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Abstract 

ABSTRACT 

 

Purpose: A novel treatment planning technique using proton pencil beam 
scanning (PBS) is proposed that takes advantage of the increased Linear Energy 
Transfer (LET) at the distal edge of proton beams to deposit the increased 
biological effective dose related to the elevated LET protons within prostate 
tumors.  

Background: The availability of proton treatment for cancer has increased the 

latest decade and will continue to increase rapidly in the coming decade. The 
Relative Biological Effectiveness (RBE) of protons earlier considered to be 1.10 has 
started to be questioned in the latest decade. This thesis investigates what would 
be the effect of a variable RBE on the effective dose to the target.  

Method: Uniform dose distributions were planned using two different beam 
arrangements: (1) Full-Target Plans (FTP), with two lateral fields, each field 
targeting the entire target; (2) Patched Integrated Edge (PIE) plans, with 2, 4, and 
7 fields, each field targeting only the respective proximal segment of the target. 
Dose distributions were calculated and optimized with Eclipse in order to deliver 
the same dose to the target as well as to maintain the same OARs dose constrains 
for all the plans. Beam properties (range, modulation, spot map and weights) were 
used to calculate dose and dose averaged LET distributions with Monte Carlo. The 
RBE for each plan was calculated using radiobiological models taking into account 

the dose and LETd distribution as well as published values of  for the irradiated 
tissues as input parameters. The RBE weighted dose (DRBE) was calculated for each 
planning approach and evaluated with respect to three different aims. 

Results: An increase of the number of fields using PIE increased the LETd within 

the target. The increased LETd resulted in an increase of the RBE weighted dose, 
DRBE, of up to 12.7 Gy (RBE) to the target, which is a 14% increase. However, if the 
same DRBE is to be delivered to the target with FTP and PIE the increase of LETd in 
the target implied a decrease of dose per fraction, d, of up to 0.21 Gy, a decrease of 
13 %. 

Conclusions:  A modified distribution of proton’s linear energy transfer in PBS 

allows to deposit highly effective biological dose by the elevated-LET protons 
within the target, which might help to increase the effectiveness of prostate 
radiotherapy. This might also serve as a platform to investigate how the physical 
prescribed dose can be reduced by increasing the LETd in the target in order to 
maintain a constant DRBE in the prostate. 
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Introduction 

1 INTRODUCTION 

1.1 PROSTATE CANCER 

Prostate Cancer is the most common cancer diagnosis in Sweden with an incidence rate of 
201.4 in a standardized Swedish population of 100 000 in 2011, which is 32.2 % of the male cancer 
cases and increases annually with 0.7 % on average calculated over the last 10 years [1]. The typical 

age of diagnosis is 50 years or older with a mean of 70 years of age. Usually the symptoms are not 
present in the initial stage but only in later stages and those can be for instance problems with 
urination that can take one or several of the forms: increased frequency, difficulty starting or 
stopping, pain, or mixture of blood. As with all cancers the prognosis is heavily dependent on 
discovering the cancer in time. Because of the high prevalence of prostate cancer, the PSA blood test 
was developed for screening against prostate cancer and, in the early 1990s, mass screening started 
of Swedish males over 50 years.  This led to earlier detections, which combined with more advance 
treatment options have led to a better prognosis for this cancer type.  

There are several different treatment options for prostate cancer: surgery, hormonal therapy, 
chemotherapy, brachy therapy with seeds or HDR, external radiation therapy with either protons or 
photons, and, for many patients, watchful waiting and monitoring. The relative 10–year survival 
rate for all men with prostate cancer is 98% [2]. One needs to keep in mind that these values are 

from the detection of the cancer and some of the patients are considered low risk but kept on 
monitoring if the status would change. 

1.2 RADIATION THERAPY  

A common treatment method for prostate cancer is radiation therapy and the developments in 
the latest 20 years of inverse treatment planning with Intensity Modulated Radiation Therapy 
(IMRT) have increased the tumor control probability (TCP) and decreased the Normal Tissue 
Complication Probability (NTCP) for many types of cancer and especially for prostate cancer [3]. 
With IMRT the dose can be delivered more conformal to the Planning Target Volume (PTV) than 
with forward treatment planning such as Conformal Radiation Therapy (CRT). With a more 
conformal delivery the dose can be escalated to the tumor and decreased to normal tissue and 
particularly OARs. Photons have been the particle of choice for a long time but in the recent years 
this has shifted towards hadron therapy, a technique that allows even more conformal delivery of 
radiation illustrated in Figure 1, courtesy of Anders Brahme [4]. Also the use of High Dose Rate 
(HDR) brachy therapy, where the tumor gets a boost of a high and very conformal dose to the 
prostate, have been a factor for improving the prognosis of low grade prostate cancer[5]. 

1.2.1 PROTON THERAPY 

In 1954 the first experimental facilities for hadron therapy opened up in Berkley and in 1957 
Sweden opened up their experimental facility in Uppsala. Primary focus on hadron therapy has been 
with protons and the fraction of protons facilities of all hadrons facilities was 86.7%, as of March 
2012[6]. Due to high costs and complex controlling systems for beam production, such as switching 
the energy between energy layers and more flexible delivery methods i.e. rotational gantries as well 
as spot scanning of the target a more public accessibility as a treatment option was not reached until 
the beginning of 2000. The current number of active centers around the world is 43 and 36 are in 
the planning or building stage [7].  
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Clinically used protons have the advantages versus clinically used photon that they have a finite 
range inside of the patient and also a lower dose proximal to the target with the same beam 
arrangement, as illustrated in Figure 1. Proton’s energy deposition is described by the stopping 
power, 

  (
  

  
)
 
 (

  

  
)
 
 (

  

  
)
 
   (1) 

where c denotes the energy loss in electronic collisions, r refers to  radiative losses, and n refers to 
nuclear elastic scattering of the particles. For proton energies in the therapeutic range radiative and 
nuclear losses can be neglected, as they are much smaller than the collision losses [8]. 

  (
  

  
)
 
    (2) 

 
Figure 1 Comparison of parallel opposing fields of different radiation modalities clearly showing 
that hadrons such as protons, C-, and Li-ions have a more conformal dose distribution than photons 
or electrons. Figure is used with permission from Anders Brahme [4] 

 As the energy of the proton decreases along its path, the mass stopping power increases and 
therefore the dose deposition increases and escalates at its very distal edge into a peak, a so called 
Bragg peak, as seen in Figure 2. The increase of energy deposition and the finite range of protons 
allow very good conformity to the target and good OAR sparing. A common delivery method is to 
focus Bragg peaks to equally distributed spots and, like a pencil, paint each spot in individually in 
the target resulting in a painting of the dose; this is called Pencil Beam Scanning (PBS). In PBS the 
depth of the plane at which the spot is placed is controlled by a narrow energy selection of the beam 
distribution after the accelerator and the lateral position within the plane is controlled by powerful 
steering magnets. The spots contributions are optimized such that their sum provides a 
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homogenous dose distribution throughout the volume of the target resulting in a Spread-Out Bragg 
Peak, illustrated in as a dose profile in Figure 2. 

 
Figure 2 A series of Bragg peaks (plotted in colors) along the beam direction with a maximum 
energy of 226.63 MeV. The Bragg peaks are weighted in such manner that their sum results in 
a homogeneous dose plateau, known as a Spread-Out Bragg Peak (SOBP) plotted in black.  

1.3 ORGANS AT RISK 

An important aspect for all cancer treatments is monitoring and decreasing the complications 
to the normal tissue, especially the Organs At Risk (OAR). In prostate cancer treatment there are 
several OARs i.e. rectum, bladder, and femoral heads that are adjacent to the prostate or in the beam 
paths and are needed to be taken into consideration. Complications can be acute but they could also 
appear later. Acute complications can be blood in either urine or stools or problems regulating stool 
movement or urination. Late complications can be pain in the hip and in the extreme case this can 
led to the need of replacing the femoral head [9]. Another late effect might be induced secondary 
cancers but for the average patients (who are diagnosed at 70) this is only a minor concern since the 
life expectancy for a male in Sweden is 79.5 years and the occurrence of the secondary cancer is 
usually observed 15-20 years from the time of irradiation [10].  

1.4 RELATIVE BIOLOGICAL EFFECTIVENESS 

The concept of Relative Biological Effectiveness (RBE) is defined as the ratio of the 60Co dose 
(  ) and that dose of the test radiation to induce the same biological effect (end point), illustrated in 

Figure 3.  
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Introduction 

 
Figure 3 Survival fraction for two different radiation qualities,   and p.  

In our case the test radiation is a proton beam (  ) with varying LET, which will be investigated 

in 2.2.4. The conditions are conventional otherwise identical i.e. if the number of fractions is 
changed the result will be mixture of RBE and fractionation effects [11]. Then RBEp is: 

     
  

  
    (3) 

RBE for protons has for a long time been assumed to be 1.10 and the current treatment 
planning and optimization is based on this generic RBE value stated by the commonly known report 
ICRU 78 [12]. However, in the literature there are several articles arguing that the RBE varies with 
the tissue specific parameters α/β, fraction dose (d), as well the Linear Energy Transfer (LET), 
[13][14][15], assuming the L-Q model [16].  

