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achieve the best possible target coverage while meeting the same dose-volume
constraints on organs at risk (OARs) as the GKE plans. Plans were evaluated
on the basis of target coverage, conformity index, homogeneity index, gra-
dient index, and treatment efficiency. Results: The median target volume was
10.2 cm’ (range 1.9 - 33.8 cm®). The VMAT and IMPT plans met all OAR con-
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straints, and target coverage and conformity were comparable among all plans.
VMAT and IMPT plans showed significantly better target uniformity and
treatment delivery efficiency (P < 0.001). The gradient index and low-dose-bath
were superior in the GKE plans (£ < 0.001), indicating smaller irradiated vo-
lumes. When inverse planning was used, VMAT plans could achieve a similar
or steeper dose drop-off at the target-OAR boundary than GKE plans. Con-
clusion: FSRS for skull base and large intracranial lesions delivered by VMAT
and IMPT can achieve comparable target coverage, conformity, and sparing
of critical structure as the GKE while providing superior target uniformity
and treatment delivery efficiency. The GKE had superior high-dose gradients
outside the target and thus better protected surrounding normal structures.

Keywords

Gamma Knife Extend System, Stereotactic Radiosurgery, Volumetric
Modulated Arc Therapy, Intensity-Modulated Proton Therapy, Spot
Scanning Proton Therapy

1. Introduction

Intracranial tumors of a certain size range (ie. up to about 3 cm) are often
treated with single-fraction stereotactic radiosurgery (SRS), in which a rapid
dose fall-off to spare normal tissues is achieved by using multiple beam direc-
tions and a high degree of collimation. The Leksell Gamma Knife Perfexion sys-
tem (GK), for example, has 192 high-activity Cobalt-60 sources that can be col-
limated to a single focus, capable of delivering a highly focal and conformal ab-
lative radiation dose with a rapid dose fall-off toward surrounding healthy tissue
[1] [2] [3] [4]. With spatial uncertainties of about 0.35 mm, the Perfexion system
has an average agreement of 0.1 - 1.6 mm for substantial isodose lines [4] and
uncertainties in target localization of up to 1.3 mm for cases involving multiple
brain metastases [5]. For maximum accuracy, SRS delivered with this system
requires use of a minimally invasive frame that is rigidly mounted onto the pa-
tient’s skull.

In contrast to single-session SRS, fractionated stereotactic radiosurgery (FSRS),
in which radiation is delivered in 3 - 5 large fractions, is an attractive option for
larger intracranial tumors or skull base tumors [6] because the single-fraction
dose required for tumor control often exceeds the tolerance of adjacent critical
neuro-optic structures. Delivery of FSRS with the GK is facilitated by the use of
an alternative to the head frame, in which the patient’s head position is fixed by
means of a customized vacuum-assisted mouthpiece (e.g. the Extend system;
Figure 1).

Another means of delivering FSRS is with advanced linear accelerators (LI-
NAGCs), such as the TrueBeam STx (Varian Medical Systems, Inc., Palo Alto,
CA). LINACs have the advantages of sub-millimeter precision, a fully integrated
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Figure 1. (a) The Extend System utilizing a vacuum assisted mouthpiece attached to a
stereotactic carbon fiber frame for reproducible fixation; (b) Digital reposition check tool.

volumetric imaging system, high-dose-rate delivery, motion management tech-
niques, and high-definition (2.5-mm) multi-leaf collimation [7]. Use of volume-
tric modulated arc therapy (VMAT) on LINACs also permits continuous deli-
very of radiation, which can significantly reduce treatment time.

A third means of delivering FSRS is by proton beam therapy. The unique do-
simetric characteristic of protons can minimize the dose to normal tissue distal
to the tumor relative to that from high-energy photons and can be used for FSRS
of head and neck tumors [8] [9]. Recent advances in proton radiation delivery
involving spot scanning or intensity-modulated proton therapy (IMPT) [10]
[11] [12] [13] enable sufficiently conformal plans to treat head and neck tumors.
For this purpose, IMPT has the potential to capture the “best of both worlds” by
limiting the high-dose region beyond the tumor while also limiting the low dose
bath, i.e. exposure of surrounding tissues to low-dose radiation.

