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Abstract 

Proton Therapy shows dosimetric advantages over conventional X-Ray Therapy in terms of 

the control of doses to normal tissues. In fact, it should be the preferred treatment in most 

paediatrics and local recurrent cancer when available. This is due to the physical characteristics 

of proton interactions where they have a finite range as they traversed through a medium. This 

gives rise to a steep increase in dose distribution with a sharp fall-off known as the Bragg Peak. 

Despite the dosimetric advantage, physical and radiobiological uncertainties are a concern in 

Proton Therapy. In other words, it is not sufficient to know it stops, instead, it is important to 

know where it stops and the biological effects that follow.  

This thesis aims to address the issue of radiobiological uncertainties with Relative Biological 

Effectiveness (RBE) for treatment planning which is defined as a scalar quantity Proton 

Therapy. Currently, a constant RBE of 1.1 is used clinically to include the differential 

biological effect of protons as compared to photons during treatment planning. However, the 

counter-argument against the use of a constant RBE of 1.1 stems from the possibility of under-

or over-dosing in the target volume. As suggested by AAPM-TG-2561, there is a need to 

understand the spatial variations of RBE within and outside the target volume. It is also 

recommended for the use of variable RBE models for certain clinical situations such as target 

volumes that are close to Organ-At-Risks (OARs). Numerous RBE models were developed to 

account for the uncertainties arising from dependent quantities of patient radio-sensitivity 

alpha-beta ratio (
𝛼

𝛽
)

𝑥
, linear energy transfer (LET), cell lines used in experiments and 

experimental set-up.  

The biological uncertainties are investigated via Monte Carlo (MC) Simulation through three 

projects using Linear Quadratic (LQ)-based RBE models, where the model is dependent on 

proton dose (𝐷𝑝), dose-averaged LET (𝐿𝐸𝑇𝐷) and alpha-beta ratio (
𝛼

𝛽
)

𝑥
 ratio. The first project 
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investigated the estimation of 𝐿𝐸𝑇𝐷 in these RBE model and the dosimetric impact of 𝐿𝐸𝑇𝐷 

uncertainty on a clinical case. The second project investigated the MC simulation parameters 

for simulating 𝐿𝐸𝑇𝐷 and its mathematical functions when calculating 𝐿𝐸𝑇𝐷. The final project 

investigated the systematic dose variation from different RBE models in the clinical case where 

OARs are located near the target.  

The results from these studies showed the importance of calculating 𝐿𝐸𝑇𝐷 via MC simulation 

and how it can lead to an increase in biological uncertainties in Proton Therapy. The dosimetric 

impact of simulating 𝐿𝐸𝑇𝐷 when there is insufficient knowledge of cellular composition could 

lead to huge uncertainty during the simulation and this uncertainty could propagate down to 

the resulting RBE models. The results show that using cellular materials instead of water during 

𝐿𝐸𝑇𝐷 MC simulation is important under low (
𝛼

𝛽
)

𝑥
and low dose (2 𝐺𝑦) conditions. In addition, 

a standard protocol is proposed for sampling 𝐿𝐸𝑇𝐷 in MC simulation which is required as this 

would affect secondary electrons production and will improve the accuracy of the dose 

distribution and 𝐿𝐸𝑇𝐷. Therefore, the MC simulation protocols and 𝐿𝐸𝑇𝐷 scoring method is 

defined and standardized to facilitate future cross-institutional studies. Lastly, based on the two 

previous projects, it was established that RBE values are bound to be associated with large 

uncertainties due to variations in biological experiments and 𝐿𝐸𝑇𝐷 calculations reported in the 

literature. It is thus challenging to select a single RBE model based on experimental data. 

Instead, in our last project, we focus our effort on arriving at an RBE model-agnostic approach 

treatment planning with Multi-Field Optimization (MFO) vs Single-Field Optimization (SFO) 

to minimize the systematic dose variation between different RBE models. In this study, brain 

tumor cases are used. MFO planning technique showed a better option for overlapping brain 

tumors with OARs in eliminating RBE-weighted dose uncertainties.  
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In conclusion, this thesis examined the uncertainties in RBE arising from different 

experimental set-up and 𝐿𝐸𝑇𝐷  calculations from different MC simulation parameters. The 

studies have concluded that RBE uncertainties are still challenging and the choice of MFO 

treatment planning technique may possibly yield an RBE-model agnostic dose distribution. 

Standadization for 𝐿𝐸𝑇𝐷 calculations are important for MC simulation. The knowledge gained 

from these studies will be beneficial for the future development of RBE-based treatment 

planning system for proton beam therapy using MC simulation.  
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Chapter 1 Introduction to Proton Beam Therapy and 

Relative Biological Effectiveness Treatment Planning 

1.1 Cancer 

Rapid technological advancement allows for significant improvements in almost all 

aspects of human health over the years. However, there remain several pressing issues 

for which universal remedies have yet to be discovered and certain areas where we have 

yet to find the perfect solution. One crucial area of interest concerns cancer treatment. 

Without a doubt, the advancement of medical treatment for this much feared condition 

has come a long way. Despite the present medical advances that the world’s best 

medical doctors possess, there is still no absolute cure for cancer which continues to 

claim many lives. In Singapore, the past five years daily average of new cancer 

diagnosis and fatality as a result of cancer is 40 and 15 people respectively. The 

common cancers among males include colorectal, lung and prostate cancer while 

females are more commonly diagnosed with breast, colorectal, and lung cancer2. There 

is also an increase in the world’s fatality rate and incidence rate for cancers3.  

Cancer cells are living cells that continuously divide and grow uncontrollably. These 

cancer cells are referred to as malignant tumor. They can appear almost anywhere in 

the body and can affect the neighboring tissues and metastasize. If left untreated, it 

might potentially result in death.  

Radiation Therapy (RT) was developed upon the discovery of X-ray in 18964 and it 

was first used by Emil Grubbe5 on a woman with breast cancer in Chicago as a form of 

treatment that same year. The aim of RT is to eliminate cancer cells in the body using 

ionizing radiation while minimizing harm to normal or critical tissues or organs. During 

the process of RT, photons are delivered as an indirect ionising radiation and 

consequently resulting in the production of charged particles (directly ionizing radiation) 
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to the tumor which then kills the cancer cells by damaging their DNA. When the DNA 

is beyond repair, the cancer cells die and are eventually recycled or degraded into non-

toxic components in our body6. With the advances of radiation medicine, RT can be 

used as a primary treatment modality to fight cancer in conjunction with other treatment 

modalities such as surgery and chemotherapy. RT is very effective when the cancer 

type is particularly radiosensitive. 

1.1.1 Types of Radiotherapy (RT) 

Internal RT 

 

Figure 1.1 (a) and (b) shows the topogram of the patient with the Rotterdam cervix applicator 

and 2 ovoids. (c) shows the applicator model and the radiation seeds position in the CT image 

(d) shows the applicator model created with red circles defining the radiation seeds position 

and blue circles represent the optimization points. 

Internal RT such as Brachytherapy (e.g. radiation seeds implants), delivers a high dose 

of radiation directly at the tumor tissues. It can be categorized into Low- (LDR), 

Medium- (MDR) or High- (HDR) dose rate brachytherapy where the dose rates are 0.4-
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2Gy/hr, 2-12Gy/hr and >0.2Gy/min, respectively7 as determined by the type of 

radioactive source used. A radioactive source, such as Iridium-192 or Iodine-125 is 

placed or inserted directly at the tumor site or interstitial cavity in the patient for a pre-

set time or permanently depending on treatment prescription. An example of 

brachytherapy for cervical cancer is shown in Figure 1.1. 

External Beam RT (EBRT) 

 

Figure 1.2 shows an external beam radiotherapy plan on a brain tumor. The color wash 

represents the dose distribution in the head and the red contour represent the target tumor.  

EBRT is the irradiation from a source outside of the body, passing through the skin and 

towards the tumor tissues shown in Figure 1.2. The energy typically ranges from 4 −

20 𝑀𝑒𝑉. From this section onwards, RT refers to high energy X-rays for treatment 

unless stated (e.g., electrons). A few common types of external radiotherapy treatment 

are Radiotherapy (RT), Stereotactic Body RT (SBRT), Stereotactic RadioSurgery (SRS) 

and particle therapy such as Proton Therapy (PT) and Carbon Ion Therapy (CIT). In 

SBRT, the dose is escalated to 8 to 30Gy per fraction and over a course of 1 to 5 

fractions to complete treatment as compared to normal RT where the number of 
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fractionations might be higher, allowing healthy tissues to heal. SRS is usually limited 

to the brain regions where the entire dose is typically given in a single fraction.  

In the area of RT, they are usually delivered using Linear Accelerator (LINAC) while   

Gamma Knife and CyberKnife are usually used to deliver SRS. The main difference 

between Gamma Knife and Cyberknife is that the latter is capable of delivering SBRT.  

The common treatment techniques are 3D Conformal RT (3D-CRT), Intensity 

Modulated RT (IMRT) and Volumetric-Modulated Arc Therapy (VMAT). In 3D-CRT, 

the shape of the beam is changed at every angle to match the shape of the tumor. For 

IMRT however, the intensity of the beam is modulated using Multi-Leaf Collimator 

(MLC) that move dynamically whereas the intensity in 3D-CRT is uniform and 

delivered in MLC-shaped open fields. In the National Cancer Centre Singapore (NCCS), 

IMRT is delivered at static gantry angles and dynamic MLC. VMAT is similar to IMRT 

where it is treated with a dynamic gantry. VMAT often results in reduced treatment 

time for the patients as the gantry and MLCs are both dynamic during delivery. 

Depending on tumor type and treatment prescription, a patient was treated with 1.8-

2Gy per fraction over 30-35 fractions. On the other hand, Electron Beam RT is used to 

treat superficial tumor using electrons. Unlike RT, due to the electron interactions, 

electrons do not penetrate more than a few centimeters beyond the skin surface.  

Following the conventional high energy X-ray, Proton Therapy (PT) was introduced by 

Lawrence Berkeley Laboratory8 in 1954 as a form of treatment for cancer. Even though 

it is still being administered for more than 60 years, the high cost and insufficient data 

available for wide acceptance and further research on the efficacy of treatment has 

limited its advancement. While initial clinical results from other centres appear 

promising when treating tumors close to critical structures, the use of PT is still widely 
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debated given its physical and radiobiological uncertainties. Despite this, there is 

increased use of PT due to the clear advantages over RT for good tumor control 

probability and lower normal tissue complications probability. To make PT accessible 

in Singapore, NCCS is setting up its first PT facility in Singapore which is expected to 

be ready by 2022.  
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1.2 Proton Therapy  

 

Figure 1.3 (A) shows a EBRT plan while (B) shows a proton beam plan on a brain tumor. The 

color wash represents the dose distribution in the head and the red contour represent the target 

tumor. We can see the main difference in the exit dose of the beam where there is low dose 

spill on the whole brain in the EBRT plan as compared to no exit dose in the PT plan.  

Proton Therapy (PT) is a type of particle or hadron therapy that delivers similarly to 

EBRT as shown in Figure 1.3. Here, a high-energy ionizing proton beam (70 −

250 𝑀𝑒𝑉) from outside the body is directed precisely at the tumor volume in the body 

in controlled and specific amounts to deliver absorbed dose to kill the cancer cells. Due 

to the physical and radiobiological properties of the protons, PT presents distinct 

differences from x-ray and electron beam therapy. One important factor to be 
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considered for radiotherapy is the absorbed dose delivered to the surrounding healthy 

tissues or critical organs. These dosages should be minimized to reduce or avoid 

radiation toxicity to these healthy tissues. In conventional RT, this often limits the 

amount of dose to the tumour volume due to the high X-ray entrance dose deposition 

to the surrounding healthy tissues (Figure 1.4). However, it can be circumvented with 

PT with the low entrance dose and the high dose near the end of range, the Bragg Peak 

(BP). PT is therefore favoured over RT for its treatment effectiveness as shown by 

Figure 1.4. 

 
Figure 1.4 shows the Bragg Peak for proton against Percentage Depth Dose (PDD) curve for 

megavoltage X-rays 

The Bragg peak curve (red curve) describes the dose deposited in the body at each depth 

for a proton beam. This shows that a low entrance dose can be achieved in front of the 

tumour, while a maximum dose is deposited within the tumour near the proton’s end of 

range. The latter can be made to conform to the depth of the tumour by a Spread Out 

Bragg Peak (SOBP) which will be discussed in the next section, in order to spare the 

neighbouring tissues with negligible exit dose.  On the contrary, X-ray (green curve) 

deposits a high dose near the surface of the body (build-up region) and decreases as it 

approaches the treated volume at depth. The beam continues to fully penetrate the 
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patient due to its limited attenuation. This causes both a high entrance and exit dose on 

the healthy tissues located at the front and after the tumour which might eventually lead 

to radiation toxicity or normal tissue complication. 

Therefore, based on the physics (stopping power) of the proton beam, PT should be in 

principle the desirable solutions for treating tumours near to important Organ-at-risks 

(OARs) and where low integral dose may be preferred, in particular pediatric patients. 

With potentially better dose conformity to be achieved with PT relative to RT, it could 

potentially increase the tumor control probability (TCP) while significantly reducing 

normal tissue complication probability (NTCP)9,10. This also allows the radiation 

oncologist the option of dose escalation for better TCP. The corresponding reduction in 

harmful side effects allows a better quality of life for the patients11,12. 

 

1.2.1 Proton Accelerators 

There are two common types of accelerators used for PT treatment, namely, 

Cyclotrons and Synchrotrons.  

Cyclotron 

 

Figure 1.5 shows the schematic of a simple proton cyclotron 
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Cyclotron is a type of magnetic resonance accelerator where the protons are constrained 

to the circular motion by the strong fixed magnetic field produce by the electromagnet. 

The protons are first extracted from the hydrogen atom and injected into the centre 

between the Dees (D-shaped hollow electrodes of 3 − 5 𝑚 in diameter). The protons 

are then accelerated by the small voltage increment between the Dees each time the gap 

is crossed. The voltage is a sinusoidal alternating voltage in which the frequency of the 

sinusoidal wave is at revolution frequency (cyclotron frequency). The accelerated 

protons then spiral outwards and are eventually extracted when it reaches the full fixed 

energy of 230 − 250 𝑀𝑒𝑣  (33 − 38 𝑐𝑚 in water) producing a continuous wave of 

protons. Energy degraders (e.g. variable thickness polycarbonate wheel) are then used 

to reduce the energy of the protons to the desired range for treatment. 

Synchrotron 

 

Figure 1.6 shows the schematic of a HITACHI proton synchrotron consisting of a radio 

frequency (RF) cavity for proton acceleration and six bending dipole magnets to drive the 

particle in a circular orbit. 
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Compared to the cyclotron, the orbital radius of the proton in the synchrotron remains 

constant as the proton is guided by the bending magnet as shown in Figure 1.6. The 

7 𝑀𝑒𝑉 protons are injected through the injection line and being accelerated at each turn. 

The diameter of the synchrotron varies from 6 − 8 𝑚 with an injection line of 6 −

10 𝑚. The RF frequency to the cavity and the magnetic field of the dipole bending 

magnets increases synchronously to hold the proton in the orbit. This limits the energy 

of the proton being produced as the energy increases with the size of the magnet. In 

NCCS, the HITACHI synchrotron can extract proton energies from 70 − 250 𝑀𝑒𝑉 

(4 − 38 𝑐𝑚 in water). When the proton reaches the desired energy for treatment, it will 

then be extracted out from the beamline. Thereafter, depending on the design of the 

delivery techniques adopted by the centre, a scattered proton beam or pencil beam 

scanning will be produced in the treatment room through a pulse beam.  

1.2.2 Delivery Techniques 

In PT, there are two types of delivery methods, namely (1) Passive Scattering and (2) 

Pencil Beam Scanning. 

Passive Scattering (PS)  

PS is the early method for PT delivery and has been used since the beginning. Upon 

acceleration of protons through a cyclotron or synchrotron to required energy, the 

protons are transported to the delivery room. A high-Z material (e.g. lead) is placed in 

the path of the proton beam which then broadly scatters the proton to the desired 

dimension. The first scatterer broadens the Gaussian-shaped beam laterally while the 

second scatterer further broadens the beam and flatten its radial intensity profile for 

therapeutic use13. Range modulator is used to modulate the energy of the incoming 

proton to generate a Spread-Out Bragg Peak (SOBP) as it rotates. The scattered protons 
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then pass through the collimator (e.g. brass aperture) and compensator (e.g. lucite block) 

which consequently shapes the proton beam laterally in depth to the shape of the tumor. 

A schematic of the system is shown in Figure 1.7.  

 
Figure 1.7 shows a Passive Scattering System 

On the contrary, due to the number of material components such as the scatterers and 

collimators, high-energy secondary neutrons are produced from the interactions 

between protons and these components14,15. Neutrons are highly penetrative which may 

lead to neutron dose exposure throughout the body causing late stochastic effects such 

as secondary cancers, especially in paediatric patients16,17. However, a recent review on 

neutron dose and its measurement in proton therapy show that it is unlikely that neutron 

dose will result in a large impact on secondary cancers especially in pencil beam 

scanning therapy18.  

Pencil Beam Scanning (PBS) 

As compared to PS, PBS uses a pair of X- and Y-scanning magnets to adjust the proton 

beam position in the vertical and horizontal direction to conform the dose to the target. 

Therefore, the majority of the contribution to neutron dose arises from the patient’s 

body themselves. As shown in Figure 1.8 below, the beam passes through the vertical 
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and horizontal scanning magnet before proceeding towards the tumor. The proton 

energy has to be modulated or changed to achieve conformity to the target shape at 

different depths.  

 
Figure 1.8 shows a Pencil Beam Scanning System 

The beam usually moves in a zigzag direction as shown in Figure 1.9 where the proton 

beam paints the tumor layer by layer by switching energy. The beam can be delivered 

via discrete spot scanning or a continuous/raster scanning approach. The tumor is 

divided into iso-energy layers where each layer corresponds to a specific energy of the 

proton beam. The proton energy is controlled directly by the synchrotron or indirectly 

via an energy degrader at the exit of the cyclotron.   
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Figure 1.9 shows the scanning beam path on each layer of the tumor 

Compared to PS, the PBS technique allows better dose sparing to normal tissues at the 

entrance of the tumor and also provides better conformity to irregular targets19–22. By 

modulating the intensity in each spot, it can also deliver Intensity Modulated Proton 

Therapy (IMPT) for even higher target conformity (Figure 1.9). However, PBS is 

susceptible to moving targets during delivery. Strict safety precautions must be taken 

to exploit the advantages of PBS in proton therapy. NCCS will have a full PBS system 

for the PBT delivery technique.  
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1.3 Physics of Proton Therapy 

The advantages of PT over RT are based on the concepts of radiation physics and 

radiobiology. The physics of PT and absorbed dose calculation will be discussed in the 

following sections.  

1.3.1 Proton Interactions with matter 

In PT, proton and other charged particle interactions are categorised into electronic and 

nuclear interactions. When electromagnetic or Coulomb interaction is present, a 

stopping process or scattering process could occur.  

Stopping (Inelastic Collision) 

 

 
Figure 1.10 shows the electromagnetic Interactions: Stopping Process and Scattering Process 

where 𝑝 and 𝑒− refer to proton and electron respectively 

The stopping process happens when an incident proton interacts with an atomic electron. 

The proton slows down through many collisions causing ionisation or excitation in the 

medium and its rate of energy loss increases. This is due to the velocity dependence of 

the scattering cross-section and the greater amount of momentum being transferred to 

the electron when the proton stays in the medium for a longer period. The rate of energy 

loss, therefore, depends on the initial energy of the incident proton and the material of 

the medium.  
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Scattering (Elastic Collision) 

In a scattering process, an incident proton interacts with the nucleus and is being 

deflected or elastically scattered by the many collisions with the nucleus. This is 

commonly known as the Multiple Coulomb Scattering (MCS). The deflection angle is 

usually extremely small (order of a few degrees) and the proton loses a negligible 

amount of energy. However, in clinical practice, millions of protons are involved and 

the net change in the trajectory of the proton beam is significant. Therefore, it is 

important to consider this when designing proton beamlines, treatment heads and 

algorithms or simulations of dose calculations.  

 

Nuclear (Non-elastic Collision) 

 
Figure 1.11 shows the Nuclear Interaction where He, n and γ refers to Helium, neutron, and 

gamma-ray respectively 

On the other hand, in a nuclear interaction, the incident proton has a head-on collision 

with the nucleus. The non-elastic nuclear reaction results in the production of secondary 

particles as shown in Figure 1.11. One of the main interaction concerns is neutron 

production by protons of energies exceeding 10 𝑀𝑒𝑉 . Neutrons are extremely 

penetrative by virtue of their neutral charge and their resulting radiobiological effects 
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can be up to 20 times higher than that of protons23. Thus, adequate protection from 

overexposure to neutrons must be ensured for patients and staff in PBT facility design. 

Range Straggling 

When the protons are mono-energetic and traverse through a homogeneous medium, 

they lose energy through Coulomb collisions in a continuous slowing down 

approximation based on the mean energy loss (see Equation 1.2, 1.3 and 1.4). However, 

not all protons lose the same amount of energy as the nature of their interaction is 

statistical. Therefore, the number of collisions the protons encounter to bring it to a stop 

varies. When proton range straggling is accounted for, the range straggling distribution 

gives a Gaussian distribution.  

 

 
Figure 1.12 shows the Range Straggling (RS) 

 

Theoretically, when a proton stops, the dose should drop to zero, but due to range 

straggling, a more realistic Bragg Peak is shown in Figure 1.12. There is a spread in 

range as the dose falls off. This effect is also known as range straggling which is 

represented by the Range Straggling Distribution. 

The width of the spread in the Bragg peak is calculated as 

 

 𝑑20 − 𝑑80 = 1.3 × (𝜎𝑅𝑆
2 + 𝜎𝑏𝑒𝑎𝑚

2 )
1
2 (1.1) 
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where 𝑑20 and 𝑑80 represent the proximal and distal point of the Bragg Peak when 20% 

and 80% of the dose are deposited respectively. Range straggling deviation, 𝜎𝑅𝑆 ≈

0.0012 × 𝑟𝑎𝑛𝑔𝑒 𝑜𝑓 𝑝𝑟𝑜𝑡𝑜𝑛 and 𝜎𝑏𝑒𝑎𝑚 is the beam energy spread24. 

1.3.2 Stopping Power, Absorbed Dose and Fluence 

Stopping power describes the rate of energy transfer to the medium between the charged 

particles and the medium with distance travelled. It is defined in Equation 1.2 where it 

consists of electronic, nuclear, and radiative components. 

 𝑆(𝑥) = −
𝑑𝐸

𝑑𝑥
=

𝑑𝐸

𝑑𝑥𝑒𝑙𝑒
+

𝑑𝐸

𝑑𝑥𝑛𝑢𝑐
+

𝑑𝐸

𝑑𝑥𝑟𝑎𝑑
𝑀𝑒𝑉𝑐𝑚2/𝑔 (1.2) 

 

The first two terms have been discussed in proton interactions with matter, and the 

radiative stopping power is due to the Bremsstrahlung production by the interaction 

between proton and the nuclei. However, the radiative term of stopping power can be 

neglected since protons are much heavier particles than electrons and the nuclear term 

can be neglected since it only dominates only at low energies below 1 MeV as presented 

in ICRU Report 4925. This reduces Equation 1.2 to having a total mass stopping power 

depending solely on the electronic term given as. 

 
𝑆

𝜌
=

1

𝜌

𝑑𝐸

𝑑𝑥
 𝑀𝑒𝑉 𝑐𝑚2/𝑔  (1.3) 

 

Stopping Power is described by Bethe26 who derived the equation using quantum 

mechanical perturbation theory given by. 

 
𝑆

𝜌
= −

𝑑𝐸

𝜌𝑑𝑥
= 4𝜋𝑁𝐴𝑟𝑒

2𝑚𝑒𝑐2
𝑍

𝐴

𝑧2

𝛽2
[ln

2𝑚𝑒𝑐2𝛾2𝛽2

𝐼
− 𝛽2 −

𝛿

2
−

𝐶

𝑍
] 𝑐𝑚2𝑔−1  (1.4) 

  

where 𝑚𝑒 is the mass of an electron, 𝑐 is the speed of light, 𝑛 is the electron density of 

the material, 𝑧 is the charge of the incident particle, 𝛽 =
𝑣

𝑐
, 𝑒 is the electron charge, 𝜖0 
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is the vacuum permittivity and 𝐼 is the mean excitation potential. Stopping power is a 

quantity closely related to Linear Energy Transfer (LET). The main difference is that 

the stopping power is described as the energy loss per unit thickness while LET is the 

rate of transfer of energy to the medium locally. LET will be further discussed in the 

later section.  

Since the Bethe formula depends on the 𝑧2 factor, the stopping power will increase by 

a factor of four if the charge of the incident particle doubles. It also depends on the 

velocity of the incident particle where the stopping power will decrease by a factor of 

four if the velocity is doubled due to the 𝛽2 component. Thus, in proton therapy, as the 

proton slows down (velocity decreases), the linear energy transfer will increase. Since 

it scatters much less than light charge particles (e.g. electrons), it moves close to a 

straight line, hence we get the BP. This results in the physical property of a charged 

particle, the Bragg peak. 

In ICRU Report 8527, the Fluence (Φ) and absorbed dose (D) are defined as 

 Φ =
𝑑𝑁

𝑑𝑎
 𝑚−2 (1.5) 

 

where 𝑑𝑁 refers to the number of incident particles on a sphere with a cross-sectional 

area 𝑑𝑎, and 

 𝐷 =
𝑑𝜖̅

𝑑𝑚
 𝐺𝑦 (1.6) 

 

where 𝑑𝜖 ̅refers to the mean energy deposited through ionizing radiation to a matter of 

mass 𝑑𝑚. Dose to medium, 𝐷𝑚𝑒𝑑, can also be expressed with a relationship with Φ and 

collision stopping power, (𝑆𝑐𝑜𝑙), as 

 𝐷𝑚𝑒𝑑 = Φ × (
Scol

𝜌
)

𝑚𝑒𝑑

 𝐺𝑦 (1.7) 
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1.3.3 Continuous Slowing Down Approximation (CSDA) 

When protons transverse through a medium, they experience multiple ionization events 

over their track length. Energy is transferred in each interaction until the protons stop. 

Due to range straggling, there are small variations in each proton energy loss. The range 

in which half of the protons come to rest is the CSDA range as computed by Berger and 

Seltzer28. The CSDA range is given in Equation 1.8 

 𝑅 = ∫ (
𝑆

𝜌
(𝐸𝑘))

−1

𝑑𝐸𝑘

𝐸𝑘

0

𝑐𝑚 (1.8) 

 

 where 𝐸𝑘 is the kinetic energy of the proton. For this approximation, the rate at which 

a proton loses its energy at every point along its track is assumed to be equal to the total 

stopping power and the fluctuation in energy loss from a proton is negligible29. 

Range uncertainty is a concern in Proton Therapy as it plays an important role in the 

range calculation in Treatment Planning System (TPS) and the discrepancies between 

planned and delivered doses during a patient's treatment30. This uncertainty is 

dependent on the energy distribution of the incident proton and the properties of the 

medium that it is travelling through.   

1.3.4 Spread-Out Bragg Peak (SOBP) 

Figure 1.4 shows a single BP from a single proton beam. In realistic cases, the tumor 

covers a certain area in the body. Therefore, in order to fully cover the whole target 

volume with a proton beam, the proton beam energy is modulated to obtain a Spread-

Out Bragg Peak (SOBP) as shown in Figure 1.13. 
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Figure 1.13 shows the Spread-Out Bragg Peak at 20mm depth 

Since the energy of the proton beam determines the depth at which the BP will appear, 

multiple proton beams of different energy are irradiated to obtain the SOBP. A total of 

7.2 × 1010  protons are approximately equal to 2𝐺𝑦  of dose31. Figure 1.14 shows 

proton beam energy ranging from 71.3 𝑀𝑒𝑉 to 228.8 𝑀𝑒𝑉, approximately at a range 

of 4 𝑐𝑚 to 32𝑐𝑚. The range of the proton beam is at the distal end of the Bragg peak 

where 90% (𝑑90) of the dose is being deposited24. The width of the SOBP is the distance 

between the proximal and distal end of SOBP where 90% (𝑝90 and 𝑑90) of the dose is 

being deposited. However, other definitions of range and width are not uncommon. 
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Figure 1.14 shows the Depth Dose curves simulated in water for mono-energetic proton 

beam from 71.3 MeV to 228.8 MeV. 

