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Many new techniques for delivering radiation therapy are being developed for the treatment of
cancer. One of these, proton therapy, is becoming increasingly popular because of the precise way
in which protons deliver dose to the tumor volume. In order to achieve this level of precision,
extensive treatment planning needs to be carried out to determine the optimum beam energies,
energy spreadwhich determines the width of the spread-out Bragg peakd angles for each
patient’s treatment. Due to the level of precision required and advancements in computer technol-
ogy, there is increasing interest in the use of Monte Carlo calculations for treatment planning in
proton therapy. However, in order to achieve optimum simulation times, nonelastic nuclear inter-
actions between protons and the target nucleus within the patient’s internal structure are often not
accounted for or are simulated using less accurate models such as analytical or ray tracing. These
interactions produce high LET particles such as neutrons, alpha particles, and recoil protons, which
affect the dose distribution and biological effectiveness of the beam. This situation has prompted an
investigation of the importance of nonelastic products on depth dose distributions within various
materials including water, A-150 tissue equivalent plastic, IGRRernational Commission on
Radiological Protectionmuscle, ICRP bone, and ICRP adipose. This investigation was conducted
utilizing the GEANT4.5.2 Monte Carlo hadron transport toolkit. @005 American Association of
Physicists in MedicingfDOI: 10.1118/1.1824194
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I. INTRODUCTION using theGEANT4.5.2Monte Carlo simulation kit:® In illus-
Proton therapy offers highly conformal radiotherapy treat-tr_ating the import_aryce of such interactions to treatment plan-
ment, which is based on specific properties of depth dos ing, more sophlst|c§teq methodg can be employed to con-
deposition by energetic protons in a medium. The energ uct treatment planning in heavy ion and proton therapy that
ill enable more accurate dose distributions to be developed.

range of protons utilized in proton therapy ranges fromR ¢ devel S | N .
60 MeV for treatment of eye tumors up to 250 MeV for ecent developments in computer processing power, com-
p_lned with modern cluster and parallel computing tech-

deep-seated tumors. However, for accurate conformal treat- il minimize th tin t f simulation {i
ment of the target volume it is important to have treatment'qUES, Wil minimize the cost in terms of simulation ime.

planning systems that are able to accurately simulate the in-
teraction of the primary proton beam within the body. Il. SIMULATION PARAMETERS OF ABSORBED

Recently, a simplified Monte Carlo approach for dose pIan-DOSE IN A PROTON THERAPY BEAM

ning in proton therapy for heterogeneous targets has been Simulations were carried out for monoenergetic 60 and
proposed. Despite advances in computer processing power200 MeV proton beams within homogeneous water, A-150
inelastic interactions are often simulated using less sophistiissue equivalent plastic, ICRP adipose, ICRP bone, and
cated analytical or ray-tracing modélsVhile these models ICRP muscle phantoms. Each energy/tissue combination was
provide fast simulation times and reasonable accuracy in resimulated first neglecting nonelastic reactions and then con-
gions without critical heterogeneity, such models can resulsidering nonelastic reactions. The depth dose distributions
in errors in depth dose distributions dependent upon the pgarovided information on the importance of nonelastic reac-
sitions of heterogeneous structures within the paﬁeMts- tions.
takes in the dose distribution and proton range may occur for The GEANT4.5.2Monte Carlo transport toolkitwas used to
different target materials if the proton nonelastic reactionssimulate depth dose depositions within homogeneous phan-
are not considered during the absorbed dose simuldtionstoms. The phantom geometry itself consisted of a right-
Dose planning systems based on Monte Carlo simulationangled parallelepipedRPP volume with sensitive slices
will be optimal for dose distributions in heterogeneous tar-covering the cross-sectional area and extending into the
gets if the composition of the target is accurately known. phantom, Fig. 1. The sensitive slices were 5+d0 thick

