of points fulfilling gamma index criteria exceeded 90%, using a global dose criterion of 3% and a distance-to-agreement threshold of 2 mm, according to the recent recommendations of the AAPM study No.218 (33).



Statistical Analysis

A Kruskal-Wallis analysis of variance (ANOVA) was used to compare the data, with adjusted p-values of 0.05 indicating statistical significance.




Results


Target Coverage

Tables 2 and 3 report the dosimetric data for the BTV and PTV coverage and dose conformity. Automated Pers plans resulted in a statistically significantly improvement of near-minimal dose (D98%) and target coverage (D95%) for both target volumes (p < 0.05). In particular, Pers plans increased near-minimal dose D98% by 10.4% and 8.9% and target coverage D95% by 8.0% and by 4.6% for BTV and PTV, respectively. AP and Pers plans significantly improved dose conformity when compared with MP plans, suggesting a higher potential to better conform doses to this complex anatomy. In particular, automated plans provide significantly superior dose conformity and dose contrast by 37%–47% and by 4.6%–5.7% compared with manual plans. No significant differences in all dosimetric metrics were found between AP and Pers plans.


Table 2 | Summary of dosimetric data for the BTV and PTV coverage.




Table 3 | Summary of dosimetric data for dose conformity and contrast.



Figure 2 shows the average dose-volume histograms (DVHs) for all patients for BTV (solid lines) and PTV (dashed lines).




Figure 2 | Mean dose volume histograms (DVHs) for BTV (solid lines) and PTV (dashed lines) for all patients.



Figure 3 shows the isodose distributions for (a) MP, (b) AP, and (c) Pers plans for representative patients (case 2) in axial and sagittal planes. In Figure 3 (e and d), the horizontal (in left-right direction) and the vertical (in anterior-posterior direction) dose profiles along the dashed line drawn on the axial plan are reported to highlight the differences of dose gradient for MP, AP, and Pers plan, respectively.




Figure 3 | Comparison of dose distribution obtained by (A) manual, (B) Autoplanning and (C) Personalized plans in axial and sagittal planes for case 2. The BTV and PTV are delineated by black and light blue contour. Isodose curves are shown for 3,300 cGy (white, 110% of BTV prescription), 2,850 cGy (red, 95% of BTV prescription), 1,995 cGy (blue, 95% of PTV prescription), 1,500 cGy (green, 50% of BTV prescription), and 1,000 cGy (yellow, low-dose bath). The bottom panel shows the 2D dose profile along (D) horizontal and (E) vertical lines crossing through the cord, as shown in (A).





OAR Sparing

Table 4 reports the dosimetric data for the spinal cord and skin sparing. As expected, since spinal cord maximal dose was forced as a major hard constraint during plan optimization, no significant difference were observed among MP, AP, and Pers plans. For the cord_2mm, the AAPM101 maximal dose objective of 21.9 Gy was satisfied in all plans. The maximum dose objective of 18.8 Gy for the spinal cord was met in four patients for the AP and Pers plans, but only one patient for the MP plans. For skin, Ap and Pers plans yielded a near-maximal dose lower by 8% (1.6 Gy) with respect to MP plans. All other organs-at-risk (heart, lungs, esophagus, etc.) involved for a given patient in the treatment field was well below the recommended dose tolerances.


Table 4 | Summary of dosimetric data for spinal cord and skin dose sparing.





Planning Efficiency and Dosimetric Verification

Table 5 shows a detailed analysis of planning and treatment efficiency and quality of dosimetric verification. Data are presented as the mean and standard deviations for all patients. For Pers plans, the mean total number of MUs per fraction was found higher by 303 MUs (9.3%) and 669 MUs (23.0%) compared with AP and MP plans, respectively (p < 0.05 in both comparisons). Despite the large differences in MUs, the increase in MUs translated into longer treatment times by only 0.6 and 0.3 min with respect to AP and MP treatment times (p < 0.05 in both comparisons). Anyway, no treatment was longer than 3.0 min for a single treatment fraction.


