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ARTICLE INFO ABSTRACT

Purpose: We propose a new spread-out Bragg peak (SOBP) formation method for low-energy regions of spot-
scanning proton therapy in order to reduce the required number of energy layers while maintaining high dose
uniformity, while maintaining the distal falloff as sharp as possible.

Methods: We use only one specially shaped mini-ridge filter (MRF) to create new trapezoidal Bragg curves
(TBCs) from very sharp pristine Bragg curves (PBCs) of low-energy proton beams. The TBC has three pre-de-
signed dose regions of proximal, flat-top, and distal components. These components are designed to have nearly
equal depth lengths and good linearity. Then, the required SOBP is formed by superposing the TBCs with the
correct spacing and beam intensity weights. We then compare the performance of the TBC-based SOBPs with
those formed by PBCs.

Results: The dose uniformities of the SOBP formed by the proposed method are kept within the design tolerance,
and are equivalent to those of conventional SOBPs. The sharpness of the distal falloff is reasonably kept by the
deepest TBC. The required number of energy layers is significantly reduced compared with that of conventional
PBC-based SOBP.

Conclusions: The proposed method enables shortening of the irradiation time of spot-scanning proton beam
therapy in low-energy regions with a reduced number of energy layers. It can be realized by using only one
specially shaped MRF, which can be easily installed at any facility.

Keywords:

Spot-scanning proton therapy
Low-energy proton beam
Spread-out Bragg peak
Mini-ridge filter

incident beam energy becomes lower in the low-energy region, because
of the sharpness of the Bragg peaks. For instance, to form an SOBP with

1. Introduction

The spot-scanning method enables delivery of highly conformal
doses to target tumours while sparing surrounding healthy tissues. This
is performed via lateral beam scanning and beam-energy adjustment
[1,2].

Multiple Bragg curves with various incident energies are generally
superposed using appropriate beam weights to form a spread-out Bragg
peak (SOBP) with a specific length [3]. An important problem that
should be addressed in the spot-scanning method is determining how to
reduce the number of incident energy layers in the low-energy region.
The energy spacing of the discrete layers becomes narrower as the

a high dose uniformity, the required energy spacing becomes 1 mm or
2mm, which corresponds to the beam range spacing at the shallow
region; approximately less than 100 mm from the surface of the body.
Then, a large number of energy layers are required. In general, because
the energy layer change requires a few seconds for the Synchrotron
system operation, it is time-consuming and leads to a longer irradiation
time. In addition, sharp Bragg peaks are extremely sensitive to range
uncertainty in terms of the dose uniformity of the SOBP. Therefore,
there is a need to effectively address this “sharp Bragg peak” problem in
order to realize high-performance spot scanning in the low-energy
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region.

To deal with this problem, a ridge filter (RF) or mini-ridge filter
(MRF), which is a compensator used to broaden Bragg peaks, has been
used in the conventional passive-scattering method [4] or scanning
method [5]. The broadened peaks make it possible to reduce the
number of energy layers required to form SOBPs [6,7]. However, the
distal falloffs are also broadened simultaneously. In order to maintain
sharp distal falloffs, a method using two types of MRF and their ex-
changer system has been proposed [8]. Based on this method, a special
MRF that broadens the proximal region of the Bragg peak and keeps the
sharpness of its distal region was used only for the deepest energy layer,
and a normal MRF was used for the other layers. The efficiency of this
method was successfully demonstrated. However, recently constructed
spot-scanning systems have very compact nozzles, which are among the
primary benefits of the scanning system, making it difficult to install
multiple filters and their exchanger.

The main purpose of this study is to propose a new SOBP-formation
method for spot-scanning proton beam therapy in the low-energy beam
region to achieve the following objectives: reduce the required number
of energy layers, keep the distal falloff as sharp as possible, maintain a
reasonable dose uniformity, mitigate the dose error caused by range
uncertainties, and realize an irradiation system that can be installed
even at facilities that use a compact nozzle. To fulfil these conditions,
we propose to use a specially shaped MRF to form an SOBP. The MRF
produces modified Bragg curves named trapezoidal Bragg curves
(TBCs). We are then able to form an SOBP that satisfies the afore-
mentioned requirements simultaneously by superposing them. It is
noteworthy that in this method, we use only one MRF in the low-energy
region. In this paper, as a basic study, we clearly highlight the features
of our proposed method compared to a conventional approach.