1.4.1 LETd 

The definition of LET is based on the restricted mass stopping power, S/ρ: 
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In a clinical proton setup LET values will be found in the range of [0 – 70 keV/µm] and to be 

able to draw a qualitative conclusion the LET for each event     ⁄  is weighted by the deposited 

dose    at that event.  
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which can be simplified to: 
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The effectiveness of radiation can be correlated to the amount of Double Strand Brakes (DSB) 
induced in DNA [17]. The probability of inflicting a DSB through a direct interaction with DNA 
increase with decreasing ionization spacing as illustrated in Figure 4. In other words a higher LET 
has more effect than a lower LET for the same dose [18]. 

LETd will, since the dependence on restricted mass stopping power, increase with decreasing 
energy of the protons and escalate in distal falloff of the SOBP, illustrated in Figure 5. 

 
Figure 4 Illustration of the DNA helix and the average 
spacing between ionizations for low energy electrons 
and protons at their distal edge. Figure is used with 
permission of Richard Maughan. 

 
Figure 5 SOBP dose-distribution (%) in solid line and the associated 
LETd-distribution (keV/µm) in the dashed line. Figure is used with 
permission from Alejandro Carabe-Fernandez. 
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1.4.2 RBE-MODELS  

In recent years different models have been proposed for the RBE for protons accounting for the 
tissue sensitivity[13], [14], [19] and in this thesis the models by Wedenberg et al [13]and Carabe et 
al [14] were taken into consideration.  

Both of the models use the linear quadratic formulation [16] to derive the LETd dependent RBE 
models, 
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where Wedenberg et al [13] assumes that the ratio of the quadratic terms    and    are 

independent of LETd and cell type. The ratio of the linear terms   and   are found to be: 
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Resulting in: 
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Carabe et al [14] finds the ratios of 
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1.5 MONTE CARLO 

To solve a complex macroscopic transport problem for particle undergoing events with 
different probabilities in the complex geometries, analytical models quickly become very 
computationally heavy and often consist of rough simplifications. If we instead simulate a particle 
that travels through the geometry using the probability for the interactions at each energy level and 
each different material, then we can track the energy deposition. By doing so, the complex 
macroscopic problem can be simplified to many small steps with less complex problems. If this is 
repeated for a large enough number of particles the sum of all events will converge to a more 
probable solution. This method of solving a problem is called a Monte Carlo calculation.  

There are several of different Monte Carlo calculation frameworks created for radiation 
transport calculations, all with their different advantages and disadvantages. The one used in this 
project was OpenRT, an in-house system created at University of Pennsylvania, which calculates the 
voxelised dose and LETd.  
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2 MATERIALS AND METHOD 

2.1 OPENRT 

The in-house clinical Monte Carlo system OpenRT calculates the dose and LETd voxel by voxel 
using the beam models and geometry provided by the vendors and the patient specific CT. In 
OpenRT all particles were tracked to rest except photons and electrons which were tracked until 
their range was less than 0.1 mm. The Hounsfield Units [HU] from the CT are converted into 
materials in accordance of the formalism presented by Paganetti [20]. Geant4 have been evaluated 
and validated for use medical physics with protons [21], [22], [23], [24]. The voxel size used in 
OpenRT is the same as in the CT unlike Eclipse where each voxel corresponds to 8 CT voxels.  

University of Pennsylvania has implemented in their software OpenRT, using the Geant4 
simulation toolkit v9.4 (Patch-01 released 18 February 2011), and a detailed model of the proton 
delivery equipment at the Roberts Proton Therapy Center. The simulation geometry includes the 
treatment nozzles provided by Ion Beam Applications (IBA). Depending on the situation for which 
the calculation is to be conducted different detailed physics models are used and the setup of these 
are called physics list. The physics list used in OpenRT is based on a report that advise on how to get 
good agreement with depth-dose measurements in water and in multilayer Faraday cup 
measurements[24]. The Geant4 standard electromagnetic physics models, the UHElastic nuclear 
elastic scattering model and the binary cascade nuclear inelastic model are used as recommended in 
[24]. OpenRT use G4eMultipleScattering for electrons and positrons and G4hMultipleScattering for 
hadrons. For simulations OpenRT reproduces the beam range within 1 mm and the accuracy of the 
dose is higher than 97%, as verified by measurements taken with ion chambers and radiochromic 
films during the commissioning of the accelerator and the gantries.  

2.1.1 LETd CALCULATION  

To calculate the LETd per voxel, some modifications had to be made in the OpenRT software 
and new scoring requirements had to be implemented. After the dose is scored for the event the 
distance (  ) determined using the Geant4 specific function GetStepLength, which calculates the 
actual length the particle has traveled and not the length vector between the two steps. If the    was 

none zero then the energy loss in the step (  ) and the dose-weighted stopping power 
  

 
(
  

  
) was 

scored in the corresponding voxel. Each field and spot of the treatment was simulated 
independently and every matrix was written out. The LETd could therefore be calculated for each 
field and also, if all parameters for the simulation were kept the same, the total treatment LETd could 
be calculated as: 
 

    ( )      
∑     

 

 
( )      

∑  ( )      
   (11) 

There are also analytical models for calculating LETd but they only take either primary protons 
or primary and secondary protons into account, disregarding the contribution to the LETd from any 
other particle such as alpha or heavy secondaries (A<5) [25]. Primary and secondary protons have 
been found to have a considerably higher contribution to the LETd compared to other particles [26]. 
Due to fact that the large fraction of the dose and LETd comes from protons, the analytical approach 
might be suitable for clinical practice since it requires much less computational time than a MC 
simulation. 
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2.2 TREATMENT PLANNING  

The treatment planning was conducted using the Treatment Planning System (TPS) Eclipse 
(Varian Medical Systems) used at the Hospital of the University of Pennsylvania (HUP). The TPS 
used the beam specific parameters determined during commissioning of PBS for a rotating gantry.  

The dose restrictions were set to be at least 95% of the prescribed dose to 98% of the Planning 
Target Volume (PTV) and at least 98% of the prescribed dose to 99% of the Clinical Target Volume 
(CTV) and no hotspot with more than 107% of the prescribed dose. The dose restrictions for OARs 
were set in accordance with the recommendations from Quantitative Analysis of Normal Tissue 
Effects in the Clinic (QUANTEC)[27], [28]. The parameters for the optimization OAR constraints can 
be seen in Table 1. 

Table 1: Bladder and rectum constraints from QUANTEC [27], [28], CTV, and femoral heads  
as well as the corresponding α/β parameters with CI. For normal tissue α/β is assumed to be 
3 Gy.   

Organ α/β (Gy) V50 V60 V65 V70 V75 V80 

Bladder 3[28]
  (3.0,7.0)[29]

  
  

50 % 35 % 25 % 15 % 

Rectum 3[27] (2.5,5.0)[29] 50 % 35 % 25 % 20 % 15 % 
 

CTV 1.5[30](1.2[31] ,5.6[32])  
      

Femoral Heads 0.85[33]  
      

Normal Tissue 3  
      

2.2.1 CTV 

The Clinical Target Volume (CTV) usually contains the Gross Target Volume (GTV), which is the 
visible tumor on diagnostic images such as CT, MRI [34] or PET[35], and the infiltrating spread that 
is assumed to be around the tumor but not visible on imaging. In the case studied in this project, the 
CTV is the whole prostate of the patient.  

2.2.2 PTV - PBSTV 

The PTV is a geometrical concept and it takes the inherent treatment uncertainties into 
account, this to be certain that the prescribed dose is absorbed in the CTV. This is uncertainties 
could arises from such as setup errors and uncertainty in the conversion from Hounsfield units (HU) 
to the material on which the dose is calculated resulting in a range error. PTV is the structure which 
the treatment is planned and optimized for. In the case of PBS the PTV is referred to as PBSTV. The 
PBSTV is extended 5 mm laterally, due to setup errors, and with 3.5% of the range + 1 mm in the 
distal and proximal directions, due to range uncertainties. All the extensions are applied with the 
beam direction as a reference, as illustrated in Figure 6. This extension is easy to do in Eclipse for 
beam directions that are purely lateral, anterior, or posterior. The built-in tool for target delineation 
in Eclipse uses axes aligned with anterior-posterior, superior-inferior, and lateral directions. If one 
uses an oblique beam angle the ellipse formula needs to be used to calculate that PBSTV is extended 
correctly. Ideally every point on the surface of the CTV would be extended by the uncertainty of 
beam traveled to that specific point, but this option is not available in the current version of Eclipse. 
Instead the distal and proximal extension is conducted by the maximum and minimum range of the 
beam, which is an over or under extension for some points. To minimize toxicity to the rectum, the 
posterior extension is set to 4mm. 
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2.2.3 FTP 

The normal way of planning at HUP for a prostate patient, Full Target Plan (FTP), is to cover the 
entire target with two laterally opposing fields and extend the PBSTV with the distal uncertainties 
from both of the fields, usually 1.1 cm for a normal sized patient as illustrated in Figure 6. Spots are 
placed outside of the PBSTV laterally of the beam direction, with a margin equal to the largest spot 
size. Marginal spots facilitate the optimization in creating a sharp dose fall. In the optimization the 
dose will be driven towards a homogeneous distribution for the fields independently. By fully 
covering the entire PBSTV with a field the distal edge will be placed exterior of the target in normal 
tissue.   

 
Figure 6 Inner red delineation shows the CTV and the outer red structure is the PBSTV . The 
extension is made with 1mm + 3.5% of the range in the beam direction , seen in orange. For 
the lateral uncertainty of the beam the extension is 5 mm and 4 mm is in anterior and 
posterior direction of the patient, seen in black. 