Table 5 | Summary of results for planning and treatment efficiency and delivery accuracy.



When switching from manual to automated planning, the average planning time was shown to decrease dramatically. AP and Pers plans were generated in roughly 23 and 15 min, respectively, using a centralized server architecture.

All plans underwent pretreatment verification. The average passrate for all plans and all planning methodologies was greater than 90% with criteria equal to 3% (global)/2 mm.




Discussion

Spine SRS/SBRT planning is extremely challenging, and advanced treatment planning solutions are requested to generate the complex dose distributions needed in this clinical setting. The need to spare the spinal cord irradiation requires very steep dose gradients and high concave shape doses in order to avoid any overdosage to the spinal cord. The resulting treatment plans usually presented a very high degree of modulation, then pushing the limits of the accuracy of the treatment planning system and delivery platform. A few multicentric studies then focused on various planning strategies and delivery platform to improve quality in spine SRS/SBRT (14, 15). These studies well reported that all modern treatment planning systems and treatment techniques are able to perform spine SRS/SBRT treatments, but “it is rather the users experience and understanding of the optimization system that appears to be the driving factor for plan quality.”

These findings result in a significant plan variability because the choice of dosimetric tradeoffs in manual planning is planner dependent, and a long sequence of compromises must be individually negotiated for each patient in a trial-and-error process. Because the dose distribution that maximizes the therapeutic ratio for a given patient is never known a priori, not only do the resulting manual plans take a long time to develop, but they often result in sub-optimal plans, which can lead to poor patient outcomes (34). This issue motivated a need to increase spine SRS/SBRT planning efficiency and standardization, regardless of planner expertise.

To our knowledge, no researches investigated the use of template-based automated technique for spine SBRT treatments. In particular, we examined for the first time the potential of the new fully automated engines for VMAT planning deployed in the Pinnacle3 Personalized TPS for spine SBRT. The results of the present analysis provided new data in support of automation for challenging clinical scenarios as spine SBRT. We demonstrated the effectiveness of template-based planning for this anatomical site, able to generate plans with improved quality compared with those created by experienced medical physicist in only a fraction of the time. Plan quality was significantly for automated plans, particularly in terms of dose conformity to target volumes, with Pers plans outperforming AP plans. In particular, the use of the new Personalized engine with its Feasibility module allows an a priori knowledge of the theoretical dose-volume space available for the critical structures, able to identify for each different anatomical configuration the dosimetric outliers and planning cut-off criteria. This feature has the potential to be a true game-changer in treatment planning because until today the lack of knowledge of feasible dose sparing for a certain anatomy translated in a long sequence of manual trial-and-error attempts based on the skills of the planners. Since the choice of tradeoffs is planner dependent, manually generated plans may result in sub-optimal plans, potentially resulting in worse patient outcomes.

A major finding in this study is the impressive reduction of planning time provided by the Autoplanning and Personalized modules. For AP and Pers plans, the mean overall planning time, including human inputs, optimization loop and dose calculation, was determined to be around 23 and 10 min, respectively. However, it must be highlighted that the automated optimization of this challenging anatomical site required in all patients a postoptimization tuning. In this very challenging anatomical site, because of large tissue heterogeneity and irregular shape of the target volume, the optimization process could result in some dose discrepancy between dose objectives and finally calculated plans, often leading to locally high doses in the cord region or in the immediate vicinity. Even with the critical structures set to “none compromise,” the max dose to spinal cord could exceed the tolerance. In these cases, plans could been made clinically acceptable in a very easy way by performing a so-called warm restart, i.e., a manual fine tuning of the planning objectives based on the scorecard results. This final manual step does not require more than additional 5 min of dose calculation time.

We wish to emphasize that the use of a template-based optimization engine reduces all effort necessary for plan creation, beam setup, optimization objective definition, setup optimization and computation. In addition, a very large number of tuning optimization structures are automatically created during the loops optimization, which on the contrary would be especially time consuming if manually generated. Planning automation can overcome all criticism of this complex labor intensive manual procedure which prevents the use of SBRT for spine treatments in clinical routine, especially for patients requiring urgent management.

