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Abstract
Introduction: This study evaluates a novel proton therapy filter that aims to decrease

delivery time by eliminating the necessity for energy adjustments. Utilizing the machine's

maximum energy, the filter structure was designed through optimization which ensures sufficient

tumor coverage through the proton beam Bragg-peak. As a result, this innovation has the

potential to improve treatment efficiency by shortening the delivery time.

Methods: Implemented on the matRad platform, each plan utilized a single arc composed

of 72 beams, each spaced 5 degrees apart. Open-access datasets, including TG-119 C-shape, a

prostate case, and a liver case, were employed. The prescribed doses for these cases were 50Gy in

25 fractions, 68Gy in 34 fractions, and 45Gy in 25 fractions, respectively. Simplifying from

multiple energy delivery to a single energy delivery can reduce treatment delivery time.

Maintaining spot coverage with a single energy layer for each beamlet is a critical optimization

aspect. The spot coverage, P(i,j), is optimized to be maximized and the optimization is called

Mono-energy optimization. However, considering spot coverage alone is insufficient; the energy

level must also be considered. Higher energy level indicates a thinner range shifter, which reduces

scatter and attenuation caused by range shifters.

The new optimization process, called Higher-mono-energy optimization, gave priority to

deeper layers and larger spot sizes, using a function that normalizes input energy and combines it

with alpha and beta coefficients to optimize the energy function E(i,j) and spot coverage P(i,j).

The optimal energy layers were selected, and the initial beam energy was set at 236MeV. All

beamlets were adjusted to specific energy levels with a custom-designed PMMA filter based on

stopping power, facilitating a smooth transition to the desired energy levels. The effectiveness of

this approach was evaluated by comparing dose metrics with those from the Intensity Modulated

Proton Therapy (IMPT) method using two or three beams.
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Results: PTV coverages were relatively close between the IMPT and range filter plans.

Organs at Risk (OAR) experienced a dose increase due to enhanced scattering. Simulated

treatment delivery times for the three tested range filter plans demonstrated the efficiency, with

prostate at 360s, liver at 340s, and TG119 at 390s.

Conclusions:Mono-energy with range filters proton therapy is a feasible approach for

expediting treatment delivery without compromising the quality of the treatment plan.
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1. Introduction

1.1 Background

Cancer is the leading cause of death worldwide. The exact causes of cancer remain

unclear, which complicates efforts to find effective treatments. Mainstream cancer treatments

include chemotherapy, surgery, radiation therapy, immunotherapy, and hormonal therapy. Among

these, radiation therapy plays a crucial role. Approximately 50% of cancer patients receive

radiation therapy at some point during their treatment.

Radiation therapy can be applied at different stages of cancer treatment. When used

before surgery, its goal is to reduce the size of the tumor. When applied after surgery, radiation

therapy aims to destroy any microscopic cancer cells that remain and are invisible to the naked

eye, thereby reducing the risk of tumor recurrence.

The goal of radiation therapy is to maximize the dose to tumor cells while minimizing

exposure to normal tissue. The advantage of radiation therapy is non-invasive.[1]

1.2 Radiation

Radiation can be classified into two types: electromagnetic radiation and particulate

radiation. Electromagnetic radiation includes X-ray, gamma ray, visible light and microwave,

travelling at light speed. In the field of radiation therapy, X-ray and gamma ray are two major

types of electromagnetic radiation. X-ray and gamma ray used in radiation therapy have enough

energy to ionize water component to create free radicals, which can cause indirect damage on

DNA. Particulate radiation includes electron, proton and neutron, etc. Particles have rest mass at

high speed, and they can directly interact with DNA and cause damage. [1,2]

High-energy photon beams can deliver the maximum dose at a specific depth. Higher

energy photon beam allows for deeper penetration into tumors while preserving the skin, known



2

as the skin sparing effect. Intensity Modulated Radiation Therapy represents the current standard

RT technique, offering precise dose distribution that better spares surrounding healthy tissue.