2.2.4 PIE 

To reduce the exposure of normal tissue to the distal range of the proton beams a new 
technique is proposed that patches the target and integrates the edges inside of the CTV. Each beam 
targets a smaller segment of the CTV with no distal part of the beam in other tissue. Three Patched 
Integrated Edge (PIE) plans were developed and tested, 2PIE, 4PIE, and 7PIE. In the PIEs each 
segment is independently extended by the corresponding beams uncertainty, as explained in 2.2.2. 
The result is illustrated in Figure 7-9). This creates an overlap of the PBSTVs. In order to avoid 
hotspots the multifield optimization dose algorithm incorporated in Eclipse was used. Multifield 
optimization takes all the spots into account when it optimizes the spot-weight distribution to get a 
homogeneous dose-distribution in the targeted structure.  
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For the 2PIE, the beam arrangement is the same as for a FTP but now the CTV is split in halves, 
one for each beam and the uncertainty is applied for each beam, as illustrated in Figure 7. This beam 
arrangement was also proposed by another researching group with good results [36]. 

 

 
Figure 7 2PIE where CTV consists of two patches (shown green and teal)  and the 
PBSTV extension is calculated for each one of them independently and the result is 
summed up to the outer red line.   

 An issue with 2PIE is that in the region where the two beams overlap, they still have two areas 
of the distal edge falling into the normal tissue, the posterior region and the anterior region of the 
prostate and in the posterior region is, as known, the rectum, and anterior superior of the prostate 
is the bladder, i.e. the OARs. Another issue with 2PIE is the following; to get the desired dose 
distribution in the PBSTV the dose delivery on each beam is higher, since each beam transports the 
entire dose to the part of the target where there is no overlap between the patches. This result in a 
larger dose deposition when the beam is transported through the body, i.e. a higher dose laterally 
deposited, especially to the femoral heads. To overcome these issues two other field setups are 
proposed, 4PIE and 7PIE. 

For the 4PIE there are four different fields directed to the CTV and the CTV is split in quadrants. 
Two laterally posterior oblique fields are applied and, to spare the rectum, at an angle of 120 
degrees on either side from anterior direction. The two other fields were chosen to get a 30 degrees 
angle from anterior direction so that there was less bone to penetrate for the beams represented by 
orange lines in Figure 8. With this beam arrangement the femoral heads got negligible dose and all 
the distal edges of the beams were integrated inside of the CTV. 

To investigate if more fields would make a difference, a 7PIE setup was developed. In the 7 PIE 
the two posterior fields in 4PIE were kept and the anterior part of the CTV was split up into 5 
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segments. One field is directed anteriorly, two are coming with a 30 degree angle on either side, and 
two are coming with 67.5 degree angle. Each beam is represented as an orange line in Figure 9.  

There is a risk of having patched fields directed towards each other, if there is an error with the 
calculated particle range, if the range is shorter then there will be spots in the target with very little 
dose, and if the range of the larger then there will be spots with very large doses. Due to these issues 
the uncertainty extension for the PBSTV is also applied for the different beam directed segment, and 
thus range issues will have a smaller effect. An important note is that this thesis does not handle 
robustness issues of the different plans; this is a topic for future research.  

 
Figure 8 4PIE where the CTV consists patched quarters and the 
PBSTV extended individually. The beam direction for each beam is 
represented by an orange line. 
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Figure 9 7PIE where the CTV is patched by 2 posterior parts and 5 
anterior parts. The PBSTV extended individually. The beam direction 
for each beam is represented by an orange line.  

 

2.2.5 PATIENT DATA  

Eight patients that had gone through PBS treatments at the Hospital of the University of 
Pennsylvania were selected for this study. All patients were planned with the different proposed PIE 
and also with the FTP as a comparison to see the voxelised DRBE distribution. The patients were 
selected based on the following criteria: 

1. Prostate treated with PBS; 
2. Localized tumor with no spread to seminal vesicles i.e. T category of T1 or T2 and therefore 

N0 and M0; 
3. Normal sized body, not too thin so that the proximal end of the beam can be modulated and 

not too thick so that the distal end of the beam fits within the maximum range for a posterior 
oblique directed beam; 

4. Same prescribed original dose 79.2 Gy (RBE), in 44 equal fractions i.e. 1.64 Gy per fraction.  

Since the patients had gone through PBS treatment all of the structures had been delineated 
and artifacts taken care of. There was some variation in the size of the PBSTV volumes with a range 
from 68.2 cm3 to 182.7 cm3 for the standard FTP. As a result of the shorter ranges of all the beams in 
PIE plans the total PBSTV was smaller for all PIE than in the standard FTP. The patient 
characteristics are shown in Table 2. 
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Table 2 Patient number, age of the patient and 
PBSTV volume for a standard plan 

Patient Age PBSTV volume (FTP) (cm3) 

1 82 88.4 

2 79 117.1 

3 59 137.1 

4 59 68.2 

5 77 110.1 

6 69 92.1 

7 81 141.6 

8 66 182.7 

Mean 
 

117.2 
2.3 DATA ANALYSIS 

After the Monte Carlo simulation the patient data was extracted and voxel by voxel analyzed in 
a script package developed for MATLAB 2012b. In MATLAB the patients were anonymized. The 
resolution from the MC simulation is the same as the CT set which is 8 times higher than the dose 
grid in Eclipse. 

The structures of interest CTV, rectum, and bladder were extracted and an analysis was made. 
In a clinical setup both the CTV and the PTV will be analyzed, but for a simplification only the CTV 
will be analyzed, since it is the actual clinical target and the PTV is the geometrical compensation for 
inherent uncertainties. A voxel threshold for the analysis was set to be at least 0.1% of the 
maximum dose of the entire grid. The RBE models presented in section 1.4.2 were used to calculate 
DRBE. Also the average dose to every voxel outside of the CTV that acquired dose larger than the 
threshold was calculated as a body dose.  

2.3.1 PLAN ANALYSIS 

The analysis was split in to three different aims: 

No scaling:  
This aims to investigate how the DRBE will change with treatment planning method, giving 44 

fractions of 1.64 Gy to the target.  

FTP:  
The increase of LETd in the target increases the RBE and therefore DRBE. But since the current 

treatment schedule has been proven to be sufficient to maintain TCP high, a logical step is to 
evaluate how much the fraction dose, d, can be reduced for PIE plans while keeping the same DRBE in 
the target as FTP. Since the RBE models are depending on fraction dose, an adjustment must be 
made iteratively until the same expected DRBE could be acquired.  

Physician’s intent (PI): 
When the physician prescribes the dose of 44 times 1.64 Gy it is assumed that the DRBE will be 

79.2 Gy (RBE) (1.64*44*1.1) and this is seen as a dose high enough for a successful treatment. Based 
on this, the FTP and xPIE plans had their fraction doses adjusted until an expected DRBE of 79.2 Gy 
(RBE) could be acquired.   

This leads to a total of 176 different calculated distributions in this analyze arrangement.  
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2.3.2 ITERARIVE SCALING 

For the analysis of the DRBE to the CTV, the voxels was plotted as a histogram and to calculate 
the expectation value for the DRBE the histogram was fitted with a Gaussian function: 

 ( )     
 (

   

 
)
 

  (14) 

where a is the magnitude, c is the width parameter and b is the expectation value of the distribution. 
The script plots the fitting parameters, a, b, and c with 95% confidence intervals. The reason for 
fitting the distribution to the Gaussian function is that the doses calculated with the TPS are 
normally distributed around the prescribed dose, b, and c is proportional to the slope of the DVH at 
b. The dose-distribution can be assumed not to have changed in Monte Carlo and the range of RBE is 
between 1-1.5 and thereby it is safe to assume a normal or Gaussian distribution for the histogram. 
The fraction dose was iteratively scaled until the expected DRBE coincided with the aim described in 
2.3.1, as illustrated in Figure 10.  

 
Figure 10 Illustration of how the DRBE expectation value is adjusted from 87.4 Gy 
(RBE) to 79.2 Gy (RBE) for the PI aim through iterative scaling of the fraction dose.  

2.3.3 NON CTV ANALYSIS 

For the normal tissue and OARs, i.e. bladder, rectum, and body a Gaussian distribution cannot 
be assumed and the average dose was acquired instead for each of the three different cases. Even 
though the selection of the different patients was restrictive the variation of size and positioning of 
the bladder and rectum varies widely between patients. To investigate if the result is significant 
with 95% confidence between the different field setups Wilcoxon’s Signed Rank Test was used.  

2.4 STATISTIC ANALYSIS 

Since the number of patients is rather small (N=8) and could be assumed originating from the 
same population, the result was analyzed with Wilcoxon signed rank test. With Wilcoxon signed 
rank test the difference from matched pairs are sampled and ranked in the order of increasing 
magnitude. The sign from the difference is attached to its rank and all the negative ranks are 
summed to W- and the positive are summed to W+. Since the number of cases (patients) is smaller 
than 10 the formulas for p-value cannot be used. Instead the Table 10 in Appendix 6.1 shows the 
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results with the value N=8 for comparison between FTP and 2PIE, N=7 for comparison of FTP and 
4PIE and N=6 FTP and 7PIE. It should be noted that for the comparison between 7PIE and 4PIE a 
95% significance cannot be determined due to a too small number of paired data points (N=5). The 
significance on that comparison is 93.75% instead.  

