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ABSTRACT

Purpose: To compare plan quality among photon volumetric arc therapy (VMAT), Gamma Knife, and 
three different proton beam modalities.

Methods: Fifty-five brain lesions from 20 patients were planned with three different proton spot size 
ranges of cyclotron-generated proton beams, CPBs (spot size σ: 2.7–7.0 mm), linear accelerator 
proton beams, LPBs (σ: 2.9–5.5  mm), and linear accelerator proton minibeams, LPMBs (σ: 
0.9–3.9 mm), with and without apertures and compared against photon VMAT and Gamma Knife 
plans. Dose coverage to each lesion for each proton and photon plan was set to 99% of the GTV 
receiving the prescription (Rx) dose. All proton plans used ±2  mm setup uncertainty and ±2% 
range uncertainty in robust evaluation to achieve V100%Rx > 95% of the GTV.  Apertures were applied 
to proton beams irradiating tumors <1 cm3 volume and located <2.5 cm depth. Conformity index 
(CI), gradient index (GI), V12 Gy, V4.5 Gy, and mean brain dose were compared across all plan types. 
The Wilcoxon signed rank test was utilized to determine statistical significance of dosimetric results 
compared between photon and proton plans.

Results: When compared to CPB generated plans, average CI and GI were significantly better for the 
LPB and LPMB plans. Aperture-based IMPT plans showed improvement from Gamma Knife for all 
dosimetric metrics. Aperture-based IMPT plans also showed improvement in all dosimetric metrics 
for shallow tumors (d < 2.5 cm) when compared with non-aperture-based plans.

Conclusion: The LPB and LPMB stand as excellent alternatives to CPB or photon therapy and 
significantly increase the preservation of normal tissue.
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INTRODUCTION

Radiation therapy constitutes an important treatment 
modality for managing brain tumors, for which local 
control is in high demand. Recent advances in radiation 
therapy techniques include the use of intensity-modu-
lated radiation therapy (IMRT), volumetric-modulated 
radiation therapy (VMAT), stereotactic radiosurgery 
(SRS), and particle therapy.1 Optimal dose conform-
ity provided by particle therapy allows dose escala-
tion and better sparing of critical structures and OARs. 
Protons may decrease the rate of acute2 and late toxic-
ity3, usually seen with photon therapy, increasing the 
therapeutic ratio.4 This is also shown in multiple studies 
establishing guidelines for and comparing photon vs. 
proton therapy.5

With the progression of technology and treatment 
techniques for brain metastases and the recent increase 
in popularity of proton therapy, it is a viable question to 
ask how exactly proton therapy for treating brain metas-
tases compares with photon-based SRS. One of several 
areas currently being investigated towards proton SRS 
is the availability of new treatment technologies that 
enable sharper dose fall-off6 and better sparing of nor-
mal tissues. In prior decades, a foundation for greater 
adoption of intracranial SRS-based photon therapy has 
been built, with new improvements, such as on-board 
cone-beam CT (CBCT)7, and volumetric modulated 
arc therapy (VMAT)8. However, developments in pro-
ton therapy still need improvement in this aspect. Few 
reports currently exist on the use of proton SRS for brain 
metastases.9 With the current pencil-beam scanning 
(PBS) system, proton beam therapy (PBT) may not be 
comparable to photon radiotherapy in terms of lateral 
penumbra10, target conformity11 and uncertainties.12

Some newer technologies for proton therapy include 
the development of linear accelerator-based proton 
therapy.13-15 Compared with standard cyclotron-gener-
ated proton beams, where protons are accelerated in a 
spiral pattern, a linear accelerator-based proton beam 
accelerates protons in a straight line, produces a stable 
spot size with energy past 150 MeV, has superior beam 
quality, and utilizes electronic energy control, where 
energy can be changed pulse by pulse.15,16 A proton 
linac also shows small emittance, resulting in smaller 
spot sizes and low beam losses, requiring less shield-
ing than cyclotron-generated proton beams. With the 
added feature of producing proton mini beams with 
sub-millimeter spot sizes, the proton linac becomes an 
attractive alternative to photon therapy and cyclotron-
generated proton beam therapy.

