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Abstract 
 

 Purpose: Linac based radiosurgery to multiple metastases is commonly planned with 

VMAT as it effectively achieves high conformality to complex target arrangements. 

However, as the number of targets increases, VMAT may struggle to block between 

targets, which may lead to highly modulated and/or nonconformal MLC trajectories. This 

phenomenon is particularly apparent in multi-target geometries as targets often share the 

same MLC leaf pair, creating an MLC opening and yielding insufficient inter-target 

collimation. Given the complex geometries, multi-target SRS necessitates high degrees of 

dosimetric accuracy. Dosimetric accuracy may be impacted by beam commissioning as a 

single dosimetric leaf gap (DLG) must be selected and used for all targets, geometries, and 

MLCs. Conformal Arc Informed VMAT (CAVMAT) aims to reduce healthy tissue dose 

by utilizing simplified MLC trajectories and by producing more conformal dose 

distributions. It is hypothesized that the simplified leaf motion and reduced complexity 

of CAVMAT may reduce sensitivity to commissioning and treatment delivery 

uncertainty.  

 

Materials & Methods: CAVMAT is a hybrid treatment planning technique which 

combines the conformal MLC trajectories of dynamic conformal arcs with the MLC 
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modulation and versatility of inverse optimization. CAVMAT has three main steps.  First, 

targets are assigned to subgroups to maximize MLC blocking between targets. Second, 

arc weights are optimized to achieve the desired target dose, while minimizing MU 

variation between arcs. Third, the optimized conformal arc plan serves as the starting 

point for limited inverse optimization to improve dose conformity to each target. Twenty 

multifocal VMAT cases were re-planned with CAVMAT with 20Gy applied to each target. 

The total volume receiving 2.5 Gy, 6 Gy, 12 Gy, and 16 Gy, conformity index, treatment 

delivery time, and the total MU were used to compare the VMAT and CAVMAT plans. 

Of the 20 VMAT plans, 10 were selected and replanned with CAVMAT, at DLG values of 

0.4 mm, 0.8 mm, and 1.2 mm and the change in V6Gy[cc], V12Gy[cc], V16Gy[cc], and target dose 

was quantified. The 10 VMAT and CAVMAT plans were delivered to a Delta4 QA 

phantom and dose agreement was quantified using gamma index with 3%/1mm, 

2%/1mm, and 1%/1mm criteria. Trajectory log files were collected and analyzed to 

quantify MLC positioning errors during delivery. 16 targets were selected, with at least 

one target from each plan, and were delivered to an SRS Mapcheck QA phantom to 

evaluate dose difference per DLG. 

 

Results: After replanning the 20 VMAT cases, CAVMAT reduced the average V2.5Gy[cc] by 

25.25±19.23%, V6Gy[cc] by 13.68±18.97%, V12Gy[cc] by 11.40±19.44%, and V16Gy[cc] by 

6.38±19.11%. CAVMAT improved conformity by 3.81±7.57%, while maintaining 
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comparable target dose. MU for the CAVMAT plans increased by 24.35±24.66%, leading 

to an increased treatment time of ~2 minutes. For the DLG analysis, the 10 VMAT plans 

demonstrated an average sensitivity to variation of V6Gy[cc], V12Gy[cc], V16Gy[cc] of 35.83 ± 

9.48 %
""

, 34.12 ± 6.61 %
""

, and 39.22 ± 8.41 %
""

	, respectively, compared to 23.18 ± 4.53 %
""

, 

22.45 ± 4.28 %
""

, and 24.88 ± 4.91 %
""

  for CAVMAT. VMAT was found to be roughly twice 

as sensitive as CAVMAT to changes in target doses for a varying DLG. For the plans 

delivered to the Delta4 CAVMAT demonstrated an improved dose agreement, with the 

strictest criteria of 1%/1mm resulting in a passing rate of 94.53 ± 4.42% for VMAT 

compared to 99.28 ± 1.74% for CAVMAT. Log file analysis demonstrated CAVMAT’s 

improved resistance to treatment delivery uncertainties, though the difference compared 

to VMAT is not expected to be substantial.  

 

Conclusions: The CAVMAT technique successfully eliminated insufficient MLC blocking 

between targets prior to the inverse optimization, leading to less complex treatment plans 

and improved tissue sparing. CAVMAT is more robust to dosimetric and treatment 

delivery uncertainties and better maintains target dose and healthy tissue sparing. The 

reduced complexity, inherent tissue sparing, improved conformity, and reduced 

sensitivity to uncertainties indicates CAVMAT to be a promising method to treat brain 

metastases. 
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1. Introduction  
1.1 Stereotactic radiosurgery for brain metastases 

Brain metastases are conservatively estimated to occur in 9-17% of all cancer 

patients, with some studies reporting higher incidence rates of 20 - 40%[1-2]. Historically, 

WBRT was utilized for patients with multiple brain metastases, patients who were not 

candidates for surgical resection, or as adjuvant therapy in patients with a single brain 

metastasis undergoing surgical resection to reduce the rates of CNS recurrence and 

neurologic death [3].  WBRT is a palliative treatment and only temporarily halts the 

growth of brain metastases, gradually reducing any associated mass effect and 

subsequent neurologic symptoms.  The most common WBRT is 30 Gy delivered over 10 

daily fractions, though numerous dose/fractionation schemes exist [4]. 

Stereotactic radiosurgery (SRS) utilizes steep dose gradients and high degrees of 

accuracy to treat brain metastases in one to five fraction. Combining SRS and WBRT 

improves local control rates but did not improve overall survival to WBRT alone [5]. 

Patients receiving SRS and WBRT, however, experienced decreased quality of life 

compared to patients treated with SRS alone, with long-term survivors demonstrating a 

greater incidence of cognitive deterioration at 3 and 12 months [6,7].  Additionally, a 

prospective, observational, and non-inferiority study enrolled newly diagnosed, good 

performance status patients with 1-10 brain metastases receiving SRS to all intracranial 

disease and demonstrated non-inferior median overall survival for patients with 5-10 
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brain metastases versus those with 2-4 brain metastases, with no difference in the rate of 

treatment-related adverse events [8].  Because of these findings, SRS has largely replaced 

WBRT in the treatment of patients with a limited number of metastatic brain lesions.  

1.2 Dynamic Conformal Arcs 

Conventional linear accelerator-based SRS can be performed using several 

different techniques. Dynamic conformal arc (DCA) radiation therapy can be used to 

deliver SRS to treat brain metastases. DCA techniques dynamically conform the multi-leaf 

collimator (MLC) to the targets in question throughout the gantry rotation. In treatment 

scenarios involving multiple targets, each target is assigned its own isocenter and is 

treated sequentially. DCA radiation therapy often results in extended patient set-up and 

total treatment times, particularly when differing couch angles are utilized. Single 

isocenter dynamic conformal arc (SIDCA) treatment techniques allow for targets to be 

treated simultaneously, substantially reducing the required treatment time [9,10]. The 

MLCs in a SIDCA treatment conform to each target, or a select group of targets, for a given 

arc. This allows for conformal MLC trajectories that sufficiently block between targets and 

prevent unnecessary MLC openings. While SIDCA is highly conformal, the technique is 

limited in flexibility. SIDCA seeks to conform the MLCs closely to each target, which can 

be difficult when treating targets that are irregular in shape or close in proximity to critical 

structures.   
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1.3 Volumetric Modulated Arc Therapy  

Volumetric Modulated Arc Therapy (VMAT) is a highly flexible radiotherapy 

technique that can also utilize a single isocenter for quick and effective multi-target 

radiosurgery [11]. VMAT includes an inverse optimization component, which allows for 

more flexibility to meet unique plan-specific constraints, such as conforming dose to 

irregular shaped targets or minimizing dose to proximal OARs [9].  Single isocenter 

radiosurgery has grown in popularity, with many recent advancements in SIMT VMAT 

radiosurgery such as advanced treatment planning techniques [11-15], physics 

considerations and quality assurance aspects related to treatment [16-20,35], and data 

relating to patient outcomes [21-23]. A reoccurring challenge of SIMT VMAT techniques 

is the inability of a single leaf pair to effectively collimate between multiple targets 

simultaneously, as seen in Figure 1. This dilemma was first highlighted by Kang, et al.; in 

their work they developed a method to help mitigate this collimation challenge by 

determining optimal collimator angles for each VMAT arc [26]. More recently Wu et al. 

developed an optimization algorithm to identify arc geometry (couch, collimator, and 

gantry) for VMAT with the least total unblocked are per arc [27]. While both approaches 

can help to reduce beam collimation challenges, in many instances targets overlapping 

with the same leaf pair cannot be avoided, a phenomenon that becomes increasingly 

problematic as the total number of targets increases. When target overlapping occurs, 

planners must manage the resulting tradeoffs between plan modulation and complexity, 
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target coverage, and dose to normal tissue. Often the resulting inverse optimized VMAT 

plan will require fast moving and highly modulated MLC trajectories to achieve the 

desired dose distribution. 