Electron therapy is particularly effective for treating superficial tumors, such as malignant

melanoma, head-and-neck cancer, postmastectomy radiotherapy, etc. [5]

Proton therapy has demonstrated its advantage in treating head and neck cancer as well as

pediatric tumors. [6]

1.3 Proton therapy physics

Protons are positively charged particles with a mass 1836 times greater than that of

electrons, and they have a significant rest mass. As they pass through material, their energy

continuously decreases. The rate of energy loss per unit path length is known as stopping power,

which refers to the capability of depositing energy per unit length in matter. The stopping power

will increase as the protons slow down. When the energy of protons approaches zero, its stopping

power reaches a peak, indicating the maximum energy deposition in the matter and there is a dose

peak at the end of the proton range. The dose peak is known as Bragg Peak. After this peak, the

dose drops sharply to almost zero, no exit dose. However, single Bragg peak is narrow. To cover

the entire target, a spread out Bragg peak (SOBP) is created. SOBP is produced by combining

multiple energy proton beams. The surface dose of SOBP is not as low as single Bragg peak. The

dose distribution of photon, proton is shown in Figure 1. [3, 15]
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Figure 1: Bragg peak and Spread-Out Bragg Peak (SOBP) for a proton beam in
comparison with photon and electron dose distributions from [Cianchetti, M, 2012]

1.3.1 Proton interaction with matters

In contrast to photon, a proton is a particle. There are some predominant types of

interactions of protons in a matter: Coulombic interactions with atomic electrons, Coulombic

interactions with the atomic nucleus and nuclear reactions. In most cases, protons maintain a

nearly straight trajectory as they possess a mass that is 1836 times greater than that of electrons.

However, a small number of protons will interact with nucleus and deflect from its original

straight-line trajectory. Changes in the paths of protons can cause scattering or variations in dose

distribution, which will affect the precision in proton therapy.

1.3.2 Energy loss rate and range

The stopping power of proton is defined as the quotient dE and dx. � = dE
dx

is the

equation to express the stopping power. If neglect mass density of absorbing material, mass
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stopping power is shown as S
ρ =

dE
ρdx, which is the simplest but still remarkably accurate. Stopping

power is defined for a beam, not for a particle.

The path of most protons in matter is nearly straight. The Continuous Slowing Down

Approximation (CSDA) Range for protons refers to the theoretical distance a proton travels in a

material before coming to a stop. The range can be calculated by the formula:

R(E)= 0
� ( ��

'

��
)−1� ��' ≅ 0

� (��
'

��
)−1 △�'� [Eq. 1]

1.4 Biological Effect of proton therapy

Relative Biological Effectiveness (RBE) is defined as the ratio of dose required to

produce the same biological effect between a radiation beam (often charged particles) and a

reference radiation, usually defined as 250 kVp X-rays. RBE depends on the conditions under

which the effect is measured. In clinical standards, the RBE of proton beam is consistently

regarded as 1.1. Paganetti's review paper [24] presents collected clinical data indicating that the

RBE at the entrance of the beam is 1.1, increases to 1.3 at the distal edge, and reaches 1.7 in the

distal fall-off region. This represents a significant development of proton therapy, as a higher

RBE corresponds to an enhanced ability to destroy cancer cells. Yet, the adoption of a variable

RBE value in clinical practice has not occurred for three reasons:

1. The uncertainty of The RBE values in a clinic context.

2. The inability to incorporate a variable RBE into commercial treatment planning

systems.

3. The limited evidence supporting variable RBE.
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Oxygen is a major biological factor. For low LET radiation, like photon and gamma

ray, the regions of tumor that are hypoxic (lack of oxygen) are more radioresistant. Oxygen

rapidly converts the free radicals generated after irradiation into harmful peroxide radicals, which

are precursors to DNA damage. The oxygen enhancement ratios (OERs) of photon beams are

lower than those of proton beams. Proton beams have an advantage in treating radiation-resistant

hypoxic cells compared to X-ray treatment. [4]

1.5 The history of proton therapy

1.5.1 Passive scattered proton therapy (PSPT)

In passive scattered proton therapy, mono-energy proton beam is generated from machine,

and then pass through energy modulator wheel, which rotates at a typical frequency of 10 Hz. All

energies are created within one wheel cycle. To provide a uniform beam, the multiple-energetic

beam is spread out laterally by one scatter for small target size and two scatter for larger target

size to be a uniform beam. The maximum field size of the spread proton beam can be up to 25 cm

diameter. Collimators in passive scattered proton therapy is to shape lateral field size. Range

compensator ensures proton beam will stop at the distal part of tumor area.