Treatment for a subset of head and neck tumors, 7.e. those at the skull base, or
larger intracranial tumors is uniquely challenging because of the strict con-
straints on nearby critical structures. Here, we extracted treatment plans from
patients with skull-base or intracranial tumors treated with FSRS, used them to
generate plans for VMAT and IMPT, and compared the quality of the three sets

of treatment plans.

2. Methods and Materials

We first identified 9 patients who had received FSRS with GKE (6 with skull base
tumors and 3 with large intracranial tumors) from February 2013 to January
2015 at a single institution (Table 1). Treatment in all cases had been directed to
a single isocenter/target, and the median prescription dose was 24 Gy (range 21 -
- 27 Gy) delivered in 3 daily fractions.

The GK treatment plans were generated under magnetic resonance imaging
(MRI) or computerized tomography (CT) guidance and were obtained within a

DOI: 10.4236/ijmpcero.2019.82010

108 Int.J. Medical Physics, Clinical Engineering and Radiation Oncology


https://doi.org/10.4236/ijmpcero.2019.82010

H. Wang et al.

Table 1. Patient and treatment information.

Patient Specific Site Target V;)lume Prescription #GK MU Delivery Time (minutes)
(cm’) (Gy) shots  yMAT IMPT GKE  VMAT  IMPT
1 Right Occiput 33.8 24 57 3108 251 74.3 5.4 7.0
2 Right Occiput 30.1 21 35 1703 177 43.1 3.0 6.3
3 Left Posterior Lobe 18.2 27 33 1920 166 45.9 3.4 5.1
4 Left Sphenoid 14.1 27 39 2040 162 65.6 3.6 7.2
5 Right Cerebellum 10.2 24 50 1619 124 66.1 2.8 3.9
6 Right Cavernous Sinus 9.6 21 36 1688 115 47.2 3.0 5.1
7 Right Petrous Apex 8.8 24 33 2087 95 67.1 3.7 4.2
8 Left Frontal Lobe 2.5 24 28 1687 45 31.0 3.0 2.0
9 Left Petrous Apex 1.9 21 33 1938 67 42.9 3.4 1.8

Abbreviations: GK, Gamma knife; MU, monitor units; VMAT, volumetric modulated arc therapy; IMPT, intensity-modulated proton therapy.

week before the first treatment session. Plans for GK therapy with the Extend
system (GKE) had been generated by a combination of inverse planning and
forward planning by a team of radiation oncologists, neurosurgeons, and phy-
sicists using the Leksell Gamma Plan 10.1.1 (Elekta, Stockholm, Sweden). After
the mouth piece assisted frame was placed, the patient was transported to the
simulation CT scanner and a setup verification CT scan was acquired. That scan
was then fused to the treatment-planning image to verify the consistency of se-
tup by using the Extend system’s repositioning tools (Figure 1(b)). GKE treat-
ment plans included a 2-mm margin around the tumor to form the planning
target volume (PTV).

2.1. VMAT Treatment Planning

From each GKE plan, a VMAT plan was generated using a Pinnacle treatment
planning system (Philips Medical Systems, Fitchburg, WI) on a TrueBeam STx
LINAC using 6-MV photons and high-definition multi-leaf collimators. PTVs
and organs at risk (OARs) were defined on the GKE plan and digitally trans-
ferred to Pinnacle using the DICOM-RT protocol for VMAT planning. The
6-MV beams used in this study had been commissioned for stereotactic radi-
osurgery dosimetry. Although the VMAT plans were optimized with a 2-mm
dose grid to speed up the optimization process, the final dose distributions were
calculated in a 1-mm dose grid to ensure comparable accuracy to that of the GK

dose calculations [14].

2.2, IMPT Treatment Planning

To generate IMPT plans, planning CT scans and contoured structures from the
GKE plans were transferred to the Eclipse treatment planning system (Varian
Medical Systems, Inc.). The IMPT plans were generated on an Hitachi ProBeat

delivery system [15] using 3 - 5 spot-scanning beams, with each spot > 1 cm. In-
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verse planning with multi-field optimization was used as described elsewhere
[16] [17].

