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Abstract
A new development in linac-based intracranial stereotactic radiosurgery (SRS)
and extracranial stereotactic body radiation therapy (SBRT) is treatment of multiple
targets using a single isocenter volumetric modulated arc therapy (VMAT) technique,
dramatically reducing treatment time while maintaining high target conformality and
steep dose gradients between targets and surrounding organs at risk (OAR). In VMAT,
the gantry rotates around the patient while continuously delivering radiation.
Throughout the VMAT arc, the beam is modulated based on an inverse optimization
algorithm in order to spare organs at risk. Single isocenter multifocal VMAT has already
been implemented for intracranial SRS and could also be applied to extracranial SBRT
treatments. Despite the increasing popularity of this technique, certain inherent
clinically meaningful challenges warrant further investigation. (1) Single isocenter,
multifocal SRS and SBRT can result in small volume targets with large off-axis distances
from the treatment isocenter. Consequently, angular errors in the collimator, patient
support assembly (PSA), or gantry could have an increased impact on target coverage,
warranting a re-evaluation of routine linear accelerator QA tolerance recommendations
in TG-142. (2) Questions have arisen regarding the ability of clinical dose calculation
algorithms to calculate dose accurately for these cases at large off-axis distances.
Specifically, it is questionable whether or not the MLC model used is sophisticated
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enough to accurately model the dose off axis. This is of concern because the MLC leaves
have different dimensions outside of the HD region, but the dosimetric-leaf-gap model
used is the same for both regions. (3) Applying the single isocenter technique to
extracranial SBRT of oligometastases introduces additional unique challenges that must
be addressed. These include greater intra- and inter-fractional setup uncertainties, and
dosimetric interplay since immobilization is more difficult and internal motion is nonnegligible. The purpose of this thesis is to examine these specific physics and treatment
planning considerations for single isocenter multifocal intracranial radiosurgery and
extracranial SBRT.
For single isocenter multifocal stereotactic radiosurgery, we evaluated potential
dose deviations from mechanical errors in collimator, PSA, and gantry angle within the
tolerance recommended by TG-142 for radiosurgery machines. Systematic errors in
collimator, PSA, and gantry angle were introduced at the recommended tolerance levels
into both multifocal SRS plans and traditional single target SRS using dynamic
conformal arcs, and the resulting dosimetric effects were quantified within the treatment
planning system. In addition, we quantified the accuracy of the treatment planning
system’s dose calculation algorithm for targets located at large off-axis distances with 3D
Slicer analysis software. The dose distribution from the treatment planning system was
compared to the distribution measured using a high-resolution 3D dosimetry system
(PRESAGE®/optical-CT). Comparisons were made using DVH, gamma analysis
v

(criteria: 1mm/5%, 2mm/3%, 3mm/3%, and 3mm/5%), and other dosimetric indices.
DVH comparisons included a shell analysis in which we compared the dose from 2mm
within the target to the target’s surface, the surface to 2mm outside the target, and 2mm
to 4mm outside the target for both the planned and delivered dose.
For applying the single isocenter multifocal technique to extracranial
oligometastases, we propose a treatment method that addresses intra- and interfractional motion as well as dosimetric interplay. The developed technique uses a Single
Isocenter with Distinct Optimizations (SIDO) in which all VMAT fields share an
isocenter but each field treats only one target. When necessary, setup uncertainties from
rotations and deformations are mitigated by applying a couch translation between
VMAT arcs, and interplay is minimized using dynamic conformal arcs (DCA) as the
starting point for inverse optimization. We evaluated this planning technique using
relevant dose indices including conformity index, gradient index and modulation factor.
Induced errors at TG-142 tolerance levels showed the greatest change in
multifocal SRS target coverage for collimator and gantry rotations, while minimal
change in coverage was noted for errors in PSA rotation. For single isocenter cases, the
largest dose discrepancies were a result of 1° errors in the collimator and gantry angles,
specifically with respect to the volume of the PTV receiving the prescription dose. These
errors caused up to 33% and 18% deviations to the volume of the PTV receiving the
prescription dose, for the collimator and gantry respectively, with mean deviations of
vi

5% and 2%, respectively. When the collimator and gantry errors in single isocenter plans
were reduced to 0.5°, the discrepancies in the volume of the PTV receiving the
prescription dose were reduced to a max value of less than 5% for the gantry and
collimator with mean values of approximately 1%. For 1° errors in DCA plans, however,
deviations to the volume of the PTV receiving the prescription dose did not exceed 5%
for the collimator, couch, or gantry and similar results were seen in all other dosimetric
indices investigated.
A preliminary analysis of the Eclipse dose calculation algorithm in comparison to
actual dose delivered to targets shows mean agreement per target of 78.0%, 81.7%,
78.9%, 85.9%, 85.7%, and 66.3%, respectively for targets 0, 3, 4, 6, 8, and 10cm from the
isocenter (gamma analysis criteria of 1mm/5% with a 30% max dose threshold). The
average ratio of measured to planned mean target dose was 1.06, 1.00 ± 0.00, 0.97 ± 0.01,
0.98 ± 0.05, 0.97 ± 0.04, and 0.93 ± 0.01, respectively, while the average ratio of measured
to planned D99% was 1.06, 1.02 ± 0.04, 0.99 ± 0.06, 0.98 ± 0.06, 0.96 ± 0.00, and 0.89 ± 0.00,
respectively. Decreased agreement between measured and planned dose as well as an
observed decrease in coverage suggest potentially less accurate dose calculation for
targets located greater than 8cm from the isocenter. Further investigation is warranted,
which will include additional 3D dosimetry with varied geometry and verification using
a second, independent dosimetry system.
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As the distance between targets increases, the probability for requiring a second
translation between treatment arcs also increases. Assuming a margin of 5mm and
considering six lung and five liver patient cases, a second translational shift would be
required 0%, ~10%, and ~25% of the time for target separations of 5cm, 10cm, and 15cm
respectively.
For greater than or equal to 3cm separation between targets in single isocenter
extracranial SBRT, SIDO and SIDO with DCA have an average conformity index of 0.871
± 0.034, and 0.864 ± 0.015 respectively, which is comparable to the average conformity of
traditional multifocal treatment techniques at these target separations of 0.891 ± 0.032.
When separation between PTVs is less than 3cm, however, traditional single isocenter
VMAT has superior conformity with a mean value of 0.886 ± 0.031, as opposed to 0.735 ±
0.082 and 0.763 ± 0.062 for SIDO and SIDO with DCA respectively; and decreasing
conformity with decreasing target separation. SIDO with DCA had superior GI over all
other planning techniques for almost all cases with a mean value of 7.31 ± 0.733 across
all target separations. SIDO with DCA even performed better than the DCA technique
with a mean GI of 7.43 ± 0.731 across all target separations, which was assumed to be the
best method for obtaining a desirable GI. SIDO with DCA had a comparable MF to the
DCA plans and was closer to 1 than all other planning techniques, which indicates the
lowest impact of dosimetric interplay on plan quality. The mean MF values across all
target separations for SIDO with DCA and DCA were 1.17 and 0.83 respectively.
viii

Institutions utilizing a single isocenter VMAT technique for multifocal disease
should pay careful attention to the angular mechanical tolerances in designing a robust
and complete QA program, especially with respect to the recommended tolerances for
the collimator and gantry. We recommend reducing collimator and gantry tolerances
from 1.0° to 0.5° to decrease the potential magnitude of deviations between the planned
and delivered dose distributions. The PRESAGE®/optical-CT 3D dosimetry system
showed decreased agreement between measured and planned dose as well as an
observed decrease in coverage suggesting potentially less accurate dose calculations for
targets located greater than 8cm from the isocenter. Further investigation is warranted,
which will include additional 3D dosimetry with varied geometry and verification using
a second, independent dosimetry system.
A single isocenter approach for SBRT treatment of extracranial oligometastases
may be feasible using the proposed SIDO and SIDO with DCA treatment planning
techniques. SIDO for extracranial oligometastases allows flexibility to mitigate spatial
uncertainties from rotation and deformation, and has comparable dosimetry to
traditional VMAT with low modulation when inverse optimization begins with DCA.
These advantages make SIDO beneficial for target separations of greater than 3cm,
however, for target separations less than 3cm a traditional single isocenter technique is
more appropriate.
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1. Introduction
Advances in radiologic imaging, accuracy and precision of radiation delivery,
and stringent immobilization methods have enabled higher, ablative doses of
radiotherapy with steep gradients between targets and normal tissues allowing us to
significantly reduce treatment frequency with high rates of treated tumor control.
Radiosurgery is a well-established treatment technique for intracranial malignancies1,2
and for decades has been implemented using linear accelerators2. This has historically
been implemented using arc delivery with conical collimators1,2, or more recently, using
dynamic conformal arcs (DCA) collimated by high definition multileaf collimators
(HDMLCs)3,4. Originally, multifocal radiosurgery was very straightforward and treated
each lesion with an individual isocenter. A more recent development (since 2010) is
treatment of multifocal disease using a single isocenter volumetric modulated arc
therapy (VMAT) technique. Many publications have described treatment planning
strategies, physics considerations, and comparisons of treatment plan quality with other
multi isocenter radiosurgery techniques (dynamic conformal arcs & Gamma Knife)5–12.
Recent studies address the challenges associated with this technique, and show
that results similar to traditional SRS are possible with added benefits including
decreased treatment time5,8–10,13–16, simpler treatment procedure(s), potentially lower
monitor units due to less time on the machine and less leakage/scatter to the patient, and
improved utility and cost effectiveness17. Clark et al. evaluated the single isocenter
1

versus the traditional multi isocenter technique for VMAT SRS of multiple intracranial
lesions and concluded that this new treatment method will likely replace multi isocenter
treatment techniques for linear accelerator-based SRS of multiple targets. They found
that a single isocenter plan can deliver comparable conformity to a plan with multiple
isocenters and can cut the treatment time in half. Specifically, they determined that a
single isocenter plan with multiple arcs can deliver superior conformity and comparable
dose gradient than a single isocenter plan with a single arc and a multi isocenter plan
with multiple arcs15. Furthermore, Hardcastle et al. found that the single isocenter
VMAT technique resulted in plans that were delivered in a maximum of 15 minutes8.
Quicker treatment times are mainly a result of requiring only a single patient setup for
single isocenter treatments as opposed to requiring multiple shifts for multi isocenter
cases, which can also reduce the potential for setup errors.
While this single isocenter technique provides many advantages, it also requires
increased attention to spatial accuracy, especially for rotational errors, as small targets
may be located at a distance from the isocenter11,12. Stanhope et al. found that the best
dosimetry for single isocenter treatment methods occurs when targets are placed closest
to the isocenter. This is because as targets move farther from the isocenter, rotational
errors have larger impacts on spatial uncertainties due to the resulting geometry. Roper
et al. similarly determined that the risk of compromised coverage increases with
decreasing target volume, increasing rotational errors and increasing distance between
2

