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Sammanfattning 

Det har funnits ett växande intresse för protonterapi (PT) runt omkring i världen under det senaste decenniet. Det 
beror på det stora antalet jämförande studier som har visat att man med protonstrålar kan åstadkomma 
fördelaktiga djupdosfördelningar i patienten jämfört med vad som går att åstadkomma med mer standardmässig 
strålterapi med fotoner vilken är den som ges på de flesta sjukhus i den industrialiserade värden idag. Med PT 
kan man forma stråldosen runt behandlingsvolymens form bättre än vad som går att göra med fotonterapi (FT). 
Därigenom blir det möjligt att minska stråldosen till omkringliggande vävnad. Detta leder i teorin till att riskerna 
för normalvävnadskomplikationer och för strålningsinducerad cancer minskar. Det finns dock svårigheter och 
utmaningar med PT. Dosen som ges till behandlingsvolymen är mer osäker vid PT än vid FT på grund av 
känsligheten av protonernas räckvidd för olika störningar som kan inträffa under olika steg av 
behandlingskedjan, från bildtagning till bestrålning. 

I detta arbete har en jämförande dosplaneringsstudie gjorts av PT jämfört med FT för ett antal lever- och 
magsäckscancerpatienter som tidigare behandlats med FT. Syftet var att undersöka eventuella för- eller 
nackdelar med att behandla dessa patienter med PT. Protonplaner för dessa patienter gjordes enbart för denna 
studie och de FT planer som jämfördes med var de som tidigare använts för patientens behandling på Karolinska 
sjukhuset. Utvärderingar av planerna gjordes dels dosimetriskt och dels med vävnadsresponsmodeller. Det 
senare inkluderade beräkningar av tumör-kontroll sannolikheter och normalvävnads-komplikationssannolikheter 
likväl som uppskattningar av risker för strålningsinducerad cancer för de två jämförda radioterapiteknikerna. 
Totalt sett inkluderades elva patienter som tidigare behandlats på Karolinska i studien.  Tre av dessa patienter 
hade blivit behandlade för levercancer och åtta för magsäckscancer. Behandlingsplaneringen för 
levercancerpatienterna hade utförts på konventionella CT bilder men behandlingsvolymerna hade ritats med 
hjälp av 4D-CT studier för att ta i beaktande eventuella organrörelser. Tre olika CT studier användes vid 
planeringen av magsäckscancer-patienterna. Först och främst de ursprungliga CT studierna som använts för att ta 
fram patienternas FT planer. Dessutom användes två CT studier med manipulerade bilddata för vissa delar av 
några av de inre organen. Bildserierna hade manipulerats för att uppskatta olika situationer med olika gas- eller 
vätskefyllnad av magsäcken och tarmarna. De extra eller reducerade gasfyllnaderna ritades på CT studier av en 
strålningsonkolog för att uppskatta två extermfall av tarm och magsäcksförändringar. 

De dosimetriska resultaten indikerar att det teoretiskt sett är möjligt att åstadkomma en förbättrad doskonformitet 
runt behandlingsvolymen och ett bättre undvikande av riskorganen med PT jämfört med FT för de två olika 
diagnoserna som undersökts. Ett bättre skydd av riskorganen noterades också i form av lägre 
normalvävnadskomplikationssannolikheter för PT planerna. PT planerna visade sig dock vara sämre än FT 
planerna när vissa strukturer hade ersatts av luft eller vatten. När delvolymer ersattes med luft så flyttades vissa 
av de höga doserna från kanten av behandlingsvolymen in i omkringliggande riskorgan. När vävnadsdelar som 
innehöll mycket luft ersattes med vattenekvivalent material så ledde det till en reducerad räckvidd av protonerna 
vilket i sin tur ledde till underdoseringar av behandlingsvolymerna.  

Beräkningarna av sannolikheterna för strålningsinducerad sekundär cancer för levercancerpatienterna indikerade 
en reducerad risk för alla riskorgan med PT planerna jämfört med riskerna beräknade för motsvarande FT planer. 
För magsäckscancerpatienterna noterades en reducerad risk för cancer i levern med PT men en förhöjd risk 
noterades för den delen av tarmpaketet som låg utanför behandlingsvolymen. Resultaten av riskberäkningarna 
för njurarna var inte entydiga. Beräkningar av risk för sekundärcancer i ytterligare organ än de som beräknats i 
detta arbete kommer att behövas för att ta fram mer fullständiga och kliniskt relevanta resultat.  
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Abstracts 
There has been an increasing interest in proton beam therapy (PBT) in recent years related to the advantageous 
depth-dose characteristics of proton beams compared to what is achievable with standard external photon beam 
radiotherapy (RT). With PBT, improved target dose conformity can be achieved together with a reduction in the 
dose to the organs at risk (OARs). This can for certain cases lead to an increased tumour control probability 
(TCP) at the same time as the probabilities for normal tissue complications (NTCP) and radiation-induced 
secondary cancers are reduced. However, there are challenges with PBT, in the form of uncertainties in the dose 
delivery to the patient, due to different influencing factors. These perturbing factors are contributing to the 
uncertainties during different steps in the RT flow process, from the treatment planning to the irradiation.  

In the present work, a comparative treatment planning study of PBT and photon RT for a few clinical liver- and 
stomach-cancer cases were performed with the aim of determining possible advantages of PBT. The treatment 
planning comparisons were performed by means of dosimetric evaluations and by use of tissue response models. 
The later included the calculation of TCP and NTCP as well as the assessment of risk of radiation-induced 
secondary cancer for the two compared RT techniques. A total of eleven patients previously treated with RT at 
Karolinska University Hospital were included in the study. Three of these patients had been treated for liver 
cancer and eight for stomach cancer. The photon plans which had been used in the real treatments at the hospital 
were taken as reference plans. The treatment planning for the liver cancer cases had been performed on 
conventional CT images, but 4D-CT images were used for target definition to account for the target motion.  
Three distinct CT images were used in the planning of the stomach cancer cases, the original CT image study on 
which the photon plans had been done and two CT image studies with artificially changed physical density for 
some of the internal organs to simulate different possible fillings of the stomach. The extra- or reduced gas 
filling was drawn on the CT slices by the radiation oncologist to estimate two worst-case scenarios for changes 
in density within the irradiated volume.  

The results indicate an improved target dose conformity, dose homogeneity and sparing of OARs for the PBT 
plans compared to the photon RT plans for the two clinical cases studied. The sparing of the OARs was also 
observed in the form of decreased NTCP for the PBT plans. The PBT plans showed to be worse than the photon 
plans when some structures were replaced by air and water. In the case of extra air there was a shift of the higher 
doses beyond the distal edge of the planned proton range which caused both an increase of the irradiated 
volumes of sensitive normal tissues and of the maximum doses to the OARs. In the case of extra water in the 
stomach, the maximum range of the protons was reduced causing target underdosage.  The calculations of 
probabilities for radiation-induced secondary malignancies indicated a reduced risk for all the OARs with the 
proton plans for the liver cancer cases. For the stomach cancer cases, reduced risks were obtained for induction 
of cancer in the liver but an increased risk was calculated for the bowel(-)PTV, with the proton- compared to the 
photon-plans. The results of the calculations of risk for radiation-induced cancer in the kidneys were 
inconclusive. The assessment of risk of secondary cancer for other organs, not delineated in this work (to obtain 
the whole body risk), is needed in order to obtain more comprehensive and clinically useful results. 
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1. Introduction 

1.1. Objectives and justification of the study 

The radiotherapy of tumours localized in the upper abdominal tract is a challenging task since 

it involves organs influenced by the respiratory motion and also by anatomical variations (e.g. 

variations of gas in the intestines). These changes during or between radiation treatment are 

sources of uncertainties for the radiation dose delivery. The aim of this study is to determine 

whether the radiotherapy of gastrointestinal cancers can be improved by using modern RT 

techniques. The importance of organ motion due to patient breathing and the effects of a 

changing tissue density for the outcome of the radiotherapy treatment must then be evaluated. 