2. Materials and Methods
2.1. Conventional SOBP-formation method with pristine Bragg curves

In spot scanning irradiation method using proton beams, the ther-
apeutic-energy region is normally chosen between 70 and 230 MeV.
The beam range, R, and the Bragg-peak width are chosen according to
the beam kinetic energy, E. Within the therapeutic-energy region, R
varies from 40 mm to 300 mm in water-equivalent depth, and the
Bragg-peak width becomes narrower as E becomes lower. In a con-
ventional SOBP-formation method, multiple pristine Bragg curves
(PBCs) with different E’s are arranged with appropriate beam intensity
weights and range-spacing to produce maximally uniform SOBP.
General SOBP performance is represented by three main features listed
as follows:

® Dose uniformity: The dose uniformity represents flatness of the
generated depth-dose distribution within the SOBP-region. Even
though the definitions of uniformity and SOBP-region are slightly
different among different facilities, we set our design tolerance of
uniformity to be within + 2.5% [9] as a relative error from the
target dose in the SOBP-region without 2 mm edges from both ends.

Distal-falloff sharpness: The distal-falloff sharpness is defined as the

depth-distance between 80% and 20% dose positions, Lgg.2o. The

distance strongly depends on the sharpness and beam intensity
weight of the PBCs, which influences the distal falloff of the SOBP. It
becomes sharper as the range of SOBP becomes shallower.

o The required number of energy layers: The PBCs sequence for SOBP-
formation is shown in Fig. 1 as a function of water-equivalent depth
range. The beam range spacing d between adjacent PBCs is generally
chosen from 1.0 mm to several millimetres in steps of 1.0 mm. Here,
we defined them as 1.0 mm for R from 40 mm to 70 mm, 2.0 mm for
R from 70mm to 100 mm, and 3.0 mm for R from 100 mm to
130 mm, although the depth range arrangement varies slightly
among facilities [10]. Note that the required number of energy
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Fig. 1. The PBCs sequence for SOBP-formation based on range-spacing d as a
function of water-equivalent depth range in the low-energy region.

layers becomes increasingly larger as the SOBP range becomes
shallower. In this study, we regard the “low-energy region” as the
depth range less than 100 mm where d < 2.0 mm.

2.2. Concept of SOBP-formation method with trapezoidal Bragg curves

2.2.1. Definition of trapezoidal Bragg curve (TBC)

In order to reduce the number of energy layers in the low-energy
region, we propose to use a specially shaped composite Bragg curve,
which we describe as a “trapezoidal Bragg curve (TBC),” formed by a
specially designed mini-ridge filter (MRF). Fig. 2 shows an ideal shape
of a TBC. The TBC is basically composed of multiple straight-line seg-
ments of equal depth interval [, throughout the curve. This parameter [
determines the width of each part so that we henceforth represent TBC
with | as TBCI (e.g. TBC3: [ = 3.0 mm). The three segments at the
deepest region denoted as A, B and C are regarded as the distal, flat-top,
and proximal parts, which constitute the trapezoidal-like shape of the
Bragg curve. The other segments denoted as D are collectively defined
as the plateau region. We define the range R for TBCI as the deep end
position of the flat-top part.

2.2.2. Procedure of SOBP-formation by superposing ideal TBCls

The method of forming an SOBP by superposing ideally shaped
TBCls is described in the following section. Fig. 3 shows an example of a
generated SOBP with the range, Rsopp, and the length Lsopp, by su-
perposing several TBCIs. In the first step, a TBCI with a range of Rsopp is

D
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Fig. 2. Ideal shape of trapezoidal Bragg curve (TBC): distal part A; flat-top part
B; proximal part C; and plateau region D. The parameters R and [ represent the
beam range and width of each part, respectively.
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Fig. 3. Concept of SOBP-formation by superposing of several TBCls. The thick
solid line is the generated SOBP, and the thin solid lines are individual TBCIs.
The range and length of the SOBP are represented by Rsopp and Lsopp. The
numbers represent the order of superposition.

used to form the deepest region of the SOBP. In this case, the distal-
falloff region and the deepest part of the flat-top with length [ are
formed solely by the deepest TBCL In the next step, the second TBCI
with the range of Rgopp-2l is added by shifting 21 to a shallower position
to extend the flat-top region. The beam intensity weight of the second
TBCl is determined so that the slope of the distal part should have the
same value with opposite sign to the first TBCIs proximal part to cancel
out. Because of the linearity of the segments, the SOBP became flat at
the overlapping region. Then, the third TBCI is added by shifting [ to a
shallower position from the second TBCI with an appropriate beam
intensity weight. Here, the slope of the distal part of the third TBCI just
compensates for the slope of the first TBCs plateau region and the flat-
top part of the second TBCl is added to them resulting in a flat part. The
last procedure is repeated to extend the SOBP further by L. As a result, it
is possible to form a uniform SOBP with Lsogp = nl (n is the number of
TBCI).