The purpose of this study was to perform a com-
prehensive assessment of photon SRS plans using a 
standard linac and Gamma Knife vs. three proton beam 

models using IMPT.  Gamma Knife photon plans were 
also compared against standard cyclotron-generated 
proton plans and linear accelerator proton plans using 
apertures for small and shallow lesions. Dosimetric 
parameters, including the RTOG conformity index 
(RTOG CI), gradient index (GI), V

12Gy
 (volume of the 

brain receiving 12 Gy dose) for each lesion, and V
4.5Gy 

(volume of the brain receiving 4.5 Gy dose) and mean 
brain dose, are reported for each patient case studied.17

METHODS AND MATERIALS

Twenty patients treated on GK with single-fraction 
SRS for multiple brain metastases between 2018 and 
2019, with two to three targets each, were retrospec-
tively selected for this study. The study is approved by 
our institutional IRB. Individual target volumes ranged 
from 0.02 cm3 to 17.3 cm3. Targets were prescribed 
with doses ranging from 11 to 24 Gy. Target volumes 
and prescription doses for each patient are listed in 
Table 1. All patients received magnetic resonance imag-
ing (MRI) with a 1 mm slice thickness for treatment 
planning. Based on MR images, the gross target vol-
umes (GTVs) and normal tissue (NT) structures were 
contoured by a neurosurgeon and transferred to the 
planning CT after rigid image fusion. We compared CI, 
GI, V

4.5Gy
, V

12Gy
 and mean brain dose among five dif-

ferent plan types – VMAT SRS, Gamma Knife, CPB, 
LPB and LPMB. Aperture-based proton plans were 
compared with Gamma Knife plans, and non-aperture-
based proton plans were compared with photon VMAT 
SRS plans. To better compare proton plans with robust-
ness vs photon plans planned on a PTV, a separate con-
formity index, CI

PTV
, was defined for proton plans, as 

the 100% isodose volume covering the GTV divided 
by the corresponding PTV volume from VMAT plans. 
GTV to PTV margin was 2 mm, so the percent isodose 
volume covering the GTV was divided by the vol-
ume corresponding to the GTV + 2mm. The GI was 
defined as the volume of the 50% isodose line divided 
by PTV volume. V

4.5Gy 
and V

12Gy
 are the volume of the 

brain receiving 4.5 Gy and 12 Gy, respectively. Mean 
brain dose is defined as the mean dose to the brain, not 
excluding GTV or PTV.

Gamma Knife plans

GK plans were created using the Elekta GammaPlan 
treatment planning system, version 10 (Elekta Inc., 
Stockholm, Sweden), with the TMR10 dose algorithm, 
for patients to be treated on the Leksell Gamma Knife 
Icon, which contains 192 60Co sources, with three avail-
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able collimator sizes – 4, 8, and 16 mm. Experienced 
neurosurgeons or medical physicists are responsible for 
generating GK plans. Multiple GK shots using vary-
ing collimator sizes were manually placed inside each 
target to deliver a prescription dose to > 99% of each 
target volume. Dose grid sizes varying from 0.5 to 1 
mm, depending on target sizes, were used in the dose 
calculation.

VMAT SRS plans

All patient plans for GK were retrospectively 
planned using the Raystation treatment planning system 
(Raysearch Laboratories). One isocenter, placed as the 
geometric center between all targets for each patient, 
was utilized for each treatment plan. Plans were opti-
mized using 3-4 arcs, with one arc being coplanar and 
the other being noncoplanar. Arc configurations were 
determined based on the planning guideline published 
by Clark et al.18 and modified accordingly to reduce 
normal brain dose further. Three ring structures were 
created and were assigned maximum dose constraints 
to improve dose fall-off. All plans utilized 6 MV FFF 
beam energy with high-definition multi-leaf collima-
tion (HD-120 MLC) on a Varian EDGE linear accelera-
tor (Varian, Palo Alto, CA). All plans were normalized 
such that > 99% of each GTV tumor volume received 
the prescription dose and the PTV volume received 
>95% of each prescription dose. Depending on the tar-
get volume, a grid resolution of 1 mm was used for the 
final dose calculation using the collapsed cone convolu-
tion algorithm. The final dose was calculated using a 
1 mm dose grid. 

