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ABSTRACT

Our objective is to investigate dosimetric differences between clinically deliverable Gamma
Knife® (GK) Icon™ and linac-based FSRT plans on the basis of normal brain dose sparing for
large (>14 cm?®) recurrent glioblastomas (GBM). Sixteen patients with large, recurrent GBM were
treated using re-irradiation via linac-based FSRT, 35 Gy in 10 fractions. For each patient, a new GK
FSRT plan was created in Leksell GammaPlan® V11 (LGP). To maintain clinical deliverability, the
LGP optimization included a planning goal of treatment time <20 minutes per fraction. Dosimetric
comparison of coverage and normal brain dose between the linac and GK treatment plans was
performed in MIM. The GK FSRT plans had significantly (p < 0.05) lower mean normal brain dose
values (-8.85%), mean values of normal brain V20 (-32.4%) and V12 (-25.9%), and a lower mean
V4 (-10.0%). GK FSRT plans have the potential to reduce the risk of radiation-related toxicities.

Keywords: Gamma Knife Icon, fractionated stereotactic radiotherapy, recurrence, glioblastoma

INTRODUCTION

Glioblastoma multiforme (GBM) is the most com-
mon and aggressive primary malignant brain tumor in
adults.! Standard primary treatment of GBM includes
surgical resection followed by adjuvant convention-
ally fractionated radiotherapy (~60 Gy/30 fractions)
and chemotherapy.”® Despite this aggressive treat-
ment regimen, prognosis for GBM remains generally
poor as the vast majority of patients experience recur-
rences.”® Although there is not a standard salvage treat-
ment for recurrent GBM, re-irradiation in the form of
linear accelerator (linac)-based fractionated stereotac-

tic radiotherapy (FSRT) is a commonly used treatment
option for patients with large recurrences (>14 cm?).>3?
Re-irradiation of recurrent GBM is a palliative treat-
ment aimed at utilizing the most advanced radiotherapy
techniques in order to prolong patient survival while
preserving an acceptable quality of life.!

Linac-based FSRT is a multi-fraction stereotactic
radiation therapy regimen that is the primary treatment
modality for large (>14 cm?) intracranial tumors.>*° It
typically utilizes non-coplanar arcs to produce highly
conformal plans similar to stereotactic radiosurgery
(SRS), while reducing the risk of radiation-related com-
plications by means of fractionation.* Re-irradiation of
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recurrent GBM is limited by toxicity due to the major-
ity (80%) of all recurrences being located within 2 cm
of the previously irradiated high dose tumor volume;
as a result the primary complication of this treatment is
radionecrosis.”” Review publications that pool together
data from past re-irradiation of recurrent GBM sur-
vival studies report a radionecrosis rate of 0-60% for
linac-based FSRT treatments."*7!1%12 The incidence
of radionecrosis is dependent on the total dose of the
treatment and the consequential volume of normal brain
being re-irradiated.” The standard method for reporting
brain dose for SRS is the volume of the brain, includ-
ing tumor volume, receiving 12 Gy (V12).!* Low V12
is associated with a reduction in normal brain dose,
and higher V12 is associated with an increased risk of
developing symptomatic radionecrosis.*' Currently,
there is not a consensus on standard normal brain dose
constraints for FSRT.!