2.2.3. Characteristics of SOBP formed by TBCls
The basic characteristics of SOBP formed by TBCls are as follows.

e Dose uniformity: Although it is possible to design the perfect flat-
top region for an SOBP using ideally shaped TBClIs, the actual uni-
formity depends on the linearity of the TBCIs segments formed by
the MRF. If non-linearity is well-controlled within a few errors, the
uniformity can satisfy design tolerance. Moreover, superposition of

TBCIs has the potential to reduce dose errors caused by range un-

certainty errors compared with those of very sharp PBCs.

Distal-falloff sharpness: the depth-distance Lgg. is basically

controlled to be 0.61 because the distal-falloff region is formed solely

by only one TBCIs distal part. Actually, the value varies slightly with

a few factors such as the shaping accuracy of the distal part.

e The required number of energy layers: the required number of
energy layers, N, for forming SOBP with an Lsopp is expressed by
Lsopp/L. It is independent of the conventional beam range spacing d
of PBCs. Thus the TBCl-based SOBP-formation can reduce the
number to d/L

2.3. Design of mini-ridge filter (MRF) for trapezoidal Bragg curve

2.3.1. Design condition for shaping MRF

Conventional filters such as ridge filters, mini-ridge filters, and
ripple filters are designed to broaden a Bragg peak to a Gaussian-like
shape. Typically, they have a one-dimensional repeated ridge-like
structure; the investigation of two-dimensional periodic structures is in
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progress [11,12]. Our objective is to obtain a desired trapezoidal Bragg
curve shape using a practical MRF design.

Assuming a general isosceles triangle-like shaped MRF, the basic
design parameters are represented by the maximum height Ty,.x, base
width A (equal to the repeated interval length) and the actual shape of
the triangle-like slope for a unit of the ridge structure. The parameter
Tmax corresponds to the desired width of the Bragg peak. To create the
TBCl-shape, we need to set Tphax up to 3l to control the shape of the
distal, flat-top, and proximal parts. We utilized [ = 3 mm in this study to
simultaneously exploit both the advantages of using TBCl’s and the
productivity of MRF with a reasonable height Ty,,x. The parameter A is
determined by considering the lateral beam profile, influenced by the
Gaussian beam size Ojaera;. Weber et al. (1999) showed that a proton
beam that passes through the MRF can maintain a Gaussian profile in
the case of A < 1.60j,tera1 [13]. Although the size of Ojaerar is different
among the facilities, it is usually more than 5 mm within the low-energy
region of interest in our facility. The minimum Ojiera = 4.0 mm was
determined by considering a margin and A was then set to 6.4 mm. The
shape of the slope was optimised to create the TBCI shape, where the
limit of sharpness was set at the top of the ridge to enable manu-
facturing using a conventional method. We checked the actual gra-
dients of some existing MRFs made of PMMA [13-15] and decided that
the ratio of height to width less than 6 is adequate to fabricate practical
MRFs. This ratio becomes approximately 7 (=6 x 1.165 [13]) when it
is converted into a water equivalent thickness (WET).

2.3.2. Optimising the slope of MRF designed for TBC3

In the design of the actual MRF, it is necessary to define the range
and the length, Rsopp and length, Lsopp, respectively, for the target
SOBP. Then the required number of TBCls and their ranges, R, are de-
termined. Next, a PBC is selected to generate a corresponding TBCI. The
PBC, which has a range R + [, is selected to shape the TBCI with a range
R through the MRF. Here, 1 mm thickness was taken into account as a
base of the MRF. The proton beam, which originally forms the PBC,
reforms the three segment parts when they pass through the various
heights in the MRF.

