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Abstract:

The treatment of tumors with radiation is a powerful tool in the fight against
cancer. The radiotherapy and heavy charged particles, particularly proton-therapy, offers
advantages over the more conventional methods (X-rays and gamma rays). However, all
radiation treatment needs to be preceded by a planning based on some form of medical
imaging, usually obtained by computed tomography X-ray (XCT), which introduces
inaccuracies in planning treatment using protons. The proton computed tomography
would locate, with greater certainty, the Bragg peak, ensuring the best treatment with this
technique. Another advantage of proton is associated with the low dose in healthy tissues.
The highest dose will be deposited in the detector. The reconstruction of images using
protons depends on several factors, including the interaction of this particle with matter,
which can be provided by nuclear inelastic interactions or multiple scattering Coulomb
(MSC). The most likely path (MLP) and a spatial probability function of proton are the
goal to be solved in treatment and planning. This work investigated this behavior of
protons and the relationship with the image quality. Through calculations based on
theories of Moliere and Fermi-Eygels it was verified the proton behavior over
homogeneous and heterogeneous trajectories and determined the opening of this beam in
places of interest. Considering the calculation in the region of the Bragg peak (6.7932 mm?
- end of the peak), and the area of a square pixel of 1 mm?, it is clear that the proton has a
great chance to not be detected in the same entry position (straight line), which
significantly affect the quality of the reconstructed image.

Index Terms: Proton-Computed Tomography, Protontherapy, Treatment Planning &
Image Reconstruction
1. Introduction:

In both radiation methods treatments, proton therapy and radiation therapy, the
planning of the treatment is determined by X-rays computed tomography (XCT) images
1, 2). This technique has some restrictions due the difference in the physical
interactions processes of protons and photons with matter, which are associated with
intrinsic properties of the target 3, 4, 5).

The interaction process of protons, which are charged particles, occurs
principally by ionization and Coulomb excitation and for energies above 200 MeV by
nuclear process 6, 7). The main macroscopic parameter allows to characterize the
process of proton interaction with the target is called Stopping Power. This parameter
also is related to the energy of the proton and the properties of the target, especially the
electron density 6, 8, 9, 10).

The quality of medical image is intrinsically associated of spatial resolution and
electronic density resolution 10, 11). The both quantities are related in proton
Computed Tomography (pCT) with multiple scattering Coulomb and energy straggling
respectivelyl1, 12, 13). Because of this kind of interaction with matter the proton
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behavior in a target is not a straight line trajectory but a most-like path (MLP) that is
dependence factor in image reconstruction process and in image quality 14, 15, 16, 17).
The Moliére’s theory for small angle multiple scattering give a probabilistic
function about xy-proton position that is correlated with Normal distribution of
scattering angle in target 17, 18). A general theory for charged particles, that loss
energy and suffer multiple scattering in matter, take an approximation of a group of
particles like a Gaussian beam, was proposed by Fermi and then Eygels 19). This work
was aimed developed a numerical solution for Moliére’s and Fermi-Eygels theories
about the effects of multiple scattering in image reconstruction quality.
2. Methodology:

Moliere describe the scattering angle for the MLP 18)
0 _ % (1)
RMS \/ﬁ
To calculate the lateral deflection RMS of the charged particles beam in any
position, considering the 05 18)

Yrms = 37/ 20pyst (2) ,
Scott (1963) do an approximation to B parameter B = 1.153 + 2.583 log (j;—c) .

Tabata and Ito (1976) 19) given a more precision definition
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Where x_is the characterist angle
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For a homogeneous target it becomes
— 47Nt 2t
X =4m—te*Z(Z +1) )2 (5)

N is the Avogadro number, A and Z are the relative atomic mass and atomic
number respectively of the target, z, p and v are respectively, the atomic number, the
initial velocity and the initial momentum of incident particle 18).

Moliere describe an approximation expression, based on Thomas-Fermi model
for the atomic potential, for y,, called screnning angle

2
Xa = Xo (1.13 +3.76 (%F) ) (6)
wherea is the fine structure constant (1/137,03604) and f = v/c. And y, = 1/a, A de
Broglie wavelenght of incident particle and a the Fermi radius.

The characteristic angle scattering 6y is a result of proton interaction with the
matter, that depends the density and chemistry composition, while proton loss energy
and velocity through the path.

’ 0.7
91.[ = 9M 1-— ? (7)

Where 6, = % XcVB is Moliére characteristic angle for multiple scattering Coulomb.