Tissue response models will be used for this purpose. We will study the effect of a changing 

density for a few stomach cancer cases by considering that the stomach can be filled with 

different materials such as air and water and the effect of the breathing motions will be 

assessed by studying a few cases of radiotherapy of liver cancer for which the movements are 

considerable. A comparative study of dose distributions, of dose conformity as well as of the 

sparing of the organs at risk (OAR) from a radiobiological perspective will be carried out for 

treatments with either photon beams (VMAT and SBRT) or proton beams. The risk of 

secondary cancer will also be estimated for both beam types, also with a radiobiological 

model. 

The changes in the treatment caused by the kinds of anatomical changes described above can 

be believed to be different when using charged particles beams (in this case, proton beam 

therapy) compared to when photon beams are used. The reason that a difference can be 

anticipated can be found in the interaction mechanisms which are specific for each particle 

type and which are responsible for the depth-dose characteristics of the particular beam used. 

In addition to the difference in the depth-dose distribution, there is a slight difference when 

considering the lateral penumbra (lateral distance from the 80% dose to the 20% dose level) 

for these two radiation qualities. For large depths the lateral penumbra for proton beams is 

slightly wider than the one for photon beams, typically by a few millimetres (1). The depth-

dose curve of photons with the exponentially decaying depth-dose curve beyond the depth of 

maximum dose is less affected by changes in tissue density. However, for the case of more 

precise RT techniques (such as SBRT) with strongly inhomogeneous dose with steep dose 

gradients, these changes may still be of importance. It is then required to eradicate the 

hypoxic cancer cells in the center of the tumour while sparing the normal tissue by delivering 

low doses outside of the PTV.  
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Since the protons have a well-defined range, beyond which no dose is deposited, any change 

in target position in the beam direction may lead to a more dramatic change in the dose given 

to the targeted disease which is normally located at the end of the range. For proton therapy, 

the presence of a new tissue inhomogeneity in the path of the beam or a movement of the 

target can cause the Bragg peak to shift and to miss the expected/planned location of dose 

deposition.  

 

1.2. Gastrointestinal cancers in the upper abdomen 

The gastric (stomach) cancer is the fourth most common cancer type and the second leading 

cause of death worldwide (2), (3); the hepatic (liver) cancer is the fifth most common type of 

cancer worldwide (3). The hepatocellular carcinoma is the most common primary cancer type 

in the liver and a leading cause of death due to cancer worldwide (2). The gastric and hepatic 

cancers are the objects of the present study.   

The stomach is the first division of the abdominal portion of the alimentary tract beginning at 

the esophagogastric junction (EGJ) and extending to the pylorus; the proximal stomach 

(cardia) is located immediately below the diaphragm and the remaining portions are the 

fundus and body of the stomach and the distal portion, termed antrum (2). Histologically the 

wall of the stomach has five layers, namely mucosal, sub-mucosal, muscular, subserosal and 

serosal (2). Ninety percent of stomach cancers are adenocarcinomas that are further divided 

into intestinal and diffuse types, the remainder are mainly lymphomas (up to 8 %) and 

leiomyosaromas (1 – 3 %) (4). Intestinal type gastric cancers are ulcerative and occur more 

often in the distal stomach than diffuse types, include linitis plastica which occur throughout 

the stomach (4). Gastric cancers are evaluated according to the TNM staging system, which 

stages the tumours according to the depth of invasion of the primary tumour, degree of lymph 

node involvement and the absence (M0) or presence (M1) of distal metastases (4). The most 

common sites of metastases of gastric cancers are the liver, peritoneal surfaces and distant 

lymph nodes, central nervous system and pulmonary metastases occur but are less frequent 

(2). Endoscopy with biopsy is the optimal means of diagnosis of gastric cancer locally; CT 

scanning detects the spread to regional lymph nodes and distal metastases, however 

endoluminal ultrasound is superior to CT in determining the depth of invasion of the primary 

tumour and presence of local adenopathy (4). Treatment alternatives include surgery, which 

has the best results achieved in patients with T1N0 or T1N1 tumours. Adjuvant chemotherapy 
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has an established role after surgery. Radiotherapy has been shown to increase survival in 

addition to surgery (5). A combination of radiotherapy and chemotherapy for gastric cancer is 

currently under investigation in two large multicenter studies (6), (7). In locally advanced 

and/or metastatic disease, palliative chemotherapy is the standard of care (4). 

Histologically, the liver is divided into lobules with central veins draining each lobule. The 

portal triads between the lobules contain the intrahepatic bile ducts and the blood supply, 

which consists of small branches of the hepatic artery and portal vein and intrahepatic 

lymphatic channels (2). Primary malignancies of the liver include tumours arising from the 

hepatocytes (hepatocellular carcinoma (HCC)), intrahepatic bile ducts (intrahepatic 

cholangiocarcinoma and cystadenocarcinoma) and mesenchymal elements (primary sarcoma) 

(2). Macroscopically HCC may appear as a large solitary tumour or as a multicentric tumour 

with satellite lesions evident around a central tumour and microscopically differentiated 

tumours contain large cells identifiable as being hepatocytic in origin with clear cytoplasm 

(4). The main mode of dissemination of liver carcinomas is via the portal veins (intrahepatic) 

and hepatic veins, the most common sites of extrahepatic dissemination are the lungs and 

bones (2). Liver cancer diagnosis are performed with CT scan, laparoscopy, laparoscopic 

ultrasound, angiography, lipiodol and CT scans for multifocal tumours, CXR and chest CT to 

exclude metastases, alpha-fetoprotein for diagnosis and monitoring recurrence and liver 

function tests to assess functional reserve (4). The treatment modalities include surgical 

resection, systemic or local chemotherapy (4) and curative SBRT (8) for irresectable tumours. 

  

1.3. Physical properties of photon and proton beams 

The interaction of photons with matter is, in the macroscopic description, characterized by 

attenuation and scattering of the beam as it propagates through the patient. The inverse square 

law also describes how the beam intensity is decreasing with distance from the source.  The 

attenuation coefficient depends on the photon beam energy and on the composition of the 

material in which it propagates. The most important photon interactions regarding transfer of 

photon energy to matter are the photoelectric effect, Compton scattering and pair production 

(9). In the photon energy range used for radiotherapy (1 – 20 MeV) the most common form of 

interaction of photons with low-atomic-number materials, such as human tissue, is Compton 

scattering.  The energy transfer from a photon beam to matter occurs in a two step process in 

which the energy is first transferred from the primary photons to energetic electrons and 
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secondary photons. The secondary photons continue colliding causing a few ionizations and 

excitation of atoms while the produced electrons are responsible for vast majority of 

ionizations in matter since they will give away their energy in many collisions with (in 

general) very small energy losses. This process results in a depth-dose distribution (Fig. 1), 

with the dose increasing from the tissue surface to a maximum at a depth of typically 1-2 cm. 

This is followed by an exponential decrease of dose with increasing depth that is due to the 

attenuation of the photon beam.  

 

 

Figure 1. Central-axis depth dose for photons and protons 

 

In contrast to the photons and electrons, the protons are heavy charged particles and their 

interaction with matter occurs through different mechanisms. The main form of interaction 

protons undergo as they penetrate the tissue is Coulomb interactions with orbital electrons. 