1.3.5 Dose Calculation 

In this section, one clinical PBT Treatment Planning System (TPS) will be described 

which is related to this project. In PBT, different TPS are used by different clinics, each 

with a different type of dose calculation algorithm. This project is conducted using the 

Eclipse Treatment Planning System (Varian Medical System, Inc. USA). The Proton 

Convolution Superposition (PCS) algorithm will be described. This algorithm 

determines the dose at any point by summing the dose from the point kernels located 

on the calculation grid as shown in Figure 1.15. 
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Figure 1.15 shows the calculation grid and Point Kernel32 

When a proton Pencil Beam enters the body, protons would interact with the matter as 

they travel.  When a proton stops in a voxel, the three types of proton interactions with 

the medium as previously discussed occurs. Thus, energy is released within a voxel or 

passed on to another voxel. This event stops until all the energy has been absorbed or 

released. Point kernel, as described by a Gaussian curve, represents the sum of the 

spread of energy at a particular point 𝑃(𝑥, 𝑦, 𝑧) in Figure 1.16. The calculation grid is 

referred to as a voxel  

 

 
Figure 1.16 shows a Proton Convolution/Superposition Algorithm33 voxel 
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The dose at point P is the summation of the energy released from the voxel given by 33 

 𝐷(𝑥, 𝑦, 𝑧) = ∬ 𝑑𝑥′𝑑𝑦′𝑇(𝑥′, 𝑦′)𝐾(𝑥 − 𝑥′, 𝑦 − 𝑦′, 𝑧)
Σ

 (1.9) 

 

The dose is the integral over an area Σ on which all the proton pencil beams pass 

through, 𝑇(𝑥, 𝑦) is the pencil beam intensity and 𝐾(𝑥, 𝑦, 𝑧) is given by 33 

 𝐾(𝑥, 𝑦, 𝑧) = 𝑝(𝑑𝑒𝑓𝑓) (
𝑆𝑆𝐷 + 𝑑𝑒𝑓𝑓

𝑧
)

2

𝐺(𝑥, 𝑦, 𝑧) (1.10) 

 

where 𝑝(𝑑𝑒𝑓𝑓)  is the depth dose distribution of a proton pencil beam in water 

equivalent length, (
𝑆𝑆𝐷+𝑑𝑒𝑓𝑓

𝑧
)

2

 is the inverse square correction and 𝐺(𝑥, 𝑦, 𝑧) is given 

by33 

 𝐺(𝑥, 𝑦, 𝑧) =
1

2𝜋𝜎(𝑧)
exp [−

𝑥2 + 𝑦2

2𝜎2(𝑧)
] (1.11) 

 

𝜎(𝑧) represents the amount of beam spread which increases linearly with depth (𝑧) due 

to MCS. From Equation 1.10, the dose depends on the water equivalent length of the 

material that the proton passes through. Therefore, knowing the density of the material 

and the stopping power of the proton through each material would be able to provide 

more accurate information on the dose deposited34. 
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1.4 Radiobiology in PT 

Deoxyribonucleic Acid (DNA) contains genetic information related to cell 

development and functionality. It is surrounded by mostly water and it is the largest 

target with a diameter of ~2 𝑛𝑚 and a length of ~2 𝑚 in a cell nucleus.  

 
Figure 1.17 shows the Direct and Indirect actions of radiation on the structure of DNA24 

When proton radiation interacts in a biological medium, it can cause excitation or 

ionization. The ionizing radiation thus damages the DNA by causing pyrimidine lesions, 

purine lesions, single-strand breaks (SSB) and double-strand breaks (DSB)35. These 

damages are done through a dominant process called direct action of radiation36. 

However, in RT, DSB is the main radiobiological mechanism for tumor control.  

When damages to DNA occur, naturally, it will tend to repair itself with its own repair 

mechanism. However, unrepaired DNA may cause a loss of genetic information and 

become dysfunctional. Mutation, secondary cancers, or chromosomal aberrations might 

occur when broken DNA strands join together abnormally. This may result in cell 

death24. 
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1.4.1 The Cell Survival Curve and (
𝜶

𝜷
) ratio in RT 

A cell survival curve shows the relationship between the fraction of cells that survive 

relatively to the dose of radiation being delivered. One way is via in vitro experiments 

using different types of cell lines typically with x-ray radiation. It is usually described 

by the Linear-Quadratic Model (LQM)37 as shown, 

 𝑆(𝐷) = 𝑒(−𝛼𝐷−𝛽𝐷2) (1.12) 

 

𝑆 refers to the surviving fraction of the cells and 𝐷 is the dose. 𝛼 (𝐺𝑦−1) describes the 

initial slope of the curve while 𝛽 (𝐺𝑦−2)  describes the quadratic component. An 

example of a mammalian cell survival curve is shown in Figure 1.18. 

 

Figure 1.18 shows the Cell Survival Curve of mammalian cells exposed to radiation of 

different LET 

The position where 𝛼𝐷 = 𝛽𝐷2 refers to the term 
𝛼

𝛽
 (Gy) ratio of the tissue. With regards 

to response time, late responding tissues (lower (𝛼 𝛽⁄ )) shows the radiation effects 

damage over months to years compared to early responding tissues (higher (𝛼 𝛽⁄ )) as 

shown in Figure 1.19. The (𝛼 𝛽⁄ ) of tumors varies from ~2 𝐺𝑦  (e.g. Prostate) to 

~10𝐺𝑦 (e.g. Central Nervous System) depending on tumor site as shown by a review 

study by Leeuwen et al.38  
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Figure 1.19 shows the surviving Fraction of Early vs Late Responding Tissue 

1.4.2 Radiobiological Effectiveness (RBE)  

To fully leverage the advantages of Proton in PT, the potential difference in 

radiobiological effectiveness can be considered to provide a higher tumor control 

probability. Although PBT has existed for more than 60 years, it is still limited by 

insufficient in vivo and clinical data1,39,40 especially in the area of Relative Biological 

Effectiveness (RBE) which will be the subject of this project. 

RBE refers to the ratio of which the radiobiological effect of proton absorbed dose is 

similar to a reference radiation dose of x-ray. Currently, a single factor of 1.1  is in 

clinical use where a given proton dose (𝐷𝑝) is assumed to produce the same biological 

effect as a 10% higher than x-ray dose (𝐷𝑥) as given in Equation 1.13. This is an 

average value deduced in the 1970s from in-vivo studies of proton therapy1 where it 

was extracted from the center of a Spread-Out Bragg Peak (SOBP) at 2Gy fraction size.  

 

 𝐷𝑥 = 1.1 × 𝐷𝑝 (1.13) 

 

A constant RBE value that relates x-ray to proton dose and vice versa makes the 

conversion convenient. This value is however simplistic and might not truly reflect the 
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advantages of proton beam RBE which may lead to sub-optimal treatment plans and 

clinical plan evaluations and plan quality. A constant RBE of 1.1 has been discussed to 

be inaccurate40,41 and in-vitro data indicates that it is a complex function where it 

depends on parameters such as dose, linear energy transfer (LET), the response of tissue 

type (𝛼 𝛽⁄ ) and biological endpoint42,43.  

Studies have shown that there is an increase in RBE value towards the distal end of the 

proton range 44–46. This might cause an underestimation of potential adverse effects with 

the current use of constant RBE 1.1, especially in low doses and low 
𝛼

𝛽
 tissue regions40,42. 

Till date, many RBE models have been developed to address the issue of RBE 

variations in patients39,47–55. These models are mainly based on the concepts of either 

Linear Quadratic Model (LQM), Local Effect Model (LEM)56 or Microdosimetric-

Kinetic Model (MKM)57. The main difference among these three concepts is that LQM 

is an experimental data-driven model while LEM and MKM are simulation data-driven.  

In this work, the LQM-based RBE model is adopted with the assumption that the use 

of experimental data to derive the model would be more accurate. This model suggests 

that RBE is based on three parameters, namely 𝐷𝑝, Dose-averaged LET (𝐿𝐸𝑇𝐷) and 

(𝛼/𝛽)𝑥, which will be discussed in the following sections. The RBE formalism is given 

as, 

 𝑅𝐵𝐸 [𝐷𝑝, (
𝛼

𝛽
)

𝑥

, 𝐿𝐸𝑇𝐷] =
1

2𝐷𝑝
(√(

𝛼

𝛽
)

𝑥

2

+ 4𝐷𝑝 (
𝛼

𝛽
)

𝑥

𝑅𝐵𝐸𝑚𝑎𝑥 + 4𝐷𝑝
2𝑅𝐵𝐸𝑚𝑖𝑛

2 − (
𝛼

𝛽
)

𝑥

) (1.14) 

 

𝑅𝐵𝐸𝑚𝑎𝑥  and 𝑅𝐵𝐸𝑚𝑖𝑛 refers to the RBE when 𝐷𝑝 is ∞ and 0, respectively. Equation 

1.14 is derived using Equations 1.12 (linear-quadratic model) and 1.13 (definition of 

RBE) as shown in Appendix A1. The majority of the RBE models assume 𝑅𝐵𝐸𝑚𝑖𝑛 to 

be 1 and some with dependence on 𝐿𝐸𝑇𝐷 . Majority of 𝑅𝐵𝐸𝑚𝑎𝑥  is assumed to be 

dependent on 𝐿𝐸𝑇𝐷. The dependence on 𝐿𝐸𝑇𝐷 is motivated by the experimental studies 
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from Folkard et al.58, Coutrakon et al.59 and Wouters et al.60 which suggest a strong 

correlation between 𝐿𝐸𝑇𝐷 and RBE. These LQM RBE models are shown in Table 1.1. 

These RBE models have assumed that 𝐿𝐸𝑇𝑑 has a linear relationship with RBE52–55,61,62, 

while others assumed that there is a non-linearity between them48,63.  

 

Table 1.1 RBE models developed by different research groups based on the LQM concept 

RBE Models RBEmax RBEmin 

Carabe 61 0.843 + 0.413644
𝐿𝐸𝑇𝑑

(𝛼/𝛽)𝑥
 1.09 + 0.01612

𝐿𝐸𝑇𝑑

(𝛼/𝛽)𝑥
 

Chen 62 
0.1

𝛼𝑥
+

1 − 𝑒−0.0013𝐿𝐸𝑇𝑑
2

0.045𝛼𝑥𝐿𝐸𝑇𝑑
 

1.0 

 

McNamara 52 0.99064 + 0.35605
𝐿𝐸𝑇𝑑

(𝛼/𝛽)𝑥
 1.1012 − 0.0039√(𝛼/𝛽)𝑥𝐿𝐸𝑇𝑑 

Wedenberg 54 1 + 0.434
𝐿𝐸𝑇𝑑

(𝛼/𝛽)𝑥 
 1.0 

Wilkens 55 
0.1 + 0.02𝐿𝐸𝑇𝑑

𝛼𝑥
 1.0 

Rorviks 53 1.0 + 0.645
𝐿𝐸𝑇𝑑

(𝛼/𝛽)𝑥
 1.0 

 

1.4.2.1 Linear Energy Transfer (LET) and RBE 

Linear Energy Transfer (LET) of a material for charged particles of a given type and 

energy is given by, 

 𝐿𝐸𝑇Δ = 𝑆𝑒𝑙 −
𝑑𝐸KE,Δ

𝑑𝑙
 𝑘𝑒𝑉/𝜇𝑚 (1.15) 

 

where Δ is the energy cut-off value of secondary electrons, 𝑆𝑒𝑙 is the linear electronic 

stopping power and 𝑑𝐸KE,Δ is the mean sum of the kinetic energy larger than Δ of all 

electrons released by the charged particle per unit path length 𝑑𝑙27. It is important to 

quantify the LET that is lost by the charged particles and therefore be able to calculate 

the dose absorbed by the material.  

LET can be categorised into either Restricted LET or Unrestricted LET. Restricted LET 

only accounts for the transfer energy that is greater than Δ whereas Unrestricted LET 
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accounts for transfer energy where Δ = ∞ resulting in no secondary electrons being 

produced. LET is an important quantity that RBE is strongly dependent on64 and the 

relationship between RBE and LET is as shown in Figure 1.20. 

 

Figure 1.20 shows the RBE vs LET for Proton, Helium and Carbon65 

As LET increases, the biological effect of the radiation beam increases. However, upon 

reaching the maxima of LET, RBE decreases due to Overkilling Effect of the radiation. 

Overkilling Effect is caused by a single particle depositing more energy than required 

to kill a cell, leading to lesser cells killed per absorbed dose66,67. 

There were three main definitions used for LET – (1) pure – LET, (2) Track-averaged 

LET (𝐿𝐸𝑇𝑡) and (3) Dose-averaged LET (𝐿𝐸𝑇𝐷). Pure – LET is used in mono-energetic 

proton experiments and it is extracted from the stopping power of proton in water. 

However, it fails to account for the composition of myriad particles which are slowed 

down by various degrees stochastically in the medium leading to energy straggling. 

𝐿𝐸𝑇𝑡 and 𝐿𝐸𝑇𝐷 are macroscopic quantities representing mean LET for a proton beam 

with energy distribution at any spatial point. They are as described by 
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𝐿𝐸𝑇𝑡(𝑟) =

∫ Φ(𝐸, 𝑟)𝐿𝐸𝑇(𝐸)𝑑𝐸

∫ Φ(𝐸, 𝑟)𝑑𝐸
 

 

(1.16) 

and   

  
𝐿𝐸𝑇𝐷(𝑟) =

∫ 𝐷(𝐸, 𝑟)𝐿𝐸𝑇(𝐸)𝑑𝐸

∫ 𝐷(𝐸, 𝑟)𝑑𝐸
 

 

(1.17) 

where Φ(𝐸, 𝑟) is the fluence of a proton with energy 𝐸 at location 𝑟 while 𝐷(𝐸, 𝑟) is 

the dose deposited by a proton with energy 𝐸 at location 𝑟. Equations 1.16 and 1.17 are 

shown to be different especially when using small step sizes of less than 100𝜇𝑚 68, and 

at the plateau region of the proton depth-dose curve. Despite the differences in the LET 

definitions, 𝐿𝐸𝑇 ≈ 𝐿𝐸𝑇𝐷 ≈ 𝐿𝐸𝑇𝑡 for high energy proton and very thin material. This 

is due to two conditions, energy straggling effect on the primary proton is minimal and 

Φ(𝐸) ≈ 𝛿(𝐸 − 𝐸0), where 𝛿(𝐸) is the Dirac delta function and 𝐸0 is the energy of 

primary proton.  

Usually, LET values are often determined analytically69 or via Monte Carlo 

simulation66,70 as they are difficult to measure experimentally68,71. In this work, only 

𝐿𝐸𝑇𝐷 is used due to its correlation with RBE and it can be determined via Monte Carlo 

simulation (see Chapter 2). In GEANT4, 𝐿𝐸𝑇𝐷  can be easily extracted for specific 

particle type depending on user preference. In order to calculate 𝐿𝐸𝑇𝐷 for each voxel, 

we can output the energy, 𝜖, deposited by the particle and 𝜖2/𝑙, where 𝑙 is the step size 

of each interaction. Thereafter, we can compute 𝐿𝐸𝑇𝐷  for each voxel, 𝑗 , given the 

following: 

 
𝐿𝐸𝑇𝐷,𝑗 =

∑
𝜖𝑖

2

𝑙𝑖

𝑛
𝑖=1

∑ 𝜖𝑖
𝑛
𝑖=1

 
(1) 

   

where 𝑛 is the total number of particles interacted in the voxel, 𝑗. This method will be 

used in Chapter 4.  
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1.4.2.2 Dose and RBE 

RBE is dependent on the absorbed dose and because of this dependency, the fraction of 

cell survival must be specific. Since RBE is the dose of photon divided by the dose of 

the proton to cause a similar biological effect, it is necessary to keep the surviving 

fraction of cells constant when obtaining the dose using both photons and protons. This 

is often labelled as 𝑅𝐵𝐸1, 𝑅𝐵𝐸10 and 𝑅𝐵𝐸80 for 1%, 10% and 80% respectively as 

shown in Figure 1.21. The RBE values are determined using the dose that was measured 

in correspondence to the surviving fraction of the cells as mentioned. 

 

Figure 1.21 shows the RBE vs LET for 1%, 10%, 80% surviving fraction of cells72. 

1.4.2.3 Tissue Type and RBE 

RBE is also dependent on the repair capability of the tissue in response to radiation. As 

shown in Figure 1.22, tissues with better repair capability have a higher RBE maximum 

as compared to those with no repair capabilities. Therefore, it is important to know the 

(𝛼/𝛽)𝑥 ratio of individual tissue types to obtain a more accurate RBE value for dose 

calculation in Proton Therapy. 
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Figure 1.22 shows the RBE vs LET with Non-Repair and Repair Capability Tissue Curve72. 

Table 1.2 shows the mean  (𝛼/𝛽)𝑥 values for different tumour sites derived from a 

comprehensive study by Leeuwen et al.38. This is based on the summary of 149 

different analyses of  (𝛼/𝛽)𝑥, where an extensive study of 1177 articles was reviewed 

and 64 were chosen. Despite the intensive review, the uncertainties in (𝛼/𝛽)𝑥 are large 

for certain tumor types. In the head and neck case of Glioma, the (𝛼/𝛽)𝑥 can range 

from 3.1 to 12.5. This would, thus, greatly affect and challenge the calculation of RBE.  

Table 1.2 Summary from 149 different analyses of α/β based on 81 distinct sets of clinical data.  

(𝛼/𝛽)𝑥 Type of Tumor 

~3 𝐺𝑦 Prostate Breast Rhabdomyosarcoma Liposarcoma 

~10 𝐺𝑦 Head and Neck Cervix Bladder Liver 

Mixture Oesophagus Rectum Central Nervous System Skin Lung 

 

1.4.3 RBE Modelling Review 

Despite the long history of RBE studies, the adoption of variable RBE models has been 

modest in the clinic due to large uncertainties in values73. As suggested by AAPM TG-

2561, there is a need to understand the spatial variations of RBE within and outside the 

target volume on a voxel-wise basis. A voxel refers to a volume of a few 𝑚𝑚3 which 

stores the data (e.g. dose, LET and HU value) depending on the resolution the user 

defined in the DICOM (Digital Imaging and Communications in Medicine) files. HU 
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value, also known as Hounsfield Unit, is a relative quantitative scale to measure the 

radio density of a CT image. This can be inferred from the evidence of experiments 

showing RBE exceeding 1.1 at the end of range45,46,74. 

Research has shown clearly that RBE 1.1 is not a good representation of the biological 

effect in proton therapy especially at the distal end of an SOBP despite being a 

conservative estimate. In a work reported by McNamara et al.52, their RBE model 

(linear relationship between LET and RBE) was compared with RBE 1.1 in a treatment 

planning system for different tumour sites as shown in Figure 1.23. 

 

  
Figure 1.23 shows the patient simulation of prostate and head and neck proton treatment 

comparison of RBE 1.1 and RBE model52  

In Figure 1.23, (a) and (d) exemplify patient biological dose distribution simulation of 

a prostate and a head and neck tumour using RBE 1.1 respectively. (b) and (e) are 

simulated with their own RBE model and lastly, (c) and (f) show the difference in 



48 

 

biological dose distribution for both tumour sites. As seen from (c) and (f), there is a 

higher biological dose in the target region when using their RBE model compared to 

RBE 1.1. Hence, this relates to having more doses being delivered to the target when 

using variable RBE models. Moreover, for the head and neck case, doses were delivered 

to a critical organ, the brainstem, and this might lead to brainstem toxicity. 

Another example is illustrated in Figure 1.24, where Resch et al.75 used Wedenberg et 

al.’s54 RBE model to compare with RBE 1.1 using a nasopharyngeal cancer patient plan. 

It shows more doses being deposited using their variable RBE model (Figure 1.24b) at 

the optic nerves (orange and green) and brainstem region as compared to RBE 1.1 

(Figure 1.24a). 

 

Figure 1.24 shows the patient simulation of nasopharyngeal cancer proton treatment dose 

comparison of RBE 1.1 and RBE model75 

As shown in Figure 1.25, Rovik et al.53 compared different RBE models contributed by 

other groups analysing the SOBP of different RBE models using simulated in a water 

phantom (sliced into voxels) along the central axis. Solid lines show the depth-dose 

distribution (left axis) of the physical dose and biological dose of a modulated proton 
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beam in the water. The dashed lines (right axis) showed the calculated RBE from 

different models.  

 

 

Figure 1.25 shows the RBE weighted dose and RBE plot of different RBE models. Solid lines 

refer to the comparison of depth dose distribution of different RBE Models. Dotted lines refer 

to the RBE values of the respective RBE models53.  

A single RBE value to each voxel was calculated along the beam axis,  based on each 

RBE model discussed. The calculated RBE values were then multiplied with the 

physical dose to obtain the RBE-weighted dose (solid lines). Based on the results, there 

is a large variation between models especially towards the distal end of the SOBP. 

There is a significant rise in the RBE curves (dotted lines) towards the end of the range. 

These RBE models show a linear relationship between 𝐿𝐸𝑇𝐷  and RBE, where 

𝐿𝐸𝑇𝐷increases as proton come to a stop. This peak at the distal end of the SOBP is due 

to the RBE values resulting from the increase of 𝐿𝐸𝑇𝐷. 
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In addition to the linear relationship between RBE and 𝐿𝐸𝑇𝐷 , some groups also 

presented that LET is non-linear to RBE. Chen et al.48 had used in-vitro experimental 

data to measure the surviving fraction of one type of cell line. The result in Figure 

1.26(a) shows that LET has a non-linear trend with RBE. This is also supported by 

Guan et al.63 as shown in Figure 1.26(b), where they conducted in vitro experiments of 

two cell lines and the measurement of proton beam LET. 

 

 
Figure 1.26 (a) shows the experimental RBE values for V79 CHO cells. Linear RBE model by 

Wilkens et al.55 (Dashed line) and their model48. (b) shows the experimental RBE values for 

H460 and H1437 cells. RBE vs LET relationship of their model48. 

From these evidences, RBE or biological uncertainties in dose calculation might be 

magnified when the physical uncertainties (e.g. range uncertainty) are being reduced. 

Thus, it is still unclear if patients should be treated with RBE 1.1 or with a variable 

RBE model. If patients were to be treated with a variable RBE model, the choice of 

model that should be used clinically for the treatment planning remains questionable. 

Currently, there were no researches found in applying an RBE model-agnostic approach 

that will guide the clinical decision for PBT biological treatment planning. Therefore, 

this work aims to study the uncertainties contributed by each factor in the RBE model 

to, subsequently, reduce the RBE-weighted dose uncertainties. Focusing on 𝐿𝐸𝑇𝐷 , 

which drives the RBE curve, the current method to obtain 𝐿𝐸𝑇𝐷 is not clearly defined. 
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This thesis will examine whether the simulation of 𝐿𝐸𝑇𝐷  in water medium is a 

representation of simulating 𝐿𝐸𝑇𝐷 in different mediums (e.g. Cytoplasm and Nucleus). 

In addition, we aim to standardize the definition of 𝐿𝐸𝑇𝐷 and simulation parameters of 

Monte Carlo simulation to obtain 𝐿𝐸𝑇𝐷 . Thereafter, by incorporating the result 

achieved from the 𝐿𝐸𝑇𝐷  studies, we can apply them to calculate the different RBE 

models using different planning techniques and determine the RBE-weighted dose 

uncertainties distribution. By achieving this RBE model-agnostic approach, one need 

not rely heavily on any particular RBE models to guide the clinical decision for PBT 

biological treatment planning.  
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Chapter 2 Configuration of Monte Carlo Simulation Toolkit 

Monte Carlo (MC) Simulation is the gold standard for dose calculation in radiotherapy1. 

This thesis uses GEANT42–4 and TOPAS5,6 MC simulation extensively for RBE and 

LET dose calculation studies. In this chapter, we will discuss the implementation of the 

MC Simulation toolkit of GEANT4 and TOPAS. GEANT4 is the acronym for 

Geometry and Tracking and TOPAS is the acronym for Tool for Particle Simulation. 

They provide the functionalities required for simulation in various applications such as 

Medical, Space and Radiation Protection. To achieve the primary aim of the thesis, MC 

simulation plays an important role for all studies in this work. Therefore the workflow 

and structure of the system will be presented and validated in order to obtain accurate 

results.  

2.1 The Monte Carlo Method 

As described by Alex Bielajew, “The Monte Carlo method is a numerical solution to a 

problem that models objects interacting with other objects or their environment based 

upon simple object-object or object-environment relationships. It represents an attempt 

to model nature through direct simulation of the essential dynamics of the system in 

question.”7  

The MC method is used in numerous physics disciplines to approximate a solution of 

differential or integro-differential equation in the case of transport. In radiation 

transport, the main transport equation to be solved is the Boltzmann equation8. 

 
(𝛺⃗⃗ ∙ 𝛻⃗⃗)𝛷(𝑟, 𝛺⃗⃗, 𝐸) + 𝜎(𝑟, 𝐸)𝛷(𝑟, 𝛺⃗⃗, 𝐸) = 𝑆(𝑟, 𝛺⃗⃗, 𝐸) +

∫ 𝑑𝐸′ ∫ 𝑑𝛺⃗⃗′ 𝜎𝑠 (𝑟, 𝛺′⃗⃗⃗⃗⃗, 𝐸′ → 𝛺⃗⃗, 𝐸) 𝛷 (𝑟, 𝛺′⃗⃗ ⃗⃗ , 𝐸′) 
(2.1) 

The first term on the left-hand side of the equation is the streaming operator (𝛺⃗⃗ ∙ 𝛻⃗⃗) 

multiply the fluence (𝛷(𝑟, 𝛺⃗⃗, 𝐸)) by the which accounts for the particle travel derived 
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from accounting for particles entering and leaving the volume Δ𝑉 through the surface. 

The second term on the left-hand side of the equation represents the collision density 

(average number of collisions) which accounts for the loss of particles from the 

interactions that result in a change of momentum of the particle. 𝜎(𝑟, 𝐸)  is the 

probability of interaction per unit path length. The first term on the right-hand side of 

the equation is the Source Function which characterizes the spatial, angular and energy 

distribution of the radiation source. The second term on the right-hand side of the 

equation is the collision integral where ∫ 𝑑𝐸′ ∫ 𝑑𝛺⃗⃗′ 𝜎𝑠  (𝑟, 𝛺′⃗⃗⃗⃗⃗, 𝐸′ → 𝛺⃗⃗, 𝐸) is the total 

cross-section.  

MC uses a statistical approach where it is an excellent technique to study the random 

process of radiation transport. This approach will however mean that there will be 

statistical and systematic uncertainties. Statistical uncertainties arise from the lack of 

simulated histories while systematic uncertainties are caused by any approximations in 

the physics models. Nonetheless, the MC simulation is still used for this purpose as it 

is regarded as the gold standard in radiation transport simulation1, better than other 

Type ‘a’ and ‘b’ dose calculation algorithms. 

Type ‘a’ and ‘b’ dose calculation algorithms are proposed by Knöös et al.9 and Type 

‘c’ dose calculation algorithm is proposed by Ojala et al.10.  Type ‘a’ is a correction-

based algorithm (semi-empirical). It is based on measurement data where a water 

phantom is irradiated with a standard source skin distance (𝑆𝑆𝐷 = 100 𝑐𝑚) setup. 

Doses are collected at multiple points. In the patient set up, the dose is then corrected 

based on beam modifiers (e.g. wedges), patient contours and tissue heterogeneities. 

Subsequently, this is replaced by Type ‘b’ dose calculation algorithm. Type ‘b’ is a 

model-based dose calculation algorithm where it uses superposition and convolution 
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techniques. Measurements (fewer than Type ‘a’) in water phantom is done and the 

measured data is used a finger print to characterize the beam. When the identity of the 

beam is determine, dose is calculated based on first principle of attentuation and scatter. 

The treatment planning system by Varian used in this work is a type ‘b’ dose calculation 

algorithm (Proton Convolution Superposition, PCS) and has been discussed in Chapter 

1. Type ‘c’ is a grid-based linear Boltzmann transport equation solver. It provides better 

accuracy in modelling secondary electron transport which is important for accurate 

heterogeneity correction. It has the ability to calculate accurate dose deposition in high-

Z materials. The Monte Carlo system is classified as a Type ‘c’ dose calculation 

algorithm.  

In this work, GEANT4 and TOPAS are used for all the simulation experiments. 

GEANT4 is an object-oriented computing toolkit, and TOPAS wraps and extends the 

GEANT4 classes. The physics model and transport implementation are the same as 

GEANT4.  

We started off using GEANT4 by understanding the workflow and the GEANT4 

classes to simulate a proton beam. TOPAS is then used to configure geometries like 

treatment head and patient CT due to the simplicity of the text-based parameter files 

where C++ coding is not necessary. This is widely used in medical physics research 

due to its flexibility to configure the physics model and input different types of 

geometries for dose calculation. MC simulation allows greater detail in the modelling 

of secondary electron transport.  

The algorithm used in GEANT4 is the condensed history algorithm; this is in contrast 

to the track structure algorithm which is employed in GEANT4-DNA. Track structure 

algorithm is only efficient if the geometry is small as all interactions by the particle are 
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simulated. In a condensed history algorithm, all interactions are classified as “hard” or 

“soft” collisions8. The condensed history algorithm is dependent on the energy loss (Δ𝐸) 

of the charged particle during collision. If energy loss exceeds a particular threshold 

energy (𝐸𝑐), the collision is considered a hard collision, otherwise, it would result in a 

soft collision. This threshold is set by the user and the smaller the threshold is, the more 

accurate the result will be. However, this would come at the cost of simulation time. 

Usually, all hard collisions are simulated explicitly while soft collisions are accounted 

for by approximation through the multiple scattering theory1. The theory gives a 

probability distribution of the charged particle parameters and that is based on the 

azimuthal and polar multiple scattering angles. Continuous Slowing Down 

Approximation (CSDA) is to account for energy loss in a soft collision as shown in 

Equation 1.8. This avoids modelling explicitly for all the secondary electrons. 

The subsequent sections will discuss the concept and pipeline of GEANT4 and TOPAS 

including a discussion on how the commissioning of the MC system has been done for 

the specific machine that NCCS has installed. Commissioning the MC system will thus 

allow for the proper comparison of clinical treatment plans between a commercial 

clinical TPS and MC simulation. The MC simulation can be used as a secondary check 

for the clinical treatment plans. 

2.2 GEANT4/TOPAS Simulation Tool 

In this section, we will discuss the workflow and concepts behind the GEANT4 

simulation system. The basic concept of GEANT4 is categorized into five parts – Run, 

Event, Track, Step and Processes.  
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1. Run – It refers to the start of the MC simulation and as an analogy of the real 

experiment, “Beam on”. It is a collection of events where there can be no changes 

to the geometry of the detector and physics processes.  

2. Event – In an event, primary particle tracks are generated and are pushed into a 

stack. The tracks are then processed individually, and secondary tracks are produced 

and pushed in the stack. One event ends when the stack is empty upon repeating the 

cycle as mentioned above. 