The theory of Fermi-Eygels considering a statistical variation for a beam with
Gaussian distribution is given by

0%(x) = 6%(0) + [ T(x)dx"  (8)
y0(x) = y6(0) + 62(0)x + fox(x — x)T(x")dx'(9)
¥2(x) = 72(0) + 2y6(0) + 62(0)x? + [ (x — x)?T(x")dx'(10)
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Where x is the longitudinal position, y and 6 are the deflections lateral position and
scattering angle of the incident particle.
Kanematsu presented an analytical solution for homogeneous target19)
6% = f = Log 2| (11)

y=fon(t-grgteli])s 02

X, (1 . 3R> 2R RZ R Ro\ 2
v =Gt w mwrtos| D) a3
Where X,, is the radiation length of water (36.08), andX, is the radiation lenght for
another material; S, is the related stopping power of the material to water; Ro is the
maximum range of proton in the material and R the thickness of the target 19).

And f is the particle type dependent-factor
f= 10737016 (mﬂ)—O.‘)Z (14)
p

Where m is the particle mass and m,, the proton mass.
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| J T | -

X 2Ax L
Figure 1: geometry adopted to validate the calculation. The target with water has the
length of proton maximum range. Was used a pencil beam of protons.

Initially was used a target of homogeneous material (water liquid) as presented
in figure 1. The target has the lenght of proton maximum range in water to see what
happens in terms of beam scattering before and after the Bragg peak. Then was used
another target of heterogeneous materials compound by air, water and bone with 200
milimeterlenght as shown in figure 2. Was adopted three points to observe beam
scattering (35, 100, 200 mm). The calculation was done considering a proton pencil
beam.

I:‘ Water

Air

. Bone

CSDA (g/cm?
Figure 2: phantom model with water, air and bone intercalated. Was used only water to
validate calculation and then this heterogeneous target.
3. Results and Discussion:

All Calculation was done for a proton beam with 200 MeV of incident energy. The
maximum range with this energy for water is 25.96 g/cm?, 29.37 g/cm? and 27.91
g/cm? for air and bone respectively. Table 1 shows these material compounds.

Table 1: effective atomic numbers and density of the materials used in the

heterogeneous target

Material = Water (liquid) Air Compact bone (ICRU)
Z 10 7.6 13.8
p (g/cm3) 1.000 0.001225 1.850

Figure 3 shows the lateral deflection of proton beam before Bragg peak (~213 mm in
water) with Moliere and Fermi-Eygels calculation and after their (~259,5 mm in water)
only with Fermi-Eygels calculation. Moliére theory has a problem with energies below
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~8 MeV, is a limitation of this model. In the other hand Fermi-Eygels is not energy-

dependence but only the maximum range with the initial incident energy. Fermi-Eygels

also is not mass atomic and atomic number factor-dependence like Moliére, but
depends on material density, most important in calculation.

2759mm ! : [ 2 2427om i 2 T 3319mm

Figure 3: Lateral deflection of proton beam before Bragg peak (~213 mm in water) with
Moliere and Fermi-Eygels calculation and after their (~259,5 mm in water) only with
Fermi-Eygels calculation.

The proton beam increases your spatial probability related with approaches the
maximum range, relevant region in pCT reconstruction.

Figure 4 (a) shows the spatial probability for a proton beam inside water at 35
mm, 100 mm and 200 mm positions, calculated with Fermi-Eygels theory. And figure 4
(b) compare these values with Moliere’s theory. Regions faraway Bragg peak the proton
beam behaves approximately like a straight line, with less deviation, for Fermi-Eygels.
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Figure 4 (a): spatial probability for a proton beam inside water at 35 mm, 100
mm and 200 mm positions, calculated with Fermi-Eygels theory; (b): spatial probability
with Moliere’s theory at same position.

The behaviour of the lateral deflection for a pencil beam increases while proton
goes inside the target. That is very important and cannot be neglectable in image
reconstruction 20). For a geometry describe in figure 2 can be also analysed lateral
deflection when heterogeneous target is available.

Hanson (1951) described the spatial deflection probability, considering x-y axis
and the scattering characteristic angle 6y 17).

. 1 2 x2+y2
¥63,2,E) = () oxp |~ 5700] (15)
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The calculations for the heterogeneous target give some results (to 35 mm, 100

mm and 200mm) that allow compare with the homogenous target. They are shown in

|

5.79335 mm 5.04539 mm 4.02504 mm
Figure 5: Spatial deflection probability at 35 mm, 100 mm and 200 mm for a target with
water, air and bone.

The lateral deflection decreases in these positions and differs with the water
results. It could be explained because when proton pass inside air it not undergo energy
and multiple scattering what be approximate to a straight line, the interaction is
drastically decreased. These results interfere directly in the lateral deflection.

4. Conclusion:

Due dose deposition proton profile the main advantage in imaging, it is to shift
the maximum deposition out of the patient or upon calorimeter of the detector.
However, because interactions with matter, detection of proton becomes complex.

As described, the proton has a probability space along the path, which has
implications in their detection, and factor-dependence of the detector pixel size. The
smaller the pixel greater is the chance of the proton detected in that position (z), have
not left the same position (z) input.