The proton kinetic energy is lost by small energy transfers to these electrons. A large fraction 

of the proton energy is deposited near the maximum penetration depth of the protons, in a 

dose peak referred to as the Bragg peak. The Bragg peak is characteristic of the dose 

distribution produced by heavy charged particles.  

For protons with kinetic energies in the range typically used for therapy, the energy loss 

through radiation losses is negligible and the energy loss per path length of the absorber 

medium, i.e. the stopping power, of protons is given by its collision stopping power. The 

energy straggling of the protons in the absorber media causes statistical fluctuations in the 
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range of protons. This causes that monoenergetic protons with same energy do not stop at the 

same depth, as a consequence the narrow Bragg peak predicted by the stopping power theory 

has an increased width. Elastic scattering is also present during the process of kinetic energy 

loss of a proton beam. When the proton is traversing a medium it suffers Colombian collisions 

with the orbital electrons. The angular deflection of the proton in each collision is not large 

but the combination of multiple interaction events may lead to a significant change in the 

proton direction. This causes a lateral widening of the dose distributions for the proton beam. 

The lateral dose profile becomes Gaussian in shape. The protons are elastically scattered in 

smaller angles than electrons/positrons since the mass of protons is much larger. The protons 

also undergo nuclear interactions with the atoms of the absorbing medium which results in a 

reduction of proton fluence with depth, production of secondary charged particles and nuclear 

activation (10). These interactions may introduce lower doses to volumes further away from 

the proton primary beam.  

Theoretically, the main difference between radiotherapy with photons and protons can be 

described by the difference in the dose distribution for the two radiation qualities. The 

presence of a Bragg peak in the proton dose profile means an advantage for proton treatment 

over conventional photon-beam radiation therapy because the region of maximum energy 

deposition can be positioned within the target, creating a highly conformal high dose region 

(1). Beyond the depth of dose maximum, the dose rapidly drops to zero since the protons have 

then reached their maximum range. In summary, the proton therapy offers high accuracy in 

target volume coverage while providing a high sparing of the surrounding healthy tissue. In 

addition to the advantage of a Bragg peak, protons have a sharper penumbra compared to 

photons at shallow and moderate depths. When the dynamic case with a changing anatomy 

and moving targets are considered these advantages of proton therapy may no longer exist. 

This is the topic of investigation of this work. 

 

1.4. Radiation therapy of gastrointestinal cancer 

Radiation therapy is one of the options available for treatment of diseases, e.g. cancer. During 

this kind of therapy unwanted cells are irradiated with ionizing radiation. With the use of 

modern radiotherapy techniques, it is possible to achieve a high tumour control while at the 

same time increasing the sparing of the healthy surrounding tissues. This is achieved by 

creating a better target dose conformity.  This will hopefully lead to a better quality of life for 
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the patient. The radiation therapy can be performed using photon beams or charged-particle 

beam therapy.  

The GI cancers are localized in a region of the body where many organs are constantly in 

motion. This motion is caused by respiration of the patient and is simultaneously occurring in 

the cranio-caudal, medio-lateral and anterior-posterior directions. The magnitude of these 

movements can be determined with imaging techniques such as X-ray fluoroscopy, 4D-CT, 

ultrasound and cine-magnetic resonance imaging (11). Lax et al. (12) examined the size of the 

diaphragmatic movement by fluoroscopy during quiet respiration on 17 patients and it was 

found to be in the interval between 1.5 to 2.5 cm. Ehrhardt & Lorenz (13) state that the organ 

motion in the abdomen and thorax can range from 0 to 5.0 cm for free breathing, averaging 

0.5 cm for lung tumours and 1.0 cm for liver and pancreas tumours.  

An essential requirement for the success of a precise radiation delivery is the reproducibility 

of the irradiation setup, as observed on the planning CT images, for each treatment fraction. 

Any factor influencing this reproducibility should be minimized as it could lead, on one hand, 

to low tumour control due to the under-dosage of the target and on the other hand it could lead 

to increased radiation toxicity to the normal surrounding tissues due to over-dosage.  The 

involuntary patient motion, such as respiratory motion, is one of the sources of delivery errors 

in radiotherapy of GI cancers.    There is a therefore a need, before each treatment fraction, to 

verify the position of the target volume. It can be done immediately prior to irradiation by 

using CT, cone-beam CT integrated with the therapeutic apparatus or by using fluoroscopy 

for position verifications in at least two dimensions; the target position verification can also 

be performed during irradiation using the cine-electronic portal imaging device (EPID) or X-

ray fluoroscopy (11). Sometimes a marker is positioned in the targeted volume to make the 

repositioning easier. 

The target motion, in radiotherapy of GI cancers, can be reduced by means of patient 

immobilization devices (e.g. body frames, vacuum pillows, etc.). These motion issues can be 

expected to be a more severe source of delivery errors for the more precise techniques such as 

the SBRT (due to the heterogeneity in the dose distribution and due to that fewer treatment 

fractions are given) and proton beam RT (due to its depth dose characteristics). They are 

normally of less importance for CRT.  

The range of proton beams in the patient’s tissue is associated with certain uncertainties 

which are related to CT imaging scanner issues such as presence of artefacts, X-ray beam 

hardening and other CT image quality problems. These issues affect the conversion from 
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Hounsfield number to relative stopping power ratios, and thereby the dose calculation (14). A 

margin beyond the range of the proton beam, outside the target, has to be added to account for 

the range uncertainty of proton beams.  

Another source of uncertainties in radiation therapy is the variation of the organ contents and 

dispositions. The radiation therapy planning is based on information about the electron 

density inside the patient. This density data is obtained from CT images, which show the two 

dimensional position of the different tissues.  The dose calculation algorithms incorporated in 

the treatment planning system (TPS) include a correction for tissue inhomogeneities which is 

based on differences in electron density for different types of tissue. However, respiratory 

motion and changes in the organ dispositions (e.g. due to digestion) during the course of 

radiotherapy of GI cancers can introduce further changes in tissue composition along the path 

of the beam. These anatomical variations may cause variations in the target coverage during 

the dose delivery due to variations in attenuation for photon beams and range variations for 

proton beams.   

The setup uncertainties in radiation therapy due to internal anatomical reconfigurations are 

taken into account by adding a margin, the internal margin (IM) to the clinical target volume 

(CTV) to create the internal target volume (ITV) or sometimes directly the planning target 

volume (PTV). Smaller margins are desired in order to better exclude the healthy tissues from 

the irradiated volume. Larger margins are on the other hand required to account for possible 

setup uncertainties such as the target motion due to patient respiration in order to avoid under 

dosing the target. An improper quantification of safety margins can be expected to have more 

severe consequences in proton therapy than in photon therapy. Margin underestimation in 

photon therapy might cause a smaller underdosage of the tumour, while in proton therapy it 

may cause that part of the tumour does not receive any dose due to a potential shift of the 

sharp distal dose falloff (14). 

 

1.5. Risk of side effects and secondary cancer 

According to ICRP (15) the adverse health effects of radiation exposure may be grouped in 

two general categories: the deterministic effects (harmful tissue reactions) and the stochastic 

effects (cancer and heritable effects). The induction of deterministic tissue reactions is 

characterized by a threshold dose, above which the severity of the damage increases with 

dose. When the threshold dose has been exceeded, early and late tissue reactions are observed. 
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The early tissue reactions appear days to weeks after exposure to radiation and are often of the 

inflammatory type, resulting from release of cellular factors or from cell death (15). The late 

reactions appear months to years after exposure. The induction of stochastic effects is of 

genetic type and it does not have a threshold dose from which it starts to be observed. The 

present study focused on the radiation-induced carcinogenesis, which is a stochastic effect 

sometimes appearing after radiation exposure.  