It should also be considered that only one MRF is designed to cover
various SOBP-formations within a certain low-energy range. We also
need to set an appropriate representative range, Ryrr, as a design point
of the MRF to form TBClIs for a required energy range. It is necessary to
confirm that the trapezoidal shape is sufficiently well-maintained
within the required energy range by adopting an Ryrg-based design. To
optimise the calculation of the slope-shape, the slope-shape was ap-
proximated by a fine step-structure. The height and width of the m-th
step are represented by T,, and Ax,, respectively. Here the T, is ex-
pressed by WET and corresponds to the modulation range of the PBC
that passes through the m-th step and Ax;, corresponds to the amount of
partial dose. The step-height spacing resolution AT was set to 0.1 mm
except for a 1 mm base part to accurately control the modulation range.
We used the occupancy ratio wy, = Axy, /(A/2) as a normalized value of
the beam weight to optimize the calculation.

Here, we demonstrate the optimisation process of creating TBC3.
The total number of steps, M is up to 90 for TBC3. Then the integral
depth-dose distribution of TBC3, Drpc3 (2; E) can be analytically cal-
culated using the following equation [8].

M
Drpes (5 E) = z Wi Depc(z + Tn E)

m=1

@

where E is the beam energy of the incident proton beam and Dpgc (2; E)
is an integral depth-dose distribution of PBC given by an analytical
formula [16]. The energy-spread AE/E was set to 0.4%, based on the
results of Monte-Carlo simulation using Geant4.10.1 under the typical
irradiation condition at our proton facility.

After setting the representative range Ryrr = 40 mm as a typical
low energy range, which corresponds to 74.1 MeV incident energy, the
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set of weights w,,’s was optimised to generate a target shape for TBC3.
We defined the objective function using a sequence of points on the
trapezoidal shape with 0.2 mm for the proximal, flat-top, and distal
parts. Points on both corners of the flat-top part and the end of the
distal part were excluded. The constraint condition was set for wy,
combination such that the amplitude of w,, change next to each other
should remain within a certain range to create a continuous profile of
W, sets. This is because the trapezoidal shapes are properly maintained
within the target range region even when one MRF design with Rygr is
used, by maintaining the appropriate MRF balance of each w,, con-
tribution as the beam weight.

In the calculation process, we examined whether the required ratio
of height to width is satisfied when the value is less than 7, or not in the
top region of the MRF. If the ratio is more than 7, the top of the ridge is
cut, and the height is reduced and a set of wy, is recalculated until the
ratio becomes less than 7. Finally, we obtained the most effective Tax
and the optimized set of wy,, which can satisfy both the design con-
straint and the appropriate TBC3 shape. All calculations were con-
ducted using Wolfram’s Mathematica ver. 10.2 software. After the op-
timization calculation, all the T,,s were divided by 1.165 to convert the
height scale to the thickness of the MRFs made of PMMA.

Fig. 4(a) shows the schematic cross-sectional view of the optimized
MRF shape for TBC3. The T, in the scale of the PMMA thickness is
6.4 mm, which corresponds to 7.5 mm in the WET scale. The Ty, was
less than 31 = 9mm in the WET scale to satisfy the constraint of the
height to width ratio. Fig. 4(b) shows the result of the relative dose
distribution of TBC3 calculated using the analytical Eq. (1) and the
target shape of TBC3. It is confirmed that the shape of TBC3 is rea-
sonably for fitting to the target shape.

2.3.3. Verification of optimisation calculation by Monte-Carlo simulation

In order to verify the result of the optimisation calculation using the
analytical equation, we also calculated the dose distribution using a
designed MRF as shown in Fig. 4(a) using the Monte-Carlo simulation
code, Geant4.10.1. We set the appropriate geometry for the irradiation
nozzle for the designed MRF to realize the equal condition for analytical
calculation. The incident beam energy was set to 74.1 MeV to have a
beam range of R + [ = 43 mm. Fig. 5 shows the result of the calculated
TBC3 with R = 40 mm. The solid line and circle markers show the
calculated Dypcs(z; E) obtained using the analytical equation and
Monte-Carlo code, respectively. The results are in agreement and it was
confirmed that the optimisation calculation using the analytical equa-
tion is sufficiently reliable for TBC3 design.

7
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Fig. 5. Depth-dose distribution of calculated TBC3 with R = 40 mm. The thick
and solid line and white circle markers show the calculated Dypcs(z; E) using
the analytical formula and Monte-Carlo simulation, respectively. The thin and
solid line and black circle markers show the calculated Dppc(z; E) using the
analytical formula and Monte-Carlo simulation, respectively.