Considering the calculation of spatial probability function in the Bragg peak
region (6.7932 mm - the end of the peak), and the size of a square pixel of 1.00 mm?2 is to
see that the proton has a great chance of not being detected in the same entry position.
5. References:

1. Schulte R W, Bashkirov V, Li T F, Liang Z R, Mueller K, Heimann ], Johnson L R,
Keeney B, Sadrozinski H F M, Seiden A, Williams D C, Zhang L, Li Z, Peggs S,
Satogata T & Woody C, “Conceptual design of a proton computed tomography
system for applications in proton radiation therapy” IEEE Transactions on
Nuclear Science, Volume 51 Issue 3 Page Number 866-872, 2004.

2. Smith A R, “Proton Therapy”, Physics in Medicine and Biology, Volume 51, Page
Number R491-R504, 2006.

3. Larson B, et al., “The high-energy proton beam as a neurosurgical tool”, Nature
Volume 182, Page Number 1222-1223, 1958.

4. Jones B “The case for particle therapy”, “The British Journal of Radiology”,
Volume 79 Page Number 24-31, 2006.

5. Tobias C A, et al, “Pituitary irradiation with high-energy proton beams: a
preliminary report”, Cancer Research, Volume 18, Page Number 121-134, 1958.

6. Garcia Molina R, Abril I, Heredia-Avalos S, Kyriakou I &Emfietzoglou D, “A
combine molecular dynamics and Monte Carlo simulation of the spatial
distribution of energy deposition by proton beams in liquid water”, Physics in
Medicine Biology, Volume 56, Page Number 6475-6493, 2011.

757



International Journal of Multidisciplinary Research and Modern Education (IJMRME)
ISSN (Online): 2454 - 6119
(www.rdmodernresearch.com) Volume I1, Issue I, 2016

7. Paganetti H, “Nuclear interactions in proton therapy: dose and relative biological
effect distributions originating from primary and secondary particles”, Physics in
Medicine and Biology, Volume 47, Page Number 747, 2002.

8. Zygmanski P, et al., “The measurement of proton stopping power using proton
cone beam computed tomography”, Physics in Medicine and Biology, Volume 42,
Issue 2, Page Number 511-528, 2000.

9. Schulte R W, Penfold S N, Tafas ] T & Scubert K E, “A maximum probability
proton path formalism for application in proton computed tomography”, Medical
Physics Volume 35, Page Number 4849- 4856, 2008.

10. Wang D, Mackie T R, & Tomé W A, “On the use of a proton path probability map
for proton computed tomography reconstruction”, American Association Physics
in Medicine, Volume 37, Page Number 4138-4145, 2010.

11. Lee ], Kim C, Min B, Kwak ], Park S, Byeong Lee S, Park S & Cho S, "Sparse-view
proton computed tomography using modulated proton beams", Medical Physics,
Volume 42, Issue 11, Page 1129, 2015.

12. Ederlyi B, “A comprehensive study of the most likely path formalism for proton-
computed tomography”, Physics in Medicine and Biology, Volume 54, Page
Number 6095-6122, 2009.

13.Li T F, Liang Z R, Singanallur | V, Satogata T ], Williams D C & Schulte R W,
“Reconstruction for proton computed tomography by tracing proton
Trajectories: A Monte Carlo study”, Medical Physics, Volume 33, Page Number
699-706, 2006.

14. Schneider U, Pedroni E, “Multiple coulomb scattering and spatial resolution in
proton radiography”, Medical Physics, Volume 21, Issue 11, Page Number 1657-
1663, 1994.

15. Lihr A, Hansen D C, Jakel O, Sobolevsky N, Bassler N, “Analytical expressions for
water-to-air stopping-power ratios relevant for accurate dosimetry in particle
therapy”, Physics in Medicine and Biology, Volume 56 Page Number 2515-2533,
2011.

16. Ciangaru G, Polf | C, Bues M & Smith A R, “Benchmarking analytical calculations
of proton doses in heterogeneous matter”, Medical Physics, Volume 32, Page
Number 3511-3523, 2005.

17. Andreo P, Medin | & Bielajew A F, “Constraints of the multiple-scattering theory
of Moliere in Monte Carlo simulations of the transport of charged particles”,
Medical Physics, Volume 20, Page Number 1315-1325, 1993.

18.Mustafa A A M, Jackson D F, “Small-angle multiple scattering and spatial
resolution in charged particle tomography”, Physics in Medicine and Biology,
Volume 26, Page Number 461-472, 1981.

19. Kanematsu N, “Semi-empirical formulation of multiple scattering for Gaussian
beam model of heavy charged particles stopping in tissue-like matter”, Physics in
Medicine and Biology Volume 54, Page Number 67-73, 2009.

20. Rescigno R, Bopp C, Rousseau M & Brasse D, "A pencil beam approach to proton
computed tomography", Medical Physics, Volume 42, Issue 11, Page 6610, 2015.

758