3. Track – A track is a snapshot of a particle containing the position and the physical 

quantities of the current instance. The track is deleted once it is ended. The tracks 

end based on the following conditions; when the particle exits the world volume, 

disappear, is defined by the user to be killed or when it reaches zero kinetic energy.  

 

Figure 2.1 shows the flowchart of a Condensed History Algorithm where a single Run consists 

of NE number of Events and each Event consists of Nt number of Tracks 

4. Step - A step has two points – The beginning of a step point and the End of the step 

point as shown in Figure 2.2. It contains the information of the particle such as 

energy loss on the step and the time of flight spent on the step. Each point knows 
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the volume and material it is in. In the case where the step is limited by the volume 

boundary, the endpoint will be on the boundary and considered to be part of the 

next volume.  

 

Figure 2.2 shows the concept of a Step in Monte Carlo Simulation. Begin shows the start of a 

stepping point while End shows the end of the particular step. The step will stop upon reaching 

the boundary as defined by the difference in color.  

The step length is randomly sampled using the mean free path of the interaction using 

the cross-section of the physics process and density of the atoms given by the following 

equation  

 𝜆(𝐸) = (∑ [
𝑁𝐴𝜌𝑤𝑖

𝐴𝑖
× 𝜎(𝑍𝑖 , 𝐸)]

𝑖

)

−1

 (2.2) 

where 𝑁𝐴 is the Avogadro’s constant, 𝜌 is the density of the medium, 𝐴𝑖 is the mass of 

a mole of the ith element, 𝑤𝑖 is the proportion by mass of the ith element and 𝜎(𝑍𝑖 , 𝐸) 

is the total cross-section per atom of the process with 𝑍𝑖 being the atomic number of 

the ith element. 

5. Processes – Each particle possesses its own set of applicable processes. It describes 

how particles interact with the material or the volume. Every step the particle takes, 

all processes listed (e.g. physics processes) will be invoked to obtain the proposed 

physical interaction length. The step is then limited by the process which requires 

the shortest interaction length.  
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Every simulation will go through these procedures and different outputs (dose, linear 

energy transfer, step size, etc.) can be scored depending on the user’s needs. After a 

brief overview of the underlying concepts of GEANT4, we will detail the process of 

configuring the MC system according to the physical properties of the proton machine. 

The workflow and the details of some important MC simulation parameters will also 

be discussed in the following section. 

2.3 Configuring MC System 

Three important simulation parameters are crucial for configuring a successful Proton 

Therapy MC simulation system – (1) Physics Model, (2) Twiss Parameters and (3) Cut-

off Energy (setCut) and step size (stepMax)11. The results depend heavily on the physics 

models (e.g., electromagnetic and nuclear models) and these parameters incorporated 

in the simulation. In this work, we will model a Pencil Beam Scanning (PBS) Proton 

Therapy system which follows the specification of NCCS’s PT system from Hitachi 

Ltd (Hitachi, Ltd. Healthcare Business Unit) as shown in Figure 2.3. The following 

figure is drawn using AutoCAD software for easier visualization. 

 

Figure 2.3 shows the beamline of a PBS PT system consisting of a few main components – 

Vacuum Pipe, X and Y direction Scanning Magnet, Main and Sub Dose monitor, Spot Position 

Monitor (SPM) and Range Shifter. 
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Figure 2.3 shows the geometry of the nozzle of a PBS PT system. The proton will start 

at the Beam Profile Monitor (BPM) where the phase space parameters of the beam are 

provided by the manufacturer at this position. The proton will travel down the vacuum 

pipe passing through the X and Y Direction Scanning Magnet, Main and Sub dose 

Monitor, Spot Position Monitor (SPM) and Range Shifter. The BPM, together with the 

Main and Sub Dose Monitor are used to monitor different aspects of the beam. 

Meanwhile, X and Y Direction Scanning Magnets as well as the Range Shifter are used 

to shape or modify the beam characteristics. The target is the position where the user 

can place the desired phantoms or CT images for dose scoring.  

Dose scoring is heavily dependent on the three simulation protocols mention before. 

The physics model is the most important feature of Monte Carlo Simulation. It affects 

the spatial dose distribution of the proton beam such as the range and the beam spot 

size. The three main physical interactions of protons that are of clinical relevance (<250 

MeV) have been discussed in Chapter 1.3, namely inelastic and elastic Coulomb 

scattering, and non-elastic nuclear reactions. Inelastic coulomb scattering contributes 

significantly to the dose distribution and the range of the proton beam. Elastic Coulomb 

scattering affects the lateral straggling of the proton beam which thus affects the beam 

spot size. The non-elastic nuclear reaction has a lower interaction cross-section which 

contributes less than the above two interactions. 

2.3.1 Physics Model 

In GEANT4, there is a list of physics models available depending on the application 

used. In medical physics for proton therapy, there have been studies done on which 

model is best suited for the application. In our study, we followed the recommendations 

where G4EmStandardPhysics_option4 is used for electromagnetic physics processes11, 

and g4h-phy_FTFP_BERT (FRITIOF model12 (FTFP) and Bertini-style cascade13 
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(BERT)) are used when hadrons energy are below 6 𝐺𝑒𝑉  and above 3 𝐺𝑒𝑉 

respectively14.  

 

 

Electromagnetic process 

In general, G4EmStandardPhysics_option4 consists of multiple models to account for 

electromagnetic interactions at different energy range. It is also considered the most 

accurate electromagnetic physics model for use in Medical Physics. 

For instance, Compton scattering (CS) above and below 20 𝑀𝑒𝑉 is governed by Klein-

Nishina and Monash University Model15 respectively. Photoelectric Effect (PE) and 

Rayleigh use the Livermore database where total cross sections for PE, CS, Rayleigh, 

pair production and Bremsstrahlung are interpolated from the data for the recommended 

energy range between 250 𝑒𝑉 − 100 𝐺𝑒𝑉. Below 250 𝑒𝑉 can be evaluated however at 

the expense of reduced accuracy. PENetration and Energy LOss of Positrons and 

Electrons (PENELOPE) database is used for gamma conversion below 1 𝐺𝑒𝑉. 

Multiple Coulomb Scattering (MSC) uses Goudsmit-Saunderson model16 for 𝑒+ and 

𝑒−  with energy between 0 − 100 𝑀𝑒𝑉  and WentzelVI model17 for any particle of 

energy between 100 𝑀𝑒𝑉 − 100 𝑇𝑒𝑉.  

The extensive explanations of the physics processes have been discussed in the Physics 

Reference Manual18 of GEANT4 

Nuclear process 

FTFP and BERT models are nonelastic models used for the inelastic hadron-nucleus 

processes in our application. FTFP model is first used for particles with energy below 
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6 𝐺𝑒𝑉. In the overlapping region of energy and particle type between FTFP and BERT, 

a probability of a linear decrease from 1 to 0 is sampled to determine the choice of 

model used for the particular particle. As discussed in Chapter 1, the main secondary 

particles from the nuclear interactions are protons, neutrons, helium and gamma. These 

particles interaction are accounted for by the FTFP and BERT model.  

2.3.2 Twiss Parameters  

The other simulation parameter is the Twiss Parameter. This parameter characterises 

the phase space in TOPAS. The phase space information describes the initial beam 

profile which is influential to the final beam profile at the isocentre. Isocenter is defined 

at a point in space where the radiation beams intersect during the rotation of the gantry. 

The ellipse shows a typical phase space of particles in a synchrotron. This ellipse is 

defined by the 3 Twiss parameters, 𝛼, 𝛽, 𝛾, and beam emittance, 𝜀19.  

 

Figure 2.4 shows the beam ellipse in phase space and the relationship of the Twiss parameters. 

X and X' describe the position and the transverse momenta, respectively. 
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𝛼 , 𝛽  and 𝜀  are independent variables whereas 𝛾  is dependent on both 𝛼  and 𝛽 . 𝛼 

determines if the beam is converging or diverging while 𝛽 is related to the beam spot 

size. The beam emittance, 𝜀, is the phase space area of the beam which defines the beam 

quality. The Twiss parameters and emittance are defined by Equations 2.3 and 2.4. 

 𝛾 =
1 + 𝛼2

𝛽
 (2.3) 

 𝜀 = 𝛾𝑥2 + 2𝛼𝑥𝑥′ + 𝛽𝑥′2 (2.4) 

 

In this work, 𝛼, 𝛽 and 𝜀 parameters at the BPM are given by the manufacturer for both 

vertical (𝑌) and horizontal (𝑋) beam profiles. The phase space information of the proton 

beam used to generate the SOBP and pristine Bragg Peak in the simulation follows the 

spot scanning Proton Therapy System from Hitachi Ltd11. 

2.3.3 Cut-off Energy (setCut) and step size (stepMax) 

The last important parameter of MC simulation is the cut-off energy (setCut value) and 

step size of the particle (stepMax value). The cut-off energy is the production threshold 

of secondary particles resulting from the interaction between the primary particle and 

the medium. The step size is the maximum length the particle can travel, but limited by 

the energy loss, cross-section of the medium and the boundary conditions such as voxel 

size or different medium. These two parameters are chosen such that the MC system is 

optimized to balance the computing speed and accuracy. Ideally, the lower the values 

are, the more accurate the result will be. However, this will come at the expense of 

computing speed. In addition, if the voxel size of the detector is larger than the setCut 

and stepMax value, the accuracy will not improve. Therefore, these parameters must be 

set reasonably to produce an accurate result while not compromising the computation 

speed.  
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2.4 Validating MC Simulation System for our work 

In this section, we will discuss the procedures of validating the TOPAS-based MC 

simulation system. Due to the limitation of this work where the physical proton beam 

is absent, we are validating the MC Simulation system against the TPS. Since the gantry 

in NCCS is similar to Mayo Clinic (Rochester, Minnesota, United States), our TPS has 

been configured with their beam data. However, it is important to note that the MC 

Simulation system and TPS should eventually be validated against the experimental 

result. Due to the limitation of not having the Proton therapy system ready, we will only 

be validating TOPAS against TPS. The calculation algorithm used by TPS (Proton 

Convolution Superposition PCS), although sufficient, is not as accurate as MC 

Simulation. Therefore, differences in the dose calculated are expected. We follow the 

AAPM TG224 Report20 closely such that the validation of spot position, range, beam 

width and gamma analysis are within the tolerance stated in the report. This report is 

established by the American Association of Physicists in Medicine’s Science Council 

under the Radiation Therapy Committee and Work Group on Particle Beams. They 

developed comprehensive quality assurance guidelines and recommendations to ensure 

the safe, accurate, and consistent delivery of radiation therapy dose distributions to 

patients.  

In the very first step of configuring the TOPAS, the schematic diagram of the proton 

beam nozzle as shown in Figure 2.3 would need to be translated into TOPAS by placing 

the components at the respective position and assigning the materials to each 

component. Figure 2.5 shows a zoomed-out schematic of the proton beam nozzle placed 

in the “World” we have created in TOPAS. The smaller zoomed-in schematic shows 

the phantom we have created, and it is placed at the isocentre of the gantry defined by 

the intersection point of the yellow axes.  
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Figure 2.5 shows the “World” of the MC Simulation where we placed the proton beam nozzle. 

The zoomed-in diagram shows the target placed at the isocentre defined by the yellow axes. 

After the proton beam line “installation”, the following procedures are crucial in 

validating the MC simulation system - Nozzle and Couch Rotation, Spot Position, 

Range, Beam Width and Gamma Analysis.  

Coordinate System  

It can be confusing in obtaining the correct rotation angle for nozzle and couch when 

the axes in TOPAS and TPS are different. In TPS, both the nozzle and couch rotation 

can be accounted for by rotating the individual components themselves. The axis of the 

TPS following the IEC coordinate system is as shown in Figure 2.6.  
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Figure 2.6 shows the axes of the TPS coordinate system where C, A and S refer to the Coronal, 

Axial and Sagittal planes of the patient. 

However, when a patient file (DICOM – Digital Imaging and Communication in 

Medicine) is imported from TPS into TOPAS, the target will require a passive rotation  

(−90°) along the x-axis with respect to the Target axis to obtain the coordinate system 

as shown in Figure 2.7 (A) to (B). This is to match the coordinate system of the patient 

to TPS. The coordinate system is shown in Figure 2.7  (B) is with respect to the “World”. 

Thereafter, TOPAS will take in the nozzle and couch rotation values and perform an 

active rotation to the Target axis accordingly. The nozzle rotation angle is then applied 

along the y-axis with respect to the “World” coordinate while the couch rotation is 

applied along the z-axis with respect to the “World” coordinate.  
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Figure 2.7 shows the axes of the TOPAS coordinate system where C, A and S refer to the 

Coronal, Axial and Sagittal planes of the patient. (A) shows the original coordinate system 

before any rotation is applied to the target. (B) shows the corrected coordinate system with 

respect to TPS. 

Spot Position 

After matching the coordinate system between TPS and TOPAS, we will compare the 

spot position of the beam in a water phantom at isocentre. We created a 

40 × 40 × 40 𝑐𝑚 water phantom in TPS with a target size of 3 × 3 × 3 𝑐𝑚 at isocentre. 

Three different pristine BP of energies (71.3 𝑀𝑒𝑉, 150.3 𝑀𝑒𝑉 and 228.8 𝑀𝑒𝑉) were 

simulated at the yellow spot as shown in  Figure 2.8.  
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Figure 2.8 shows the target board created at isocentre. The yellow spot represents the position 

of the proton beam that we are measuring. 

These energies are specifically chosen as it represents the lowest, middle, and highest 

energy that the synchrotron can generate, respectively. The commissioning verification 

with HITACHI will only focus on the lowest and highest energy with the highest energy 

being the most important due to the largest magnetic field present. Thereafter, a water 

phantom of the same size is created in TOPAS and the same plan from TPS is loaded 

into TOPAS. The lateral profile of the beam spot was then compared at different depths 

using in-house scripts. 

Furthermore, the beam spot position can be affected by how we place the patient in the 

TOPAS “World”. It is important to account for the DICOM shift due to the position 

coordinate of the DICOM files. This can be done by subtracting the Image Position of 

the CT DICOM from the TPS isocentre to determine the TOPAS isocentre. Thereafter, 

using the DICOM Origin Coordinate from TPS, subtract the isocentre shift from the 

DICOM Origin. This information can be found in the metadata of the DICOM file.  

Range 

Upon configuring the geometry and the beam spot position, we must ensure the range 

of the proton beam energies matches between the MC Simulation system and TPS. This 

can be done by simulating pristine BP of three different energies ( 71.3 𝑀𝑒𝑉 , 
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150.3 𝑀𝑒𝑉 and 228.8 𝑀𝑒𝑉) in the water phantom. Integrated Depth Dose (IDD) can 

then be plotted using MATLAB. IDD can be calculated using Equation 2.5.  

 
∑(𝐷𝑖 × 𝜌 × 𝑎𝑏𝑐)

𝜌 × 𝑎𝑏𝑐𝑛2
× 𝑎𝑏𝑛2 = ∑𝐷𝑖 × 𝑎𝑏 (2.5) 

 

Figure 2.9 shows a simplified version of a plane of voxelized geometry. It is a representation 

of the DICOM file where information is stored in each voxel. 𝑎, 𝑏 𝑎𝑛𝑑 𝑐 refers to the voxel 

dimension, 𝜌 is the density of the voxel, 𝑛 refers to the total number of voxels in each row and 

column. 𝐷𝑖 refers to the dose stored in each voxel.  

As the water phantom of 40 × 40 × 40 𝑐𝑚 was divided into planes of 1 mm, the dose 

was sum across each plane using Equation 2.5 and plotted in the direction of the beam 

(z-axis). Normalization to the global maximum dose was done after the total dose of 

each plane was then multiplied by the area of each voxel. The normalized dose was 

then plotted (similar to Figure 2.9) and the 𝐷90 was compared. The differences between 

TPS and MC system was kept to smaller than 0.1 mm.  

However, there were some energies where the 𝐷90 did not match. One of the solutions 

at this point was to use a straightforward approach. We will simulate all energies in 
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TPS and determine the 𝐷90. Thereafter, energies in the step of 10 MeV were simulated 

in TOPAS and 𝐷90 is determined. A polynomial fit was done to the TOPAS result 

between Energy and Range and a lookup table for TPS to TOPAS energy conversion 

is done.  

Beam Width 

In the fourth component of the proton beam line “installation”, we will match the 

beamwidth of the proton beam between TPS and TOPAS. Firstly, we will extract the 

spot fluence Full-Width Half-Maximum (FWHM) from TPS to determine 𝜎𝑥 and 𝜎𝑦 at 

8 different depths in air. A good choice of depth would consist of the beam entrance 

and exit of the pristine BP. A linear fit is then done to both 𝜎𝑥 and 𝜎𝑦 to obtain 𝜎𝑥
′  and 

𝜎𝑦
′ . These values were then entered into TOPAS and a pristine proton beam was 

simulated for energies in the step of 10 MeV from 71.3 MeV to 228.8 MeV. A Gaussian 

fit was done on the simulated result and the FWHM was calculated. The FWHM 

difference between TPS and TOPAS will only be accepted if it is lesser than 2 mm and 

the comparison was done for both the Axial and Sagittal plane of the proton beam. An 

example of comparison was done in MATLAB as shown in Figure 2.10. 
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Figure 2.10 shows the comparison of beam width of 221.3 MeV proton beam at 8 different 

depths for both Sagittal and Axial planes. The Gaussian fit was fitted on the data point and 

FWHM was determined. The red curve represents the data from TPS while the black curve 

represents the data from Monte Carlo.  
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Generally, applying the 𝜎𝑥, 𝜎𝑦, 𝜎𝑥
′  and 𝜎𝑦

′  into TOPAS after obtaining from TPS, the 

beam width in the TOPAS will not match closely to TPS. Therefore, a trial and error 

method must be done to these variables to match the beamwidth of TOPAS to TPS. 

This step is repeated until the FWHM differences are lesser than 1 mm. Since only 

energies in the step of 10 MeV were done, a polynomial fit was done between energy 

and 𝜎𝑥, 𝜎𝑦, 𝜎𝑥
′  and 𝜎𝑦

′  to obtain the value across the whole energy range.  

Gamma Analysis 

Gamma analysis (𝛾) is a verification metric proposed by Low et al.21 and it is commonly 

used in radiotherapy to compare the planned dose distribution (evaluated) and measured 

dose distribution (reference).  It encompasses two criteria – Distance to Agreement 

(DTA in mm) and Dose difference (%) and can be used for point, 1D, 2D and 3D 

measurement. These constraints are determined by the user to create an acceptance 

circle around the reference point as shown in Figure 2.11. It is usually expressed as 

𝛿𝐷(%)/𝛿𝑟(𝑚𝑚) – 3%/3mm, 2%/2mm, 3%/2mm etc.  
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Figure 2.11 shows the schematic diagram of a gamma index in 2D. The circle represents the 

acceptance criteria boundary. D and r represent the dose and distance.  Subscript R and E refer 

to the reference and the evaluated point. 

Each point in the reference dose distribution has a corresponding 𝛾 value where the 

ellipse is established based on the user preference. Thereafter, each point in the 

reference dose distribution can be coupled with any point in the evaluated dose 

distribution. The dose difference is calculated using Equation 2.622 

 Δ𝐷(𝑟𝑅 , 𝑟𝐸) = 𝐷𝐸(𝑟𝐸) − 𝐷𝑅(𝑟𝑅) (2.6) 

   

where 𝐷𝐸  and 𝐷𝑅  is the evaluated reference dose. The Γ is then calculated for each 

evaluated point using Equation 2.722 

 Γ(𝑟𝑅 , 𝑟𝐸) = √
Δ𝑟2(𝑟𝑅, 𝑟𝐸)

𝛿𝑟2
+

Δ𝐷2(𝑟𝑅 , 𝑟𝐸)

𝛿𝐷2
 (2.7) 

where 𝛿𝑟 and 𝛿𝐷 is the distance difference and dose difference criteria. 𝛾 is then taken 

as the minimum value from Γ, defined overall evaluated point. Γ2 = 1 describes the 
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acceptance boundary. When 𝛾 ≤ 1, the evaluated distribution passes the comparison as 

it is within the acceptance criteria. Whereas 𝛾 > 1, the evaluated distribution fails the 

comparison as no evaluated point falls within the acceptance circle. These two criteria 

are designed to check for variations in patient setup uncertainties and machine 

uncertainties. In addition, a low-dose threshold of 10% is used to exclude dose points 

below 10% and clinically insignificant regions during the calculation of the gamma 

index. When low dose regions are excluded in the gamma analysis, the analysis result 

will provide us with meaningful information and therefore, assist us in the decision 

making process.  

In the last part of TOPAS commissioning, gamma analysis is done in a water phantom 

and patient plan. Multiple targets consisting of two different sizes (3 × 3 × 3 𝑐𝑚3 and 

5 × 5 × 5 𝑐𝑚3) are created along the central axis (CAX). Multiple targets at different 

depths are created to test for the range of energy spectrum from 71.3 𝑀𝑒𝑉  to 

228.8 𝑀𝑒𝑉. The TPS dose matrix distribution for the z-axis is set at a resolution of 

0.1 𝑐𝑚 as shown in Figure 2.12.  
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Figure 2.12 shows the dimension of the water phantom created in the TPS and the z-axis 

resolution determine by the slice distance.  

The resolution for the x and y-axis is dependent on the size of the phantom created if 

the PCS algorithm is used. The larger the dimension of the phantom, the poorer the 

resolution gets. The resolution for a 20 𝑐𝑚  and 40 𝑐𝑚  length cube possesses a 

resolution of 0.1172 𝑐𝑚 and 0.2344 𝑐𝑚 respectively. However, this can be overcome 

by using a different dose calculation algorithm such as AcurosPT. It is a Monte Carlo 

algorithm created by Varian and it allows users to set the resolution they desired. 

Nonetheless, AcurosPT is usually not used clinically as the computational time is much 

longer than the PCS algorithm.  

In the PCS algorithm, we can set the calculation resolution to 0.1 𝑐𝑚 as shown in 

Figure 2.13. This means that the calculation of dose deposition will be recorded in a 
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1 × 1 × 1 𝑚𝑚 grid volume. But the output of the dose distribution will follow the 

resolution of the CT images.  

 

Figure 2.13 shows the calculation options of the PCS algorithm in the TPS. We have set the 

calculation resolution to be 0.1 cm.  

As gamma analysis is the check of dose distribution between simulated and 

experimented results, absolute dose calculation is very important. Firstly, a 

monoenergetic proton beam is simulated in the water phantom in TPS the plan is 

extracted to TOPAS for recalculation. The information obtained from TPS output is the 

number of Monitor Unit (MU) to achieve the dose distribution. The MU is then 

converted in TOPAS to the number of protons (fluence) depending on the energy. The 

relationship between the number of protons per MU and energy is derived through a 

linear interpolation from experimental results expressed in a cubic equation.  

An integrated depth dose (IDD) is plotted and compared at the 2 𝑐𝑚 depth along the 

BP as shown in Figure 2.14. Being the flattest region of the BP for all energy range23 

and this made the measurements reliable even in the presence of small positioning 
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errors, 2 𝑐𝑚  is specifically chosen. The equation in TOPAS is then modified by a 

specific factor for each energy such that the IDD at 2 𝑐𝑚 matches the TPS result, 

producing a Look-Up Table (LUP) between energy and factor for modification.  

 

Figure 2.14 shows the exaggerated version of the IDD curve obtained from TPS and TOPAS. 

The difference in dose is determined at the 2 cm depth for each energy to form an LUP. 

Once the IDD of TOPAS and TPS matches closely, gamma analysis is done on a cube 

target using Slicer24 software as shown in Figure 2.15. We can achieve a passing rate 

of 99% for 3%/3 𝑚𝑚 gamma for small target (3 × 3 × 3 𝑐𝑚3) to > 90% passing rate 

for larger target (5 × 5 × 5 𝑐𝑚3) at high energy. As we are not comparing to the 

experimental results, we believe that MC calculation is more accurate than analytical 

model calculation. In addition, the difference in resolution used in TPS and TOPAS 

affects the passing rate of gamma as well. Therefore, leading to a decrease in the passing 

rate of gamma when compared between TPS and TOPAS results.  
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Figure 2.15 shows the slicer software and the gamma passing rate of 99.97% in a 

3 × 3 × 3 𝑐𝑚3 target in water based on 3%/3mm criteria. 

Thereafter, patient plans are compared between TPS and TOPAS using gamma criteria 

as shown in Figure 2.16. For a prostate case, the gamma passing rate is 85.53% for a 

3%/3 𝑚𝑚 criteria. In a Head and Neck case, the gamma passing rate is 96% for a 

3%/3 𝑚𝑚 criteria. Although the passing rate is fairly low, the DVH of both cases 

(Prostate and Head and Neck) shows comparable results. We had also expected a low 

passing rate for the actual patient plan as a different dose algorithm was used. However, 

there is good agreement in the gamma passing rate in the water phantom.  
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Figure 2.16 shows the gamma passing rate of 85.53% for a prostate case. The DVH is shown 

in the top right of the figure. The target coverage at D95 is almost similar. The solid line refers 

to the TPS calculated DVH while the dotted line refers to the Monte Carlo simulated DVH. 

Once the DVH and the gamma analysis are within the acceptable range, this concludes 

the validation of the TOPAS with TPS. Further work needs to be done when we acquire 

the proton beamline. Physical measurements are made during the commissioning of the 

physical proton machine. The MC system should then be re-validated with the 

experimental results during machine commissioning. Fine-tuning must be made to spot 

size in air, proton per MU conversion factor, twiss parameters and finally, gamma 

analysis to successfully replicate the physical proton beamline into the MC system. 

The MC statistical uncertainty is calculated at the isocentre dose of a Head and Neck 

patient plan using 2 × 107  proton particles averaged over 10  simulation runs. The 

statistical uncertainty is obtained to be < 0.34%. 

Using TOPAS, we can recalculate plans extracted from TPS for further exploration 

such as implementing variations to the calculation (RBE modelling) and generating 
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LET distribution for specific studies. It also allows for the customization of target 

material for further study. In the subsequent chapters, the configured MC system is used 

to determine LET and Dose distribution in different scenarios and RBE modelling is 

then further implemented in the final aim of this thesis. A snippet of the code for this 

chapter is shown in Appendix B1.  
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Chapter 3  Dependence of LET on materials and its impact 

on current RBE model 

In this chapter, we aim to re-derive the LQ-based RBE model by comparing it with the 

previous models, using the correct 𝐿𝐸𝑇𝐷 values. The comparison is achieved by using 

the GEANT4 as discussed in the previous chapter. RBE models are then compared 

using clinical examples to evaluate the potential dosimetric errors when the 𝐿𝐸𝑇𝐷 is not 

calculated accurately in experiments. This allows us to understand the importance of 

the need for consistency in the study of 𝐿𝐸𝑇𝐷. Therefore, the objective of this study is 

to determine if the simulation of 𝐿𝐸𝑇𝐷 in water medium is representative of simulating 

𝐿𝐸𝑇𝐷  in different mediums such as Nucleus and Cytoplasm. This work has been 

published in Physics in Medicine and Biology1.  

3.1 Introduction 

Variable RBE models are recently gaining attention because of the attempt to optimize 

proton therapy clinical outcomes and to allow a better comprehension of clinical (and 

experimental) results originating from proton therapy2–11. However, there is insufficient 

evidence to show the credibility of the models. Thus, it is extremely crucial to establish 

a well-validated variable RBE model to be applied for proton therapy. Most of the 

𝐿𝐸𝑇𝐷-dependent models as shown in Table 1.1 can be easily implemented due to the 

existence of a single parametric form. The exact parametric form is taken by performing 

regression analysis on radiobiological data for various biological endpoints (such as 

clonogenic cell survival, double-strand breaks or chromosome aberrations) and cell 

lines.  

All the related work so far has assumed that the composition of the cell or tissue in the 

experiment is entirely water. Based on such assumption, the fitting of the LQ-based 
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models as well as the calculation of the 𝐿𝐸𝑇𝐷 are performed. This could cause the actual 

𝐿𝐸𝑇𝐷 values in the experiment to be underestimated and give rise to an inaccurate RBE 

model. Previously, there are no conclusive reports on the impact of types of cellular 

materials on LETD and this will be analysed in-depth in this work.  

Therefore, this chapter serves to bring out the point that the assumptions made to 

determine 𝐿𝐸𝑇𝐷 might affect the RBE-weighted dose calculation if implemented into 

clinical practice. 

3.2 Methods 

3.2.1 RBE Models 

In this work, three RBE models (Wedenberg et al.10, Carabe et al.12 and McNamara et 

al.8) are used. The constants as shown in Table 1.1 and the 𝑝𝑖 in Equations 3.1-3.3 for 

𝑅𝐵𝐸𝑚𝑖𝑛  and 𝑅𝐵𝐸𝑚𝑎𝑥  are determined by performing regression analysis on the 

experimental data with reported values on 𝛼[𝐿𝐸𝑇𝐷], 𝛽[𝐿𝐸𝑇𝐷], (𝛼 𝛽⁄ )𝑥 and 𝐿𝐸𝑇𝐷. The 

parameterisations for the three RBE models are as shown in Equations 3.1-3.3. The 

Wedenberg et al. model assumed 

 𝑅𝐵𝐸𝑚𝑖𝑛 = 1,   𝑅𝐵𝐸𝑚𝑎𝑥 = 𝑝0 + 𝑝1
𝐿𝐸𝑇𝐷

(𝛼 𝛽⁄ )𝑥
. (3.1) 

The Carabe et al. model assumed  

 𝑅𝐵𝐸𝑚𝑖𝑛 = 𝑝0 + 𝑝1
𝐿𝐸𝑇𝐷

(𝛼 𝛽⁄ )𝑥
,   𝑅𝐵𝐸𝑚𝑎𝑥 = 𝑝2 + 𝑝3

𝐿𝐸𝑇𝐷

(𝛼 𝛽⁄ )𝑥
. (3.2) 

Lastly, the McNamara et al. model assumed  

 𝑅𝐵𝐸𝑚𝑖𝑛 = 𝑝0 + 𝑝1√(
𝛼

𝛽
)

𝑥
𝐿𝐸𝑇𝐷,   𝑅𝐵𝐸𝑚𝑎𝑥 = 𝑝2 + 𝑝3

𝐿𝐸𝑇𝐷

(𝛼 𝛽⁄ )𝑥
. (3.3) 

The insufficiency of experimental data in the entire (𝐷𝑝, (𝛼 𝛽⁄ )𝑥, 𝐿𝐸𝑇𝐷) hyperspace 

may present difficulty in obtaining an accurate RBE model based on current knowledge. 
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Thus, the above three RBE models are fitted to the revised data in this work to examine 

the influence of 𝐿𝐸𝑇𝐷 on RBE models. 