Proton-based plans

VMAT SRS plans using Raystation treatment 
planning system (Raysearch Laboratories) were 
developed and compared against standard cyclotron-
generated proton plans and linear accelerator proton 
plans using a model for the Linac for Image-Guided 
Hadron Therapy (LiGHT), developed by Application 
of Detectors and Accelerators to Medicine (ADAM), 
a spin-off company of CERN. Three different types of 
proton plans (CPBs (σ: 2.7-7.0 mm), LPBs (σ: 2.9-5.5 
mm), and LPMBs (σ: 0.9-3.9 mm) with and without 
apertures were generated for each patient. Plans were 
optimized using multi-field optimization (MFO), and 
a single isocenter, placed towards the center of all tar-
gets so that at least two beams irradiate each target. 
Both coplanar and non-coplanar beam configurations 
were used and were determined based on the positions 
of the targets per patient. Two to seven beams were 

Table 1. Tumor target volumes and prescription 
doses for all 20 patients studied

Patient Target volume  
and Rx

Target 
1

Target  
2

Target  
3

1 Target volume (cc) 6.21 1.55 2.57
Prescription (Gy) 15 12 12

2 Target volume (cc) 6.41 0.73 N/A
Prescription (Gy) 13 13 N/A

3 Target volume (cc) 7.71 0.75 0.14
Prescription (Gy) 18 18 18

4 Target volume (cc) 0.6 2.12 0.66
Prescription (Gy) 11 11 11

5 Target volume (cc) 0.16 0.03 0.02
Prescription (Gy) 24 18 24

6 Target volume (cc) 4.24 2.35 0.18
Prescription (Gy) 11 11 11

7 Target volume (cc) 0.19 0.42 0.07
Prescription (Gy) 24 24 18

8 Target volume (cc) 0.39 0.43 0.12
Prescription (Gy) 24 24 24

9 Target volume (cc) 5.28 3.2 0.15
Prescription (Gy) 15 12 24

10 Target volume (cc) 4.28 1.53 0.09
Prescription (Gy) 18 22 22

11 Target volume (cc) 0.26 17.3 0.54
Prescription (Gy) 24 15 24

12 Target volume (cc) 1.72 0.15 1.55
Prescription (Gy) 24 24 24

13 Target volume (cc) 2.13 0.13 N/A
Prescription (Gy) 14 14 N/A

14 Target volume (cc) 9.62 8.65 1.12
Prescription (Gy) 15 15 24

15 Target volume (cc) 4.74 0.81 6.9
Prescription (Gy) 18 24 18

16 Target volume (cc) 4.16 0.74 0.27
Prescription (Gy) 18 24 24

17 Target volume (cc) 0.18 6.76 3.29
Prescription (Gy) 18 18 13

18 Target volume (cc) 0.31 1.9 2.92
Prescription (Gy) 24 18 18

19 Target volume (cc) 0.59 0.7 4.48
Prescription (Gy) 16 16 16

20 Target volume (cc) 0.15 0.04 0.91
Prescription (Gy) 24 24 12
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used per plan. Figure 1 demonstrates the proton beam 
arrangement for a sample patient plan. The dose grid 
resolution was set to 1 mm for all proton plan types. 
Variable spot spacing and energy layer spacing with a 
scale of 0.5 were used in each proton plan type. With 
this option, spot spacing is determined as 1.06 times 
the average spot size (1σ) in the patient at the Bragg 
peak depth, multiplied by the user-defined scaling 
constant, which was defined as 0.5 in this case, which 
helped to improve plan quality. In terms of the auto-
matic setting for energy layer spacing, energy layer 
spacing is determined based on the 80% widths of the 
Bragg peaks in the machine model, scaled by a user-
defined factor, which was 0.5 in this case. This also 
improved plan quality, due to the small targets pre-
sent in many of the patient plans.19 With robustness, 
proton plans were planned on the GTV, using 2 mm 
positional uncertainty and 2% range uncertainty. The 
final dose calculation was performed using the Monte 
Carlo algorithm and 0.3% uncertainty. All plans were 
normalized such that >99% of each tumor GTV vol-
ume received the prescription dose for nominal plans. 
In order to compare with photon-based plans, V

100%Rx 

> 95% criteria was met for the worst-case scenario 
in robust planning. Apertures covering the GTV vol-
ume plus a margin of 0.3 cm diameter were added 
to beams for all shallow (distance from patient sur-
face to the deepest part of the edge of the tumor (d < 
2.5 cm) and small volume (V < 1 cm3) and compared 
with Gamma Knife photon plans. All proton doses are 
reported as Gy[RBE] using RBE=1.1.