2.3. Dosimetric Analysis

After optimization, VMAT and IMPT plans were normalized to meet same or
less dose-volume constraints on organs at risk (brainstem and optical pathway
volume at 12 Gy and 8 Gy) as the GKE plans while achieving best possible target
coverages. Treatment plans were evaluated with seven metrics: target coverage;
Paddick conformity index (CI) [18]; target homogeneity index (HI); gradient
index (GI); the irradiated volume-to-PTV ratio (Rs,); the low-dose volume-to-PTV
ratio (low-dose volume index, R, 5,); and treatment efficiency (ie. the delivery
time [dTime] for one fraction). The HI is defined as the relative standard devia-
tion or coefficient of variation (percentage of one standard deviation to the
mean dose) in the PTV. The prescription isodose volume (PIV) is the irradiated
volume within the prescription isodose line; Thus PIV,, is the irradiated volume
enclosed by the 50% prescription isodose line, and PIV,, , is the volume receiv-
ing between 20% and 50% of the prescription isodose. The GI is defined as
PIV,/PIV, representing the extent of dose fall-off at 50% of the prescription
dose. The irradiated volume-to-PTV ratio, R, is defined as PIV,/PTV, and the
low-dose volume index, Ry, is defined as the PIV,, ;/PTV. Finally, regarding
treatment efficiency, because the time required for patient immobilization and
setup is not related to the number of treatment fields/shots, the delivery time is
defined as the sum of time for each beam from the start of delivery to comple-
tion. The dTime for VMAT was based on a dose rate of 600 monitor units
(MU)/min, that for GKE, on a 3.0 Gy/min dose rate, and that for IMPT on the
number of layers and spots [19]. Independent sample ¢ tests were used for com-

parisons, and all statistical analyses were done with IBM SPSS Statistics 22.

3. Results

Patient and dosimetric variables are shown in Table 1. The median target vo-
lume for all patients was 10.2 cm® (range 1.9 - 33.8 cm?). The three intracranial
target volumes ranged from 2.5 cm’ to 18.2 cm’, and the six skull-base target
volumes ranged from 1.9 cm’ to 33.8 cm’. Both target volumes and OAR vo-
lumes increased after being transferred to the Pinnacle (mean 5.1%, range 0.3%
to 11.2%) and the Eclipse (mean 3.9%, range 0.0% to 7.8%) treatment planning
systems (not shown). Because the target volumes were slightly larger in Pinnacle
and Eclipse, our goal was to achieve 99.5% coverage after critical OAR (brains-
tem and optic pathway) constraints were met.

The Extend positioning error was <1.0 mm (3D vector 0.58 mm * 0.35 mm)
based on pretreatment CT images. The mean number of shots for the GKE was
38.2 (range 28 - 57), and the mean numbers of MUs were 1976.7 (range 1619 -
3108 MUs) for the VMAT and 33.6 (range 45 - 251 MUs) for the IMPT (Table
1). No correlation was found between shot number and MUs. Representative
GKE, VMAT and IMPT plans are shown in Figure 2, and dose-volume histo-
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gram analysis of the patient depicted in Figure 2(a) is shown in Figure 3.

4. Dosimetric Comparison

Comparisons of the dosimetric characteristics of each of the three sets of plans
are shown numerically in Table 2 and graphically in Figure 4. Overall, the mean
target coverage across all patients was similar for the GKE, VMAT, and IMPT
plans, with 98.9% + 2.4% coverage (range 93.0% to 100%) for GKE, 99.4% =+
0.6% coverage (range 98.1% to 100.0%) for VMAT, and 96.8% * 2.1% coverage
(range 93.6% to 99.5%) for IMPT. However, for targets smaller than 15 cm’, we
could not achieve the goal of 99.5% coverage while also meeting the constraints
on OARs for IMPT plans (mean 96.8%, range 94.1% to 98.5%). For VMAT plans,
achieving > 99.5% target coverage was not problematic for targets of < 15 cm’
(mean 99.9%, range 99.5% to 100%) (P < 0.05 vs IMPT).