Leksell Gamma Knife® (GK) SRS utilizes approxi-
mately 200 focused Co-60 beams with millimeter-sized
collimators in order to deliver a high and conformal
dose to intracranial targets while sparing surround-
ing normal tissue.!*? Previous generations of the GK
system were typically limited to frame-based single
fraction SRS of intracranial tumors with a maximum
diameter of ~3 cm (volume <14 cm?®).'>'7192! This
tumor size constraint was developed in order to reduce
the risk of irreversible central nervous system (CNS)
toxicity, primarily radionecrosis, due to the interplay
between dose, CNS toxicity, and local control failure
with increasing tumor size.!>'72122 In order to overcome
these tumor size related difficulties, the capability of
GK FSRT treatments was introduced with the Gamma
Khnife Perfexion™ via the Extend™ bite-block system.
Dividing the large SRS dose into consecutive daily
fractions allows for the treatment of larger intracranial
tumors while reducing the risk of treatment limiting
complications.?*? The Gamma Knife Icon™, the suc-
cessor to the GK Perfexion™, introduced image-guided
repeatable patient setup with non-invasive immobili-
zation via a thermoplastic mask, effectively establish-
ing the capability of efficient and accurate frameless
GK FSRT treatments."” Its main advancements over
the GK Perfexion™ include a stereotactic calibrated
on-board cone-beam CT (CBCT), patient masking
immobilization system, high-definition (HD) infrared
patient motion monitoring system, and a dose recalcu-
lation workflow based on live 3D patient setup.'® These
advancements have led to the emergence of GK FSRT
as a potential alternative to standard linac-based FSRT
for the treatment of large intracranial tumors.

Recent dosimetric comparisons of GK and linac-
based FSRT plans examined patient populations con-
sisting of large metastatic brain tumors.?*® In these
studies, GK plans were able to improve the sparing of
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normal brain tissue.?*?® However, these studies were
limited to spherically shaped metastatic brain tumors
and did not address the issue of clinical deliverability
among the GK treatment plans, with treatment times
up to 122 minutes.?*> The purpose of our study was
to make a single-institution, retrospective dosimetric
comparison of GK Icon™ and linac-based FSRT treat-
ment plans for the re-irradiation of large (>14 cm?)
recurrent GBM on the basis of normal brain dose spar-
ing. Glioblastomas are inherently irregular in shape
compared to metastatic brain tumors, which can result
in more complex plans with longer delivery times. All
GK FSRT plans produced for this study will maintain
clinical deliverability with treatment time ideally <20
minutes, with a maximum of 40 minutes, due to patient
tolerability of a facial mask and our institution’s clinical
experience.

MATERIALS AND METHODS
Patient Selection

Forty-two patients receiving re-irradiation had
intracranial tumors with target volumes >14 cm?® at
our institution from 10/2015-12/2019. Of those, thirty-
five patients were treated for recurrent GBM with re-
irradiation in the form of linac-based FSRT and were
selected for preliminary analysis. We elected to limit
the study to targets that could be planned in a single
dose matrix in the Leksell GammaPlan® system. The
target matrix is limited to <7.5 cm in any dimension,
which eliminated 43% of the large (>14 cm?) recurrent
GBM patients from our initial patient population. Of
the twenty eligible patients remaining, sixteen patients
with recurrent GBM target volumes >14 cm® were ran-
domly selected for this study. These linac-based FSRT
patients were treated with a dose of 35 Gy in 10 frac-
tions. Patient and plan characteristics for the population
are listed in Table 1.

Treatment Planning

The linac-based FSRT plans were originally gen-
erated using inverse planning in Eclipse V11 (Varian,
Anisotropic Analytical Algorithm(AAA)) or iPlan V4.5
(Brainlab, Pencil Beam Algorithm) treatment planning
systems for Varian TrueBeam STx delivery, equipped
with ExacTrac® and a 6 degree-of-freedom (DOF)
couch. At our institution, linac-based patients have a
variety of treatment options based on physician prefer-
ence. These options include VMAT (6 patients), IMRT
(1 patient), HybridArcs (dynamic arcs with static IMRT
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TABLE 1. Target and plan information for all patients. TIR= Target Irregularity Ratio.