A main feature of this study is the implementation of a modified SIB strategy. The present treatment was focused on the BTV ablative dose escalation with dose fraction of 10 Gy, together with a lower safer dose fraction size to the entire vertebra (7 Gy/fraction), that should avoid failures at the epidural interface. In this way, the boost target received 50.0 Gy equivalent dose in 2 Gy/fraction (EQD2 Gy), whereas the surrounding vertebra received 42.5 Gy EQD2 Gy. We then aimed to achieve a significant increase in therapeutic gain as a result of the dual benefits of effective high tumor control and low treatment toxicity. In particular, we hypothesize that this strategy could decrease both the risk of marginal recurrences [seen in up to 12% of patients (35)] and vertebral collapse [currently estimated at 11%–20% (36)]. This approach has not yet been fully explored and only very few papers demonstrated that SIB strategy could be successfully applied to vertebral metastases in a dose-escalation trial (11–13).

It must be highlighted that spine SBRT planning using SIB technique involves a higher modulation of many machine parameters, resulting in more irregular beam apertures, larger tongue-and-groove effects, and larger dose-rate modulation, then placing higher demands on the accuracy of treatment machines and TPSs. This increasing complexity, in particular, may affect dose calculation uncertainties (due to limits in the algorithms or beam model) and the sensitivity of the delivered dose to small changes in machine parameters or patient geometry during treatment delivery (37). Therefore, patient-specific pretreatment verification must be considered mandatory to trace back any potential error in treatment planning process or machine deliverability. Regardless of plan complexity, there was an excellent agreement between measured and computed dose distributions for the 3% (global)/2 mm criterion (with 10% threshold and 90% passing rate) for all plans. These findings support the recommendations of the recent AAPM task group no. 218 (33) report on IMRT measurement-based verification quality assurance tolerance limits and procedures, confirming the deliverability of automated plans and their reliability and safety for clinical applications.Moreover, more complex plans usually necessitate longer beam-on durations, which can increase the risk of intrafraction motion (38). Because of their favorable characteristics such as the very high-dose rate and the low peripheral dose, all plans in this investigation were created for free-flattening filter (FFF) beams. The average delivery time of these spine treatments generated with FFF beams was found within 3.5 min, with an estimated reduction of about 8–10 min when compared with conventional FF beams treatment time delivery. This very short delivery time may potentially translate in safer treatments because of the expected reduction of intrafraction motion between setup and treatment completion.

Alternative algorithms for the automation of treatment planning have been implemented for spine SBRT (19–22). Compared with these alternative methods, the Autoplanning and Personalized engines present a clear advantage. Knowledge-based systems, for example, require a large library of prior high-quality plans to build up and train the corresponding mathematical model. Then, for each protocol and anatomical site, the clinical implementation translates in a labor intensive process. Each new generated plan hardly depends on the overall quality of previous plan used for modeling. Furthermore, any modifications to the contouring methodology, dose prescription, or planning techniques may need the creation of a new database. Template-based solutions, on the other hand, are unaffected by the quality of earlier plans, and template models can be generated without time consuming. In our experience, only three training patients were necessary as starting point for the implementation of the Technique by an expert team of medical physicists and radiation oncologists. With regard to the new Personalized module, it is worth noting that Feasibility calculates the fDVH for OARs from first principles, assuming simply that the targets are uniformly covered by the prescription doses and that no prior plan database is necessary.

A few limitations must be recognized. Firstly, we acknowledge that findings in our study are based on a small number of cases, which can impact statistical power estimations. Secondly, this dosimetric study investigated the feasibility of template-based automated planning for spine SBRT and the plan quality and delivery accuracy of automated generated plans. We did not address imaging requirements, patient setup reproducibility, and intrafraction treatment monitoring, which are all important aspects to ensure that the steep dose gradients are positioned correctly in relation to the target volume and spinal cord positions. Thirdly, it must be highlighted that the implementation and validation of a template-based model for clinical application requires a huge clinical experience of medical physicists, in order to wisely balance the tradeoffs between target coverage, dose conformity, and OAR sparing. Any suboptimal model implementation would results in systematic bias affecting all patients for that anatomical site. Lastly, it must be underlined that this is a single-institution study, i.e., local planning procedures may bias our findings which may not automatically transfer in other centers with different equipment, procedures or protocols.