Previous studies have demonstrated that highly modulated and quickly changing 

MLC trajectories may decrease the dosimetric accuracy and effectiveness of a treatment 

plan [24,25]. As seen below in Figure 1, VMAT treatment plans involving multiple targets 

may position the MLCs such that leaf pairs completely obscure a target or fail to block 

between targets, creating MLC openings. When several targets share the same leaf pair 

VMAT may fail to block between targets, rendering the treatment planning system 

incapable of properly blocking healthy tissue at some gantry angles [26]. In this example 

targets 1, 3, and 6 are partially blocked, target 2 is completely obscured, and several 

openings are created on and around the targets. 

 

Figure 1: VMAT irregular MLC trajectories blocking targets and creating MLC 
openings 

The irregular and unintended MLC openings often result in irregular-shaped dose 

distributions, dose bridging between targets, and an increased, unnecessary dose to 

1 2
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healthy brain tissue. An example case demonstrating the irregular dose distributions and 

unnecessary dose bridging in multi-target VMAT plans is displayed below in Figure 2.  

 

Figure 2: Irregular dose distribution and dose bridging in VMAT multi-target 
plan 

  Previous studies have investigated the use of optimized planning strategies to 

reduce the effect of insufficient MLC blocking between targets. These methods were found 

to be partially effective and highly dependent on specific treatment geometries [27,28]. 

Alternatively, inverse optimization can be used to reduce dose bridging between targets 

through contouring avoidance structures in the treatment planning system. The treatment 

planning system will attempt to limit the dose to the avoidance structure and will further 

constrain the MLC trajectories to minimize dose bridging. This technique is often 

inconsistent, time consuming, and may still result in complex MLC trajectories while only 

partially alleviating dose bridging. Aside from technique-specific limitations, there are 

limitations inherent to SRS that must be considered. 



 

 6 

1.4 Challenges of small field dosimetry 

The success of external beam radiation therapy is largely dependent on accurate 

modeling of the photon beam in the treatment planning system [29]. Photon beam models 

are built using commissioned beam data, which is subject to error from the detector, the 

phantom, and the treatment machine that was used for data collection [30]. The difficulty 

of accurate beam modeling is exacerbated when small radiation fields are used. 

 The use of small radiation fields, as is common in SRS and SBRT applications, 

introduces several complications that are not present when larger fields are utilized. A 

small radiation field can be defined as a field size which is smaller than the lateral range 

of charged particles created along the central beam axis. This can further be described as 

a field size for which lateral charged particle equilibrium fails. For a 6 MV photon beam 

field sizes smaller than 3	𝑥	3	𝑐𝑚( are considered to be small radiation fields [31]. The loss 

of charged particle equilibrium paired with steep dose gradients complicates dosimetric 

measurements and the accurate modeling of small fields. 

SRS techniques commonly employ substantial collimation, which can obscure the 

primary beam if small fields are used. If the primary beam is substantially blocked, the 

beam penumbras may overlap resulting in a sizable reduction in beam output [32-34]. 

Given that the use of small fields increases the potential for error or exacerbate existing 

error, it is crucial to investigate a treatment technique’s sensitivity and resistance to 

various sources of uncertainty.  
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1.5 TPS Modeling Uncertainty 

In Varian systems, the dosimetric leaf gap (DLG) can have substantial dosimetric 

impact, particularly for highly modulated fields that are typical for multi-target VMAT. 

Varian HD-MLC systems feature rounded MLC leaves, as opposed to fully rectangular 

leaves, in order to maintain a relatively constant penumbra at varying field sizes [35]. 

While beneficial, the rounded leaf ends create a discrepancy between the geometric and 

dosimetric field widths due to transmission through the rounded edges [36]. The 

dosimetric leaf gap (DLG) is a commissioned parameter which models the physical 

difference between the linear accelerator light and radiation fields and attempts to account 

for transmission through the rounded leaf ends. The DLG is effectively a parameter which 

determines the modeled distance between MLC leaves, when they are set to be completely 

closed and abutting. The specific DLG value can be optimized such that measured dose 

distributions for a set of plans match the treatment planning system calculations [36].  

For a given beam model, the optimal DLG value will likely differ depending on 

the specific treatment plan and treatment site [37]. Given the unique treatment geometry 

inherent to multi-target radiosurgery, a degree of variation in the optimal DLG value is 

expected. Some institutional studies have reported difficulty in determining a single, 

optimal DLG value that is representative of all radiosurgery targets in a plan. In such 

scenarios it was necessary to divide the targets into multiple isocenter groups, partially 
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negating the time-saving benefit of SIMT techniques [38,39]. While uncertainty is present 

in the DLG and beam modeling, it is also present in the treatment delivery itself. 

1.6 Treatment Delivery Uncertainty 

While optimal treatment plans and MLC patterns can be created in the treatment 

planning system, there are several physical parameters that may deviate from the 

expected performance when the plans are delivered. Upon treatment delivery, the 

physical motion of a given MLC leaf pair may deviate from the intended motion 

established in the treatment planning system. Similar deviations may occur in the gantry 

angle during the delivery of a treatment arc. SIMT radiosurgery techniques have been 

shown to be uniquely susceptible to treatment delivery uncertainties, particularly when 

targets are small and distant from the treatment isocenter [40-42]. Delivery uncertainties 

may be challenging to account for as there are few QA tools with sufficient resolution and 

dosimetric capacity to quantify the full effect. Current QA tools include various 

dosimeters and phantoms, as well as more fundamental techniques such as film analysis. 

While phantoms and detectors are effective, consideration must be given to the device’s 

spatial resolution, as well as any angular dependences that may exist. Film analysis may 

be used but is often cumbersome and error prone as great care must be taken to accurately 

determine a dosimetric measurement. Similar to some phantoms, film is limited in 

applicable treatment angles. Log file analysis can subvert the resolution dilemma issue of 
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most phantoms, as information is exported directly from the linear accelerator and may 

better highlight the physical motion of the MLCs.  

1.7 Motivation 

Conformal Arc Informed Volumetric Modulated Arc Therapy (CAVMAT) is a 

hybrid treatment planning technique currently under development which aims to 

overcome the physical and dosimetric limitations of VMAT for SIMT SRS applications. 

Specifically, CAVMAT can potentially overcome VMAT’s insufficient MLC blocking 

between targets as well as reduce dose bridging between targets, while remaining robust 

to TPS modeling and treatment delivery uncertainties.    

CAVMAT is designed to pair SIDCA and SIMT VMAT techniques, in which 

conformal MLC trajectories are used as the starting point for limited inverse optimization.  

CAVMAT aims to utilize the improved conformity and flexibility of MLC modulation 

inherent to inverse optimized VMAT, while producing more conformal MLC trajectories 

similar to SIDCA. These trajectories are capable of eliminating insufficient MLC blocking 

between targets, thus reducing healthy brain dose.   

The CAVMAT treatment planning technique was refined and is composed of the 

following three main steps: target subgrouping, field weight optimization, and limited 

inverse optimization. The technique creates sets of conformal arcs that sufficiently 

collimate between targets and avoid dose bridging. The conformal arcs are assigned 
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optimal field weights and limited inverse optimization is performed to increase dose 

conformity of each target.
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2. Materials and Methods 
2.1 Target Subgrouping  

The CAVMAT technique may be applied to an arrangement of treatment arcs and 

target geometry that is judged to be acceptable for SIMT SRS. For each gantry and couch 

angle, all targets are divided into subgroups to be treated separately, with each group 

containing as many targets as the criteria below permits. Each target subgroup is assigned 

a copy of the arc, to be treated separately.  

