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Purpose/Objectives: There are several popular treatment options currently available for stereotactic radiosurgery (SRS) of multiple brain metastases: 60Co sources and cone collimators around a spherical geometry (GammaKnife), multi-aperture dynamic conformal arcs on a linac (BrainLab Elements™ v1.5), and volumetric arc therapy on a linac (VMAT) calculated with either the conventional optimizer or with the Varian HyperArc™ solution. This study aimed to dosimetrically compare and evaluate the differences among these treatment options in terms of dose conformity to the tumor as well as dose sparing to the surrounding normal tissues.

Methods and Materials: Sixteen patients and a total of 112 metastases were analyzed. Five plans were generated per patient: GammaKnife, Elements, HyperArc-VMAT, and two Manual-VMAT plans to evaluate different treatment planning styles. Manual-VMAT plans were generated by different institutions according to their own clinical planning standards. The following dosimetric parameters were extracted: RTOG and Paddick conformity indices, gradient index, total volume of brain receiving 12Gy, 6Gy, and 3Gy, and maximum doses to surrounding organs. The Wilcoxon signed rank test was applied to evaluate statistically significant differences (p < 0.05).

Results: For targets ≤ 1 cm, GammaKnife, HyperArc-VMAT and both Manual-VMAT plans achieved comparable conformity indices, all superior to Elements. However, GammaKnife resulted in the lowest gradient indices at these target sizes. HyperArc-VMAT performed similarly to GammaKnife for V12Gy parameters. For targets ≥ 1 cm, HyperArc-VMAT and Manual-VMAT plans resulted in superior conformity vs. GammaKnife and Elements. All SRS plans achieved clinically acceptable organs-at-risk dose constraints. Beam-on times were significantly longer for GammaKnife. Manual-VMATA and Elements resulted in shorter delivery times relative to Manual-VMATB and HyperArc-VMAT.

Conclusion: The study revealed that Manual-VMAT and HyperArc-VMAT are capable of achieving similar low dose brain spillage and conformity as GammaKnife, while significantly minimizing beam-on time. For targets smaller than 1 cm in diameter, GammaKnife still resulted in superior gradient indices. The quality of the two sets of Manual-VMAT plans varied greatly based on planner and optimization constraint settings, whereas HyperArc-VMAT performed dosimetrically superior to the two Manual-VMAT plans.
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INTRODUCTION

Stereotactic radiosurgery (SRS) was first conceptually introduced by neurosurgeon, Lars Leksell, in 1951 (1, 2). The evolution of this technology alongside advances in image guidance have enabled the Gamma Knife to serve as the leading workhorse for treating cranial malignancies with hypofractionation. Although it was the first of its kind to perform SRS, the Gamma Knife has not been the only player, with other accelerator modalities adapting to offer solutions for patients requiring SRS (3, 4). Advancements in hardware and software design have since propelled linacs to become a popular and more widely available technology for stereotactic treatment capability. This is particularly pertinent for the treatment of multiple brain metastases, which were traditionally treated with surgery and/or whole brain radiation therapy (WBRT).

With more studies promoting the benefits of SRS for multiple brain metastases such as: improved local control when adding SRS to WBRT (5–8), similar survival (WBRT+SRS vs. SRS only) (8–17) and less cognitive deterioration (SRS only) (18–21), the ratio of patients receiving SRS treatments annually increased 15.8 percentage points from 2004 to 2014 and the number of facilities offering SRS annually increased 19.2 percentage points (22). Supporting evidence for SRS of a large number of brain metastases has further contributed to this effect (14, 20, 23–29). This growing demand for SRS, coupled with the ease of access to conventional linacs, has stimulated the development of a number of new technologies to facilitate the implementation of linac-based SRS for the treatment of multiple metastases. The common goal of all these linac SRS techniques is to use a single isocenter to treat all of the metastases simultaneously, in order to avoid prohibitively long treatments with multiple isocenters and thereby improve patient comfort and throughput. The most current single isocenter linac-based SRS options include multi-aperture dynamic conformal arcs on a linac (30–32) (BrainLab Elements™ v1.5, Munich, Germany), volumetric arc therapy (VMAT) calculated with the conventional optimizer (33–43) (Varian Medical Systems, Palo Alto, CA) or VMAT delivery calculated with the newer Varian HyperArc solution (44–47).

With this large variety of commercially available SRS treatment techniques, it is important to assess and be aware of the different strengths and weaknesses of the numerous options available for patients seeking treatment for multiple metastases. As the different technologies have emerged, there have been a number of studies comparing some of the techniques against each other. Thomas et al. (48), Liu et al. (49), and Potrebko et al. (50) each compared VMAT to GammaKnife for 28 patients with 2–9 targets, 6 patients with 3–4 metastases and 12 patients with at least 7 metastases, respectively. Mori et al. compared Elements to GammaKnife for two patients each with 9 metastases (32). Ohira et al. (44) compared HyperArc to conventional VMAT for 23 patients with 1–4 metastases, meanwhile Slosarek et al. (46) has most recently compared CyberKnife, VMAT and HyperArc for a set of 15 patients with 3–8 metastases each. Overall, these studies have found that VMAT is generally comparable to GammaKnife (with some minor differences such as improved conformity indices at the cost of potentially increased low dose spread), as is Elements to GammaKnife, and similarly now HyperArc is to VMAT. However, most of the published studies have only compared two technologies to each other, with the exception of Slosarek et al. (46), which added CyberKnife to the mix. This makes it difficult to assess whether one technique may truly be superior to another for a certain patient scenario because there is a lack of comparison data on the same subset of patients for the multiple SRS techniques available. It is therefore the aim of this work to provide a more rigorous and comprehensive evaluation of the dosimetric differences between the following state-of-the-art SRS modalities: GammaKnife, Elements, Manual-VMAT, and HyperArc-VMAT.

METHODS AND MATERIALS

Sixteen patients with a range of 4–10 metastases each, for a total of 112 metastases, were included in this study. The patient's age ranged from 36 to 81 years old and consisted of the following primary cancers: renal cell carcinoma, esophageal, oropharyngeal, melanoma, breast, colon, and non-small cell lung carcinoma (adenocarcinoma and large cell). Five of the 16 patients did receive prior radiation treatment: SRS alone, WBRT alone, or both SRS and WBRT. The target volumes and prescribed doses (Gy) are detailed in Table 1 for each of the 16 patients.