targets, which are all potential issues with the single isocenter approach for treatment of
multifocal SRS. They found that V95% and D95% begin to fall under 95% for rotational
errors of 1°. Closer attention must therefore be paid to these rotational inconsistencies
during treatment. These analyses focused on the translational and rotational
uncertainties associated with the patient, however none of the prior studies investigated
the implications regarding routine quality assurance of the linear accelerator.
The report by the American Association of Physicists in Medicine (AAPM) Task
Group 4018, published in 1994, set general quality assurance guidelines to maintain
proper performance of current medical linear accelerators. This was superseded in 2009
by the report from Task Group 142 that included newly developed technologies such as
multileaf collimation, asymmetric jaws, dynamic and virtual wedges, and electronic
portal imaging devices19. In addition, this newer report stratified clinical medical
accelerators by their intended use, with classifications being nonintensity-modulated
radiotherapy (IMRT), or stereotactic radiosurgery (SRS) and stereotactic body radiation
therapy (SBRT). The recommended tolerances for quality assurance tests were specified
for each of these classifications of linear accelerators. TG-142’s recommended tolerances
were designed for traditional DCA treatment techniques, in which each target received
its own isocenter. Therefore, large off-axis distances that result in a higher probability
for rotational discrepancies were not an issue. With the single isocenter technique, these
recommended tolerances might no longer be suitable for accurate treatment delivery.
3

In addition, targets with large off-axis distances may cause implications with the
dose calculation algorithm’s ability to accurately calculate dose distributions. Lim et al.
investigated the accuracy of a custom AAA Eclipse beam model for use in single
isocenter multifocal SRS and determined that regions outside of the HDMLCs have an
inherent underdosing20. This is due to the use of a common model for the dosimetricleaf-gap for both the normal and HD MLCs. This conclusion warrants validation of the
Eclipse dose calculation algorithm for far off-axis distances, primarily outside of the
HDMLC region. PRESAGE®/optical-CT, a high-resolution 3D dosimetry system, has
been used to measure data in true 3D, unlike previous dosimetry systems that simply
interpolate within a cylinder or series of planes to obtain 3D information21–25. A study by
Oldham et al. showed excellent agreement with this technology for base-of-skull IMRT
delivery to small single target lesions26. Most recently, however, the PRESAGE®/opticalCT system has been used to accurately verify delivered dose distributions for more
advanced treatment techniques with multiple arcs and lesions; specifically, the single
isocenter treatment technique, with a standard deviation of less than 3% between
dosimeters and a gamma passing rate of 98% (3%/2mm)27. While this study verified the
dosimetric accuracy for single isocenter radiosurgery plans, the study did not validate
dose at large off-axis distances. This system may prove to be a valuable tool in the
verification of complicated dose distributions at large off-axis distances present in single
isocenter treatment techniques.
4

The vast success of SRS in treating intracranial lesions along with technical
developments in radiation therapy lead to the development of SBRT for extracranial
tumors in the 1990’s. Due to the added complexities of target motion and natural
physiological processes, novel approaches in image guidance and dose delivery have
been developed. At first, a rigid immobilization device for stereotactic localization
similar to the rigid, screw-in head frame in SRS was used. Recently, however,
immobilization devices like the BodyFIX and Alpha Cradle have been used for less
invasive and simpler procedures. Currently, advanced tumor tracking devices are used
to allow for gated and other complex treatment methods and SBRT has been proven safe
and effective for multiple organ sites including prostate, spine, liver, pancreas, and
lung28.
SBRT is now used for the treatment of primary disease as a standard of care for
medically inoperable early stage non-cell lung cancer, prostate cancer, and pancreatic
cancer. SBRT is increasingly being used to treat metastases as well. The clinical state of
oligometastases has been proposed as an intermediate state between locoregionally
confined cancer and widespread metastases, in which metastases are limited in number
and destination organ with a corresponding indolent natural history. SBRT of
extracranial oligometastases is a topic of interest in radiation oncology29, and has been
applied for numerous primary diseases including lung30, breast31, prostate32, colorectal
cancer33, among others, and metastatic sites30. It is also the subject of ongoing multi5

institutional clinical trials (including NRG BR001)32,34. Since metastases can arise in
multiple organs, there is a need to treat multiple extracranial targets. It is possible that
many of the benefits of intracranial single isocenter techniques may also apply when
translated to extracranial SBRT. However, treatment planning for single isocenter
multifocal extracranial stereotactic ablative radiotherapy is challenging because it has all
of the challenges of intracranial single isocenter radiosurgery with the added challenges
of organ motion, differential organ motion, potential organ deformation, and increasing
numbers of surrounding critical organs. Therefore, this technique has not been applied
to extracranial oligometastases thus far.
Treatment planning for multifocal SBRT is challenging. It is unclear when
multiple metastases are in close proximity whether treatment with dual or single
isocenters is ideal. The additional complexities when applying the single isocenter
treatment technique for multiple extracranial lesions have therefore slowed its
development. One major challenge is the added possibility of deformation and rotation
of the multiple targets relative to each other since extracranial rotations and
deformations can be expected to be greater than intracranial, and the distance between
targets may also be greater. Since SBRT utilizes highly conformal dose distributions and
strict management of spatial uncertainties to minimize CTV to PTV margins, even small
rotations or deformations of the patient anatomy may cause unacceptable dosimetry for
targets located a distance from each other, even when an optimal patient translation is
6

applied. A second challenge is the possibility of dosimetric interplay between patient
intra-fractional motion and the fluence modulation during a VMAT arc, which has been
analyzed in many studies, and while most show the effect is small, it is nonetheless a
real effect and is most prevalent for treatments with few fractions such as SBRT35–38.
The purpose of this thesis is to investigate the physics and treatment planning
considerations for single isocenter intracranial and extracranial stereotactic treatments of
multifocal disease, specifically for potential implications in this treatment method that
have not yet been investigated. Each chapter corresponds to an individual clinical
project related to this central theme. Chapter two will address the recommendations by
TG-142 on monthly mechanical tolerances with respect to this treatment technique.
Chapter three describes efforts to verify the Eclipse TPS’s dose calculation algorithm for
large off-axis distances common in this treatment technique. Chapter four addresses
additional challenges when this single isocenter approach is applied to extracranial
SBRT of oligometastases. Further materials and methods, including development of a
script to assist in the calculation of various dosimetric quantities is detailed in Appendix
A.
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2. Re-examining TG-142 recommendations in light of
modern techniques for linear accelerator based
radiosurgery
2.1 Introduction
The report of Task Group 142 recommended tolerances that were originally
intended for traditional linear accelerator based radiosurgery19. Because its publication
preceded the development of a single isocenter radiosurgery technique, here we
examine the relevant recommended quality assurance tolerances from TG-142 in the
context of this modern trend in linear accelerator based radiosurgery. We specifically
investigate the potential dosimetric effect of angular discrepancies at the recommended
tolerance level for the collimator, gantry, and patient support assembly on a single
isocenter approach to multifocal radiosurgery.

2.2 Materials and methods
2.2.1 Overview
We evaluated the dosimetric consequences of angular discrepancies at the TG142 recommended tolerances for radiosurgery plans that use a single isocenter VMAT
technique to treat multiple intracranial targets and compared it to the dosimetric effect
for traditional linear accelerator radiosurgery cases utilizing DCA to treat a single target
per isocenter. One major difference between multifocal SRS using single isocenter
VMAT and traditional linac-based radiosurgery using DCA is the expected
susceptibility to rotational discrepancies between simulation and treatment. For a single
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isocenter technique, any rotational discrepancy can be expected to rotate the entire dose
cloud, causing a translational misalignment of the dose cloud that is proportional to the
distance of each target from the isocenter. In contrast, we anticipate that a rotational
uncertainty applied to a traditional DCA plan will have a muted dosimetric effect
because intracranial targets are typically small and relatively spherical, hence any
rotation of the dose cloud will not have a large effect on the planning target volume
(PTV) dose. With regards to the recommended quality assurance tolerances in the Task
Group 142 report, this has implications for the angular tolerances of the collimator,
patient support assembly (PSA or couch), and gantry. The report recommends a
tolerance for monthly evaluations of collimator and gantry angles of ±1.0◦, measured at
cardinal angles; couch angle tolerance is recommended to be ±0.5◦ for radiosurgery
linear accelerators. No recommendation is made regarding stricter tolerance for the
annual evaluation.