For the first subgroup of an arc, the first target may be selected at random. The 

addition of subsequent targets to a given subgroup is performed by prioritizing the 

following criteria, in order of importance: (1) a collimator angle can be found to allow 

complete collimation between the targets of a subgroup, (2) target superposition along the 

beam’s eye view is not present, (3) the difference in the effective depth of targets in a 

subgroup is less than 5cm, (4) when the preceding criteria have been met, unique 

subgroups across all arcs may also be prioritized. Criteria (1) and (2) work in conjunction 

to limit dose bridging between targets [26]. Criterion (3) works to minimize dose 

differences between targets, which may be difficult to account for in the field weight 

optimization stage, as each arc will be assigned a constant MU per control point. Subgroup 

uniqueness is prioritized in criterion (4), as this may bolster the effectiveness of the 

subsequent field weight optimization, allowing it to better apply a uniform MU to each 

arc to achieve the desired dose, prior to the inverse optimization stage.  The adjustment 
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of the collimator angle and selection of target subgroups is an iterative process, often 

requiring the groups to be changed in order to find the optimal subgroup arrangement.  

The subgrouping process is repeated for each arc in plan such that each arc is 

assigned a unique set of subgroups. The number of subgroups for each arc is largely 

dependent on the number of targets and the specific target geometry. More subgroups 

may be required in instances of complex target geometry, target superposition, or when a 

large number of targets are to be treated. For most treatment scenarios 2 subgroups for 

each base arc is sufficient.  

Once all subgroups of an arc are finalized, each subgroup is assigned an identical 

copy of the arc in question, without changing the couch or gantry configuration. For a 

plan with 4 couch angles and an arc at each angle, 2 subgroups will be assigned to each 

arc, resulting in a plan with 8 total arcs but only 4 couch angles. To increase delivery 

efficiency the gantry motion for an arc may be reversed (i.e. clockwise for the first 

subgroup and counterclockwise for the second).  

2.2 Creation of DCA plan 

Following subgroup finalization, the MLCs for each arc were fit to a 1mm margin 

and the jaws were set to a 3 mm margin around the subgroup of the arc in question. This 

employs the intuitive and conformal MLC motions of a DCA plan and serves as the base 

for a CAVMAT plan.  



 

 13 

2.2.1 MLC and Jaw Configuration 

Initially a uniform 1 mm MLC and 1 mm jaw margin were used for the CAVMAT 

plans, but it was observed that the inverse optimization often prevented some MLC leaf 

pairs from fully extending to the jaw field size. This phenomenon was particularly 

apparent in situations involving small field sizes and small targets, resulting in static leaf 

pairs and target undercoverage. In a preliminary study, the 20 VMAT plans were 

replanned with the CAVMAT process with 3 different combinations of MLC and jaw 

margins. A uniform MLC and jaw margin of 2 mm and 1 mm were evaluated. A MLC 

margin of 1 mm was paired with a 3 mm jaw margin to attempt to mitigate the effect of 

static leaf pairs. The V6Gy[cc], V12Gy[cc], and V16Gy[cc], total MU, and conformity index were 

evaluated to justify the selection of MLC and jaw settings. A jaw setting of 3 mm and MLC 

margin of 1 mm was found to adequately conform to the targets while maintaining a large 

enough field size to prevent target undercoverage and static leaf pair issues. The results 

of the preliminary investigation can be found in section 3.2.1. Jaw tracking was not used 

in the implementation and testing of the CAVMAT technique.  

2.3 Field Weight Optimization 

Following subgroup assignment and DCA creation, dose was calculated with a 

fixed MU for each field to provide an initial starting point for field weight optimization. 

Dose was normalized to 99.5% of the total PTV volume. Point doses from the center of 

each target were collected in order to determine the dose contribution for a uniform MU 
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for a particular field. 𝑑*+ represents the dose to a target 𝑡 for a specific field 𝑓. The field 

weight optimization was conducted in Matlab (MathWorks, Natick, MA) and iteratively 

adjusted the field weights (𝑊+) to match the prescription dose (𝐷01) and improve 

uniformity of field weights across all arcs. The field weight optimization aims to minimize 

the following dose difference:  

∆𝐷 = 5𝐷01 −	7 	(
+

	𝑑*+	 × 	𝑊+)5 (1) 

 The field weights were iteratively adjusted using a Nelder-Mead search algorithm 

in which a simplex is created, and the vertices are used to minimize multidimensional 

functions [43]. The created simplex is first reflected and the reflected point is compared to 

the current best minimum. The vertex with the largest value will then be replaced with a 

new, smaller vertex, reducing the simplex until the coordinates of a local minimum are 

found.  

The field weight optimization was repeated N times, where N represents the total 

number of arcs in the treatment plan. The Nelder-Mead algorithm utilized a contraction 

coefficient of 0.5, in order to determine the strength and rate of minimization and to 

maintain a practical calculation time. At each optimization iteration, a single field weight 

is reduced by 50%, creating multiple sets of potential field weight values. The field 

weights are then used to determine the corresponding MU for each arc and are ranked 

based on the following criteria: absolute difference in prescription and delivered target 
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dose, standard deviation of the difference in prescription and delivered dose, the number 

of field weights that have < 10% of the median MU, and the standard deviation of MU per 

arc. All ranking criteria were given equal weighting and the field weight set with the 

highest average ranking in all categories was used to determine the final, optimized MU 

of the treatment plan. 

2.4 Limited Inverse Optimization 

The newly weighted DCA plan then serves as the starting point for limited inverse 

optimization. The inverse optimization was performed using Eclipse v.15.6 (Varian 

Medical Systems, Palo Alto, CA) [44], using photon optimization (PO) algorithm version 

15603. The inverse optimization stage differs from conventional VMAT inverse 

optimization in that the optimizer was limited to multi-resolution (MR) level 4. Restricting 

the optimizer to MR level 4 allows the MLCs to conform to targets intuitively, similar to a 

DCA technique, while still allowing small, fine-tuned MLC adjustments [45,46]. 

2.5 Validation and Plan Comparison 

In order to validate the effectiveness and performance of the CAVMAT technique, 

twenty intracranial SRS cases previously treated with single isocenter VMAT, were 

selected. All clinical VMAT plans were previously planned by an ABR certified physicist 

with experience in clinical VMAT SRS planning, utilizing SIMT institutional standards 

established in previous works [47-49]. All clinical cases were reviewed and approved by 

the attending physician. All planning was performed in External Beam Planning (Varian 
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Medical Systems) using Analytical Anisotropic Algorithm. The study aimed to only 

evaluate cases which utilized a single fraction of 20 Gy to treat targets with a diameter ≤ 2 

cm. If a case utilized more than a single fraction, it was replanned to a single fraction of 

20 Gy. Forcing all plans to the same prescription and fractionation scheme simplifies 

reported statistics. The twenty cases were selected such that each treated at minimum 3 

targets, with some cases treating a maximum of 7 targets. A minimum of 3 targets was 

utilized as this allowed for different subgrouping combinations and better tested the 

CAVMAT technique. Plans were limited to 7 targets due to the time-intensive nature of 

manually planning for larger numbers of targets. Future work will aim to evaluate large 

number of targets. The twenty VMAT and CAVMAT plans are summarized below in 

Table 1. 

Table 1: Summary of the 20 cases used for VMAT and CAVMAT comparison 

 

Of the twenty clinical cases, 11 plans featured prescription doses less than 20 Gy 

or utilized multiple fractions. These plans were also replanned to a single fraction of 20 

Gy by an ABR certified physicist utilizing the same single-isocenter VMAT technique that 

was used for the other clinical VMAT plans.  
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All clinical cases were replanned with the CAVMAT technique, with the same 

target geometry as the clinically delivered VMAT plans. Arc geometry, gantry, and couch 

configurations were not adjusted. The primary difference in the VMAT and CAVMAT 

plans lies in the adjustment of the collimator angle and in the subgrouping process. While 

the subgrouping process creates duplicated arcs, unique couch angles are not created. For 

instance, a VMAT plan might contain 4 arcs with a couch angle for each. The CAVMAT 

counterpart may feature 8 arcs but will only utilize the same 4 couch angles as the VMAT 

plan. The collimator angle of the CAVMAT plans was adjusted during the subgrouping 

process and is the primary geometric difference between the VMAT and CAVMAT plans. 