The radiation induced carcinogenesis have been demonstrated (16), (17), (18), (19) and along 

with the therapeutic use of  more advanced radiotherapy techniques there is an increasing 

need to assess, by means of an accurate model, the risk of radiation induced secondary 

cancers. There is a need to compare the estimated risk of induced cancer due to traditional 

photon beam therapy with the risk estimated for proton (and heavier ions) therapy. 

Several models have been proposed to estimate the risk of radiation induced secondary 

malignancies.  ICRP 60 (20) has proposed a calculation scheme for the prediction of total 

mortality due to late effects. UNSCEAR (21) has proposed a general equation that takes into 

account both the effects of radiation-induced DNA mutations and also the survival of the 

irradiated cells.    

Schneider et al. (17) used the ICRP 60 (1990) calculation scheme to assess the total mortality 

of the patients due to late side-effects after therapy with either photon- or proton-beams of 

Hodgkin’s disease. This risk assessment model uses the average organ dose and does not take 

the heterogeneity of the dose distributions in the different organs into account. The results 

from this study showed that the competition between the induction of the DNA mutations and 

cell survival should be included for risk estimations of radiation induced secondary cancers 

and suggested a decrease in the cancer incidence after proton beam treatment compared to 

photon treatment. 

Dasu et al. (22) performed a study of radiation induced secondary cancer based on the 

equation proposed by UNSCEAR (1993). They modified this equation to take into account 

the treatment fractionation and also the non-uniform dose distributions to the irradiated 

organs. The results from this study showed the importance of using the heterogeneous dose 

distribution in the organs at risk combined with the nonlinear model for risk prediction to 

obtain improved risk estimations.  
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2. Material and Methods 

 

2.1. Selection of patients 

Two groups of patients were incorporated in the present study: patients previously treated for 

liver cancer or stomach cancer. The images and photon treatment plans for these two groups 

of patients were taken from the clinical database at the Radiotherapy Department at the 

Karolinska University Hospital. Three liver-cancer and eight stomach-cancer patients were 

selected. 

For the study of liver cancer, patients that had been treated for primary liver cancer or 

metastasis with VMAT or fixed-fields based SBRT techniques were included in this study. 

These patients had undergone both a conventional CT and a 4D-CT examination with and 

without abdominal pressure to determine the magnitude of the target movement. Another 

requirement used when selecting the liver cancer patients was that the treatment planning 

should have been performed on conventional CT images and that abdominal pressure should 

have been applied on these patients during planning and treatment. Furthermore, the target 

definitions drawn on the conventional CT images have been based on the 4D-CT image 

studies in order to take into account uncertainties due to organ and target motion. 

The only requirement imposed in the selection of the stomach cancer patients was that the 

patient had been treated with VMAT for stomach cancer with the treatment planning 

performed on conventional CT image studies.    

 

2.2. Photon beam therapy: RapidArc 

The RapidArc is the Varian (Varian Medical Systems, Inc, Palo Alto, CA, USA) approach of 

volumetric modulated arc therapy (VMAT). In VMAT the dose is delivered during 

continuous gantry rotation and collimator motion (23). This is in contrast to the multiple 

fixed-fields of the intensity modulated radiation therapy (IMRT). There is a special Rapid 

Arc® module in the Aria treatment planning system with which the dose distribution can be 

optimised based on dose-volume objectives. The multi-leaf collimators (MLC) openings and 

monitor units (MU) weights are optimization parameters. With VMAT the gantry rotation, 

MLC motion and dose rate modulation are coordinated simultaneously. 
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Compared to IMRT, RapidArc can achieve a reduction in the treatment time and also a 

reduction in the number of delivered MUs (24). The increase in the number of MUs for IMRT 

leads to an increase in the dose to the body from scattered radiation. This means that a larger 

volume of irradiated normal tissue is irradiated with lower doses, something which could 

potentially lead to an increase in the incidence of secondary cancer after radiotherapy (24), 

(25). Reduction of the dose from scattered radiation in the patient body when using the 

VMAT technique was observed in a study by Tsai et al. (26). 

The optimization process in RapidArc is based on the Progressive Resolution Optimizer 

(PRO) algorithm (27), in which the entire gantry rotation is described as a sequence of 177 

control points equally spaced by roughly 2o. Each control point specifies the gantry angle, 

dose rate and MLC leaves opening shapes. The optimization process proceeds through five 

multi-resolution levels. The first resolution level has 10 control points and it has an initial 

distribution of the MLC shapes; the dose rate and gantry speed are then set to their maximum 

allowed values (28). During each multi-resolution level, the MLC shapes, dose rate and 

gantry speed are simultaneously optimised for a fixed number of iterations. The process is 

repeated by doubling the number of control points at each level until the final number of 177 

(360o arc) control points is reached. 

During each one of the iterations within the multi-resolution level, variations of MLC opening 

shapes, dose rate or gantry speed settings are randomly and simultaneously performed in the 

search for an optimum at each control point (27). Machine parameter limits, such as MLC 

shapes, maximum gantry speed, dose rate and mechanical limits are accounted for during the 

optimization (27), (29). In the optimization process, the dose calculation is progressively 

performed with an increasing number of control points and the patient heterogeneity is also 

taken into account. 

 

2.3. Proton beam therapy 

Therapeutic proton beams can be produced by cyclotrons or synchrotrons and transported 

through beam lines to the gantry in the treatment room. Cyclotrons produce continuous beams 

with fixed energy while synchrotrons produce pulsed beams and the energy can be varied 

from one cycle to another (30). The pristine Bragg peak produced by a monoenergetic proton 

beam is not wide enough to cover the treatment volumes and therefore spread out Bragg peaks 
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(SOBP) need to be produced. SOBP can be achieved by passive scattering or by the pencil 

beam (spot) scanning (PBS) techniques. 

In the passive scattering technique the depth dose of the monoenergetic beam exiting an 

accelerator is first of all modulated by a variable degrader, which can be a rotating wheel with 

variable thickness or a wedge filter. This beam modulation produces the SOBP. The SOBP is 

moved to the desired radiologic depth by using a range shifter, consisting of a number of 

homogeneous plastic plates of different thickness that can be moved into the beam (30). The 

beam is then spread in the transversal direction by guiding it through one or two scattering 

pieces of material that deflects the particle trajectories due to multiple Coulomb scattering 

(31). The beam broadening in the transversal direction can also be achieved by using a 

magnetic wobbling system that moves the beam over a defined area (30). During the dose 

delivery, patient specific hardware such as collimators and compensators are required. 

With the PBS (spot-scanning) technique, a narrow monoenergetic proton pencil beam is 

generated and then magnetically scanned across the target volume in a plane perpendicular to 

the beam direction. The SOBP is then produced by means of energy variation, and the beam is 

then scanned in the longitudinal direction. This can be done by inserting range shifter plates 

into the beam when the beam is produced in a cyclotron, or by varying the energy of the beam 

from pulse to pulse to adapt the range of the particles in the tissue, when the beam is produced 

in a synchrotron (30), (31).  

A range modulation has been implemented by IBA (Ion Beam Applications, S.A.) for 

scanning protons which allows the energy to be changed in less than 2 seconds (32). The 

range is adjusted upstream in an energy selection system which consists in a set of absorbers 

followed by a pair of achromatic dipoles. Slits are used to limit the emittance and the energy 

spread of the beam (32). The use of a synchrotron limits pencil beam scanning to discrete spot 

scanning. Therefore, the cyclotron seems to be more suitable for advanced scanning 

techniques due to its continuous and stable beam and its almost unlimited flexibility in beam 

intensity (31). 