In this paper we demonstrate the importance of nonelastiseparated by gaps of 0.1—-1 mm. The cross-sectional area of
proton reactions on absorbed dose distributions and prototine sensitive slices was>65 cm. This provided an adequate
range within homogeneous phantoms of different materialsross-sectional area for pencil beam depth dose distributions.
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compared. The comparison includes the peak to entrance
dose ratio, the integral dose, the Bragg peak position, and
entrance dose.
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[ll. SIMULATION VERIFICATION

To verify the Monte Carlo simulatiorGEANT4 code simu-
lations of absorbed dose for a 160.7 MeV proton beam of
Guassian widthr=0.8035 MeV within a homogeneous wa-
ter phantom were compared withEANT4 simulation data
supplied by Paganetti from the NPT@ortheast Proton
Therapy Centgr MGH (Massachusetts General Hospital
Boston. The simulation data supplied by Paganetti utilized
the same incident beam properties, and the phantom con-
sisted of a homogeneous water tank with a 10 mm thick
Fic. 1. A schematic representation of the phantom used in the depth do?ers ex lid. ThesEANT4 simulation of Paganetti has under-
simulations. A pencil beam of protons is traveling through the phantom an P ; . e 9
is stopping within the phantom. It is important to note the production of 9ON€ €Xtensive experimental verification at NEPC and can be
secondariegphotons and neutropss a direct result of nonelastic nuclear considered a good benchmark for theanT4.5.2 utilized in
interactions of proton within the phantom. this research. Figure 2 shows simulated and experimentally

verified simulation data.
There was excellent agreement between the two data se-
.. . .___ries for Bragg peak position, FWHM, plateau dose, and dis-
In total, 320 sensitive slices were employed at regular interz| edge. There was a slight shift in the Bragg peak and no
vals within the h.omogeneous phantomjs ;trugture to proY'd‘%/erified simulation data were provided in the first 10 mm of
acpurate resolution of the depth dose distribution. Each SMYhe distribution due to a 10 mm thick Perspex lid situated at
lation would be run for .200 000 protons that .WOUId be NCI" the surface of the water tank. The small shift in the Bragg
dent onto th? phantom in the form_ of a pgnCII bgam. peak can be accounted for using the linear stopping power of

The physics model employed in this investigation was rotons within the two materials
the G4.PreComp.ound 'mo.del. Th's modgl was deeme A proton traversing the two materials will expend ap-
appropriate for this application, as it was suited to the therabroximately 1 MeV of energy more traveling through 1 cm

peutic energy range that was to be simulaﬁédTh_e f Perspex as opposed to through 1 cm of water. Using the
G4PreCompound model would account for the production of-)

d il It of lasti ) incl ddlrnear stopping powers from the above table, it is possible to
secondary particles as a result of nonelastic reactions, inCluiatermine that for an incident proton energy of 160.7 MeV,

ing the generation of charged secondaries, neutrons, and phé?fter traversing 1 cm of Perspex the proton will have an en-
tons. This model theoretically determines nonelastic nucleaérgy of 154.7 MeV, and after traversing 1 cm of water the
interactions and could be further verified through its Com'proton will Have an7energy of 155.5 MeV. The difference in
parison with doubly differential data for a number of differ- range can be calculated using data sourced from the ICRU

ent bombarding energies and target materials; however, thﬁrojected Range Data for wafehen this is considered,
work it outside the scope of this publication. Elements mak-

ing up materials utilized within the phantom geometry would
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be defined by isotopic abundance. This provided the mos’ @ &
accurate composition available and was obtained from ar »
ICRU-based prograrh. o a