In summary, the CAVMAT plans utilize the same treatment geometry as the VMAT 

counterparts, with the number of arcs at each couch angle equal to the number of 

subgroups. All plans were normalized such that 100% of the prescription dose covers 

99.5% of the combined PTV volume.  

The degree of MLC modulation in the VMAT and CAVMAT plans was evaluated 

and compared using a modulation complexity score (MCS) metric, which was originally 

designed for IMRT applications [50]. The MCS evaluates the leaf sequence variability 

(LSV) and aperture area variability (AAV) to assess variation in MLC position, field shape 

irregularity, and field area. MCS range from 0 to 1.0, with 0 representing an open and 

modulation-free field and 1.0 representing a highly modulated plan. Eclipse API scripting 

was used to implement the MCS calculation. 
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2.5.1 Dose-Volume Analysis 

Following planning, the cumulative dose volume histogram (DVH) of both the VMAT 

and CAVMAT plans were analyzed and compared. The total volume of healthy tissue 

receiving more than 2.5 Gy (V2.5Gy[cc]), V6Gy[cc], V12Gy[cc], V16Gy[cc], maximum dose 

(Dmax), and total MU were collected and compared. The DVHs were also used to evaluate 

the limiting coverage of both the VMAT and CAVMAT plans. Limiting coverage was 

defined as the target with the lowest percentage of volume receiving the prescription 

dose. Conformity index (CI) was also measured and is defined as the volume enclosed by 

the prescription isodose surface (𝑉<) divided by the total target volume (𝑉*)	[51]. 

𝐶𝐼 = 	
𝑉<
𝑉*

(2) 

A Wilcoxon signed rank test was used to compare the maximum dose, CI, dose-

volume statistics, and limiting target coverage of the VMAT and CAVMAT plans. The 

Wilcoxon test is a non-parametric test and is used to compare matched samples. p values 

< 0.05 were considered to be statistically significant.  

2.5.2 Treatment Time Estimation 

The total treatment time for each plan was estimated using the arc control points, 

dose rate, and gantry speed. Each control point was evaluated, and treatment time was 

calculated as the summation of the time required to move from one control point to the 

next [51].  
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(3) 

The treatment time between two individual control points is determined based on 

whether dose rate or gantry speed is the limiting factor, as both cannot be maximized 

simultaneously. The treatment time summation across all control points is calculated 

based on whether the maximum dose rate or maximum gantry speed restricts the 

treatment speed more. While MLC velocity can be a limiting factor in some treatment 

situations, it was not found to contribute to either the VMAT or CAVMAT plans. A 

Wilcoxon signed rank test was used to compare the maximum dose, CI, dose-volume 

statistics, and limiting target coverage of the VMAT and CAVMAT plans. The Wilcoxon 

test is a non-parametric test and is used to compare matched samples. p values < 0.05 were 

considered to be statistically significant. 

2.6 DLG Sensitivity Analysis 

A subset of VMAT and CAVMAT plans were selected to be evaluated at different 

DLG values to simulate an improper or suboptimal selection of DLG value. This analysis 

aims to quantify the severity of plan degradation with changing DLG and to evaluate 

CAVMAT’s sensitivity to such changes. CAVMAT aims to maintain target coverage and 

healthy tissue sparing as the DLG value varies, increasing overall technique robustness.  

Ten of the clinical VMAT and CAVMAT plans, with 46 targets in total, were  selected and 

replanned with DLG values of 0.4mm, 0.8mm, and 1.2mm, creating 60 different plans in 

total. All plans were first calculated with a DLG value of 0.4 mm in order to establish a 
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baseline for future comparison. A dose grid of 1 mm was used and all plans were 

recalculated with a constant MU.  

The DVH of all 60 plans were evaluated and the V6Gy[cc], V12Gy[cc], V16Gy[cc} of 

healthy tissue was collected. The minimum, mean, and maximum dose to all 46 targets 

was also collected. Target volume, equivalent sphere radius, CI, and target distance from 

radiation isocenter were measured and recorded. The percent change in CI and dose-

volume statistics were calculated as the DLG value was changed from 0.4 mm to 0.8 mm, 

and from 0.4 mm to 1.2 mm, for both the VMAT and CAVMAT plans. 

For all 46 targets, target size and distance from isocenter were evaluated to 

investigate a potential correlation with dosimetric sensitivity for varying DLG values.   

2.7 Treatment Delivery and Log File Analysis 

Similar to the DLG analysis, a subset of VMAT and CAVMAT plans were 

delivered to a QA phantom to evaluate how well each plan could be delivered and to 

quantify the difference in intended and delivered dose. While QA phantoms can be used 

to evaluate dosimetric deliverability, log file analysis can better attest to MLC motion and 

positional error, offering a mechanical perspective of treatment delivery error. Ten VMAT 

and CAVMAT plans, with a constant DLG value of 0.4 mm, were prepared for delivery 

and uploaded to a Delta4 (ScandiDos, Madison, WI) QA phantom for delivery. All plans 

were delivered using the same Varian Trubeam STx (Varian Medical Systems, Palo Alto, 

CA) that was used for the delivery of the clinical VMAT plans. Following delivery, the 
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delivered (actual) MLC positions of both the VMAT and CAVMAT plans were stored as 

trajectory log files in the TrueBeam system (Varian Medical Systems, Palo Alto, CA) [52]. 

The linear accelerator log files were extracted using an in-house script written in Python 

v.3.7 (Python Software Foundation, Wilmington, DE), utilizing Pylinac, an open-source 

Python toolkit for linear accelerator–based QA.  The script scans the trajectory log files 

and identifies the delivered MLC and gantry positions for each arc control point [53]. A 

copy of the original plan was then created and the exported MLC and gantry positions 

were then overwritten by the recorded log file values. The log file-based plans were 

calculated with the same MU, AAA, and dose grid size as the original treatment plans. 

Similar to the initial DLG analysis, V6Gy[cc], V12Gy[cc], V16Gy[cc], individual target 

doses were collected. The minimum, mean, and maximum dose to all 41 targets was 

collected. Target volume, equivalent sphere radius, and distance from radiation isocenter 

were measured and recorded. CI and limiting coverage were also collected. 

The trajectory log files were used to determine the MLC position at each control 

point of the VMAT and CAVMAT arcs. The MLC positional error at each control point 

was defined as the absolute difference between planned and delivered MLC positions.   

The delivered dose was measured using the Delta4 phantom for both the VMAT 

and CAVMAT plans, with Gamma index and dose difference used for comparative 

analysis. Increasingly strict passing criteria were utilized to assess plan robustness. 

Gamma analysis was performed using 3%/1mm, 2%/1mm, and 1%/1mm passing criteria. 
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The distance to agreement (DTA) was held to a constant 1 mm and the dose difference 

component varied from 3% to 1%. The constant DTA allowed for isolation and evaluation 

of the dose difference contribution to the gamma analysis. 
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3. Results 
The CAVMAT process resulted in conformal MLC trajectories inherent to DCA to 

maximize collimation between targets and to eliminate irregular MLC openings. One of 

the 20 cases was selected and is displayed below in detail to demonstrate the differences 

in the collimation and dose-volume statistics of a typical CAVMAT plan, compared to its 

VMAT counterpart. 

3.1 Sample Case 

The conformal MLC trajectories and target subgrouping for a sample arc is 

displayed below in Figure 3 and is compared to its VMAT counterpart.  

 

Figure 3: Irregular MLC trajectories and openings of VMAT (a) and conformal 
subgrouping of CAVMAT (b) 

In many treatment scenarios and geometries, VMAT may utilize nonconformal 

MLC trajectories when struggling to shield between targets. By placing the targets of a 

treatment arc into subgroups, CAVMAT can improve MLC blocking between targets by 
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allowing the MLCs to conform closely. The use of target subgroups allows for conformal 

MLC trajectories that do not become highly modulated following inverse optimization.  