2.2.2 Treatment plans
The treatment planning strategies for DCA and single isocenter VMAT have been
described in detail previously11,39. The DCA technique is similar to VMAT in that the
dose is delivered in an arc, however, unlike VMAT, rather than the beam’s leaves
continuously being modulated throughout the arc, they conform to the target in the
beams-eye-view (BEV). This technique yields treatment planning and dosimetric
advantages. First, since there is no modulation throughout the arc, there is much less
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chance for dosimetric interplay between organ motion and the MLC leaves that can
under-dose the target and over-dose the OARs, which is a big deal in hypo-fractionated
treatments. Also, since the fields are larger due to the constant conformity to the target,
DCA treatment planning avoids some uncertainty with small field dose calculations that
are formed with highly modulated plans. Lastly, the DCA technique is very
straightforward and simple to plan. The DCA treatment planning strategy utilizes a
single isocenter placed at each target lesion with arcs that treat each target
independently.
The single isocenter treatment technique utilizes VMAT arcs in order to
modulate the fluence to targets throughout the duration of the arc. This allows for
unique dose distributions and the ability to shape dose away from critical structures.
The isocenter for this technique is often placed based on a spatial volume-weighted
average of all targets. Each arc then delivers dose to all targets simultaneously by
sharing the MLCs. Using a single isocenter allows for quicker treatments with less
chance for error since we do not need to translate the patient in between arcs.
For each original plan, gross tumor volumes (GTV) were delineated by the
physician using fused imaging studies including T1 weighted MRI with and without
contrast, T2 MRI, and a simulation CT with high axial resolution (1mm). Planning target
volumes were derived using a 1 mm expansion from the GTV. Normal tissues contoured
included brainstem, optic nerves and chiasm, eyes, and lenses.
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Prescribed dose for DCA plans was between 12.5 and 24Gy to a single target
using 4 or 5 arcs. DCA plans had an average PTV volume of 2.24cm3 (range = 0.15–
7.30cm3). Arc (gantry, couch, and collimator) geometry for the DCA plans was also
unique to each DCA plan, with couch ranging between 275◦ and 75◦ (extent of angular
couch rotation: 117◦ ± 28◦, range: [70◦ 150◦]). Detailed information about the DCA plans
can be seen in Table 1.
Table 1: Detailed information about each DCA plan analyzed.
Plan Number

Number of Targets

Number of Arcs

Total Monitor Units

DCA.1
DCA.2
DCA.3
DCA.4
DCA.5
DCA.6
DCA.7
DCA.8
DCA.9
DCA.10

2
2
2
4
2
2
2
2
2
2

4
4
4
4
4
4
4
5
4
4

2,852
3,160
1,924
2,328
4,208
3,044
3,548
2,920
3,198
2,136

Prescribed dose for multifocal VMAT was between 15 and 20Gy to 3–7 targets
using 2–5 VMAT arcs; arc (gantry, couch, and collimator) geometry was unique to each
VMAT radiosurgery plan, with couch ranging between 270◦ and 90◦ (mean ± standard
deviation of extent of angular couch rotation: 100◦ ± 45◦, range: [30◦ 140◦]). The average
PTV volume was 2.34cm3 (range = 0.07–23.12cm3), with average PTV distance to
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isocenter of 5.05cm (range = 0.78–10.37cm). Detailed information about the multifocal
VMAT plans can be seen in Table 2.
Table 2: Detailed information about each single isocenter VMAT plan
analyzed.
Plan Number

Number of Targets

Number of Arcs

Total Monitor Units

SI.1
SI.2
SI.3
SI.4
SI.5
SI.6
SI.7
SI.8
SI.9
SI.10

3
7
4
3
3
3
4
3
3
4

4
5
3
4
5
4
5
2
4
4

4,579
5,188
4,881
3,990
3,594
3,531
5,537
3,108
5,439
4,500

2.2.3 Adding errors
The ten previously completed multifocal SRS treatment plans and ten single
target DCA plans mentioned in Table 1 and Table 2 were retrospectively analyzed.
Treatment plans utilized the Eclipse Treatment Planning System V 13.6 (Varian Medical
Systems, Palo Alto, CA) with the Anisotropic Analytical Algorithm (AAA) V 13.6.23 for
volumetric dose calculation with a calculation grid size of 0.1cm. Each treatment plan
was recalculated with an introduced discrepancy in collimator angle (±0.5◦ and ±1.0◦),
couch angle (±0.5◦), or gantry angle (±0.5◦ and ±1.0◦), and the dose was recalculated
maintaining the same number of monitor units as the original plan. Adding errors in the
collimator and couch were straightforward and done directly from the Eclipse TPS. The
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errors added to the gantry angle, however, were more complicated and required
exporting the DICOM RT files to Matlab, where the rotational errors were added. The
DICOM files were then imported back into Eclipse and dose was recalculated.
Combined errors were also introduced to demonstrate the worst-case scenario.
Only combined collimator and gantry errors were investigated (±0.5 collimator and
gantry error; and ±1.0 collimator and gantry error).

2.2.4 Plan evaluation
For each individual PTV, we tabulated the volume receiving the prescription
dose (V100%), the dose received by 99% of the PTV (D99%), and the minimum dose to the
PTV (Dmin); we also tabulated the V100% and D99% for the GTV. For each individual plan
we calculated V12Gy of the healthy brain. Data were obtained using scripts developed
with the Eclipse Scripting Advanced Programming Interface (ESAPI), which pulls these
data directly from the completed plans for the structures of interest. More details
regarding the development of scripts are provided in Appendix A. The V12Gy of the
healthy brain was calculated from a contour of the whole brain minus the composite
PTV.

2.3 Results
The parameters that were most impacted by adding angular inaccuracies to the
collimator, couch, and gantry angles for multifocal VMAT plans were V100% of the PTV,
Dmin of the PTV, and V12Gy of the healthy brain. A comparison of dosimetric effects
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from collimator errors of ±0.5◦ and ±1.0◦ in single isocenter multifocal VMAT plans, and
traditional DCA plans is presented in Figure 3; a box plot is used to visualize each
distribution. As expected, the dosimetric impact of angular error in the collimator was
larger for the multifocal VMAT plans compared to the DCA plans. The D99% of the PTV,
V100% of the GTV, and D99% of the GTV did not show observable change when adding
any of the inaccuracies. When inducing systematic errors of ±0.5◦ to the collimator angle,
the parameters of interest varied by less than 5%. When the magnitude of the induced
errors was increased to ±1.0◦, observable changes to V100% of the PTV, Dmin of the PTV,
and V12Gy of healthy brain were noted. The average change to the V100% of the PTV with
±1.0◦ rotation to the collimator angle was 5% with changes up to 33% while the
minimum dose to the PTV showed an average change of 6%. The maximum change in
minimum dose to the PTV was as high as 20%. The loss of coverage for this case can be
seen in the DVH in Figure 1, especially in the heel of the PTV curve. Planar isodose
curves through a transverse, coronal, and sagittal slice of the same case can be seen in
Figure 2. The volume of healthy brain receiving 12Gy changed on average 0.8% with a
maximum change of 3%.
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Figure 1: A DVH depicting the original SRS plan (triangles) and 1° induced
error in the collimator (squares). The cyan curve corresponds to the PTV and the
brown curve corresponds to the healthy brain.
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Figure 2: Isodose curves through a transverse (1), coronal (2), and sagittal (3)
slice of the original SRS plan (a) and with 1° induced error in the collimator (b).
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Figure 3: A comparison of the dosimetric impact of collimator angle errors of
±0.5◦ and ±1.0◦ for single isocenter multifocal VMAT plans against DCA plans is
presented for V100% of the PTV, D99% of the PTV, Dmin of the PTV, V100% of the GTV,
D99% of the GTV, and V12Gy of the healthy brain. For each box, central line = median,
circle = mean, box = 25th to 75th percentile, whiskers = extent of data minus outliers (≤
±2.7σ), dots = outliers (≥ ±2.7σ). The distribution of the original plans is represented at
∆θ = 0.
When inducing errors of ±0.5◦ to the couch angle, the parameters of interest
varied by much less than they did for collimator errors at the QA tolerance (±1.0◦). For
multifocal single isocenter VMAT plans, the V100% of the PTV varied by 1% with a
maximum change of 5% and the Dmin of the PTV varied by less than 1%. The volume of
healthy brain receiving 12Gy varied by less than 0.5%. The impact on the parameters for
DCA plans was less than 5%, 5.5%, and 0.1% for V100% of the PTV, Dmin of the PTV, and
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V12Gy of the healthy brain. A comparison of the impact on the dosimetric parameters for
the two treatment techniques is shown in Figure 4.

Figure 4: A comparison of the dosimetric impact of PSA angle errors of ±0.5◦ for
single isocenter multifocal VMAT plans against DCA plans is presented for V100% of
the PTV, D99% of the PTV, Dmin of the PTV, V100% of the GTV, D99% of the GTV, and
V12Gy of the healthy brain. For each box, central line = median, circle = mean, box =
25th to 75th percentile, whiskers = extent of data minus outliers (≤ ±2.7σ), dots =
outliers (≥ ±2.7σ). The distribution of the original plans is represented at ∆θ = 0.
When examining gantry angle errors of ±1.0◦ in multifocal single isocenter VMAT
plans, the variation in parameters of interest was greater than that of DCA plans, but not
quite as substantial as variations due to errors in collimator angle. The average change to
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the V100% of the PTV was 2% with a maximum change of 18%, which can be seen in the
DVH and planar isodose lines in Figure 5 and Figure 6 respectively.

Figure 5: A DVH depicting the original SRS plan (squares) and 1° induced
error in the gantry (collimator). The cyan curve corresponds to the PTV.
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Figure 6: Isodose curves through a transverse (1), coronal (2), and sagittal (3)
slice of the original SRS plan (a) and with 1° induced error in the gantry (b).
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The change in the minimum dose to the PTV averaged 4.5% with a maximum change of
12%. The volume of the healthy brain receiving 12Gy changed on average 0.5% with a
maximum change of 4.5% (Figure 7).

Figure 7: A comparison of the dosimetric impact of gantry angle errors of ±0.5 ◦
and ±1.0◦ for single isocenter multifocal VMAT plans against DCA plans is presented
for V100% of the PTV, D99% of the PTV, Dmin of the PTV, V100% of the GTV, D99% of the
GTV, and V12Gy of the healthy brain. For each box, central line = median, circle =
mean, box = 25th to 75th percentile, whiskers = extent of data minus outliers (≤ ±2.7σ),
dots = outliers (≥ ±2.7σ). The distribution of the original plans is represented at ∆θ = 0.
The above analysis is based on a best-case scenario. A worst-case scenario was
also investigated by performing dosimetry with both collimator and gantry errors (±0.5◦
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collimator and gantry error; and ±1.0◦ collimator and gantry error). The three targets that
were affected most by either collimator or gantry errors for both the multi isocenter
DCA plans and single isocenter SRS plans were used for this analysis. Only the three
dosimetric indices that were most impacted by the addition of rotational errors were
studied (V100% of the PTV, Dmin of the PTV, and V12Gy of the healthy brain). A summary of
results from this analysis can be seen in Table 3 and plots of these results can be seen in
Figure 8.
Table 3: Summary of results from the worst-case scenario analysis of induced
rotational collimator and gantry errors of ±0.5◦ and ±1.0◦. Max and mean deviations are
displayed for V100% of the PTV, Dmin of the PTV, and V12Gy of the healthy brain.