The conformity indices (Cls) were comparable among all plans (0.67 £ 0.11
for GKE, 0.68 £ 0.08 for VMAT, and 0.71 £ 0.12 for IMPT). The CI did not vary
significantly by target volume or location (intracranial vs. skull base). As indi-
cated by the gradient index (GI), GKE plans (2.8 £ 0.2; 2 < 0.001) had a sharper
dose fall-off than did VMAT (3.9 £ 0.7) or IMPT (5.2 + 1.7). GKE plans also had
the least low-dose spillage, with an R,, of 4.1 + 0.8 versus 5.7 + 1.1 for VMAT and
7.5 + 4.5 for IMPT (7.5 + 4.5) (P < 0.001), and with an R, 5, of 12.0 + 1.9 versus
20.2 * 8.3 for VMAT and 20.6 + 19.6 for IMPT (2 < 0.001). Among the VMAT
and IMPT plans, gradient index, and R,,s, seemed to increase with decreasing
target volume (Figure 4). However, this trend was not observed for GKE plans.

VMAT plans were among the most homogeneous plans, with HI values with-
in the target of 4.6% *+ 1.7% for VMAT, 4.8% * 1.7% for IMPT, and 13.7% +
1.5% for GKE plans. The normalization value to maximum dose was 78.2% +
4.2% for VMAT, 80.9 + 4.1 for IMPT, and 49.0% =* 2.0% for GKE plans. Delivery
time (dTime) was significantly shorter for VMAT (3.5 + 0.8 min) and for IMPT
(4.7 + 2.0 min) than for GKE (53.7 + 14.8 min, P< 0.001).

5. Discussion

In this study, we generated comparison VMAT and IMPT plans for patients
with skull-base or large intracranial lesions that had been treated with GKE to a
median dose of 24 Gy in 3 fractions. Our goals were to meet the critical OAR
dose constraints of the GKE plans and to quantitatively evaluate VMAT and
IMPT plan quality for SRT. To the best of our knowledge, no such findings have
been published comparing GK, VMAT and IMPT for FSRS of the head and
neck. We found that VMAT and IMPT plans could achieve similar or lower
doses to critical OARs compared with the GKE plans, with comparable target
coverage. VMAT and IMPT offered more dose-homogeneous plans and signifi-
cantly shorter delivery time (about 4 minutes for VMAT or IMPT vs. about 53
minutes for GKE). By contrast, the GKE plans had a higher GI and less low-dose
spillage than did VMAT or IMPT, indicating less irradiation of normal tissues.
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(®)

Figure 2. Dose distribution of a skull-base patient (Panel a) and a intracranial target pa-
tient (Panel b). For each panel, from left to right: dose distribution of GKE, VMAT and
IMPT plans in axial (top row) and sagittal (bottom row) planes. (a) Right skull base lesion
in Patient #7. Dose lines are 25 Gy (red; prescription dose), 18 Gy (blue), 12 Gy (purple),
and 6 Gy (cyan). On axial image of VMAT plan, the green crosshair on axial VMAT im-
ages show isocenter placement at the boundary of lesion and brainstem to achieve a sharp
dose gradient. (b) Left posterior lobe surgical bed in Patient #3. Dose lines are 27 Gy
(red), 13.5 Gy (blue), and 5.4 Gy (yellow). For superficially located targets, IMPT plans
showed excellent sparing of normal tissues with a sharp gradient and minimal low dose
bath.

This difference in favor of GKE compared with VMAT and IMPT was the most
pronounced for the treatment of smaller tumors.
In instances where the dose for single-session radiosurgery would exceed the

tolerance of a nearby critical structure, FSRS is preferred. Before the wide
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Figure 3. Dose volume histogram of target and brainstem for GKE, VMAT and IMPT
plans for patient #7.

Table 2. Dosimetric comparison of VMAT and IMPT plans to GKE plans.

