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Abstract

Purpose: The main purpose of this study was to monitor the secondary dose
distribution originating from a water phantom during proton therapy of prostate
cancer using scintillating fibers. Methods: The Geant4 Monte Carlo toolkit version
9.6.p02 was used to simulate a proton therapy of prostate cancer. Two cases were
studied. In the first case, 8 x 8 = 64 equally spaced fibers inside three 4 x 4 x 2.54
cm3 Delrin® blocks were used to monitor the emission of secondary particles in
the transverse (left and right) and distal regions relative to the beam direction. In
the second case, a scintillating block with a thickness of 2.54 cm and equal vertical
and longitudinal dimensions as the water phantom was used. Geometrical cuts
were implemented to extract the energy deposited in each fiber and inside the
scintillating block. Results: The transverse dose distributions from the detected
secondary particles in both cases are symmetric and agree to within <3.6%. The
energy deposited gradually increases as one moves from the peripheral row of
fibers towards the center of the block (aligned with the center of the prostate) by a
factor of approximately 5. The energy deposited was also observed to decrease as
one goes from the frontal to distal region of the block. The ratio of the energy
deposited in the prostate to the energy deposited in the middle two rows of fibers
showed a linear relationship with a slope of (-3.55+2.26) x 10-> MeV per treatment
Gy delivered. The distal detectors recorded a negligible amount of energy
deposited due to higher attenuation of the secondary particles by the water in that
direction. Conclusion: With a good calibration and with the ability to define a good
correlation between the radiation flux recorded by the external fibers and the dose
delivered to the prostate, such fibers can be used for real time dose verification to
the target. The system was also observed to respond to the series of Bragg Peaks
used to generate the Spread Out Bragg Peak inside the water phantom. Such Bragg
Peaks were detected by the fibers. The energy deposited inside the lateral blocks
were also observed to decrease as one goes away from the beam nozzle due to
increased attenuation.

Keywords: Proton Therapy; Prostate Cancer; Scintillating Fibers; Geant4;
Hadrontherapy; Secondary Dose

1. Introduction

Radiation therapy has been one of the most commonly photons as well as charged particles, mainly electrons
used treatment options for cancer patients. The external and protons. Due to the sharp characteristic Bragg peak
beam radiation therapy is performed using high energy it possesses and the technological ability to spread the
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Bragg Peak to cover the entire tumor size in the beam
direction, proton therapy has shown a therapeutic
advantage over the conventional photon therapy in
sparing much of the surrounding healthy tissue in the
treatment of deep seated malignancies like the prostate
cancer.!8 [n proton therapy, the beam can be delivered
in either an active mode or passive mode.>7 In the
former, an aperture and a compensator that are
generated from the treatment planning system are
fabricated and utilized to conform the beam to the target
shape both laterally and in the beam direction,
respectively.

The major concern regarding proton therapy, however,
has been the production of secondary particles,
especially neutrons, through inelastic interactions of the
energetic protons with the beam delivery system
components and the patient body.*1°® The former was
found to be the major source of neutrons.*1® The dose
delivered to patients by such secondary particles has
been of great concern and a main topic of study by a
number of researchers.#11-15 Results showed that the
dose from neutrons is very low and the secondary
cancer incidence from such a dose is very scarce.l® The
production of neutrons was found to be high when using
a passive beam delivery mode. This is due to presence of
the scatterers and apertures, which are the main
contributors in neutron production in the beam line.
Binns et al.'2 measured the neutron dose equivalent at
the patient position to be in the range of 33 mSv to 80
mSyv per treatment Gy when a proton beam of 200 MeV
mean energy was delivered using a passive beam
delivery mode. Around the treatment nozzle, an
equivalent dose of 0.91 mSv to 15 mSv per treatment Gy
was measured at the Harvard Cyclotron Laboratory by
Yan et al.'* from 160 MeV proton beam with a passive
beam delivery mode.

The equivalent dose from secondary neutrons decreases
with a decrease in the treatment field, an increase in the
distance from the nozzle as well as a decrease in the
energy of the primary proton beam. Agosteo et al.ll
reported a Monte Carlo simulation estimation of a
maximum neutron dose of 10-*Gy per treatment Gy in
the healthy tissue behind the eye from a passively
scattered ocular treatment beam line using a 65 MeV
proton beam at the Center Antoine-Lacassagne in
France. With an active beam delivery mode, the absence
of scatterers and apertures greatly reduces the neutron
production.l? Uwe et al.'®> measured the dose delivered
to the healthy tissue by the secondary neutrons for large
and medium targets to be approximately 4 mSv and 2
mSv per treatment Gy, respectively when a 177 MeV
proton beam was used to irradiate the tumor in a spot
scanning beam delivery mode.