The dose distribution of passive scattered proton therapy is depicted in Figure 2. At the

distal part of the tumor, there is no exit dose; however, in the proximal part of the tumor area,

some extra dose extends beyond the tumor boundaries. The reason is that the spread out Bragg

peak plateau of the beam is determined by the largest cross-section of the target volume, so some

normal tissue near the proximal part of tumor will receive the uniform dose as target area. [15]
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Figure 2: Illustration of passive scattering delivery method in proton therapy from
[Wang D. (2015)].

1.5.2 Active pencil beam scanning

Active pencil beam scanning does not require energy modulator wheel, scatters,

compensator or collimator. There are two pairs of magnets to scan the fine pencil beam. The

range of each pencil beam is adjusted through energy switching in the energy selection system.

Active pencil beam scanning can reduce the risk of secondary cancer due to reduced neutron

radiation created compared to the passive scattered proton therapy. Pencil beam scanning also

provides high quality of the dose distribution, avoiding unnecessary dose to proximal normal

tissue. [15]
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Figure 3: Illustration of pencil beam scanning delivery in proton therapy from
[Wang D. (2015)].

The degree of freedom provided by pencil beam scanning is the fundamental of the

development of intensity modulated proton therapy (IMPT).

1.5.3 Intensity Modulated Proton Therapy

Intensity-modulated proton therapy (IMPT) is an application of active pencil beam

scanning. Like intensity-modulated photon therapy, IMPT not only enables precise coverage of

complex tumor morphologies but also significantly reduces radiation exposure to surrounding

normal tissues and organs at risk (OARs), offering a distinct advantage.
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Figure 4: Comparison between proton arc therapy and IMPT from [Depuydt T,
2018].

However, there is one limitation of IMPT: range uncertainty. Range uncertainty can arise

from organ motion, setup errors and stopping ratio estimation uncertainty. These uncertainties are

reflected in proton treatment plans by not knowing where protons stop within the body.

1.5.4 Proton arc therapy

Proton arc therapy is becoming clinically available, delivered as active pencil beam

scanning. Its advantage over IMPT is the demonstrated superior sparing of normal tissue in adults

for extra-cranial tumor sites.

The physical properties of protons are different from photon, in terms of linear energy

transfer and relative biological effectiveness. LET increased at the end of proton range,

potentially leading higher dose to normal tissues near distal part of tumor. It can be addressed by

the choice of angle beams and increasing the number of beams. These two solutions can reduce

LET hotspots at organs at risk.

Proton arc therapy enhances the dose gradient through the use of multiple beams. The

dose gradient, defined as the average distance between two isolines, reflects the steepness of the
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dose distribution. [10] This results in a rapid dose reduction at the tumor's edge, thereby

preserving the surrounding normal tissues. However, this advantage diminishes when the number

of beams reaches 12. [11]

Spot-Scanning Proton Arc (SPArc) Therapy is a novel, robust, and delivery-efficient

technique. The method integrates control point redistribution, energy layer redistribution, energy

layer filtration, and energy layer resampling. Initially, SPArc begins with coarse sampling using

eight static beams. In the control point resampling step, two new adjacent sub-control points

replace the original control point. The increase in the number of control points after control point

redistribution reduces the number of energy layers per control point and results in a more even

distribution of energy layers. Energy Layer Switch Time (ELST) is a major factor affecting total

delivery time in SPArc therapy. Energy layer filtration and resampling can reduce the number of

energy layers while maintaining plan quality and treatment efficiency.[25]

To reduce the total treatment delivery time, minimizing the number of energy layers in

each control point is a reasonable approach. K-means clustering analysis and particle swarm

optimization can decrease the total treatment delivery time by organizing energy layers in

descending order within each sector and in ascending order between two sectors. Particle swarm

optimization is employed to reduce the number of energy layers at each control point while

maintaining the total spot coverage of the target. The objective function of particle swarm is f1=

훼�− 1−훼 � = 훼 ���� – (1-훼) ���� . α is set to 0.9 to minimize the energy layer

switch time and maximize spot coverage. [26]
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1.6 matRad

1.6.1 Computational Platform

MatRad [16] is an open-source toolkit specifically designed for radiation treatment

planning. Developed entirely in Matlab, it supports the simulation of the entire process of photon,

proton, and carbon ion therapy. This includes tumor segmentation, machine data, planning

parameters, inverse planning, and dose distribution calculation.