RESULTS

Non-aperture-based planning

All types of proton plans performed well for all dosi-
metric metrics  (conformity, gradient index, V

4.5Gy
, V

12Gy
 

and Mean Brain dose) when compared with VMAT 
SRS plans. Figure 2 a-e show the trend for all dosimet-
ric metrics, while Figure 2f shows the dose distribu-
tions for VMAT vs CPB, LPB and LPMB plans with no 
aperture. Mean brain dose shows the greatest improve-
ment from VMAT to minibeam proton plans, with the 
average mean brain dose for LPMB plans being 81% 
less than VMAT plans. V

12Gy
 shows a 30% improve-

ment, and V
4.5Gy 

shows an 80% improvement for LPMB 
plans when compared with VMAT. Conformity index 
and gradient index also show a 20% and 33% improve-
ment, respectively.  Significant differences are evident 
between VMAT SRS plans and proton plans, except 
for V

12Gy
 for CPB and LPB plans, where this particu-

lar metric was only slightly greater for CPB and LPB 
when compared with VMAT SRS plans. P-values, com-
puted using the Wilcoxon signed rank test, to predict 
statistical significance of plan metrics for photon-based 
vs. proton-based plans are reported above data for each 
proton plan type.

Aperture-based planning

All aperture-based proton plans performed bet-
ter than gamma knife plans for all dosimetric met-
rics, except for V

12Gy
. Mean brain dose showed the 

greatest improvement in these cases, with an 81% 
improvement between gamma knife and LPMB plans. 
Minibeam plans showed a 52% improvement in con-
formity, a 12% improvement in gradient index, a 
7.8% improvement for V

4.5Gy 
and a 72% improvement 

in mean brain dose. V
12Gy

 showed the lowest improve-
ment between Gamma Knife plans and minibeam 
plans with apertures, showing only a 5% improve-
ment between these two modalities. Figure 3 a-e, 
display the trend in dosimetric metrics for Gamma 
Knife, CPB, LPB, and LPMB plans. Figure 3f com-
pares the dose distribution between all proton plan 
types. All proton plan types showed significant differ-
ences compared with GK plans for all metrics, except 
for Gradient index and V

12Gy
. V

12Gy
 for CPB and LPB 

plans were also slightly greater than V
12Gy

 for Gamma 
Knife plans. P-values, computed using the Wilcoxon 
signed rank test, to predict statistical significance of 
plan metrics for photon-based vs. proton-based plans 
with apertures are reported above data for each proton 
plan type.

Figure 1. Sample IMPT patient plan showing beam 
arrangement. Beams were arranged according to tumor 
positions.
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Shallow vs. deep seated tumors for aperture-based 
planning

When apertures were implemented in the treatment 
planning for shallow and small lesions, shallow brain 
tumors showed the most remarkable improvement 
in conformity and gradient index, as shown in Figure 
4a. A 6.7% difference in average conformity is calcu-
lated for non-aperture vs. aperture-based plans for mini 
beams. Improvement in gradient index for non-aperture 
vs. aperture-based plans was significant for deep seated 
tumors for CPB and LPB plan types, as seen in Fig-
ure 4b. Figure 4c shows non-aperture vs aperture-based 
plans for small lesions only. Conformity indices were 
not improved for these types of lesions, but gradient 
indices were greatly improved for CPB and LPB plans, 
by 38% and 27%, respectively. P-values, computed 
using the Wilcoxon signed rank test, to predict statisti-

cal significance of plan metrics for proton-based plans 
with and without apertures are reported above data for 
each proton plan type.