Beam Configuration Treatment Time (min)

Margin PTV
Patient Location (mm) (cm?) TIR # Fields (Linac) # Shots (GK) Linac GK
1 L Frontal 1 64.0 1.24 3 Arcs 25 4 23.7
2 L Parietal 2 22.5 1.23 3 Arcs 14 4 15.3
3 R Occipital 2 41.3 1.09 3 Arcs 19 5 19.6
4 R Frontal 0 16.1 1.37 4 Arcs + 5 IMRT 10 8 13.1
5 R Frontal 2 201 2.35 4 Arcs 15 4 21.7
6 R Insula 1 29.0 1.53 3 Arcs 19 5 27.8
7 R Frontal 0 48.3 1.27 4 Arcs 29 5 27.6
8 L Temporal 1 74.8 112 4 Arcs 34 6 31.3
9 L Temporal 0 27.6 1.39 3 Arcs + 5 IMRT 13 7 17.8
10 R Frontal 2 34.2 1.14 4 Arcs + 5 IMRT 19 7 17.2
11 L Parietal 2 36.2 1.1 5 Arcs 17 5 19.2
12 R Parietal 1 47.2 1.24 5 Arcs + 3 IMRT 20 5 23.0
13 L Parietal 1 16.8 1.06 5 Arcs 12 6 12.6
14 L Temporal 0 36.8 1.45 8 IMRT 24 7 22.6
15 R Temporal 2 33.6 1.43 4 Arcs + 4 IMRT 23 6 20.7
16 R Temporal 2 15.0 1.13 3 Arcs + 6 IMRT 13 6 17.1

fields at beginning or end of arcs, 6 patients), and Stere-
oDynamic Arcs (3 patients), which are all considered to
produce dosimetrically equivalent linac-based plans.”
In our practice, re-irradiation of recurrent GBM linac-
based plans use 0-2 mm planning target volume (PTV)
margins and the prescription normalization is deter-
mined based on the clinical scenario. The following
organ-at-risk (OAR) structures were contoured for each
patient: brain, normal brain (brain excluding PTV),
optic nerves, optic chiasm, brainstem, eyes, and lens.
Linac-based FSRT treatment planning goals were PTV
V35 >95%, but plans were typically normalized to have
PTV V35 =99.5% if possible without exceeding maxi-
mum doses (0.03 cm?) to the brainstem, optic nerves,
and optic chiasm <15 Gy. PTV maximum dose objec-
tives varied depending on the clinical scenario, with
greater heterogeneity allowed for targets near OARs. In
this study, all sixteen (6 Eclipse, 10 iPlan) linac-based
FSRT patient treatments were calculated with hetero-
geneity corrections, and delivered with 6 MV photons.
Treatment times were obtained from treatment records
in ARIA V11 (Varian) and represent a summation of
beam-on time and table movement time throughout
treatment. No pre- or mid-treatment imaging time was
included for this study.

For each patient, the planning CT dataset and con-
tours from Eclipse or iPlan were transferred to the GK
treatment planning system (TPS), Leksell Gamma-

Plan® V11 (LGP; Elekta), to generate the GK FSRT
plans for comparison. The GK FSRT plans were gen-
erated per our clinical practice, using a homogeneous
dose calculation, with identical treatment volumes
and prescription dose to the linac-based plans. For
each patient, the GK FSRT plan was generated with
the identical PTV as the corresponding patient spe-
cific linac-based plan in order to avoid normal brain
dose effects between modalities due to differing PTV
margins.*® All GK FSRT plans were prescribed a dose
of 35 Gy in 10 fractions to maintain consistency with
the linac-based FSRT fractionation schedule, but the
dose was prescribed to the 50% isodose line for the
GK plans to preserve routine clinical practice. On the
GK Icon™, the dose distribution of each shot is deter-
mined by 192 Co-60 non-coplanar beams arranged on
a hemispherical surface divided into 8 sectors, each
with the ability to be independently collimated to 4,
8, or 16 mm shots, or blocked.?*?" In this study, the
inverse planning feature of GammaPlan® V11 was
utilized to achieve a conformal dose by manipulating
the weighting and collimator sizes of multiple shots to
cover these large target volumes.