3. Results
3.1. Evaluation conditions of actual SOBP-formation

We evaluated the performance of the proposed SOBP-formation
method using TBC3 as a proper reference. To evaluate the actual per-
formance, three types of SOBPs with a range of Rgopp and a length of
Lsopp were used: (a) Rsopp = 55mm and Lgopgp = 15 mm (depth be-
tween 40 mm and 55mm), (b) Rgopp = 70 mm and Lgogp = 30 mm
(depth between 40 mm and 70 mm), and (c) Rsopp = 100 mm and
Lsopp = 60 mm (depth between 40 and 100 mm). Using the TBC3s,
SOBPs in the depth range from 40 mm to 100 mm was formed to satisfy
the relationship d < L

The performance, such as the dose uniformity, sharpness of the
distal-falloff (Lgg.20) and the required number of energy layers, N, of the
SOBP formed by TBC3s were compared with those of conventional
SOBPs formed by PBCs. In the evaluation, the dose uniformity, DU, is
defined by Eq. (2), as a relative dose error from the target dose.

d

DU = max = dmin x 100[%],

dmax + dmin (2)
where dp.x and dpn;, are the maximum and minimum dose within the
SOBP-region, respectively. We evaluated DU to determine whether to
maintain this parameter to within + 2.5% error or not in the effective
SOBP-region.

Analytical
Equation E
D Target shape ‘
of TBC3 H
Z : : -
34 37 40 43

Water-Equivalent Depth [mm]

Fig. 4. (a) Schematic cross-sectional view of MRF designed for Dypcs(z; E): (b) Depth-dose distribution of calculated TBC3 with R = 40 mm. In Fig. 4(b), the solid line
shows Drpcs(2; E) calculated using the analytical formula and the square markers show the target shape of the TBC3.
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Fig. 6. Generated SOBPs using TBC3s: (a) Rsopp = 55 mm and Lgopp = 15 mm;
(b) Rsopp = 70mm and Lgopp = 30mm; and (¢) Rsopp = 100mm and
Lsogp = 60 mm.

3.2. Evaluation of SOBP performances

Fig. 6 shows the generated SOBPs formed using TBC3s with (a)
Rsopp = 55mm and Lgopp = 15mm, (b) Rgogp = 70mm and
Lsosp = 30mm, and (¢) Rgogp = 100 mm and Lgopp = 60 mm. Table 1
shows the three characteristics of the generated of SOBPs, Dose uni-
formity, Distal-falloff Sharpness, and the Required Number of Energy
Layers when TBC3s are used.

e Dose uniformity: The overall results show that the dose uni-
formities improve as Rgopp and Lsopp become larger. However, the
uniformities for all cases were satisfactory (<2.5%). These varia-
tions are caused by the actual quality of the shape of the TBC3s.

o Distal-falloff sharpness: The Lgg.os of the TBC3 were between
1.32 and 1.73 times larger than those of the PBCs. These absolute
differences are less than 1.0mm in all cases. In addition, the
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Table 1

Characteristics of generated SOBPs formed using TBC3s or PBCs. DU = Dose
Uniformity, Lgg.o0 = Distal-falloff sharpness, N = The required number of en-
ergy layers.

Rsopp/Lsosp TBC3 PBC
DU Lso-20 N DU Lgo-20 N
55/15 mm 0.45 1.9 5 0.11 1.1 16
70/30 mm 0.31 2.1 10 0.06 1.3 31
100/60 mm 0.18 2.5 20 0.19 1.9 46
50 : . . .
— 40} ----
L
e
[
=30
—
G
]
e
[
8 20
g
Z
10
0
0

Lgsopp [mm]

Fig. 7. Comparison of the required number of energy layers for SOBP-formation
between PBC and TBC3s. The solid and dashed lines show the TBC3 and PBC
cases, respectively.

theoretical value of 0.6 [ of TBC3 is 1.80 mm. However, all Lgy_0s of
the TBC3s were slightly larger. The slight change from the theore-
tical value of Lgg.5o is primarily due to the broadening Bragg-peak
width with increasing kinetic energy of incident proton beams.