Table 1. Target size and prescribed dose per metastasis for the 16 patients included in this SRS study comparison.
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Details on each of the SRS modalities utilized in this comparison study are described as follows. The most up to date commercially available product is the Leksell GammaKnife Icon (Elekta, Stockholm, Sweden), containing 192 60Co sources and 4, 8, and 16 mm cone collimator options, which is an upgrade of the Perfexion unit, in that it allows frameless treatments with the addition of on-board cone-beam computed tomography (CBCT) imaging and a real-time motion tracking device. BrainLab Elements™ v1.5 is a commercial treatment planning system that automatically optimizes a dedicated group of dynamic conformal arcs to treat each of the lesions within the brain (via a single arc or a composition of multiple arcs) with a single common isocenter. Volumetric arc therapy enables intensity-modulated dose delivery via varying MLC positions and dose rate, simultaneous to varying gantry rotation speed, thus significantly increasing the degrees of freedom for the optimization algorithm. There is no physical difference in terms of the delivery for conventional VMAT vs. HyperArc. The major difference lies on the planning side for HyperArc, where the software assists the user by automatically selecting an optimal mono-isocenter, collimator angles, and non-coplanar arc setup with the intent of delivering the most conformal plan while minimizing low dose spillage into the surrounding normal brain structures. With conventional VMAT optimization, the planner is responsible for selecting and manipulating all of these variables.

For every patient, a treatment plan was generated according to each of the four SRS techniques: GammaKnife, Elements, Manual-VMAT, and HyperArc-VMAT. Note, all patients were treated clinically with Elements and all other modalities were retrospectively planned for comparison in this study. A total of three different planners were included in this study. A single planner created all of the treatment plans across all patients per specified SRS modality to remove planner variability within each SRS modality. A single SRS planner with 8–10 years of experience generated all of the Elements plans used to treat the 16 patients in this study. A second SRS planner with 1–3 years of experience generated all GammaKnife plans and one set of Manual-VMATA plans across all patients. Finally, a third SRS planner with 3–5 years of experience generated all Manual-VMATB plans for the 16 patients. All HyperArc-VMAT plans were generated by the same planner for Manual-VMATB but after all manual plans were done, i.e., Manual-VMATB plans were not influenced by HyperArc plans. An additional Manual-VMAT plan was created for every patient following another institution's planning standard, in order to also evaluate the potential differences that may arise between two different treatment planner's styles. The difference in planning techniques between the two VMAT plans are summarized as follows: for VMATA an upper and lower constraint was used for all targets, and no aggressive objective on low dose spread was applied, whereas VMATB only applied lower constraints to target volumes but with additional objectives to control low dose spread.

Beam arrangements for the Elements plans were selected from a set of six predefined templates with a range of 5–6 couch angles with 28, 32, 35, or 40 degrees of separation. The gantry angles are initially set to default values ranging from 10° to 170° for couch angles of 0°-90° and 190°-350° for couch angles of 270°-360°. However, these are automatically adjusted during optimization. The plan resulting in the highest conformity from these six templates was selected for treatment and subsequent use in this comparison study. Manual-VMATA plans consistently used 4 gantry arcs across all patients: 1 full 180° arc without a couch kick and 3 partial arcs ranging from 100° to 160° (depending on isocenter location to avoid entering through the eyes) each separated by 45° couch kicks at 45°, 90°, and 315° couch angles. Manual VMATB plans also used 4 gantry arcs across all patients: 1 full 180° arc without a couch kick and 3 partial arcs of 170° (with no beamlets going through the eyes) also separated by 45° couch kicks at 45°, 90°, and 315° couch angles. HyperArc-VMAT plan parameters were consistent for all 16 patients: 1 full 180° arc without a couch kick and 3 partial arcs of 180° separated by 45° couch kicks at 45°, 270°, and 315° couch angles. All linac-based SRS plans were planned with MLC leaf widths corresponding to a Varian TrueBeam (Varian Medical Systems, Palo Alto, CA) fitted with HD-120 MLC.

All linac plans were normalized such that the 100% isodose line covered 99% of the target volume. The GammaKnife plans were normalized with the same goal of covering 99% of the target volume with the prescription dose. This resulted in a range of 49–73% prescribed isodose lines with a median of 54%. All of the plan doses were imported into the same treatment planning system platform and version of Varian Eclipse (Varian Medical Systems, Palo Alto, CA) for dosimetric evaluation at a calculation grid size of 1 mm. Note, target normalization was entirely performed in each plan's native treatment planning system and no differences in target coverage were discovered after importing into Eclipse during dosimetric evaluation. The target volume metastasis for all patients in this study was defined as the planning target volume (PTV), already incorporating setup margins. All of the extracted and calculated dosimetric parameters described below are compared equivalently across all SRS techniques in terms of PTV. Thus, there are no inherent biases in comparing conformity indices for GTV vs. PTV when comparing GammaKnife vs. linac-based SRS.

The following dosimetric parameters were extracted per patient target volume across all SRS treatment plans: RTOG conformity index (CI-RTOG) defined as the ratio of the 100% isodose volume to the target volume; Paddick conformity index (CI-Paddick) defined as the ratio of the square of the volume of the target enclosed by the 100% isodose volume to the multiplication of the target volume with the 100% isodose volume; Gradient Index (GI) defined as the ratio of the 50% isodose volume to the 100% isodose volume; and the volume of 12Gy delivered to the surrounding brain tissue contributed only from that individual target (V12Gy) and the volume of 12Gy delivered to the surrounding brain tissue per individual target after subtracting that individual target volume (V12Gy-TV). Additionally, the following dosimetric parameters were extracted per patient across pertinent organs-at-risk (OARs): the total volume of brain receiving 12Gy, 6Gy, and 3Gy (V12Gy, V6Gy, V3Gy) the mean dose to the brain excluding the targets (Brain mean dose), the maximum dose to the brainstem (Dmax Brainstem), maximum dose to the left eye and optic nerve (Dmax L Eye and Dmax L ON), maximum dose to the right eye and optic nerve (Dmax R Eye and Dmax R ON), and maximum dose to the optic chiasm (Dmax OC). Lastly, the total treatment time for each plan was also extracted for comparison (linac plans times were calculated assuming a dose rate of 1,400 MU/min).