Given the ablative doses and the potential for spinal cord injury, the current strategy should be implemented in clinical practice with special emphasis to patient setup immobilization and reproducibility. Nowadays, MRI-based image guidance has been implemented in clinical routine, and the first experiences with real-time MRI-guided radiotherapy for the delivery of SBRT for spinal metastasis have been recently reported (39). This novel technology, by increasing soft tissue contrast, can help to reduce the margin required for contouring uncertainty, organ motion, and intrafraction motion, hence limiting the underdosage of target epidural component where local failures are common.

In conclusion, Pinnacle3 Personalized plans outperformed conventional clinical plans in terms of dose conformity and dose contrast. Our results add to the growing literature new evidence that planning automation consistently generates high-quality plans with a major improvement of planning efficiency also for SBRT spinal treatments.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by the Institutional Review Board of Gemelli Molise Hospital. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

SC conceived and designed the study. SC and FC drafted the manuscript. SC and CR planned the treatments and collected the data. FD, GM, MB, and LI analyzed the data and wrote the manuscript. PV performed patient-specific quality assurance. AM and VV made intellectual contribution and critical review of the manuscript. All authors revised the draft manuscript and approved the final version.



References

1. Wong, DA, Fornasier, VL, and MacNab, I. Spinal Metastases: The Obvious, the Occult and the Impostors. Spine (1990) 15:1–4. doi: 10.1097/00007632-199001000-00001

2. Katagiri, H, Takahashi, M, Inagaki, J, Kobayashi, H, Sugiura, H, Yamamura, S, et al. Clinical Results of Nonsurgical Treatment for Spinal Metastases. Int J Radiat Oncol Biol Phys (1998) 42:1127–32. doi: 10.1016/S0360-3016(98)00288-0

3. Zeng, KL, Tseng, C, Soliman, H, Weiss, Y, Sahgal, A, and Myrehaug, S. Stereotactic Body Radiotherapy (SBRT) for Oligometastatic Spine Metastases: An Overview. Front Oncol (2019) 9:337. doi: 10.3389/fonc.2019.00337

4. Wang, XS, Rhines, LD, Shiu, AS, Yang, JN, Selek, U, Gning, J, et al. Stereotactic body radiation therapy for management of spinal metastases in patients without spinal cord compression: a phase 1–2 trial. Lancet Oncol (2012) 13:395–402. doi: 10.1016/S1470-2045(11)70384-9

5. Ryu, S, Pugh, SL, Gerszten, PC, Yin, FF, Timmerman, RD, Hitchcock, YJ, et al. RTOG 0631 Phase 2/3 Study of Image Guided Stereotactic Radiosurgery for Localized (1–3) Spine Metastases: Phase 2 Results. Pract Radiat Oncol (2014) 4:76–81. doi: 10.1016/j.prro.2013.05.001

6. Chang, JH, Shin, JH, Yamada, YJ, Mesfin, A, Fehlings, MG, Rhines, LD, et al. Stereotactic Body Radiotherapy for Spinal Metastases: What are the Risks and How do We Minimize Them? Spine (2016) 41:238–45. doi: 10.1097/BRS.0000000000001823

7. Yamada, Y, Bilsky, MH, Lovelock, DM, Venkatraman, ES, Toner, S, Johnson, J, et al. High-Dose, Single-Fraction Image-Guided Intensity-Modulated Radiotherapy for Metastatic Spinal Lesions. Int J Radiat Oncol Biol Phys (2008) 71:484–90. doi: 10.1016/j.ijrobp.2007.11.046