In this work, a Geant4 Monte Carlo simulation toolkit18.19

was used to study the distribution of the secondary
particles around a 36 cm x 22 c¢cm x 24 cm water
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phantom. The energy deposited around the water
phantom by these secondary particles was analyzed. The
dose monitoring system constructed in this study is
mainly based on the energy deposited external to the
water phantom. This work follows a recent paper that
focused in the dose distribution near and in the prostate
gland.?0 In the previous paper, a dose monitoring system
was constructed to study the dose delivered to the rectal
wall in the proton therapy of prostate cancer. The
simulation included thin scintillating fibers attached to
an endorectal balloon to record the dose delivered to the
balloon surface. This represents the dose to the inner
rectal wall, which is in physical contact with the balloon.
The results obtained indicated that a good correlation
can be built between the dose delivered to the prostate
and the dose to the scintillating fibers, thus an in-vivo
dose monitoring to the rectal wall as well as the target
prostate can be achieved.

2. Methods and Materials

The Geant4 Monte Carlo toolkit version 4.9.6 p02 was
used to simulate a proton therapy of prostate cancer
with an endorectal balloon as an internal immobilizer.
The simulation was based on the hadrontherapy
example application available with the Geant4
package?1-25, modified for the present study. The details
of the simulation developed are described in the
previous paper.2® For the secondary dose monitoring
system, three detectors were constructed around the
water phantom. From the beam's eye view, two
detectors were placed in the lateral directions and one
in the distal. Two sets of detectors were designed for
this study. In the first case, a 4 cm x 4 cm Delrin® block
was used to house a total of 8x 8 = 64 fibers of
dimension 1 mm x 1 mm, evenly spaced by a center-to-
center distance of 4.556 mm from each other both in the
vertical and lateral directions. The length of the fibers
was defined by the thickness of the Delrin® block, which
is 2.54 cm. In the second case,a 36 cm x 22 cm x 2.54 cm
block made entirely of scintillating material was used for
radiation detection. Each block was aligned to the center
of the prostate. In both cases, the detectors were placed
at a distance of 4 cm away from the surface of the water
phantom. The placement of the scintillating fibers inside
the Delrin® block and the scintillating blocks are shown
in Figures 1 and 2.

The modulator wheel was rotated from 0° to 3599 in
steps of 1° to spread out the Bragg Peak in the beam
direction. The beam was laterally conformed to the
target shape using patient specific collimator located at
the end of the beam line. With the Delrin® block, the
simulation was run for four different number of events
per degree of the modulator wheel rotation: 500, 1000,
2000, 3000. The results obtained were analyzed to study
the linear response of the scintillating detectors to the
dose delivered. For the case of the scintillating block,
however, the simulation was run solely for 3000 events
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per degree of modulator wheel rotation to evaluate the
effect of Delrin® material as a host to the dose
monitoring fibers as in the former case.

3. Results

The fibers were uniformly spaced within the blocks,
with the fiber ID running from 1 to 64 as shown in
Figure 1. The beam direction is from left to right,
irradiating the whole prostate. In the root file26
generated from the simulation run, the energy deposited
in all the fibers inside the three blocks were returned
under one tree by implementing a cut in the volume
name. To analyze the energy deposited in each fiber, the
knowledge of the geometrical location of the individual
fibers inside the blocks is required. The plots of the
interaction points in the fibers in the X-Y (along the
beam direction) and Z-Y (along the length of the fibers)
planes in the lateral blocks are shown in Figure 2. The
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geometry simulating the prostate is centeredatY=7Z =0
and X = 21.5 cm. The right block (Z > 0) is the reflection
of the left block (Z < 0) with the X-axis as a mirror at Z =
0. Hence, it is sufficient to obtain the information
regarding the geometric location of the fibers from one
block only. The information for the other lateral block
fibers will be a mirror reflection of the first block fibers
along the X-axis, ie. setting Z > 0 will give the
coordinates of the fibers in the right block and Z < 0 will
be that of the fibers in the left block from the beam's eye
view.