Statistical evaluation of the extracted parameters was performed with JMP Pro v14 (SAS, Cary, NC). The Wilcoxon signed rank test was applied in the format of matched pairs to compare each of the plans against each other per extracted dosimetric parameter. Differences were found to be statistically significant with p < 0.05.

RESULTS

Figure 1 graphically compares both types of conformity indices across all five SRS plans grouped according to target size. It is evident that for very small target sizes (<1 cm), GammaKnife, HyperArc-VMAT and both Manual-VMAT plans perform similarly well across both conformity indices. All are superior to the Elements conformity results. However, for target size diameters above 1 cm, HyperArc-VMAT and both Manual-VMAT plans result in superior conformity as compared to GammaKnife and Elements. Figure 2 also graphically divides the results per target bin size for GI and both V12Gy dose metrics. The GI results show that GammaKnife is superior amongst small target diameters (<1 cm), but above that GI is similar amongst all techniques with the exception of VMATA with the largest range. Amongst the two V12Gy parameters, it is apparent that HyperArc-VMAT is slightly inferior compared to GammaKnife for the small targets (<1 cm) and even outperforms GammaKnife for large targets above 1 cm in diameter. When comparing total V12Gy per patient, i.e., combining all per target V12Gy, HyperArc-VMAT is slightly lower than GammaKnife by a median difference of 1.3 cc, which is statistically significant but clinically equivalent. Not surprisingly, the data in Figure 2 demonstrates an increase in both V12Gy metrics as the target size increases. Also noteworthy are the widely variable results between the two Manual-VMAT planning techniques, where VMATB consistently provides lower V12Gy and V12Gy-TV volumes of the brain than VMATA. Yet, neither Manual-VMAT plan performed as well as the HyperArc-VMAT amongst these parameters.
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FIGURE 1. Conformity index results for both RTOG and Paddick definitions displayed as box plots per SRS plan type, divided into five separate target size diameter bins.
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FIGURE 2. Gradient Index (GI), V12Gy per target (defined as the volume of 12Gy delivered to the surrounding brain tissue contributed only from that individual target), and V12Gy-TV(defined as the total volume of brain receiving 12Gy per target excluding the target volume) results displayed as box plots per SRS plan type, divided into five separate target size diameter bins.



Displaying all of the data together, rather than dividing by target bin size, Figure 3 displays the trends observed amongst the remaining extracted parameters representative of low dose spread: brain mean dose, V12Gy, V6Gy, and V3Gy. Here it is again evident that HyperArc-VMAT is comparable with GammaKnife in terms of low dose spillage into the brain, when looking at the entire dataset of target sizes. Elements performs similarly to the Manual-VMAT plans, but inferior to GammaKnife and HyperArc-VMAT in this aspect. The visually evident differences amongst the plans in Figures 1, 3 are further detailed in Table 2, which lists the median difference as well as the Wilcoxon signed rank results per extracted parameter for every potential matched pair of plan comparisons amongst the five options. The median differences are displayed as a result of the row plan subtracted from the column-listed plan. Because a majority of the table displays statistically significant differences with p < 0.05, the only 6 (of a total of 70) non-significant p-values were instead bolded and underlined in the table to stand out. The purpose of this table was to serve as a more detailed reference of the magnitude of the differences when looking at two specific SRS plans per extracted dosimetric parameter.
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FIGURE 3. Box plot results per SRS plan type for the following dosimetric parameters across all patients: the total volume of brain receiving 12Gy, 6Gy, and 3Gy (V12Gy, V6Gy, V3Gy) and the mean dose to the brain excluding the targets (Brain mean dose).




Table 2. Median differences and Wilcoxon signed rank statistics for matched pair plan comparisons for conformity indices, gradient index, mean brain dose, and volume of the brain receiving 12Gy, 6Gy, and 3Gy.
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Figure 4 compares the plan results for all of the studied OARs: maximum dose to the brainstem, optic chiasm left and right eyes, left and right optic nerves. It is important to note that each of the plans satisfied normal tissue constraints amongst all of the patients. Overall, not many patterns nor striking differences between the SRS techniques were observed when it came to sparing OARs and in general they all performed similarly well. The large range observed in Dmax Brainstem for GammaKnife planning is a result of target location coupled with source geometry and an inability to optimize the beam's trajectory as is possible with Elements and VMAT treatment planning software.


[image: image]

FIGURE 4. Box plot results per SRS plan type for the following dosimetric parameters across all patients: the maximum dose to the brainstem (Dmax Brainstem), maximum dose to the left eye and optic nerve (Dmax L Eye and Dmax L ON), maximum dose to the right eye and optic nerve (Dmax R Eye and Dmax R ON), and maximum dose to the optic chiasm (Dmax OC).



As a visual comparison of the dosimetric results, Figure 5 displays axial, coronal, and sagittal views of the five different SRS plans per patient case #15 with a total of 10 metastases. This patient was selected due to the presence of multiple small metastases as well as a larger, more irregularly shaped target volume, all treated within the same plan. The slice locations were selected so as to show case as many of the treated metastases as possible.
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FIGURE 5. Axial, coronal, and sagittal cuts of patient #15 selected to visually demonstrate differences in dose distribution among the five different SRS plans.



Lastly, treatment delivery times listed in Table 3 were extracted from the GammaKnife treatment plans and approximately calculated for the Elements and Manual-VMAT plans based on the total MUs required (since the dose rate and gantry rotation speed can vary), assuming a dose rate of 1,400 MU/min with 6X flattening-filter-free energy. Unsurprisingly, GammaKnife plans took hours longer to deliver than any linac-based radiosurgery plan. Elements and Manual-VMATA had similar beam-on times, but HyperArc-VMAT and Manual-VMATB were longer for almost every single case. The higher MU is a result of the increased modulation, which often happens when more stringent constraints are applied during the optimization process. This is consistent with the brain V12Gy results exhibited in Figure 2 and the mean differences listed in Table 2, where HyperArc-VMAT and Manual-VMATB result in the least low dose spillage across all target size groups.