8. Katsoulakis, E, Kumar, K, Laufer, I, and Yamada, Y. Stereotactic Body Radiotherapy in the Treatment of Spinal Metastases. Semin Radiat Oncol (2017) 27:209–17. doi: 10.1016/j.semradonc.2017.03.004

9. Tseng, CL, Soliman, H, Myrehaug, S, Lee, YK, Ruschin, M, Atenafu, EG, et al. Imaging-Based Outcomes for 24 Gy in 2 Daily Fractions for Patients With De Novo Spinal Metastases Treated With Spine Stereotactic Body Radio-Therapy (SBRT). Int J Radiat Oncol Biol Phys (2018) 3:499–507. doi: 10.1016/j.ijrobp.2018.06.047

10. Sahgal, A, Atenafu, EG, Chao, S, Al-Omair, A, Boehling, N, Balagamwala, EH, et al. Vertebral Compression Fracture After Spine Stereotactic Body Radiotherapy: A Multi-Institutional Analysis With a Focus on Radiation Dose and the Spinal Instability Neoplastic Score. J Clin Oncol (2013) 31:3426–31. doi: 10.1200/JCO.2013.50.1411

11. Lee, YK, Bedford, JL, McNair, HA, and Hawkins, MA. Comparison of Deliverable IMRT and VMAT for Spine Metastases Using a Simultaneous Integrated Boost. Br J Radiol (2013) 86(1022):20120466. doi: 10.1259/bjr.20120466

12. Lubgan, D, Ziegaus, A, Semrau, S, Lambrecht, U, Lettmaier, S, and Fietkau, R. Effective Local Control of Vertebral Metastases by Simultaneous Integrated Boost Radiotherapy: Preliminary Results. Strahlenther Oncol (2015) 191(3):264–71. doi: 10.1007/s00066-014-0780-4

13. van der Velden, JM, Hes, J, Sahgal, A, Hoogcarspel, SJ, Philippens, MEP, Eppinga, WSC, et al. The Use of a Simultaneous Integrated Boost in Spinal Stereotactic Body Radiotherapy to Reduce the Risk of Vertebral Compression Fractures: A Treatment Planning Study. Acta Oncol (2018) 57(9):1271–4. doi: 10.1080/0284186X.2018.1468089

14. Esposito, M, Masi, L, Zani, M, Doro, R, Fedele, D, Garibaldi, C, et al. SBRT Planning for Spinal Metastasis: Indications From a Large Multicentric Study. Strahlenthere Oncol (2018) 195:226–35. doi: 10.1007/s00066-018-1383-2

15. Moustakis, C, Chan, MKH, Kim, J, Nilsson, J, Bergman, A, Bichay, TJ, et al. Treatment Planning for Spinal Radiosurgery: A Competitive Multiplatform Benchmark Challenge. Strahlenther Oncol (2018) 194:843–54. doi: 10.1007/s00066-018-1314-2

16. Hardcastle, N, Bignell, F, Nelms, B, Siva, S, Kneebone, A, Lao, L, et al. The Challenge of Planning Vertebral Body SBRT: Optimizing Target Volume Coverage. Med Dosim (2020) 45(3):302–7. doi: 10.1016/j.meddos.2020.02.005

17. Hussein, M, Heijmen, BJM, Verellen, D, and Nisbet, A. Automation in Intensity Modulated Radiotherapy Treatment Planning—a Review of Recent Innovations. Br J Radiol (2018) 91:20180270. doi: 10.1259/bjr.20180270

18. Rattan, R, Kataria, T, Banerjee, S, Goyal, S, Gupta, D, Pandita, A, et al. Artificial Intelligence in Oncology, its Scope and Future Prospects With Specific Reference to Radiation Oncology. BJR Open (2019) 1:20180031. doi: 10.1259/bjro.20180031

19. Buergy, D, Sharfo, AW, Heijmen, BJ, Voet, PWJ, Breedveld, S, Wenz, F, et al. Fully Automated Treatment Planning of Spinal Metastases - A Comparison to Manual Planning of Volumetric Modulated Arc Therapy for Conventionally Fractionated Irradiation. Radiat Oncol (2017) 12(1):33. doi: 10.1186/s13014-017-0767-2