The GK FSRT plans were optimized in stages while
attempting to meet all GK planning goals. GK FSRT
planning goals include the following values as stated
in GammPlan®: target coverage PTV V35 295%, con-
formity index >0.8, gradient index <3, treatment time
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<20 minutes (<40 minutes maximum), and OAR con-
straints (brainstem, optic nerves, and optic chiasm max-
imum doses (0.03 cm?)) <15 Gy. The selectivity priority
in the optimization was driven as high as possible (e.g.
Selectivity ~0.09/Coverage ~0.91) without decreasing
target coverage below 95%. Next, the gradient priority
in the optimization was increased (e.g. Gradient Index
increased to ~0.3) without decreasing target coverage
below 95% or decreasing selectivity by more than 0.02.
Finally, the beam-on time priority in the optimization
was increased (e.g. Beam-on increased to ~0.1) until
treatment time was <20 minutes without degrading the
prior plan parameter optimization. If the hard OAR
constraints listed above were not able to be met with
target coverage >95%, forward planning was used to
decrease dose to OARs by manually adjusting shot
placement, weight, and collimator sizes. This resulted
in decreased coverage for four patients with targets
proximal to OARs. All GK FSRT plans were reviewed
and deemed clinically acceptable.

GK treatment times were allowed to exceed 20 min-
utes, with an absolute maximum treatment time of 40
minutes, only in cases where the 20 minute treatment
time constraint caused all other GK treatment plan-
ning goals to degrade. The maximum time limit of 40
minutes was utilized to ensure deliverability of the GK
FSRT treatments per our institution’s clinical experi-
ence. GK treatment times, as obtained from Gamma-
Plan®, were scaled from the initial planned value to
reflect a nominal 16 mm collimator dose rate of 2.5 Gy/
min to generalize the results accounting for decay over
the lifespan of GK sources. These treatment times rep-
resent beam-on time only, as mid-treatment table move-
ment time is negligible for GK treatments.

Plan Comparison

The FSRT plans from both treatment modalities
were calculated with a 1 mm dose grid and imported
into MIM Software V6.7 using DICOM-RT, with iden-
tical target and OAR volumes verified between FSRT
planning software (Eclipse, iPlan, or LGP) and MIM.
This import into a third-party software allowed for an
unbiased dosimetric comparison for final review and
analysis.?*?’ In MIM, the GK Icon™ and linac-based
FSRT plans were compared based on the following
parameters: target coverage, Paddick conformity index,
gradient index, homogeneity index, the volume of nor-
mal brain (excluding PTV) receiving 4 Gy, 12 Gy, and
20 Gy (V4, V12, V20), mean normal brain dose, and
treatment time.

Target coverage (TC) is the ratio of the target vol-
ume covered by the 35 Gy prescription isodose volume
(TV,,,) and the target volume (TV).%

PIV
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Paddick conformity index (CI) is the ratio of the
target volume covered by the prescription isodose vol-
ume squared (TVPIvz) and the multiplication result of
the target volume and the prescription isodose volume
(TVxXPIV).263!

2
A
TV x PIV

Paddick CI = 2)

TC and CI are optimal at unity, and devalue as they
decrease from unity. TC and CI values can have an
interplay effect for complex target shapes; achieving
better conformity and reduced normal brain dose often
comes by sacrificing target coverage, and vice versa.
Gradient index (GI) is the ratio of the patient volume

covered by 50% of the prescription dose (PV, ) and
the prescription isodose volume (PIV),.26273!1
PV.
Gl = —>2% 3)
PIV

A low gradient index value is associated with a steep
dose fall off around the target, resulting in decreased
dose to normal tissue.??”3! GI, CI, and treatment time
values can have an interplay effect as well; plans with
lower GI values may have reduced conformity and
increased treatment time, and vice versa. Homogeneity
index (HI) is the ratio of the maximum target dose and
the prescription dose.

DMax
HI = 1% 4)

D PTV

The prescription dose is prescribed to 50% of the
maximum dose for GK treatments, resulting in a clini-
cal standard HI value of 2. The mean HI for linac-
based plans was 1.16 (range 1.05-1.37). In addition,
mean normal brain dose values and normal brain V4,
V12, and V20 were obtained to represent normal tissue
dose level spread.