Table 3. Comparison of total beam-on time in minutes per patient SRS plan, assuming a dose rate of 1,400 MU/min for the linac-based options.
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DISCUSSIONS

The overall findings of this comparison study have demonstrated that as would be expected, all of the commercially available options for SRS are able to achieve acceptable conformality and OAR dose sparing limits. However, looking more closely at each dosimetric parameter has revealed interesting information. While it was not surprising to find the improved conformity results of the linac-based SRS techniques over GammaKnife for larger and more irregular volumes (due to the more advanced inverse optimization features as well as the ability of MLC shaping), it was certainly unexpected to see HyperArc-VMAT be able to compete with GammaKnife in terms of V12Gy. Also expected was GammaKnife's outperformance amongst GI for small targets. However, for the larger target sizes, GammaKnife resulted in similar GIs to HyperArc-VMAT and Manual-VMATB. This information coupled with the results from Table 3 of total beam-on times of minutes vs. hours, suggests that linac-VMAT radiosurgery is a valuable contender to GammaKnife for patients seeking treatment of multiple brain metastases, particularly for large and irregularly-shaped target volumes.

Another rather interesting find was the large deviation seen in the results between the Manual-VMATA and VMATB plans, where the optimization objective setting was the main difference between the two techniques, with one having applied upper constraints (VMATA) and the other avoiding upper constraints entirely (VMATB) but with a more stringent control on low dose spread. VMATB outperformed VMATA across basically all of the studied parameters: CI, GI, V12Gy, V6Gy, OAR doses, etc., but all essentially at the cost of longer beam-on times. This large variation in plan quality indicated that the quality of care using VMAT for the treatment of multiple brain metastases is largely dependent on planner experience and institutional standards. Thus, in order to improve the standardization of quality of care, planning procedures and optimization objective settings need to be carefully standardized across our community even at this level of detail.

Furthermore, it can be seen from the results that even though Manual-VMATB had in general the longest beam-on time, i.e., highest modulation complexity, its plan quality was still mostly inferior compared to HyperArc-VMAT. This indicates that the objective settings used in VMATB are suboptimal and do not provide as good of a balance (relative to HyperArc-VMAT) between modulation complexity and plan quality. To this end, HyperArc-VMAT could help improve both the optimization efficiency and plan quality standardization for SRS treatment of multiple brain metastases using a VMAT delivery technique.

As a quick and straightforward summary of our findings, a spider plot was generated in Figure 6 to serve as a qualitative description of the data. The categories spanned not only dosimetric results, but also considered efficiency and skill in terms of staff and time resources required: conformity, low dose fall-off, inter-planner variability and skill, delivery efficiency, and patient-specific QA effort. Each of the SRS techniques (GammaKnife, Elements, HyperArc-VMAT, and Manual-VMAT) was ranked relative to each other according to the specific category item. Across the different target size bins, Figure 1 demonstrated that HyperArc-VMAT resulted in comparable or superior CI amongst the SRS techniques, thus earning a ranking of 1. GammaKnife had excellent conformity at the smaller target size bins, but that deteriorated with increasing size (compared to VMAT), thus earning it a ranking of 3, after VMAT with a rank of 2. Elements was consistently inferior to the other SRS modalities in terms of CI and thus was ranked last at 4. Regarding the category of dose fall-off, GammaKnife was consistently superior according to Figures 2, 3, thus it was ranked the highest (1), followed by HyperArc-VMAT (2), Elements (3) and then Manual-VMAT (4), due to the dependence on planning strategy and skill. In terms of required planning skill and inter-planner variability, Elements and HyperArc-VMAT are less dependent on this aspect, in that all of the programmed presets only require minimal planner interaction, thus earning both a ranking of 1. GammaKnife would then rank lower (at 3), given that each target is typically forward-planned by the user. (Note however that the forward-planning of multiple metastases in GammaKnife allows the user to fine-tune the coverage of each target, whereas in VMAT planning the software only allows normalization to a single target at the highest dose level when prescribing different doses to different size metastases.) Manual-VMAT ranked the lowest at 4, due to the potential for greatest variability amongst different planners with the large degree of customizable plan settings (compared to GammaKnife), which can result in varying plan quality as seen in plans A vs. B. Table 3 displays the beam-on time and thus the delivery efficiency are straightforward in this respect: Elements had the lowest average beam-on time (rank = 1), followed by comparable beam-on times of HyperArc-VMAT and Manual-VMAT (both ranked at 2), and GammaKnife coming in last (rank 4) with the longest beam-on times. Furthermore, GammaKnife treatment requires the presence of an authorized medical physicist as well as a physician trained in emergency procedures for the entirety of the treatment, which may pose an additional burden on staff resources (as compared with linac-based radiosurgery). Lastly, when it comes to required patient-specific QA, GammaKnife does not require any and thus would be ranked the highest at 1, followed by Elements ranking at 2 (whether to perform dose verification for 3D-DCA SRS plans varies according to institutional policies) and then both VMAT techniques (all ranked at 3) which require additional resources i.e., physics staff to perform the time-consuming QA, involving plan preparation, device setup, beam delivery and plan analysis. The overall purpose of Figure 6 is to allow the reader to qualitatively evaluate the differences in focus amongst the SRS techniques per category of interest, in the context of multiple metastases treatment.
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FIGURE 6. Spider plot graphically comparing the studied SRS techniques across the different categories of dosimetry and efficiency. SRS treatment modalities were ranked relative to each other per specified category on a scale of 1 through 4.



Another practical aspect to consider when interpreting the differences seen in the results is the accuracy and precision of these treatment machines and how truly capable they are to deliver exactly what is displayed to the user in the treatment planning software. Inevitably, uncertainties exist throughout the entire treatment process, from simulation to on-board imaging and patient setup, all the way through to radiation delivery. Although it is beyond the scope of this paper, it is important to be aware of the potential geometric uncertainties present not only from the hardware (imaging and radiation isocenter coincidence, gantry rotation and sag, couch positional accuracy, MLC positional accuracy, etc.), but in the patient immobilization (frameless mask treatments for linac and GammaKnife) aspect as well, which can alter the expected conformity indices as calculated by the planning software. This type of data analysis will be the goal of our future studies.