To determine dose as a function of depth, the energy de: ;‘A
posited by every particléwhether primary or secondary o *

within a sensitive volume was scored. This was achieved byg
tracking the energy depositions from both primary and secﬁg
ondary particles in each slice for a single incident proton®
history. These energy depositions were summed to provid(E
the total energy deposited within the slice for a given history.
Upon completion of the simulation, the total energy deposi-
tion in each sensitive slice was determined. From this infor- 4
mation the absorbed dose deposited as a function of slict
number or depth could be ascertained. °
In order to determine the effect of nonelastic reactions on
the depth dose distribution, the simulation would initially be [4 GEANT 452 2 Pagmetsi Data |
run discounting nonelastic rea(.;tlor?s and then again Wlth E)ﬁzle. 2. Comparison of simulation data supplied by Paganetticaait4.5.2
actly the same parameters taking into account nonelastic rggmylation utilized in this investigation for a 160.7 MeV proton beam inci-
actions. The depth dose distributions for both would then belent on a water phantom. Data were normalized to the peak dose.

e B > O
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TaBLE |. Material data for Perspex and water obtained for a 160.7 MeV TasLE Il. The Bragg peak position, ratio of peak to entrance dose, and the
proton beamRef. 4). difference in this ratio between the simulation that accounts for nonelastic
reactions and the one that does not for the 60 MeV depth dose distribution.

Density of material Total stopping power Linear stopping

Material (g/crP) (MeV cn?/g) power (MeV/cm) Ratio of peak to Ratio of peak to
Bragg peak entrance dose  entrance dose Difference
Water 1.000 5.193 5.193 position  without nonelastic with nonelastic  in ratio
Perspex 1.19 5.055 6.016 Material (mm) reactions reactions (%)
Water 30.45 7.017 6.694 4.82
A-150 27.20 7.353 6.822 7.78
the difference in range is 0.15 cm and accounts for the dif-adipose  32.44 7.569 7.136 6.07
ference in Bragg peak position between the two simulations. Bone 18.45 7.140 6.729 6.11
Similar simulations were conducted for 60, 200, and Muscle 29.82 7.478 7.051 6.06

250 MeV incident proton energies from three other sources;
and in all cases the&sEANT4.5.2 simulation compared ex-
tremely well. As such, it can be concluded from this analysis

that our Monte Carlo simulation with theEANT4.5.2is in on Bragg peak position. Additionally, the role of nonelastic
agreement with the experimentally confirmed work ofreactions can be seen in amplitugehape change of the

Paganetti. Bragg peak when nonelastic interactions have been taken
into account in absorbed dose simulations. Figure 4 shows
IV. RESULTS that this difference in amplitude becomes much more pro-

Simulations were carried out for monoenergetic 60 and'ounced with increasing proton energy. _
200 MeV proton beams within homogeneous water, A-150 It is clear from the 60 and 200 MeV results that therg |_s
tissue equivalent plastic, ICRP adipose, ICRP bone, anihdeed an effect not only on the range of the_protons within
ICRP muscle phantoms. Each energy/tissue combination wd§€ Phantom but also on the nonelastic reactions component
simulated for 200 000 incident protons first neglecting non-2S @ result of phantom composition. In the case of 60 MeV
elastic reactions and then considering them. This wa®rotons the difference in Bragg peak position was approxi-
achieved withinGEANT by inactivating and then activating Mately 14 mm across the simulated materials; however, in
the nonelastic interaction parameter. The depth dose distribi?® case of the 200 MeV proton beam this effect was almost
tions for these provided information on the importance of120 MM. As expected, the stopping power predominantly de-
nonelastic reactions. Figures 3 and 4 show the importance ¢¢rmined the range of the primary protons within different
nonelastic reactions on dose distribution in different phantonfnaterials. This parameter is already utilized in many

materials for monoenergetic 60 and 200 MeV proton beamdréatment-planning systems to determine any differences in
respectively. range that is encountered as a result of a heterogeneous pa-

The results for both proton energies in Figs. 3 and Atient geometry. The importance of accurate geometry com-

clearly demonstrate the effect of composition of the phantonP0Sition is apparent, as variations in composition can result
in a large difference between the position of the simulated