V100%
Dmin
%ΔV12Gy

Multi isocenter DCA
Max deviation
Mean deviation
◦
◦
±0.5
±1.0
±0.5◦
±1.0◦
5.0%
0.2%
0.9% ± 0.1% ±
2.0%
0.1%
0.2%
0.2%
0.1% ± 0.1% ±
0.0%
0.1%%
0.4%
0.4%
0.1% ± 0.2% ±
0.1%
0.1%

Single isocenter SRS
Max deviation
Mean deviation
◦
◦
±0.5
±1.0
±0.5◦
±1.0◦
3.6%
27.5%
1.8% ± 9.4% ±
1.2%
9.6%
4.7%
12.5%
2.5% ± 8.2% ±
1.4%
3.4%
0.9%
1.7%
0.3% ± 0.7% ±
0.3%
0.6%
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Figure 8: A comparison of the dosimetric impact of combined collimator and
gantry angle errors of ±0.5◦ and ±1.0◦ for single isocenter multifocal VMAT plans
against DCA plans is presented for V100% of the PTV, Dmin of the PTV, and V12Gy of
the healthy brain.

2.4 Discussion
The report of Task Group No. 142 is clear that suggested tolerances should be
examined carefully by the clinical physicist and adopted based on the treatment
practices at his or her clinic. We sought to revisit the recommended tolerances based on
the increased use of single isocenter multifocal VMAT for metastatic disease, a technique
that was not first published until a year after TG-142 had been published. As we
suspected, an increased dependency on angular tolerances was observed for this new
treatment technique when compared to the common practice of linac-based SRS with
DCA at the time of TG-142’s publication. While DCA plans were relatively unchanged
for induced errors, single isocenter multifocal VMAT plans showed clinically
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unacceptable deviations at tolerance levels for collimator angle (changes up to 33%) and
gantry angle (changes up to 18%).
In our analysis, we assumed that systematic discrepancies in the calibration of
couch, collimator, and gantry angle that are not corrected during machine QA would
result in a systematic discrepancy during a radiosurgery treatment. However,
radiosurgery is often preceded by volumetric Cone Beam Computed Tomography
(CBCT) imaging, which may be used to correct rotational differences between the
simulation CT and treatment CBCT. This may negate systematic errors in couch angle,
as long as those errors are constant over the full range of couch rotation. Hence the
dosimetric effect of couch angle discrepancies that we found here may overestimate the
true case. Gantry angle errors may be manifest in volumetric imaging as a patient roll;
however, this systematic error cannot be simply corrected by a rotation based on
volumetric imaging because in the patient coordinates, the axis through which gantry
angle is manifested depends on couch angle. Collimator angle errors are neither
detected nor corrected by pretreatment volumetric imaging.
In our analysis we assumed that angular discrepancies were systematic and
uniform for all angles; however in reality, this may not be the case. In many instances
the digital indicators are calibrated based on two or more points; differences from the
true range may vary as a function of angle. For the gantry, there is also the contribution
of sag from gravity, the effect of which will vary with angle. Thus, in these cases the
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mean discrepancy over the range of motion will be smaller than the maximum angular
discrepancy. Furthermore, our analysis included only limited consideration of errors in
multiple axes (collimator and gantry). The actual clinical situation of errors in all three
axes may have a larger combined effect than what is evaluated here. These factors
should be considered along with the results of this study.
One purpose of routine quality assurance is to verify that machine mechanical
indicators agree with the true value to within a specific tolerance. Thus, during routine
mechanical QA, the angle indicators (collimator, couch, and gantry) should be evaluated
relative to the true angle, which will be the one specified in the treatment planning
system. While some clinicians may interpret the TG-142 recommended collimator,
couch, and gantry action tolerances to relate to precision (difference relative to a
baseline), that is not our intention here as our results apply to systematic differences
between the machine angle and the specified angle in the treatment planning system.
Dosimetric effects to the GTV versus the PTV were much smaller due to the 1mm
margin included in the PTV to account for uncertainties in the treatment process. This
implies that the current tolerances can yield acceptable dosimetry for the GTVs of single
isocenter multifocal VMAT SRS when a 1mm margin is utilized; however, even with this
reduced effect on the GTV, a substantial portion, or even the entirety of the margin,
could be expended on a single component of the treatment process while leaving
reduced margins for error in other steps of the treatment. The sensitivity of the PTV to
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the induced errors also demonstrates the importance of including a margin in SRS
treatments, something that is not universally practiced. Clearly the choice of margin
used for single isocenter multifocal VMAT SRS should be informed by the action
tolerance set for angular discrepancies in routine mechanical QA.
Based on the results of this study, we suggest a careful review by the clinical
physicist of routine quality assurance tolerances for angular mechanical checks when
using single isocenter multifocal VMAT for metastatic disease. Especially careful
attention should be paid to collimator and gantry angle where the largest dosimetric
changes were observed. While the standard ±1.0◦ tolerance of the collimator angle
showed unacceptable deviations, reducing the tolerance to ±0.5◦ showed deviations
more comparable to the changes in DCA plans at the original TG-142 tolerance levels.
Similarly tightened QA tolerance may be warranted for gantry as well. The worst-case
scenario evaluation with induced collimator and gantry errors showed deviations within
5% with respect to the volume of the PTV receiving the prescription dose for accepted
tolerances of ±0.5◦, whereas with accepted tolerances of ±1.0◦, deviations of up to 27%
were present. As TG-142 is careful to emphasize, the final decision on what is an
acceptable tolerance is up to the qualified medical physicist to determine based on
clinical practice. It should be noted that the stricter angular tolerance might necessitate a
new method of measurement, as the measurement tools and procedures should be
capable of distinguishing parameter changes that are smaller than tolerance level. Care
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should be taken by the physicist to choose an appropriate measurement tool to achieve
the required accuracy and precision.

2.5 Conclusion
This study investigated guidelines set by TG-142 with respect to quality
assurance tolerances for medical linear accelerators using advanced treatment methods
such as single isocenter multifocal VMAT SRS. Within the limits of our study, we
conclude that when this SRS treatment technique is utilized, recommended tolerance for
couch rotation is acceptable, while the clinical medical physicist should likely revisit
tolerances for collimator and gantry angle. It is still recommended that the qualified
medical physicist on staff at every institution should assess these suggestions for
themselves and implement based upon their individual clinical practice.
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3. An evaluation of accuracy of the TPS dose calculation
algorithm for single isocenter intracranial radiosurgery
targets located distal from the isocenter
3.1 Introduction
Verifying radiation dose in single isocenter treatment of multifocal radiosurgery
is challenging due to small target volumes and stringent requirements for spatial
accuracy. Furthermore, questions have arisen regarding the ability of clinical dose
calculation algorithms to calculate dose accurately for targets located at large distances
from the isocenter. The main suspect in this discrepancy between planned and delivered
dose is a single dosimetric-leaf-gap model that is used for both standard and highdefinition MLCs, which are both likely to be used in the single isocenter approach. A
unique technology capable of meeting this requirement is the high-resolution 3D
dosimetry system (PRESAGE®/optical-CT) available in the Duke 3D dosimetry
laboratory. Our purpose is to apply this technology to investigate the accuracy of the
treatment planning system’s dose calculation algorithm for radiosurgery targets located
at large distances from the isocenter.

3.2 Materials and methods
3.2.1 Treatment plans
Two different treatment plans were created. For both, six targets were virtually
placed inside the CT dataset of the dosimeter with the same diameter (1cm) but at
varying distance (0, 3, 4, 6, 8, and 10cm) from the isocenter (see Figure 9). For the first
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trial, the isocenter (0cm target) was placed within the dosimeter as seen in Figure 9,
however, for the second trial the isocenter was placed slightly above the bounds of the
virtual phantom as seen in Figure 10. This was done to force the 10cm target to be closer
to the center of the dosimeter in order to eliminate any potential for edge dose effects.
The treatment plan was created based on the Clark guidelines for “Systematic Treatment
Planning Technique for Single Isocenter Planning Technique for Single Isocenter VMAT
Radiosurgery,” which is an appendix to his paper on plan quality and treatment
planning techniques for single isocenter intracranial VMAT6. Following his guidelines,
inner (GTV + 0.5cm), middle (GTV + 1cm), and outer (GTV + 3cm) contours were created
for optimization as well as an evaluation contour (GTV + 1.5cm). Four arcs were created
at couch angles of 0°, 45°, 90°, and 315°. Optimization objectives were placed on inner,
middle, and outer contours that were created based on Clark’s specifications. After
optimization and dose calculation, the plan was normalized such that 100% of the
prescription dose was delivered to 99% of the target volume.
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Figure 9: A 3D representation of the virtual targets placed inside the
PRESAGE® dosimeter for the first trial. The isocenter was placed at the center of the
red target. Distances from the isocenter: red=0cm, blue=3cm, purple=4cm, green=6cm,
orange=8cm, brown=10cm.

Figure 10: A 3D representation of the virtual targets placed inside the
PRESAGE® dosimeter for the second trial. The isocenter as well as all targets were
shifted superior from their locations in the first trial to push the target 10cm from the
isocenter closer to the center of the dosimeter. This consequently forced the isocenter
and therefore the 0cm target outside of the dosimeter. Distances from the isocenter:
red=0cm, blue=3cm, purple=4cm, green=6cm, orange=8cm, brown=10cm.

3.2.2 3D dosimeter
PRESAGE® has been shown to accurately record the dose delivered during
single isocenter multifocal SRS plans. The PRESAGE® dosimeters used in this study
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each have a mass of 1kg and are 10cm in diameter and height. The composition of the
PRESAGE® is detailed in Table 4.
Table 4: Composition of the PRESAGE® dosimeters used in this project.
Component

Percent composition

2-Methoxy-DEA LMG
Toluene
Carbon Tetrabromide
Tetrahydrofuran
Dimethyl Sulfoxide
WC783/780 Mixture

1.50%
5.00%
0.50%
0.16%
2.00%
90.84%

The dosimeters remained at a suitable temperature until the time of the CTsimulation and irradiation. Due to their sensitivity to light, the dosimeters remained in a
black bag that restricts penetration of visible light.

3.2.3 Delivery
The multifocal radiosurgery technique was carried out on two PRESAGE®
dosimeters including immobilization with a custom 3D printed holder (see Figure 11),
CT based simulation, and treatment planning. The CT-simulation and irradiation setup
can be seen in Figure 11. The dosimeters were aligned using kV CBCT for irradiation on
a Varian TrueBeam STX, after which a single fraction dose of 20Gy per target was
delivered.
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Figure 11: Immobilization and setup of the PRESAGE® dosimeters during the
CT simulation.