20. Foy, JJ, Marsh, R, Ten Haken, RK, Younge, KC, Schipper, M, Sun, Y, et al. An Analysis of Knowledge-Based Planning for Stereotactic Body Radiation Therapy of the Spine. Pract Radiat Oncol (2017) 7:e355–60. doi: 10.1016/j.prro.2017.02.007

21. Saenz, DL, Crownover, R, Stathakis, S, and Papanikolaou, N. A Dosimetrica Nalysis of a Spine SBRT Specific Treatment Planning System. J Appl Clin Med Phys (2019) 20:154–9. doi: 10.1002/acm2.12499

22. Trager, M, Landers, A, Yu, Y, Shi, W, and Liu, H. Evaluation of Elements Spine SRS Plan Quality for SRS and SBRT Treatment of Spine Metastases. Front Oncol (2020) 10:346. doi: 10.3389/fonc.2020.00346

23. Cilla, S, Ianiro, A, Romano, C, Deodato, F, Macchia, G, Buwenge, M, et al. Template-Based Automation of Treatment Planning in Advanced Radiotherapy: A Comprehensive Dosimetric and Clinical Evaluation. Sci Rep (2020) 10(1):423. doi: 10.1038/s41598-019-56966-y

24. Cilla, S, Ianiro, A, Romano, C, Deodato, F, Macchia, G, Viola, P, et al. Automated Treatment Planning as a Dose Escalation Strategy for Stereotactic Radiation Therapy in Pancreatic Cancer. J Appl Clin Med Phys (2020) 21(11):48–57. doi: 10.1002/acm2.13025

25. Gallio, E, Giglioli, FR, Girardi, A, Guarneri, A, Ricardi, U, Ropolo, R, et al. Evaluation of a Commercial Automatic Treatment Planning System for Liver Stereotactic Body Radiation Therapy Treatments. Phys Med (2018) 46:153–9. doi: 10.1016/j.ejmp.2018.01.016

26. Cilla, S, Deodato, F, Romano, C, Ianiro, A, Macchia, G, Re, A, et al. Personalized Automation of Treatment Planning in Head-Neck Cancer: A Step Forward for Quality in Radiation Therapy? Phys Med (2021) 82:7–16. doi: 10.1016/j.ejmp.2020.12.015

27. Cilla, S, Romano, C, Morabito, VE, Macchia, G, Buwenge, M, Dinapoli, N, et al. Personalized Treatment Planning Automation in Prostate Cancer Radiation Oncology: A Comprehensive Dosimetric Study. Front Oncol (2021) 11:636529. doi: 10.3389/fonc.2021.636529

28. Cellini, F, Manfrida, S, Deodato, F, Cilla, S, Maranzano, E, Pergolizzi, S, et al. Pain REduction With Bone Metastases STereotactic Radiotherapy (PREST): A Phase III Randomized Multicentric Trial. Trials (2019) 20:609. doi: 10.1186/s13063-019-3676-x

29. Cai, J, Sheng, K, Sheehan, JP, Benedict, SH, Larner, JM, and Read, PW. Evaluation of Thoracic Spinal Cord Motion Using Dynamic MRI. Radiother Oncol (2007) 84:279–82. doi: 10.1016/j.radonc.2007.06.008

30. Sahgal, A, Weinberg, V, Ma, L, Chang, E, Chao, S, Muacevic, A, et al. Probabilities of Radiation Myelopathy Specific to Stereotactic Body Radiation Therapy to Guide Safe Practice. Int J Radiat Oncol Biol Phys (2013) 85:341–7. doi: 10.1016/j.ijrobp.2012.05.007

31. Benedict, SH, Yenice, KM, Followill, D, Galvin, JM, Hinson, W, Kavanagh, B, et al. Stereotactic Body Radiation Therapy: The Report of AAPM Task Group 101. Med Phys (2010) 37(8):4078–101. doi: 10.1118/1.3438081