As seen in Figure 3a above, the MLC trajectories of the VMAT plan creates 

irregular MLC openings both on and around the six targets. A substantial MLC opening 

is present between targets 4 and 5, targets 1, 3, 4, and 6 are partially blocked, and target 2 

is completely blocked by the MLCs. In comparison, CAVMAT utilizes 3 subgroups, of 2 

targets each, with effective collimation.  

For the same sample case, the isodose distribution and corresponding DVH of the 

VMAT, pre-, and post-inverse optimized CAVMAT treatment plan is displayed below in 

Figure 4. The irregular and nonconformal MLC trajectories of VMAT may increase the 

likelihood of irregular MLC openings, which may lead to dose bridging and an increased 

healthy tissue dose. The effect of the irregular MLC motions can be seen in the dose 

distribution in Figure 4a. Compared to VMAT, CAVMAT was able to produce isodose 

distributions that are both intuitive and concentric, improving healthy tissue sparing.   

In this example, the VMAT plan yields an irregular-shaped and nonintuitive dose 

distribution, with dose bridging of 6 and 10 Gy between targets such that tissue is 

unnecessarily irradiated, and some targets receive over 110% of the prescription dose of 

20 Gy, as seen in Figure 4a.  
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Figure 4: VMAT (A) provides uniform target dose at the cost of dose bridging 
and an irregular dose distribution. Pre-optimized CAVMAT (B) reduces dose 
bridging but struggles to maintain dose and conformity. Inverse Optimized 

CAVMAT (C) combines the benefits of both. 

The pre-optimized CAVMAT plan (Figure 4b) is capable of eliminating or 

mitigating the dose bridging of 6 Gy and further constrains the 10 Gy dose bridging 

between the 2 targets in close proximity. It also produces a smoother dose distribution 

than the VMAT plan, eliminating many of the rough edges and increasing healthy tissue 

sparing. For this sample case, the pre-optimized CAVMAT plan reduced the V2.5Gy[cc] of 

heathy tissue by 26.08% (82.18cc), V6Gy[cc] by 27.71% (17.49 cc), V12Gy[cc] by 28.21% (3.77cc), 

(A)VMAT (B)Pre-optimized CAVMAT (C)Optimized CAVMAT

A - VMAT

B - Pre-optimized CAVMAT

C - Optimized CAVMAT

Optimized CAVMAT Pre-optimized CAVMAT VMAT

Healthy Tissue

Combined PTV

Isodose and DVH Comparison
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and V16Gy[cc] by 11.33% (0.69 cc). While the pre-optimized CAVMAT plan substantially 

spares tissue, large heterogeneities can be seen in DVH B of Figure 4b. Large 

heterogeneities prior to inverse optimization were found to be common, as the field 

weight optimization considers dose and MU to create a starting point for inverse 

optimization, but does not explicitly consider conformity and other parameters. 

The inverse optimized CAVMAT plan (Figure 4c) produces a more concentric, 

smooth, and less heterogenous dose distribution than both the pre-optimized CAVMAT 

and VMAT plans.  

3.2 Cumulative Results 

Considering all 20 cases, the pre-optimized CAVMAT plans were able to 

substantially spare healthy tissue, effectively reducing V2.5Gy [cc] of heathy tissue by 30.39 

± 20.04% (79.52 cc), V6Gy[cc] by 23.06 ± 22.41% (38.86 cc), V12Gy[cc] by 17.34 ± 20.23% (11 cc) 

and V16Gy[cc] by 7.52 ± 19.78 % (6.69 cc). While the pre-optimized CAVMAT plan slightly 

increased healthy tissue sparing, it accomplishes this at the cost of degraded conformity. 

The 20 pre-optimized CAVMAT plans produced an increased average conformity index 

of 1.63 ± 0.32 compared to 1.40 ± 0.19 for the VMAT counterparts. Figure 4b above 

demonstrates the degraded conformity of the pre-optimized CAVMAT plans, a trend that 

was observed across all 20 plans. The total MU of the pre-optimized CAVMAT plans 

increased by 29.40 ± 26.40%. The degraded conformity of the pre-optimized CAVMAT 

plans necessitates the inverse optimization stage.  
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Figure 5 illustrates the healthy tissue sparing of the optimized CAVMAT plans.  

 

Figure 5: Average Percent change between VMAT and CAVMAT 

Compared to VMAT, the optimized CAVMAT plans were able to reduce V2.5Gy[cc] of total 

tissue by 25.25 ± 19.23% (66.35 ± 58.93 cc) (p=8.85	𝑥	10^_), V6Gy[cc] by 13.68 ± 18.97% (6.33 

± 5.07 cc) (p=0.027), V12Gy[cc] by 11.40 ± 19.44% (1.32 ± 1.12 cc) (p=0.048), and V16Gy[cc] by 

6.38 ± 19.11% (0.63 ± 0.38 cc) (p=0.247). As displayed below in Figure 6, the optimized 

CAVMAT plans produced an average conformity index of 1.34 ± 0.15 compared to 1.40 ± 

0.19 for VMAT. 

CAVMAT vs VMAT: Healthy Tissue Sparing
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Figure 6: Pre-optimized CAVMAT results in an increased average conformity 
of 1.63±0.32, while optimized CAVMAT produces more conformal plans, improving 

conformity from 1.40±0.19 for VMAT to 1.34±0.15 

 A comparison of the limiting target coverages of the optimized CAVMAT and 

VMAT plans yielded a p value of 0.49, demonstrating that a significant difference was not 

found and that CAVMAT is capable of maintaining comparable coverage. The optimized 

CAVMAT plans utilized roughly 5% less MU than the pre-optimized plans, as inverse 

optimization further modulates the MU applied to each control point to improve plan 

quality. The average total MU of the optimized CAVMAT plans was increased 24.35 ± 

24.66% (1507.70 ± 1182.23) compared to the VMAT plans. The dose-volume, conformity 

index, and MU data are compiled in Table 2 to further illustrate the differences in VMAT, 

pre-, and post-optimized CAVMAT plans.  
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Table 2: Summarized metrics for VMAT, pre, and post-optimized CAVMAT 
comparison 

 

The average estimated treatment delivery time of the 20 CAVMAT plans was 9.47 

± 3.18 min compared to 7.82 ± 3.15 for the VMAT plans. The increased treatment time is 

within reason, as the CAVMAT plans have an average of 7.55 ± 1.85 arcs per plan 

compared to 3.75 ± 0.64 arcs for the VMAT plans. While the CAVMAT plans have roughly 

twice as many arcs, the average estimated treatment time was not doubled because unique 

arcs, couch, and gantry angles were not created; the additional arcs are duplicate arcs of 

the base VMAT plan. Both the VMAT and CAVMAT plans have identical plan geometry, 

with the CAVMAT plans rotating the gantry clockwise and then counterclockwise at each 

couch angle to deliver the subgroup arcs. It was observed that the VMAT plan delivery 

was almost always limited by dose rate and CAVMAT delivery was limited by gantry 

rotation speed. The treatment time was not limited by the MLC speed.  

Total Number of Targets 77
Mean Targets per Plan 3.85 ± 1.18
Total Target Volume 46.29 cc
Mean Target Volume per Plan 2.31 ± 1.79 cc 
Maximum Target Volume 6.02 cc
Minimum Target Volume 0.22 cc

VMAT Pre-optimized CAVMAT Post-Optimized CAVMAT
V2.5 Gy [cc] 294.94 ± 170.42 cc 213.41 ± 142.52 cc 226.59 ± 143.83 cc
V6 Gy [cc] 46.19 ± 24.92 cc 38.86 ± 27.94 cc 41.99 ± 26.15 cc
V12 Gy [cc] 12.43 ± 6.09 cc 11.00 ± 6.92 cc 11.62 ± 6.90 cc
V16 Gy [cc] 6.81 ± 3.79 cc 6.69 ± 4.31 cc 6.63 ± 4.15 cc
CI 1.40 ± 0.19 1.63 ± 0.32 1.34 ± 0.15
MU 6117.50 ± 1165.61 7696.55 ± 1545.41 7289.40 ± 1474.81
Tx Time 7.82 ± 3.15 min 9.70 ± 3.33 min
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3.2.1 Effect of varying MLC and Jaw sizes 

Prior to the full plan comparison, the ideal MLC and jaw margins were 

determined. The 20 CAVMAT plans were replanned with a uniform 2 mm MLC and jaw 

setting to establish a baseline and was found to offer no tissue sparing benefit. Table 3 

illustrates the effect of MLC and jaw margin setting on the pre-optimized CAVMAT plans.  