1.6.2 Proton machine data

MatRad comes with a comprehensive database that includes machine data for 114

different beam energies, ranging from 31.72 Mega-electron Volts (MeV) to 236.1 MeV. For each

energy level, the database details its range, peak position, and Linear Energy Transfer (LET).

Lateral beam broadening is due to multiple Coulomb scattering calculated by Molière's

formalism. Molière's formalism is used to predict the scatter angle, called as characteristic angle

θM, reflecting the average angle at which particles deviate from the original path during the

scattering process. For some protons passing through thick targets, the characteristic angle

appearances to level off.

1.6.3 Patient data

The matRad software toolkit has anonymized patient and phantom data, including

prostate, liver, head and neck, and TG119 C-shape stored in a custom Matlab file format. Each

case data has computed tomography (CT) images (file: ct) as well as segmentations and

predefined treatment planning parameters (file: cst).

1.6.4 Treatment Parameters

The treatment parameters are defined within a Matlab structure, denoted as 'pln'. This

structure stores the choice of radiation modality, the number of beam, the number of gantry
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angles, the number of couch angles, bixel width, the isocenter, biological optimization and dose

grid resolution.

1.6.5 Beam Geometry and Delivery

Beam geometry is within a Matlab structure (stf), including the details of gantry angle,

couch angle, Source-to-Axis Distance (SAD). The ‘stf’ structure details each beams’ details,

including the number and position of ray of each beam, and energy layers. It also includes details

about range shifters which adjusts the proton beam's energy for more precise.

1.6.6 Dose Calculation

After establishing the beam configuration, the next steps are 3D dose calculation and

inverse fluence optimization. The 3D dose calculation involves a detailed process that calculates

the dose for each pixel in every beam, using comprehensive looping through all elements. In this

context, the Relative Biological Effectiveness (RBE) is consistently set at 1.1. Machine data

provide the Linear Energy Transfer (LET), essential for accurate particle dose calculations. The

optimization of inverse fluence is efficiently conducted using IPOPT optimization, known for its

effectiveness in handling complex optimization tasks.

1.6.7 Objective function and Constraints

Objective functions and constraints are used in matRad, a radiation treatment planning

toolkit, for dose distribution optimization. Objectives include minimizing the squared deviation of

the actual dose from the prescribed dose, penalizing under and over-dosage, targeting mean dose

values, and considering the Equivalent Uniform Dose (EUD) and Dose-Volume Histogram (DVH)

criteria. Constraints ensure doses stay within minimum and maximum limits for safety and

effectiveness. These mathematical formulations are critical to fine-tuning treatment plans to target

tumors precisely while protecting healthy tissues.
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1.7 Motivation and Objective

Shortening the delivery time of proton arc therapy can enhance efficiency. My thesis aims

to streamline the process by reducing the number of energy layers to just one for each beamlet

and by using range shifters, thereby eliminating the time-consuming energy switching caused by

magnetic hysteresis in active pencil beam scanning. This approach sets a single maximum energy

for each ray, optimizing therapy time.
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2. Method and Material

2.1 Multiple-energy layer to Mono-energy layer optimization (Mono
energy optimization)

In proton therapy, the utilization of multiple energy layers within a single ray is to

ensure comprehensive tumor coverage and enhance the quality of the treatment plan. However,

switching between energy levels in proton therapy equipment is time-consuming. According to

the specific from the IBA proton machine, descending one energy level requires 0.6 seconds and

elevating energy layer needs 5.5s. [12] It is necessary to reduce energy layer of each ray to

enhance delivery efficient.

In-house particle swarm optimization was employed to select the optimal energy layer

for each ray.[13] Let i represent the i-th beam, and j the j-th ray. Pi,j denotes the spot coverage of

the j-th ray within the i-th beam. Building on particle swarm optimization, the iterative

optimization algorithm cycles through all rays and beams to identify the maximum spot coverage.