The major advantages of the spot scanning over the passive scattering technique are the 

additional dose sparing possible due to the variable modulation of the range, the dose delivery 

without patient specific hardware and the capability to deliver the intensity modulated therapy 

without additional modifications. The major disadvantage is the high sensitivity to organ 

motion during scanning (33). The dose delivery technique implemented on the Skandion 

Clinic is the PBS  and the proton beam is produced in a cyclotron.  



 

12 
 

2.4. Stereotactic Body Radiation Therapy 

The stereotactic body radiation therapy (SBRT) also called extra-cranial stereotactic radiation 

therapy (ESRT) is a highly conformal and precise treatment with which a large radiation dose 

is delivered (normally with photon beam) to the target over a few treatment fractions.  The 

gamma knife concept, developed by the Swedish neurosurgeon Lars Leksell used for 

radiosurgery of lesions in the brain (34), is used in SBRT. The four basic components of the 

SBRT are (I) target localization and treatment set-up using a stereotactic body frame, (II) 

computed tomography (CT) for geometrical verification of the tumour position in the 

stereotactic body frame system, (III) a heterogeneous dose distribution in the planning target 

volume for improved therapeutic ratio and (IV) hypofractionation with a few fractions, each 

with a high dose (8). 

The safe delivery of very large doses per fraction in SBRT requires effective patient 

immobilization and precise target localization (35) and is achieved by the use of an external, 

well-defined three-dimensional coordinate system, the stereotactic body frame. The 

stereotactic body frame was developed by Lax et al. (12) who borrowed ideas from the frame 

used for intracranial radiosurgery with gamma knife. The size, shape and the material of the 

frame were made to fit and produce minimal artefacts in different tomographic imaging 

modalities (CT, MRI and PET), (12). The stereotactic system which is visible on the 

tomographic images consists of longitudinal and oblique indicators and a ruler outside the 

frame which is used for correct iso-centric positioning of the patient in the treatment room. 

The ruler has a longitudinal scale, 800 mm in length, in which multiples of 100 mm can be 

read. There are also eight indicators, positioned with an oblique angle of 45o to the 

longitudinal scale, of length 100 mm and positioned 100 mm apart (12). The correct set-up in 

the transversal direction is determined by a ruler on a bow over the patient, which can slide 

over the whole length of the body frame. To reduce the target motion due to diaphragmatic 

respiratory motion, a screw positioned on the bow can be adjusted.  

An initial CT image series is produced with the patient positioned in the stereotactic frame. 

This first image series is used for treatment planning purposes. A CT examination of the 

patient in the stereotactic frame is made shortly before each treatment in order to study the 

reproducibility of the target in the stereotactic system. The reproducibility is measured in 

relation to the planning CT examination (12). 
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For treatments in the abdominal regions, the target motion and set-up uncertainties are 

normally taken into account by adding a margin of 1.0 cm in the cranio-caudal direction and 

0.5 cm in the transversal direction (8) to the clinical target volume (CTV) to form the 

planning target volume (PTV). According to Lax et al. (12), the diaphragmatic motion in 

fluoroscopic studies ranged between 1.5 and 2.5 cm and was reduced to 0.5 to 1.0 cm by 

applying abdominal pressure to the patient. 

An inhomogeneous dose distribution in the PTV, with the maximum dose at the center of the 

PTV is a consequence of the beam setup used for SBRT. It is also desired in order to take into 

account the hypoxic and hence less radiosensitive central regions of the tumour. The dose is 

prescribed to the periphery of the PTV. The intention in the treatment planning is often to 

produce a central dose of 150 % of the prescribed dose (8), (36). 

Dose conformity with the shape of the target volume is desired in SBRT and can be obtained, 

in photon beam based SBRT, either by using a small number of individually shaped non-

coplanar beams (12) or by using the photon arc technique (37). SBRT can also be performed 

with proton beams and a proton arc technique (37) as well as with non-coplanar fixed proton 

fields (36).  

 

2.5. Treatment planning for clinical liver- and stomach-cancer cases  

For the patients included this study, the treatment planning was done for three different RT 

techniques: 1) Photon beam VMAT (or more specifically the Varian RapidArc) implemented 

for SBRT, 2) Fixed field SBRT and 3) Proton spot-scanning.  

The planning for the treatments were performed on Eclipse stations 11.0.42 (Varian Medical 

Systems) and the irradiations of the patients are then carried out with a 6 MV photon beam 

from a Varian linear accelerator. 

At Karolinska University Hospital, liver cancer patients selected for radiation therapy are 

often treated with fixed-fields SBRT or with a VMAT-based SBRT. The SBRT planning for 

the patients here considered were performed on conventional CT image studies. The PTVs 

had been constructed by adding margins to the CTV  to take into account the target motion 

observed on the 4D-CT images of the patient. Therefore, the plan was performed aiming to 

have the CTV inside the PTV in all breathing phases. The breathing motion of the patients 

was reduced by application of abdominal pressure. Verification of the patient setup was 
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performed daily by CT imaging with the in-room on-board imaging devices connected to the 

treatment machine. 

In the planning of the liver cancer treatments the following organs at risk were identified and 

drawn on the CT images:  kidneys, oesophagus, heart, right lung, spinal cord and the part of 

the liver that was outside the PTV. In the treatment planning of the stomach cancer cases, the 

PTVs were delineated as the whole stomach since this kind of cancer occurs in the layers of 

the stomach wall. The organs at risk were in this case: liver, kidneys and the bowel excluding 

the part included in the target volume to be treated. The delineation of structures on the 

planning CT images was performed by the radiation oncologists from the Karolinska 

University Hospital. The original plans from the hospital database were taken as reference 

plans and the same targets and risk organs were used to perform the planning with the proton 

beams in the Skandion Clinic Eclipse proton beam planning station.  

The radiation treatments of the stomach cancer patients were, as for the liver cancer patients, 

planned with the Rapid Arc® (VMAT) delivery technique. Stomach cancer is a type of cancer 

which occurs in the layers of the stomach wall, therefore the target for radiation therapy is the 

whole stomach. Margins were added to the stomach volume visible on the CT study in order 

to enclose the whole stomach inside of the PTV during all sessions of radiation delivery. In 

addition, X-Ray verification images were taken from two directions, prior to all treatment 

fractions. This in turn enabled structure matching of certain internal landmarks prior to 

treatment.  

The treatment planning at the Skandion Clinic planning station was done using beam data 

from the Pennsylvania University proton machine (IBA proton therapy system), since the 

beam data from the Skandion Clinic is not yet available. Since the Skandion Clinic and the 

Pennsylvania University proton machines are quite similar and from the same manufacturer it 

was considered to be an acceptable approach for estimating the future treatment possibilities 

at the Skandion clinic. The proton beam from Pennsylvania Hospital has minimum and 

maximum proton kinetic energies of 100 MeV and 230 MeV respectively. The proton facility 

in Skandion Clinic will have energy between 60 and 230 MeV.  

The treatment planning with protons was performed using the same target margins as for the 

photon plans. However, proximal and distal margins of 5.0 mm were added in the proton plan 

(for the liver cancer cases) in order to take into account the range uncertainties and 

uncertainties in the conversion of the Hounsfield units to relative stopping power ratio. 

For all the proton plans produced for the two types of clinical cases studied, two proton beams 

from nearly orthogonal angles were used for the irradiations. Two fields instead of one were 
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chosen to decrease the dose to the OARs located between the patient skin and the proximal 

side of the target to tolerable levels. Some plans with three and four proton  fields were also 

created but they were rejected since the extra fields did not contribute to any significant 

improvement of the plans according to the set criteria.  

For treatments with only  a single field of protons, which was avoided in this study,  the 

increase in the bio-effective range of the proton beam, discussed in the section 3.4.1, needs to 

be considered for cases in which a critical organ is present adjacent to the distal end of the 

proton beam. 