From the two plots above, the coordinates that define
the volume of the individual fibers was generated. The
information was later used to calculate the total
integrated energy deposited in each fiber located inside
the left and right blocks.
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Figure 1: Left panel: the top view of the simulation design in and around the water phantom. Right panel: the placement of
the 64 scintillating fibers inside the lateral Delrin® blocks. The blocks are aligned to the center of the prostate and were
placed 4 cm away from the surface of the water phantom both in the two lateral and distal regions.
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Figure 2: The interaction points inside the left block fibers along the fiber length (Y-Z plot) and in (Y-X) the beam direction

(beam direction is along the X axis).
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Figure 3: The interaction points of the radiation within the distal block fibers. The fiber ID goes from 1 to 64 from the top-left
to the bottom-right corner.

3rd - Row 6th - Row
1500
3
2
™
g —+-3000 Events/degree Left Sth - Row
L 1st - Row
= ~8-3000 Events/degree Right
E =#=2000 Events/degree Left
=200 Events/degree Right
\ f
150
0 4 8 12 16 0 24 I 32 36 40 44 48 52 S5 60 64 &8
Fiber ID

Figure 4: The total integrated energy deposited inside the right and left fiber within the Delrin® block for the 2000 and 3000
events per degree of modulator rotation. The same results were observed for the 500 and 1000 events per modulator wheel
rotation - (not shown for clarity).
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Figure 5: The energy deposited in the left and right fiber blocks with and without the virtual cut. Both simulation runs were
for 3000 events per degree of modulator rotation.
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Figure 6: The energy deposited in the prostate and the total energy in the 16 fibers located in rows 4 and 5 above (+1.8 mm)
and below (-1.8 mm) the center of the prostate, respectively. The plot also shows the ratio of the two energies deposited

(E_Prostate/E_ fibers), which is scaled up by 8,000 for clarity.

For the fibers in the distal region, the beam was moved
forward with its momentum in the positive X direction.
Such setup results in more interaction points inside the
distal block fibers, hence giving a clear image of the
geometry of the fibers. From the plot of the interaction
points, the geometrical information regarding the 64
fibers was generated and later used to calculate the total
integrated energy deposited inside each fiber. The plot
of the interaction points in the fibers inside the distal
block are shown in Figure 3.

Once the geometrical coordinates for all the fibers were
extracted, the simulation was run for the different
number of events per modulator wheel rotation for
proton beam energy of 200 MeV as listed in section IL
The plot of the integrated energy deposited in the fibers
for the lateral blocks is shown in Figure 4.

Figure 4 shows a clear symmetry in the energy
deposited between the left and right block fibers. The
plot also shows symmetry in the energy deposited in the
fibers across the rows. The fibers in the first row, which
are physically located at the top of the block (see Figure
1), record relatively the same amount of energy
deposited as those in the eighth row, which are located
at the bottom of the block. The same relationship exists
between the second and seventh, third and sixth as well
as fourth and fifth row fibers. Such pairs of row fibers
are located at the same distance from the center of the
prostate.

© Tesfamicael et al.

The energy deposited in the fibers increase from row 1
(and 8) to row 3 (and 6), then slightly decreases in row 4
(and 5). Fibers in rows 1 and 8 are at comparatively
longer distances from the center of the prostate. Hence,
the secondaries will travel a longer distance to arrive at
those fibers, experiencing a relatively higher
attenuation. For the fibers in rows 3 and 6, the distance
decreases, resulting in lower attenuation and higher
deposited energy as compared to the energy recorded
by the fibers in rows 1 and 8. The energy deposited
continues to increase as one move from the edge, rows 1
and 8, towards the middle, rows 4 and 5. A slight
decrease in the energy deposited in rows 4 and 5 could
be attributed to the spherical geometry of the prostate,
which makes it thicker at the center. This affects the
energy deposited inside the fibers in rows 4 and 5 that
are located slightly above and below the center of the
prostate, respectively.

In the second case, the Delrin® block was replaced by a
full solid scintillating slab of dimensions 36 cm x 22 cm
x 2.5 cm. This simulation was run for 3000 events per
modulator rotation and virtual cuts were applied to
obtain the energy deposited in the geometrical location
of the fibers. The geometrical information of the fibers
generated from Figure 2 was used for the virtual cut and
the integrated energy deposited was calculated and is
depicted in Figure 5.