For each ray across all beams, it evaluates different energy layers, computes the coverage, and

updates the maximum coverage along with its associated energy layers. The method for

calculating spot coverage involves initially determining the total volume of the target, then

identifying the number of points corresponding to that energy and computing the volume of that

energy layer. Consequently, Pi,j is ratio of the volume of the j-th ray's energy layer in the i-th

beam to the total target volume. The objective function for iterative optimization algorithm is as

follows:

f = �
�

�
� �( �, ��� ) [Eq.2]
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When the optimal energy layer for each ray is selected, other energy layers are discarded,

along with the spots deposited by these energy layers. The number of spots decreased

significantly.

The optimal energy levels for all rays are compiled into an energy list, which will serve

as the predetermined energy layers for further calculations or processes.

2.2 Set the machine maximum energy to all rays

Setting the machine's maximum energy for all rays can eliminate the energy switch time

during treatment. However, the penetration depth of the maximum energy proton beam will

exceed the patient's body, necessitating the use of an energy degrader to reduce the energy from

the maximum level to the optimal level.

2.3 Range shifter design

The selected material for the range shifter is methyl methacrylate (PMMA), recognized

for its density of 1.2 g/cm³. The thickness of the range shifters is determined using the stopping

power, the maximum energy, and a predetermined energy level. The stopping power data can be

obtained from the National Institute of Standards and Technology (NIST) website. Subsequently,

the formula presented in the introduction section is applied. An illustrative example is provided in

the figure below.

Figure 5: An example of how to calculate the thickness of a range shifter required to
reduce energy from the maximum to a specific level.
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The Source-to-Surface Distance (SSD) is established at 1000mm, with the patient

positioned at the isocenter. The bases of the range shifters are mounted onto the gantry of the

machine. For the 72 beams required in each case, 72 range shifters are arranged in a circular array,

with each one's apex directed towards the isocenter.

In matRad, scatter caused by the range shifter is accounted for with specific steps to

calculate this effect. Scatter results from multiple Coulomb interactions with atomic nuclei.

Sigma (σ), representing the proton beam's width, changes as the proton beam passes through

material, following a defined equation.

σ2m(z,E0) = 0
���'�

d��
2

dz
(�',�0)(z-z')2 [Eq. 3]

��
2 (�,�0)=�1

2(1 +�2푙��
1

�
�
� )

2 1

�
�
� 0

���' 1
4��

2 (�')� [Eq.4]

σ2m(z,E0)≈σ2m( �
���

,E0)*(Fmw)2 [Eq. 5]

Where z and z’ are depths, E0 is the initial energy, � average deflection angle at depth z,

the lateral fluence at coordinates (r, z) and initial energy E₀ is denoted as Lm(r, z, E₀), Fmw is

introduced as a scaling factor, Smw is the ratio of stopping power of the material to water, �1
2 and

�2are parameters.

2.4 Higher energy layer selection optimization (higher mono energy
optimization)

The previous iterative optimization algorithm was effective without incorporating range

shifters. Nonetheless, the introduction of range shifters alters the proton beam's trajectory due to

the interactions between protons and the material. Thicker range shifters lead to increased scatter
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and attenuation. To counter these effects, an additional characteristic, the normalized energy

value, is introduced for the predetermined energy level, relative to the minimum and maximum

energy levels across all beams. Ei,j denotes the energy layer for the j-th ray within the i-th beam.

Directly using the energy level as Ei,j is impractical due to its wide range, especially since Pi,j,

representing spot coverage, varies between 0 and 1. Therefore, Ei,j must be normalized to align

with the scale of Pi,j. To balance the significance of Pi,j and Ei,j in the optimization process, two

parameters, alpha and beta, are utilized. In this project, both alpha and beta are set to 1, indicating

that both Pi,j and Ei,j play crucial roles in the optimization.

The objective function for iterative optimization algorithm for selecting higher energy

is as follows:

f = α* 0
�

0
� (P �,��� ) + β* 0

�
0
� (E �, ��� ) α = 1; β = 1; [Eq.6]

2.5 Evaluation

In this project, two or three beams of intensity-modulated proton therapy (IMPT) are used

as the control group to compare plan quality. The dose grid resolution is 5x5x5mm3. The details

of IMPT is shown in Table 1.