Figure 5 depicts the impact apertures have on proton 
plans. We also see a comparison between CPB, LPB and 
LPMB plans with and without apertures in 6b (1 and 2). 
Improvements in low dose coverage as well as conformity 
are visible. The impact of using an aperture for LPB plans 
is also shown in Figure 5. The DVH in Figure 5b shows 
the improved dose homogeneity created from aperture use.

Organ-at-Risk (OAR) analysis

Tables 2 and 3 below show average doses for selected 
OARs across all plan types (VMAT and Gamma Knife 
vs. CPB, LPB, and LPMB). The lowest doses are shown 
for LPMB plans, except for the chiasm for aperture-
based plans. 

Figure 2. (a) Conformity index, (b) Gradient index, (c) V4.5Gy, (d) V12Gy, (e) Mean Brain Dose for VMAT SRS vs non-
aperture-based IMPT plans (CPB, LPB and LPMB) and (f) dose distributions between VMAT, CPB, LPB and LPMB 
plans without apertures. Low dose regions are reduced greatly by proton plans.
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Figure 3. (a) Conformity index, (b) Gradient index, (c) V4.5Gy, (d) V12Gy, (e) Mean Brain Dose for GK SRS vs aperture-
based IMPT plans (CPB, LPB and LPMB), and (f) trend in dose distribution for GK vs. proton plans with apertures. Low 
dose reduction and improvement in conformity is most prevalent for CPB, LPB and LPMB plans.

DISCUSSION

In this study, we compared three different types of 
proton machine models on multiple brain metastases 
plans and compared them against two types of pho-
ton plans, VMAT SRS and Gamma Knife plan types. 
Cyclotron-generated proton plans and two linear accel-
erator-generated proton beams, LPB and LPMB, were 
used for proton planning. Results of this study show 
that treatment of multiple brain metastases using cyclo-
tron-generated and linear accelerator-generated protons 
offers a potentially superior alternative to photon-based 
therapies for multiple brain metastases. Prior studies 
have shown that proton therapy achieves reasonable 
local control for some high-grade tumors with accept-
able toxicity.20,21 Other studies have suggested that pro-

ton beam therapy may not be comparable to photon 
radiotherapy in terms of lateral penumbra, target con-
formity, and uncertainties that are critical for SRS.10-12 
However, proton beam therapy has many advantages, 
including utilizing its Bragg peak, for example, which 
is not fully explored for intracranial SRS.22 In terms 
of new treatment technologies for proton SRS, two 
research directions showing dynamic collimation sys-
tem, and proton arc therapy have recently been inves-
tigated. The dynamic collimation system demonstrates 
a sharper lateral penumbra, while proton arc therapy 
demonstrated better dosimetric quality in terms of tar-
get conformity and V

12Gy
 to brain tissue when compared 

with conventional VMAT plans.6,11 However, proton 
arc therapy may not be suited for single fractionation 
SRS due to toxicity.23 One of the newest technologies 
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Figure 4. (a) Conformity index (1) and Gradient Index (2) for non-aperture-based plans vs aperture-based plans for 
shallow brain tumors (d<2.5 cm), (b) Conformity index (3) and Gradient index (4) for non-aperture-based plans vs 
aperture-based plans for deep seated brain tumors (d>2.5 cm), and (c) Conformity index (5) and Gradient Index (6) for 
non-aperture-based plans vs. aperture-based plans for small lesions, <1 cc.

for proton therapy, the LiGHT system15, has been inves-
tigated for use in the present study and shows several 
advantages over photon-based and cyclotron-generated 
protons for brain SRS.

For all proton plans, all dosimetric metrics were 
improved when compared with photon-based plans, 
except for V

12Gy
 in some cases. We have found that both 

cyclotron generated protons (CPB) and linear accelera-
tor protons (LPB) are superior to photon-based treatment 
techniques when treatment plans are compared using the 
TPS. At this time, however, no clinical trials comparing 
photon-based SRS modalities with proton SRS exist.22 
Feasibility and outcome of patients treated using proton 
SRS compared with photon-based SRS, however, was 
noted in Atkins et al.9 Authors of this study retrospectively 
studied 815 metastases from 370 patients treated with 