GKE VMAT IMPT Pvalue
(P Value) (PValue) VMAT vs. IMPT
994 + 0.6 96.8 + 2.1
PTV coverage (%) 98.9+24 0.005
(0.451) (0.060)
0.68 £ 0.08 0.71 £0.12
CI 0.67 £ 0.11 0.519
(0.122) (0.440)
3.9+0.7* 52+ 1.7*
GI 2.8+0.2 0.003
(<0.001) (0.003)
4.6 +1.7* 4.8 +1.7*
HI (%) 13.7+15 0.265
(<0.001) (<0.001)
R R i 3.5+0.8% 4.7 £2.0*
Delivery time (min) 53.7 £ 14.8 0.059
(<0.001) (<0.001)
L 78.2 £4.2* 80.9 £4.1*
Normalization (%) 49.0 £2.0 0.606
(<0.001) (<0.001)
5.7+ 1.1* 7.5 +4.5*
Irradiated volume/PTV 4.1+£0.8 0.219
(0.008) (0.031)
20.2 + 8.3* 20.6 £ 19.6
Low dose volume/PTV 120+ 1.9 0.905
(0.022) (0.189)

*, Pvalue < 0.05 compared to GKE. Abbreviations: GKE, Gamma Knife Extend; VMAT, volumetric mod-
ulated arc therapy; IMPT, intensity-modulated proton therapy; PTV, planning target volume

availability of LINAC-based SRT systems, the Extend system was used on a GK
unit to avoid the need for repeated head frame placement. The measurement
system consists of a repositioning digital check tool attached to the Extend frame
(Figure 1), which can position a patient to within 1.0 mm of the reference posi-

tion [20] [21]. With a calculated mean interfractional radial setup difference of
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Figure 4. Comparison of dosimetry and treatment efficiency for GKE, VAMT and IMPT plans. PTV volumes see Table 1. Pa-
tients are ordered from largest volume (Patient #1: 33.8cm?) to smallest (Patient #9: 1.9 cm®).

0.64 £+ 0.24 mm and an intrafractional positional difference of 0.47 + 0.3 mm, the
overall setup and immobilization uncertainty of GKE is between 1.0 and 2.0 mm
[21]. Use of the Extend system on a LINAC with only a reposition check tool
confers a mean 3D positional displacement of 1.3 mm for patient setup [22], and
so a 2-mm uncertainty margin for patients treated with the GKE system is typi-
cally used to ensure adequate coverage. Today, LINACs such as the TrueBeam
STx are used for frameless FSRS and can achieve sub-millimeter imaging setup
accuracy, comparable to that of the GKE system. Advantages of LINAC systems
are their integrated volumetric imaging system, easy verification of daily patient

treatment positioning before and during treatment, and their ability to detect
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and correct setup errors before and during treatment. Thus for VMAT, use of a
2-mm PTV should ensure adequate target coverage while still accommodating
machine uncertainties. Indeed, several studies have shown that a practical mar-
gin of <1.5 mm on the TrueBeam STx is sufficient because of the accuracy of
measured isocenter and multi-leaf collimator positioning, a coincidence of kV
and MV imaging isocenters that is within 1.0 mm [23], and geometric margins
that are within ~1.2 mm [24]. Two dosimetric studies have compared GK with
LINAC-based VMAT for single-session treatment of intracranial lesions; in
these studies, McDonald et al [25] and Thomas et al [26] found comparable
target coverage and conformity for treating patients with multiple brain metas-
tases. Our results for FSRS for skull base tumors demonstrate that VMAT can
achieve the same or even steeper dose drop-off towards priority critical organs
such as the brainstem and optic apparatus compared with the GKE (see Figure
2). This was typically achieved by placing the isocenter between the target vo-
lume and the critical OAR (Figure 2(a), axial image for VMAT plan) and sub-
sequently using a half-beam block technique with a non-coplanar arc.

Proton beam therapy may also be well suited for skull base FSRS. Published
dosimetric comparisons of IMRT/VMAT and IMPT for patients with head and
neck tumors treated with conventional fractionation have suggested that IMPT
has better conformity [10] [13] [27] [28]. To our knowledge, studies evaluating
proton-based FSRS for skull-base or head and neck tumors have not been re-
ported. Here, we used a 2-mm PTV for VMAT and a 2-mm “optimization target
volume” for IMPT. Although our results indicate that proton beam therapy for
skull base FSRS is feasible, uncertainties in addition to patient setup and ma-
chine mechanical limitations should be considered. Of particular importance are
particle beam range uncertainties, which are influenced by factors such as CT
artifacts, conversion of Hounsfield units to stopping powers, or changes in pa-
tient geometry [29] [30] [31]. Thus, a limitation not addressed in this study is
the potential requirement for a relatively larger “PTV” margin for proton SRT
[32] [33]. An uncertainty of 3.5% + 1 mm is often considered during proton
treatment planning for conventionally fractionated treatments [30] [34] [35].
We observed that IMPT plans showed excellent sparing of normal tissues, with a
sharp gradient index and minimal low-dose bath for larger and superficially lo-
cated targets (patients 1, 2 and 3 [patient 3 shown in Figure 2]). Improved CT
image quality, accurate patient setup verification, and high-quality treatment
plans that are less sensitivity to the aforementioned uncertainties continue to be
sought for proton radiotherapy to minimize overshoot [30] [34] [35].