3.2.2 𝑳𝑬𝑻𝑫 dependence on biologic materials 

Currently, all the 𝐿𝐸𝑇𝐷 data in Paganetti13 are calculated using water as the surrogate 

material. Therefore, this brings about the novelty of this work, where we will calculate 

𝐿𝐸𝑇𝐷 with different cellular materials. Two different cellular materials are chosen and 

the elemental composition of both materials - cytoplasm and nucleus from Incerti et 

al.14 and Byrne et al.15 are as shown in Table 3.1. These materials are specifically 

chosen as they should be the relevant material of consideration during in vitro or in vivo 

irradiation.  

From the knowledge of proton and its stopping power relationship with the composition 

of the material it travels, two types of Cytoplasm and Nucleus are used for comparison. 

The elemental composition of water is also included for comparison purposes. The 

difference in cellular composition in Table 3.1 arises from the separate methods of 

determining the compositions. The cellular composition in Incerti et al.14 is obtained by 

Ion Beam Analysis Techniques with Rutherford Backscattering (RBS) and Proton-

Induced X-ray Emission (PIXE) of a human keratinocyte cell line, whereas the 

composition in Byrne et al.15 is obtained from the estimation of the data published in 

ICRU report 44 and soft tissue data in White et al.16.  

Table 3.1 A table showing the elemental mass composition of cellular materials – cytoplasm 

and nucleus, Incerti et al.14 and Byrne et al.15. The composition of water is included for 

comparison. 

Elemental Mass Composition (%) 
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Cytoplasm-1 

Incerti et al14 

Cytoplasm-2 

Byrne et al15 

Nucleus-1 

Incerti et al14 

Nucleus-2 

Byrne et al15 Water 

Carbon 13.01 29.88 12.25 9.00 0.00 

Hydrogen 21.86 10.55 21.77 10.6 11.11 

Oxygen 62.34 56.3 62.35 74.2 88.89 

Nitrogen 1.29 2.51 2.13 3.20 0.00 

Sodium 0.00 0.11 0.04 0.00 0.00 

Magnesium 0.00 0.00 0.03 0.00 0.00 

Silicon 0.06 0.00 0.01 0.00 0.00 

Phosphorus 0.48 0.00 0.60 0.00 0.00 

Sulphur 0.11 0.24 0.12 0.40 0.00 

Chlorine 0.29 0.16 0.10 0.00 0.00 

Potassium 0.57 0.21 0.60 0.00 0.00 

Total 100.00 100.00 100.00 100.00 100.00 

 

3.2.3 Simulation parameters and 𝑳𝑬𝑻𝑫 irradiation configurations 

Both the dose and 𝐿𝐸𝑇𝐷 are computed using an GEANT417–19. The MC system is first 

tested again by simulating the 𝐿𝐸𝑇𝐷 distribution in water and our 𝐿𝐸𝑇𝐷 results agree 

with the 𝐿𝐸𝑇𝐷 data provided by Paganetti13. The resulting 𝐿𝐸𝑇𝐷 values range from 2 −

3 𝑘𝑒𝑉/𝜇𝑚  at the center of SOBP and rises sharply at the distal fall-off to below 

20 𝑘𝑒𝑉/𝜇𝑚.  

The physics model used in this simulation is FTFP_BERT with standard EM model 

which is the recommended physical model for clinical proton beam below 5 𝐺𝑒𝑉20. The 

maximum step size and the length cut-off to be 0.5 𝑚𝑚 and 0.7 𝑚𝑚 respectively. Due 

to the nature of this work, these simulation parameters are sufficient to achieve a 

balance between computational time and the accuracy of the LETD result. However, a 
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smaller cut-off length and step size of 0.1 𝑚𝑚  is used in calculating the dose 

distribution for a more accurate distribution. Lastly, the scoring of dose and 𝐿𝐸𝑇𝐷 

quantities are done in 1 mm voxel. A snippet of the code used for this chapter is shown 

in Appendix B2, B3 and B4. 

It is of paramount importance to replicate the most realistic Monte Carlo simulation to 

improve the accuracy of 𝐿𝐸𝑇𝐷 obtained for each data set. This demands scrutiny of the 

experimental set-up and biological protocol. Therefore, each article referenced from 

Paganetti13 data were revisited to categorize the experimental set-up. The two main 

pieces of information we looked out for in the literature for this assignment are the type 

of proton beams (monoenergetic or modulated) and the design of the cell irradiation 

target. 

Figures 3.1 depicts four scenarios of geometry setup of the simulation which are 

applicable in simulation. Configuration P1 is used when the whole Bragg Peak is 

located within the cell sample either due to the use of low energy proton or a cell 

suspension (not a monolayer cell) in a flask. Configuration P2 is used in the case that a 

monoenergetic proton beam is irradiated through a monolayer cell culture and the 

proton beam has sufficient energy to cross the entire cell. In this context, the cell 

thickness is assumed to be 10 𝜇𝑚 and the 𝐿𝐸𝑇𝐷 is calculated within this small volume. 

Configuration S1 is used for the experimental technique developed by Skarsgard et al.21 

which is adopted by Wouters et al.22,23 and Raju et al.24,25 to acquire their data sets.  In 

a long tube, the cell and medium are combined with gelatine that solidifies under low 

temperature. This tube is then irradiated with the SOBP span fully within it and 

subsequently sampled at different spatial intervals for analysis and assay. Under such a 

configuration, the entire irradiated volume will be homogenous and take on the same 

cellular composition. Configuration S2 is used when a monolayer cell culture is 
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irradiated with an energy-modulated proton beam or SOBP. The cells are often 

irradiated either at the plateau or the SOBP region of the depth dose in experiments. 

The thickness of the monolayer cells is assumed to be 10 𝜇𝑚 unless otherwise stated in 

the journal. Out of the configurations, one is selected and assigned to each data point 

based on the information given in the journal. This is indicated in the fifth column of 

the data Table C1 – C4 in Appendix C.  

 

Figure 3.1 shows the classification of the configurations of the irradiation set-up. 

(Top Left) A mono-energetic proton with Bragg Peak lying entirely within the cells. 

(Top Right) A mono-energetic proton with sufficient energy to exit the cells. (Bottom 

Left) Irradiation using SOBP with the cells lying throughout the proton beam. 

(Bottom Right) Irradiation using SOBP with thin layers of cells lying at the specific 

location of SOBP. 

3.2.4 Omission of Data 

Some data points from the original compilation by Paganetti13 were removed and hence 

absent in the data table in Appendix C. This removal is on the account of the following 

restrictions:  
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(i) To ensure clinical relevance in proton therapy, only data points with (
𝛼

𝛽
)

𝑥
<

30 𝐺𝑦  and 𝐿𝐸𝑇𝐷 < 20 𝑘𝑒𝑉/𝜇𝑚  were considered for later analysis. This 

specification was also agreed upon from the work by McNamara et al.26. No 

calculation of 𝐿𝐸𝑇𝐷  was performed for monoenergetic proton experimental 

studies involving pure - 𝐿𝐸𝑇𝐷 > 50 𝑘𝑒𝑉/𝜇𝑚 (these data points will not appear 

in Appendix C).  

(ii) Data points obtained from microbeam experiments with several microns beam 

spots were eliminated as it was recently proven that tumors showed differential 

response upon irradiation with microbeam and clinical beam27–30. This factors 

out data from Folkard et al.31 and Schettino et al.32.  

(iii) Experiments involving high dose rates are clinically irrelevant and impractical. 

One such instance is the work by Doria et al.33, thus entailing the omission of 

its corresponding data points 

3.3 Results 

3.3.1 LET dependence on simulation materials 

The effect of cellular materials on Depth-Dose and 𝐿𝐸𝑇𝐷 profile is investigated using 

GEANT4 and the results are shown in Figure 3.2. The simulation is implemented using 

an SOBP with a range of 20 𝑐𝑚 and SOBP width of 5 𝑐𝑚 in water. Cellular materials 

of 5 𝑚𝑚 thickness are placed at 17 𝑐𝑚 depth, close to the centre of SOBP. This consist 

of energy ranges from 150 𝑀𝑒𝑉 to 170 𝑀𝑒𝑉 protons. The resulting dose and LETD in 

Figure 3.2 are quantities obtained along the central axis (CAX) of the beam at different 

depths.  
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Figure 3.2 shows the effect of cellular materials stated in Table 3.1 on the dose (top) and 𝐿𝐸𝑇𝐷 

(bottom) values of a proton SOBP. The cellular materials of 5 mm thickness are placed at 17 

cm depth indicated by the blue band in the figure. Non-negligible increase in dose and 𝐿𝐸𝑇𝐷 

values are observed at the positions where the cellular materials are located. 

The 𝐿𝐸𝑇𝐷 values were calculated for all data points used in this study using 3 different 

materials - water, cytoplasm-114 and cytoplasm-215. In terms of cellular effects, the 

nucleus is the most important as it is the primary target in radiotherapy and it directly 

affects the clonogenic survival of the cells. However, in the calculation of 𝐿𝐸𝑇𝐷 , 
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cytoplasm makes up most of the material in the cell and the stopping power will be 

determined by the cytoplasm than the nucleus. Therefore, the nucleus material is 

neglected as cytoplasm is more relevant as compared to the nucleus for the subsequent 

sections. These values are compiled and presented in the 6th to 8th columns in the 

appendix (The tables in Appendix C are sorted according to the type of cell lines. Table 

C1, C2, C3 and C4 corresponds to the Chinese Hamster, rat or mouse, human cancer 

and human fibroblasts and epithelial cell lines, respectively). The classification of tables 

C1, C2, C3 and C4 in Appendix C follows from Paganetti13 and should be referred to 

for further information on the origin of the data.  

3.3.2 Fitting Results 

From the previous section, it proves the point that 𝐿𝐸𝑇𝐷 indeed is dependent on the 

cellular material it is simulated in. Therefore, in this section, our data points will be 

incorporated into this study.  

The plot of RBEmax and RBEmin  against LETD (α β⁄ )x⁄  (due to the parameterisation 

used in Equations 3.1-3.3) are displayed in Figure 3.3. The original data points from 

Paganetti13 as well as the corrected data points in our work with 3 different materials 

are shown. The regression lines are fitted using our data points represented by the solid 

blue circles. The fitting is done using the Least Absolute Residuals (LAR) algorithm34 

to lessen the effect of anomalies.  
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Figure 3.3 All the red solid diamond in the 6 plots represent the data points from Paganetti13 

and the blue solid circles represent simulation data from this work. The regression lines are 

fitted to our simulation data. (Top Left) 𝑅𝐵𝐸𝑚𝑎𝑥  against 𝐿𝐸𝑇𝐷/(𝛼 𝛽⁄ )𝑥  with red diamond 

representing water data. (Middle Left) 𝑅𝐵𝐸𝑚𝑎𝑥  against 𝐿𝐸𝑇𝐷/(𝛼 𝛽⁄ )𝑥  with red diamond 

representing cytoplasm from Incerti et al.14. (Bottom Left) 𝑅𝐵𝐸𝑚𝑎𝑥 against 𝐿𝐸𝑇𝐷/(𝛼 𝛽⁄ )𝑥 

with red diamond representing cytoplasm from Byrne et al.15. (Top Right) 𝑅𝐵𝐸𝑚𝑖𝑛 against 

𝐿𝐸𝑇𝐷/(𝛼 𝛽⁄ )𝑥  with red diamond representing water data. (Middle Right) 𝑅𝐵𝐸𝑚𝑖𝑛 against 

𝐿𝐸𝑇𝐷/(𝛼 𝛽⁄ )𝑥 with red diamond representing cytoplasm from Incerti et al.14.  (Bottom Right) 

𝑅𝐵𝐸𝑚𝑖𝑛 against 𝐿𝐸𝑇𝐷√(𝛼 𝛽⁄ )𝑥 with red diamond representing cytoplasm from Byrne et al.15  
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The regression lines for 𝑅𝐵𝐸𝑚𝑎𝑥  and 𝑅𝐵𝐸𝑚𝑖𝑛  using the three different materials are 

plotted together as shown in Figure 3.4. Three published models from Wedenberg et 

al.10, Carabe et al.12 and McNamara et al.8 are also plotted for comparison. The bottom 

subfigure of Figure 3.4 shows the plot of 𝑅𝐵𝐸𝑚𝑖𝑛 against 𝐿𝐸𝑇𝐷√(𝛼 𝛽⁄ )𝑥  due to the 

parameterisation used by McNamara et al.8.  
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Figure 3.4 The solid lines represent the models obtained from Wedenberg et al.10, Carabe et 

al.12 and McNamara et al.8 and the dashed, dotted and dashed-dotted lines are obtained from 

data assuming water, cytoplasm-1 and cytoplasm-2 materials respectively. (Top) A plot of 

𝑅𝐵𝐸𝑚𝑎𝑥 against 𝐿𝐸𝑇𝐷/(𝛼 𝛽⁄ )𝑥. (Middle) A plot of 𝑅𝐵𝐸𝑚𝑖𝑛  against 𝐿𝐸𝑇𝐷/(𝛼 𝛽⁄ )𝑥. (Bottom) 

A plot of 𝑅𝐵𝐸𝑚𝑖𝑛 against 𝐿𝐸𝑇𝐷√(𝛼 𝛽⁄ )𝑥. 

Using the parameterisation given in Equation 3.2, the RBE corresponding to different 

𝐿𝐸𝑇𝐷 values are determined for different cellular materials in Figure 3.5. Two values 

of (
𝛼

𝛽
)

𝑥
are used, as depicted in the top and bottom plots for (

𝛼

𝛽
)

𝑥
= 3 and (

𝛼

𝛽
)

𝑥
= 10 

respectively. Looking at this figure, we find that the RBE models calculated with 𝐿𝐸𝑇𝐷 

re-calculation and with cellular materials addition differs from a current published 

version, be it for normal tissue (low (
𝛼

𝛽
)

𝑥
) or tumor tissues (high (

𝛼

𝛽
)

𝑥
).  
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Figure 3.5 (Top) RBE plotted against 𝐿𝐸𝑇𝐷 for (
𝛼

𝛽
)

𝑥
= 3. (Bottom) RBE plotted against 𝐿𝐸𝑇𝐷 

for (
𝛼

𝛽
)

𝑥
= 10. 

3.3.3 Effects on RBE models 

This section examines how RBE models derived from different cellular materials affect 

a clinical-like SOBP. They are evaluated on the dose distributions (RBE-weighted 

dose). The results are shown in Figure 3.6 and Figure 3.7 which uses different RBE 
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parametrisation according to Equations 3.2 and 3.3 respectively. The dosimetric 

difference between RBE models of different materials are evaluated based on mean 

dose (𝐷𝑚𝑒𝑎𝑛) and maximum dose (𝐷𝑚𝑎𝑥) at the SOBP region.  

 

Figure 3.6 This figure shows the RBE weighted doses of an SOBP calculated using 

parameterization from Equation 3.2 for (Top Left) (
𝛼

𝛽
)

𝑥
= 3, 𝐷 = 2 𝐺𝑦, (Top Right) (

𝛼

𝛽
)

𝑥
=

10, 𝐷 = 2 𝐺𝑦, (Bottom Left) (
𝛼

𝛽
)

𝑥
= 3, 𝐷 = 8 𝐺𝑦, (Bottom Right) (

𝛼

𝛽
)

𝑥
= 10, 𝐷 = 8 𝐺𝑦. 

The RBE-weighted dose are calculated for RBE models derived from 3 different cellular 

materials (shown in dotted, dashed, and dashed-dotted lines) and RBE models that are derived 

from Wedenberg et al.10, Carabe et al.12 and McNamara et al.8(shown in solid lines). A constant 

𝑅𝐵𝐸 = 1.1  calculation is also included in the graphs for comparison. The magenta line 

represents the 𝐿𝐸𝑇𝐷 with values shown on the right vertical axis. 
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Figure 3.7 This figure shows the RBE weighted doses of an SOBP calculated using 

parameterization from Equation 3.3 for (Top Left) (
𝛼

𝛽
)

𝑥
= 3, 𝐷 = 2 𝐺𝑦, (Top Right) (

𝛼

𝛽
)

𝑥
=

10, 𝐷 = 2 𝐺𝑦, (Bottom Left) (
𝛼

𝛽
)

𝑥
= 3, 𝐷 = 8 𝐺𝑦, (Bottom Right) (

𝛼

𝛽
)

𝑥
= 10, 𝐷 = 8 𝐺𝑦. 

The RBE-weighted dose are calculated for RBE models derived from 3 different cellular 

materials (shown in dotted, dashed, and dashed-dotted lines) and RBE models that are derived 

from Wedenberg et al.10, Carabe et al.12 and McNamara et al.8(shown in solid lines). A constant 

𝑅𝐵𝐸 = 1.1  calculation is also included in the graphs for comparison. The magenta line 

represents the 𝐿𝐸𝑇𝐷 with values shown on the right vertical axis. 

The 𝐿𝐸𝑇𝐷 of the SOBP is also shown in every plot with its values denoted by the right 

axis. The RBE-weighted SOBPs in Figure 3.6 and Figure 3.7 are calculated for (
𝛼

𝛽
)

𝑥
=

3 and (
𝛼

𝛽
)

𝑥
= 10, and for two different doses of 8 Gy and 2 Gy. Different RBE models 

from Wedenberg et al.10, Carabe et al.12 and McNamara et al.8 are also plotted in both 
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figures to allow comparison of the inter-model variation with errors resulting from 

𝐿𝐸𝑇𝐷 uncertainties.  The summary of this comparison is shown in Table 3.2.  

Table 3.2 shows the summary of the results from Figure 3.6 and Figure 3.7. The percentage 

difference of 𝐷𝑚𝑒𝑎𝑛 and 𝐷𝑚𝑎𝑥 are calculated from the SOBP between water and cytoplasm-1 

and cytoplasm-2. 

 

RBE Model from Eq. (7) RBE Model from Eq. (8) 

Cytoplasm-1 Cytoplasm-2 Cytoplasm-1 Cytoplasm-2 

Δ𝐷𝑚𝑒𝑎𝑛 

(%) 

Δ𝐷𝑚𝑎𝑥 

(%) 

 Δ𝐷𝑚𝑒𝑎𝑛 

(%) 

 Δ𝐷𝑚𝑎𝑥 

(%) 

  Δ𝐷𝑚𝑒𝑎𝑛 

(%) 

Δ𝐷𝑚𝑎𝑥 

(%) 

 Δ𝐷𝑚𝑒𝑎𝑛 

(%) 

 Δ𝐷𝑚𝑎𝑥 

(%) 

(𝛼 𝛽⁄ )x = 3, 𝐷 = 2𝐺𝑦 0.32 0.94 1.83 4.35 0.23 0.95 1.71 4.02 

(𝛼 𝛽⁄ )x = 10, 𝐷 = 8𝐺𝑦 -0.22 0.00 0.00 0.48 -0.27 0.11 -1.19 -1.15 

(𝛼 𝛽⁄ )x = 3, 𝐷 = 8𝐺𝑦 0.11 0.36 0.72 1.63 -0.04 0.37 0.51 1.04 

(𝛼 𝛽⁄ )x = 10, 𝐷 = 2𝐺𝑦 -0.40 0.01 -0.93 0.76 -0.42 0.06 -1.30 0.03 

 

3.3.4 Effects on Clinical Study 

This section explores the effect of the RBE models derived from different cellular 

materials on a prostate clinical case. The prostate is irradiated with two opposing lateral 

proton fields. The spot weights are determined from optimization in our Varian Eclipse 

(ver. 13.7) TPS and are imported into our GEANT4 simulation. The tumor is contoured 

and shown as a white circle at the centre of Figure 3.8. The dose and 𝐿𝐸𝑇𝐷 values are 

scored for each voxel for further calculation of RBE and RBE-weighted dose and are 

shown in Figure 3.8(a) and Figure 3.8(b) respectively. 
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Figure 3.8 (a) shows the dose calculation in a clinical prostate case with two opposing proton 

fields. The calculation is carried out using GEANT4 with HU to stopping power conversion 

following Schneider et al.35. b) This figure shows the scoring of 𝐿𝐸𝑇𝐷 in the same clinical 

prostate case with two opposing fields. 

The analysis outcome is shown in the histograms in Figure 3.9. The top two figures are 

results obtained using cytoplasm-1 and the bottom two figures are those using 

cytoplasm-2 materials. The left two figures use the RBE model from Equation 3.2 and 

the right two figures use the RBE model from Equation 3.3.  
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Figure 3.9 shows the histograms of the range shifts of the 90% isodose contour between RBE-

weighted dose of cytoplasmic materials and water under different model parameterisations. 

Graphs (a) and (b) corresponds to RBE models derived from cytoplasm-1 and graphs (c) and 

(d) correspond to that from cytoplasm-2. Graph (a) and (c) use  𝑅𝐵𝐸𝑚𝑖𝑛 = 𝑝0 + 𝑝1
𝐿𝐸𝑇𝐷

(𝛼 𝛽⁄ )𝑥
, 

𝑅𝐵𝐸𝑚𝑎𝑥 = 𝑝2 + 𝑝3
𝐿𝐸𝑇𝐷

(𝛼 𝛽⁄ )𝑥
, and graph (b) and (d) use 𝑅𝐵𝐸𝑚𝑖𝑛 = 𝑝0 + 𝑝1𝐿𝐸𝑇𝐷√(𝛼 𝛽⁄ )𝑥 , 

𝑅𝐵𝐸𝑚𝑎𝑥 = 𝑝2 + 𝑝3
𝐿𝐸𝑇𝐷

(𝛼 𝛽⁄ )𝑥
. 

3.4 Discussion 

LET Dependence on Simulations 

In this section, the results prove that 𝐿𝐸𝑇𝐷 is dependent on the cellular material it is 

simulated in. As shown in Figure 3.2, it is found that the dose deposition and 𝐿𝐸𝑇𝐷 

values are higher at the regions where the cellular materials are located, implying that 

the choice of water as surrogate material will result in an underestimation of the local 

dose and 𝐿𝐸𝑇𝐷. This suggests that the RBE model based on calculated 𝐿𝐸𝑇𝐷 may be 
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refined after taking the actual composition of the cellular materials into account. 

Cytoplasm14,15 will be used as the substitute for cellular material seeing that it 

constitutes a major part of the cell for the subsequent parts of this study. Moreover, 

studies have shown the desirability of having a similar elemental composition for the 

cell-culture medium and the biological material36. Hence, the cell medium is assumed 

to be made up of the same elements as the cellular composition in this simulation. 

Generally, the 𝐿𝐸𝑇𝐷  values for cytoplasm-2 are larger than those for cytoplasm-1, 

which are in turn larger than those for water. Comparing different irradiation 

configurations as shown in, the greatest disagreement between our calculated LETD for 

water (4th column in Appendix C1) and the 𝐿𝐸𝑇𝐷 stated by Paganetti13 (6th column in 

Appendix C1) is most remarkable for experiments involving low energy monoenergetic 

protons (configurations P1 and P2). Our calculated 𝐿𝐸𝑇𝐷  values is higher than 

Paganetti13 with a difference of approximately 17%. This finding stems from an 

elevated energy straggling effect due to the use of low energy proton (resulting in a 

distribution of primary protons energies) which is not accounted for when the journal 

reported the 𝑝𝑢𝑟𝑒 − 𝐿𝐸𝑇 values. In contrast, the difference in 𝐿𝐸𝑇𝐷 values for water at 

the SOBP region for configurations S1 and S2 is minimal at 5% as average LET in 

terms of 𝐿𝐸𝑇𝐷 or 𝐿𝐸𝑇𝑡 (instead of 𝑝𝑢𝑟𝑒 − 𝐿𝐸𝑇) are often reported in the journals or 

calculated by Paganetti13. 

Impacts on RBE models 

With the addition of our data points, greater rightward shifts ensue from higher 𝐿𝐸𝑇𝐷 

data as they normally originate from mono-energetic proton experiments which quote 

the 𝑝𝑢𝑟𝑒 − 𝐿𝐸𝑇 instead of 𝐿𝐸𝑇𝐷 values in Figure 3.3. This rightward shift is greatest 

for cytoplasm-215 data followed by cytoplasm-114 data and lastly water data.  
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A discrepancy was perceived between different models and between different assumed 

cellular materials for the 𝑅𝐵𝐸𝑚𝑖𝑛 and 𝑅𝐵𝐸𝑚𝑎𝑥 functions. In general, the recalculation 

of 𝐿𝐸𝑇𝐷 in this work caused the regression lines to produce a smaller gradient in Figure 

3.4, due to an increase in 𝐿𝐸𝑇𝐷 for most of the data points. Cytoplasm-2 displayed the 

most pronounced effect as the 𝐿𝐸𝑇𝐷 is considerably larger than water. Hence, this result 

confirmed that a non-negligible correction to 𝐿𝐸𝑇𝐷 and the resulting RBE models could 

be brought about by including cellular materials in the simulation of irradiation 

experiment introduces. 

Furthermore, we fitted the 𝑅𝐵𝐸𝑚𝑎𝑥 and 𝑅𝐵𝐸𝑚𝑖𝑛 functions into the RBE models. The 

result shows a maximal deviation for cytoplasm-2 due to the greatest difference of 

𝐿𝐸𝑇𝐷 when compared with water. Therefore, Figure 3.5 imply that the RBE values may 

in fact be lower than what is previously published. If that is the case, it can have an 

impact on treatment planning during proton therapy when RBE modelling are included 

in dose calculation.  

To verify the impact it has on treatment planning when RBE modelling is incorporated, 

RBE models derived from different cellular materials are compared. The difference in 

𝐷𝑚𝑒𝑎𝑛  decreases when the (
𝛼

𝛽
)

𝑥
and dose becomes higher, for all materials and 

parameterisations. There is no obvious variation pattern observed for the difference in 

𝐷𝑚𝑎𝑥 with dose, but it declines with higher (
𝛼

𝛽
)

𝑥
for both parameterisations is clear. 

Another point worth mentioning is that the RBE-weighted doses are not equivalent if 

different RBE model parameterisations are employed for all cellular materials. 

Consequently, the choice of parameterisation will in practice contribute to additional 

uncertainty other than the 𝐿𝐸𝑇𝐷 uncertainties from cellular materials. The investigation 

in this section reveals that the 𝐿𝐸𝑇𝐷 uncertainties due to cytoplasmic cellular materials 
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can induce uncertainties of up to 1.83% in Δ𝐷𝑚𝑒𝑎𝑛  and 4.35% in Δ𝐷𝑚𝑎𝑥  for low 

(
𝛼

𝛽
)

𝑥
target under low dose (per fraction) such as in prostate cancer37. In all other cases, 

the uncertainties are trivial with Δ𝐷𝑚𝑒𝑎𝑛 and Δ𝐷𝑚𝑎𝑥 of about 1% or less. 

Impact on prostate case 

In addition, we have compared the dose and 𝐿𝐸𝑇𝐷 distribution in a clinical prostate case. 

The differences in HU to stopping power conversion methodology and dose calculation 

algorithm (less than 3 mm biological range shift for 90% isodose line) give rise to a 

slight deviation of the dose calculated using GEANT4 from TPS calculation. However, 

this issue is insignificant for the relative comparison between RBE models in this work. 

The metric for comparison is the biological dose shift which is the spatial change in the 

isodose line of the RBE-weighted dose. The isodose level selected is 90%. Considering 

all the four histograms, the range shifts are higher for (
𝛼

𝛽
)

𝑥
= 3 and 𝐷 = 2 𝐺𝑦 data, 

giving it a maximal average range shift of 1.6 𝑚𝑚. Meanwhile, the average range 

shifts turn out to be smaller than 1 𝑚𝑚 for the rest of the data. This result agrees well 

with the SOBP study from the previous section and once again, it verifies that 

uncertainty in 𝐿𝐸𝑇𝐷can result in a significant dosimetric impact for low (
𝛼

𝛽
)

𝑥
and low 

dose values. 

3.5 Conclusion 

In this chapter, we managed to show that cellular composition knowledge is critical 

despite using only two generic intracellular components (nucleus and cytoplasm), 

especially in cases with low (
𝛼

𝛽
)

𝑥
 and low dose (𝐷 = 2 𝐺𝑦). Under such circumstances, 

the mean and maximum dose uncertainties in SOBP can go as high as 1.83% and 4.35% 

respectively, and the maximal range uncertainties in 90% isodose level can be up to 
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1.67 𝑚𝑚 for our prostate clinical study. Conversely, for high (
𝛼

𝛽
)

𝑥
 target, the dose 

uncertainties are minor, and it is still feasible to use water as a surrogate material for 

𝐿𝐸𝑇𝐷 computation in this scenario. All in all, there is a need to adopt (developed) better 

dosimetry and precise instrumentation in future radiobiological experiments to enhance 

the accuracy of dose and 𝐿𝐸𝑇𝐷 values on biological targets such that a clinically robust 

RBE modelling could be made possible. In the next chapter, we will investigate the 

methods in obtaining accurate information of 𝐿𝐸𝑇𝐷 values to further improve the RBE 

modelling during treatment planning. 
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Chapter 4  Standardizing Monte Carlo Simulation 

parameters for a reproducible Dose-averaged Linear Energy 

Transfer 
In the previous chapter, we understand how different experimental assumptions impact 

the 𝐿𝐸𝑇𝐷 values and its effect on the RBE model. Therefore, it is important to reduce 

the uncertainty in obtaining 𝐿𝐸𝑇𝐷  values. In this chapter, we will determine how 

different combinations of MC simulation parameters in GEANT4 will affect the result 

in the sampling of 𝐿𝐸𝑇𝐷 using different MC scoring methods and established a set of 

protocols to obtain accurate 𝐿𝐸𝑇𝐷  values that complement the previous study. 