proton SRS. Cumulative incidence estimates of local fail-
ure, distance brain failure, pathologically confirmed radi-
onecrosis and overall survival were calculated. Authors 
of this study concluded that moderate-dose proton SRS 
is well tolerated and can achieve good local control out-
comes compared with photon-based SRS. Boczkoski et 
al.24 determined optimum beam configurations and set-
tings for proton SRS treatment plans and used these set-
tings to perform a planning comparison between a variety 
of different SRS cases. Proton-based plans were com-
pared against Hyperarc VMAT SRS plans. It was dem-
onstrated in this study that Hyperarc plans are superior to 
proton plans, except as it related to integral dose, where 
in most cases, proton therapy gives less integral dose.  
Our findings in the present study correlate with findings 
in this study, with the exception that proton plan metrics 
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Table 2. OAR analysis for VMAT SRS and proton 
plans without aperture (CPB, LPB and LPMB)

Modality Chiasm 
(Gy)

Brainstem 
(Gy)

Cochlea_ 
Left (Gy)

Cochlea_ 
Right (Gy)

VMAT 2.2 4.2 1.5 2.0
CPB 0.6 2.0 0.4 0.5
LPB 0.3 1.5 0.4 0.2
LPMB 0.3 1.1 0.3 0.2

Table 3. OAR analysis for Gamma Knife and 
proton plans with apertures (CPB, LPB and 

LPMB)

Modality Chiasm 
(Gy)

Brainstem 
(Gy)

Cochlea_ 
Left (Gy)

Cochlea_ 
Right (Gy)

GK 1.1 2.2 0.9 1.1
CPB 0.1 1.4 0.4 0.2
LPB 0.1 1.0 0.4 0.1
LPMB 0.2 1.0 0.1 0.0

Figure 5. (a) Non-aperture-based vs. aperture-based 
proton plans for a large, shallow tumor. (1 and 2) CPB 
plan without and with an aperture, (3 and 4) LPB plan 
without and with an aperture, and (5 and 6) LPMB plans 
without and with an aperture, and (b) DVH of GTV for 
(1) LPB plan with no aperture (2) LPB plan with aperture 
and (3) corresponding DVH showing non-aperture-based 
plan (solid line) vs aperture-based plan (dotted line).

were, on average, better than those for most VMAT SRS 
plans with the exception of V

12Gy
 for CPB and LPB plans. 

Only one mestastases case was included in Boczkoski et 
al., however, for which plan metrics for the proton plan 
were superior to those for VMAT plans. This study also 
utilized the Pinnacle treatment planning system for pro-
ton plans; whereas in our study, the Raystation treatment 
planning system was used. Both Pinnacle and Raystation 
position spots outside of the defined target volume (target 
plus a margin), but only Raystation has the option to vary 
spot spacing according to variable spot size with depth. 
This could be a possible difference in planning results 
between studies. Byskov et al.25 compared proton treat-
ment plans with photon VMAT plans for lower-grade 
gliomas and found a significant reduction in mean dose to 
uninvolved brain and contralateral hippocampus for pro-
ton plans. They also predicted secondary cancer risk was 
reduced for patients treated using protons. Overall, doses 
to OARs were much less for protons when compared to 
VMAT plans. Results of the present study are similar to 
this particular study, showing a large reduction in OAR 
doses with proton plan types.  Use of apertures for proton 
plans in the present study further improved target con-
formity and reduced OAR doses by up to 79%. The use 
of apertures also lowered mean brain dose by 51%, which 
can also potentially improve patient treatment outcome 
in future clinical studies. Both coplanar and non-copla-
nar beam placement was utilized in the present study as 
well, depending on the tumor location  in each patient. 
Coplanar fields were used in cases where tumors were in 
the same plane or close to being in the same plane, and 
where using non-coplanar fields did not show any benefit. 
Non-coplanar fields were only used when very necessary, 
as using coplanar fields generally shows plan quality and 
robustness similar to that of using non-coplanar fields in 
many cases. Coplanar plans are also of more clinical ben-
efit, due to treatment time being more efficient with com-
parable plan quality to plans with non-coplanar fields.26 
In addition, intracranial targets typically require proton 
energies from the low MeV range for targets located near 
the cranium to about 180 MeV.27 In  a study by Sengbusch 
et al., the total radiological path length through bone and 
brain, not simply water density transit, was utilized to cal-
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culate the proton kinetic energy necessary to traverse this 
radiological path length. A range shifter was not included 
in this study, which would add to the required energy in 
some cases. In the present study, spot sizes (defined in air) 
varied from 7 mm to 2.7 mm for CPB, decreasing as the 
energy increased from 70 to 230 MV.  For LPB beamline, 
the spot sizes varied from 5.5 mm to 2.9 mm, decreased 
from 70 MeV to 150 Mev and remained constant after 
150 MeV.  For LPB beamline, the spot sized (defined 
in air) varied from 3.9 mm to 0.9 mm, decreasing as the 
energy increased from 70 to 150 MeV and remained con-
stant after 150 MeV.