32. Cilla, S, Deodato, F, Ianiro, A, Macchia, G, Picardi, V, Buwenge, M, et al. Partially Ablative Radiotherapy (PAR) for Large Mass Tumors Using Simultaneous Integrated Boost: A Dose-Escalation Feasibility Study. J Appl Clin Med Phys (2018) 19(6):35–43. doi: 10.1002/acm2.12427

33. Miften, M, Olch, A, Mihailidis, D, Moran, J, Pawlicki, T, Molineu, A, et al. Tolerance Limits and Methodologies for IMRT Measurement-Based Verification QA: Recommendations of AAPM Task Group No. 218. Med Phys (2018) 45(4):53–83. doi: 10.1002/mp.12810

34. Nelms, BE, Robinson, G, Markham, J, Velasco, K, Boyd, S, Narayan, S, et al. Variation in External Beam Treatment Plan Quality: An Inter-Institutional Study of Planners and Planning Systems. Pract Radiat Oncol (2012) 2(4):296–305. doi: 10.1016/j.prro.2011.11.012

35. Koyfman, SA, Djemil, T, Burdick, MJ, Woody, N, Balagamwala, EH, Reddy, CA, et al. Marginal Recurrence Requiring Salvage Radiotherapy After Stereotactic Body Radiotherapy for Spinal Metastases. Int J Radiat Oncol Biol Phys (2012) 83:297–302. doi: 10.1016/j.ijrobp.2011.05.067

36. Cunha, MV, Al-Omair, A, Atenafu, EG, Masucci, GL, Letourneau, D, Korol, R, et al. Vertebral Compression Fracture (VCF) After Spine Stereotactic Body Radiation Therapy (SBRT): Analysis of Predictive Factors. Int J Radiat Oncol Biol Phys (2012) 84:e343–9. doi: 10.1016/j.ijrobp.2012.04.034

37. Hubley, E, and Pierce, G. The Influence of Plan Modulation on the Interplay Effect in VMAT Liver SBRT Treatments. Phys Med (2017) 40:115–21. doi: 10.1016/j.ejmp.2017.07.025

38. Svestad, J, Ramberg, C, Skar, B, and Hellebust, TP. Intrafractional Motion in Stereotactic Body Radiotherapy of Spinal Metastases Utilizing Cone Beam Computed Tomography Image Guidance. Phys Imaging Radiat Oncol (2019) 12:1–6. doi: 10.1016/j.phro.2019.10.001

39. Han, EY, Aima, M, Hughes, N, Briere, TM, Yeboa, DN, Castillo, P, et al. Feasibility of Spinal Stereotactic Body Radiotherapy in Elekta Unity® MR-Linac. J Radiosurg SBRT (2020) 7(2):127–34.




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Cilla, Cellini, Romano, Macchia, Pezzulla, Viola, Buwenge, Indovina, Valentini, Morganti and Deodato. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-12-824532-g003.jpg
--—-- 3300

--—-- 1500
---- 1000

d) —Pers
2800 —AP

—MP
2400

Dose (cGy)
Dose (cGy)

800

400

400
2 4 6 8 10 12 14 16 18 2 4 6 8

Off-axis (cm) Off-axis (cm)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Personalized Automation of Treatment Planning for Linac-Based Stereotactic Body Radiotherapy of Spine Cancer

      

        		

          Purpose/Objective(s)

        



        		

          Materials/Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Material and Methods

        

          		

            Patient Population, Volume Definition, and Dose Prescription

          



          		

            Treatment Planning

          



          		

            Pinnacle3 Autoplanning

          



          		

            Pinnacle3 Personalized

          



          		

            Plan Evaluation

          



          		

            Planning Efficiency and Plan Complexity

          



          		

            Dose Delivery Verification

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Target Coverage

          



          		

            OAR Sparing

          



          		

            Planning Efficiency and Dosimetric Verification

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-12-824532-g001.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
BTV
D98%
D95%
D50%
D2%

PTV
D98%
D95%
D50%
D2%

MP

26.0+3.0
275+21
299+ 1.1
329+13

180+2.2
196+1.3
231 +£03
30.4 £ 0.8

AP

285+20
29.1+15
31.2+0.2
32.1+0.7

19117
20.3£1.2
22.5+02
29.8 + 0.8

Bold values are statistically significant values.