Upon evaluation of the dosimetric and logistical differences of these currently available SRS treatment techniques, the question arises whether any of these differences actually have a clinically tangible impact. The clinical implications of the disparities in the low dose spillage or the conformity indices, in terms of local control or quality of life, is a much more vast and complicated discussion that ultimately is very difficult to determine. It would require multi-institutional prospective clinical trials with long term follow-up, which sadly may be rather difficult to obtain, given the average length of survival of patients with multiple brain metastases. However, for the purposes of this comparison study, we have analyzed and presented the data in such a manner as to provide the community with a tool for selecting an SRS modality for a specific patient scenario when more than one option is available, or even for the case of selecting which type of SRS modality fits best within one's clinical needs based on their specific patient population.

CONCLUSIONS

HyperArc-VMAT and Manual-VMAT plans resulted in superior CI when compared with GammaKnife and Elements for target diameters > 1 cm in size, albeit at the expense of more MUs (relative to Elements). For targets < 1 cm, GammaKnife, HyperArc-VMAT and both Manual-VMAT plans achieved similar CI, but still all superior to Elements. In the smaller target size bins, GammaKnife resulted in superior GI. In terms of low dose spread into the brain, HyperArc-VMAT achieved comparable (target size < 1 cm) or slightly better V12Gy values as GammaKnife (target size > 1 cm). All five SRS plans were able to meet the surrounding normal tissue limits, and overall resulted in similar doses to the pertinent OARs. Beam-on times were hours longer for GammaKnife vs. each of the linac-based SRS plans, with VMATA and Elements resulting in shorter times relative to VMATB and HyperArc-VMAT. Manual-VMAT plan quality varied greatly between the two institutional planning strategies employed.

In summary, this study demonstrated that HyperArc-VMAT is capable of achieving similar or slightly better low dose spread into the brain as GammaKnife, while maintaining excellent conformity as well as minimizing inter-planner variability and beam-on time for patients seeking treatment of multiple metastases. GammaKnife remains superior in terms of gradient index and eliminates the need for patient-specific QA. Elements strengths include delivery/QA efficiency and inter-planner consistency due to automated optimization of pre-defined templates. Manual-VMAT is subject to larger inter-planner variability as compared to HyperArc-VMAT.

DATA AVAILABILITY

All datasets generated for this study are included in the manuscript and/or the supplementary files.

ETHICS STATEMENT

This study was carried out in accordance with the recommendations of Thomas Jefferson University, Internal Review Board. The protocol was approved by Thomas Jefferson University IRB (#18D.480) granting a waiver of informed consent.

AUTHOR CONTRIBUTIONS

IV, TL, and HL designed the study, performed experiments, and data analysis. IV drafted the manuscript with assistance from TL. HL assisted with data collection. MA-B, LD, JL, KN, WS, BT, NY, YY, and WZ all contributed substantially to the concept, design of the study and preparation of the manuscript.

REFERENCES

 1. Leksell L. The stereotaxic method and radiosurgery of the brain. Acta Chir Scand. (1951) 102:316–9.

 2. Housepian EM. Stereotaxis and radiosurgery: an operative system. Arch Neurol. (1971) 25:576. doi: 10.1001/archneur.1971.00490060110018

 3. Winston KR, Lutz W. Linear accelerator as a neurosurgical tool for stereotactic radiosurgery. Neurosurgery. (1988) 22:454–64. doi: 10.1227/00006123-198803000-00002

 4. Lutz W, Winston KR, Maleki N. A system for stereotactic radiosurgery with a linear accelerator. Int J Radiat Oncol Biol Phys. (1988) 14:373–81. doi: 10.1016/0360-3016(88)90446-4

 5. Flickinger JC, Kondziolka D, Lunsford LD, Coffey RJ, Goodman ML, Shaw EG, et al. A multi-institutional experience with stereotactic radiosurgery for solitary brain metastasis. Int J Radiat Oncol Biol Phys. (1994) 28:797–802. doi: 10.1016/0360-3016(94)90098-1

 6. Kondziolka D, Patel A, Lunsford LD, Kassam A, Flickinger JC. Stereotactic radiosurgery plus whole brain radiotherapy versus radiotherapy alone for patients with multiple brain metastases. Int J Radiat Oncol Biol Phys. (1999) 45:427–34. doi: 10.1016/S0360-3016(99)00198-4

 7. Andrews DW, Scott CB, Sperduto PW, Flanders AE, Gaspar LE, Schell MC, et al. Whole brain radiation therapy with or without stereotactic radiosurgery boost for patients with one to three brain metastases: phase III results of the RTOG 9508 randomised trial. Lancet. (2004) 363:1665–72. doi: 10.1016/S0140-6736(04)16250-8

 8. Aoyama H, Shirato H, Tago M, Nakagawa K, Toyoda T, Hatano K, et al. Stereotactic radiosurgery plus whole-brain radiation therapy vs stereotactic radiosurgery alone for treatment of brain metastases: a randomized controlled trial. JAMA. (2006) 295:2483–91. doi: 10.1001/jama.295.21.2483

 9. Sneed PK, Lamborn KR, Forstner JM, McDermott MW, Chang S, Park E, et al. Radiosurgery for brain metastases: is whole brain radiotherapy necessary? Int J Radiat Oncol Biol Phys. (1999) 43:549–58. doi: 10.1016/S0360-3016(98)00447-7

 10. Hunter GK, Suh JH, Reuther AM, Vogelbaum MA, Barnett GH, Angelov L, et al. Treatment of five or more brain metastases with stereotactic radiosurgery. Int J Radiat Oncol Biol Phys. (2012) 83:1394–8. doi: 10.1016/j.ijrobp.2011.10.026

 11. Likhacheva A, Pinnix CC, Parikh NR, Allen PK, McAleer MF, Chiu MS, et al. Predictors of survival in contemporary practice after initial radiosurgery for brain metastases. Int J Radiat Oncol Biol Phys. (2013) 85:656–61. doi: 10.1016/j.ijrobp.2012.05.047

 12. Yamamoto M, Serizawa T, Shuto T, Akabane A, Higuchi Y, Kawagishi J, et al. Stereotactic radiosurgery for patients with multiple brain metastases (JLGK0901): a multi-institutional prospective observational study. Lancet Oncol. (2014) 15:387–95. doi: 10.1016/S1470-2045(14)70061-0