Bragg peak position and the actual position within the phan-

oz tom or patient. This error in Bragg peak position could lead
. & % to excessive dose being delivered to sensitive structures lo-
o0 : 3 4 cated near the tumor volume.
a a0 el The simulated position of the Bragg peak within the phan-
0,008 ;5 5“ g ﬁ; tom did not alter between that which did and did not account
B E‘ &éﬂ LR P for nonelastic reactions in water, muscle, adipose, A-150,
3 ooos = P4 ¢ and bone. This was shown to be the case for both proton
A H ' energies simulated in this study.
0.004 | 8 Clearly, nonelastic reactions affect the amplitude of the
. Bragg peak as dose is deposited either outside the sensitive
0.002 ) slices or at different regions of the proton’s track. To illus-
. trate this more clearly, the peak to entrance dose ratios for
0.000 : both simulations are contained within Tables Il and lll. The

8 2 % B 8 A0 42 4 D‘smm)m 2 2 63 A A peak to entrance dose ratio quantifies a decrease in the am-
* plitude of the Bragg peak and also any increase in the en-

Water: Without Inelastic Reactions -~ Water: With Inclastic Reactions trance dose. The difference in the peak to entrance dose ratio
A  A-150: Without Inelastic Reactions & A-150: With Inelastic Reactions . 3 B B )
o Adipose: Wi ic R o Adipose: With Inelastic Reacti is also contained within Tables Il and Ill, and is expressed as
o  Bome: With Inelastic Reactions ¢ Muscle: Without Inelastic Reactions a percentage
< Muscle: With Inelastic Reactions m  Bone: Without Inelastic Reactions

The data in Tables Il and lll show that as the incident
Fic. 3. Comparison of depth dose distributions for a monoenergeticpmto_n energy _'ncreased the CumU|at!Ve effect of nonelastic
60 MeV proton beam incident on different phantom materials. reactions also increased. A decrease in peak to entrance dose

Medical Physics, Vol. 32, No. 1, January 2005



40 Wroe, Cornelius, and Rosenfeld: Nonelastic reactions in absorbed dose distributions for protons 40

0.0045 1000
& £
0.0040 = i 2
100
0.0035 4
2 ~
0.0030 -t §
s g 104
a
% 0.0025
5o 4
H . 1
& 0.0020 " a4
0.0015 " E
Fay 01 <4
0.0010 a [
N A
0.0005 FY
3 011
0.0000 * i
] 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320
Dep th (mm) 0.001
= A.150: With Inchstc Reactions Water: Without Inclastic Reactions 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 30
----- Water: With Inelastic Reactions & Adipose: Without Inelastic Reactions Dep th (ane)

& Adipose: With Inelastic Reac tions *  Muscle: With Inelastic Reactions
¢ Muscle: Wihtout Inelastic Reac tions O A-150: Without Inelastic Reac tions

[— Wih Inelastic Scatiering = Wihout Inehstic Scattering |

Fic. 4. Comparison of depth dose distributions for a monoenergetichénférjocioﬁst\j/ (f:r;cu)p;?itt?\?mt(); eag ﬂe?l'trr:edgs‘seeCiilr?ttr;]ti):t:jczgtrligu?iovr\:arﬁrs
200 MeV proton beam in different phantom materials. p piot 9 graph.
been normalized to the peak dose.

) supplied in Figs. 3 and 4. A depth dose distribution of both
ratio was observed to be around a 5%-8% for 60 MeV prosjmulations plotted on a logarithmic scale is required to ob-