The plots overlap very well indicating that the Delrin®
material used to house the individual fibers has no effect
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on the reading of the fibers. In the four different runs,
the energy deposited in the prostate as well as the total
energy deposited in the sixteen fibers in rows 4 and 5
were recorded and analyzed. The plot of the energy
deposited as a function of the number of events per
modulator wheel rotation (i.e, dose) for both the
prostate and these fibers is shown in Figure 6. Linear fits
applied for each plot showed a slop of 17.2+0.35 for the
prostate and 6.5+0.13 for the fibers in the two middle
rows.
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The plot for the ratio of the energy deposited inside the
prostate to that recorded by the fibers is relatively
constant, with a slope of (-3.55%£2.26) x 105 MeV per
treatment Gy to the prostate. The results obtained
ensures a direct scaling between the two energies
deposited. Thus, defining a precise correlation between
the energy deposited in the prostate and the energy
deposited in the 16 fibers located outside of the water
phantom will enable one to get a good prediction of the
dose to the prostate from the measurement of the
radiation flux in the fibers.

e Ratio (Left/Right)_Virtual
—Linear fit{Left/Right) Block [¥=1.70E-3 X +1.012]

—_ 115 i Linear fit(Left/Right)_Virtual [Y =-2.09E-3 X + 1.05]
] 1| ) T
28 o |
'E. A -
* | m u
3 10s IJ |
- L ]
1} FlLl
o {
3
g -
(=] 095 a
= |
2 {
[} . }
S
E 0.85
®
o

08

0.75

o 5 10 15 20 25 30 35 40 45 50 55 (1t (3] 70
Fiber ID

Figure 7: The ratio of the energy deposited for the 3000 events per degree of modulator wheel rotation run. The plot shows
the ratio of the energy deposited in the left fibers to those in the right fibers for both the block and virtual cut cases.
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Figure 9: The energy deposited in thin slabs of the right scintillating block at different locations along the beam direction.
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Figure 10: The energy deposited as a function of depth in the lateral region.

4. Discussion

From the results obtained, one could notice a definite
symmetry in the distribution of the secondary particles
in the lateral (right and left) regions in both cases as
depicted in Figures 4 and 5. This indicates a uniform
distribution of the radiation exiting the water phantom.
The plot of the ratio of the energy deposited in the left
and right regions for both cases is shown in Figure 7.

© Tesfamicael et al.

Figure 7 shows the ratio of the energy deposited in the
left to that of the right fibers for both cases (inside the
Delrin® block and for the full scintillating slab). The
data analysis showed that the flux in the two lateral
regions match to within 3.6% in both cases. The linear fit
performed over a selected region also showed a very
small slope, with a y-intercept close to 1, with the two
data sets fluctuating around 10% (1c). The selected
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region for the linear fit was the fibers located between
rows 2 and 7, where there is sufficient statistics.

Moreover, the ratio of the data obtained from the fibers
inside the Delrin® block to that of the virtual cuts inside
the scintillating slab was analyzed for both regions. The
data match to within 3.5%, which indicates that the
material housing the dose monitoring fibers has less
effect on the energy deposited inside those fibers.

The secondary dose monitoring fibers and the
scintillating block in the distal region, however,
recorded very minimum energy deposited. This is due to
the higher attenuation the secondary particles
experience in arriving at those fibers for the selected
beam energy. The primary purpose of this detector was
to obtain information on the beams centroid in order to
provide a correction on the beam alignment.

To generate the contour plot in Figure 8, a proton beam
of energy 250MeV was used with the beam source
positioned at around the center of the water phantom to
overcome the higher attenuation. Observed from the
beam's eye view, the left panel shows the detection of
more secondaries around the center. The right panel
shows the side view of the scintillating block detector,
i.e. transverse to the beam direction. More secondaries
were detected at the frontal edge around the center of
the detector.