Table 1: The prescription dose and beam arrangement for IMPT plans

Case Prescription
(Gy[RBE])

Fraction Gantry angles Dose calculation
grid

Liver 45 25 2700，3000，3200 5x5x5mm3

Prostate 68 34 900,2700 5x5x5mm3

TG-119 50 35 00,900,2700 5x5x5mm3
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Three representative cases (prostate, liver and TG-119 C-shape) were retrospectively

selected for testing. The prescription dose, the number of fractions, gantry angle selection and the

voxel of CT resolution are listed in Table 2. The dose grid resolution is 5x5x5mm3.

Table 2: The prescription dose and beam arrangement for Mono-energy
optimization

Case Prescription
(Gy[RBE])

Fraction Arc Gantry
Angle Selection

Dose calculation
grid

Liver 45 25 Full arc with
angle sampling
frequency of 5
degrees

5x5x5mm3

Prostate 68 34 Full arc with
angle sampling
frequency of 5
degrees

5x5x5mm3

TG-119 50 25 Full arc with
angle sampling
frequency of 5
degrees

5x5x5mm3

2.6 Plan quality evaluation

For plan quality evaluation, the dose-volume histograms (DVHs) of targets and important

Organs at Risk (OARs) were generated to compare three IMPT plans and their corresponding

three mono-energy with higher energy selection plans(higher energy optimization).

For dosimetric analysis, following indices were used:

For target volume:

D98 is the dose level received by 98% of the target volume, often used as an indicator of

the near-minimum dose within the volume.
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D2 is the dose level received by the highest-dose 2% of the target volume, often used as

an indicator of the near-maximum dose within the volume.

The homogeneity index was calculated using the following formula:

HI = 퐃�−퐃��
퐃퐩퐫퐞퐬퐜퐫�퐩���〲

∗ ퟏ��% [Eq. 7]

Where D prescription is prescription dose.

Lower Homogeneity Index (HI) values indicate a more homogeneous dose distribution

within the target. [14]

Conformity indices (CI) is used to assess the degree of radiation dose coverage of the

target area (typically a tumor) and the effectiveness of protecting surrounding normal tissues in a

treatment plan. The formula of CI is show below.

CI = ��,퐫퐞�
��

∗ ��,퐫퐞�
�퐫퐞�

[Eq. 8]

Where VT is target volume, VT,ref is the target volume covered by reference isodose line.

Vref is the total volume covered by the reference isodose line. A value equal of CI to 1 signifies

an ideal situation.

2.7 Robustness analysis

Robustness is crucial in proton therapy due to range uncertainty, anatomical changes, and

set-up displacement. Robustness is important is to ensure the accurate delivery of proton beams to

the targeted tumor while minimizing exposure to surrounding healthy tissues. In this project, nine

scenarios were used, including one nominal case, two range uncertainty cases by scaling the CT

number by 3.5%, and six setup uncertainty cases by shifting the patient along with anteroposterior,

superior-inferior, and mediolateral directions (3 mm for the TG-119 case and 5 mm for the rest).
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The reference is IMPT plan. Dose volume histogram band (DVHB) is used to analyze the

robustness of two plans. . The width of the bands for each anatomical structure reflects how much

the volume receiving a specific dose could vary. Narrower bands suggest that the treatment is

more robust meaning the dose delivered will be consistent despite these uncertainties. Wider

bands indicate a greater potential variance in the dose that parts of the anatomy could receive.
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3.Result

3.1 IMPT plan

This project uses two or three beams in the IMPT as the reference plan. The result of

three cases will be presented in the following section.

3.2 Mono energy optimization

In this section, we use Dose-Volume Histograms (DVHs) exclusively to evaluate the

quality of plans in relation to the IMPT plan, with the DVHs and corresponding dose distributions

presented in the figures below.

This subsection discusses three cases to assess the quality of plans generated through

mono-energy optimization. It has been observed that this approach has certain limitations,

particularly concerning the dose in the target area and scatter due to range shifters. Consequently,

a new method, termed "higher mono energy optimization," has been introduced to enhance plan

quality. This improved method prioritizes higher energy levels for each ray, allowing for the use

of thinner range shifters. This, in turn, reduces scatter and attenuation when compared to the

original mono energy plan.