3.2.4 Analysis
DLOS (Duke Large Optical Scanner), a large field of view optical-CT seen in
Figure 12, was used to obtain and reconstruct the delivered dose distributions
identically for both dosimeters in 3D. To obtain the image from the irradiated
PRESAGE®, the DLOS was used to take a flood field without the dosimeter for
normalization purposes. Next, a pre-irradiation scan was taken with the un-irradiated
dosimeter present. A total of 360 projections with 100 averages per projection were taken
at 1° increments with 174.3µm x 174.3µm resolution per projection. After irradiation the
same imaging technique was used to obtain a post-irradiation scan40.
Each projection from the pre- and post-irradiation volumes was de-noised with a
5x5 median filter. The final reconstruction’s voxel resolution was 1mm x 1mm x 1mm.
Lastly, the pre-irradiation scan was subtracted from the post-irradiation scan to obtain a
distribution of change in optical density, which directly correlates to dose delivered.
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Registration between the Eclipse planning dose distribution and the dosimeter
delivered dose distribution was done using 3D Slicer with the SlicerRT toolkit using
fiducials marked on the dosimeter. The dosimeter’s optical density distribution was
down-sampled to match the resolution of the Eclipse dose distribution using a linear
interpolation. The optical density distribution was then scaled by a constant to match the
mean optical density value with the mean dose from the Eclipse dose distribution for the
target 3cm from the isocenter. The target 3cm from the isocenter was chosen because its
dose is the most likely to be accurately delivered based on its location in the dosimeter
and proximity to the isocenter. This scaled change in optical density distribution is the
final dose distribution from the irradiated dosimeter.
Planned and delivered dose were compared using the SlicerRT toolkit. These
comparisons included dose volume histograms, gamma index analysis, and other
dosimetric evaluations.

Figure 12: Photo of the optical-CT system used for dose analysis on the
PRESAGE® dosimeters. The telecentric lens is used to reduce acceptance of scattered
photons. Non-parallel lines are rejected by the lens.
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3.3 Results
3.3.1 Trial 1
Gamma analysis was performed using various criteria. All analysis was done
using a lower dose threshold of 30% of the maximum dose in order to eliminate noise
from the dosimeter and low dose regions. Detailed results for each target and an overall
gamma analysis for the dosimeter can be seen in Table 5.
Table 5: Gamma analysis for each individual target in trial 1 as well as the
overall gamma analysis within the body contour. A lower dose threshold of 30% of
the maximum dose was used in order to eliminate noise from the dosimeter and low
dose regions.

Target 1 (0cm)
Target 2 (3cm)
Target 3 (4cm)
Target 4 (6cm)
Target 5 (8cm)
Target 6 (10cm)
Body Contour

1mm/5%

2mm/3%

3mm/3%

3mm/5%

77.96%
83.44%
83.75%
78.29%
78.51%
63.60%
73.73%

95.97%
97.34%
98.53%
97.27%
97.72%
88.03%
93.13%

98.63%
99.70%
100.00%
99.95%
99.96%
93.00%
96.84%

99.06%
100.00%
100.00%
100.00%
100.00%
94.60%
97.70%

Dose volume histograms (Figure 13) between plan and measurement also show
good agreement, besides for the target 10cm from the isocenter. Percent differences
between the plan and measurement for the percent of each target receiving the
prescription dose were 1.84%, 0.97%, 1.42%, 0.28%, 1.75%, and 15.03% for targets 1, 2, 3,
4, 5, and 6 respectively.
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Figure 13: DVH of the planned and delivered dose post-irradiation for trial 1.
Solid lines correspond to the plan DVH. Dashed lines correspond to the irradiated
PRESAGE® DVH (the lines for the target 10cm from the isocenter were switched;
solid=delivered dose, and dashed=planned dose). Colors are consistent with the
targets in Figure 9.
Dose volume histograms for the individual targets can be seen in Figure 14,
where it is more apparent that as the distance from the isocenter increases, coverage is
lost in the delivered dose and there is an under dosing. A shell DVH analysis (Figure 15)
was also performed to show the coverage in regions relevant for understanding the dose
gradient. These shells ranged from 2mm within the target to the surface of the target, the
surface of the target to 2mm outside of the target, and 2mm to 4mm outside of the target.
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0cm

4cm

8cm

3cm

6cm

10cm

Figure 14: DVH analysis for each individual target in trial 1 (solid lines are
planned dose; dashed curves are delivered dose).

0cm

4cm

8cm

3cm

6cm

10cm

Figure 15: DVH shell analysis for each individual target in trial 1 (solid lines
are planned dose; dashed curves are delivered dose; gray curves are 2mm within the
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target to the surface of the target; black curves are the surface of the target to 2mm
outside of the target, beige curves are 2mm to 4mm outside of the target).

3.3.2 Trial 2
Gamma analysis was performed using various criteria. All analysis was done
using a lower dose threshold of 30% of the maximum dose in order to eliminate noise
from the dosimeter and low dose regions. Detailed results for each target and an overall
gamma analysis for the dosimeter can be seen in Table 6. Results seen in this trial were
compared to trial 1. Analysis for the target at 0cm was not considered because it was
placed outside of the dosimeter in order to move the 10cm target closer to the center of
the dosimeter.
Table 6: Gamma analysis for each individual target in trial 2 as well as the
overall gamma analysis within the body contour. A lower dose threshold of 30% of
the maximum dose was used in order to eliminate noise from the dosimeter and low
dose regions.

Target 1 (0cm)
Target 2 (3cm)
Target 3 (4cm)
Target 4 (6cm)
Target 5 (8cm)
Target 6 (10cm)
Body Contour

1mm/5%

2mm/3%

3mm/3%

3mm/5%

n/a
79.92%
74.08%
93.55%
92.85%
69.06%
53.45%

n/a
97.04%
95.79%
98.92%
98.02%
95.39%
68.43%

n/a
99.86%
99.49%
99.32%
98.85%
98.51%
85.13%

n/a
100.00%
100.00%
99.68%
99.24%
99.28%
90.85%

Dose volume histograms (Figure 16) between plan and measurement also show
good agreement, besides for the target 10cm from the isocenter. Percent differences
between the plan and measurement for the percent of each target receiving the
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prescription dose were n/a, 0%, 0.6%, 1.92%, 0.63%, and 13.24% for targets 1, 2, 3, 4, 5,
and 6 respectively.

Figure 16: DVH of the planned and delivered dose post-irradiation for trial 2.
Solid lines correspond to the plan DVH. Dashed lines correspond to the irradiated
PRESAGE® DVH. Colors are consistent with the targets in Figure 10.
Dose volume histograms for the individual targets in trial 2 can be seen in Figure
17. A shell DVH analysis (Figure 18) was also performed. Similar trends to trial 1 of
decreased coverage and under dosing were seen in trial 2.
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0cm

4cm

8cm

3cm

6cm

10cm

Figure 17: DVH analysis for each individual target in trial 2 (solid lines are
planned dose; dashed curves are delivered dose).

0cm

4cm

8cm

3cm

6cm

10cm

Figure 18: DVH shell analysis for each individual target in trial 2 (solid lines
are planned dose; dashed curves are delivered dose; gray curves are 2mm within the
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target to the surface of the target; black curves are the surface of the target to 2mm
outside of the target, beige curves are 2mm to 4mm outside of the target).

3.3.3 Trial 1 and trial 2
Table 7 shows gamma analysis for trials 1 and 2 for the 1mm/5% and 2mm/3%
criteria (same as above). It is apparent that for the target 10cm from the isocenter there is
a significant decrease in the passing percentage for both criteria in both trails.
Table 7: Gamma analysis for each individual target in trials 1 and 2 as well as
the overall gamma analysis within the body contour (1mm/5% and 2mm/3% criteria).
A lower dose threshold of 30% of the maximum dose was used in order to eliminate
noise from the dosimeter and low dose regions.

Figure 19 and Figure 20 show the delivered target volume receiving the dose that
covers 99% and 95% of the planned target volume, respectively, for trials 1 and 2. These
metrics were used to determine the overall coverage discrepancy between the planned
and delivered dose. These figures illustrate that the delivered volume suffers a loss of
dose coverage as distance from the isocenter increases.
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Figure 19: A plot of the delivered target volume receiving the dose that covers
99% of the planned target volume versus distance from the isocenter for trials 1 and 2.
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Figure 20: A plot of the delivered target volume receiving the dose that covers
95% of the planned target volume versus distance from the isocenter for trials 1 and 2.
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Figure 21, Figure 22, and Figure 23 show the ratio of the dose covering 99% of the
delivered volume to the dose covering 99% of the planned volume, the mean dose in the
delivered volume to the mean dose in the planned volume, and the minimum dose in
the delivered volume to the minimum dose in the planned volume, respectively for each
target in trials 1 and 2. The same trend of decreasing coverage and under dosing that is
previously mentioned is apparent in each of these figures.

Distance from iso vs. D99%delivered/
D99%planned
D99%delivered/D99%planned

1.08
1.06
1.04
1.02
1
0.98
0.96
0.94
0.92
0.9
0.88

Trial 2
Trial 1
0

2

4

6

8

10

12

Distance from Isocenter (cm)

Figure 21: A plot of the ratio of dose covering 99% of the delivered volume to
the dose covering 99% of the planned volume versus distance from the isocenter for
trials 1 and 2.
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Figure 22: A plot of the ratio of mean dose in the delivered volume to the mean
dose in the planned volume versus distance from the isocenter for trials 1 and 2.
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Figure 23: A plot of the ratio of minimum dose in the delivered volume to the
minimum dose in the planned volume versus distance from the isocenter for trials 1
and 2.
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3.4 Discussion
Lim et al. determined that for a single isocenter approach to multifocal SRS,
lesions should be restricted to within ±4cm of the isocenter when treated because this is
the region with HDMLCs, which are 2.5mm thick. They continue on to caution using a
single isocenter treatment with targets outside this range, where only 5mm leaves exist.
This is due to the use of a single dosimetric-leaf-gap model for both 2.5mm and 5mm
leaves20.
Our results lead us to believe that there is a loss in coverage and an under-dosing
effect as the distance from the isocenter increases. We have found that this effect may
have a significant impact on the dosimetry of a single isocenter planning technique with
targets greater than 8cm from the isocenter. Further investigation in a different
dosimetry system is warranted to determine if this discrepancy actually exists or if it is
an artifact of the PRESAGE® dosimetry system.
It is interesting to note that the gamma passing rate for target 1 of the first trial
was relatively low at 83.12% for 2mm/3%, 90.00% for 3mm/3% and 92.68% for 3mm/5%.
This may be because target 1 was placed closest to the edge of the dosimeter and the
majority of failing voxels occurring in this region. This was potentially also the reason
that the gamma passing rate for target 6 in the first trial was relatively low with respect
to that of the second trial. It is still evident that there is a real dosimetric deviation
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between the planned and delivered dose for target 6, however, due to the large
deviations in prescription dose coverage evident in the DVH analysis.