Two-tailed paired t-tests were conducted to evalu-
ate the statistical significance of the difference between
the two treatment modalities for all plan comparison
parameters (p < 0.05). Percent and absolute differences
were calculated as well to quantify the magnitude of
these parameter differences between modalities. The
differences in normal brain V12 and mean normal brain
dose values between GK Icon™ and linac-based FSRT



plans were investigated for dependence on PTV size,
target location (via GammaPlan® target coordinates),
and target irregularity. Target irregularity was defined
as the ratio of the largest axial dimension of the target
and the equivalent diameter of the PTV. The equivalent
diameter is equal to the diameter of a sphere that has a
volume identical to that of the PTV.

d d
Target Irregularity Ratio = —<5 = Ll (5)
dequivalent 2{/ 3P TVvol

4T

As the target irregularity ratio increases from unity,
the tumor shape is considered to be more irregular.
Figure 1A shows the target with the highest target
irregularity ratio of 2.35, and Figure 1B shows the
target with the lowest target irregularity ratio of 1.06.

RESULTS

A total of 16 patients with a median PTV of 33.9
cm?® (mean 35.2 cm?, range 15.0 — 74.8 cm®) were ret-
rospectively planned for GK. All GK plans were clini-
cally acceptable with LGP target coverage PTV V35
295%, except in cases where OAR constraints would
be exceeded to achieve full coverage. The GK FSRT
plans resulted in a significant (p < 0.05) mean decrease
in normal brain V20, normal brain V12 and mean nor-
mal brain dose values by 32.4%, 25.9% and 8.85%, and
an average decrease in V4 values by 10.0% compared
to the linac-based plans. V12 and V20 values were
reduced for all patients within the population, but five
patients had GK plans with an increase in mean normal
brain dose values compared to the linac-based plans.

Figure 1. Axial CT slices with targets representing (A)
the highest target irregularity ratio 2.35 and (B) the
lowest target irregularity ratio 1.06.

GK and linac-based FSRT plan comparison

Gamma Knife® Icon™

Linac-Based

Figure 2. Dose distributions in the axial, sagittal, and
coronal views of linac-based (left) and GK plans (right)
for patient 15. Maximum dose for the linac plan was
36.8 Gy, and for the GK plan was 69.8 Gy.

In four of those five patients, the GK plans produced
an increase in V4 values, and a decrease in V12 and
V20 values. Figure 2 shows the isodose distributions of
linac-based and GK treatment plans in the axial, coro-
nal, and sagittal planes for a representative patient. In
this patient, the normal brain V12 decreased from 123.3
cm’® to 67.1 cm® and the CI was improved from 0.77 to
0.89.

Table 2 lists the mean and range TC, CI, GI, V4,
V12, V20, and mean normal brain dose of the patient
population for both treatment modalities. The linac-
based plans showed significantly greater TC values
(mean 96.3%, range 76.6% — 100%) compared to the
GK plans (mean 92.9%, range 76.0% — 95.2%) due to
coverage normalization differences between the two
modalities in our clinic. We repeated the dose com-
parison with linac-based plans normalized to match
GK plan target coverage and the normal brain sparing
benefits of the GK plans persisted. The GK FSRT plans
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TABLE 2. Plan comparison parameters for both treatment modalities

Linac-based

Target Coverage (TC)* 96.3% (76.6% - 100%)
0.79 (0.64 - 0.94)

3.05 (2.32 - 5.85)

Conformity Index
Gradient Index

V4 (cm?) 470.4 (219.3 - 637.1)
V12 (cmd)* 123.9 (52.8 - 206.9)
V20 (cm?)* 51.2 (22.9 - 87.2)

Mean Brain Dose (Gy)* 4.4 (2.41-6.0)

GK P-value (<0.05)

92.9% (76.0% - 95.2%) 0.0006*
0.84 (0.69 - 0.89) 0.0572
2.70 (2.46 - 3.08) 0.0827
420.5(199.3 - 702.2) 0.0726

90.8 (45.2 - 162.8) <0.0001*

34.7 (17.8 - 69.9) <0.0001*
4.0 (2.07-6.27) 0.0194*

resulted in a significant (p < 0.05) mean decrease in
normal brain V20, normal brain V12 and mean normal
brain dose values by 28.3%, 22.3% and 6.04%, and an
average decrease in V4 values by 6.20% compared to
the re-normalized linac-based plans.