For the liver case:

The OARs, such as the heart and stomach in the mono-energy plan, receive a higher dose

compared to the IMPT plan, affected by scatter due to range shifters. Additionally, targets in the

mono-energy plan receive a lower dose than those in the IMPT plan at most target area,

attributable to the attenuation and scatter from the range shifters. However, some target areas

receive a higher dose, shown at figure6 (d). In this slice, the dose received by target of mono

energy optimization is little higher than that of IMPT plan.
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Figure 6: Dose distribution and dose difference between two plans

For prostate case:

The dose target of the mono-energy plan is lower than that of the IMPT plan, as visually

evident in Figures 7(c) and (d). The dose difference between the IMPT plan and the mono-energy

plan is approximately 3Gy in target area of this dose slice. Furthermore, the dose received by the

rectum in the mono-energy plan exceeds that in the IMPT plan.

(a)

(c) (d)

(b)
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Figure 7: Dose distribution and dose difference between two plans

For TG-119 Case

In the mono-energy optimization, 20% of the target volume receives a lower dose

compared to the IMPT plan, as illustrated in Figure 8(c). The core in the mono-energy

optimization receives a higher dose than in the IMPT plan, which could be attributed to increased

scatter and the use of additional beams in arc therapy.

(d)

(a) (b)

(c)
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Figure 8: Dose distribution and dose difference between two plans

3.3 Range shifter

In three cases, there are 72 beams, which correspond to 72 range shifters. These shifters are

designed in a circular layout. Each beam consists of multiple rays, with each ray having a specific

height for its range shifter. The example of one angle’s range shifter is shown in figure 9.

The blue points in 3D space represent the positions of each ray from the Beam's Eye View

(BEV). A range shifter is comprised of many columns of different heights, with each column

corresponding to a specific ray.

The 72 range shifters are arranged in a circular formation around the patient. The distance

between the isocenter and the base of the range shifters is determined by the maximum height of

the range shifters.

(c)

(b)

(d)

(a)
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Figure 9: (a) The position of each ray. (b) The range shifter height for each ray.

Figure 10: The display of range shifters for three cases
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3.4 Higher mono energy optimization

Compared to mono-energy optimization, the height of range shifters in this method is

smaller, resulting in less scatter and attenuation caused by the range shifter. The results show

reduced dose in OAR areas and increased dose in target areas.

Prostate Case:

Compared to the mono-energy optimization method, higher energy optimization shows

less scatter dose in areas beyond the target area. In Figure 10(d), this method decreases the dose

by 5-30 Gy in most areas beyond the target area. In Figure 10(c), the higher energy mono-energy

method provides a higher dose (around 4 Gy) in this dose slice within the target area.

Figure 11: Dose distribution and dose difference between two plans

For Liver case:

(d)

(b)(a)

(c)
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Compared to the mono-energy optimization method, higher energy optimization shows

less scatter dose in areas beyond the target area. In Figure 12(d), this method decreases the dose

by 2-10 Gy in most areas beyond the target area. In Figure 12(c), the higher energy mono-energy

method provides a higher dose (around 2 Gy) in some areas within the target area.

Figure 12: Dose distribution and dose difference between two plans

For TG-119:

Compared to the mono-energy optimization method, higher energy optimization shows

less scatter dose in areas beyond the target area. In Figure 13(d), this method decreases the dose

by 2-15 Gy in most areas beyond the target area. In Figure 13(c), the higher energy mono-energy

method provides a higher dose (around 2 Gy) in some areas within the target area.

(a) (b)

(c) (d)
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Figure 13: Dose distribution and dose difference between two plans

3.5 The delivery time

In the context of prostate cases, the treatment duration is approximately 360 seconds. With

the gantry speed maintained at roughly 1 degree per second, it implies that there is minimal to no

time allocated for switching energy levels during the procedure.

Figure 14: The delivery time of prostate case.

(b)

(c)

(a)

(d)
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In the context of liver cases, the treatment duration is approximately 340 seconds. With

the gantry speed maintained at roughly 1.1 degree per second, it implies that there is minimal to

no time allocated for switching energy levels during the procedure.

Figure 15: The delivery time of liver case.

In the context of liver cases, the treatment duration is approximately 380 seconds. With

the gantry speed maintained at roughly 0.9 degree per second, it implies that there is minimal to

no time allocated for switching energy levels during the procedure.