3.5 Conclusion
Failing pixels in the gamma analysis occurred at edges of the dosimeter, which is
outside the area of interest, and the center of each target, which may be caused by
inherent under-dosing of the dosimeter. After two trials it is apparent that there may be
a real dose deviation between the dose calculation algorithm and actual delivered dose
at large off-axis distances with respect to a loss of coverage and an under dosing with
increasing distance from the isocenter. Final validation of this treatment technique will
require further irradiations with targets of different sizes and distances from the
isocenter, use of a second 3D dosimetry system for validation and more quantitative
analysis.
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4.
SBRT
treatment
of
multiple
extracranial
oligometastases using a Single Isocenter with Distinct
Optimizations (SIDO)
4.1 Introduction
It is possible that many of the benefits of single isocenter multifocal radiosurgery
techniques may also apply when translated to extracranial single isocenter techniques.
However, there are many challenges inherent in applying a single isocenter technique of
multiple extracranial targets. Here, we investigate treatment planning strategies for
various extracranial treatment sites and geometries (varying the distance between
targets) to combat (1) the added possibility of deformation and rotation of the multiple
targets relative to each other, and (2) the possibility of dosimetric interplay when
applying the single isocenter technique to multiple extracranial sites. We focus on the
simple case when two extracranial targets are present, with the added complexity of a
greater number of targets to be addressed in future work.

4.2 Materials and methods
4.2.1 Inter-fractional rotation and deformation
To address the challenges of inter-fractional rotation and deformation associated
with treating multiple extracranial targets simultaneously, we devised a single isocenter
technique, where each VMAT arc is associated with and optimized to deliver dose only
to one specific target. Limiting each arc to dose delivery of a single target, allows for
three treatment procedure options illustrated in Figure 24.
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Figure 24: Flowchart of SIDO Treatment Delivery. A single isocenter
technique with arcs treating distinct targets combines the advantage of uninterrupted
treatment of targets (option 1), with the flexibility to manage inter-fractional (option
2) and intra-fractional (option 3) rotations and deformations that occur relative to the
treatment plan.
If

the

initial

CBCT

indicates

negligible

rotational

and

deformational

discrepancies from the planning CT and little intra-fractional uncertainties are expected,
the patient may be aligned based on the initial CBCT, followed immediately by delivery
of the two treatment arcs. However, if the initial CBCT indicates rotation or deformation
of the two targets relative to the planning CT, then a translational shift is first applied to
align target 1, after which the first arc is delivered. After delivery of the first arc, a
second translational shift may be applied to then align target 2 for treatment. This shift
may be made based on the first CBCT for cases where intra-fractional rotations and
deformations are not of concern, or if intra-fractional rotation or deformation is
suspected a second CBCT may be acquired for verification between arcs.
We analyzed daily CBCT setup images from extracranial SBRT patients
including both lung (n=5) and liver (n=6) targets, to determine the likelihood of
requiring a second translational correction between arcs for the single isocenter
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technique due to inter-fractional rotations. Characteristics of the patients analyzed can
be seen in Table 8.
Table 8: Characteristics of patients analyzed for determining the likelihood of
requiring a second translational correction between arcs for the single isocenter
technique due to inter-fractional rotations.
Patient

Treatment Site

Number of Targets

1
2
3
4
5
6
7
8
9a
9b
10a
10b
11

Liver
Liver
Liver
Liver
Liver
Lung
Lung
Lung
Lung (left)
Lung (right)
Lung (upper)
Lung (lower)
Lung

1
1
1
1
1
1
1
1
2
2
2
2
1

Immobilization
Alpha Cradle
Alpha Cradle
BodyFIX
BodyFIX
BodyFIX
BodyFIX
BodyFIX
BodyFIX
BodyFIX
BodyFIX
BodyFIX
BodyFIX
BodyFIX

Fx / Rx Fx
Dose (cGy)
10 / 450
7 / 500
5 / 1,000
3 / 1,800
5 / 1,000
5 / 1,000
1 / 2,700
8 / 750
5 / 1,000
5 / 1,000
8 / 750
8 / 750
8 / 750

For analysis, a 6D image registration between the CT simulation image and each
pre-treatment CBCT was used to determine the daily pitch (x), yaw (y), and roll (z). For
the lung and liver cases separately and combined, we calculated the fraction of daily
treatments for which the CTV would fall outside the PTV, assuming a CTV to PTV
margin ranging from 0.1cm to 1cm. This was calculated using the rotational axis with
the largest rotational uncertainty in any direction (as a conservative estimate) and
assuming normally distributed inter-fractional rotations. The threshold angle beyond
which the CTV would fall outside the CTV to PTV margin was calculated using:
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tan 𝜃! =

𝑚
𝑑

where m is the CTV to PTV margin and d is the separation between PTVs. The threshold
angle represents the maximum rotation of the patient, beyond which the CTV for the
second target would fall outside the CTV to PTV margin, after the first CTV is aligned
for treatment.

4.2.2 Interplay
modulation

between

intra-fractional

motion

and

fluence

In an effort, to minimize dosimetric interplay, we investigated a method to
combine the benefits of open fields such as those of DCA with the benefit of inverse
optimization from VMAT. Static 3D beams and DCA utilize open fields, and thus have
the advantage of the MLCs never blocking the target volume, therefore avoiding underdosing the target via dosimetric interplay. Within the Eclipse treatment planning system
(Varian Medical Systems, Palo Alto CA) the user can begin an inverse optimization
using the current treatment plan as the optimization starting point. We investigated
using a DCA treatment plan as the starting point for the VMAT optimization to
determine whether the final plan would have improved dosimetry over DCA and still
maintain decreased blocking of the target by the MLCs compared to the standard VMAT
plan.
To evaluate the susceptibility of each plan to dosimetric interplay, we calculated
a modulation factor (MF) per plan, which we defined as the ratio of the average area of
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the PTV in the beam’s eye view, APTV , to the average of the open area of the MLC’s,
AMLC , throughout the treatment arc. In other words:
𝑀𝐹 =

𝐴!"#
𝐴!"#

We calculated APTV from the open MLC area of a DCA plan with no added
margin around the PTV, which may slightly overestimate APTV. Ideally, the MF should
be close to 1, with a value less than 1 corresponding to MLC coverage larger than the
PTV (expected for DCA with PTV to MLC margin) and a value greater than 1
corresponding to MLC coverage smaller than the PTV. We would expect plans with a
larger MF to be more susceptible to dosimetric interplay. In addition to MF, we also
compared the total number of monitor units (MU) per arc and plan, after the final dose
distribution was normalized. After normalizing to achieve the same PTV coverage, the
total MU also serves as a surrogate for susceptibility to dosimetric interplay because
lower MU can be assumed to indicate less blocking of the PTV/CTV throughout the arc.
We expect total MU to be proportional to dosimetric interplay, and inversely
proportional to MF.

4.2.3 Treatment planning and evaluation
All treatment plans were prepared in the Eclipse Treatment Planning Software V
13.6, using the Anisotropic Analytical Algorithm (AAA) V 13.6.23 for dose calculation.
All treatment plans were made with 6 MV FFF (flattening filter free) beams to allow for a
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much higher intensity beam due to the lack of beam hardening and therefore a higher
dose rate and quicker treatment delivery. To prepare SIDO plans, we created separate
VMAT plans for each target, with a single arc, which was aligned to the multi-target
isocenter. MLCs with 180 control points were added to the field and the collimator jaws
were optimized to the target treated by the current VMAT arc. Jaw tracking was enabled
whenever possible to minimize leakage. For cases where DCA were used as the starting
point for VMAT optimization, the DCA plan was prepared and dose was calculated.
VMAT inverse optimization was carried out to achieve optimal target coverage and
maximum sparing of normal tissue. Inverse optimization criteria were based on NRG
BR001[6]; we utilized the normal tissue objective (priority = 250) and PTV objectives of
V100%≥95% (priority = 200) and Dmax≤160% (priority = 100). All plans attempted to
separate the 80% isodose line between targets if possible (also a requirement of NRG
BR001). Once a plan was created per PTV, the arcs were combined into a single plan, but
not re-optimized. The plan was then re-normalized to account for dose contribution
from each arc.
We compared SIDO, with and without DCA as the inverse optimization starting
point, to three different treatment planning techniques including single isocenter VMAT
(treating both targets simultaneously), dual isocenter VMAT, and single isocenter DCA.
When creating the plans for the phantom and patient cases, we used consistent
parameters to ensure for uniformity. These comparisons were made for phantom
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anatomy created virtually within the treatment planning system as well as for four
patient cases. The phantoms were created with the contouring function of the Eclipse
TPS. An example of one of the virtually created phantoms can be seen in Figure 25. Each
consists of cylindrical geometry with two spherical targets (2cm diameter) separated by
1 to 15cm (target separation can be seen by the red distance indicator in Figure 25 and is
defined as the shortest distance between the edges of each target); dose prescription was
set to 3 fractions of 15Gy each. The patient cases included one with a sacrum and iliac
target (3 fractions of 10Gy, ~2.5cm of separation), one with a left and right adrenal gland
target (3 fractions of 15Gy each, with ~3cm of separation), one with two liver targets (10
fractions of 4Gy, ~6.25cm of separation), and one with two lung targets (5 fractions of
10Gy each, with ~11cm of separation). Visualizations of these patient cases from the
Eclipse TPS can be seen in Figure 26, Figure 27, Figure 28, and Figure 29. With the
exception of the lung case, the lesions in each patient case were in the same axial plane.
For the lung case, there was approximately 2.5cm separation in the longitudinal
direction from the inferior surface of the superior lesion to the superior surface of the
inferior lesion. The volumes of each lesion in the patient cases can be seen in Table 9.
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Figure 25: Screen shot from the Eclipse TPS. Illustrates an example of one of
the virtual phantoms created with the contouring feature. Targets for all virtual
phantoms have a diameter of 2cm and are in the same axial plane. Separation between
targets is defined as the shortest distance from the edge of the first target to the edge
of the second target (as indicated on image). Target separation is the only parameter
that was changed between virtual phantoms.
Table 9: Volumes for the two targets in each of the patient cases.