 13. Yamamoto M, Serizawa T, Higuchi Y, Sato Y, Kawagishi J, Yamanaka K, et al. A multi-institutional prospective observational study of stereotactic radiosurgery for patients with multiple brain metastases (JLGK0901 Study Update): irradiation-related complications and long-term maintenance of mini-mental state examination scores. Int J Radiat Oncol Biol Phys. (2017) 99:31–40. doi: 10.1016/j.ijrobp.2017.04.037

 14. Jawahar A, Willis BK, Smith DR, Ampil F, Datta R, Nanda A. Gamma knife radiosurgery for brain metastases: do patients benefit from adjuvant external-beam radiotherapy? An 18-month comparative analysis. Stereotact Funct Neurosurg. (2002) 79:262–71. doi: 10.1159/000070840

 15. Pirzkall A, Debus J, Lohr F, Fuss M, Rhein B, Engenhart-Cabillic R, et al. Radiosurgery alone or in combination with whole-brain radiotherapy for brain metastases. J Clin Oncol. (1998) 16:3563–9. doi: 10.1200/JCO.1998.16.11.3563

 16. Sneed PK, Suh JH, Goetsch SJ, Sanghavi SN, Chappell R, Buatti JM, et al. A multi-institutional review of radiosurgery alone vs. radiosurgery with whole brain radiotherapy as the initial management of brain metastases. Int J Radiat Oncol Biol Phys. (2002) 53:519–26. doi: 10.1016/S0360-3016(02)02770-0

 17. Varlotto JM, Flickinger JC, Niranjan A, Bhatnagar A, Kondziolka D, Lunsford LD. The impact of whole-brain radiation therapy on the long-term control and morbidity of patients surviving more than one year after gamma knife radiosurgery for brain metastases. Int J Radiat Oncol Biol Phys. (2005) 62:1125–32. doi: 10.1016/j.ijrobp.2004.12.092

 18. Chang EL, Wefel JS, Hess KR, Allen PK, Lang FF, Kornguth DG, et al. Neurocognition in patients with brain metastases treated with radiosurgery or radiosurgery plus whole-brain irradiation: a randomised controlled trial. Lancet Oncol. (2009) 10:1037–44. doi: 10.1016/S1470-2045(09)70263-3

 19. Brown PD, Jaeckle K, Ballman KV, Farace E, Cerhan JH, Anderson SK, et al. Effect of radiosurgery alone vs radiosurgery with whole brain radiation therapy on cognitive function in patients with 1 to 3 brain metastases: a randomized clinical trial. JAMA. (2016) 316:401–9. doi: 10.1001/jama.2016.9839

 20. Suzuki S, Omagari J, Nishio S, Nishiye E, Fukui M. Gamma knife radiosurgery for simultaneous multiple metastatic brain tumors. J Neurosurg. (2000) 93 (Suppl 3):30–1. doi: 10.3171/jns.2000.93.supplement_3.0030

 21. Soffietti R, Kocher M, Abacioglu UM, Villa S, Fauchon F, Baumert BG, et al. A European Organisation for Research and Treatment of Cancer phase III trial of adjuvant whole-brain radiotherapy versus observation in patients with one to three brain metastases from solid tumors after surgical resection or radiosurgery: quality-of-life results. J Clin Oncol. (2013) 31:65–72. doi: 10.1200/JCO.2011.41.0639

 22. Kann BH, Park HS, Johnson SB, Chiang VL, Yu JB. Radiosurgery for brain metastases: changing practice patterns and disparities in the United States. J Natl Compr Canc Netw. (2017) 15:1494–502. doi: 10.6004/jnccn.2017.7003

 23. Kim CH, Im YS, Nam DH, Park K, Kim JH, Lee JI. Gamma knife radiosurgery for ten or more brain metastases. J Korean Neurosurg Soc. (2008) 44:358–63. doi: 10.3340/jkns.2008.44.6.358

 24. Yamamoto M, Ide M, Nishio S, Urakawa Y. Gamma Knife radiosurgery for numerous brain metastases: is this a safe treatment? Int J Radiat Oncol Biol Phys. (2002) 53:1279–83. doi: 10.1016/S0360-3016(02)02855-9

 25. Nam TK, Lee JI, Jung YJ, Im YS, An HY, Nam DH, et al. Gamma knife surgery for brain metastases in patients harboring four or more lesions: survival and prognostic factors. J Neurosurg. (2005) 102 (Suppl):147–50. doi: 10.3171/jns.2005.102.s_supplement.0147

 26. Bhatnagar AK, Flickinger JC, Kondziolka D, Lunsford LD. Stereotactic radiosurgery for four or more intracranial metastases. Int J Radiat Oncol Biol Phys. (2006) 64:898–903. doi: 10.1016/j.ijrobp.2005.08.035

 27. Chang WS, Kim HY, Chang JW, Park YG, Chang JH. Analysis of radiosurgical results in patients with brain metastases according to the number of brain lesions: is stereotactic radiosurgery effective for multiple brain metastases? J Neurosurg. (2010) 113 Suppl:73–8. doi: 10.3171/2010.8.GKS10994

 28. Karlsson B, Hanssens P, Wolff R, Soderman M, Lindquist C, Beute G. Thirty years' experience with Gamma Knife surgery for metastases to the brain. J Neurosurg. (2009) 111:449–57. doi: 10.3171/2008.10.JNS08214

 29. Serizawa T, Hirai T, Nagano O, Higuchi Y, Matsuda S, Ono J, et al. Gamma knife surgery for 1-10 brain metastases without prophylactic whole-brain radiation therapy: analysis of cases meeting the Japanese prospective multi-institute study (JLGK0901) inclusion criteria. J Neurooncol. (2010) 98:163–7. doi: 10.1007/s11060-010-0169-x

 30. Huang Y, Chin K, Robbins JR, Kim J, Li H, Amro H, et al. Radiosurgery of multiple brain metastases with single-isocenter dynamic conformal arcs (SIDCA). Radiother Oncol. (2014) 112:128–32. doi: 10.1016/j.radonc.2014.05.009

 31. Gevaert T, Steenbeke F, Pellegri L, Engels B, Christian N, Hoornaert MT, et al. Evaluation of a dedicated brain metastases treatment planning optimization for radiosurgery: a new treatment paradigm? Radiat Oncol. (2016) 11:13. doi: 10.1186/s13014-016-0593-y