Figure 16: The delivery time of TG-119 Case.

3.6 Plan quality evaluation

The table presents a comparison between the plan quality of IMPT (Intensity-Modulated

Proton Therapy) plans and higher mono-energy plans. The higher mono-energy plan is slightly

inferior to the IMPT plan. However, it meets clinical acceptance criteria in most aspects.
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Table 3: The plan quality of IMPT plan and higher mono energy plan

Case Structure Type Clinic Constraints 3-beam

IMPT

Mono-energy

layer with

range shifters

Prostate PTV_68

Rectum

Bladder

D98%(Gy)

D2%(Gy)

CI

V40

V65

V40

V65

>68*0.95=64.6Gy

<68*1.07=72.76Gy

<30%

<20%

<50%

<25%

63.6Gy

69.53Gy

0.9150

26.56%

4%

27.65%

14.03%

60.89Gy

68.97Gy

0.8549

19.45%

3.27%

25.42%

12.59%

Liver PTV

Spinal Cord

Heart

D98%(Gy)

D2%(Gy)

CI

HI

Max(Gy)

V8

>45*0.95=42.75Gy

<45*1.07=48.15Gy

<8Gy

<15%

43.58Gy

45.56Gy

0.9

2.7

0

6.85%

43.36Gy

45.49Gy

0.88

3.4

3.01Gy

20%

TG-119 PTV

Core

D95%

D10%

D5%

>50

<55Gy

<25Gy

49.5Gy

50.46Gy

24.76Gy

46.25Gy

50.27Gy

25.59Gy

3.7 Robustness analysis

For three cases, proton arc plans demonstrate better robustness compared to IMPT plans.

The numerous proton beams are more resistant to various types of uncertainty.
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Figure 17: Robustness analysis for Prostate Case

Figure 18: Robustness analysis for Liver Case

Figure 19: Robustness analysis for TG-119 Case

(a) (b)

(a)

(a)

(b)

(b)
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4. Discussion

4.1 The advantage of this project

This project benefits from the utilization of range shifters, which eliminates the need for

energy switching time in the machine. Consequently, the treatment delivery time is reduced.

Additionally, the stability of the gantry speed contributes to a faster delivery time. Among the

three selected cases, no significant differences were observed, suggesting that the complexity of

the treatment plan does not affect the delivery time. This could be attributed to the elimination of

the need for energy switching.

4.2 Range Shifter design

It's impractical to position 72 range shifters around a patient in a circular arrangement for

several reasons. First, the cost would be prohibitive since range shifters are typically

manufactured using 3D printing, which can be expensive. Second, there's a risk of overlap,

especially if the field size is large and the gantry angle spacing is narrow. This could lead to

complications in the treatment delivery.

To tackle the challenge, the proposed method would involve manufacturing multiple flat

slabs out of different materials, with each slab providing precise attenuation for specific beam

paths. This strategy would refine the range shifter's design to cater to varying radiation

attenuation demands without the need for numerous shifters. For scenarios requiring lower energy

attenuation, slabs could be made thinner or selectively removed. Implementing this idea

necessitates altering the number of slabs for each beam path, which poses a significant technical

challenge, especially since the slab transition time needs to be within milliseconds.



32

4.3 Plan quality analysis

The dose deposition in the target area during proton arc therapy is slightly lower compared

to the IMPT plan. Tumor size, shape, and location significantly impact the efficiency of the

treatment planning system. For liver cases, the shape of liver tumors is regular, allowing the dose

in higher mono-energy plans to be the same as that in IMPT plans. However, for the TG-119 and

prostate cases, where the tumor shapes are irregular and the organs at risk are close to the target,

irregular shapes or proximity to critical structures complicate achieving full coverage while

protecting healthy tissue. Complex tumors demand advanced planning to ensure optimal

treatment.

4.4 The limitations of matRad

All simulations are conducted using matRad. However, matRad is merely software and does

not represent any specific proton machine. There is inevitably a gap between simulations and

clinical applications. More machine data and clinical experiments are needed to bridge this gap.

4.5 Biological effect

In this project, the Relative Biological Effectiveness (RBE) of the proton beam is set at 1.1,

without considering Linear Energy Transfer (LET) and variable RBE. It is necessary to take

biological factors into account for more accurate results.
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