Lesion 1
Lesion 2

Sacrum and Iliac

L and R
Adrenal Glands

Liver

Lung

11.72cc
8.02cc

70.33cc
31.56cc

54.74cc
91.55cc

21.34cc
9.45cc
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Figure 26: Visualization from the Eclipse TPS of the sacrum and iliac patient
case used in this project.

Figure 27: Visualization from the Eclipse TPS of the adrenal glands patient
case used in this project.
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Figure 28: Visualization from the Eclipse TPS of the liver patient case used in
this project.

Figure 29: Visualization from the Eclipse TPS of the lung patient case used in
this project. These viewing planes are centered on the left lung target.
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Figure 30: Visualization from the Eclipse TPS of the lung patient case used in
this project. These viewing planes are centered on the right lung target.
Plans were analyzed with respect to conformity index (CI), gradient index (GI),
and modulation (MLC opening with MF and total MU). We define CI, and GI as follows:

𝑉!"# ∩ 𝑉!""%
𝐶𝐼 =
𝑉!"# ∙ 𝑉!""%
𝐺𝐼 =

!

𝑉!"%
𝑉!"#

where VPTV is the volume of the planning target volume, V100% is the volume receiving
100% of the prescription dose, and V50% is the volume receiving 50% of the prescription
dose. The script mentioned previously and explained in Appendix A was developed to
automate the calculation of these dosimetric indices.
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4.3 Results
4.3.1 Probability of requiring a second shift between targets
Figure 31 shows the frequency in which a known shift would need to be applied
as measured from eleven SBRT patients, including both lung (n=6; immobilized via
BodyFIX) and liver (n=5; 2 immobilized via Alpha Cradle and 3 via BodyFIX) treatment
sites. Spatial uncertainty caused by inter-fractional rotations is greatest when target
separation is the largest, which means that targets with the largest separation would
require an intra-fraction translational shift. As the CTV to PTV margin is decreased and
the separation between targets increases, the probability of needing a second shift when
treating two targets simultaneously increases rapidly, which is a possibility using SIDO
(see Figure 24) but not for traditional single isocenter treatment plans.
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Figure 31: Probability of needing to apply a second shift when treating two
targets simultaneously for target separations of 5, 10, and 15cm. Data from eleven lung
(n=6) and liver (n=5) patient cases.

4.3.2 Plan quality
For the phantom cases, using DCA as a base plan for optimization helped
maintain tight MLC conformity and decreased monitor units. The resulting plans were
similar to conventional VMAT in that they maintained a high conformity index, but with
lower modulation (and hence less probability of dosimetric interplay). Monitor units
decreased by an average of 36% (with a maximum decrease of 62%) and conformity
index remained approximately the same with an average increase of 1% for SIDO with
DCA as opposed to SIDO without DCA.
Figure 32 and Figure 33 show conformity indices, gradient indices, and
modulation factors for both phantom and patient cases, respectively. From the phantom
58

study, it is evident that SIDO and SIDO with DCA have comparable CIs to single and
dual isocenter plans when the separation between PTVs is greater than 3cm, while a
traditional single isocenter plan has higher CI when the separation of PTVs decreases
below 3cm. It is also evident from this figure that SIDO with DCA achieved the optimal
GI over all other planning techniques for almost all distances. MF was also closest to 1
for SIDO with DCA for both phantom and patient cases. The trend for total monitor
units was similar to MF: DCA plans had the lowest MU, followed by similar MU for
single isocenter and SIDO with DCA; the largest MU was for dual isocenter and SIDO
plans.

Figure 32: Conformity indices, gradient indices, and modulation factors for
single isocenter, dual (or separate) isocenter, DCA, SIDO, and SIDO with DCA for
the phantom cases.
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Figure 33: Conformity indices, gradient indices, and modulation factors for
single isocenter, dual (or separate) isocenters, DCA, SIDO and SIDO with DCA for
the patient cases.
For the most part, the patient cases corroborated the trends from the phantom
cases, with variations from these trends most likely being due to the more complicated
geometry and heterogeneity of the patient cases. One notable exception is the low
conformity index observed for the SIDO with DCA plan in the adrenal glands case. This
is likely due to the complex geometry for this case combined with our attempt to break
up the 80% isodose lines and the fact that the separation between the targets was 3cm,
which is at the limit where SIDO achieved comparable results to other planning
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strategies for the phantom cases. For this case, the conformity index was better for the
SIDO plan (not SIDO with DCA).
We also investigated the use of jaw tracking. Adding jaw tracking was beneficial
to our plan in that it decreased the gradient index by 14.5% on average, while hardly
affecting conformity. Jaw tracking was not possible, however, for DCA and SIDO with
DCA plans because jaw tracking is not enabled for DCA within the optimization. The
plans presented in our analysis did not use jaw tracking for planning consistency.

4.3.3 Overview
Figure 34 shows an example of the SIDO with DCA treatment planning strategy
for the sacrum patient case. The individual and combined VMAT arcs are displayed.
Figure 35 shows axial slices (through the isocenter plane) with isodose lines for each of
the five treatment planning techniques utilized in this study applied to the sacrum and
iliac patient case: dual isocenter (1), single isocenter (2), DCA (3), SIDO (4) and SIDO
with DCA (5).
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Figure 34: Screen shots from the Eclipse TPS. Illustrates the SIDO approach.
Image 1 shows a treatment plan for an iliac target (VMAT Arc 1), and image 2 shows a
sacrum target (VMAT Arc 2). Image 3 is the combined SIDO plan.
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Figure 35: Visualization of each treatment planning technique utilized in this
study as applied to the sacrum and iliac patient case, with isodose lines: dual
isocenter (1), single isocenter (2), DCA (3), SIDO (4) and SIDO with DCA (5).
The following figures depict the original (dual isocenter) treatment planning
strategy for each patient case as compared to SIDO or SIDO with DCA, whichever was
more appropriate for the given case: sacrum & iliac (Figure 36), adrenal glands (Figure
37), liver (Figure 38), and lungs (Figure 39).
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1

2

3

- Dual isocenter
- SIDO with DCA

Figure 36: A comparison of the original treatment planning strategy (1) versus
the SIDO with DCA (2) treatment planning strategy for the sacrum patient case. A
DVH of both plans can be seen in image 3. The curves with the squares correspond to
the dual isocenter plan and the curves with the triangles correspond to the SIDO with
DCA plan.
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Figure 36 shows the original treatment planning strategy versus the SIDO with
DCA treatment planning strategy for the sacrum patient case. For this patient case the
SIDO with DCA treatment plan was inferior to the SIDO treatment plan with respect to
conformity index (SIDO CI = 0.74, SIDO with DCA CI = 0.71), however SIDO with DCA
was superior with respect to gradient index (SIDO GI = 15.7, SIDO with DCA GI = 10.0)
and had lower total monitor units (SIDO total MU = 15,032, SIDO with DCA total MU =
7,648), which in turn resulted in a lower modulation factor (SIDO MF = 1.9, SIDO with
DCA MF = 1.0). The slightly higher CI in the SIDO plan does not warrant benefits that
outweigh the superiority of the SIDO with DCA treatment plan in regard to other
dosimetric indices.
In Figure 36.3 we can notice better target coverage and OAR sparing in the SIDO
with DCA treatment plan as opposed to the original, dual isocenter plan. SIDO with
DCA also gives us the workflow flexibility illustrated in Figure 24 whereas the original
plan does not.
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Figure 37: A comparison of the original treatment planning strategy (1) versus
the SIDO (2) treatment planning strategy for the adrenal glands patient case. A DVH
of both plans can be seen in image 3. The curves with the squares correspond to the
dual isocenter plan and the curves with the triangles correspond to the SIDO plan.
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Figure 37 shows the original treatment planning strategy versus the SIDO
treatment planning strategy for the adrenal glands patient case. For this patient case the
SIDO treatment plan was significantly superior to the SIDO with DCA treatment plan
with respect to conformity index (SIDO CI = 0.76, SIDO with DCA CI = 0.61), SIDO with
DCA was only slightly superior with respect to gradient index (SIDO GI = 7.8, SIDO
with DCA GI = 7.2) and had lower total monitor units (SIDO total MU = 16,107, SIDO
with DCA total MU = 5,296), which in turn resulted in a lower modulation factor (SIDO
MF = 2.5, SIDO with DCA MF = 0.97). The significantly higher CI in the SIDO plan
warrants benefits that outweigh the slightly superiority of the SIDO with DCA treatment
plan in regard to the other dosimetric indices.
In Figure 37.3 we can notice less extraneous high dose regions in the SIDO plan
and maintained high conformity to the target. Although the 80% isodose was unable to
be separated fully, the SIDO plan was able to do so better than the original plan. SIDO
also gives us the workflow flexibility illustrated in Figure 24 whereas the original plan
does not.