Four patients had OARs overlapping or adjacent to
the PTV, therefore target coverage was sacrificed in
planning with both modalities in order to achieve the
OAR constraints for these patients. All other GK plans
met the GK target coverage goal of PTV V35 >95%
as stated in the GammaPlan® optimization workspace,
but plan comparison analysis in the independent MIM
software resulted in most plans with a target coverage
<95% due to a slight difference in target coverage sta-
tistics between the optimization workspace and the sum
dose which was exported. The GK plans resulted in
a mean decrease in TC values by 3.35% compared to
the linac-based plans. The GK plans showed improve-
ment in CI values (mean 0.84, range 0.69 — 0.89) com-
pared to the linac-based plans (mean 0.79, range 0.64
— 0.94), with a mean increase in CI values by 7.65%.
The mean GI was 3.05 (range 2.32 — 5.85) for linac-
based plans and 2.70 (range 2.46 — 3.08) for GK plans.
The GK plans resulted in a mean decrease in GI values
by 7.49% compared to the linac-based plans. Treatment
times, shown in Table 1, differed significantly (p < 0.05)
between the two treatment modalities, as expected. The
mean treatment time was 5.6 minutes (range 4 — 8 min-
utes) for linac-based plans and 20.6 minutes (range 12.6
— 31.3 minutes) for GK plans. All GK plans had treat-
ment times less than the maximum allowed time of 40
minutes.

Figure 3 shows mean normal brain dose values and
the volume of normal brain receiving doses of at least 4
Gy (V4), 12 Gy (V12), and 20 Gy (V20) for both treat-
ment modalities. The median mean normal brain dose
was 4.37 Gy (mean 4.43 Gy, range 3.3 — 6 Gy) for the
linac-based plans and 3.63 Gy (mean 4.02 Gy, range
2.07 — 6.27 Gy) for the GK plans. The median V20 was
49.1 cm?® (mean 51.2 cm?, range 22.9 — 87.2 cm?®) for the
linac-based plans and 28.6 cm® (mean 34.7 cm?®, range
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17.8 = 69.9 cm?®) for the GK plans. The median V12
was 120.0 cm® (mean 123.9 c¢cm?®, range 52.8 — 206.9
cm?®) for the linac-based plans and 77.6 cm® (mean
90.8 cm?, range 45.2 — 162.8 cm®) for the GK plans.
The median V4 was 490.1 cm® (mean 470.4 cm?, range
219.3 — 637.1 cm?) for the linac-based plans and 372.1
cm?® (mean 420.5 cm?, range 199.3 — 702.2 cm?®) for the
GK plans.

The normal brain dose sparing benefits (the reduc-
tion in V4, V12, V20, and mean normal brain dose val-
ues) of GK compared to linac-based plans was found to
significantly (p < 0.05) decrease with increasing PTV
size, as shown in Figure 4. Regression analysis predicts
that PTVs between 14 — 47 cm?® will receive the most
benefit from GK planning, resulting in a 36.2 — 20.1%
decrease in V12 and a 18.7% - 3.2% decrease in mean
normal brain dose with GK FSRT plans compared to
linac-based plans. A statistically significant linear rela-
tionship was not found between PTV size and target
coverage differences between modalities, nor was a
statistically significant linear relationship established
between target location and target coverage differences.