The result of the significance analysis is color coded with; 

 Green for a significant decreased DRBE to body, rectum, bladder or physical fraction dose to 

CTV, or for a significant increased DRBE to CTV 

 Red for a significant increased DRBE to body, rectum, bladder or physical fraction dose to 

CTV, or for a significant decreased DRBE to CTV 

 Yellow for a difference that is not significant.  
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3 RESULTS 

3.1 DOSE AND LETd  ANALYSIS   

The Monte Carlo simulations of every field resulted in a dose and LETd distribution and DICOM 
files were created for each one of them for a visual analysis to be able to see if the simulation was 
correct and no spots were missing, then a combination for the whole field setup was performed and 
a DICOM was created for the RBE evaluation of the treatment. Three different simulations was 
found to be corrupt and could not be used in the analyze. The corrupt simulations were: 4PIE for 
patient 4 and 7PIE for patient 5 and 7. 

3.1.1 LETd – FTP  

The LETd result of the simulation of the FTP is shown in the top panel of Figure 11 for the two 
lateral fields and in the bottom panel of Figure 11 is the LETd for the whole treatment where the 
higher components of LETd reside just laterally of the CTV. 

 
Figure 11 Top panels show the LETd  of the two lateral beams in the FTP. The 
bottom panel shows the plan dose averaged LETd.   
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3.1.2 LETd – 2PIE 

The result of the simulation of the 2PIE is shown in the top panel of Figure 12 for the two 
lateral fields and in the bottom panel of Figure 12 is the LETd for the whole treatment where the 
higher components of LETd reside now inside of the CTV. Bladder and rectum get at least the same 
LETd as the CTV. 

 
Figure 12 Top panels show the LETd  of the two lateral beams in the 2PIE. The 
bottom panel shows the plan dose averaged LET d.   
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3.1.3 LETd – 4PIE 

The result of the simulation of the 4PIE is shown in Figure 13. In the top panel are the two 
anterior oblique fields, in the panel in the middle are the two posterior oblique fields and in in the 
bottom left panel is the LETd for the whole treatment where the higher components of LETd are 
conformal inside of the PBSTV. Bladder and rectum get a lower LETd than the PBSTV. In the middle 
left panel of Figure 13 there is an area with a decreased amount of LETd on the proximal end of the 
beam. After looking through all log files it was found that there were several spots missing in 
simulation this patient (number 4) and therefore this patient was discarded for the 4PIE analysis. It 
is only shown here to illustrate why a simulation might be discarded. In Figure 13 in the bottom left 
panel is the LETd for the whole treatment for patient 5 without missing spots. 

 
Figure 13 Top and the middle panels show the LETd  of the two anterior oblique 
and the two posterior oblique beams in the 4PIE. The bottom panel shows the 
plan dose averaged LETd .  Due to missing spots in the Right Posterior Oblique 
field a cold area appeared in the LETd  distribution illustrated by yellow rings. 
This caused the simulation to be not taken into account for the analysis.   
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3.1.4 LETd – 7PIE 

The combined result of the 7PIE simulation for patient 4 is shown in Figure 14 and the higher 
components of LETd are conformal to the PBSTV. Bladder and rectum get a lower LETd than the CTV. 
After looking through all log files it was found that there were several spots missing in simulation in 
patient 6 and in patient 8 and these patients were discarded for the 7PIE analysis. 

 
Figure 14 Calculated plan averaged LETd ,  which now is conformal 
distributed to PBSTV 

3.1.5 LETd – CTV  

Integrating the distal edge in the target led to an increased LETd within the CTV and decreased 
the LETd outside the target, illustrated in Figure 15. In the case of 2PIE, where the midplane of the 
target was tracked, a spread of higher LETd was observed posterior and anterior of the target. The 
increase in 2PIE is caused by geometric limitation because it is not possible to integrate the entire 
distal part of every beam with only two beams. Once the number of fields was increased to either 4 
or 7 fields the conformity of LETd to Target increased but there was not much difference between 4 
or 7 fields. In Figure 16 a LETd Volume Histogram over the CTV is shown for Patient 3. 
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Figure 15 LETd  distribution for FTP (top left), 2PIE (top right), 4PIE (bottom 
left), and 7PIE (bottom right). 

 
Figure 16 LETd volume histogram over CTV for patient 3. A clear increase can be 
seen from the FTP to the PIE plans, and between the PIE plans it increases with 
increasing number of fields.  

The combined LETd for the CTV was calculated for each patient and field setup and the resulting 
average can be found in Table 3. The paired statistical analysis, described in 2.4, showed that there 
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was a significant increase of higher LETd components in all the PIE plans compared with the FTP. 
The statistical result can be found in Table 4. It also was found that increasing the number of fields 
significantly increased the LETd.  

 

 Table 3 Average LETd for each field setup 

 

LETd (keV/µm) 

 

FTP 2PIE 4PIE 7PIE 

Mean 2.53 4.07 4.34 4.62 

σ 0.07 0.12 0.26 0.12 

 

Table 4 Paired difference between the different field setups together 
with the assessment if it passes the statistical test with 95% (93.75% 
for 7PIE - 4PIE).  

Paired LETd Difference (keV/µm) 

 
2PIE – FTP       4PIE - FTP  7PIE - FTP  4PIE - 2PIE  7PIE - 4PIE 

Mean 1.54 1.82 2.09 0.31 0.14 

% 61 72 83 8 3 

σ 0.09 0.27 0.12 0.29 0.22 

W+ 36 28 21 25 15 

W- 0 0 0 -3 0 

 1,00 1,00 1,00 1,00 1,00 

 

3.1.6 LETd – OARs  

The LETd distribution changed also for the OARs in the planning methods. In Figure 17 LETd 
Volume Histograms are shown for femoral heads, rectum, and bladder. The reason the bladder gets 
a higher fraction of any LETd in FTP is probably caused by a larger PBSTV, hence a higher 
probability for scattered radiation to these areas. However, below a fraction of 0.4 the 4PIE and 
7PIE overlay each other. The reason 2PIE has a slightly higher fraction above a LETd of 3 keV/µm is 
probably due to the lateral spread in the midplane which also can be seen in Figure 17 

For the femoral heads FTP and 2PIE led to almost identical LETd, and this is not unexpected 
since they are placed far away from the target to be affected by a change of where the distal edge is 
placed and they are in the central parts of the beams and this can also be seen in Figure 17. For the 
4PIE and 7PIE a small fraction of the beams is transported through these structures and most of the 
LETd originates from lateral scattered particles. 

The LETd distribution within the rectum is almost the same for FTP, 4PIE, and 7PIE but the 2PIE 
is considerably higher. This is probably caused by the same reason as in the bladder case, the lateral 
spread at the distal edge; this can also be seen in Figure 17. With respect to planning, the most 
crucial volume of the rectum is the rectal anterior wall. Usually the PBSTV is extended into this part 
of the rectum which results in very high doses and this structure, which need to be monitored so 
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that no unnecessary complications occur. For the rectal anterior wall the LETd decreases slightly 
compared to the whole rectum. 

 
Figure 17 LETd volume histogram for OARs. 2PIE shows an increase in LETd within the bladder (top 
left) and rectum (bottom). For the femoral head (top right) there is an increase for 4PIE and 7PIE 
caused by lateral scattering from the beam since the femoral heads are not in the beam path.  
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3.1.7 DOSE COMPARISON 

A central slice of the CTV was chosen and a dose-line was extracted for the different planning 
methods to visualize the dose through the central part of the CTV and compare the different beams 
contributions and to see whether there are hotspots or not. In Figure 18 a visual comparison is 
shown and no hot spots can be found on either of the plans. 

 

 

  

Figure 18 Dose distributions from the different planning methods (left panels) and the 
corresponding dose line (right panels). In the top dose distribution a black line  represents 
the place where the dose volume line is extracted from. From the top the planning methods 
are FTP, 2PIE, 4PIE, and 7PIE.  
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3.2 DRBE  ANALYSIS  

The result for each of the patients with the FTP method can be seen in Table 5. The rest of all 
individual results can be found in Appendix 6.2. Since data in Table 5 represents the standard 
treatment in the clinic today it will be used as a reference while comparing and evaluating the 
different methods and aims. A large variation between the average doses given to bladder and 
rectum between the different patients is observed were patient number 4 had an average bladder 
DRBE of 18.54 Gy (RBE) and a rectum DRBE of 10.39 Gy (RBE), while patient 2 had an average bladder 
DRBE of 8.38 Gy (RBE) and a rectum DRBE of 15.6 Gy (RBE). 

Table 5 DRBE for all the patients with the FTP field setup, which will be used as a reference for the 
analysis of the study.  