Therefore the objective of this study is to standardize the definition of 𝐿𝐸𝑇𝐷  and 

simulation parameters of Monte Carlo simulation to obtain 𝐿𝐸𝑇𝐷. This work has been 

published in the British Institute of Radiology1 

4.1 Introduction 

LET values are difficult to be measured experimentally2,3 and they are often determined 

by analytical means4 or via simulation5,6. Even though the importance of LET values 

and their effect on cell killing are well known7,8, there are still inadequate studies 

investigating the credibility of the methods employed to obtain LET values from MC 

simulation. Moreover, there had not been a standardized simulation protocol despite the 

extensive use of MC simulation in proton therapy. As a result, comparing LETD results 

across institutions proves a challenge, with each work adopting its own set of simulation 

protocols. 

The reproducibility of LET values will depend on the definition of LET - (a) 𝐿𝐸𝑇𝑡 and 

(b) 𝐿𝐸𝑇𝐷 as represented by analytical equations discussed in Wilkens and Oelfke4.  In 

MC simulation, parameters such as the choice of physics model, maximum step length 

(upper limit of a particle's tracking step length), range cut limits (minimum energy of 



120 

 

secondary particles in inelastic interaction) and voxel dimensions can also cause a 

variation in the scoring of LET. Since 𝐿𝐸𝑇𝐷 is used for the calculation of RBE9–11, it 

will be the main focus of this work and the analytical equation is calculated using 

Equation 1.17. However, in MC simulation, 𝐿𝐸𝑇𝐷 is generally expressed as 

 
𝐿𝐸𝑇𝐷 =

∑
𝜖𝑖

2

𝑙𝑖

𝑛
𝑖=1

∑ 𝜖𝑖
𝑛
𝑖=1

 
(4.1) 

where 𝜖𝑖 is the energy deposition by the ith charged particle, 𝑙𝑖 is the step length and n 

is the total number of steps in each voxel2,3,12. According to ICRU Report No. 8513, 

LET is defined as the average energy transfer by the charged particle per unit length 

due to electronic interactions at a spatial point. This definition of LET is limited to one 

specified type of charged particles (proton, electron and other heavy ions) at any one 

point in time. However, 𝐿𝐸𝑇𝐷 is used in this work as it accounts for not just one type 

of particle but an ensemble of charged particles in a particular voxel and this has a 

higher correlation to biological damage. Since primary protons and secondary electrons 

both contribute to biological damage in a real-life situation, they should be included in 

the 𝐿𝐸𝑇𝐷 calculation. Therefore, 𝐿𝐸𝑇𝐷 is simplified to the total energy deposited by 

the charged particles in MC simulation2 as described by Equation 1.17. 

Several studies which made use of MC simulation to sample 𝐿𝐸𝑇𝐷 have been done. 

Due to the longer computational time for explicit electron tracking, a large range cut 

for secondary electrons is often used in a typical MC simulation for Proton Therapy 

application14,15. This poses a problem in a real-life situation of a lung patient where the 

electrons do travel over a higher range due to the low density of the lung and secondary 

electrons need to be factored in for greater dose accuracy. In the study by Guan et al.2, 

GEANT416–18 was used to simulate a proton beam with a high range cut (no explicit 

secondary electron production) and only electronic inelastic interactions were 
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considered (nuclear interactions were neglected) to compare 𝐿𝐸𝑇𝐷  and 𝐿𝐸𝑇𝑡  values. 

Cortes-Giraldo et al.19 showed that the different 𝐿𝐸𝑇𝐷 scoring methods, range cut and 

voxel dimensions used in the simulation resulted in different calculated LETD values. 

However, their work was done using MC simulation with a cylindrical volume rather 

than a voxelised geometry which is used clinically.  

In addition to the variation of parameters in MC simulation, the scoring methods for 

𝐿𝐸𝑇𝐷 differ with different studies. Both Guan et al.2 analysis of 𝐿𝐸𝑇𝐷 and Granville et 

al.3 comparison of LETD scoring techniques uses Equation 1.17 for their 𝐿𝐸𝑇𝐷 

calculations. Similarly, Cortes-Giraldo et al.19 also used similar equations to Equation 

4.2, except that they had included a weighting factor to each equation to account for 

only primary protons in their 𝐿𝐸𝑇𝐷  calculation. They had recommended a scoring 

method that provided a stable unrestricted 𝐿𝐸𝑇𝐷  with different voxel sizes and 

production cuts. However, this method simplifies the 𝐿𝐸𝑇𝐷  scoring method to 

unrestricted 𝐿𝐸𝑇𝐷 and is similar to the Unrestricted method in Section 4.2. Thus, their 

method is excluded in our comparison. All these indicated that the 𝐿𝐸𝑇𝐷  scoring 

method is not clearly defined in MC and there is no strong physical basis on which 

scoring methods should be used in scoring 𝐿𝐸𝑇𝐷 especially when both primary protons 

and secondary electrons are present in the simulation. 

 
𝐿𝐸𝑇𝐷 =

(∑ 𝜖𝑖
𝑛
𝑖=1 )2

∑ 𝑙𝑖
𝑛
𝑖=1

∑ 𝜖𝑖
𝑛
𝑖=1

 
(4.2) 

In this work, we are interested in the scoring of both primary protons and secondary 

electrons due to the aforementioned problem in a real-life situation. We examine the 

best step length (stepMax), range cut (setCut) value and 𝐿𝐸𝑇𝐷 scoring methods (
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Table 4.) that should be implemented in MC simulation to achieve a reproducible LETD 

value in a clinically relevant voxelized geometry. Supposedly, LETD values must not 

be affected by changes in the hyperparameters used in the simulation. Yet, the fact that 

hyperparameters indeed influenced the 𝐿𝐸𝑇𝐷  results could not be overlooked. 

Therefore, we aim to propose and standardize a step length, range cut and 𝐿𝐸𝑇𝐷 scoring 

method for MC simulation to obtain the most reproducible LETD result. 

4.2 MC Simulation Setting 

The irradiation of a mono-energetic proton beam with three different energies (80 MeV, 

150 MeV and 200 MeV) at the central axis of a 30 x 30 x 30 cm3 water phantom is 

simulated using GEANT4. The water phantom is resolved into voxels constituted of a 

1 mm3 cube and the z-coordinate (depth) of the phantom ranges from 0 mm to 300 mm. 

The number of particle histories is set to 100000 and the dose errors are less than 2% 

across the central axis of the dose. G4EmStandardPhysics_option4 is used for the 

physics model as it is the recommended physical model for clinical proton beams below 

5 GeV2. A snippet of the code used for this chapter is shown in Appendix B2, B3 and 

B4. 

Energy deposition and step length are scored individually for every particle in the 

selected voxels at Position 1, 2, 3 and 4 for each proton beam energy as shown in Figure 

4.1 (A), (B) and (C).  
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Figure 4.1 (A), (B) and (C) shows the Bragg peak of 80 MeV, 150 MeV and 200 MeV 

respectively. Energy deposition and step length are scored individually for every particle in the 

selected voxels at Position 1, 2, 3 and 4 of each proton beam energy. 
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Positions beyond the Bragg peak were not chosen due to the absence of secondary 

electrons. There is no difference in the 𝐿𝐸𝑇𝐷 calculated using the five scoring methods 

as most of the energies of the secondary electrons are below the range cut value, thus 

all calculation converges. The positions are described by the depth from the water 

phantom range as mentioned above. The parameters used to calculate the 𝐿𝐸𝑇𝐷 values 

are summarized in Table 4.1. 

Table 4.1 This table shows the MC simulation parameters of 3 proton beam energies, 3 step 

length and 4 range cut that are used in this work. Unrestricted refers to a range cut of 106 mm. 

Energy/MeV stepMax/mm setCut/mm 

80.00 0.01 0.01 

150.00 0.05 0.05 

200.00 0.50 0.10 

 Unrestricted: 106 

 

4.3 𝑳𝑬𝑻𝑫 variations 

The plots depicting how 𝐿𝐸𝑇𝐷 values vary with different energy cut for 80 MeV and 

200 MeV beams are shown in Figure 4.2. Proton - Unrestricted refers to the result 

obtained using a range cut of 1000 m. Proton – Restricted and Proton/Electron - 

Restricted refer to the results acquired using a range cut of 0.01 mm and by applying 

Method 1. The former 𝐿𝐸𝑇𝐷 calculation factors in only primary proton while the latter 

accounts for both primary protons and secondary electrons. Figure 4.2 shows the 

dependence of 𝐿𝐸𝑇𝐷  values on the range cut value set for MC simulation. A 

discrepancy is observed between Unrestricted and Restricted 𝐿𝐸𝑇𝐷, particularly at the 

plateau region. This is due to the presence of secondary electrons as limited by the range 
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cut. Notwithstanding the exclusion of secondary electrons from the calculations, 

Unrestricted 𝐿𝐸𝑇𝐷  turns out to be higher than Restricted 𝐿𝐸𝑇𝐷 . This observation 

further corroborated the importance of choosing the appropriate range cut value during 

simulation. 

 



126 

 

 

 

Figure 4.2 shows 𝐿𝐸𝑇𝐷 vs Depth for 80 MeV (top) and 200 MeV (bottom) proton beam with 

a step length of 0.5 mm and a comparison of Unrestricted and 0.1 mm range cut. The additional 

plot focuses on the plateau region of the main graph. The ○ represents 𝐿𝐸𝑇𝐷  values for 

Unrestricted setCut, ∆ and □ represent 𝐿𝐸𝑇𝐷 values for 0.1 mm range cut, considering only 

protons and protons + secondary electrons, respectively. 
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4.4 Correlation between 𝑳𝑬𝑻𝑫 Scoring Methods 

In this work, we used the concept of correlation to understand differences between 

𝐿𝐸𝑇𝐷  scoring methods. Most of the differences in LET definition arises from the 

inequality of Ε (
𝜖𝑖

2

𝑙
) and 

Ε(𝜖𝑖
2)

Ε(𝑙)
. Ε (

𝜖𝑖
2

𝑙
) can be approximated by Equation 4.320,21 from 

doing a bivariate second-order Taylor expansion. Assuming random variables with 

finite means are 𝐸(𝑋) = 𝜇𝑥  and 𝐸(𝑌) = 𝜇𝑦 , the first-order Taylor expansion on 

𝑓(𝑋, 𝑌) was done at an expansion point (𝜃 = (𝜇𝑥, 𝜇𝑦)). We will arrive at Equation 4.3.  

 Ε(𝑓(𝑋, 𝑌)) ≈ 𝑓(𝐸(𝑋), 𝐸(𝑌)) = 𝑓(𝜇𝑥 , 𝜇𝑦) (4.3) 

In the case where 𝑓(𝑋, 𝑌) =
𝑋

𝑌
, Equation 4.34.34.3 can be approximated as 𝑓(𝜇𝑥, 𝜇𝑦) =

𝜇𝑥

𝜇𝑦
. By doing the second-order Taylor expansion at the same expansion point 𝜃, we can 

simplify to Equation 4.4. 

 

Ε(𝑓(𝑋, 𝑌)) ≈ 𝑓(𝜃) +
1

2
{𝑓𝑥𝑥

′′ (𝜃)𝑉𝑎𝑟(𝑋) + 2𝑓𝑥𝑦
′′ (𝜃)𝐶𝑜𝑣(𝑋, 𝑌) +

𝑓𝑦𝑦
′′ (𝜃)𝑉𝑎𝑟(𝑌)} 

(4.4) 

Since we know that 𝑓(𝜃) =
𝜇𝑥

𝜇𝑦
, we can determine the second derivative of function 

𝑓(𝜃) =
𝜇𝑥

𝑢𝑦
 with respect to 𝑥𝑥, 𝑦𝑦 and 𝑥𝑦 as shown in Table 4.2. 

Table 4.2 This table shows the MC simulation parameters of 3 proton beam energies, 3 step 

length and 4 range cut that are used in this work. Unrestricted refers to a range cut of 106 mm. 

First Derivative 
𝑓𝑥

′(𝜃) =
1

𝜇𝑦
 𝑓𝑦

′(𝜃) = −
𝜇𝑥

(𝜇𝑦)
2 𝑓𝑥

′(𝜃) =
1

𝜇𝑦
 

Second Derivative 𝑓𝑥𝑥
′′ (𝜃) = 0 

𝑓𝑦𝑦
′′ (𝜃) =

2

(𝜇𝑦)
3 𝑓𝑥𝑦

′′ (𝜃) = −
1

(𝜇𝑦)
2 
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 By substituting (𝑥, 𝑦) with (𝜖𝑖
2, 𝑙𝑖), we will arrive at Equation 4.3. 

 Ε (
𝜖𝑖

2

𝑙
) ≈

Ε(𝜖𝑖
2)

Ε(𝑙)
−

𝐶𝑜𝑣(𝜖𝑖
2, 𝑙)

(Ε(𝑙))
2 +

𝑉𝑎𝑟(𝑙)Ε(𝜖𝑖
2)

(Ε(𝑙))
3  (4.5) 

The difference depends on the covariance of energy deposition and step length. Hence, 

if the distribution of 𝜖2 against 𝑙 for all steps in a voxel is linearly correlated, it implies 

that the covariance will be high and the values of the 𝐿𝐸𝑇𝐷 will be affected significantly 

by the definition. 

4.4.1 Correlation Analysis 

The covariance between energy deposition per step and step length at the plateau region 

(Position 1, 2 and 3) for 200 MeV of the proton beam is shown in Figure 4.3. Individual 

particle track was scored at selected voxels and the energy deposition per step were 

plotted for each permutation of energy, step length and range cut. Plot A, B and C 

represent range cut of 0.01 mm at Position 1; Plot D, E and F represent range cut of 

0.05 mm at Position 2; and Plot G, H and I represent range cut of 0.1 mm at Position 3. 

Plot A, D and G represent step length of 0.01 mm; Plot B, E and H represent step length 

of 0.05 mm; and Plot C, F and I represent step length of 0.5 mm. Only 200 MeV data 

were presented as both 80 MeV and 150 MeV data display a similar pattern at Position 

1, 2 and 3. Comparing across all simulation parameters, the linear and non-linear 

correlation for both protons and secondary electrons were observed. The Pearson r-

squared values showed up to 0.99. 

Unlike at the plateau region, certain simulation parameters do not show any secondary 

electrons due to the range cut parameter at the Bragg peak region. Upon closer 

inspection of the plots, the distribution of the data points suggested that the difference 

between Ε (
𝜖𝑖

2

𝑙
) and 

Ε(𝜖𝑖
2)

Ε(𝑙)
 could be subtle with an r-squared value of 0.96 (Figure 4.3C, 
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F and I) or significant with an r-squared value of 9 × 10−5 (Figure 4.3 A, B, D, E, G 

and H). This points to the need to carefully selecting the scoring methods and simulation 

parameters for 𝐿𝐸𝑇𝐷  calculation since higher r-squared values relate to higher 

covariance. 

 

Figure 4.3 shows the plots of Energy Deposition Vs Step Length of both protons and secondary 

electrons of 200 MeV proton beam at the plateau region. Plot A, B and C represent range cut 

of 0.01 mm at Position 1; Plot D, E and F represent range cut of 0.05 mm at Position 2; and 

Plot G, H and I represent range cut of 0.1 mm at Position 3. Plot A, D and G represent step 

length of 0.01 mm; Plot B, E and H represent step length of 0.05 mm; and Plot C, F and I 

represent step length of 0.5 mm. The zoomed-in plot shows only secondary electrons (red) 

while the actual plot shows protons (blue) and secondary electrons (red). 

Table 4.3 indicates the presence of secondary electrons in different simulation 

parameters.  
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Table 4.3 shows the simulation parameters at Position 4.  ✔ represent the presence of 

secondary electrons while ✖ representing the absence of secondary electrons. 

stepMax (mm) 0.50 0.05 0.01 

setCut (mm) 0.01 0.05 0.10 0.01 0.05 0.10 0.01 0.05 0.10 

80 MeV ✔ ✖ ✖ ✔ ✖ ✖ ✔ ✖ ✖ 

150 MeV ✔ ✖ ✖ ✔ ✔ ✖ ✔ ✔ ✖ 

200 MeV ✔ ✔ ✖ ✔ ✔ ✖ ✔ ✔ ✖ 

 

Only data from range cut of 0.01 mm at Position 4 is shown in Figure 4.4 as secondary 

electrons are present, and it follows a similar trend for other range cut and step length 

values. Plot A, B and C represent step length of 0.01 mm; Plot D, E and F represent 

step length of 0.05 mm; and Plot G, H and I represent step length of 0.5 mm. Plot A, D 

and G represent proton beam energy of 80 MeV; Plot B, E and H represent proton beam 

energy of 150 MeV; and Plot C, F and I represent proton beam energy of 200 MeV. 

At the Bragg peak region (Position 4), the number of secondary electrons decreases as 

most of the primary protons’ energy fall below the cut-off energy. Accordingly, the 

percentage difference at Position 4 is found to be much lower (35%) than that at 

Position 1. At all positions, an Unrestricted range cut resulted in a 0% difference since 

secondary electrons were absent. We aim to achieve better dose accuracy by accounting 

for secondary electrons during dose calculation. However, all positions see a rise in the 

percentage difference between Ε (
𝜖𝑖

2

𝑙
) and 

Ε(𝜖𝑖
2)

Ε(𝑙)
 as the range cut decreases. 

A low covariance between Energy Deposition and Step Length was found with the same 

set of simulation parameters as Figure 4.3. This implies that the choice of scoring 
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method could be randomly done as it will not have a significant impact on the exact 

values of 𝐿𝐸𝑇𝐷 . Therefore, to achieve a reproducible 𝐿𝐸𝑇𝐷 value, we had calculated 

and compared the percentage difference between Ε (
𝜖𝑖

2

𝑙
) and 

Ε(𝜖𝑖
2)

Ε(𝑙)
 as shown in Table D1 

for each permutation for the simulation parameters. 

 

Figure 4.4 shows the plots of Energy Deposition Vs Step Length of both protons and secondary 

electrons of 0.01 mm range cut at Position 4. Plot A, B and C represent step length of 0.01 mm; 

Plot D, E and F represent step length of 0.05 mm; and Plot G, H and I represent step length of 

0.5 mm. Plot A, D and G represent proton beam energy of 80 MeV; Plot B, E and H represent 

proton beam energy of 150 MeV; and Plot C, F and I represent proton beam energy of 200 

MeV. The zoomed-in plot shows only secondary electrons (red) while the actual plot shows 

protons (blue) and secondary electrons (red).  
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Table D1 in Appendix D shows the calculated values of the individual terms of 

Equation 4.3 at Position 1. Data from Position 2 and 3 was not shown as it follows a 

similar trend to the data from Position 1. The percentage difference accounting for both 

primary protons and secondary electrons was calculated with respect to Ε (
𝜖𝑖

2

𝑙
). It has 

been noted that as range cut decreases, the difference between Ε (
𝜖𝑖

2

𝑙
)  and 

Ε(𝜖𝑖
2)

Ε(𝑙)
 

increases by up to 43%. A step length of 0.05 mm gave rise to the smallest percentage 

difference while a step length of 0.5 mm produced the largest percentage difference.  

4.5 Evaluation of 𝑳𝑬𝑻𝑫 Scoring Methods in Different 

Simulation Parameters 

There are various approaches to calculate the average LET in an ensemble of 𝜖𝑝 and 

lp(𝜖𝑒 and 𝑙𝑒) pair. 
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Table 4.4 shows the five different scoring methods to calculate 𝐿𝐸𝑇𝐷 for each voxel 

and their respective mathematical expectation form.  
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Table 4.4 shows the 𝐿𝐸𝑇𝐷 Scoring Methods where 𝑛𝑝 (𝑛𝑒) refers to the number of protons (electrons), 𝜖𝑝 (𝜖𝑒) is the energy deposition of 

protons (electrons) and 𝑙𝑝 (𝑙𝑒) is the step length of protons (electrons). The last row shows the mathematical expectation form of each 

corresponding 𝐿𝐸𝑇𝐷 scoring methods where 𝑖 ∈ 𝑝, 𝑒. 

Unrestricted Method 1 Method 2 Method 3 Method 4 

∑
𝜖𝑝

2

𝑙𝑝
 

𝑛𝑝

𝑝=1

∑ 𝜖𝑝
𝑛𝑝

𝑝=1

 

∑
𝜖𝑝

2

𝑙𝑝
 

𝑛𝑝

𝑝=1 + ∑
𝜖𝑒

2

𝑙𝑒
 

𝑛𝑒
𝑒=1

∑ 𝜖𝑝
𝑛𝑝,𝑛𝑒

𝑝,𝑒=1 + 𝜖𝑒

 

∑ 𝜖𝑝
2𝑛𝑝,𝑛𝑒

𝑝,𝑒=1 + 𝜖𝑒
2

∑ 𝑙𝑝
𝑛𝑝,𝑛𝑒

𝑝,𝑒=1 + 𝑙𝑒

∑ 𝜖𝑝
𝑛𝑝,𝑛𝑒

𝑝,𝑒=1 + 𝜖𝑒

𝑛𝑝 + 𝑛𝑒

 

 

∑ 𝜖𝑝
2 

𝑛𝑝

𝑝=1

∑ 𝑙𝑝 
𝑛𝑝

𝑝=1

+
∑ 𝜖𝑒

2 
𝑛𝑒
𝑒=1

∑ 𝑙𝑒 
𝑛𝑒
𝑒=1

∑ 𝜖𝑝
𝑛𝑝,𝑛𝑒

𝑝,𝑒=1 + 𝜖𝑒

𝑛𝑝 + 𝑛𝑒

 

(∑  𝜖𝑝
𝑛𝑝

𝑝=1 )
2

 

∑ 𝑙𝑝 
𝑛𝑝

𝑝=1

+
(∑  𝜖𝑒

𝑛𝑒
𝑒=1 )

2

∑ 𝑙𝑒 
𝑛𝑒
𝑒=1

∑ 𝜖𝑝
𝑛𝑝,𝑛𝑒

𝑝,𝑒=1 + 𝜖𝑒

 

Ε (
𝜖𝑝

2

𝑙𝑝
)

Ε(𝜖𝑝)
 

Ε (
𝜖𝑖

2

𝑙𝑖
)

Ε(𝜖𝑖)
 

 

Ε(𝜖𝑖
2)

Ε(𝑙𝑖)

Ε(𝜖𝑖)
 

 

Ε(𝜖𝑝
2)

Ε(𝑙𝑝)
+

Ε(𝜖𝑒
2)

Ε(𝑙𝑒)

Ε(𝜖𝑖)
 

 

[Ε(𝜖𝑝)]
2

Ε(𝑙𝑝)
+

[Ε(𝜖𝑒)]2

Ε(𝑙𝑒)

Ε(𝜖𝑖)
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The 𝐿𝐸𝑇𝐷 scoring methods are the possible ways to calculate 𝐿𝐸𝑇𝐷 in MC simulation 

and the mathematical expectation form can be approximated by Equation 4.6. The 

expectation takes into account all the steps and events in the particular voxel and 

assumes the same form for all five methods. The Unrestricted method is similar to the 

𝐿𝐸𝑇𝐷 scoring methods suggested by both Cortes-Giraldo et al.19 and Granville et al.3It 

is the only one among all which does not include secondary electrons in the scoring of 

𝐿𝐸𝑇𝐷.  

 
𝐸 (

𝜖𝑖
2

𝑙𝑖
)

𝐸(𝜖𝑖)
≈

∑
𝜖𝑖

2

𝑙𝑖

𝑛𝑖
𝑖=1

∑ 𝜖𝑖
𝑛𝑖

𝑖=1

×

1
𝑛𝑖

1
𝑛𝑖

 (4.6) 

 

Looking at 
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Table 4.4, we see that Unrestricted and Method 1 are similar to each other. The 

difference merely arises from the absence of 𝑛𝑒, 𝜖𝑒 and 𝑙𝑒 for Unrestricted, as it uses a 

high range cut value which translates into a zero output of secondary electron. Method 

1 and 4 are based on a concept similar to that used in the work by Cortes-Giraldo et 

al.19, except that energy deposition from secondary electrons was left out in the previous 

work. Another point worth mentioning is that the energy depositions for every single 

particle are added up before dividing by the sum of step length in Method 2, 3 and 4. 

On the other hand, the sum is taken following the division of the energy deposition for 

each particle by its corresponding step length in Unrestricted and Method 1.  

Besides, a closer examination of Equation 4.3 would help to elucidate why different 

scoring methods yield different 𝐿𝐸𝑇𝐷 results. Thus, 
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Table 4.4 shows the numerator of each scoring method expressed in exact mathematical 

form. Ultimately, an optimal set of MC simulation parameters could be proposed 

through an analysis of the reproducibility of 𝐿𝐸𝑇𝐷 values at Position 1 to 4 (as defined 

in Section 4.2.1) when different scoring methods are used. 

4.6 𝑳𝑬𝑻𝑫 Scoring Methods Analysis 

In this section, 𝐿𝐸𝑇𝐷 values at the four Positions were determined using five scoring 

methods for all permutations of simulation parameters introduced in Section 4.2.1. 

Every Position for each Energy has three step length values (x-axis) and each step 

length value further corresponds to three range cut values of 0.01 mm, 0.05 mm and 0.1 

mm as represented by (i), (ii) and (iii) respectively in Figure 4.5.  It was found that the 

disagreement among the 𝐿𝐸𝑇𝐷  values obtained from different scoring methods 

increases as step length and range cut decrease at all positions. For example, at Position 

1 of 80 MeV, the 𝐿𝐸𝑇𝐷 values calculated using the five different scoring methods have 

a larger variation for range cut of 0.01 mm as compared to range cut of 0.1 mm. The 

same pattern was observed for all positions and step lengths. The percentage difference 

of 𝐿𝐸𝑇𝐷, with respect to the Unrestricted scoring method, is up to 200% (𝐿𝐸𝑇𝐷 values 

at step length of 0.5 mm and range cut of 0.01 mm at Position 3 of 80 MeV) depending 

on which simulation parameters and scoring methods were used. 
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Figure 4.5 shows the 𝐿𝐸𝑇𝐷 values calculated using each scoring methods as represented by different symbols for all simulation parameters at 

Positions 1, 2, 3 and 4. Range cut of 0.01 mm, 0.05 mm and 0.1 mm is represented by (i), (ii) and (iii) respectively and it is similar for all subsequent 

step length. Position 1, 2 and 3 share the same y-axis while Position 4 uses its own y-axis due to higher 𝐿𝐸𝑇𝐷 values at the Bragg peak region. 
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𝐿𝐸𝑇𝐷 value determined by the Unrestricted scoring method is plotted for all step length. 

For a 200 MeV proton beam, range cut of 1000 m and step length of 0.5 mm, 

approximately 1100 protons/second are simulated on a single core of an Intel Xeon 

Gold CPU running at 2.10 GHz. The results of CPU time taken for all simulation 

parameters using a 200 MeV proton beam and particle histories of 100000 are displayed 

in Table 4.5.  

Table 4.5 CPU time (in protons/second) used for 200 MeV proton beam with different range 

cut and step size using 100000 particles. 

200 MeV Range Cut 

Step length  0.01 mm 0.05 mm 0.10 mm 1000 m 

0.01 mm 20 22 23 25 

0.05 mm 83 106 111 120 

0.50 mm 200 666 714 1111 

 

Taking the 𝐿𝐸𝑇𝐷  values corresponding to the Unrestricted scoring method as a 

reference point, the percentage difference between scoring methods was determined for 

each set of simulation protocols. The largest difference of 200% occurs at Position 3 of 

80 MeV, step length of 0.5 mm and range cut of 0.01 mm using Method 3. At the Bragg 

peak region of 200 MeV proton beam, the largest percentage difference (81%) occurs 

at step length of 0.5 mm and range cut of 0.01 mm using Method 3. The percentage 

difference compared across all energies using Method 1 is up to 8% regardless of 

simulation parameters chosen at the Bragg peak region. Furthermore, the percentage 

difference at the Bragg peak region with a range cut of 0.01 mm turns out to be the 

lowest for step length of 0.05mm (up to 45%) as compared to step length of 0.5 mm 
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(up to 81%) and 0.01 mm (up to 47%). Scoring Method 1 has one of the lowest 

percentage differences compared across all simulation parameters. Hence, this analysis 

once again highlighted the necessity of exercising prudence while choosing simulation 

parameters and scoring methods in MC simulation. 

4.7 Discussion 

In this chapter, we have shown that a step length of 0.05 mm produced the highest 

consistency for all range cut and scoring methods at all positions. The other two step 

length values have their drawbacks which will be discussed in the rest of the paragraph. 

Comparing the percentage difference between Ε (
𝜖𝑖

2

𝑙
) and 

Ε(𝜖𝑖
2)

Ε(𝑙)
 throughout the Bragg 

peak curve, a step length of 0.5 mm is not advisable due to its highest percentage 

difference. On top of that, the difference of 𝐿𝐸𝑇𝐷 values compared among different 

scoring methods could go as high as 200%. As for step length of 0.01 mm, Figure 4.5 

shows an initial decrease in 𝐿𝐸𝑇𝐷 at the plateau region before increasing towards the 

Bragg peak and this is physically incorrect due to small step size artefacts 2. Thus, it is 

not recommended due to the large variance from different scoring methods. Following 

that, 0.05 mm is proposed to be the most suitable step length for use in MC simulation. 