 32. Mori Y, Kaneda N, Hagiwara M, Ishiguchi T. Dosimetric study of automatic brain metastases planning in comparison with conventional multi-isocenter dynamic conformal Arc therapy and gamma knife radiosurgery for multiple brain metastases. Cureus. (2016) 8:e882. doi: 10.7759/cureus.882

 33. Clark GM, Popple RA, Young PE, Fiveash JB. Feasibility of single-isocenter volumetric modulated arc radiosurgery for treatment of multiple brain metastases. Int J Radiat Oncol Biol Phys. (2010) 76:296–302. doi: 10.1016/j.ijrobp.2009.05.029

 34. Mayo CS, Ding L, Addesa A, Kadish S, Fitzgerald TJ, Moser R. Initial experience with volumetric IMRT (RapidArc) for intracranial stereotactic radiosurgery. Int J Radiat Oncol Biol Phys. (2010) 78:1457–66. doi: 10.1016/j.ijrobp.2009.10.005

 35. Wolff HA, Wagner DM, Christiansen H, Hess CF, Vorwerk H. Single fraction radiosurgery using Rapid Arc for treatment of intracranial targets. Radiat Oncol. (2010) 5:77. doi: 10.1186/1748-717X-5-77

 36. Audet C, Poffenbarger BA, Chang P, Jackson PS, Lundahl RE, Ryu SI, et al. Evaluation of volumetric modulated arc therapy for cranial radiosurgery using multiple noncoplanar arcs. Med Phys. (2011) 38:5863–72. doi: 10.1118/1.3641874

 37. Liepa Z, Auslands K, Apskalne D, Ozols R. Initial experience with using frameless image-guided radiosurgery for the treatment of brain metastases. Exp Oncol. (2012) 34:125–8.

 38. Wang JZ, Pawlicki T, Rice R, Mundt AJ, Sandhu A, Lawson J, et al. Intensity-modulated radiosurgery with rapidarc for multiple brain metastases and comparison with static approach. Med Dosim. (2012) 37:31–6. doi: 10.1016/j.meddos.2010.12.010

 39. Clark GM, Popple RA, Prendergast BM, Spencer SA, Thomas EM, Stewart JG, et al. Plan quality and treatment planning technique for single isocenter cranial radiosurgery with volumetric modulated arc therapy. Pract Radiat Oncol. (2012) 2:306–13. doi: 10.1016/j.prro.2011.12.003

 40. Lau SK, Zhao X, Carmona R, Knipprath E, Simpson DR, Nath SK, et al. Frameless single-isocenter intensity modulated stereotactic radiosurgery for simultaneous treatment of multiple intracranial metastases. Transl Cancer Res. (2014) 3:383–90. doi: 10.3978/j.issn.2218-676X.2014.07.01

 41. Lau SK, Zakeri K, Zhao X, Carmona R, Knipprath E, Simpson DR, et al. Single-isocenter frameless volumetric modulated arc radiosurgery for multiple intracranial metastases. Neurosurgery. (2015) 77:233–40; discussion 40. doi: 10.1227/NEU.0000000000000763

 42. Serna A, Escolar PP, Puchades V, Mata F, Ramos D, Gomez MA, et al. Single fraction volumetric modulated arc radiosurgery of brain metastases. Clin Transl Oncol. (2015) 17:596–603. doi: 10.1007/s12094-015-1282-2

 43. Andrevska A, Knight KA, Sale CA. The feasibility and benefits of using volumetric arc therapy in patients with brain metastases: a systematic review. J Med Radiat Sci. (2014) 61:267–76. doi: 10.1002/jmrs.69

 44. Ohira S, Ueda Y, Akino Y, Hashimoto M, Masaoka A, Hirata T, et al. HyperArc VMAT planning for single and multiple brain metastases stereotactic radiosurgery: a new treatment planning approach. Radiat Oncol. (2018) 13:13. doi: 10.1186/s13014-017-0948-z

 45. Ruggieri R, Naccarato S, Mazzola R, Ricchetti F, Corradini S, Fiorentino A, et al. Linac-based VMAT radiosurgery for multiple brain lesions: comparison between a conventional multi-isocenter approach and a new dedicated mono-isocenter technique. Radiat Oncol. (2018) 13:38. doi: 10.1186/s13014-018-0985-2

 46. Slosarek K, Bekman B, Wendykier J, Grzadziel A, Fogliata A, Cozzi L. In silico assessment of the dosimetric quality of a novel, automated radiation treatment planning strategy for linac-based radiosurgery of multiple brain metastases and a comparison with robotic methods. Radiat Oncol. (2018) 13:41. doi: 10.1186/s13014-018-0997-y

 47. Alongi F, Fiorentino A, Gregucci F, Corradini S, Giaj-Levra N, Romano L, et al. First experience and clinical results using a new non-coplanar mono-isocenter technique (HyperArc) for Linac-based VMAT radiosurgery in brain metastases. J Cancer Res Clin Oncol. (2018) 145:193–200. doi: 10.1007/s00432-018-2781-7

 48. Thomas EM, Popple RA, Wu X, Clark GM, Markert JM, Guthrie BL, et al. Comparison of plan quality and delivery time between volumetric arc therapy (RapidArc) and Gamma Knife radiosurgery for multiple cranial metastases. Neurosurgery. (2014) 75:409–17; discussion 17–8. doi: 10.1227/NEU.0000000000000448

 49. Liu H, Andrews DW, Evans JJ, Werner-Wasik M, Yu Y, Dicker AP, et al. Plan quality and treatment efficiency for radiosurgery to multiple brain metastases: non-coplanar rapidarc vs. gamma knife. Front Oncol. (2016) 6:26. doi: 10.3389/fonc.2016.00026

 50. Potrebko PS, Keller A, All S, Sejpal S, Pepe J, Saigal K, et al. GammaKnife versus VMAT radiosurgery plan quality for many brain metastases. J Appl Clin Med Phys. (2018) 19:159–65. doi: 10.1002/acm2.12471

Conflict of Interest Statement: HL received grant funding unrelated to this work from Varian Medical Systems and BrainLab. TL received personal fees from Varian Medical Systems unrelated to this work.

The remaining 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.