 

DRBE [Gy (RBE)] for FTP 

 
Carabe et al. model Wedenberg et al. model 

 
CTV Body Rectum Bladder CTV Body Rectum Bladder 

1 89.34 7.53 10.53 5.69 87.73 8.03 11.06 60.49 

2 89.41 7.67 15.60 8.38 87.84 8.14 16.29 8.79 

3 89.42 7.70 12.30 10.75 87.83 8.17 12.99 11.27 
4 91.38 8.29 10.39 18.54 89.69 8.93 10.94 19.38 

5 88.53 7.97 16.19 5.36 86.99 8.42 16.97 5.67 

6 89.98 9.14 12.01 12.98 88.37 9.81 12.61 13.57 

7 87.98 7.58 11.72 8.32 86.46 8.05 12.29 8.69 

8 89.17 9.14 15.74 5.07 87.59 9.80 16.49 5.32 

Mean 89.40 8.13 13.06 9.38 87.81 8.67 13.71 16.65 
σ 1.01 0.67 2.40 4.62 0.96 0.76 2.49 18.29 

 

3.2.1 DRBE – NO SCALING 

Analyzing the plans with the aim of giving 72 Gy in 44 equal fractions results in the distribution 
showed in Figure 19. The DRBE scale starts at 79.2 Gy (RBE), where all of the distributions should 
have been if the RBE was 1.10 as is assumed in clinical practice today. An increase of DRBE can clearly 
be identified with the xPIE compared with the FTP. In Figure 19 one can see that DRBE calculated 
with Webenberg et al model is stringently slightly smaller than DRBE calculated with Carabe et al 
model. In Figure 20 the quotient between calculated DRBE with the two models, with Carabe et al 
model as the denominator, was mapped for the values of primary interest, α/β = 1.5 Gy, LETd 

between 1-7 keV/µm, and the fraction dose, d between 1.2-2 Gy. Due to the stringency of the model 
difference the result will be shown with values for Carabe’s model, the result for Wedenberg’s 
model can be found, as previous mentioned, in Appendix 6.2. Comparison between the results from 
the FTP with the xPIE is summarized in TABLE 6. As seen in the summary in TABLE 6 the DRBE to the 
CTV significantly increased for the 2PIE with a mean of 9.48 Gy (RBE) (11%), 4PIE 11.66 Gy (RBE) 
(13%), and for 7PIE 12.67 Gy (RBE) (14%). The average dose to the voxels outside of the CTV 
receiving a dose above the threshold significantly increased for the 2PIE with 2.31 Gy (RBE) (28%) 
and decreased for 4PIE and 7PIE with 0.38 Gy (RBE) (5%) and 1.09 Gy (RBE) (13%) respectively. 
The DRBE to the rectum showed no significant differences between the methods. The DRBE to the 
bladder significantly increased when the number of beams increased in 4PIE with 3.48 Gy (RBE) 
(37%) and in 7PIE 2.67 Gy (RBE) (28%).  
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Figure 19 Expectation value of the DRBE for the different planning approaches and 
different RBE models. 

 
Figure 20 Quotient between the DRBE calculated with the two RBE models 
in the ranges of interest, LETd  [1-7keV/µm], fraction dose [1.2-2 Gy], and 
α/β=1.5 Gy. There is a minor difference where Wedenberg et al model 
results in up to 3% smaller DRBE.  
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Table 6 Summarized result for the aim of delivering a fraction dose of 1.64 Gy in 44 fractions  together 
with the assessment if it passes the statistical test with 95% . 

ΔDRBE Gy (RBE) between PIE plans and FTP with d fixed 1.64 Gy 

 
2PIE – FTP  4PIE – FTP  7PIE – FTP 

 

CTV Body Rectum Bladder CTV Body Rectum Bladder CTV Body Rectum Bladder 

Mean 9.48 2.31 -1.05 0.46 11.66 -0.38 0.89 3.48 12.67 -1.09 0.74 2.67 

% 11 29 -8 5 13 -5 7 37 14 -13 6 28 

σ 1.43 0.3 2.48 0.80 1.95 0.45 1.95 1.74 1.27 0.19 2.65 2.64 

W+ 0 0 25 7 0 27 8 0 0 21 8 2 

W- -36 -36 -11 -29 -28 -1 -20 -28 -21 0 -13 -19 

p 0.004 0.004 NaN NaN 0.008 0.016 NaN 0.008 0.016 0.016 NaN 0.047 

 
1,00 -1,00 0,00 0,00 1,00 0,00 0,00 -1,00 1,00 1,00 0,00 -1,00 

3.2.2 DRBE – FTP 

The results of analyze with the aim of delivering the same effectiveness, DRBE, to the CTV with 
the xPIE as the FTP are summarized in TABLE 7. The dose per fraction needed for the same 
effectiveness significantly decreased for the PIE plans with 0.16 Gy (10%) for 2PIE, 0.20 Gy (12%) 
for 4PIE, and 0.21 Gy (13%) for 7PIE. The average DRBE to the voxels receiving dose above the 
threshold outside the CTV significantly increased for the 2PIE with 1.08 Gy (RBE) (13%) and 
decreased for 4PIE with 1.39 Gy (RBE) (17%) and for 7PIE with 2.06 Gy (RBE) (25%). The mean 
rectum DRBE significantly decreased with 1.75 Gy (RBE) for 2PIE but for the other methods there 
were no significant differences just trends towards a decrease. The mean bladder DRBE was 
significantly increased with 1.78 Gy (RBE) (19%) for the 4PIE but for the other methods there were 
no significant differences. 

Table 7 Summarized result for the aim of scaling the fraction dose, d, for PIE plans until same 
effectiveness, DRBE, as FTP will be reached, together with the assessment if it passes the statistical test 
with 95%. 

Δd Gy and ΔDRBE  Gy(RBE) between PIE plans and FTP while PIE plans deliver the same DRBE as FTP 

 

2PIE – FTP 4PIE – FTP 7PIE – FTP 

 
Δd  Body Rectum Bladder Δd Body Rectum Bladder Δd Body Rectum Bladder 

Mean -0.16 1.08 -1.75 -0.54 -0.20 -1.39 -0.91 2.08 -0.21 -2.06 -1.01 0.89 

% -10 13 -13 -6 -12 -17 -7 22 -13 -25 -8 9 

σ 0.014 0.472 1.864 0.914 0.033 0.295 1.916 1.402 0.015 0.25 2.49 2.48 

W+ 36 0 33 20 28 28 21 0 21 21 14 5 

W- 0 -36 -3 -16 0 0 -7 -28 0 0 -7 -16 

p 0.004 0.004 0.012 un 0.008 0.008 un 0.008 0.016 0.016 un un 

 
1,00 -1,00 1,00 0,00 1,00 1,00 0,00 -1,00 1,00 1,00 0,00 0,00 
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3.2.3 DRBE – PHYSICIANS INTENT 

The results of analyzing with the aim of delivering the same effectiveness to the CTV as the 
physicians intended DRBE = 79.2 Gy (RBE) are summarized in Table 8. The fraction dose, d, 
significantly decreased for the PIE plans with 0.35 Gy (22%) for 2PIE, 0.38 Gy (23%) for 4PIE, and 
0.40 Gy (25%) for 7PIE. The average dose to the voxels outside the CTV receiving a dose above the 
threshold did not differ significantly for the 2PIE and decreased for 4PIE with 2.24 Gy (RBE) (28%) 
and for 7PIE with 2.85 Gy (RBE) (35%). The DRBE to the rectum significantly decreased for the 2PIE 
with 2.81 Gy (RBE) (22%), for 4PIE 2.45 Gy (RBE) (19%), and for 7PIE 2.33 Gy (RBE) (18%). The 
DRBE to the bladder significantly decreased for the 2PIE with 1.68 Gy (RBE) (18%) and did not differ 
significantly increased for 4PIE or 7PIE. Comparison between FTPFTP with a fixed fraction dose and 
FTPPI with a scaled fraction dose the d and DRBE to OARs could be decreased with 12%, which is for 
fraction dose 0.19 Gy, for body 0.98 Gy (RBE), for rectum 1.56 Gy (RBE), and for bladder 1.15 Gy 
(RBE).  

Table 8 Summarized result for the aim of scaling the fraction dose, d , until the physician intended 
effectiveness, DRBE =79,2 Gy (RBE) will be reached, together with the assessment if it passes the 
statistical test with 95%. 

Δd Gy and ΔDRBE Gy (RBE) between all plans aiming to deliver the DRBE =79.2 Gy (RBE). 

 

FTPFTP – FTPPI FTP – 2PIE FTP – 4PIE FTP – 7PIE 

 

Δd Body Rectum Bladder Δd Body Rectum Bladder Δd Body Rectum Bladder Δd Body Rectum Bladder 

Mean 0.19 0.98 1.56 1.15 0.35 0.00 2.81 1.68 0.38 2.24 2.45 -0.83 0.40 2.85 2.33 0.63 

% 12 12 12 12 22 0 22 18 23 28 19 -9 25 35 18 7 

σ 0.01 0.14 0.26 0.68 0.02 0.14 1.19 1.43 0.02 0.36 1.72 1.07 0.01 0.36 2.01 2.60 

W- 36 36 36 36 36 19 36 36 28 28 27 4 21 21 20 9 

W+ 0 0 0 0 0 -17 0 0 0 0 -1 -24 0 0 -1 -12 

p 0.004 0.004 0.004 0.004 0.004 NaN 0.004 0.004 0.008 0.008 0.016 NaN 0.016 0.016 0.031 NaN 

 
1,00 1,00 1,00 0,00 1,00 -1,00 1,00 1,00 1,00 1,00 1,00 -1,00 1,00 1,00 1,00 0,00 

3.3 PBSTV DIFFERENCE 

The size of the PBSTV was determined for every treatment plan and the differences were 
calculated between the plans. The result can be seen in Table 9. The range is wide between the 
patient with the smallest PBSTV for a FTP plan to the one with largest (68.2 cm3 to 182.7 cm3) 
corresponding to patient 8, which has a 167% larger PBSTV than patient 4. In the central section the 
difference in the volume of the PBSTV is displayed and there is a consistent decrease for all xPIE 
compared with FTP.  
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Table 9 PBSTV depending on field setup 

 
PBSTV (cm3) 

 
FTP 2PIE 4PIE 7PIE 

1 88.4 82.6 80.5 82 
2 117.1 109.4 107.5 107.6 
3 137.1 126 123.7 128.8 
4 68.2 68.2 61.1 62.5 
5 110.1 98.9 101.8 101.6 
6 92.1 92 87.3 92 
7 141.6 131.8 133.6 138.2 
8 182.7 171.3 174.7 178 

Mean 117.2 110.0 108.8 111.3 

% 0 6.0 7.0 4.5 
σ  39.1 35.2 38.2 39.1 

 

3.4 RBE TO THE CTV  

The average RBE calculated with the models to the CTV for the different planning methods and 
aims for DRBE is illustrated in the bar graph in Figure 21. The minimum of the scale is set to the 
assumed RBE = 1.10. For every case the RBE was greater than 1.10. RBE increased slightly when 
decreasing the fraction doses as can be seen in the graph.  