Subsequently, a range cut of 0.01 mm is chosen since the priority is to obtain a better 

dose accuracy by including explicit electron transports in the medium. When a high 

range cut is chosen, there will be fewer or even an absence of secondary electrons, 

especially at the Bragg peak region. In that case, 𝐿𝐸𝑇𝐷 scoring methods as shown in 
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Table 4.4 would converge to Table 4.6. Method 1 would be identical to Unrestricted 

while Method 2 and 3 are equal.   

Table 4.6 LETD Scoring methods when there is an absence of secondary electrons. 

 

 

 

 

 

We expect the percentage difference arising from different 𝐿𝐸𝑇𝐷 scoring methods to 

decrease nearer to the Bragg peak. This is deduced from the low covariance (Figure 4.4) 

and the convergence of scoring methods (Table 4.6) at the Bragg peak region.  However, 

a converse situation is observed. At low energy with a range cut of 0.1 mm or 0.05 mm, 

the percentage difference decreases along the plateau and increases as it approaches the 

Bragg peak. The percentage difference rises to 65% (plateau region) and 41% (Bragg 

peak region) for these range cut (0.1 mm and 0.05 mm). Despite having a larger 

percentage difference of up to 72% (plateau region) and 59% (Bragg peak region) at 

200 MeV, the results using a range cut of 0.01 mm manifest the greatest consistency 

throughout all energies. Thus, step length of 0.05 mm and range cut of 0.01 mm 

constitute the optimal set of simulation parameters for proton therapy.  

With regards to the 𝐿𝐸𝑇𝐷  scoring methods, we could observe that 𝐿𝐸𝑇𝐷  values 

calculated from Method 3 deviate the most from other scoring methods at step length 

of 0.05 mm and range cut of 0.01 mm along the plateau region (Position 1, 2 and 3) in 

Figure 4.5. At the Bragg peak region (Position 4), it is predicted that the 𝐿𝐸𝑇𝐷 values 
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calculated using Method 2 and Method 3 would be close to each other and likewise for 

Method 1 and Unrestricted due to the reduction of the secondary electron. Meanwhile, 

𝐿𝐸𝑇𝐷 values calculated using Method 4 disagree with other scoring methods at Position 

4. Given all these findings, it is more appropriate to use Method 1 since the 𝐿𝐸𝑇𝐷 values 

are approximately the average of other scoring methods.  

4.8 Conclusion 

From what we have discussed above, a set of simulation parameters and scoring method 

that would result in a most reproducible 𝐿𝐸𝑇𝐷 could be put forward. We recommend 

using a step length of 0.05 mm and a range cut of 0.01 mm for all range of energies and 

scoring Method 1 for 𝐿𝐸𝑇𝐷 calculation. This method can be generalized for a clinically 

relevant spread-out-Bragg peak (SOBP) by introducing a weighting factor to the 

equations in 
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Table 4.4. The expectation form of each method will need to include the weighted sum 

of the individual expectation for the mono-energetic proton beam as shown in Equation 

4.7. The weight (𝑤𝑗) corresponds to the relative contribution of each mono-energetic 

proton beam (denoted by 𝑗) required to make up the SOBP.  

 ∑ 𝑤𝑗

Ε (
𝜖𝑖

2

𝑙𝑖
)

Ε(𝜖𝑖)

𝑛

𝑗=1

 (4.7) 

Furthermore, this recommendation can be applied for other ions which are used 

clinically such as Carbon or Helium. Yet, the caveat regarding the difficulty of tracking 

a large number of secondary electrons and the inclusion of huge species of nuclear 

secondary products is inevitable. By establishing these MC simulation protocols, better 

dose calculation accuracy and 𝐿𝐸𝑇𝐷  consistency could be achieved. Hopefully, this 

would benefit future work in obtaining a more precise biological dose calculation by 

including a more standardised 𝐿𝐸𝑇𝐷 value in the RBE formula. 
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Chapter 5 Quantifying RBE-weighted dose uncertainty 

arising from multiple variable RBE models in Organ-At-

Risk 
From the previous chapters, we were able to understand the importance of 𝐿𝐸𝑇𝐷 and 

(
𝛼

𝛽
)

𝑥
as the significant contributing factors towards RBE modelling. We know that is 

challenging to select a single RBE model based on the uncertainties unravelled from 

these experimental data. In this last chapter, we will focus on arriving at an RBE model-

agnostic treatment planning approach to minimize the systematic dose variation 

between six different RBE models, especially in the case where the tumor overlaps with 

the OARs. This will be achieved using TOPAS for RBE dose calculation. Therefore, 

the objective of this study is to quantify the systematic RBE-weighted dose 

uncertainties arising from multiple variable RBE models. This work has been published 

in the Advances in Radiation Oncology1. 

5.1 Introduction 

Currently, a constant RBE of 1.1 is used clinically to include the differential biological 

effect of protons as compared to photons during treatment planning. It is a conservative 

estimate based on in-vivo RBE experimental results in the Spread-Out Bragg Peak 

(SOBP). The need for variable RBE models are also eliminated as the effect in RBE at 

the end of the range may be mitigated by range uncertainties 2. 

However, the counter-argument against the use of a constant RBE of 1.1stems from the 

possibility of under - or over - dosing in the target volume. As suggested by AAPM 

TG-256 2, there is a need to understand the spatial variations of RBE within and outside 

the target volume on a voxel-wise basis. This can be inferred from the evidence of 
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experiments that showed RBE exceeding 1.1 at the end of range 3–5. Hence, RBE-

weighted dose is especially important when the target volume is extremely close to the 

OARs.   

Numerous variable RBE models have been proposed 6–11 with the more prominent ones 

being Local Effect Model (LEM) and Microdosimetric Kinetic Model (MKM). Despite 

the long history of variable RBE models,  the adoption of the variable RBE models has 

been modest in the clinic due to the large uncertainties in RBE values 12. These 

uncertainties arise from uncertainties in the Alpha-Beta ratio (
𝛼

𝛽
)

𝑥
 (patient sensitivity), 

Dose-Averaged Linear Energy Transfer (𝐿𝐸𝑇𝑑), cell-lines used in the experiments and 

the experimental set-up 13. Apart from the variable RBE model approach, another 

approach using a combination of dose and LET was also established 14–19. This 

approach is motivated by the correlation between LET and RBE, where RBE increases 

with LET along the proton beam path. Presently, there are no commercial and clinical 

Treatment Planning Systems (TPS) that can provide LET-guided optimization during 

treatment planning or calculate variable RBE-weighted dose. 

Following the TG-256 report, variable RBE models are recommended for certain 

clinical situations (OARs close to the target). However, it does not provide 

recommendations on the exact RBE models to be used. This motivates this study, where 

the dose difference arising from the use of various variable Linear Quadratic (LQ) -

based RBE models was examined. Clinical sites where OARs were situated close to or 

overlapping the target volume were chosen as these were the clinical cases where 

variable RBE models would be highly relevant. Multi-Field Optimization (MFO) or 
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Single-Field Optimization (SFO) treatment planning was then used on these clinical 

cases.  

 

Figure 5.1 shows the dose distribution of a single field of  MFO plan and a single field of SFO 

plan. The red contour defines the target region while the green contour defines the brainstem. 

In SFO planning, the beam spot position and weightage of individual fields are 

optimized individually to fulfil the dose coverage. Whereas in MFO planning, all beam 

spots of all fields are optimized simultaneously where different fields can be used to 

cover a different part of the tumor to achieve a highly conformal dose distribution. 

There is more flexibility with more degrees of freedom during MFO planning since the 

missing doses from one field can be compensated by the other fields. However, this 

leads to complex dose distribution for each field as shown in Figure 5.1. The dose in 

each field in a SFO plan covers the target fully. MFO plans are more complex as each 

field contributes an inhomogeneous dose to the target with the summation of all fields 

producing a homogeneous and conformal dose to the target. This concerns the 
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robustness of the MFO plan as the dose coverage in MFO planning is dependent on 

each field and any displacement in the tumor may result in an underdose to the tumor 

or overdose to the healthy tissues 20.  

Currently, MFO planning is known to yield a better plan quality as compared to SFO 

planning. 21–23. Tommasino et al. 23 stated that there were no statistically significant 

differences in RBE-weighted dose increase between MFO and SFO planning based on 

McNamara’s RBE model 9. However, Giantsoudi et al. 15 revealed that MFO planning 

has a higher RBE-variable dose as compared to SFO planning. To the best of our 

knowledge, there is no literature on whether MFO or SFO planning can lead to a model-

agnostic RBE dose distribution.  

In this study, the area of interest lies in the brain tumor where the Clinical Target 

Volume (CTV) overlaps with the brainstem (CTV-BS) and optic chiasm (CTV-CH). In 

these overlapping regions, RBE-weighted dose uncertainties were analysed based on 

the 6 RBE models in the overlapping regions (CTV-BS and CTV-CH) and OARs 

(brainstem and optic chiasm). Different (
𝛼

𝛽
)

𝑥
were also applied to the RBE models. 

Subsequently, the RBE models were implemented on both MFO and SFO planning to 

determine if there was any difference in RBE-weighted dose uncertainties distribution. 
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This enabled the determination of which planning technique (MFO vs SFO) was more 

suitable for arriving at an RBE model-agnostic dose distribution. 

5.2 Methods and Materials 

5.2.1 Patient Characteristics 

In this study, 15 retrospective patients with brain tumors of specific features were 

selected. The types of brain tumors involve in this study are Glioblastoma (GBM), 

Astrocytoma and Oligodendroglioma. The CTV of each patient overlapped with OARs 

(brainstem and optic chiasm) as shown in Table 5.1. All patients were treated with 

photon radiotherapy treatment before 2017. They were re-planned by a trained and 

experienced dosimetrist (Y.Y. Ng) and all plans were clinically approved for proton 

therapy treatment. 

Table 5.1 shows the overlap volume in cc between Target and OARs. 

Patient CTV (cc) 

CTV - Brainstem 

Intersect (cc) 

CTV - Chiasm 

Intersect (cc) Tumor Type 

1 65.82 1.40 3.92 Meningioma 

2 48.26 3.88 0.23 Meningioma 

3 48.23 2.47 4.30 Chordoma 

4 338.57 0.36 0.05 Glioblastoma Multiforme 

5 107.33 0.15 0.37 Ependymoma 

6 164.44 0.82 1.78 Astrocytoma 

7 426.85 1.54 1.58 Glioblastoma Multiforme 
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8 397.11 1.13 1.12 Astrocytoma 

9 151.53 2.16 0.58 Astrocytoma 

10 262.83 0.27 0.69 Astrocytoma 

11 316.43 0.04 0.47 Glioblastoma Multiforme 

12 396.18 0.78 1.24 Oligodendroglioma 

13 441.78 0.35 4.74 Glioblastoma Multiforme 

14 264.47 0.08 0.47 Anaplatic Astrocytoma 

15 254.50 3.39 1.10 Brain Metastases 

 

5.2.2 TPS and MC Simulation 

CTVs were created using a 2 cm uniform expansion from Gross Tumor Volume (GTV). 

The dose prescription was 60 Gy was over 30 fractions. These plans were optimized to 

achieve D95 > 60 Gy, D10 < 63 Gy and D0.03cc < 63.6 Gy for the CTV. The dose 

constraint for brainstem and optic chiasm is D0.03cc < 60 Gy.  

Each plan consisted of either two or three proton beams. Gantry angles varied between 

0-300° for the first beam, 40-270° for the second beam and 90-160° for the third beam. 

The rotation of the couch ranged from 0-300°. A range shifter of 4.5 cm Water 

Equivalent Thickness (WET) was used, depending on the distance of the CTV from the 

skin.  

Robust Optimization (RO) was used on CTV, brainstem and optic chiasm with 3% 

range uncertainties and 1 𝑚𝑚 setup uncertainties resulting in a total of 12 scenarios. 
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As the patient is set up using the ExacTrac system (BrainLAB AG, Feldkirchen, 

Germany), less than 1 𝑚𝑚 setup uncertainty is expected.  

The calculation grid size was set to 0.25 𝑐𝑚 and the beam spot FWHM in the air was 

4.56 𝑚𝑚  (228.8 MeV) to 12.70 mm (71.3 MeV) measured at isocentre. Proton 

Convolution Superposition (PCS) algorithm was used to calculate the dose in the TPS. 

Both MFO and SFO techniques followed the same treatment planning protocols. These 

plans were clinically approved and planned using Eclipse TPS version 15.6 (Varian, 

Palo Alto, USA). 

All plans were then extracted from TPS and recalculated using TOPAS Monte Carlo 

System (MCS). The TOPAS has been validated against TPS in both water phantom and 

the patient, specifically for proton therapy. The number of particle histories was set to 

a minimum of 107 particles, resulting in a statistical uncertainty in isocentre dose of less 

than 0.34 %. The physics models used in this study include g4em-standard_opt4, g4h-

phy_QGSP_BERT_HP, g4h-elastic and g4stopping as these are the recommended 

physical models for clinical proton beam below 5 GeV24. An 80 cores Intel Xeon Gold 

CPU running at 2.10 GHz was used for this study. The simulation run time was 4700 

protons/s at 150 MeV and each patient’s plan took approximately 2-13 hours, 

depending on the target size. Dose (to medium) and proton LET were then exported as 

DICOM files from the simulation. Nuclear particles are considered in both dose and 

LET scoring and the range cut for secondary electron was set to 1 m. A snippet of the 

code used for this chapter is shown in Appendix B5 and B6. 
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5.2.3 Variable RBE Models 

In this study, the dose obtained from TPS and MCS represents the constant RBE of 1.1. 

Six variable RBE models were applied to the physical dose output from MCS to obtain 

an RBE-weighted dose. These variable RBE models are based on the LQ model and 

are shown in Table 5.1.  (
𝛼

𝛽
)

𝑥
 for the brain tumor is set at 3 and 8 Gy to study the 

variations of RBE-weighted doses when low and high (
𝛼

𝛽
)

𝑥
 values are considered25. 

Both 3 and 8 Gy are used due to the uncertainties in (
𝛼

𝛽
)

𝑥
 as shown in Leeuwen et al. 

review25 

5.2.4 Statistical Analysis 

A voxel-wise calculation of RBE-weighted dose standard deviation (SD) is calculated 

from the six RBE models, thus obtaining a spatial RBE-weighted dose SD map for each 

planning technique of each patient. Statistical analysis was performed on the 

overlapping region between both (
𝛼

𝛽
)

𝑥
values for CTV-BS and CTV-CH as these were 

the regions receiving high RBE-weighted doses while trying to satisfy the dose 

coverage for CTV. Kruskal-Wallis H-test was first used to test for the significant 

difference in the RBE-weighted dose SD between the two planning techniques across 

all patients. A posthoc test was then used to determine significant differences of RBE-

weighted dose SD between the MFO and SFO planning techniques of each patient. 

Bonferroni correction was applied for multiple comparisons. A two-sided p-value < 

0.05 was considered significant. 
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5.3 Results 

5.3.1 CTV coverage and OARs Dose Constraint 

Figure 5.2 shows the dose distribution of a patient for MFO and SFO planning. There 

were no distinct visual differences in conformality. For all patients, target coverage in 

TPS was similar where it fulfilled the criteria for D95. D10 for CTV and D0.03cc for 

both CTV and OARs were within constraints. Figure 5.3 to Figure 5.5 show the boxplot 

of CTV D95, brainstem D0.03cc and optic chiasm D0.03cc, respectively. These were 

calculated for all patients based on RBE 1.1 and the RBE models with different 

(
𝛼

𝛽
)

𝑥
Assuming a (

𝛼

𝛽
)

𝑥
 of 8 Gy will lead to an increase in median RBE-weighted dose 

for CTV D95 and OAR D0.03cc as compared to (
𝛼

𝛽
)

𝑥
 of 3 Gy.  
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Figure 5.2 shows the dose distribution and the dose volume histogram of SFO and MFO plans 

of the same patient, both techniques used the same planning protocols and beam angles. 

In Figure 5.3, the SFO planning technique is observed to have a slight edge over MFO 

in terms of CTV coverage. The difference between the median RBE-weighted dose and 

60 Gy is lesser for SFO as compared to MFO.  
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Figure 5.3 shows the CTV D95 of both (
𝛼

𝛽
)

𝑥
. Six RBE models were applied to both MFO and 

SFO planning. ∆/○ shows the dose of each RBE model. The green ∆/○ represent RBE 1.1. 

The dotted line refers to the dose prescribed to the tumor. 

In Figure 5.4 and Figure 5.5, the difference between the median dose of D0.03cc and 

60 Gy (dose constraint) is lesser for both OARs in SFO as compared to MFO plans.  
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Figure 5.4 shows the D0.03cc of Brainstem for both (
α

β
)

x
. Six RBE models were applied to 

both MFO and SFO planning. ∆/○ shows the dose of each RBE model. The green ∆/○ 

represent RBE 1.1. The dotted line refers to the tumor dose constraint of 60Gy. 
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Figure 5.5 shows the D0.03cc of Optic Chiasm for both (
α

β
)

x
. Six RBE models were applied to 

both MFO and SFO planning. ∆/○ shows the dose of each RBE model. The green ∆/○ 

represent RBE 1.1. The dotted line refers to the tumor dose constraint of 60 Gy. 
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5.3.2 Dose uncertainties in CTV-OAR overlapping regions 

When considering the RBE-weighted dose uncertainties between models, the regions 

of interest are the OARs and the overlapping region between the CTV and OAR. Figure 

5.6 and Figure 5.7 show the violin plot of the RBE-weighted dose SD in the overlapping 

region between CTV-BS and CTV-CH with different (
𝛼

𝛽
)

𝑥
 values, respectively. In the 

CTV-BS overlap region, 10 out of 15 patients have lower median RBE-weighted dose 

SD when using MFO planning as compared to when using SFO planning. The median 

RBE-weighted dose SD ranges from 1.6-1.9 Gy for high (
𝛼

𝛽
)

𝑥
  and 1.9-2.2 Gy for low  

(
𝛼

𝛽
)

𝑥
.  
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Figure 5.6 shows the violin plot of RBE-weighted dose uncertainties based on the six RBE 

models in the CTV-BS intersecting regions for both (
α

β
)

x
. 
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Figure 5.7 shows the violin plot of RBE-weighted dose uncertainties based on six RBE models 

in the CTV-CH intersecting regions for both (
α

β
)

x
. 

CTV-CH follows a similar trend as CTV-BS, where 10 out of 15 patients have lower 

median RBE-weighted dose SD in MFO planning as compared to SFO planning. The 

median RBE-weighted dose SD ranges from 1.5-2 Gy for high  (
𝛼

𝛽
)

𝑥
 and 1.5-2.2 Gy 
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for low (
𝛼

𝛽
)

𝑥
. There is a statistically significant difference (P-value < 0.01), between 

MFO and SFO planning in terms of RBE-weighted dose SD. 

5.3.3 LET in OARs 

Figure 5.8 shows the LET distribution in the axial plane between MFO and SFO 

planning of a patient where the beam angles are set at 290° and 180°. Figure 5.9 shows 

the LET distribution difference between MFO and SFO planning in the overlapping 

region of CTV and OARs (brainstem and optic chiasm).  

There is no clear trend on which planning technique results in a higher LET distribution. 

In the non-overlapping region of OARs, lower median LET in MFO planning was 

observed as compared to SFO planning for optic chiasm (8 patients) and brainstem (13 

patients).   

 

Figure 5.8 shows the LET distribution of SFO and MFO plans of the same patient, where both 

techniques used the same planning protocols and beam angles. 
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Figure 5.9 shows the LET distribution for both the MFO and SFO plans of each patient in the 

CTV-BS and CTV-CH intersecting regions. 

Figure 5.10 shows the voxel-wise difference in LET between MFO and SFO planning 

for both brainstem and optic chiasm. In the entire brainstem, 14 patients have a lower 
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mean LET in MFO planning as compared to SFO planning; in the entire optic chiasm, 

9 patients have lower mean LET in MFO planning as compared to SFO planning. The 

majority of MFO planned patients showed lower LET values as compared to SFO 

planned patients in this study. 

 

Figure 5.10 shows the voxel-wise difference between MFO and SFO LET distribution in the 

brainstem and optic chiasm. 
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5.4 Discussion 

In RBE modelling, the majority of the models are phenomenological where it is based 

on the LQ concept, using empirical data from clonogenic cell survival for curve fitting. 

There are other types of RBE models that are implemented clinically such as the MKM 

26,27 and LEM 28 models. However, only the LQ-based RBE model is used in this study. 

Many studies have been done on the comparison between the different RBE models 

10,29–31, and the novelty of our work lies in achieving a model agnostic in RBE-weighted 

dose calculation with two different treatment planning techniques.  

Dose uncertainties in CTV-OARs overlapping regions 

MFO and SFO planning was performed on 15 patients to study the RBE-weighted dose 

differences in the OAR resulting from six representative variable LQ-based RBE 

models (including the constant 1.1 RBE model). MFO planning shows a better target 

coverage21–23 as compared to SFO planning. In this study, all RBE models and RBE 1.1 

are compared. Looking at the RBE 1.1 data points alone, the majority of the patients 

exhibited better target coverage with MFO planning as compared to SFO planning. 

Nonetheless, SFO planning has a slight advantage over MFO planning in relation to 

dose coverage. This is due to the smaller difference between the median RBE-weighted 

dose and 60 Gy at D95 for both high and low (
𝛼

𝛽
)

𝑥
 when all RBE models are 

considered. Based on the RBE formalism, an increase in (
𝛼

𝛽
)

𝑥
value will lead to an 

increase in RBE-weighted dose, and this is as shown in Figure 5.3. Additionally, SFO 

plans have a lower median D0.03cc for both brainstem and optic chiasm as shown in 

Figure 5.4 and Figure 5.5, thus revealing better control of hotspots in the OARs. 
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Overall, it is inconclusive which planning technique would be better for the plan to 

achieve the dose constraint with the inclusion of RBE models. 

The largest contribution of uncertainty to proton therapy lies in the range uncertainty. 

Many works regarding the range uncertainties in proton therapy have been done, 

especially in the area of MFO and SFO 23,32,33. In addition to range uncertainty, RBE-

weighted dose is also a concern. As shown by Carabe et al.34, the biological dose 

uncertainties will translate to a displacement of the distal end of the RBE-weighted 

SOBP curve. Considering the overlap between the OARs and CTV, an increase in RBE 

might lead to a larger depth of the SOBP curve. Thus, it is important to consider the 

RBE-weighted dose uncertainties between models in the event where the end of the 

range of the proton beam might fall in the OARs.  The first observation in the result is 

the distinct difference in RBE-weighted dose SD, where low (
𝛼

𝛽
)

𝑥
leads to higher 

median RBE-weighted dose SD as compared to high (
𝛼

𝛽
)

𝑥
 in the OARs. This can be 

explained by the RBE formalism. When (
𝛼

𝛽
)

𝑥
increases, the RBE-weighted dose 

decreases for four of the RBE models, while the models by Chen 7 and Wilkens 8 return 

an increase in RBE-weighted dose, assuming a constant 𝛼𝑥 and LET. Thus, this reduces 

the RBE-weighted dose SD in the OARs. Similarly, Marteinsdottir et al. 35 had also 

demonstrated that the impact of a variable RBE is larger in low (
𝛼

𝛽
)

𝑥
 as compared to 

high (
𝛼

𝛽
)

𝑥
. Therefore, it is advised to be cautious during treatment planning for low 

(
𝛼

𝛽
)

𝑥
CTV overlaps with OARs.  
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In the overlapping region between CTV and brainstem, 5 patients have higher median 

RBE-weighted dose SD in MFO planning as compared to SFO planning regardless of 

(
𝛼

𝛽
)

𝑥
. Similarly, in the overlapping region between CTV and Chiasm, 4 patients in low 

(
𝛼

𝛽
)

𝑥
 and 5 patients with high (

𝛼

𝛽
)

𝑥
 have a higher median RBE-weighted dose SD in 

MFO planning as compared to SFO. There is a significant difference (P<0.01) in RBE-

weighted dose SD between SFO and MFO for all patients. Comparing the kurtosis and 

skewness of the RBE-weighted dose SD distribution in these regions for each patient, 

there is no significant difference between MFO and SFO planning. However, 12-14 

patients have RBE-weighted dose SD negatively skewed when assuming a higher (
𝛼

𝛽
)

𝑥
 

in both overlapping regions. From the above results, MFO plans show lower RBE-

weighted dose SD distribution. Hence, there is a higher probability of having lesser 

RBE-weighted dose uncertainties when RBE models are considered during dose 

calculation. Therefore, MFO planning can be a better choice in eliminating RBE-

weighted dose variations in patients. In other works, MFO plans have also been shown 

to be superior to SFO plans in terms of plan quality and dose sparing in OAR 21,23. This 

supplements the fact that MFO planning might be a better choice in the situation where 

CTV and OAR overlaps. 

LET in OARs 

The LET distribution of each plan is further studied to examine any LET difference 

between MFO and SFO plans. As seen in Figure 5.8, there is no visually detectable 

difference in the LET distribution of the patients between the two techniques. Figure 

5.9 shows that more patients possess lower median LET values in the intersecting 
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region between CTV and OAR by MFO planning as compared to SFO planning. The 

LET distributions in the OARs and overlapping areas are more inhomogeneous and 

have higher maximum LET as compare to the CTV in SFO plans and this is consistent 

with the findings from Hahn et al. 33. Also, having higher LET might lead to an increase 

in RBE-weighted dose and range uncertainties. Therefore, it will be advantageous to 

choose MFO plans where the max LET is lower. Considering the results for the entire 

brainstem and chiasm in Figure 5.10, MFO planning results were observed to have a 

lower median LET in the OAR as compared to SFO planning. A lower median LET 

leads to a decrease in RBE dose SD at high (
𝛼

𝛽
)

𝑥
but an increase in RBE-weighted dose 

SD at low (
𝛼

𝛽
)

𝑥
. This further explains why the MFO techniques are more effective in 

reducing RBE-weighted dose uncertainty arising from different RBE models. 

Limitations 

LEM and MKM models were not used, this limits the study to only LQ-based RBE 

models. Further analysis can be done by factoring in LEM and MKM models, to obtain 

the RBE-weighted dose uncertainties. This methodology can easily be extended to other 

clinical sites to determine which planning technique is better at reducing RBE-weighted 

dose uncertainties arising from different RBE models when the OARs are situated close 

or overlapping with the CTV. In addition, LET optimization can be considered for it 

has proven to be able to redistribute high LET out of OARs into CTV 16,19,36. A reduced 

LET in the OARs will lead to a decrease in RBE-weighted dose uncertainties as shown 

in the results. RBE-weighted dose uncertainties can then be examined in the OAR 
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between MFO and SFO planning to determine if there are any differences between the 

application of these two techniques. 

5.5 Conclusion 

In conclusion, there is no indication of which planning technique would be better in 

achieving the planning constraint of the brain tumor. In situations where OARs are 

extremely close or where they overlap with the target volume, the results present the 

case that there is lesser RBE-weighted dose SD in the region of overlap in MFO 

planning. The median LET in the OAR is lower in most of the patients using MFO 

planning as compared to using SFO planning. Therefore, MFO is the preferred 

technique for reducing RBE-weighted dose uncertainties which arise from RBE models 

and this is important for OARs near to target volume during treatment planning. 
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Chapter 6  Conclusion and Future Works 

6.1 Summary 

For proton therapy treatment planning to include RBE, a reliable RBE model needs to 

be established. In this thesis, only empirical LQ-based RBE models are used and the 

highly dependent factors such as 𝐿𝐸𝑇𝐷 and (
𝛼

𝛽
)

𝑥
 contributing to the RBE model are 

further investigated theoretically and via MC simulation. Due to current data limitations, 

(
𝛼

𝛽
)

𝑥
is varied between low (3 𝐺𝑦) and high (8 𝑎𝑛𝑑 10 𝐺𝑦) values. In conjunction with 

the variations in (
𝛼

𝛽
)

𝑥
 values, a comprehensive study was conducted on the process of 

defining and calculating 𝐿𝐸𝑇𝐷 to reduce the uncertainties in the RBE model. In Chapter 

3, 𝐿𝐸𝑇𝐷 values are simulated for Cytoplasm and the results are compared with data 

provided by Paganetti1. Thereafter, the RBE models are re-derived by using the 

corrected 𝐿𝐸𝑇𝐷values and compared with the original RBE models. The corrected RBE 

model is then implemented for a clinical prostate case and the dose distributions were 

evaluated against the other RBE models. These results showed that there were 

dosimetric differences especially in the low dose (2Gy) and low (
𝛼

𝛽
)

𝑥
 values. To 

improve RBE modelling further, better dosimetry and more precise instrumentation 

needs to be developed in the radiobiological experiments to reduce the uncertainties in 

dose and 𝐿𝐸𝑇𝐷 values. 

In Chapter 4, the effects on 𝐿𝐸𝑇𝐷 by the hyperparameters (step length and range cut) in 

the MC simulation system (TOPAS) was investigated. It is known that the 𝐿𝐸𝑇𝐷 values 

should not change when the simulation protocols are modified. This is based on the 
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definition of 𝐿𝐸𝑇𝐷  in ICRU Report No. 852, which by definition is a macroscopic 

average quantity that depends on the particle kinetic energy and the material it traversed.  