The normal brain dose sparing benefits (the reduc-
tion in V12 and mean normal brain dose) of GK com-
pared to linac-based plans were found to be dependent
on target location. Regression analysis determined
the significance of the relationships between normal
brain dose sparing and target volume location in the
Right/Left (X), Anterior/Posterior (Y), and Superior/
Inferior (Z) directions separately. Normal brain dose
sparing differences between modalities was found to
have a significant relationship (p < 0.05) with target
volume location in the A/P direction, with the largest
reduction in normal brain dose predicted to occur in
the anterior region of the brain near the optic struc-
tures. Significance was not found in the lateral or
S/T directions. Multi-regression analysis determined
a significant relationship (p < 0.05) between the 3D
coordinates of target volumes (R/L, A/P, S/I) and the
reduction in V12 values between modalities. The
largest reduction in normal brain dose was predicted
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Figure 4. PTV size dependent reduction of normal
brain V12 and mean normal brain dose values due to
GK plans compared to standard linac-based plans, with
linear regression analysis.

to occur in the right/center, anterior, center (R/L, A/P,
S/T) region of the brain near the optic structures. Fig-
ure 5 shows the GK and linac-based dose volume his-
tograms (DVH) for an anterior region target volume
that resulted in the largest target irregularity ratio of
2.35 and the greatest reduction in normal brain V4,
V12, V20, and mean normal brain dose values in our
patient population.

The mean target irregularity ratio value for all tar-
gets within the patient population was 1.32 (range
1.06 — 2.35). The reduction in normal brain V12 and
mean normal brain dose values in GK compared to
linac-based plans was found to significantly (p <
0.05) increase as the target irregularity ratio increased
from unity. Regression analysis predicts that targets
with irregularity ratio values >1.165 will receive the
most benefit from GK planning, resulting in a >20.0%
decrease in V12 and a >5.2% decrease in mean normal
brain dose with GK FSRT plans compared to linac-
based plans.

DISCUSSION

Our results show that the GK system is capable of
delivering clinically acceptable plans for the re-irra-
diation of large (>14 cm?®) recurrent glioblastomas.
Compared to the linac-based deliveries, GK consist-
ently produced plans with sharper dose fall-off, more
conformality, and better normal brain dose sparing
results, with a slight mean decrease in target cover-
age. The decrease in target coverage was primarily
due to plan normalization differences between GK
and linac-based plans in our clinical practice. We
chose to present the results with target coverage nor-
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Figure 5. Dose volume histogram (DVH) of linac-based (solid lines) and GK (dashed lines) plans for patient 5, with

an OAR-adjacent target.

malization differences as these plans represent our
institutional experience. All GK plans were gener-
ated with the prescription isodose line set to 50%
of maximum dose, as is our clinical practice. The
increase in HI for GK plans compared to linac-based
FSRT plans may confer additional clinical benefits
such as increased local control, which has been dem-
onstrated in SRS for recurrent tumors." It is possible
that increasing the prescription isodose line for the
GK plans could produce clinically acceptable plans
with reduced treatment times and potentially further
reduce normal brain dose.’*3?

The linac-based FSRT plans were all calculated with
heterogeneity corrections, while the GK plans were all
calculated with the homogeneous dose calculation in
LGP. For the linac-based plans, dose was recalculated
with homogeneous density, and differences in the volu-
metric dose statistics analyzed between homogeneous
and heterogeneous dose calculations were negligible
for the patients in this study.