 
Figure 21 Average RBE to the CTV for the different field setups and aims for DRBE. It shows that 
RBE increases with number of fields and decreasing fraction dose.  

3.5 SIMULATION TIME 

Simulating the dose and LETd distributions was done on a designated cluster for OpenRT. On 
average 80 nodes were used at the same time for this project and a full patient simulation (FTP, 
2PIE, 4PIE, and 7PIE) took on average 9 days. Total effective simulation time was 5800 processor 
days for the 8 patients.   

1,10

1,20

1,30

1,40

1,50

No
Scaling

FTP PI No
Scaling

FTP PI No
Scaling

FTP PI No
Scaling

FTP PI

FTP 2PIE 4PIE 7PIE

R
B

E 



 
 

- 34 - 
 

Discussion 

4 DISCUSSION 

The main objective of this study was to investigate if it is possible to develop new planning 
methods for proton treatment for prostate patients with the aim of improving the LETd distribution 
by integrating the distal parts of the beams inside of the target. Secondly, if the increase was 
possible, investigate how the radiobiological effects would change and how this could be taken to an 
advantage for the target as well as for the OARs.  

4.1 LINER ENERGY TRANSFER 

Our results showed that changing the planning method from a standard planning technique 
(FTP) to a patched target method (xPIE) led to an increase of LETd inside the CTV and a decrease of 
LETd in the areas laterally of the CTV. For the 2PIE it was impossible to place the whole distal edge 
inside the target and thereby this caused a lateral increase in LETd within the rectum and the 
bladder as seen in Figure 17.  

4.2 DRBE  

Integrating the LETd led, as predicted, to a higher DRBE. The DRBE increased from 89.4 Gy (RBE), 
on average, for a FTP to 102.25 Gy (RBE) for 7PIE with the Carabe et al. model shown in Figure 22 
and from 87.81 Gy (RBE) to 100.25 Gy (RBE) with the Wedenberg et al. model shown in Appendix 
6.2. Both models were using the same physical dose of 72 Gy. In clinic today, it is assumed by 
physicians, that the RBE is 1.1 for proton therapy. Using a RBE of 1.1 would give a DRBE 79.2 Gy 
(RBE), which is not the case in any of the simulations done in this study.  

The heavy increase of up to 13 Gy (RBE) for the PIE plans is probably not needed since, in clinic 
today, there is a good control with the outcome from the DRBE delivered with a FTP plan. There is a 
significant increase of DRBE for bladder in 4PIE and 7PIE, the doses to rectum are, on the other hand, 
not significantly different. Thereby the fraction doses can be decreased until the effectiveness to the 
target is the same as that of the patient’s FTP plan. The physical fraction doses could be decreased 
up to 13% and by doing so, the increase of dose to the bladder is no longer significant for 7PIE, also, 
all doses to the rectum are now pointing towards a decrease and the decrease is significant for 2PIE.  

The reason the physicians intend to deliver the dose of effectiveness equal to 79.2 Gy (RBE) is 
that there is significant clinical evidence, from treatment with photons, that an effectiveness of 79.2 
Gy (RBE) will result in a good probability of tumor control. Going for the physicians intended 
effectiveness (PI) would decrease the fraction dose with up to 0.40 Gy (25%), as shown in 

Table 8, and then the bladder dose would decrease even for 7PIE by 7%, still not significant 
though. The rectum dose would then be significantly decreased for all different field setups. On the 
other hand it is known that a dose escalation to the target increases the tumor control probability 
for tumor control even further and several studies have shown a significant difference in the 
outcome for patient receiving 70 and 78 Gy (RBE) respectively [37][38][39]. 
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Figure 22  Integrating the distal edge and increasing the number of fields lead to 
an increase of LETd (lower left). The increased LETd resulted in an increased DRBE 
to the CTV with up to 13 Gy (RBE) (upper left). Increasing the number of fields 
led to an increase of DRBE to OARs and therefore scaling was proposed either to 
the same effectiveness as in the standard treatment method FTP (upper right) or 
to the effectiveness the physician intended while prescribing the treatment 
(lower right). 

4.2.1 DRBE – BLADDER 

In this study we found that increasing the number of fields led to an increase of DRBE to the 
bladder, even after decreasing the fraction dose with up to 0.21 Gy. This is very intuitive since with 
4PIE and 7PIE there are fields passing through the bladder from anterior direction. Still all the 176 
different distributions passed the dose criteria and would have passed a clinical evaluation with 
regard of the Bladder dose even with the increased RBE. There are even papers proposing dose 
escalation in proton therapy with anterior fields until the constraints for the bladder are reached 
[40].  
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4.2.2 DRBE – FEMORAL HEADS  

Splitting the target into two, as is done in 2PIE, led to an increased average dose to voxels 
outside of the target. This is expected since a smaller part of the dose delivered during the transport 
for each beam is used to build up the dose in the target. This is of certain interest since the femoral 
head are in the beam path and radiation therapy is a risk factor for hip fractures. In a  recent study 
Valery et al. investigated the prevalence of hip fractures after undergoing radiation therapy with 
protons [41] and the study found that in their clinic, the number of fractures did not exceed the 
predicted fractures without radiation treatment in the first four years after the treatment. Their 
dose constraints were, no more than 2 cm3 could receive more than 55CGE and no more than 15% 
of the total volume could receive 50CGE. CGE stands for Cobalt Gray Equivalent and uses the 
standard RBE = 1.10. In this study it was found that the RBE for the dose delivered to the femoral 
heads in the case of no scaling was 1.31. Recalculating the dose constraints from their study to the 
present DRBE, the constraints would become no more than 2 cm3 would receive 65.5 Gy (RBE) and no 
more than 15% of the structure volume could receive 59.5 Gy (RBE) as illustrated in Figure 23. For 
all 4PIE and 7PIE plans the mean DRBE to the femoral heads is below 10 Gy (RBE) and all FTP plans 
pass these criteria. Looking at patient 6, which is the patient with the highest average dose to non-
target of 9.14 Gy (RBE), then it would not pass this criteria for the aims of no scaling with less than 2 
cm3 receiving dose above 65.5 Gy (RBE). If we assume that having the same group type as in that 
study, treatments with FTP, 4PIE, and 7PIE do not increase the risk of hip fractures compared to not 
treating. For 2PIE this conclusion cannot be made with the aim of no scaling. 

 
Figure 23 DRBE volume histogram over the right femoral head for patient number 7. Plotted 
in the figure is the FTP plan scaled and standard ( black), which both pass the criteria for 
doses to the femoral heads. Also plotted in the figure are the three xPIE and in pink are the 
2PIE doses in which the one with the no scaling of the fraction dose will not pass the dose 
criteria.    
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4.3 RBE MODELS 

The prostate is one of the most optimal targets in the body for the RBE models since it has a 
lower α/β than most of the critical organs surrounding it, except the femoral heads, which has a 
lower α/β of 0.85 Gy [33]. In Figure 24 the Carabe et al. model is mapped over LETd [0.5, 20] 
keV/µm and α/β [0.8, 20] Gy with RBE=1.1 showed in dark red. Studying this map, it is clear that to 
receive a RBE>1.1 for α/β = 10 Gy one would need a LETd of at least 6 keV/µm.  

 
Figure 24 Carabe et al RBE model mapped over the probable intervals for 
clinical protons LETd (LETd  1-18 keV/µm, α/β 0.5-20 Gy, and a fixed fraction 
dose on 1.64 Gy. RBE =1.10 has been colored dark red as a marker that to keep 
RBE>= 1.1 LETd should be above this line.  

4.4 DECREASE IN PBSTV  

Integrating the distal edge inside of the target led to that the size of the total PBSTV became 
independent on the distal uncertainty, as can be seen in Figures 7-9.  With the PBSTV only 
depending on the proximal and lateral uncertainties, the size of the PBSTV could be decreased with 
up to 7% for 4PIE compared to FTP.  

The TPS expand the PBSTV along the superior–inferior, posterior–anterior, and lateral 
directions within the patient and not in a user defined angle. In the case of the posterior oblique 
field in 4PIE this will lead to an over expansion posteriorly and laterally. Also, the TPS only allows 
for a volume to be extended with the same uncertainties for all the points on the surface. It would 
make more sense to expand the points with their independent uncertainties, since every point has a 
different range, and therefore a different uncertainty. Solving these two issues for the uncertainty 
expansion from CTV to PBSTV could decrease the size of the PBSTV even further for all cases.   
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4.5 CLINICAL RELEVANCE 

This study is of great clinical importance since there is a rapid increase in the number of 
centers around the world offering protons as a treatment option with 44 in operation and 25 new 
centers in construction or planning construction. It is still assumed that the RBE =1.10 of the 
treatment, which have been shown that it’s not the case, [18], and two models have been produced 
predicting the variation of RBE with fraction dose (d), (α/β), and LETd [13][14].  