However, it should be noted that 𝐿𝐸𝑇𝐷 results are indeed affected by the variations of 

these hyperparameters. Therefore, we recommended an optimal set of MC simulation 

parameters (𝑠𝑡𝑒𝑝 𝑙𝑒𝑛𝑔𝑡ℎ = 0.05 𝑚𝑚, 𝑟𝑎𝑛𝑔𝑒 𝑐𝑢𝑡 = 0.01 𝑚𝑚) for the community to 

follow to obtain a reproducible 𝐿𝐸𝑇𝐷. This method balances between the accuracy of 

𝐿𝐸𝑇𝐷  values and the simulation time. In addition, the definition provided by ICRU 

Report No. 852 on the calculation method of 𝐿𝐸𝑇𝐷 was evaluated. From the definition 

of 𝐿𝐸𝑇𝐷 , Equation 6.1 is the recommended calculation method to determine 𝐿𝐸𝑇𝐷 

where secondary electrons are included to obtain an accurate 𝐿𝐸𝑇𝐷 value. The reason 

to account for both proton and electron particles is that electrons tend to travel over a 

higher range in low density medium (e.g. lung) and incorporating it into the calculation 

will provide a more accurate 𝐿𝐸𝑇𝐷 value. 

 
∑

𝜖𝑝
2

𝑙𝑝
 

𝑛𝑝

𝑝=1 + ∑
𝜖𝑒

2

𝑙𝑒
 

𝑛𝑒
𝑒=1

∑ 𝜖𝑝
𝑛𝑝,𝑛𝑒

𝑝,𝑒=1 + 𝜖𝑒

 
(6.1) 

𝑛𝑝 (𝑛𝑒) refers to the number of protons (electrons), 𝜖𝑝 (𝜖𝑒) is the energy deposition of 

protons (electrons) and 𝑙𝑝 (𝑙𝑒) is the step length of protons (electrons). 

In Chapter 5, the study was focused on a RBE model-agnostic treatment planning 

approach. This case study involved a brain tumor. We investigated the systematic dose 

variation from different RBE models using TOPAS. MFO and SFO planning 

techniques were used in the clinical brain case where OARs overlapped with the tumor. 

In implementing this new approach towards radiobiological studies, we would be able 
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to disregard the need to select any RBE model. The results supported MFO over SFO 

planning technique in reducing uncertainties contributed by RBE models in the case of 

brain tumors. This would be important during treatment planning where the OARs 

overlap or are near the target volume for brain cases.  

In this thesis, systematic and comprehensive studies were done on 𝐿𝐸𝑇𝐷 and (
𝛼

𝛽
)

𝑥
 for 

a robust RBE-modelling for proton therapy treatment planning. These studies provide 

a novel approach towards RBE-based treatment planning. In addition, the 

standardization of simulating 𝐿𝐸𝑇𝐷  would result in a more accurate RBE-weighted 

dose calculation and will also facilitate multiple cross-institutional studies in the future.  

6.2 Future works 

In preparation for our PT treatment at National Cancer Centre Singapore, the MC 

simulation treatment planning system (TOPAS) can be established according to the 

specific proton machine by performing physical beam measurements and matching the 

simulation results to measurement. This system can be used as a quality assurance tool 

for clinical treatment plans and further RBE research purposes. The work presented in 

Chapter 5 can be expanded to other tumor sites that are especially beneficial to be 

treated with PT such as paediatric oncology and local recurrent cases. Patient selection 

where OARs overlap with target volume must be taken into account on the biological 

uncertainties that depend on the planning techniques like MFO and SFO. Different 

treatment planning systems may also be included to further validate the results.  



176 

 

 

 

 

Despite the work done in reducing uncertainties in RBE models and the ongoing efforts 

in implementing the models, the largest biological uncertainty is still due to the inherent 

variation in individual sensitivity of the tumor type to radiation3. With the lack of 

accurate RBE knowledge, these models may not be ready for use in plan optimization 

for clinical practice. Therefore, LET based optimization has become an area of interest 

as it can influence the LET distribution without significantly varying the dose 

constraints in a treatment plan4,5. With LET optimization, one can determine the LET 

distribution such that high LET falls in the target instead of the OAR. In the OAR, any 

decrease in LET will reduce the RBE value. This results in smaller RBE uncertainties. 

In parallel with robust optimization and LET optimization for PT treatment planning, 

the possibility of mitigating the biological uncertainties using these two optimization 

techniques can be explored further.  

For example, a patient case of 20 fractions PT treatment, a base plan and a LET 

optimized plan can be generated. In the base plan, a specific randomised error based on 

the robustness criteria can be introduced into each fraction. The randomised errors 

consist of the range uncertainty (i.e., ±𝑥%) and positioning uncertainty (i.e., ±𝑦 𝑚𝑚). 

Thereafter, a robust optimal base plan (composition of all fractions of randomize errors) 

can be compared to a robust LET optimized plan. Hypothetically, if the difference 

between these plans is minimal and knowing the fact that LET optimization can reduce 

high RBE in OARs, an RBE model-agnostic dose distribution might be achievable just 

by having robust optimization and LET optimization to mitigate biological 

uncertainties. A more in-depth study is needed to examine the difference between these 

plans. 
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Appendix A 
 S(D) = e(−αD−βD2) (1.12) 

 Dx = RBE × Dp (1.13) 

 

To obtain the same surviving fraction from photon and proton,  

SFx = SFp 

e(−αxDx−βxDx
2) = e(−αpDp−βpDp

2 ) 

we can ln on both sides of the equation, 

αxDx + βxDx
2 = αpDp + βpDp

2 . 

Thereafter we can divide Dp
2 and βx on both sides, 

αx

βx

Dx

Dp

1

Dp
+ (

Dx

DP
)2 =

αp

βx

1

Dp
+

βp

βx
. 

Since RBE =
Dx

Dp
, it can be rewritten as  

αx

βx

1

Dp
RBE + RBE2 −

αp

βx

1

Dp
−

βp

βx
= 0. 

By solving the quadratic formula with RBE ≥ 0, 

RBE =
1

2Dp
(√(

αx

βx
)

2

+ 4Dp

αp

βx
+ 4Dp

2
βp

βx
−

αx

βx
. 

Therefore, 

𝑅𝐵𝐸 (Dp,  [
α

β
]

x

, LETd) =
1

Dp
(√

1

4
[
α

β
]

x

2

+ [
α

β
]

x

RBEmaxDp + RBEminDp
2 −

1

2
[
α

β
]

x

) 

RBEmax = lim
𝐷→0

𝑅𝐵𝐸 =
αp

αx
  

RBEmin = lim
𝐷→∞

𝑅𝐵𝐸 = √
βp

βx
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Appendix B 
B1. This section shows samples of the code during the commissioning of the proton beamline 

that is required to be fine-tuned. 

Scanning Nozzle 

# Calculate Distance for Vacuum Window 

d:VacuumWindow_thickness = 0.1 mm 

d:VacuumWindow_pos_z = -770.0 mm 

# Create Vacuum Window 

s:Ge/vacuumWindow/Parent = "NozzleGroup" 

s:Ge/vacuumWindow/Type     = "TsBox" 

s:Ge/vacuumWindow/Material = "Titanium" 

d:Ge/vacuumWindow/HLX  = 75. mm 

d:Ge/vacuumWindow/HLY  = 75. mm 

d:Ge/vacuumWindow/HLZ  = VacuumWindow_thickness mm * 0.5 

d:Ge/vacuumWindow/RotX     = 0.0 deg 

d:Ge/vacuumWindow/RotY     = 0.0 deg 

d:Ge/vacuumWindow/RotZ     = 0.0 deg 

d:Ge/vacuumWindow/TransX   = 0.0 mm 

d:Ge/vacuumWindow/TransY   = 0.0 mm 

d:Ge/vacuumWindow/TransZ   = VacuumWindow_pos_z mm 

s:Ge/vacuumWindow/Color = "green" 

s:Ge/vacuumWindow/DrawingStyle = "Solid" 

b:Ge/VacuumWindow/Include  = "True" 

 

Basic Control Parameters 
# Use Time Features for Scanning 

d:Tf/TimelineStart             = 0. s 

d:Tf/TimelineEnd               = 0.269 s  

i:Tf/NumberOfSequentialTimes = 269  

 

# Define the World 

s:Ge/World/Material  = "G4_AIR" 

d:Ge/World/HLX       = 500.0 cm 

d:Ge/World/HLY       = 500.0 cm 

d:Ge/World/HLZ       = 500.0 cm 

 

# Define Gantry Control 

b:use_bpm          = "True" 

b:use_spm          = "True" 

 

##### Gantry Rotation 

s:Ge/NozzleGroup/Parent = "World" 

s:Ge/NozzleGroup/Type = "Group" 

d:Ge/NozzleGroup/RotY = 270 deg  

 

##### Couch Rotation 

s:Ge/CouchGroup/Parent = "World" 

s:Ge/CouchGroup/Type = "Group" 

d:Ge/CouchGroup/RotZ = 30 deg  
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#Particle Numbers 

i:So/particleSource/NumberOfHistoriesInRun = Tf/nbParticle/Value  

s:So/particleSource/BeamParticle = "proton" 

d:So/particleSource/BeamEnergy = Tf/energy/Value MeV  

Patient Scorer 
##### Dicom to Couch group 

s:Ge/Dicom_to_Couch/Parent = "CouchGroup" 

s:Ge/Dicom_to_Couch/Type = "Group" 

d:Ge/Dicom_to_Couch/RotX = -90 deg  

d:Ge/Dicom_to_Couch/RotY = 0 deg 

d:Ge/Dicom_to_Couch/RotZ = 0 deg 

d:Ge/Dicom_to_Couch/TransX = 0.0 mm 

d:Ge/Dicom_to_Couch/TransY = 0.0 mm 

d:Ge/Dicom_to_Couch/TransZ = 0.0 mm 

 

# Patient 

s:Ge/Patient/Parent = "Dicom_to_Couch" 

s:Ge/Patient/Type     = "TsDicomPatient" 

iv:Gr/Patient/ShowSpecificSlicesZ = 1 -2 

s:Ge/Patient/DicomDirectory = "Patient1"  

sv:Ge/Patient/DicomModalityTags = 1 "CT"  

d:Ge/Patient/TransX = 7.2712595796813 mm  

d:Ge/Patient/TransY = -26.1010114574833 mm  

d:Ge/Patient/TransZ = 12.603944296645999 mm  

d:Ge/Patient/RotX = 0 deg 

d:Ge/Patient/RotY = 0 deg 

d:Ge/Patient/RotZ = 0 deg 

b:Ge/Patient/FakeStructures = "True" 

b:Ge/Patient/Include = "True" 

s:Ge/Patient/CloneRTDoseGridFrom = Ge/Patient/DicomDirectory + 

"/RD.Patient1.dcm"  

b:Ge/Patient/IgnoreInconsistentFrameOfReferenceUID = "True" 

 

s:Sc/PatientScorer/Quantity = "DoseToMedium" 

s:Sc/PatientScorer/Component = "Patient/RTDoseGrid" 

s:Sc/PatientScorer/IfOutputFileAlreadyExists = "Overwrite" 

s:Sc/PatientScorer/OutputType = "DICOM" 

b:Sc/PatientScorer/Active = "True" 

s:Sc/PatientScorer/OutputFile = "PatientDose" 

s:Sc/PatientScorer/ReferencedDicomPatient = "Patient" 

 

#-- shared sub-scorers 

s:Sc/PhysDose/Quantity   = "DoseToWater" 

s:Sc/PhysDose/Component  = "Patient" 

b:Sc/PhysDose/PreCalculateStoppingPowerRatios = "True" 

s:Sc/PhysDose/IfOutputFileAlreadyExists = "Overwrite" 

s:Sc/PhysDose/OutputType = "csv" 

s:Sc/PhysDose/OutputFile = "PhysicalDose" 

 

s:Sc/ProtonLET/Quantity   = "ProtonLET" 

s:Sc/ProtonLET/Component  = "Patient" 

s:Sc/ProtonLET/IfOutputFileAlreadyExists = "Overwrite" 

s:Sc/ProtonLET/OutputType = "csv" 

s:Sc/ProtonLET/OutputFile = "LET" 
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B2. This section shows part of the code for the post-processing of the output from the 

simulation to calculate 𝐿𝐸𝑇𝐷 and graph plotting.  

import os 

import numpy as np 

import matplotlib.pyplot as plt 

 

def Unravel_index(index): 

 

class ImportData: 

    def __init__(self,fname1,fname2,fname3): 

    def _Get_3D_Array(self,data): 

 

if __name__=="__main__": 

    data_proton = ImportData('proton_h3_7.csv','proton_h3_8.csv','proton_h3_9.csv') 

    data_electron = ImportData('proton_h3_10.csv','proton_h3_11.csv','proton_h3_12.csv') 

 

    #Ground truth 

    data_proton_unrestricted = 

ImportData('proton_h3_7_unrestricted.csv','proton_h3_8_unrestricted.csv','proton_h3_9_unre

stricted.csv') 

 

    #Plotting results 

    distance = np.linspace(-15.0, 15.0, dimZ-2) 

    distance = np.linspace(-15.0, 15.0, dimZ-2) 

    centroid_x = int((dimX-2) / 2.)+1 

    centroid_y = int((dimY-2) / 2.)+1 

    letd_proton_unrestricted = data_proton_unrestricted.data3d_E2_L / 

data_proton_unrestricted.data3d_E 

    letd_proton = data_proton.data3d_E2_L / data_proton.data3d_E 

    letd_electron = data_electron.data3d_E2_L / data_electron.data3d_E 

    letd_total = (data_electron.data3d_E2_L + data_proton.data3d_E2_L) / 

(data_electron.data3d_E + data_proton.data3d_E) 

 

    plt.plot(distance,letd_proton_unrestricted[centroid_x,centroid_y,1:-1],'ko-',label='Proton-

unrestricted') 

    plt.plot(distance,letd_proton[centroid_x,centroid_y,1:-1],'bo-',label='Proton-restricted') 

    plt.plot(distance,letd_total[centroid_x,centroid_y,1:-1],'mo-',label='Total') 

    plt.yscale('log') 

    plt.xlabel('Distance / cm') 

    plt.ylabel('Dose Averaged LET / keV/um') 

    plt.legend() 

    plt.figure() 

    plt.plot(distance,letd_electron[centroid_x,centroid_y,1:-1],'ro-',label='Electron') 

    plt.plot(distance,letd_proton[centroid_x,centroid_y,1:-1],'bo-',label='Proton-restricted') 

    plt.xlabel('Distance / cm') 
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    plt.ylabel('Dose Averaged LET / keV/um') 

    plt.legend() 

    plt.show() 
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B3. This section of the code shows an example that is added into the DetectorConstruction 

source file of the GEANT4 library to create the geometry (e.g. water phantom and cell 

culture) for tracking. 

G4Box* SolidWorld = 

        new G4Box("World", 

           0.5*WorldSize, 0.5*WorldSize, 0.5*WorldSize); 

 

  G4LogicalVolume* LogicWorld = 

        new G4LogicalVolume(SolidWorld, 

                            WorldMat, 

                            "World"); 

 

  G4VPhysicalVolume* PhysWorld = 

        new G4PVPlacement(0, 

                          G4ThreeVector(), 

                          LogicWorld, 

                          "World", 

                          0, 

                          false, 

                          0, 

                          checkOverlaps); 

 

 // Create the cell culture region 

 if (1) { 

    G4double cellSize = 5.*mm; 

    G4Material* CellMat = nist->FindOrBuildMaterial("G4_WATER"); 

    //G4Material* CellMat = fMaterial; 

 

    G4Box* SolidCell = 

          new G4Box("Cell", 

             0.5*cellSize, 0.5*cellSize, 0.5*cellSize); 

 

    G4LogicalVolume* LogicCell = 

          new G4LogicalVolume(SolidCell, 

                              CellMat, 

                              "Cell");G4Box* SolidWorld = 

        new G4Box("World", 

           0.5*WorldSize, 0.5*WorldSize, 0.5*WorldSize); 

 

  G4LogicalVolume* LogicWorld = 

        new G4LogicalVolume(SolidWorld, 

                            WorldMat, 

                            "World"); 

 

  G4VPhysicalVolume* PhysWorld = 
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        new G4PVPlacement(0, 

                          G4ThreeVector(), 

                          LogicWorld, 

                          "World", 

                          0, 

                          false, 

                          0, 

                          checkOverlaps); 
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B4. This section of the code is added into SteppingAction source file of the GEANT4 library 

to calculate 𝐿𝐸𝑇𝐷. 

void SteppingAction::UserSteppingAction(const G4Step* step) 

{ 

 //continuous energy deposit per event 

 fEventaction->AddEnergyDeposit (step->GetTotalEnergyDeposit()); 

 //step size 

 G4AnalysisManager* analysisManager = G4AnalysisManager::Instance(); 

 G4double parentID = step->GetTrack()->GetParentID(); 

 G4double stepSize = step->GetStepLength(); 

 G4double eDep     = (step->GetTotalEnergyDeposit()); 

 G4double eDep1    = eDep / stepSize;  

 G4double eDep2    = eDep * eDep / stepSize; // For computing Dose-averaged LET 

 fRunaction->AddTrackLength(stepSize); 

 

 // Get position of LET computation 

 G4ThreeVector pos1 = step->GetPreStepPoint()->GetPosition(); 

 G4ThreeVector pos2 = step->GetPostStepPoint()->GetPosition(); 

 G4double zPos = (pos1[2] + pos2[2]) / 2.; 

 G4double yPos = (pos1[1] + pos2[1]) / 2.; 

 G4double xPos = (pos1[0] + pos2[0]) / 2.; 

 

 G4String particleName = step->GetTrack()->GetParticleDefinition()->GetParticleName(); 

  

 // Output File for post processing 

 if (particleName=="proton") { 

   analysisManager->FillH3(0,xPos,yPos,zPos,eDep2); 

   analysisManager->FillH3(1,xPos,yPos,zPos,eDep); 

   analysisManager->FillH3(2,xPos,yPos,zPos,eDep1); 

 } 

 if (particleName == "e-") { 

   analysisManager->FillH3(3,xPos,yPos,zPos,eDep2); 

   analysisManager->FillH3(4,xPos,yPos,zPos,eDep); 

   analysisManager->FillH3(5,xPos,yPos,zPos,eDep1); 

 } 
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B5. This section shows part of the code of the in-house script to calculate the dose of a 

patient plan by reading in actual patient plans and CT images.  

 

import os 

import glob 

import pydicom 

import copy 

import math 

import subprocess 

import numpy as np 

 

### ---------------------------------------------------------- 

### File I/O and Options 

### ---------------------------------------------------------- 

 

option = 'dss' # ddcs or dss 

errorShift = [0.0, 0.0, 0.0] 

### Directory Name ### 

dirName = 'Patient1' 

### Define Gy per Fraction ### 

GyPerFrac = 2.025 

##### Set Patient Dose filename for cloning dose grid 

rtdoseName = 'RD.Patient1.dcm' 

##### Set Dicom Origin 

dicomOrigin = [0.0, 0.0, 0.0] 

uniqueName = None 

dirName_out = dirName + '_MC' 

##### Change here to change the scaling of the particle 

constantScale = 10**-3 

 

### ---------------------------------------------------------- 

### Utility Functions 

### ---------------------------------------------------------- 

 

### Define Global Function ### 

def ReplaceStringInFile(fname, ref_string, change_string): 

 

### Error Checking class 

class ErrorChecking: 

 

### ---------------------------------------------------------- 

### Main Code 

### ---------------------------------------------------------- 

 

class ReadDicomPlan: 

    def __init__(self, planName): 
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    def _ReadPlan(self, name): 

         

class ProtonBeamConfiguration: 

    def __init__(self): 

    def _ConvertMU2NbParticles(self, energy, GyPerFrac): 

         

class CalculateDose_DSS(ProtonBeamConfiguration): 

    def __init__(self, plan): 

    def _SetPatientDirectory(self):  

    def _RunMonteCarlo(self, planDict, gantryAngle, isocenter, patientSupportAngle): 

    def _RunTOPAS(self): 

        subprocess.call(["../bin/topas", "PT_main.txt"]) 

    def _ConvertDicomPlan2TimeFeatures(self, planDict): 

   ##### Set Gantry, Couch Rotation 

    def _SetPatientRotationVector(self, gantryAngle, patientSupportAngle): 

    ##### Set Isocenter 

    def _SetPatientPosition(self, isocenter, gantryAngle, patientSupportAngle): 

    def _CalculateBeamAngle(self, oneSpotArray): 

    def _CalculateNbSpots(self, planDict): 

    def _ChangeFileNames(self): 

    def _CalculateDicomShifts(self): 

         

class CalculateDose_DDCS(ProtonBeamConfiguration): 

 

if __name__ == '__main__': 

    ErrorCheck = ErrorChecking() 

    plan = ReadDicomPlan(ErrorCheck.planName) 

    if option == 'ddcs': 

        pass 

    elif option == 'dss': 

        doseCalculator = CalculateDose_DSS(plan) 

    else: 

        raise Exception('Wrong options....') 

 



189 

 

 

 

 

B6. This section of the code is the main text file called by the above in-house python script to 

run TOPAS.  

# Define overall program control 

b:Ts/DumpNonDefaultParameters = "False" 

i:Ts/NumberOfThreads = 35  

i:Ts/Seed = 1  

i:Ts/ShowHistoryCountAtInterval = 50 

b:Ts/PauseBeforeQuit = "False" 

Ge/CheckForOverlaps = "True" 

Ge/QuitIfOverlapDetected = "True" 

Ge/CheckForUnusedComponents = "False" 

 

# Define Physics Interaction 

s:Ph/ListName = "PhysicsList1" 

s:Ph/PhysicsList1/Type = "Geant4_Modular" 

sv:Ph/PhysicsList1/Modules = 4 "g4em-standard_opt4" "g4h-phy_QGSP_BERT_HP" "g4h-

elastic" "g4stopping" 

d:Ph/PhysicsList1/CutForElectron = 1 m 

i:Ph/PhysicsList1/Verbosity = 1 

 

# Particle Sources 

s:Ge/BeamPosition/Parent = "NozzleGroup" 

s:Ge/BeamPosition/Type = "Group" 

d:Ge/BeamPosition/TransX = 0.0 mm 

d:Ge/BeamPosition/TransY = Tf/yPosition/Value mm 

d:Ge/BeamPosition/TransZ = -1350. mm 

d:Ge/BeamPosition/RotX = Tf/xAngle/Value deg 

d:Ge/BeamPosition/RotY = Tf/yAngle/Value deg 

d:Ge/BeamPosition/RotZ = 0.0 deg 

 

s:So/particleSource/Component = "BeamPosition" 

s:So/particleSource/Type = "emittance" 

u:So/particleSource/BeamEnergySpread = 0.0 

 

s:So/particleSource/Distribution   = "BiGaussian" 

d:So/particleSource/SigmaX         = Tf/twissX/Value mm 

u:So/particleSource/SigmaXprime    = Tf/twissXprime/Value 

u:So/particleSource/CorrelationX   = -0.9261 

d:So/particleSource/SigmaY         = Tf/twissY/Value mm 

u:So/particleSource/SigmaYPrime    = Tf/twissYprime/Value 

u:So/particleSource/CorrelationY   = -0.9231 

 

 

#Include Files 

includeFile = ./PT_ScanningNozzle.txt 
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includeFile = ./PT_RangeShifter.txt 

includeFile = ./PT_Patient.txt      # Change here to control options 
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Appendix C 
Table C1 Calculated 𝐿𝐸𝑇𝐷 for Chinese hamster cell lines. The dashed line in the first column 

means 𝛽𝑥 = 0.000. 

(𝛼 𝛽⁄ )𝑥 
(𝐺𝑦) 

𝛼 
(𝐺𝑦−1) 

𝛽 
(𝐺𝑦−2) 

𝐿𝐸𝑇𝐷 
Original 

(𝑘𝑒𝑉𝜇𝑚−1) 
Config. 

𝐿𝐸𝑇𝐷 
Water 

(𝑘𝑒𝑉𝜇𝑚−1) 

𝐿𝐸𝑇𝐷 
Cytoplasm-

1 
(𝑘𝑒𝑉𝜇𝑚−1) 

𝐿𝐸𝑇𝐷 
Cytoplasm-2 
(𝑘𝑒𝑉𝜇𝑚−1) 

References 

0.000 0.028 0.041 2.050  S2  1.940 1.990 2.310 38 

0.500 0.024 0.033 4.300  S2  4.970 5.160 5.890 39 

0.500 0.018 0.048 6.350  S2  7.340 7.710 9.930 39  

0.500 0.016 0.033 8.220  S2  12.200 12.890 15.990 39 

0.969 0.042 0.030 2.050  S2  1.940 1.990 2.310 38 

0.969 0.038 0.029 1.110  S2  1.140 1.150 1.230 38 

1.431 0.102 0.052 1.110  S1  1.140 1.150 1.230 23 

1.431 0.105 0.050 1.190  S1  1.190 1.200 1.290 23 

1.431 0.087 0.056 1.450  S1  1.260 1.280 1.380 23 

1.431 0.072 0.059 1.770  S1  1.500 1.540 1.720 23 

1.431 0.120 0.052 1.940  S1  1.870 1.920 2.340 23 

1.431 0.108 0.054 2.090  S1  2.020 2.200 2.450 23 

1.431 0.104 0.055 2.280  S1  2.320 2.370 2.840 23 

1.431 0.122 0.054 2.530  S1  2.490 2.700 3.170 23 

1.431 0.113 0.056 2.900  S1  2.850 2.950 3.600 23 

1.431 0.113 0.059 3.460  S1  3.260 3.530 4.630 23 

1.431 0.141 0.059 4.820  S1  4.590 4.730 5.280 23 

1.431 0.533 0.050 11.000  S1  11.420 12.000 21.280 23 

1.431 0.098 0.052 1.080  S1  1.040 1.050 1.120 23 

1.431 0.103 0.049 1.050  S1  1.080 1.090 1.160 23 

1.431 0.091 0.052 1.110  S1  1.120 1.130 1.200 23 

1.431 0.086 0.050 1.130  S1  1.170 1.180 1.270 23 

1.431 0.099 0.052 1.410  S1  1.250 1.270 1.380 23 

1.431 0.089 0.054 1.800  S1  1.530 1.750 1.990 23 

1.431 0.094 0.055 1.910  S1  1.730 1.800 2.120 23 

1.431 0.110 0.054 2.030  S1  1.880 1.990 2.310 23 

1.431 0.103 0.055 2.170  S1  2.090 2.230 2.640 23 

1.431 0.106 0.057 2.360  S1  2.310 2.450 2.980 23 

1.431 0.086 0.062 2.640  S1  2.650 2.860 3.500 23 

1.431 0.141 0.054 2.990  S1  3.190 3.580 4.650 23 

1.431 0.099 0.064 3.480  S1  3.900 4.830 8.000 23 

1.431 0.121 0.063 4.040  S1  5.200 7.620 13.330 23 

1.431 0.294 0.273 10.500  S1  14.200 0.030 0.000 23 
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1.725 0.152 0.034 2.530  S2  2.690 2.770 3.170 40 

1.833 0.103 0.095 1.290  S2  1.280 1.300 1.490 41 

1.833 0.192 0.077 4.100  S2  4.000 4.150 4.910 41 

1.833 0.071 0.085 2.730  S2  2.980 3.030 3.350 41 

1.833 0.198 0.073 4.530  S2  4.690 4.850 5.950 41 

2.040 0.128 0.033 1.090  S2  0.980 0.990 1.050 42  

2.040 0.115 0.035 0.990  S2  1.000 1.010 1.070 42 

2.040 0.120 0.035 1.130  S2  1.020 1.030 1.100 42 

2.040 0.136 0.033 1.020  S2  1.050 1.060 1.130 42 

2.040 0.138 0.031 1.140  S2  1.080 1.090 1.170 42 

2.040 0.137 0.029 1.030  S2  1.130 1.140 1.230 42 

2.040 0.125 0.031 1.120  S2  1.190 1.240 1.300 42 

2.040 0.129 0.030 1.160  S2  1.310 1.330 1.490 42 

2.040 0.154 0.027 1.750  S2  1.560 1.580 1.850 42 

2.040 0.135 0.030 2.100  S2  1.970 2.080 2.550 42 

2.040 0.113 0.032 2.710  S2  2.920 3.040 4.210 42 

2.040 0.145 0.030 7.060  S2  11.800 12.900 14.200 42 

2.040 0.103 0.033 0.990  S2  1.080 1.090 1.170 42 

2.040 0.126 0.029 1.230  S2  1.130 1.140 1.220 42 

2.040 0.108 0.032 1.110  S2  1.190 1.200 1.290 42 

2.040 0.113 0.030 1.280  S2  1.300 1.310 1.440 42 

2.040 0.119 0.031 1.700  S2  1.690 2.230 2.600 42 

2.040 0.133 0.030 2.080  S2  2.010 2.600 2.990 42 

2.040 0.120 0.032 2.630  S2  2.480 3.080 3.690 42 

2.040 0.167 0.027 5.820  S2  5.120 5.380 7.880 42 

2.040 0.128 0.027 1.160  S2  1.150 1.150 1.240 42 

2.040 0.118 0.027 1.200  S2  1.210 1.220 1.320 42 

2.040 0.129 0.026 1.790  S2  1.350 1.370 1.500 42 

2.040 0.132 0.025 2.320  S2  2.470 2.550 2.690 42 

2.040 0.169 0.025 3.200  S2  2.680 2.710 2.800 42 

2.232 0.161 0.027 2.300  S2  2.410 2.510 2.890 43  

2.232 0.162 0.029 2.800  S2  3.100 3.160 3.660 43 

2.232 0.154 0.030 2.950  S2  3.210 3.270 3.690 43 

2.232 0.163 0.028 3.120  S2  3.360 3.400 3.870 43 

2.232 0.156 0.030 3.270  S2  3.500 3.570 4.040 43 

2.232 0.142 0.033 3.480  S2  3.700 3.770 4.270 43 

2.232 0.152 0.031 3.700  S2  3.900 3.980 4.520 43 

2.232 0.154 0.032 4.000  S2  4.190 4.270 4.860 43 

2.232 0.139 0.035 4.400  S2  4.570 4.660 5.310 43 

2.232 0.143 0.035 5.280  S2  5.470 5.600 6.390 43 

2.232 0.170 0.034 6.300  S2  6.410 6.570 7.560 43 
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2.626 0.213 0.040 1.180  S1  1.231 1.242 1.354 25 