67

1

2

3

- Dual isocenter
- SIDO with DCA

Figure 38: A comparison of the original treatment planning strategy (1) versus
the SIDO with DCA (2) treatment planning strategy for the liver patient case. A DVH
of both plans can be seen in image 3. The curves with the squares correspond to the
dual isocenter plan and the curves with the triangles correspond to the SIDO with
DCA plan.
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Figure 38 shows the original treatment planning strategy versus the SIDO with
DCA treatment planning strategy for the liver patient case. For this patient case the
SIDO with DCA treatment plan was considerably better than the SIDO treatment plan
with respect to conformity index (SIDO CI = 0.72, SIDO with DCA CI = 0.83), SIDO with
DCA was superior with respect to gradient index (SIDO GI = 9.5, SIDO with DCA GI =
7.3) and had lower total monitor units (SIDO total MU = 15,349, SIDO with DCA total
MU = 5,015), which in turn resulted in a lower modulation factor (SIDO MF = 4.4, SIDO
with DCA MF = 1.2). The superiority of the SIDO with DCA plan with respect to CI, GI,
MF and monitor units validates its use over the SIDO planning technique.
In Figure 38.1 and Figure 38.2 it is apparent that the SIDO with DCA treatment
planning technique has smoother isodose lines, does a better job at breaking up the 80%
isodose line, and has less low dose spread than the original planning technique. SIDO
with DCA also gives us the workflow flexibility illustrated in Figure 24 whereas the
original plan does not.
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Figure 39: A comparison of the original treatment planning strategy (1) versus
the SIDO (2) treatment planning strategy for the lung patient case with the viewing
plane centered on the left lesion. A DVH of both plans can be seen in image 3. The
curves with the squares correspond to the dual isocenter plan and the curves with the
triangles correspond to the SIDO plan.
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Figure 40: A comparison of the original treatment planning strategy (1) versus
the SIDO (2) treatment planning strategy for the lung patient case with the viewing
plane centered on the right lesion. A DVH of both plans can be seen in image 3. The
curves with the squares correspond to the dual isocenter plan and the curves with the
triangles correspond to the SIDO plan.
71

Figure 28 and Figure 29 show the original treatment planning strategy versus the
SIDO with DCA treatment planning strategy for the lung patient case with viewing
planes centered on the left and right targets, respectively.
For this patient case the SIDO treatment plan was significantly superior to the
SIDO with DCA treatment plan with respect to conformity index (SIDO CI = 0.91, SIDO
with DCA CI = 0.74), SIDO with DCA was only slightly superior with respect to gradient
index (SIDO GI = 6.4, SIDO with DCA GI = 5.9) and had lower total monitor units (SIDO
total MU = 11,596, SIDO with DCA total MU = 5,927), which in turn resulted in a lower
modulation factor (SIDO MF = 1.99, SIDO with DCA MF = 1.1). Although the SIDO with
DCA plan had much less modulation, the SIDO plan had much better conformity and is
therefore the preferred method for this case.
The SIDO treatment plan resulted in better OAR sparing seen in Figure 39.3 and
Figure 40.3, especially for the carina. SIDO also gives us the workflow flexibility
illustrated in Figure 24 whereas the original plan does not.

4.4 Discussion
Multifocal extracranial SBRT is a technique that demands high spatial accuracy.
This challenge is augmented when a single isocenter technique is applied, as major
challenges arise from the possibility of deformation and rotation of the multiple targets
relative to each other and the possibility of dosimetric interplay between patient intrafractional motion and the fluence modulation during a VMAT arc. Here we have
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developed and investigated a novel single isocenter treatment technique in order to
meet many of the challenges associated with multifocal SBRT: Single Isocenter with
Distinct Optimizations (SIDO). We have found that the SIDO planning technique is good
at combating intra- and inter-fractional rotation and deformation associated with
treating multiple extracranial targets, has comparable dosimetry to traditional VMAT,
and maintains a low modulation factor when using DCA as a starting point for VMAT
optimization.
One limitation of using SIDO and SIDO with DCA is the distance between
targets. For target separations of less than approximately 3cm, SIDO performs worse
than a plan that uses a single isocenter and treats both targets simultaneously. The
gradient index and monitor units of SIDO and SIDO with DCA is lower at these small
distances; however, this benefit is negated when targets are in close proximity due to the
large decrease in conformity index. Thus, if there is less than a 3cm separation between
targets, treating both targets with a common isocenter simultaneously is a better
approach than SIDO or SIDO with DCA. In these cases, the workflow in Figure 24
would not be possible. However, for these cases the need for the flexible workflow is
less essential due to the close proximity of the targets (see Figure 31).
SIDO performs best with larger PTV separations for two reasons. The first reason
is that the dosimetry when using SIDO is the best at larger separation distances. At
larger target separations we see a higher conformity index, lower gradient index, and
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lower modulation factor. Also, at larger target separations we have shown that the
probability of needing a translational shift greatly increases. This means that the larger
the separation of PTVs, the more flexibility in treatment delivery technique that is
required, which is offered by SIDO.
One limitation of the phantom study was that it was strongly controlled with
respect to the size, shape, and location of PTVs (spheres of 2cm diameter evenly spaced
from the center of a cylindrical chamber). With irregular shapes, various sizes and
locations of PTVs, SIDO and SIDO with DCA may need to be tweaked in order to
maintain high conformity. However, similar trends were observed for the patient cases,
which indicate that the results obtained in the phantom study may generally apply to
real cases. Another variable unaccounted for was constraints on organs at risk. Also, in
this study we focused on treatment of only two targets; the planning process becomes
more complex when more than two targets are present. For instance, targets sharing
MLCs become nontrivial with 3 or more targets41; these complexities will need to be the
focus of future work.
Based on our analysis, we propose a planning technique, SIDO (Single Isocenter
with Distinct Optimizations) with DCA for target separations greater than or equal to
3cm, and simultaneous treatment using VMAT for targets separated by less than 3cm.
We propose using SIDO with DCA due to its advantages of lower monitor units and
modulation while maintaining a high conformity and gradient index. When SIDO is
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used, a number of treatment workflows are possible based upon the inter- and intrafractional uncertainties (Figure 24); these options should be weighed carefully by the
treatment team based upon the expected uncertainties so as to avoid dosimetric under
dose from localization errors. Our findings on the SIDO treatment planning technique
are encouraging, and lead to further focuses of investigation. Next steps that should be
taken to progress this study include looking into different sized targets, the impact of
intra-treatment respiratory motion, and different target locations.

4.5 Conclusion
This study investigated two new treatment planning methods for multiple
extracranial oligometastases: SIDO and SIDO with DCA. We demonstrated that SIDO
and SIDO with DCA have comparable dosimetry to traditional VMAT with low
modulation when starting VMAT optimization with DCA similar to DCA for PTV
separations greater than or equal to 3cm, and the opportunity to use a known
translational shift to combat intra- and inter-fractional inconsistencies. For smaller
separations, a single isocenter VMAT technique treating both targets simultaneously is
preferable.
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Appendix A. Automated calculation of multifocal SRS
dose indices using the Eclipse Scripting API
A.1 Introduction
Treatment of multifocal disease is much more complicated than treatment of
single target disease. Multiple targets can be treated with a single isocenter and can
therefore cause some targets to be located at large off-axis distances; also, different
lesions in multifocal SRS plans may have different prescription doses. Both in research
and in the clinic, it is often desirable to obtain dosimetric statistics for individual targets.
Calculating these dosimetric indices such as conformity and gradient per target,
however, is laborious, not as straightforward as dose (V100% and V50%), and must be
partitioned and assigned to specific targets. The purpose of this study is to automate
these calculations to create a more efficient method to obtain individual dose indices for
individual targets.

A.2 Materials and methods
A.2.1 Overview
Eclipse V13.6 allows user defined scripts written in C# with Microsoft Visual
Studio in the Eclipse Scripting API (ESAPI). A script was written to automatically extract
DVH data and calculate CI and GI. The script requires three inputs: structure of interest,
volume of interest, and prescription dose. Volume of interest is used to indicate a

76

subsection of volume associated with the target of interest to eliminate dose
contributions associated with the other targets.

A.2.2 Script development
Eclipse Scripting API is a system of tools and resources that enables developers
to create software applications. In other words, Eclipse provides objects, functions and
tools to use as building blocks rather than creating code from scratch. ESAPI utilizes a
software library, which is a collection of programs and software packages made widely
available, to aid in script development. The ESAPI library includes information about
plans, images, dose information, structures, and more. The script was written in the C#
programming language in Microsoft Visual Studio, an Integrated Developing
Environment (IDE) that provides comprehensive facilities to computer programmers for
software development. An IDE allows for coding, compiling, and debugging.
ESAPI gives users access to a wide variety of objects by calling on various object
classes with various associated information. Figure 41 and Figure 42 show examples of
image and plan related objects, respectively42.
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Figure 41: An example of object class hierarchy accessible in ESAPI. This
example displays image related objects.
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Figure 42: An example of object class hierarchy accessible in ESAPI. This
example displays plan related objects.

A.2.3 Script implementation
The script developed in this project is a plug-in, meaning it uses direct
implementation into the Eclipse user interface. Users can simply access the script
through the ”Scripts…” functionality from the “Tools” drop-down on the menu bar.
Users can then enter the structure of interest, volume of interest, and prescription dose.
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The structure of interest is the target we want to calculate dosimetry for. The volume of
interest defines a subsection of volume within which the dose indices should be
calculated so as to exclude dose to other targets. The prescription dose corresponds to
the prescription dose for the currently selected structure.

A.2.4 Script evaluation
Five previously completed multifocal SRS plans with multiple targets (N=3-7)
were used to calculate CI and GI by hand and the developed script to validate script
accuracy and to quantify the potential time-savings. In this project, conformity index is
defined by
𝐶𝐼 =

𝑉!""%
𝑉!"#

𝐺𝐼 =

𝑉!"%
𝑉!""%

and gradient index is defined by

where V100% is the volume receiving the prescription dose, VPTV is the volume of the PTV,
and V50% is the volume receiving 50% of the prescription dose.

A.3 Results
The script is implemented directly from the Eclipse tools menu and allows users
to bypass use of DVHs to calculate dosimetric indices. The mean difference between
hand and script calculation for CI and GI was negligible at less than 0.13% and 0.03%
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respectively. Average calculation time per target by hand was more than twice that
when using the script (35s vs 16s). The interface of the script can be seen in Figure 43.

Figure 43: The interface of the developed script after being run. Inputs include:
structure of interest, volume of interest, and prescription dose.

A.3 Discussion
The evaluation structures, or “Volume of Interest,” are structures that are
typically already created when performing single isocenter radiosurgery. The creation of
these structures is explained in an appendix to Clark’s paper on plan evaluation and
treatment planning techniques for single isocenter radiosurgery14. It is important to pay
close attention to overlapping of these structures to limit dose sharing between targets.
The developed script is advantageous in that it can consider different
prescriptions for different lesions, is time efficient, does not require the creation of extra
structures, and eliminates the possibility of human error when calculating dosimetric
indices.

A.5 Conclusion
The Eclipse Scripting API can automate planning procedures such as calculation
of dosimetric statistics for single isocenter multifocal radiosurgery plans. The developed
script enabled faster calculation of CI and GI and avoided potential errors from manual
calculations. Future work focuses on adding functionality to perform calculations for
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multiple targets simultaneously and eliminating the need to define the volume of
interest by automatically assigning dose voxels based on proximity to targets.
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