Pers

287 £21
297 £1.3
312+0.5
31.8+0.7

196+1.6
20.5+£1.2
22105
29.9 + 0.6

P

Kruskal-Wallis

0.080
0.056
0.774
0.088

0.140
0.171
0.001
0.042

MP vs. AP

0.061
0.111
0.516
0.143

0.201
0.2038
0.021
0.023

p

MP vs. Pers

0.045
0.019
0.948
0.031

0.047
0.067
<0.001
0.038

AP vs. Pers

0.897
0.451
0.559
0.490

0.354
0.575
0.161
0.846





OEBPS/Images/table4.jpg
Near-maximal doses MP AP Pers P P

Kruskal-Wallis MP vs. AP MP vs. Pers AP vs. Pers

Do.os (Gy)

Cord 19.3+1.6 182+ 1.7 186+1.1 0.348 0.167 0.281 0.763
Cord_1mm 21109 201 £1.3 20.4 £0.9 0.110 0.047 0.115 0.681
Cord_2mm 21.8+03 21.4 £ 0.4 21.5+03 0.090 0.047 0.103 0.648
Do.ss (Gy)

Cord 15912 160+1.6 154+ 16 0.482 0.233 0.664 0.448
Cord_1mm 16.8 £ 0.6 16.5+0.9 16.5+0.9 0.872 0.626 0.684 0.935
Cord_2mm 17.3+04 169 +0.4 171 +03 0.104 0.054 0.082 0.849
Skin 19.9+09 183+ 1.7 183+ 1.7 0.047 0.041 0.026 0.863

Bold values are statistically significant values.





OEBPS/Images/table3.jpg
MP AP Pers P P

Kruskal-Wallis MP vs. AP MP vs. Pers AP vs. Pers
Clg5 BTV 28+1.0 21+06 1906 0.064 0.131 0.021 0.425
Cl 95 PTV 26+08 21+05 1905 0.033 0.089 0.010 0.389
CI50 PTV 83+1.2 73+09 6.6 +£0.9 0.017 0.041 0.006 0.491
DCI 925+1.9 97.1+07 982+13 0.001 0.010 <0.001 0.227

Bold values are statistically significant values.





OEBPS/Images/fonc-12-824532-g002.jpg
T T T T T T T T
0 9 O 0 O © 9 e
] 0 ~ o wn < oM o~

100
10

(%) awnjop

34

32

30

28

26

24

22

20

18

16

Dose (Gy)





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc.2022.824532_cover.jpg
’ frontiers
in Oncology

Personalized Automation

of Treatment Planning for
Linac-Based Stereotactic Body
Radiotherapy of Spine Cancer





OEBPS/Images/table1.jpg
Patients Site BTV (cc) PTV (cc)

1 L1 1.8 92.6
2 L2 19.8 106.3
3 L2 5.1 1038.9
4 D11 8.4 80.8
5 L1 3.0 81.0
6 c4 1.6 19.8





OEBPS/Images/table5.jpg
MP

MUs 2,908 + 278
Treatment time (min) 24+02
Planning time (min) 161.5 +23.4
GPR (2 mm-3%) 963+ 1.6

AP

3,273 £ 175

27+041
234 +14
94.7+09

Pers

3,677 + 292
30+0.2
156+ 0.7
939+ 1.4

P
Kruskal-Wallis

0.001
0.001
<0.001
0.006

P
MP vs. AP MP vs. Pers AP vs. Pers
0.035 <0.001 0.111
0.022 <0.001 0.132
<0.001 <0.001 0.035
0.040 0.002 0.281

Bold values are statistically significant values.