 

2.6. Dose prescription  

In the radiotherapy with photons the overall treatment time and the dose fractionation are the 

variables which have to be determined before treatment. However, in PBT, the proton RBE 

also has to be taken into account to obtain the biological isoeffective dose. The isoeffective 

dose is defined as the total absorbed dose which produces a specific biological effect of the 

treatment; it is often stated in relation to 2 Gy per fraction treatments. The prescribed doses in 

the proton treatment system have to be corrected by the RBE, in order to account for the 

differences in the biological effectiveness of doses in the target produced by protons or the 

reference radiotherapy modality, the photons. A proton beam RBE of 1.1 is assumed in this 

work. 

In radiotherapy, when comparing two different treatment modalities, e.g protons and photons, 

a reference condition has to be set. The recommended reference condition is normally taken to 

be the photon treatment, with 2 Gy per fraction given 5 days a week (38). For this study, the 

same fractionation schedule for either photon or proton beam therapies were used, which 

requires no further corrections to obtain the biological effective dose (BED). 

In the present study the reference radiation type is a 6 MV photon beam produced by a linear 

accelerator. The proton beam is generated with a cyclotron capable of providing spot scanning 

delivery. The dose coverage of the PTV have been made to be nearly identical in the proton 

plans as for the reference photon plans aiming to compare only the sparing of the OARs for 

each of these two RT techniques. The prescribed dose to each patient, the treatment schedules 

and the treatment modality (for photon beam) for the liver cancer patients are shown in the 

Table 1 below. The treatment technique to give the PBT was modulated spot scanning for all 

patients. 
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Table 1. Treatment protocol for the liver cancer treatments with either photon or proton beams 

Patient # Modality 
Fractionation 

(photons) 

Fractionation 

(protons) 

Isoeffective dose  

(Gy (IsoE)) 

1 VMAT 7 Gy x 8 6.4 Gy x 8 56 

2 Fixed field 17 Gy x 3 15.5 Gy x 3 51 

3 Fixed field 15 Gy x 3 13.6 Gy x 3 45 

 

For all eight stomach cancer patients, the same fractionation schedule and the same prescribed 

dose was used, see Table 2. 

 

   Table 2. Treatment protocol for the stomach cancer treatments with either photon or proton beams. 

Patient 

# 
Modality 

Fractionation 

(photons) 

Fractionation 

(protons) 

Isoeffective dose  

(Gy (IsoE)) 

All  VMAT 1.8 Gy x 25 1.64 Gy x 25 45 

 

For SBRT treatments of liver cancer, with either the VMAT or the fixed-fields techniques, the 

dose is prescribed so that the periphery of the PTV receives 100 % of the prescription dose 

but for the dose given to the center of the tumour there is no dose limit sine the target is 

considered to consist of only cancer cells. However, for PBT in this study, the dose to the 

central part of the tumour was set to be approximately 150 % of the prescribed dose in order 

to facilitate the comparison of the two techniques. For the stomach cancer case, a 

homogeneous dose distribution was desired within the PTV. It should be covered by 95 % to 

105 % of the prescription dose. 

The same dose constraints as used for the OARs during the SBRT planning were used during 

the treatment planning with proton beams and the plan optimization was performed in terms 

of dose-volume objectives for the PTV. For the stomach cancer cases planned with protons, 

the optimization objectives were set as follows:  95 % of the PTV should get at least 95 % of 

the prescribed dose and no more than 2 % of the PTV should get a dose higher than 105 % of 

the prescribed dose.  
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2.7. Dose calculation models 

In the treatment planning system (TPS) which is used for the dose calculations done in the 

radiation therapy preparation, robust algorithms are implemented. These use information 

about the radiation sources available and the different types of radiation which need to be 

considered in the dose calculation to calculate the expected dose deposited in the patient PTV 

and OARs, during radiation dose delivery. For modern radiotherapy techniques there is a need 

of high accuracy in the dose calculation algorithm for clinical use and also of short calculation 

times. Since the present work involves plan comparisons between photon and proton beam 

treatment plans performed in Eclipse, a short description of the dose calculation algorithms 

used in the TPSs is motivated. 

 

2.7.1. Dose calculation models in photon beam Eclipse TPS 

For photon beam therapy planning, the Eclipse TPS for photon beam therapy uses the 

Analytical Anisotropic Algorithm (AAA) as dose calculation model. This model provides a 

fast and accurate dose calculation for clinical photon beams even in regions of complex tissue 

heterogeneities (39). The AAA is a fast Monte-Carlo-based 3D-Gaussian pencil beam 

convolution/superposition algorithm for accurate heterogeneity corrected photon dose 

calculation for all types of external photon beam treatments (39) (40) which is combined with 

the 1D depth-scatter kernel that is scaled for local density variations. The AAA dose 

calculation model consists of two components, the configuration algorithm and the actual 

dose calculation algorithm (39). 

The configuration algorithm determines the physical parameters used to characterize the 

fluence and energy of photons and electrons and the scattering properties of the electrons in 

water equivalent medium. All the physical parameters are pre-computed by Monte Carlo 

simulations and modified in order to match with the actual clinical beam data. As a result, an 

accurate characterization of a clinical beam which enables fast dose calculations is obtained 

and stored on a phase space file. The clinical beam is modelled using a multi-source model 

which has the components: primary-photon energy fluence, extra-focal photon energy 

fluence, contaminating electron fluence and photons scattered from the hard wedge (39). 

The data obtained from the configuration phase are used by the AAA dose calculation 

algorithm. The patient’s body is divided into voxels that are divergent, aligned with the beam 

fan line and their sizes are determined by the size of the calculation grid (40). The dose 

calculation is based on separate convolution models for primary and extra-focal photons, the 
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contaminating electrons and photons scattered from the beam limiting devices (collimators, 

filters, ion chambers in the beam path, collimation jaws, MLCs and wedges filters). The broad 

clinical beam is divided into small, finite-sized beamlets with separate photon and electron 

components (39), to which the convolutions are applied and the final dose distribution is 

obtained by the superposition of the dose calculated for to the individual beamlets for both the 

photon and electron components. In the dose calculation, the photon beam attenuation is 

modelled with an energy deposition density function and the photon scatter is modelled with a 

scatter kernel that defines the lateral energy scattering (39) 

In AAA, the convolution is performed in terms of energy which allows the energy to be more 

accurately conserved even in more complex heterogeneous convolutions. The energy 

distribution is moved in the depth direction using the one dimensional kernel to take into 

account the gradual changes in scatter conditions after the heterogeneity borders (39). This 

effect is pre-compensated for by applying the reverse transform to the energy deposition 

density function with the aim of avoiding moving the dose deeper into the patient. 

 

2.7.2. Dose calculation models in proton beam Eclipse TPS 

The dose model implemented in the proton TPS calculates the dose on a 3D array of voxels 

on a Cartesian grid which completely covers the patient volume. The dose is calculated at 

points in the center of the voxels (41). The proton energy distribution in the SOBP is divided 

into separate energy layers for which the dose distribution is also separately calculated. For 

each energy layer the dose calculation consists of three main parts, namely, calculation of 

basic physical parameters, calculation of the proton beam fluence and calculation of the dose 

to the patient. 

The calculation of basic physical parameters is performed in the beamlet modelling part. A 

proton beamlet is defined as a beam of protons such that all protons travel the same straight 

line hitting the same point of a surface perpendicularly and the energy spectrum of the protons 

in a beamlet is a Gaussian, centered at the nominal energy of the beamlet (41). A proton 

beamlet is completely described by its nominal energy and the width of the Gaussian energy 

spectrum. For the dose distribution calculation of a beamlet, three categories of particles are 

distinguished: the primary protons are the protons which have not suffered an inelastic 

collision in water, the secondary proton are the protons which have suffered one or more 

inelastic collision with nuclei in water and the recoil particles which are recoil ion fragments, 
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neutrons from elastic or inelastic collisions and very low energy protons (41). Recoil particles 

occur with low probability and are produced during proton interactions.  