2.626 0.091 0.049 2.120  S1  2.160 2.230 2.950 25  

0.027 0.320 0.039 10.100  P2  10.180 10.540 12.180 31  

0.027 0.450 0.028 17.800  P2  17.630 18.350 21.560 31 

0.027 0.740 0.011 27.600  P2  27.460 28.400 34.530 31 

0.027 0.733 0.000 25.400  -  0.000 0.000 0.000 32 

0.027 0.241 0.046 10.900  -  0.000 0.000 0.000 32 

0.028 0.171 0.000 88.800  P2  0.000 0.000 0.000 44 

0.028 0.367 0.000 63.700  P2  0.000 0.000 0.000 44 

2.783 0.744 0.000 30.500  P2  38.250 39.960 53.100 44 

2.783 0.471 0.044 20.000  P2  21.730 22.540 26.810 44 

2.783 0.372 0.036 10.900  P2  11.310 11.720 13.580 44 

0.028 0.744 0.000 31.000    0.000 0.000 0.000 45 

0.028 0.580 0.000 37.800  P2  0.000 44.650 0.000 46 

2.804 0.653 0.000 34.600  P2  37.700 39.330 51.820 46 

2.804 0.721 0.000 30.500  P2  32.880 34.040 42.680 46 

2.804 0.469 0.043 20.000  P2  20.780 21.570 25.570 46 

2.804 0.372 0.036 11.000  P2  11.200 11.610 13.450 46 

2.804 0.289 0.024 7.700  P2  7.960 8.190 9.430 46 

2.804 0.300 0.052 22.910  P2  24.330 25.230 30.290 47 

2.804 0.420 0.019 20.270  P2  21.360 22.170 26.330 47 

3.018 0.115 0.049 2.530  S2  2.690 2.770 3.170 40 

0.031 0.059 0.218 10.000  -  0.000 0.000 0.000 48 

0.031 0.388 0.000 14.000  -  0.000 0.000 0.000 48 

0.031 0.433 0.000 15.000  -  0.000 0.000 0.000 48 

0.031 0.396 0.017 20.000  -  0.000 0.000 0.000 48 

0.031 0.263 0.045 28.000  -  0.000 0.000 0.000 48 

3.305 0.100 0.025 5.220  S1  5.250 5.290 5.670 49 

3.305 0.071 0.030 1.090  S2  1.015 1.020 1.089 49 

3.429 0.204 0.021 11.000  P2  11.230 11.640 13.480 50 

3.429 0.226 0.020 4.250  P2  4.420 4.520 5.140 50 

3.429 0.151 0.025 1.250  P2  1.270 1.300 1.480 50 

3.652 0.329 0.024 3.710  S2  3.910 3.990 4.530 51 

3.905 0.109 0.016 0.790  P2  0.810 0.820 0.926 52 

3.905 0.243 0.013 3.100  P2  14.170 14.740 17.400 52 

4.045 0.085 0.040 2.530  S2  2.690 2.770 3.170 40 

4.056 0.399 0.272 9.230  P2  9.510 9.830 11.100 53 

4.074 1.030 0.000 32.000  P2  38.250 40.000 53.100 54 

4.074 0.330 0.066 24.000  P2  25.790 26.690 32.220 54 

4.074 0.110 0.027 17.000  P2  17.120 17.820 20.900 54 

4.074 0.350 0.045 17.000  P1  31.800 33.800 38.990 55 
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4.074 0.330 0.066 24.000  P1  39.700 42.630 49.580 55 

4.074 1.030 0.000 32.000  P1  46.600 50.090 61.800 55 

4.338 0.062 0.023 1.220  P2  1.240 1.260 1.430 56 

4.338 0.071 0.025 1.120  P2  1.130 1.150 1.310 56 

4.338 0.053 0.037 1.910  P2  1.940 1.980 2.250 56 

4.338 0.062 0.040 2.410  P2  2.470 2.520 2.870 56 

4.338 0.044 0.047 3.830  P2  4.070 4.150 4.900 56 

4.338 0.090 0.019 1.170  P2  1.190 1.210 1.370 56 

4.338 0.096 0.019 1.120  P2  1.130 1.150 1.310 56 

4.338 0.068 0.023 1.070  P2  1.090 1.100 1.250 56 

4.338 0.083 0.024 1.190  P2  1.210 1.230 1.390 56 

4.338 0.079 0.033 1.690  P2  1.720 1.740 1.990 56 

4.338 0.081 0.040 2.060  P2  2.100 2.140 2.440 56 

4.338 0.050 0.046 2.540  P2  2.610 2.660 3.030 56 

4.338 0.060 0.048 6.080  P2  6.190 6.350 7.300 56 

4.338 0.099 0.019 1.070  P2  1.090 1.100 1.250 56 

4.338 0.099 0.020 1.080  P2  1.100 1.110 1.260 56 

4.338 0.073 0.022 0.990  P2  1.010 1.020 1.160 56 

4.338 0.087 0.020 1.080  P2  1.100 1.110 1.260 56 

4.338 0.070 0.021 1.050  P2  1.070 1.080 1.220 56 

4.338 0.047 0.024 1.090  P2  1.100 1.110 1.260 56 

4.338 0.040 0.024 1.160  P2  1.190 1.210 1.370 56 

4.338 0.037 0.025 1.130  P2  1.130 1.150 1.310 56 

4.338 0.042 0.028 1.720  P2  1.750 1.780 2.020 56 

4.338 0.027 0.039 1.880  P2  1.910 1.950 2.220 56 

4.338 0.019 0.043 2.760  P2  2.840 2.890 3.300 56 

4.338 0.040 0.037 7.750  P2  7.880 8.110 9.330 56 

4.522 0.142 0.032 2.530  S2  2.690 2.770 3.170 40 

5.000 0.140 0.045 3.440  S2  3.840 4.030 4.620 57 

5.054 0.122 0.149 9.230  P2  9.510 9.830 11.100 53 

5.217 0.120 0.067 17.600  P1  31.480 33.670 38.630 58 

5.833 0.221 0.041 6.230  P1  15.510 16.390 19.210 59 

6.520 0.199 0.022 1.740  S2  1.810 1.840 2.100 60 

6.520 0.207 0.025 3.110  S2  3.360 3.420 3.860 60 

6.520 0.217 0.026 3.790  S2  4.090 4.170 4.740 60 

6.520 0.249 0.025 4.760  S2  4.910 5.020 5.730 60 

7.667 0.539 0.000 27.600  P1  42.220 46.130 56.520 61 

7.667 0.194 0.023 7.700  P1  18.970 19.990 23.510 61 

8.571 0.120 0.028 1.180  S1  1.231 1.242 1.354 24 

8.571 0.065 0.033 2.120  S1  2.160 2.230 2.950 24 

10.814 0.720 0.030 2.530  S2  2.690 2.770 3.170 40 
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11.724 0.116 0.007 17.000  P1  31.800 33.800 38.990 55 

11.724 0.239 0.005 24.000  P1  39.700 42.630 49.580 55 

11.724 0.561 0.000 32.000  P1  46.600 50.090 61.800 55 

13.061 0.214 0.021 2.020  S2  2.020 2.120 4.380 62 

13.061 0.166 0.024 1.020  S2  1.050 1.060 1.140 62 

13.971 0.172 0.039 2.530  S2  2.690 2.770 3.170 40 

15.152 0.070 0.001 1.180  S1  1.231 1.242 1.354 24 

15.152 0.034 0.003 2.120  S1  2.160 2.230 2.950 24 

16.296 0.345 0.035 2.530  S2  2.690 2.770 3.170 40 

18.432 0.875 0.023 2.530  S2  2.690 2.770 3.170 40 

25.455 0.430 0.000 12.100  P2  11.900 12.340 14.310 63 

25.455 0.210 0.023 5.800  P2  5.910 6.050 6.930 63 

91.509 1.708 0.005 2.530  S2  2.690 2.770 3.170 40 

114.900 0.990 0.017 2.530  S2  2.690 2.770 3.170 40  

 

Table C2 Calculated 𝐿𝐸𝑇𝐷 for rat or mouse cell lines. 

(𝛼 𝛽⁄ )𝑥 
(𝐺𝑦) 

𝛼 
(𝐺𝑦−1) 

𝛽 
(𝐺𝑦−2) 

𝐿𝐸𝑇𝐷 
Original 

(𝑘𝑒𝑉𝜇𝑚−1) 
Config. 

𝐿𝐸𝑇𝐷 
Water 

(𝑘𝑒𝑉𝜇𝑚−1) 

𝐿𝐸𝑇𝐷 
Cytoplasm-

1 
(𝑘𝑒𝑉𝜇𝑚−1) 

𝐿𝐸𝑇𝐷 
Cytoplasm-

2 
(𝑘𝑒𝑉𝜇𝑚−1) 

References 

0.000 0.093 0.024 0.420  P2  0.450 0.460 0.510 64 

0.000 0.088 0.013 0.420  P2  0.450 0.460 0.510 64 

0.000 0.000 0.011 1.210  S2  1.230 1.250 1.420 65 

0.000 0.028 0.036 1.210  S2  1.230 1.250 1.420 65 

0.000 0.036 0.004 1.210  S2  1.230 1.250 1.420 65 

0.051 0.140 0.044 2.690  P2  2.880 2.920 3.290 57 

0.051 0.320 0.060 14.000  P2  12.220 12.680 14.710 57 

0.051 0.670 0.230 26.000  P2  21.860 22.670 26.970 57 

1.871 0.121 0.023 0.420  P2  0.450 0.460 0.510 64 

2.174 0.073 0.049 3.400  P2  3.610 3.680 4.170 66 

2.174 0.610 0.000 14.000  P2  12.220 12.680 14.710 66 

3.514 0.310 0.020 3.100  P2  3.190 3.250 3.670 57 

3.514 0.320 0.050 15.600  P2  13.740 14.280 16.620 57 

3.514 0.690 0.260 26.000  P2  21.860 22.670 26.970 57 

4.390 0.310 0.030 10.000  P2  10.200 10.560 12.210 67 

5.600 0.084 0.002 0.420  P2  0.450 0.460 0.510 68 

5.965 0.430 0.013 22.910  P2  24.330 25.230 30.290 47 

5.965 0.430 0.013 20.270  P2  21.360 22.170 26.330 47 

7.009 0.017 0.053 1.210  S2  0.816 0.827 0.934 69 
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7.009 0.000 0.040 1.450  S2  0.976 0.990 1.130 69 

7.009 0.071 0.039 2.280  S2  2.240 2.300 2.640 69 

7.009 0.139 0.044 3.050  S2  3.090 3.200 3.630 69 

7.009 0.000 0.054 3.510  S2  4.620 4.640 5.980 69 

7.625 0.097 0.022 0.420  P2  0.450 0.460 0.510 68 

7.854 0.226 0.044 1.210  S2  1.230 1.250 1.420 65 

8.032 0.212 0.025 2.200  S2  2.130 2.160 2.460 70 

11.646 0.211 0.017 2.200  S2  2.130 2.160 2.460 70 

11.646 0.203 0.021 1.190  S2  1.160 1.170 1.250 70 

14.000 0.079 0.006 0.420  P2  0.450 0.460 0.510 68 

15.000 0.470 0.019 11.000  P2  11.370 11.780 13.650 71 

15.000 0.430 0.038 19.700  P2  21.120 21.920 26.020 71 

15.000 0.550 0.053 28.800  P2  33.250 34.430 43.300 71 

15.000 0.670 0.000 31.600  P2  37.700 39.330 51.820 71 

15.000 0.750 0.000 32.500  P2  39.400 41.320 56.180 71 

15.000 1.020 0.000 33.200  P2  40.660 42.870 59.720 71 

15.000 0.050 0.041 1.830  P2  2.270 2.300 2.550 71 

19.706 0.282 0.021 2.200  S2  2.130 2.160 2.460 70 

29.448 0.195 0.005 3.940  S2  4.130 4.210 4.790 72 

39.583 0.114 0.004 2.200  S2  2.130 2.160 2.460 70 

49.500 0.075 0.004 0.420  P2  0.450 0.460 0.510 68 

218.610 0.287 0.004 11.000  P2  10.780 8.470 9.110 73 

-  0.402 0.000 11.000  P2  10.780 8.470 9.110 73 

-  0.411 0.000 1.250  P2  1.300 1.330 1.520 73 
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Table C3 Calculated 𝐿𝐸𝑇𝐷 for human cancer cell lines 

(𝛼 𝛽⁄ )𝑥 
(𝐺𝑦) 

𝛼 
(𝐺𝑦−1) 

𝛽 
(𝐺𝑦−2) 

𝐿𝐸𝑇𝐷 
Original 

(𝑘𝑒𝑉𝜇𝑚−1) 
Config. 

𝐿𝐸𝑇𝐷 
Water 

(𝑘𝑒𝑉𝜇𝑚−1) 

𝐿𝐸𝑇𝐷 
Cytoplasm-1 
(𝑘𝑒𝑉𝜇𝑚−1) 

𝐿𝐸𝑇𝐷 
Cytoplasm-2 
(𝑘𝑒𝑉𝜇𝑚−1) 

References 

0.577 0.034 0.098 2.560  S2  2.380 2.460 2.850 74 

0.695 0.820 0.730 2.200  S2  2.530 2.620 3.080 75 

0.754 0.215 0.058 2.600  S2  2.380 2.460 2.850 74 

0.992 0.000 0.114 2.560  S2  2.380 2.460 2.850 74 

1.460 0.473 0.085 2.020  S2  2.020 2.120 4.380 62 

1.460 0.245 0.097 1.020  S2  1.050 1.060 1.140 62 

1.833 0.140 0.064 1.110  P2  1.110 1.130 1.290 76 

1.833 0.170 0.065 4.020  P2  4.020 4.500 5.160 76 

1.833 0.220 0.071 7.000  P2  7.000 7.330 8.420 76 

1.833 0.440 0.045 11.900  P2  11.900 12.610 14.630 76 

1.833 0.770 0.008 18.000  P2  18.000 19.620 23.120 76 

1.833 0.900 0.010 22.600  P2  22.600 25.230 30.290 76 

1.833 0.160 0.056 1.200  S2  1.200 1.250 1.420 76 

1.833 0.190 0.058 2.600  S2  2.600 2.640 3.040 76 

1.833 0.220 0.064 4.500  S2  4.500 4.760 5.430 76 

1.833 0.310 0.056 13.400  S2  13.400 14.240 16.560 76 

1.833 0.410 0.056 21.700  S2  21.700 22.700 26.970 76 

1.833 0.500 0.064 25.900  S2  25.900 26.700 32.200 76 

1.851 0.036 0.010 2.420  S2  2.620 2.670 3.070 77 

1.851 0.029 0.012 4.040  S2  4.220 4.310 4.900 77 

1.851 0.027 0.016 6.850  S2  6.980 7.170 8.230 77 

1.851 0.044 0.009 1.140  S2  1.120 1.121 1.140 77 

1.851 0.044 0.009 2.740  S2  2.630 2.720 3.120 77 

1.851 0.044 0.009 5.800  S2  5.430 5.630 6.530 77 

2.078 0.850 0.037 22.910  P2  24.330 25.230 30.290 47 

2.078 0.530 0.084 20.270  P2  21.360 22.170 26.330 47 

2.392 0.054 0.017 3.940  S2  4.130 4.210 4.790 72 

2.511 0.104 0.042 1.300  S2  1.330 1.350 1.540 78 

2.511 0.057 0.057 2.300  S2  2.460 2.510 2.890 78 

2.511 0.048 0.062 2.650  S2  2.940 2.990 3.370 78 

2.511 0.035 0.072 3.750  S2  3.950 4.030 4.570 78 

2.511 0.096 0.074 6.000  S2  6.120 6.270 7.180 78 

2.998 0.385 0.080 2.500  S2  2.570 2.620 2.980 79 

3.083 0.470 0.000 7.700  P2  7.840 8.070 9.290 80 

3.763 0.344 0.044 5.100  S2  4.990 5.260 6.230 39 

3.763 0.385 0.051 7.600  S2  8.010 8.400 10.280 39 
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3.763 0.372 0.063 8.720  S2  10.100 10.630 12.630 39 

3.763 0.166 0.058 2.660  S2  2.950 3.000 3.380 39 

3.763 0.286 0.044 4.300  S2  4.470 4.560 5.190 39 

3.763 0.598 0.017 6.350  S2  6.460 6.630 7.630 39 

3.763 0.555 0.053 8.220  S2  8.340 8.600 9.900 39 

3.891 0.158 0.077 13.500  P2  13.930 10.580 16.630 81 

3.891 0.048 0.088 1.300  P2  1.250 1.270 1.450 81 

4.000 0.150 0.030 2.200  S2  2.530 2.620 3.080 75 

4.056 0.168 0.053 1.110  S2  1.028 1.033 1.103 82 

4.056 0.180 0.051 2.110  S2  1.950 2.010 2.210 82 

4.056 0.176 0.052 2.540  S2  2.380 2.460 2.860 82 

4.056 0.155 0.060 3.910  S2  3.610 3.740 4.370 82 

4.056 0.170 0.057 4.800  S2  4.210 4.250 4.980 82 

4.455 0.157 0.048 1.200  S2  1.192 1.200 1.290 83 

4.455 0.164 0.048 2.030  S2  1.640 1.690 2.060 83 

4.455 0.139 0.056 2.650  S2  2.520 2.620 3.100 83 

4.455 0.141 0.062 4.250  S2  4.290 4.440 5.240 83 

4.455 0.237 0.049 0.560  P2  0.590 0.596 0.670 84 

4.455 0.348 0.047 3.190  P2  3.674 3.760 4.380 84 

4.455 0.183 0.053 0.560  P2  0.590 0.596 0.670 84 

4.455 0.294 0.056 3.190  P2  3.674 3.760 4.380 84 

4.604 0.315 0.038 2.500  S2  2.380 2.460 2.850 74 

4.999 0.273 0.046 1.140  S2  1.072 1.072 1.145 85 

4.999 0.291 0.041 2.560  S2  2.430 2.490 2.910 85 

5.803 0.086 0.033 2.860  S2  2.850 2.960 3.470 86 

5.803 0.147 0.021 2.860  S2  2.850 2.960 3.470 86 

6.023 1.010 0.000 22.910  P2  24.330 25.230 30.290 47 

6.023 0.670 0.037 20.270  P2  21.360 22.170 26.330 47 

6.333 0.220 0.050 2.760  S2  2.700 2.800 3.100 87 

6.333 0.280 0.050 3.270  S2  3.170 3.280 3.790 87 

6.333 0.250 0.050 3.615  S2  3.610 3.740 4.370 87 

6.333 0.260 0.050 4.070  S2  3.990 4.130 4.840 87 

6.333 0.420 0.050 4.930  S2  4.590 4.750 5.590 87 

6.333 0.410 0.050 6.190  S2  5.830 6.060 7.200 87 

6.333 0.380 0.050 7.900  S2  8.930 9.440 12.440 87 

6.333 0.440 0.030 9.445  S2  13.170 13.850 16.540 87 

6.333 0.420 0.030 10.800  S2  16.460 17.310 20.710 87 

6.343 0.504 0.047 6.230  P1  15.510 16.390 19.210 59 

6.897 0.253 0.024 2.420  S2  2.620 2.670 3.070 77 

6.897 0.293 0.020 4.040  S2  4.220 4.310 4.900 77 

6.897 0.352 0.021 6.850  S2  6.980 7.170 8.230 77 
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6.897 0.213 0.054 1.140  S2  1.120 1.121 1.140 77 

6.897 0.213 0.054 2.740  S2  2.630 2.720 3.120 77 

6.897 0.213 0.054 5.800  S2  5.430 5.630 6.530 77 

7.111 0.188 0.038 0.790  P2  1.980 1.990 2.080 52 

7.613 0.218 0.039 2.560  S2  2.380 2.460 2.860 88 

7.647 0.150 0.011 7.700  P2  8.010 8.240 9.490 89 

7.647 0.230 0.004 19.800  P2  20.780 21.570 25.570 89 

7.647 0.570 0.000 30.000  P2  32.880 34.040 42.680 89 

10.893 0.243 0.041 17.100  P1  29.120 30.930 38.290 90 

11.333 0.110 0.024 1.930  S2  2.020 2.060 2.360 91 

11.333 0.190 0.026 2.420  S2  2.620 2.670 3.070 91 

11.333 0.140 0.039 6.710  S2  6.840 7.030 8.070 91 

11.333 0.150 0.032 8.110  S2  8.230 8.480 9.770 91 

11.333 0.340 0.150 8.830  S2  8.970 9.260 10.700 91 

16.493 0.389 0.027 2.500  S2  2.720 2.770 3.190 79 

17.100 0.030 0.002 6.200  P2  5.320 5.440 6.220 92 

17.100 0.030 0.002 6.900  P2  5.280 5.400 6.170 93 

18.387 0.410 0.092 7.700  P2  8.010 8.240 9.490 89 

18.387 0.870 0.000 19.700  P2  20.780 21.570 25.570 89 

18.387 0.810 0.000 29.500  P2  32.880 34.040 42.680 89 

18.444 0.824 0.000 10.000  P2  9.700 10.020 11.580 94 

18.444 1.260 0.000 25.500  P2  30.510 31.560 38.920 95 

47.500 0.570 0.012 1.930  S2  2.020 2.060 2.360 91 

47.500 0.610 0.010 2.420  S2  2.620 2.670 3.070 91 

47.500 0.700 0.018 6.710  S2  6.840 7.030 8.070 91 

47.500 0.830 0.001 8.110  S2  8.230 8.480 9.770 91 

47.500 1.230 0.000 8.830  S2  8.970 9.260 10.700 91 

51.805 0.053 0.001 9.080  P2  9.250 9.550 1.100 96 

51.805 0.082 0.000 4.710  S2  4.780 4.900 5.600 96 

69.500 0.320 0.060 7.700  P2  7.840 8.070 9.290 80 

-  0.653 0.004 3.710  S2  3.910 3.990 4.530 51 

-  0.061 0.000 2.600  S2  1.920 1.930 2.100 97 

-  0.073 0.000 4.700  S2  2.140 2.170 2.390 97 

-  0.104 0.000 10.100  S2  4.190 4.280 4.860 97 

-  0.267 0.000 18.800  S2  6.960 7.150 8.210 97 

-  0.101 0.000 4.700  S2  4.780 4.900 5.600 98 
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Table C4 Calculated 𝐿𝐸𝑇𝐷 for human fibroblasts and epithelial cell lines 

(𝛼 𝛽⁄ )𝑥 
(𝐺𝑦) 

𝛼 
(𝐺𝑦−1) 

𝛽 
(𝐺𝑦−2) 

𝐿𝐸𝑇𝐷 
Original 

(𝑘𝑒𝑉𝜇𝑚−1) 
Config. 

𝐿𝐸𝑇𝐷 
Water 

(𝑘𝑒𝑉𝜇𝑚−1) 

𝐿𝐸𝑇𝐷 
Cytoplasm-

1 
(𝑘𝑒𝑉𝜇𝑚−1) 

𝐿𝐸𝑇𝐷 
Cytoplasm-2 
(𝑘𝑒𝑉𝜇𝑚−1) 

References 

2.310 0.694 0.011 10.000  P2  10.200 10.560 12.210 99 

4.050 0.520 0.029 0.200  S2  0.000 0.000 0.000 100 

6.862 0.500 0.054 2.250  S2  2.250 2.290 2.540 101 

6.862 0.493 0.054 2.930  S2  2.930 2.980 3.350 101 

6.862 0.561 0.065 7.500  S2  7.500 7.850 9.030 101 

8.710 0.750 0.119 1.110  P2  1.110 1.130 1.290 76 

8.710 1.020 0.061 4.020  P2  4.020 4.500 5.160 76 

8.710 1.290 0.041 7.000  P2  7.000 7.330 8.420 76 

8.710 1.700 0.079 11.900  P2  11.900 12.610 14.630 76 

8.710 1.870 0.074 18.000  P2  18.000 19.620 23.120 76 

8.710 2.430 0.057 22.600  P2  22.600 25.230 30.290 76 

8.710 0.660 0.117 1.200  S2  1.200 1.250 1.420 76 

8.710 0.890 0.075 2.600  S2  2.600 2.640 3.040 76 

8.710 1.150 0.047 4.500  S2  4.500 4.760 5.430 76 

8.710 1.360 0.037 13.400  S2  13.400 14.240 16.560 76 

8.710 1.610 0.023 21.700  S2  21.700 22.700 26.970 76 

8.710 2.010 0.011 25.900  S2  25.900 26.700 32.200 76 

10.115 1.000 0.041 2.020  S2  2.020 2.120 4.380 62 

10.115 0.401 0.040 1.020  S2  1.050 1.060 1.140 62 

11.192 0.620 0.041 2.350  S2  2.250 2.290 2.540 101 

11.192 0.686 0.035 2.930  S2  2.930 2.980 3.350 101 

11.192 0.772 0.026 7.500  S2  7.500 7.850 9.030 101 

12.379 0.814 0.056 7.900  P2  7.240 7.440 8.550 101 

13.063 0.630 0.062 7.900  P2  7.240 7.440 8.550 101 

16.805 0.855 0.040 7.900  P2  7.240 7.440 8.550 101 

19.381 0.861 0.038 2.350  S2  2.250 2.290 2.540 101 

19.381 0.894 0.031 2.930  S2  2.930 2.980 3.350 101 

19.381 1.096 0.010 7.500  S2  7.500 7.850 9.030 101 

27.810 0.364 0.029 1.850  P2  2.260 2.290 2.540 102 

-  0.500 0.000 9.100  P2  9.430 9.730 11.240 89 

-  0.490 0.000 21.400  P2  22.520 23.350 27.880 89 

-  0.930 0.000 33.000  P2  36.680 38.170 49.600 89 

-  0.550 0.000 7.700  P2  8.010 8.240 9.490 89 

-  0.540 0.000 19.500  P2  20.780 21.570 25.570 89 

-  0.520 0.000 29.000  P2  32.880 34.040 42.680 89 
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-  0.810 0.000 28.500  P2  36.200 37.630 48.620 103 

-  0.010 0.138 1.850  P2  2.260 2.290 2.540 104 

-  0.156 0.169 3.900  P2  4.120 4.200 4.770 104 

-  0.515 0.082 5.500  P2  5.570 5.700 6.520 104 
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Appendix D 

Table D1 Percentage Difference at Position 1 (Plateau region) between Ε (
𝜖𝑖

2

𝑙
) and 

Ε(𝜖𝑖
2)

Ε(𝑙𝑖)
 given by the second and third term of Equation 4.4, 

using Ε (
𝜖𝑖

2

𝑙
) as reference. 

Energy stepMax 0.50 mm 0.05 mm 0.01 mm 

setCut 
Ε (

𝜖𝑖
2

𝑙
) 

Ε(𝜖𝑖
2)

Ε(𝑙𝑖)
 

−
𝑪𝒐𝒗(𝝐𝒊

𝟐, 𝒍)

(𝚬(𝒍))
𝟐

+
𝑽𝒂𝒓(𝒍)𝚬(𝝐𝒊

𝟐)

(𝚬(𝒍))
𝟑

 % 

Difference Ε (
𝜖𝑖

2

𝑙
) 

Ε(𝜖𝑖
2)

Ε(𝑙𝑖)
 

−
𝑪𝒐𝒗(𝝐𝒊

𝟐, 𝒍)

(𝚬(𝒍))
𝟐

+
𝑽𝒂𝒓(𝒍)𝚬(𝝐𝒊

𝟐)

(𝚬(𝒍))
𝟑

 % 

Difference Ε (
𝜖𝑖

2

𝑙
) 

Ε(𝜖𝑖
2)

Ε(𝑙𝑖)
 

−
𝑪𝒐𝒗(𝝐𝒊

𝟐, 𝒍)

(𝚬(𝒍))
𝟐

+
𝑽𝒂𝒓(𝒍)𝚬(𝝐𝒊

𝟐)

(𝚬(𝒍))
𝟑

 % 

Difference 

80 MeV 10 µm 0.084 0.171 -0.123 42.423 0.029 0.029 1.09E-04 0.075 0.008 0.007 1.89E-04 2.303 

50 µm 0.223 0.309 -0.036 22.152 0.037 0.037 -1.16E-05 0.463 0.010 0.010 2.75E-05 0.389 

100 µm 0.274 0.344 -0.022 17.056 0.040 0.040 -1.28E-05 0.253 0.012 0.012 1.31E-05 0.153 

150 MeV 10 µm 0.053 0.079 -0.028 3.429 0.014 0.012 5.64E-04 8.118 0.004 0.003 1.45E-04 4.437 

50 µm 0.095 0.118 -0.010 13.153 0.015 0.015 1.05E-04 0.877 0.005 0.005 2.57E-05 0.864 

100 µm 0.108 0.128 -0.008 11.464 0.016 0.016 6.02E-05 0.443 0.006 0.005 1.44E-05 0.412 

200 MeV 10 µm 0.044 0.057 -0.014 2.663 0.011 0.009 5.43E-04 11.077 0.003 0.003 1.19E-04 5.006 

50 µm 0.069 0.081 -0.006 8.856 0.011 0.011 1.07E-04 1.463 0.004 0.003 2.18E-05 1.020 

100 µm 0.076 0.087 -0.005 8.182 0.012 0.012 6.435E-05 0.755 0.004 0.004 1.299E-05 0.500 
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