Further analysis of the data showed that the energy
deposited in the fibers located in each row fluctuates,
following a relatively similar pattern in all the rows. As
shown in Figures 4 and 5, the "up-down" pattern
appears in both cases, i.e. when using a Delrin® block to
house the monitoring fibers as well as when the whole
scintillating block was used with a virtual cut. The fibers
that are housed inside the Delrin® block in each row
were spaced at 4.6 mm from each other. To understand
this fluctuation, the scintillating block located on the
right side of the water phantom, viewed from the beam's
eye view, was virtually dissected in the vertical direction
(slices run along beam direction) in thicknesses of 0.5
mm. In the Y and Z directions (height and thickness,
respectively), the whole size of the block was
considered. Such slices (0.5 mm x 22 cm x 2.45 cm)
were used to calculate the integrated energy deposited
and the results obtained are shown in Figure 9.

The panel in the top left shows the scattered plot of the
secondaries within the scintillating block. Panel (a)
represents the energy distribution in the proximal
region. The spread in the energy variation is equivalent
to one standard deviation (SD). Hence, this variation is
attributed to statistical fluctuation. In (b), however, the
fluctuation follows a certain pattern that repeats over a
given region, i.e. around the location of the spread out
Bragg peak (SOBP). The repetitive spikes correspond to
the large number of Pristine Bragg peaks involved to
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generate the SOBP (18 in number). The SOBP was
generated by a modulator wheel of 18 slices, each with a
thickness of 0.3 cm stacked together to form a staircase.
The secondary dose monitoring fibers as well as the
scintillating block located outside of the water phantom
were able to "sense" those Pristine Bragg Peaks,
resulting in the formation of the spikes. In (c), which is
located in the distal region of the right block, no such
spikes were observed due to attenuation and smearing
in water. Such spike patterns were also observed inside
the prostate. The spikes generated, however, were less
pronounced due to a higher contribution of low energy
secondaries that are suppressed from reaching the
external detectors due to attenuation.

From Figures 9(a, b and c), one notices that the energy
deposited gradually decreases as one moves towards the
distal section of the scintillating block. To understand
the distribution of the energy deposited, further analysis
of the data was conducted. In this case, the scintillating
block was virtually dissected into thin slices of thickness
3.5 cm each along the beam direction. The energy
deposited in each slice was calculated and plotted as
shown in Figure 10.

From the plot, it can be noticed that the energy
deposited is higher in the proximal region and decreases
towards the distal region. The peak at the depth of
around 12 cm shows a turning point, which is in
agreement to the plots in Figure 9 (a) and (b). Beyond
that point, the energy deposited starts decreasing and is
close to zero at depths of around 30 cm and beyond. This
is due to the attenuation of the mainly low energy
secondaries that are generated at depths beyond the
location of the SOBP. The result obtained is in close
agreement with those obtained by Wroe et al??, who
used a different setup for their experiment. The reason
attributed for higher energy deposited in the proximal
region is due to the higher production of high energy
secondaries, like neutrons and electrons inside the beam
line components which are closer to the proximal edge
of the scintillating block. For the distal region, however,
the main contribution comes from the secondary
particles generated inside the water phantom. The
secondaries from the water phantom are produced with
comparatively lower energies.

5. Conclusion

A Geant4 Monte Carlo simulation was designed to
monitor the total external radiation flux and a possible
correlation of the measured flux with the dose delivered
to the prostate. The previous work?? was mainly
focusing on using thin scintillating fibers attached to a
water filled endorectal balloon to monitor the dose to
the rectal wall as well as the prostate. In this work,
however, the goal was to develop a dose monitoring
system based on the radiation flux recorded from
outside of the water phantom.
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The results obtained were in good agreement to results
from literature review. A linear response of the fibers to
the dose delivered to the prostate was observed, a
property of the fibers studied by a number of
researchers. Secondary dose monitoring with
scintillating fibers could be used to give a relatively good
prediction (with a precision higher than 97%) of the
dose to the prostate. The multiple Bragg peaks used
during clinical treatment to generate an SOBP could be
observed and monitored to estimate the non-uniform
distribution of the dose within the SOBP region. Further
studies on the biological effect of such dose none
uniformity distribution is planned.

The grant allocated for this study was mainly for
prostate cancer case. The simulation, however, can be
modified, with little work, to study other cases. In the
future, there is a plan by the authors to apply the Monte
Carlo simulation developed to investigate the treatment
of other anatomical sites. The authors are also looking
for a fund for equipment purchase and beam time to
conduct experimental measurements based on the
simulation design. The results from the experimental
measurements will be compared with the results from
the simulation.
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