Copyright © 2019 Vergalasova, Liu, Alonso-Basanta, Dong, Li, Nie, Shi, Teo, Yu, Yue, Zou and Li. 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.

OPS/images/fonc-09-00483-g005.gif





OPS/images/fonc-09-00483-g006.gif
SGammakinko ¥Eloments GHyperArc-VMAT SManual-VMAT

Conormiy

Efficioncy QA Effort





OPS/images/fonc-09-00483-g003.gif





OPS/images/fonc-09-00483-g004.gif
mmmmmmmm





OPS/images/fonc-09-00483-t003.jpg
Beam-On Time (min)

Gamma Elements  HyperArc-  Manual- Manual-
Knife VMAT VMAT, VMATg
158 409 595 380 9.99
149 5.27 7.08 3.14 7.28
97.7 563 4.49 471 9.13
182 5.77 6.53 7.32 9.61
128 596 6.41 485 7.47
156 5.39 5.87 4.13 724
143 461 535 495 8.41
162 5.24 6.86 4.74 829
160 475 673 429 7.9
166 608 653 6.08 7.60
m 317 434 356 6.52
116 388 684 3.43 7.48
146 396 5.16 305 636
11 422 607 404 783
113 427 739 485 10.1
141 452 560 482 7.06

140.0 244 480+0.849 6.08+0.897 448+1.09 8.02+1.16

The last row lists the mean = standard deviation across all 16 patients, per SRS
treatment technique.





OPS/images/fonc-09-00483-t001.jpg
Patienti#1

Patient #2

Patient #3

Patient #4

Patient #5

Patient #6

Patient #7

Patient #8

Patient #9

Patient #10

Patient #11

Patient #12

Patient #13

Patient #14

Patient #15

Patient #16

Target
Target volume (cc)
Prescription (Gy)
Target

Target volume (cc)
Prescription (Gy)
Target

Target volume (cc)
Prescription (Gy)
Target

Target volume (cc)
Prescription (Gy)
Target

Target volume (cc)
Prescription (Gy)
Target

Target volume (cc)
Prescription (Gy)
Target

Target volume (cc)
Prescription (Gy)
Target

Target volume (cc)
Prescription (Gy)
Target

Target volume (cc)
Prescription (Gy)
Target

Target volume (cc)
Prescription (Gy)
Target

Target volume (cc)
Prescription (Gy)
Target

Target volume (cc)
Prescription (Gy)
Target

Target volume (cc)
Prescription (Gy)
Target

Target volume (cc)
Prescription (Gy)
Target

Target volume (cc)
Prescription (Gy)
Target

Target volume (cc)
Prescription (Gy)

A
0.97
21

1.41
21

0.33
24

273
15

3.54
15

3.4
21

712
15

0.13
21

1.93
21

0.69
21

1.7
21

217
21

0.91
21

0.16
21

7.67
15

0.22
18

B
0.37
21

0.25
21

0.65
21

0.40
21

0.18
18

8.01
15

6.48
18

0.14
21

4.08
18

0.71
21

0.31
21

0.44
21

8.62
15

0.11
21

0.61
21

0.10
18

c
459
18

0.52
21

051
24

0.29
21

0.23
18

0.21
21

055
24

0.21
21

0.31
21

0.98
21

0.15
21

0.25
21

0.21
21

0.19
21

0.20
21

0.59
18

D
9.63
15

0.31
21

018
24

0.30
21

226
15

1.62
21

037
24

0.12
21

2.05
21

0.55
21

031
21

0.10
21

033
21

0.94
21

017
21

158
18

0.95
21

0.17
24

0.20
21

0.48
18

0.58
21

8.45
15

7.98
16

8.36
15

5.02
16

021
21

3.62
18

0.26
21

0.26
21

017
21

0.25
18

0.15
18

278
16

249
21

023
21

1.62
21

0.36
21

245
21

038
21

0.12
21

5.05
18

0.47
21

1.64
20

0.15
21

122
21

13
21

0.76
21

031
21

421
18

0.38
21

0.41
21

091
20

0.72
ol

0.32
21

0.23
21

3.56
18

0.24
21

037
20

0.50
21

021
21

0.30
20

0.35
21

0.40
20





OPS/images/fonc-09-00483-t002.jpg
Paired Median Differences and Statistical Significance

Gamma  HyperArc- Manual-  Manual-
Knife ~ VMAT  VMAT,  VMATg

Elements CI-RTOG -035  -046  -0.46 ~0.50
Cl-Paddick 0.15 022 020 025
Gradient -075  -033 358 073
index
Brain mean -82 -73 74 19
dose (cGy) o =014)
Vizay (c0) -55 -7.8 6.4 -70
Veay (00) -45 -52 % 58
(=04
Vagy (00) 210  -210 160 100
Gammaknife  CI-RTOG 011 0077  -0.15
Cl-Paddick 0.085 0.058 0.1
Gradient 070 414 1.36
index
Brain mean 18 140 100
dose (cGy)
Viagy (c0) -1.3 13.0
Veay (00) -37 150
Vagy (c0) 36 370
(p=0.07)
HyperArc- CI-RTOG 0.0 -0.048
VMAT (=09
Cl-Paddick 0.0 0026
Gradient 40 0.95
index
Brain mean 140 0.0
dose (cGy)
Vizay () 17 19
Veay (c0) 160 65
Vagy (c0) 390 310
Manual- CI-RTOG -0.041
VMAT, Cl-Paddick 0.030
Gradient -30
index
Brain mean -85
dose (cGy)
Vizay (c0) -15
Veay (00) -92
Vagy (o) —67

Median differences are a result of column plan—row plen. All non-bolded cells have
statistically significant diference (p < 0.05). P-values that were not statistically significant
are bolded and underlined. Blank areas of the table indicate repeat or non-sensical
plan combinations.





OPS/images/fonc-09-00483-g001.gif
& oK
S Mg AT
© MadVHATA
S Mama AT

}%%%%%
i T BT

B
HT 33—






OPS/images/fonc-09-00483-g002.gif





OPS/images/cover.jpg
, frontiers
in Oncology

Multi-Institutional Dosimetric
Evaluation of Modern Day
Stereotactic Radiosurgery (SRS)
Treatment Options for Multiple
Brain Metastases









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Oncology