A clear advantage of VMAT and IMPT over GKE is the significantly shorter
delivery time. The typical treatment time for each fraction with VMAT on a
TrueBeam machine was less than 10 minutes, including the delivery time from
the first beam to end of treatment, gantry and couch setup, and imaging verifica-
tion between beams. The delivery time for IMPT was mainly based on total

number of the spot and layers. The overall treatment time (including beam re-
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quest time and wait time between beams) may be up to 20 min when 3 - 4 beams
are used [19]. A marked difference between the GKE and the VMAT or IMPT
plans was observed in dose heterogeneity, in that the HI of GKE plans (13.7%)
was significantly greater than that for VMAT (4.6%; P < 0.05) or IMPT (4.8%; P
< 0.05). The difference in the HI between GKE and VMAT/IMPT was not in-
fluenced by tumor size or location.

GKE plans showed a superior GI and better low-dose-volume index (R, ,s),
indicating a sharper dose falloff outside the target. In fact, the R, 5, for GKE was
only about half that of VMAT and IMPT plans, because the GK unit produces
less lateral scattering of lower energy radiation (Co-60) and has shorter distances
from source and collimator to focus. Despite these differences in machine capa-
bilities, we found that with inverse planning, VMAT could achieve similar or
lower doses to OAR without loss of coverage; moreover the dose gradient at the
OAR-target boundary can be further optimized for steeper drop-off if necessary.
By contrast, IMPT achieved slightly lower coverage with similar OAR con-
straints, and the dose gradient was often not as favorable as that of VMAT, per-
haps because the spot size of the proton system at our institution is larger than 1
cm; this could also explain the marked increase in the low-dose bath and higher
GI for small and centrally located lesions for IMPT plans (patients 6 - 9). Cur-
rently, stereotactic application of protons may be more appropriate for superfi-
cial targets if the same radiation treatment and plan quality can be maintained.
Limitations of the current study include selection bias owing to the small num-
ber of patients selected specifically for GKE treatment. The Extend involves use
of a vacuum-sealed, custom prosthesis that locks onto the teeth and can be chal-
lenging to tolerate. At our institution, use of this system requires that the patient
have good performance status, at least 3 intact teeth, and no gag reflex. We did
not use the Extend frame for LINAC- or IMPT-based FSRS. If we had, the repo-
sitioning check tool would have been used before each treatment to correct in-
terfractional setup error. Thus use of our current thermoplastic head and neck
immobilization system with LINAC- or IMPT-based FSRS may have involved
setup differences [36]. Further comparisons of the two systems are needed with
regard to intrafractional translational and rotational restriction of patients, par-
ticularly for skull base targets, which are often adjacent to the neuro-optic appa-
ratus. In addition, it is unclear if the differences in low-dose bath we observed
among VMAT, IMPT, and GKE are clinically significant for FSRS. A previous
study of 130 patients with head and neck cancer treated with conventionally
fractionated IMRT indicated that radiation-induced nausea and vomiting were
significantly associated with mean doses to particular nausea-associated regions
[37]. Clinical studies are needed to determine the clinical impact, if any, of the
low-dose bath and differences in the other dosimetric variables found in this
study for FSRS for head and neck tumors.

6. Conclusion

LINAC-based VMAT plans and spot-scanning IMPT plans can achieve compa-
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rable target coverage and conformity as GKE plans for FSRS, with better target

uniformity and superior treatment delivery efficiency. GKE plans had the high-

est dose gradient outside the target and hence provide better protection of nor-

mal tissues outside the prescription volume.
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