Specific planning strategies were utilized in order 
to maximize the plan quality specifically for multiple 
brain metastases. One of these was the use of a smaller 
range uncertainty. Uncertainties in the exact position of 
the distal dose gradient arises from organ motion, setup 
and anatomical variations, dose calculation approxima-
tions and biological considerations. Targets in the brain 
generally do not have a lot of motion with very little 
anatomical variations in this region of the body, so a 
smaller range uncertainty is sufficient. For intracranial 
tumor patients, a fixation mask is used and the treat-
ment is only one fraction. Also, it was demonstrated in 
a recent study that reduction in range uncertainty may 
make greater use of the sharper dose fall-off at the distal 
beam edge feasible, which can improve OAR sparing. 
In this case, having less range uncertainty played a role 
in making dose to OARs as low as reasonably achieva-
ble, especially for targets close to OARs.28 MFO allows 
for superior dose distributions compared with SFO 
technique. MFO can also achieve a more homogenous 
dose distribution within diverse geometric targets while 
limiting the radiation dose to normal structures. MFO is 
generally more flexible with more degrees of freedom 
and produces more conformal dose distributions, which 
are important for SRS. MFO techniques also allow us 
to take full advantage of IMPT capabilities by opti-
mizing multiple beams simultaneously to treat tumors 
that are hard to reach. MFO could be more sensitive to 
variations in the range of a proton beam, daily set-up 
errors and anatomical changes in tumor volume and/or 
shape, but given the fact that the tumors being treated 
in this manuscript are intracranial tumors, these factors 
are not of grave concern.29-32 In clinical proton beams, a 
major source of neutron contamination is a brass patient 
specific aperture, shaped to match the target. This may 
cause unwanted dose, which should be considered for 
tissues outside of the target volume and is important 
for the long term health of cancer patients. Since the 
aperture shapes the beam to a smaller size, it is neces-
sarily bombarded with a large amount of protons. In the 
case that apertures are used in IMPT, neutron dose to 
the patient can be limited by making sure that the small-
est nozzle to match the aperture be used. Moving the 

scattering foils further from the patient is another tech-
nique used to reduce neutron dose and is used in newer 
systems. It is unclear as to what the actual clinical rele-
vance of the neutron dose is exactly; however, it is gen-
erally agreed upon that whole body neutron doses are 
too small to cause early or late radiation effects.33 The 
concern lies mostly with the issue of the risk of second-
ary malignancy for the patient. In a study by Hall et al., 
it has been suggested that lifetime risk for developing a 
malignancy for a 15-year old treated with proton ther-
apy with a passive scatter beam is 4.7% and 11.1% for 
a boy and a girl, respectively.34 This risk decreases with 
age and the use of active scanning proton beams, which 
were used in the present study. Furthermore, in a study 
by Chung et al., a total of 503 patients treated with pro-
tons were matched to one to three patients treated with 
radiation from the SEER database by age at treatment, 
sex, year of treatment, cancer histology and site. The 
major outcome measure was the incidence of second 
malignancies after radiation. Results of this study dem-
onstrated that 32 patients (6.4%) treated with protons 
developed secondary malignancies as compared to 66 
patients (13.1%), who received photons. This differ-
ence was statistically significant.35 

The LiGHT system, when compared with conven-
tional cyclotron-generated protons, has several attrac-
tive properties, including superior transverse beam 
properties that improve dose conformity for patient tar-
gets and normal tissue sparing.13,15 To our knowledge, 
the present study is the first study to compare linear 
accelerator generated protons against cyclotron gener-
ated protons and photon-based planning for multiple 
brain metastases. We have shown that linear accelerator 
based proton plans demonstrate superior conformity, 
gradient index, V