o The required number of energy layers: In terms of the required
number of energy layers, the use of TBC3s could greatly reduce this
number when compared to using PBCs according to the ratio of d/L
Fig. 7 shows a comparison of the number of energy layers between
the SOBPs formed by the TBC3s and those formed by PBCs. In this
case, the range of the SOBP (Rsopp) Was assumed to be 100 mm. The
horizontal axis represents the SOBP length (Lsopp) starting from
Rsopp. For example, 30 mm indicates 30 mm of SOBP length starting
at a depth of 100 mm and ending at 70 mm in Fig. 7. In the process
of making a SOBP with an initial depth of 100 mm, the range-spa-
cing d for the PBCs (as shown in Fig. 1) is 2mm, and [ for TBC3 is
3mm. Thus, in this case, the N becomes 1.5 times the region be-
tween 0 mm and 30 mm length in Fig. 7. If the length is extended
from 30 mm to 60 mm, [ for TBC3 remains constant at 3 mm, but in
the case of the PBCs, d changes to 1 mm. Thus, N triples in magni-
tude starting from 30 mm up to the 60 mm region. Altogether, if it is
counted from 0 mm to 60 mm, N for TBC3 is reduced to approxi-
mately 4/9 of the PBC case. These differences appeared in the region
of d < I and becomes pronounced as the SOBP length increases.

4. Discussion

In this chapter, we discuss the SOBP performance variation when
choosing the different representative range, Rygrr for TBCL The target
range of Rsopp is from 40 mm to 100 mm, and we chose Ryrr = 40 mm
to generate TBC3. The performance of SOBP such as the dose uni-
formity and the distal-falloff sharpness was varied by shifting Rygg.
Here, we additionally evaluated the SOBP performance for
Ruvrr = 70 mm for reference.

Fig. 8(a) and (b) show a comparison of the optimised slope structure
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Fig. 8. (a) Comparison of slope-structure of MRFs for Rygr = 70 mm (solid line) and Ryrr = 40 mm (dashed line). The display range is from 0 to A/2: (b) Schematic
cross-sectional view in real scale of MRFs for Ryrr = 70 mm (left) and for Ryrr = 40 mm (right).
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Fig. 9. (a) TBC3 with Rygrr = 70 mm. The solid line shows the Dypcs(z; E)
calculated using the analytical formula and the square markers represent a
target shape: (b) An SOBP with Rgogp = 70 mm and Lgogp = 30 mm in the case
of Ryrr = 70 mm.

of the MRFs for Ryrp = 70 mm (solid line) and 40 mm (dashed line).
The slope of the MRF for Ryrr = 70 mm became slightly undulated
compared with that for Ryrr = 40 mm. Both slopes maintain the con-
straint that the height to width ratio is less than 6 in the top region.
Fig. 9(a) shows the optimized TBC3 with R = 70mm. The curve
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calculated using the analytical formula could reasonably trace the
target shape of TBC3. Fig. 9(b) shows the SOBP with Rgopp = 70 mm
and Lsogp = 30 mm for the case of Ryrrg = 70 mm. Compared to the
case of Rygrr = 40 mm, dose uniformity DU slightly deteriorates to
1.4%, however, the distal-falloff sharpness Lggoo is improved to
1.9 mm. A sharper Lg(.59 is obtained because if the Ry value is chosen
to be close to Rsopp, the distal-falloff of SOBP is mainly represented by
the distal part of TBC3 with Rygrr. The degradation of DU occurs be-
cause the deformations of TBC3 with R < Ry is slightly larger than
that of TBC3 with R > Rygp. These results indicate that there is a
trade-off relationship between dose uniformity and distal-falloff
sharpness that is influenced by the Ryr choice. Therefore, an appro-
priate Ryrr should be chosen according to treatment requests and/or
irradiation conditions.

5. Conclusion

Bragg curves become very sharp when low-energy proton beams are
used for spot scanning. As a result, the required number of energy
layers to form the SOBP becomes larger, and the dose uniformity is
more sensitive to range uncertainties. It is difficult to address these
problems while maintaining a high dose uniformity and sharp distal-
falloff. To resolve these conflicting issues, we developed a new SOBP-
formation method by superposing specially shaped trapezoidal Bragg
curves (TBCs). The TBC has three pre-designed dose regions of the
front, increasing ‘proximal part’, constant ‘flat-top part’, and the rear
decreasing ‘distal part’, which were formed such that they have almost
equal depth lengths and good linearity. The TBCs are created using a
specially designed mini-ridge filter (MRF) for the low-energy region. In
order to verify the advantages of the TBCs, the characteristics of typical
SOBPs were compared with those formed by pristine Bragg curves
(PBCs). The proposed method enables a significant reduction in the
number of energy layers for SOBP formation. In addition, it simulta-
neously facilitates good dose uniformity and a reasonably sharp distal-
falloff. The reduced number of energy layers leads to a shorter irra-
diation time and higher efficiency of the treatment time. The system is
sufficiently simple to allow installation at any facility because the
method requires only one appropriately designed MRF in the low en-
ergy region.
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