Table 3: MLC and jaw margins for pre-optimized CAVMAT 

 

Prior to inverse optimization, the pre-optimized CAVMAT plans, featuring a uniform 1 

mm MLC and jaw setting offered substantial tissue sparing. Following inverse 

optimization, the 2 mm MLC and jaw fit demonstrated substantially improved 

conformity, while the 1 mm fit demonstrated only a slight improvement. Table 4 

illustrates the effect of MLC and jaw margin setting on the post-optimized CAVMAT 

plans. 

Pre-Optimized CAVMAT - Plan Comparison
% Change From VMAT

Jaw Margin MLC Margin V6 V12 V16 CI (absolute 
values) MU

2mm 2mm 12.93 ± 37.65% 21.02 ± 32.19% 36.11 ± 30.10% 2.33 ± 0.77 17.42 ± 25.51%

1mm 1mm -24.02 ± 20.41% -16.91 ± 21.46% -6.79 ± 21.27% 1.53 ± 0.20 28.53 ± 27.95%

3mm 1mm -23.06 ± 22.41% -17.34 ± 20.23% -7.52 ± 19.78% 1.63 ± 0.32 29.40 ± 26.40%

VMAT 1.40 ± 0.19

Optimized CAVMAT - Plan Comparison
% Change From VMAT

Jaw 
Margin

MLC 
Margins V6 V12 V16 CI (absolute 

values) MU

2mm 2mm 11.34 ± 23.83% 17.40 ± 21.43% 25.56 ± 19.78% 1.73 ± 0.64 18.37 ± 27.37%

1mm 1mm -22.90 ± 21.50% -16.64 ± 21.40% -8.24 ± 19.76% 1.48 ± 0.28 28.98 ± 26.93%

3mm 1mm -13.68 ± 18.97% -11.40 ± 19.44% -6.38 ± 19.11% 1.34 ± 0.15 24.35 ± 24.66%

VMAT 1.40 ± 0.19
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Table 4: MLC and jaw margins for post-optimized CAVMAT 

 

 The 1 mm MLC and jaw fit was found to be problematic during the inverse 

optimization stage, as MLC leaf pairs were often prevented from opening to the full field 

size. This was particularly apparent in target subgroups featuring only 1 or 2 targets, as 

smaller field sizes were used, and the MLCs struggled to conform to targets properly. The 

use of small fields often created static leaf pairs. This often resulted in undercoverage of 1 

or more targets and was visually apparent in the DVH.  

 A jaw setting of 3 mm and 1 mm MLC margins was found to preserve the majority 

of the tissue sparing benefits of the 1mm uniform fit, while improving conformity 

substantially. The larger jaw setting creates a larger field size and allows MLC leaf pairs 

to conform correctly when smaller fields are utilized. The 3 mm jaw setting and 1 mm 

MLC margins allows CAVMAT to produce a conformity that is slightly improved 

compared to VMAT and to spare healthy tissue substantially. 

3.3 Robustness to Uncertainties in Dosimetric Leaf Gap 

 Of the 10 cases and 46 targets tested at DLG values of 0.4 mm, 0.8 mm, and 1.2 

mm, a sample case was selected to demonstrate the impact of a varying DLG. Figure 7 

Pre-Optimized CAVMAT - Plan Comparison
% Change From VMAT

Jaw Margin MLC Margin V6 V12 V16 CI (absolute 
values) MU

2mm 2mm 12.93 ± 37.65% 21.02 ± 32.19% 36.11 ± 30.10% 2.33 ± 0.77 17.42 ± 25.51%

1mm 1mm -24.02 ± 20.41% -16.91 ± 21.46% -6.79 ± 21.27% 1.53 ± 0.20 28.53 ± 27.95%

3mm 1mm -23.06 ± 22.41% -17.34 ± 20.23% -7.52 ± 19.78% 1.63 ± 0.32 29.40 ± 26.40%

VMAT 1.40 ± 0.19

Post-Optimized CAVMAT - Plan Comparison
% Change From VMAT

Jaw 
Margin

MLC 
Margins V6 V12 V16 CI (absolute 

values) MU

2mm 2mm 11.34 ± 23.83% 17.40 ± 21.43% 25.56 ± 19.78% 1.73 ± 0.64 18.37 ± 27.37%

1mm 1mm -22.90 ± 21.50% -16.64 ± 21.40% -8.24 ± 19.76% 1.48 ± 0.28 28.98 ± 26.93%

3mm 1mm -13.68 ± 18.97% -11.40 ± 19.44% -6.38 ± 19.11% 1.34 ± 0.15 24.35 ± 24.66%

VMAT 1.40 ± 0.19
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below illustrates the DVH of a single VMAT and CAVMAT plan featuring 4 targets. The 

DVHs display the combined PTV structures of both plans at all 3 DLG values.  

 

Figure 7: CAVMAT demonstrates an increased resistance to variation in DLG 
value. A third closer view of the VMAT plan is displayed 

For this example case, the VMAT plan was roughly twice as sensitive to changes 

in DLG value than the CAVMAT plan. For an increasing DLG, the VMAT plan 

demonstrated a sensitivity to changes in V6Gy[cc], V12Gy[cc], V16Gy[cc] of 33.2 %
""

, 34.72 %
""

,  

and 43.96 %
""

, compared to 21.95 %
""

, 22.33 %
""

, and 26.11 %
""

 for the CAVMAT plan, 

respectively.  Similarly, the maximum, mean, and minimum dose of each target in the 

VMAT plan in this example case was found to be more sensitive than the CAVMAT plan 

to changes in DLG. The VMAT plan demonstrated an average sensitivity to changes in 

maximum, mean, and minimum dose of 8.33 %
""

, 9.15 %
""

, and 8.63 %
""

,respectively, 

compared to 2.52 %
""

, 4.23 %
""

, and 3.0 %
""

 for the CAVMAT plan, respectively. 

Combined PTV at Varying DLG Values

VMAT

CAVMAT

0.4 mm 0.8 mm 1.2 mm 
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The trends observed in the sample case were present across all 10 plans. The 10 

VMAT plans demonstrated an average sensitivity in V6Gy[cc], V12Gy[cc], V16Gy[cc] of 35.83 ± 

9.48 %
""

, 34.12 ± 6.61 %
""

, and 39.22 ± 8.41 %
""

	, respectively, compared to 23.18 ± 4.53 %
""

, 

22.45 ± 4.28 %
""

, and 24.88 ± 4.91 %
""

  for CAVMAT, respectively.  

 

Figure 8: Reduced sensitivity of CAVMAT to changes in V6Gy[cc], V12Gy[cc], and 
V16Gy[cc] for a DLG change of 0.4 mm to 1.2mm 

The average VMAT sensitivity to changes in maximum, mean, and minimum dose 

following a change in DLG, was found to be 9.08 ± 3.45 %
""

, 9.22 ± 3.23 %
""

, and 9.5 ± 3.25 

%
""

, respectively, compared to an average of 3.2 ± 1.63 %
""

, 3.50 ± 1.35 %
""

, and 4.72 ± 1.63 

%
""

 for CAVMAT, respectively.  
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Figure 9: Reduced sensitivity of CAVMAT to changes in target dose, for a DLG 
change of 0.4 mm to 1.2 mm 

A paired sample T-test demonstrated that a statistically significant correlation 

between target size, distance from isocenter, and dosimetric sensitivity to variation in 

DLG was not found.  