4.5Gy 
and mean brain dose when com-

pared with CPB plans. LPMB plans showed the great-
est improvement for all dosimetric metrics for both 
aperture-based and non-aperture-based proton plans. 
Another advantage of the LiGHT system, is it’s ability 
to utilize apertures in the treatment process. Aperture-
based plans demonstrated a 26% improvement in gradi-
ent index and up to a 7% improvement for conformity 
index. A study by Baumer et al.36 implemented proton 
therapy using PBS delivery combined with static aper-
tures for craniopharyngiomas, re-irradiations and ocular 
tumors. Authors of this study found that supplementary 
apertures improved the conformity index by an aver-
age of 15.3% and the volume of the dose gradient sur-
rounding the PTV (evaluated between the 80 and 20% 
dose levels) was decreased on average by 17.6%. Use 
of apertures in this particular study also facilitated the 
sparing of OARs, particularly those near the high dose 
region. An additional study by Righetto et al.37 stud-
ied dosimetric advantages of apertures in intracranial 
single fraction proton radiosurgery. Six neuroma and 
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ten meningioma patients were investigated. Authors of 
this particular study concluded that the impact of aper-
tures could be more significant for higher prescription 
doses, as in the treatment of brain metastases and arte-
riovenous malformations, where doses higher than 20 
Gy in a single fraction are normally prescribed. In these 
cases, use of an aperture significantly reduced dose to 
normal brain tissue. A similar phenomenon was seen in 
the present study. Additionally, we have observed that 
Gradient index improves with apertures, but conformity 
index is only improved for shallow tumors (d<2.5cm). 
Figure 5 demonstrates the effect of using apertures for 
proton plans. Conformity and gradient index are both 
improved by using an aperture to treat the lesion.

The metric V
12Gy

 is commonly used as an indicator 
of propensity to develop radiation necrosis. Knowing 
that CPB and LPB plans demonstrated higher V

12Gy
 

than photon-based plans (both VMAT SRS and GK), 
indicates that use of these modalities may be prone to 
producing radionecrosis in patients. In a study by Sud et 
al.38 comparing passively scattered protons vs photons 
for pituitary adenomas, authors reported no significant 
difference in V

12Gy
 between proton and photon plans, 

although one finding indicated a higher whole brain 
V

12Gy
 for protons. In the present study, average V

12Gy
 

was only higher by 1% and 0.3% for aperture-based 
plans and comparable for non-aperture-based plans and 
no significant difference is reported in the data between 
photon and proton-based plans.

In the present time, there is much uncertainty exist-
ing still for the radiobiological aspect of proton beams, 
however, particularly due to LET uncertainty at the end 
of the Bragg peak. There is potentially large LET vari-
ation along a proton pencil beam track, causing RBE 
at the distal end of the Bragg peak to be higher than 
1.1 with large uncertainty.22 This is especially true for 
low energy beams with small spread out Bragg peak 
width.39 It has also been shown that actual RBE varies 
depending on tissue type, dose levels and LET.40 Cur-
rently, no commercially available TPS is capable of 
accurately estimating RBE for small fields and the pos-
sibility of having an uncertain but elevated dose distal 
to a very small target is high. This represents a possible 
limitation to treating small brain tumors with protons. 
However, future studies will involve the exploration of 
LET-based optimization techniques and accurate esti-
mation of RBE.

CONCLUSION

We successfully quantified plan quality and evalu-
ated the robustness of CPBs, LPBs, and LPMBs for 
brain metastases. We have demonstrated that the LPB 

and LPMB stand as excellent alternatives to CPB or 
photon therapy and photon-based therapies, such as 
VMAT SRS and Gamma Knife, primarily due to the 
significantly increased preservation of normal tissue. 
Aperture-based IMPT plans can achieve better quality 
than standard IMPT, VMAT SRS, and Gamma Knife. 
Further studies involving radiobiological effects can 
demonstrate further how LPBs and LPMBs compare 
with CPBs and photon-based plans.
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