Re-irradiation of recurrent GBM was selected for
this study due to the expectation that PTV margins
would be identical in the linac-based and the GK
plans, along with the low daily dose of the fractiona-
tion schedule. For other intracranial sites, differences
in PTV margins between the two systems may lead to
variation within plan comparison parameters. The low
daily dose of this treatment allows for clinically deliv-
erable GK FSRT treatments with treatment times <20
minutes (<40 minutes maximum), compared to previ-
ous GK and linac-based plan comparisons for large
brain metastases that had long treatment times and
were unlikely to be clinically feasible.?**® Allowing all
GK treatment times to increase above 40 minutes may
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produce GK plans with even greater normal brain dose
sparing than shown here, but we believe the benefits of
increased patient comfort are worth maintaining our
treatment time limitations in mask-based fractionated
cases.* The tumor dimension size limit for a single
dose matrix (one plan per target) implemented in this
study seems to be a reasonable clinical cut-off, as it
is unlikely that targets with any dimension >7.5 cm
would be able to be treated in <20 minutes. This limit,
as well as evaluation of target irregularity and proxim-
ity to OARs, could serve as a method of sorting for
patients that would benefit most from GK FSRT and
patients that should remain on the linac.

The magnitude of the GK normal brain dose spar-
ing benefits decreased with increasing PTV size,
likely due to the GK system’s utilization of more
shots or larger collimators to cover these larger tar-
get volumes. V12 and V20 values were reduced for all
patients within the population, but five patients had
GK plans with an increase in mean normal brain dose
values compared to the linac-based plans. In four of
those five patients, the GK plans produced an increase
in V4 values, and a decrease in V12 and V20 values.
This suggests that the GK beam configurations pro-
duced in those plans spread out lower doses in order
to produce plans with more conformal higher value
isodose lines, resulting in greater overall normal brain
dose sparing at the V12 and V20 level for the GK
plans compared to the linac-based plans despite the
increase in mean normal brain dose. The mean normal
brain dose increase in the patient that did not show
an increase in V4 was negligible, therefore likely not
clinically significant. It is possible that GK plans with
higher prescription isodose lines or longer treatment



times than used here may result in decreased lower
doses for these patients as well. Based on the inverse
relationship between PTV size and normal brain dose
sparing, we intend to expand our analysis to include
any size recurrence in future work.

V12 and mean normal brain dose value differences
between modalities were shown to be significantly (p <
0.05) correlated with target location in the A/P direction
and tumor irregularity. The anterior region of the brain
showed the greatest differences, with GK outperform-
ing the linac-based plans in the sparing of normal brain
tissue from 12 Gy. Furthermore, V12 and mean normal
brain dose differences between modalities increased as
our measure of tumor shape irregularity (target irregu-
larity ratio) increased. The presence of OARs such as
the optic nerves and optic chiasm in the anterior region
of the brain increase the likelihood of an irregular tar-
get shape, leading to a more complex tumor shape bet-
ter suited to the increased entrance angles of the GK
system.

Four patients had plans which exceeded OAR con-
straints when initially planned for full target coverage
in both the linac-based and GK treatment planning
systems. In linac-based treatment planning systems,
these constraints can be added to the inverse opti-
mization. The plans in this study were created using
LGP V11, therefore forward planning was used to
edit these plans in order to decrease OAR doses and
meet constraints. The plans used in this study with
target volumes adjacent to OARs achieved similar
target coverage to the linac-based plans with reduced
normal brain dose. Figure 5 shows the GK and linac-
based dose volume histograms (DVH) for one of
these patients. The target volume of this patient was
a right frontal mass in close proximity to the right
optic nerve and optic chiasm, resulting in the low
TC values produced by both treatment modalities
due to hard OAR constraints. The target volume of
this patient resulted in the largest target irregularity
ratio and the greatest reduction in V4, V12, V20, and
mean normal brain dose values in our patient popu-
lation. The GK system’s ability to produce a highly
conformal plan with reduced normal brain dose for
this OAR-adjacent irregular target volume indicates
the cohort of patients that will most benefit from GK
FSRT planning.

Clinically deliverable GK FSRT treatment plans
significantly decrease normal brain dose compared to
linac-based FSRT for the re-irradiation of large (>14
cm?®) recurrent glioblastomas. Patients with targets in
close proximity to OARs or an irregular shape will
most benefit from GK compared to linac-based treat-
ments. GK FSRT has the potential to improve patient
outcomes for this patient population by reducing the
risk of CNS toxicities.

GK and linac-based FSRT plan comparison
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