In this study a new planning technique was developed in which the parts of the beams where 
the effectiveness is the largest, the elevated LETd of the distal edge, are utilized by integrating the 
edge into the target. It was shown that changing  the beams to partially cover the target and 
integrate the distal edge inside of the target would significantly increase the DRBE with up to 12.7 Gy 
(RBE) (14%) or 12.3 Gy (RBE) (14%) for Carabe et al and Wedenberg et al models. Since FTP 
treatments are very successful this increased RBE that originates from the increased LETd could be 
utilized to possibly reduce the dose per fraction with up to 12% or 13%, 0.2 Gy or 0.21 Gy 
respectively.  

Using the standard of RBE=1.10 is shown in this study to potentially lead to a delivery of a 
larger effective dose than intended. For an example; in the case of FTP where 44*1.64*1.1= 79.2 Gy 
(RBE) was intended for effectiveness to the target, instead it was shown that the DRBE on average 
was 89.4 Gy (RBE) (Carabe) or 87.8 Gy (RBE) (Wedenberg), an over dosing from the intended dose 
with 10.2 Gy (RBE) (13%) or 8.6 Gy (RBE) (10.9%). Using the standard of a fixed RBE might lead to 
larger doses than intended; the dose constraint might even be exceeded without anyone noticing. 

4.6 FUTURE RESEARCH 

There are more development and research directions to be pursued in this study. The number 
of patients is a limiting factor in drawing significant conclusions, more patients need to be included 
in this study. For this site, it can be investigated how DRBE to the bladder would differ if the 4PIE 
would have a wider angle than 30o. Also, it can be investigated how prostate-rectum spacing gel 
would be beneficial in the cases of PIE plans and if the DRBE could be escalated even further then. In 
this study only one site in the body was investigated, however, the study should be expanded to as 
many sites as possible. 

The large amount of time needed for each patient simulation (720 processor days) will not 
work in a clinical environment; thereby benchmark studies need to be conducted to investigate how 
the analytical solution performs compared the MC calculation. Hopefully, in the future, this will be 
implemented in the TPS as a standard feature.  

Currently the RBE models are based on a limited number of data points. In order to increase the 
accuracy of the RBE models in the future an important step is to acquire new data points with high 
accuracy in the LETd determination, since this has been stated as an uncertainty [42]. Preferably the 
LETd would be determined with MC calculations. 

The implications of using a fixed RBE value on dose constraints needs to be investigated 
further. It has been shown that DRBE exceeded the targeted DRBE to the CTV with from 10.2 Gy (RBE) 
(13%) up to 23.1 Gy (RBE) (29%) for FTP and 7PIE respectively. For femoral heads it has also been 
shown in the case of 2PIE that constraints on OARs might pass with a fixed RBE, but when taking the 
LETd, α/β, and d into account, the effective dose could exceed the constraints.  



 
 

- 39 - 
 

Conclusion 

5 CONCLUSION 

This study has proposed and developed a novel treatment planning technique. The beam 
arrangement is alternated from covering the entire target with each beam depositing the distal edge 
outside of the target in the normal tissue, to each beam covering a proximal segment of the target, 
thus integrating each beams distal edge inside of the target. This study has shown that patching and 
thus integrating the distal edges of the proton beams inside of the target leads to an significant 
elevation of the LETd to the target. Also, by increasing the number of fields the LETd can be further 
elevated without affecting the LETd to rectum and bladder, relative to standard treatment planning 
techniques. 

This study also showed that the proposed treatment planning technique of integrating the LETd 
inside of the target can be utilized as a radiobiological advantage since the RBE will increase with 
LETd. The DRBE to the target can be escalated with up to 12.7 Gy(RBE): an increase of 14% compared 
with a standard proton plan. Therefore the increase in DRBE caused by the elevated LETd can be 
compensated by decreasing the dose per fraction with up to 0.21 Gy: a decrease of 13% while 
achieving the same DRBE as with a standard treatment plan used clinically today. 

Further conclusions regarding the DRBE to the OARs concerning the different treatment planning 
techniques are difficult to draw given the limited number of patients simulated as well as the three 
erroneous simulations. However for the aim of delivering the same DRBE to the target for all plans, 
this study showed that the DRBE significantly decreased to the rectum with 2PIE. 4PIE and 7PIE 
showed a trend towards a decrease as well, but not significant. Also for the voxels outside of the 
CTV, it was shown that the DRBE significantly decreased with 5% and 13% for 4PIE and 7PIE 
respectively, while significantly increasing with 15% for 2PIE. 

Further research is needed to investigate the implications of switching from a fixed RBE of 1.10 
to a RBE that varies with LETd, α/β, and d with regards on the dose constraints. This study found 
that when using a variable RBE, DRBE exceeded the targeted dose with up to 24.6 Gy (RBE); an 
exceeding of 28% for treatment plans that normally fell within the constraints with a fixed RBE.  
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6 APPENDIX 

6.1 P VALUES FOR WILCOXON SIGNED RANK TEST 

Table 10 p-values for Wilcoxon signed rank test [43] 

 
 

Sum of Ranks 

 
 

0 1 2 3 4 5 
P

ai
rs

 
5 0.031 0.063 0.0938 - - - 

6 0.016 0.031 0.047 - - - 

7 0.008 0.016 0.023 0.039 - - 

8 0.004 0.008 0.012 0.020 0.027 0.039 
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6.2 RESULTS – PAIRED COMPARISON TABLE 

Table 11 Result for the paired comparison of how DRBE will change with treatment planning method 
together with the assessment if it passes the statistical test with 95%.  

  
No scaling aim  

ΔDRBE Gy (RBE) between xPIE plans and FTP with d fixed 1.64 Gy 

  Carabe et al model 
  FTP - 2PIE FTP - 4PIE FTP - 7PIE 

 
CTV Body Rectum Bladder CTV Body Rectum Bladder CTV Body Rectum Bladder 

1 
-7.99 -1.80 4.84 -0.67 -12.26 0.35 0.31 -1.42 -11.56 0.93 0.14 -1.09 

2 
-11.39 -2.29 3.66 -1.54 -13.19 0.19 1.82 -5.84 -14.59 1.00 2.23 -4.33 

3 
-8.43 -2.01 1.07 -0.52 -10.88 0.31 -0.44 -5.38 -10.98 1.13 -0.73 -3.83 

5 
-9.24 -2.31 -2.60 0.06 -11.39 0.42 -1.46 -2.71     

6 
-9.79 -2.46 -1.73 0.96 -7.75 1.33 -3.67 -4.21 -13.22 1.25 -3.73 -6.24 

7 
-11.72 -2.30 1.22 -1.35 -13.22 -0.01 0.25 -1.55 -12.82 0.88 1.66 -1.64 

8 
-9.24 -2.78 1.55 -0.58 -12.93 0.07 -3.01 -3.29         

4 
-8.01 -2.57 0.37 -0.06         -12.82 1.35 -4.02 1.12 

Mean 
-9.48 -2.31 1.05 -0.46 -11.66 0.38 -0.89 -3.48 -12.67 1.09 -0.74 -2.67 

% 
-10.6 -28.5 8.0 -4.9 -13.0 4.7 -6.8 -37.1 -14.2 13.4 -5.7 -28.4 

σ 
1.43 0.31 2.48 0.80 1.95 0.45 1.95 1.74 1.27 0.19 2.65 2.64 

W+ 0 0 25 7 0 27 8 0 0 21 8 2 
W- -36 -36 -11 -29 -28 -1 -20 -28 -21 0 -13 -19 

p 0.004 0.004 un un 0.008 0.016 un 0.008 0.016 0.016 un 0.047 

 
1.00  -1.00  0.00  0.00  1.00  0.00  0.00  -1.00  1.00  1.00  0.00  -1.00  

 

Wedenberg et al model 

 

FTP - 2PIE FTP - 4PIE FTP - 7PIE 

 

CTV Body Rectum Bladder CTV Body Rectum Bladder CTV Body Rectum Bladder 

1 
-7.81 -1.81 0.15 -0.64 -11.86 0.25 0.26 -1.41 -11.32 0.85 0.11 -1.07 

2 
-10.89 -2.29 3.79 -1.56 -12.66 0.10 1.82 -5.99 -14.06 0.94 2.25 -4.45 

3 
-8.17 -2.00 1.19 -0.50 -10.64 0.22 -0.44 -5.59 -10.64 1.09 -0.79 -4.29 

5 
-8.92 -2.30 -2.60 0.10 -11.02 0.31 -1.58 -2.84     

6 
-9.43 -2.48 -1.74 1.00 -7.46 1.37 -3.84 -4.45 -12.83 1.26 -3.79 -6.53 

7 
-11.22 -2.29 1.32 -1.36 -12.77 -0.07 0.21 -1.55 -12.43 0.85 1.72 -1.64 

8 
-8.92 -2.81 1.66 -0.58 -12.40 0.04 -3.22 -3.45         

4 
-7.81 -2.62 0.47 0.00         -12.31 1.37 -4.19 1.21 

Mean 
-9.15 -2.32 0.53 -0.44 -11.26 0.32 -0.97 -3.61 -12.27 1.06 -0.78 -2.79 

% 
-10.4 -26.8 3.9 -4.5 -12.8 3.7 -7.1 -36.7 -14.0 12.2 -5.7 -28.4 

σ 
1.31 0.32 2.00 0.82 1.86 0.48 2.03 1.83 1.19 0.22 2.72 2.80 

W+ 0 0 23 8 0 26 8 0 0 21 8 2 
W- -34 -36 -13 -28 -28 -2 -20 -28 -21 0 -13 -19 

p 
0.004 0.004 un un 0.008 0.023 un 0.008 0.016 0.016 un 0.031 

 
1.00  -1.00  0.00  0.00  1.00  0.00  0.00  -1.00  1.00  1.00  0.00  -1.00  
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Table 12 Result for the aim of scaling the fraction dose, d, for PIE plans until same effectiveness, DRBE, 
as FTP will be delivered, together with the assessment if it passes the statistical test with 95%.  