The 10 VMAT and CAVMAT plans were evaluated using the MCS algorithm and 

a constant DLG value of 0.4 mm. The VMAT plans demonstrated an average MCS score 

of 0.036 ± 0.019 with an average equivalent field size of 1.51 ± 0.42 𝑐𝑚( for each arc. In 

comparison, the CAVMAT plans were found to be less modulated, with an average MCS 

score of 0.052 ± 0.031, but with a smaller average equivalent field size of 1.11 ± 0.43 𝑐𝑚(for 

each arc. 

3.4 Treatment Delivery Robustness 

10 VMAT and CAVMAT plans were selected and delivered to the Delta4 phantom. 

For the VMAT plans, the log file analysis indicated the average V6Gy[cc] increased by 0.93 
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± 1.43%, V12Gy[cc] increased by 0.90 ± 1.38%, and V16Gy[cc] increased by 1.23 ± 1.54%. In 

comparison, the average V6Gy[cc] for CAVMAT decreased by 0.035 ± 0.14%, while the 

V12Gy[cc] and V16Gy[cc] increased by 0.14 ± 0.18% and 0.28 ± 0.24%, respectively.  

The post-delivery VMAT and CAVMAT plans both demonstrated small changes 

in maximum, mean, and minimum target dose. For the VMAT plans, the average 

maximum, mean, and minimum target dose increased by 0.53 ± 0.46%, 0.52 ± 0.46%, and 

0.53 ± 0.56%, compared to an increase of 0.16 ± 0.18%, 0.11 ± 0.08%, and 0.07 ± 0.11%, for 

CAVMAT plans, respectively. The VMAT plans were more sensitive to change in 

conformity index, with an increase of 3.74 ± 3.42%, from 1.48 ± 0.21 to 1.54 ± 0.24. In 

comparison, the conformity index for the CAVMAT plans increased by 0.79 ± 0.65%, from 

1.38 ± 0.19 to 1.39 ± 0.19.  

The average target coverage of the VMAT and CAVMAT plans was comparable, 

with VMAT coverage changing by 0.15 ± 0.24% (99.50% to 99.65% coverage) following 

delivery, compared to a 0.01 ± 0.28% (99.65% to 99.67% coverage) change for the 

CAVMAT plans.  

Similarly, the 10 VMAT and CAVMAT plans were comparable in terms of MLC 

and gantry positioning error; substantial variation was not found in either sets of plans. 

The absolute average MLC positional error of the VMAT plans was 0.017 ± 0.012 mm, 

compared to 0.023 ± 0.019 mm for the CAVMAT plans.  
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  For the same 10 delivered plans, gamma analysis was performed with an 

increasingly strict 3%/1mm, 2%/1mm, and 1%/1mm passing criteria. For the 3%/1mm test, 

the VMAT plans demonstrated an average passing rate of 99.61 ± 0.43%% compared to 

99.98 ± 0.06% for CAVMAT. As seen below in Figure 10, the VMAT plans’ passing rate 

changed substantially for an increasingly strict passing criterion.  

 

Figure 10: CAVMAT’s reduced sensitivity to changes in gamma analysis 
passing rate 

For a 2%/1mm test criteria, the average VMAT passing rate was 98.54 ± 1.29% compared 

to 99.98 ± 0.06% for CAVMAT. Furthermore, for a stricter criterion of 1%/1mm, the 

average VMAT gamma analysis passing rate was 94.53 ± 4.42% compared to 99.28 ± 1.74% 

for CAVMAT. 

 For the plans delivered to the Delta4 phantom, the dose difference component of 

the gamma analysis was isolated and is displayed below in Figure 11 for both the VMAT 

and CAVMAT plans.  
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Figure 11: Dose difference passing rate of CAVMAT versus VMAT for the 
plans delivered to the Delta4 

For a 3% dose difference criterion, the average passing rate of the VMAT plans was 96.03 

± 4.44% compared to 99.17 ± 0.74% for CAVMAT. By increasing dose difference criteria to 

2%, the VMAT average passing criteria decreased to 91.74 ± 5.89%, compared to 97.91 ± 

1.36% for CAVMAT. For the strictest criteria of 1% dose agreement, the average VMAT 

passing rate was further reduced to 74.78 ± 13.00%, compared to 86.16 ± 6.38% for 

CAVMAT. 

4. Discussion 
While SRS techniques are capable of effectively treating and controlling malignant 

disease, radiation treatments may induce neurological complications [53]. Radionecrosis 

is a common side effect in a substantial percentage of SRS patients and may be associated 

with speech, motor, and other neurological deficits [54]. In SRS applications, the V6Gy[cc], 

V12Gy[cc], and V16Gy[cc] dose-volume thresholds are often used to assess the relative risk of 

radionecrosis and neurocognitive decline [53,55,56]. For this study, the CAVMAT 
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treatment planning technique reduced the average V2.5Gy[cc], V6Gy[cc], V12Gy[cc], and 

V16Gy[cc] of the total volume by 25.25 ± 19.23%,13.68 ± 18.97%, 11.40 ± 19.44, and 6.38 ± 

19.11% respectively, potentially reducing the risk of radionecrosis and neurological 

complications.  

Sufficient modeling of dose-volume parameters in the treatment planning system 

is crucial for the accurate determination of post-treatment complications. Lower dose 

values, like V6Gy[cc] and V12Gy[cc], lie in the penumbra region of the beam, where tissue 

exhibits a greater dose uncertainty [57]. The clinical importance of these dose-volume 

parameters highlights the necessity for treatment planning techniques that are less 

sensitive to these uncertainties. 

Proper treatment planning system configuration is crucial to the delivery of 

accurate and effective treatment plans [58]. The use of small radiation fields, as found in 

VMAT, may further complicate the configuration process and the dosimetric accuracy of 

a treatment [32]. Accurately modeling the dosimetric leaf gap (DLG) poses a challenge as 

it can drastically affect treatment plan quality [26].  

Numerous studies have investigated the commissioning process of determining 

the DLG value using set field sizes and the sweeping gap technique. In most cases the 

DLG value measured at commissioning does not provide a sufficiently close match 

between measured and calculated dose, necessitating a further correction of the DLG 

[36,59,60]. In some instances, failing to correct the calculated DLG value may lead to a 
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difference in measured and calculated dose on the order of 5% [59]. While differing DLG 

values may be required for different types of radiation treatment, some institutional 

studies have even reported difficulty in determining a single DLG value that is sufficient 

for all of the institutions’ radiosurgery cases [37,38]. The potential for substantial dose 

discrepancies and the fact that a single DLG value cannot sufficiently model all treatment 

plans of a similar type, necessitates a treatment technique that is resistant to DLG 

variation. 

If systematic error exists in the choice of DLG, or for cases where the optimal DLG 

varies between plans or between targets within a single plan, the dosimetric impact may 

be reduced by using the CAVMAT treatment planning technique as our results indicate 

that CAVMAT is more robust and less sensitive to DLG errors compared to a conventional 

VMAT technique. For a DLG change of 0.4 to 1.2 mm, the average V6Gy[cc], V12Gy[cc], and 

V16Gy[cc] of the VMAT plans increased by 35.83 ± 9.48 %
""

, 34.12 ± 6.61 %
""

, and 39.22 ± 8.41 

%
""

 respectively. In comparison, the average V6Gy[cc], V12Gy[cc], and V16Gy[cc] of the 

CAVMAT plans increased by 23.18 ± 4.53 %
""

, 22.45 ± 4.28 %
""

, and 24.88 ± 4.91 %
""

  

respectively. The max dose applied to each target increased by 9.08 ± 3.45 %
""

for VMAT 

and 3.2 ± 1.63 %
""

	for CAVMAT. Thus, for these cases when the value of the DLG was 

modified CAVMAT was more effective in maintaining the planned doses to healthy 

tissues as well as the coverage and dose applied to each target. 
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The highly modulated MLC trajectories inherent to complex, conventional 

treatment plans, have been shown to reduce the dosimetric accuracy and effectiveness of 

a given plan [24,25]. On average the CAVMAT plans produce a larger MCS score, 

correlating with a reduced plan complexity, compared to VMAT plans. The reduced plan 

complexity is likely a trait inherent to CAVMAT, as target subgrouping promotes intuitive 

and conformal MLC trajectories. In addition, the inverse optimization stage of the 

CAVMAT process is restricted to MR (multi-resolution) level 4, which further prevents 

highly modulated MLC trajectories. 