The dose calculation models separate the beamlet characteristics in the depth-dose curve and 

the lateral distribution which is perpendicular to the beamlet central axis. The depth dose 

curve is calculated for an infinitely broad, non-divergent beam without any divergence effects 

with its shape depending only on the incoming energy spectrum. For a single beamlet with a 

large number of protons, a curve with the same shape can be obtained from integration of the 

3D dose distribution over the lateral degrees of freedom, obtaining a laterally integrated depth 

dose with units Gy·cm2 (41). The depth dose curve will be the sum of the contributions from 

the different particles (primary protons, secondary protons and recoil particles). The lateral 

dose distribution is modelled by a Gaussian in the plane perpendicular to the beamlet 

direction and is completely characterized by a single parameter which is proportional to the 

Gaussian width and which is a function of the depth in water (41). The product of the depth 

dose curve and the lateral dose distribution for each depth gives the final 3D dose distribution 

for a single beamlet for each type of particle.  

The full 3D dose distribution is the sum of the doses from different particles and it has 

rotational symmetry at any point in the homogeneous medium. The total dose in the patient is 

calculated from integration over the doses deposited for each energy layer. After that, the 

Cartesian 3D dose is interpolated from the divergent dose. The fluence, as the depth dose, is 

calculated separately for each energy layer. The fluence calculation determines the fluence of 

all the beamlet components at positions within the patient as if the patient was not there to 

disturb the beam (41). Therefore, no energy loss, scattering or losses of protons due to nuclear 

interactions (included in the depth dose curve) are taken into account. The proton fluence in 

air at a point within the patient is influenced by the angular confusion (which describes the 

range of directions which protons passing through any given point may have) and the angular 

divergence of the beam (which measures the variation in the range of directions over a plane 

perpendicular to the beam’s central axis), the scattering system, any additional absorbing 

material, the block and compensator (41).  

The dose distribution calculation in the patient is the last step of the dose calculation model 

incorporated in the proton TPS. It combines the result of the fluence calculation with the basic 

physics of a proton beam interacting in water and the individual properties of the patient. For 

the dose calculation in the patient, the basic proton beamlet previously described has to be 

modified to a more realistic case by including the effects of beamlet absorption and scatter in 
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the path from the gantry exit to the different calculation points within the patient. To obtain 

the total dose for any energy layer the beamlet dose is, then, combined with the fluence (41).    

 

2.7.3. Optimization process of the treatment plans 

The RapidArc uses the PRO algorithm, described in section 2.2, for the plan optimization. 

The optimization of the treatment plans in the photon planning system requires additional 

information about the structures of interest, constraints and objective function.  

The proton optimizer for the modulated spot canning proton beam is based on the patient 

structures used for optimization, which requires the definition of the target structure and 

additional critical organs, and on the fields with lists of spot positions for each energy layer. 

The spots are located on a rectangular spot grid and the optimization algorithm uses a  matrix 

of dose deposition coefficients (ddc) for which the dose is calculated that would be deposited 

to each of the cloud points when irradiating each single spot with unit intensity (41). The 

optimization process requires input data such as the selection of spot positions, the calculation 

of the start weights for the spots, the dose constraints for the critical organs and the definition 

of the cloud points.  

 

 

Figure 2.  Window illustrating the optimization process on the Eclipse Photon and Proton TPS 

 
Two different optimization algorithms can be selected in Eclipse Proton Optimizer. One of 

them is the Single Field Optimization (SFO) also known as Single field Uniform Dose 

(SFUD). With this method the single fields are optimized separately  to achieve uniform dose 

in the target from each beam angle. Another optimization method is the Multi Field 
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Optimization (MFO) which is used for intensity modulated proton therapy. With this method 

all spots from all fields are optimized simultaneously which means that the dose due to each 

single field is normally not uniform (similar to IMRT). The spot-scanning proton therapy 

using MFO is more flexible and results in highly conformal dose distributions but it is more 

sensitive to setup and range uncertainties than the spot scanning proton therapy using  SFO 

(42). 

In the optimization modelling, the dose constraints of the OARs and the maximum allowed 

dose to the PTV is used as a input  to the objective function which consists of the accumulated 

squared differences between the delivered dose and the target and OAR dose prescription and 

constraints for each calculation point. Figure 2 shows the use of the maximum and the 

minimum dose to the PTV in the objective function in the optimization process in the proton 

and photon TPS. 

 

2.8. Plan evaluations  

The treatment plan evaluation was divided in two parts, namely, the dosimetric evaluation and 

the biologic evaluation. The DVH was used as the source of data for the treatment planning 

evaluation as it provides direct information of dose to the different sub-volumes of the target 

and the OARs. The tools selected for dosimetric evaluation of the treatment plans were the 

homogeneity index, the conformity index, the dose-volume limits of the OARs and the 

integral dose. The biological evaluation of the treatment plans was based on the calculation of 

the TCP and NTCP. 

 

2.8.1. Dosimetric evaluation 

The dose-volume limit evaluation of the OARs was made by extracting information from the 

DVHs that could be compared with the limit values of dose or dose-volume for the selected 

risk organs recommended by QUANTEC (44). This evaluation was performed for the two 

radiation therapy techniques for both the liver and stomach cancer cases. 

This tolerance data for the selected OARs in the plans for both liver and stomach cancers are 

summarized in Table 3. 
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Table 3. Dose or dose-volume tolerance limits for normal tissue in radiotherapy (Adopted from: QUANTEC) 

Organ Volume 
segmented 

Irradiation 
type Endpoint 

Dose or 
dose/volume 
parameters 

Heart Whole organ 3D-CRT 
Long term cardiac 

mortality 
V25 < 10 % 

Spinal 

cord 

Partial organ 

Partial organ 

3D-CRT 

SRS1 

Myelopathy 

Myelopathy 

Dmax = 50 Gy 

Dmax = 20 Gy 

Liver  
Whole organ 

Whole – GTV 

3D-CRT 

SBRT2 

Classic radiation induced 

liver disease (RILD) 

Mean dose < 42 Gy 

Mean dose < 13 Gy 

Kidney 
Bilateral whole 

organ 
3D-CRT 

Clinically relevant renal 

dysfunction 
Mean dose < 28 Gy 

Bowel  Whole organ 3D-CRT Grade ≥ 3 acute toxicity V45 < 195 cm3 

Esophagus Whole organ 3D-CRT 
Grade ≥ 2 acute 

esophagitis 
V35 < 50 % 

Lung Whole organ 3D-CRT 
Symptomatic 

pneumonitis 
Mean dose= 20 Gy3 

 

 

In Table 3, V25, V35 and V45 are the volume of the organ at risk which receives 25 Gy, 35 

Gy and 45 Gy, respectively. 

In radiosurgery the conformity index (CI) is often used to compare competing plans, to 

evaluate treatment techniques and to assess clinical complications (43). The CI is defined by 

the ICRU 62 (44) as the quotient of the treated volume (TV) and the volume of the planning 

target volume (PTV), equation (1).  
                                                   
1 Hypofractionation with partial cord cross-section irradiation in 3 fractions 
2 Hypofractionatedn SBRT with 3 fractions for primary liver cancer 
3 For 20 % rate of observation of the endpoint. 
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PTV
TVCI =                                                                   (1) 

 

The CI describes the quality of a plan in terms of conformal coverage of the target. In SBRT 

the dose is normally prescribed to the border of the PTV. A conformity index of 1 is ideal for 

good target coverage at the same time as healthy tissue is treated below the prescribed dose. 