 
 
 

FTP aim 
Δd Gy and ΔDRBE  Gy (RBE) between PIE plans and FTP while PIE delivering the same DRBE as FTP 

 

Carabe et al model 

 
FTP - 2PIE FTP - 4PIE FTP - 7PIE 

 

d Body Rectum Bladder d Body Rectum Bladder d Body Rectum Bladder 

1 
0.15 -0.94 1.06 -0.10 0.22 1.33 1.66 -0.49 0.21 1.79 1.46 -0.24 

2 
0.15 -0.05 5.09 -0.35 0.21 1.28 3.76 -3.86 0.21 2.06 4.28 -2.41 

3 
0.16 -1.09 2.10 0.52 0.20 1.22 1.08 -3.44 0.20 1.95 0.84 -2.33 

5 
0.17 -1.25 -0.71 0.60 0.20 1.38 0.74 -1.72     

6 
0.17 -1.18 -0.30 2.22 0.13 2.02 -2.34 -2.74 0.23 2.41 -1.50 -3.53 

7 
0.19 -1.03 2.53 -0.14 0.23 1.11 1.90 -0.17 0.23 1.85 3.06 -0.27 

8 
0.17 -1.53 2.96 -0.01 0.19 1.38 -0.40 -2.13     

4 
0.15 -1.57 1.24 1.56         0.19 2.31 -2.07 3.43 

Mean 0.16 -1.08 1.75 0.54 0.20 1.39 0.91 -2.08 0.21 2.06 1.01 -0.89 

% 9.97 -13.28 13.37 5.74 12.09 17.10 6.99 -22.16 13.01 25.37 7.76 -9.48 

σ 0.01 0.47 1.86 0.91 0.03 0.29 1.92 1.40 0.01 0.25 2.49 2.48 

W+ 36 0 33 20 28 28 21 0 21 21 14 5 

W- 0 -36 -3 -16 0 0 -7 -28 0 0 -7 -16 

p 0.004 0.004 0.020 un 0.008 0.008 un 0.008 0.016 0.016 un un 

 

1.00  -1.00  1.00   0.00  1.00  1.00  0.00  -1.00  1.00  1.00  0.00  0.00  

 Wedenberg et al model 

 
FTP - 2PIE FTP - 4PIE FTP - 7PIE 

 
d Body Rectum Bladder d Body Rectum Bladder d Body Rectum Bladder 

1 
0.16 -0.92 1.10 -0.05 0.23 1.32 1.69 -0.43 0.23 1.81 0.46 -0.16 

2 
0.16 -1.00 5.28 2.69 0.22 1.27 3.85 -3.95 0.22 2.08 4.39 -2.46 

3 
0.16 -1.04 2.27 0.58 0.21 1.24 1.17 -3.56 0.21 1.97 0.88 -2.43 

5 
0.18 -1.19 -0.64 0.66 0.21 1.35 0.73 -1.80     

6 
0.18 -1.15 -0.25 2.31 0.13 2.11 -2.46 -2.94 0.24 2.52 -1.48 -3.71 

7 
0.20 -0.98 2.66 -0.12 0.24 1.12 1.93 -0.12 0.24 1.88 3.19 -0.23 

8 
0.17 -1.49 3.14 0.01 0.20 1.43 -0.50 -2.24         

4 
0.16 -1.56 1.38 1.69         0.20 2.42 -2.15 3.61 

Mean 0.17 -1.17 1.87 0.97 0.21 1.41 0.91 -2.15 0.22 2.11 0.88 -0.90 

% 10.38 -13.47 13.63 9.86 12.62 16.21 6.67 -21.84 13.61 24.37 6.43 -9.12 

σ 0.01 0.24 1.91 1.11 0.03 0.33 1.99 1.48 0.01 0.29 2.55 2.61 

W+ 36 0 33 31 28 28 21 0 21 21 14 5 

W- 0 -36 -3 -5 0 0 -7 -28 0 0 -7 -16 

p 0.004 0.004 0.020 un 0.008 0.008 un 0.008 0.016 0.016 un un 

 
1.00  -1.00  1.00  0.00  1.00  1.00  0.00  -1.00  1.00  1.00  0.00  0.00  
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Table 13 Result for the aim of scaling the fraction dose, d, until the physician intended effectiveness, 
DRBE =79.2 Gy (RBE) will be delivered together with the assessment if it passes the statistical test with 
95%. 

 
Physician intention aim 

Δd Gy and ΔDRBE Gy(RBE) between all plans aiming to deliver the DRBE =79.2 Gy (RBE) 

 Carabe et al model 

 
FTP - 2PIE FTP - 4PIE FTP - 7PIE 

 
d Body Rectum Bladder d Body Rectum Bladder d Body Rectum Bladder 

1 
0.14 -0.78 0.95 -0.07 0.21 1.24 1.53 -0.39 0.20 1.64 1.36 -0.17 

2 
0.14 -0.87 1.94 -0.27 0.20 1.19 3.38 -3.35 0.20 1.88 3.07 -2.05 

3 
0.15 -0.91 1.87 0.50 0.19 1.14 1.02 -2.93 0.20 1.77 0.83 -1.95 

5 
0.16 -1.06 -0.60 0.55 0.20 1.30 0.76 -1.49     

6 
0.17 -0.96 -0.23 1.99 0.13 1.80 -2.02 -2.34 0.22 2.17 -1.22 -2.97 

7 
0.17 -0.87 2.28 -0.09 0.21 1.05 1.76 -0.11 0.21 1.70 2.79 -0.20 

8 
0.15 -1.27 2.65 0.01 0.18 1.28 -0.24 -1.84     

4 
0.19 -1.15 1.20 1.62         0.22 2.06 -1.65 3.08 

Mean 0.16 -0.98 1.26 0.53 0.19 1.29 0.88 -1.78 0.21 1.87 0.86 -0.71 

% 11.1 -13.8 10.9 6.4 12.9 18. 7.7 -21.6 14.4 26.2 7.5 -8.6 

σ 0.02 0.17 1.17 0.84 0.03 0.24 1.69 1.22 0.01 0.21 1.97 2.16 

W+ 36 0 33 27 28 28 21 0 21 21 15 6 

W- 0 -36 -3 -9 0 0 -7 -28 0 0 -6 -15 

p 0.004 0.004 0.02 un 0.01 0.01 un 0.01 0.02 0.02 un un 

 

1.00  -1.00  1.00  0.00  1.00  1.00  0.00  -1.00  1.00  1.00  0.00  0.00  

 Wedenberg et al model 

 
FTP - 2PIE FTP - 4PIE FTP - 7PIE 

 
d Body Rectum Bladder d Body Rectum Bladder d Body Rectum Bladder 

1 
0.15 -0.78 1.02 -0.06 0.22 1.24 1.57 -0.40 0.21 1.67 1.42 -0.16 

2 
0.15 -0.85 4.76 -0.25 0.20 1.20 3.51 -3.50 0.20 1.92 4.02 -2.15 

3 
0.14 -0.98 1.91 0.44 0.19 1.05 0.96 -3.23 0.19 1.73 0.72 -2.22 

5 
0.16 -1.04 -0.53 0.61 0.20 1.29 0.78 -1.58     

6 
0.16 -0.07 -0.34 1.95 0.12 2.80 -2.30 -2.71 0.21 3.18 -1.38 -3.36 

7 
0.18 -0.85 2.44 -0.08 0.22 1.08 1.82 -0.07 0.22 1.77 2.95 -0.17 

8 
0.16 -1.28 2.86 0.03 0.19 1.35 -0.34 -1.97     

4 
0.20 -1.16 1.36 1.78         0.23 2.19 -1.76 3.29 

Mean 0.16 -0.88 1.69 0.55 0.19 1.43 0.86 -1.92 0.21 2.08 1.00 -0.79 

% 11.1 -11.1 13.7 6.3 13.0 18.2 7.0 -22.0 14.4 26.5 8.1 -9.0 

σ 0.02 0.37 1.73 0.86 0.03 0.61 1.82 1.33 0.01 0.57 2.30 2.36 

W+ 36 0 33 27 28 28 21 0 21 21 15 6 

W- 0 -36 -3 -9 0 0 -7 -28 0 0 -6 -15 

p 0.004 0.004 0.02 un 0.01 0.01 un 0.01 0.02 0.02 un un 

 

1.00  -1.00  1.00  0.00  1.00  1.00  0.00  -1.00  1.00  1.00  0.00  0.00  
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