tons and over 30% for the 200 MeV beam. As the nonelastigerve these effects, as shown in Fig 5.
cross section depends on proton energy and target composi- |t js clear from Fig. 5 that in the case of the simulation
tion, these effects can be dominated by different materials fofhat includes nonelastic reactions some dose is deposited past
different proton energies. A-150 was the most affected mathe Bragg peak as a result of long-range nonelastic products
terial at 60 MeV. However, at 200 MeV the most affectedsych as neutrons and photons. This dose is orders of magni-
material was muscle. These effects are a direct result of d|fmde smaller than the peak dose; however, it may be impor-
ferent elemental compositions of the different materialstant to consider. For example, in proton therapy it is routine
produ_cing different nonelastic cross sections at diﬁerento superimpose a number of Bragg peaks in Order to achieve
energies. a dose distribution of adequate width to treat the tumor vol-
The decrease in Bragg peak amplitude is a clear indicagme. In doing so, the tail from each Bragg peak will also be
tion of the effect that nonelastic reactions have on the deptByperimposed, increasing dose past the tumor volume. This
dose distribution. Failure to account for this accurately coultban be considered even more significant as this tail is made
result in significant dose errors in the Bragg peak regionyp of neutrons that may increase the biological dose in this
However, reduction in Bragg peak amplitude is not the onlyregion. This dose could be significant for sensitive structures
effect that resulted from the inclusion of nonelastic reactionggcated close to the distal edge of the SORMPread-out
in the simulation model. There was also a small increase iBragg peak
the entrance dose region, as well as an increase in the dose The phantom material also affects the spectra of second-
deposited past the Bragg peak as a result of secondary pajry particles produced via nonelastic reactions. This is clear
ticles produced by nonelastic nuclear reactions. Howevefrom Table IV when we consider the difference in integral
these are not clearly visible on the depth dose distributiongose between the simulation that accounts for nonelastic re-
actions and the one that does not for the 200 MeV incident

TasLE Ill. The Bragg peak position, ratio of peak to entrance dose, and theTasLE IV. The integral dose and the difference in integral dose between the
difference in this ratio between the simulation that accounts for nonelastisimulation that accounts for nonelastic reactions and the one that does not
reactions and the one that does not for 200 MeV depth dose distribution. for 200 MeV depth dose distribution. Integral dose in cGy per 200 000

protons.
Ratio of peak to Ratio of peak to
entrance dose  entrance dose Difference Integral dose Integral dose
Bragg peak without nonelastic with nonelastic in ratio without nonelastic ~ with nonelastic
Material position(mm) reactions reactions (%) Material reactions reactions Differencé%)
Water 257.55 6.872 5.134 33.8 Water 0.25 0.24 7.7
A-150 229.27 6.999 5.106 37.1 A-150 0.23 0.21 7.9
Adipose 273.71 7.042 5.331 32.0 Adipose 0.28 0.26 8.0
Muscle 250.48 7.128 5.141 38.6 Muscle 0.26 0.23 12.0
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proton beam. Of all the materials, simulated muscle has thergan and established composition data tables for particular
highest variation between the simulation that considers nomnergans and structures. These tables could be built into the
elastic reactions and the one that does not. This is possibly &ystem to associate composition with CT number and hence
direct result of muscle producing more long-range secondarmssign elemental composition to each voxel within the CT
ies such as neutrons and photons, which carry dose out of thmage. It is important to mention that the uncertainty in non-
sensitive slices and away from the incident proton’s trackelastic cross sections will affect dose distributions within a
This would be a direct result of the composition of the ma-phantom.
terial and the different nonelastic cross sections of the differ- The simulations also showed that nonelastic secondary
ent elements. It is also important to note that the pencil bearparticles increased the dose in the tail of the Bragg peak. The
of protons was incident on the center of @680 mm sen- dose in the tail is of the order of three decades smaller than
sitive slice, and as such in order to deposit dose outside ththe peak dose. However, the superposition of a number of
sensitive slice, the secondary particles had to be significantlgeaks in order to form the spread-out Bragg péakBP
deviated from the incident proton’s track. The difference inwill result in the superposition of this tail. This could result
the integral dose would have increased significantly if thein a biologically significant dose to sensitive structures, es-
cross-sectional area of the sensitive slices had been reducpdcially if they are located close to the treatment volume.
for example to 1 crf) as this would have resulted in a greater
fraction of the dose being deposited away from the proton’s
track outside the sensitive slices. ACKNOWLEDGMENTS
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