While errors may arise from improper beam configuration, uncertainly may also 

be inherently present in the treatment delivery process. In some scenarios, the physical 

motion of the MLCs may differ from the intended motion defined in the treatment plan. 

Variation in MLC motion can be due to gravitational effects as well as the speed of leaf 

pair extension and contraction. Previous studies have used a similar log file analysis 

methodology to investigate the dosimetric impact of MLC position and gantry rotation 

errors, however, the primary focus was on head and neck or prostate cancer [61,62]. While 

our study analyzes MLC positional error in a similar manner, the primary focus is 

multiple brain metastases, treated with a single isocenter. In our study, the MLC 

positional error for both the VMAT and CAVMAT plans was found to be small and 

comparable, demonstrating that the linear accelerator is capable of delivering CAVMAT 

and VMAT plans effectively. While CAVMAT was found to be more robust than VMAT 
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and better capable of maintaining the dose and coverage to each target than VMAT, the 

percentage differences were slight and unlikely to have clinical significance. While the 

differences in target doses and dose-volume statistics were not large, the gamma analysis 

portion of the study demonstrated that the CAVMAT technique provided a greater 

overall agreement between planned and delivered dose than VMAT. The CAVMAT 

technique offered a superior gamma analysis passing rate for each gamma analysis 

criteria, particularly at the 1%/1mm test. The dose difference passing rate followed a 

similar trend, demonstrating that CAVMAT is capable of a greater dose agreement than 

VMAT, even with increasingly strict passing criteria. The difference in agreement for the 

measurement may be related to the sensitivity to beam configuration for the two types of 

plans, given the minimal effect observed from the log file analysis.  

From a plan quality perspective, the inherent benefit of CAVMAT is not 

necessarily a result of utilizing more arcs, as a VMAT plan with the same number of arcs 

would still suffer from the geometric challenge of blocking healthy tissue between targets. 

CAVMAT overcomes these limitations by utilizing target sub-grouping and optimal field 

weighting, to create an intuitive starting point for inverse optimization.  

While other studies and institutions have utilized hybrid treatment planning 

techniques that lie between conformal arc treatments and conventional VMAT, CAVMAT 

is unique in the use of target subgrouping and the Varian VMAT optimization [63,64]. 

CAVMAT also differs from previous hybrid techniques in that it offers substantial healthy 
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tissue sparing. Several commercial treatment techniques have been developed to improve 

upon multi-target radiosurgery. Brainlab Elements is an automated software solution 

which aims to treat multiple targets with pre-configured sets of dynamic conformal arcs. 

At each couch angle, two separate arcs are created, potentially producing treatment time 

on par with CAVMAT [65]. While CAVMAT and Elements share a target subgrouping 

component, both techniques employ a different methodology and criteria to subgroup 

targets [54]. Elements is conceptually similar to CAVMAT prior to inverse optimization, 

while the limited inverse optimization of CAVMAT adds flexibility in MLC modulation 

to adjust for complex geometries and further improve dose conformity. Varian Medical 

Systems has implemented several different treatment techniques to improve the quality 

of radiosurgery, such as RapidPlan and HyperArc. RapidPlan allows for automated 

creation of VMAT plans, while HyperArc uses a single isocenter VMAT treatment and an 

automated planning process to optimize couch, collimator, and beam arrangement 

settings [66-68]. Future work aims to compare CAMAT to Elements, RapidPlan, and 

HyperArc.  

The CAVMAT treatment planning process is robust in that any dose can be used, 

with the only required adjustment occurring in the field weight optimization and inverse 

optimization constraints.   
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4.1 Limitations 

The CAVMAT technique is limited by the subgrouping process and the manual 

determination of optimal collimator angles to prevent dose bridging. The subgrouping 

process may become particularly time consuming and intensive in treatment scenarios 

including a large number of targets, targets of differing depths, and or challenging target 

geometry. In some instances, target superposition may become unavoidable without an 

excessive number of subgroups per arc. The nature of the manual selection of subgroups 

may introduce plan variability, as different planners may utilize different subgroups, 

potentially affecting the total number of arcs, treatment time, and overall plan quality. 

Manual target subgrouping leads to an estimated treatment planning time of toughly 1 – 

1.5 hrs for an experienced planner, with variability for cases with a large number of 

targets. Of the 20 VMAT and CAVMAT plans that were used for the initial plan 

comparison portion of the study, each plan contained between 3-7 targets and only 4 plans 

required an arc with 3 subgroups to sufficiently treat all targets. All other plans were 

capable of meeting treatment goals with 2 subgroups for each arc. A direct correlation 

between total target number and plan quality was not found, as plan quality may depend 

on target position and geometry. In complex cases treating a large number of targets, 

many subgroups may be required, potentially reducing plan practicality.  

In terms of the DLG analysis and the 10 delivered VMAT and CAVMAT plans, 

there are other beam configuration parameters and general treatment errors that were not 
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evaluated. Future work may investigate planning and delivery sensitivity to changing 

focal spot sizes and the commissioning of MLC transmission factors. Future work may 

utilize different detectors or phantoms, as the Delta4 is constructed of a diode array and is 

limited in spatial resolution.   

4.2 Potential Applications 

CAVMAT has the potential to be applied by institutions currently using VMAT 

and the same treatment planning system. The time-consuming nature of the manual 

CAVMAT process may restrict routine use in a clinical setting, however, a feasible clinical 

workflow could be facilitated in future work by applying the technique through scripting 

in the treatment planning system or through refinement of the Matlab field weight 

optimization script such that it can easily be distributed for use at other institutions. 

Partial or complete automation of the subgrouping process could substantially reduce the 

treatment planning time and further improve plan quality by ensuring optimal selection 

of subgroups and collimator angles. Previous work has demonstrated the feasibility of 

using scripting techniques to determine the optimal collimator angle for cases involving 

multiple targets [66]. Automation is possible through Eclipse Scripting API and is 

currently under development.  
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5. Conclusion 
By pairing the conformal MLC motions of DCA plans with flexible MLC 

modulation of limited inverse optimization, CAVMAT can produce clinically viable plans 

with similar quality (low dose sparing & conformity) to standard radiosurgery techniques 

but with decreased plan complexity. Prior to inverse optimization, CAVMAT further 

improves healthy tissue sparing but suffers from a degraded target conformity. The plan 

comparison between VMAT and CAVMAT demonstrates that CAVMAT may be a 

promising treatment planning strategy for multi-target radiosurgery applications. The 

clinical feasibility and potential impact of CAVMAT may be bolstered by future 

investigations into automation. Additional comparisons with other radiosurgery 

techniques may further highlight the benefit and utility of CAVMAT. 

SRS treatment techniques often employ small radiation fields, which may 

complicate and reduce dosimetric and treatment accuracy. Additionally, the inherent 

uncertainty of small radiation fields may exacerbate existing treatment and dosimetric 

uncertainties. Dosimetric uncertainty may arise from the incorrect measurement or 

suboptimal choice of the dosimetric leaf gap, resulting in changes in the dose to healthy 

tissue and targets. In the event that a suboptimal DLG is selected, CAVMAT will better 

maintain the original plan quality and target prescription dose to a greater degree than 

conventional VMAT techniques. 
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 Uncertainty in MLC motion may arise during treatment delivery. The CAVMAT 

technique is less sensitive to discrepancies in the intended and delivered MLC motions. 

Compared to conventional VMAT techniques, CAVMAT better maintains the 

prescription dose to each target and resists increases in the total volume of tissue receiving 

low doses following treatment delivery. While the effect of the MLC positional error was 

minimal, gamma analysis demonstrates that the CAVMAT technique offers a reduced 

sensitivity to configuration and treatment delivery errors, all while maintaining a superior 

agreement between calculated and measured dose.  

The superior tissue sparing and robust nature of CAVMAT makes the technique a 

viable and effective approach for single isocenter radiosurgery of multiple brain 

metastases.  
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