In this study, the CI was assessed by extracting information about the planned treatment 

volume and the treated volume from the DVH of the PTV in the liver treatment plans. 

For the radiotherapy techniques for which the homogeneous dose distribution is one of the 

most important planning goals, the homogeneity index (HI) can be used to describe the 

quality of the plan. HI was defined by ICRU 83, according to equation (2).  

 

pD
DD

HI %98%2 −
=                                                                   (2) 

 

Where D2% and D98% are the highest dose received by 2 % and 98 % of the PTV volume, 

respectively and Dp is the prescribed dose. The ideal value of the HI is zero which would 

indicate good dose uniformity throughout the PTV. On the other hand, a higher value of HI 

may indicate the presence of cold or hot spots within the PTV volume, which are not desired 

when the goal of the treatment plan is to deliver a homogeneous dose to the target. The 

homogeneity index was determined from the DVHs of the PTVs for all stomach cancer plans 

by extraction of D2% and D98% and the prescribed dose. 

The integral dose to the OARs was evaluated for the liver and stomach cancer plans by using 

equation (3) and the resulting IDs are presented in Joules.  

 

mDID ⋅=                                                                   (3) 

 

Where D  is the mean organ dose and m is the mass of the organ. The mean dose was 

extracted from the DVH of each organ and the mass was obtained as the product of the organ 

volume and the density of water. 
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2.8.2. Biological evaluation of the treatment plans 

The treatment plan evaluation can be done by observing the position of the 3D dose 

distribution visually with respect to the target coverage, the sparing of the organs at risk 

(OARs) and the fulfilment of the dose constraints. Quantitatively, the 3D dose distribution can 

be reduced to dose-volume histograms (DVHs), which give information about the dose-

volume frequency distribution for the target and the OARs. However, the DVH do not 

provide information about the expected biological response or the spatial information about 

which parts of the irradiated structures that received a dose deviating from the prescribed one. 

Models of NTCP (45) and TCP (46) have been developed which can provide estimates of the 

biological response of the tumour and the OARs to irradiation. The biological evaluation of 

the treatment plans for radiotherapy with either photon or proton beams was in this work 

performed by calculation of normal tissue complication probability (NTCP) and tumour 

control probability (TCP) using the DVHs generated by the TPS. 

The NTCP can be assessed by the Lyman-Kutcher-Burman (LKB) model (47), which is 

implemented in a four-parameter equation (Eq. (4)). It makes use of tolerance parameters for 

normal tissue from Emami et al.  (48). 

 

𝑁𝑇𝐶𝑃 = &
'(

𝑒*
+,

, 𝑑𝑡/
*0                                                          (4) 

where  

𝑡 = 1234*5167(9)
;∙5167(9)

                                                               (5) 

and                                                             

𝑇𝐷>? 𝑣 = 𝑇𝐷>? 1 ∙ 𝑣*B																								                                (6) 

 

𝑇𝐷>? 𝑣 	is the tolerance dose which leads to 50% complication probability for uniform 

irradiation of the fractional volume 𝑣 of the organ at risk (OAR). When the whole organ is 

irradiated 𝑣 = 1 and the tolerance dose is 𝑇𝐷>?(1). The parameters 𝑛 and 𝑚 arethe volume 

factor, which describes the volume dependence of the NTCP, and the slope of the NTCP vs. 

dose curve, respectively. 
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The NTCP equation is applicable under conditions of homogeneous irradiation of the OAR. 

In order to accommodate the clinical data which are for the case of homogeneous irradiation 

the current non-uniform DVHs have to be transformed to uniform. For this purpose, the 

effective-volume method (45) was used. Additionally the linear-quadratic (LQ) model was 

used to correct the physical DVHs for fractionation effects by conversion of the delivered 

total dose D to the 2 Gy equivalent-dose per fraction case through the equation (7) (49). 

 

𝐿𝑄𝐸𝐷' = 𝐷
I
JKL

I
JK'

                                                              (7) 

 

Where, 𝐿𝑄𝐸𝐷' is the linear-quadratic equivalent dose for the case of 2 Gy per fraction. 

The TCP (equation (8)) was evaluated by application of a model based on the LQ model for 

the survival fraction of the clonogenic cells and on the Poisson statistics, together with the 

assumption that the LQ model parameter α is Gaussian distributed (50), (46), (49). This TCP 

model incorporates the effect of dose inhomogeneity obtained from the DVH.  

 

𝑇𝐶𝑃 = &
MN '(

𝑒𝑥𝑝 −𝜌𝑉T𝑒𝑥𝑝 −𝛼𝐷T 1 + I
J
𝑑TT 𝑒𝑥𝑝 − I*I ,

'MN,
𝑑𝛼0

?            (8) 

 

Where 𝑉T  is the fractional volume receiving the dose 𝐷T, 𝜌 is the initial clonogenic cell 

density and 𝛼 is the mean value of the radiosensitivity in the inter-patient distribution. 

The clonogenic cells proliferation/repopulation can be included in equation (8) by adding the 

term 	𝛾 𝑇 − 𝑇X , resulting in equation (9) 

 

𝑇𝐶𝑃 = &
MN '(

𝑒𝑥𝑝 −𝜌𝑉T𝑒𝑥𝑝 −𝛼𝐷T 1 + I
J
𝑑T + 𝛾 𝑇 − 𝑇XT 𝑒𝑥𝑝 − I*I ,

'MN,
𝑑𝛼0

?   (9) 

 

Where, = 𝑙𝑛2/𝑇L , 𝑇L is the average doubling time, 𝑇X is the time at which the proliferation 

begins and 𝑇 is the overall treatment time. 
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In the present study the proliferation was not taken into account and the TCP and the NTCP 

were computed in MatLab R2012a. 

For the clinical liver cancer cases, both TCP and NTCP were determined. For the TCP 

calculations an initial concentration of clonogenic cells of 108 cm-3 and α/β value of 10 Gy 

were used. Additionally, the radiosensitivity variation among a population of patients was 

included by considering that the linear parameter of the LQ-model is Gaussian distributed 

with the mean of 0.3 Gy-1 and a standard deviation of 0.08. 

For the present study of stomach cancer, the TCP does not predict the tumour control reliably 

since calculations based on the Poisson model require knowledge of the initial clonogenic cell 

density which is not known in this case. This is similar to other cases of non-solid tumour 

types. 

The NTCP was determined for the selected OARs for the stomach cancer cases (left and right 

kidney, liver and the bowel) and for the liver cancer cases (right kidney, right lung, 

oesophagus, spinal cord, heart and liver-PTV). In these calculations, the LQ model parameter 

(α/β) was considered to be 3 Gy-1 for all healthy tissues and the tissue tolerance parameters 

together with the endpoints for the studied OARs are presented in the Table 4. 

 

Table 4. Tissue radiosensitivity and tolerance parameters for the OARs (Modified from Emami  et al.). 

Organ TD50 (Gy)  n  m Endpoint 
Kidney 28 0.7 0.1 Clinical nephritis 
Liver 40 0.32 0.15 Liver failure 
Bowel 55 0.15 0.16 Obstruction/perforation 
Heart 48 0.35 0.1 Pericarditis 
Esophagus 68 0.06 0.11 Clinical strictitis/perforation 
Spinal cord 66.5 0.05 0.18 Myelitis/necrosis 
Lung 24.5 0.87 0.18 Pneumonitis 

 

 

2.9. Estimation of risk for secondary cancer  

The induction of secondary cancer following external beam radiotherapy can be estimated 

using a model by Dasu et al which takes into account both the heterogeneity of the dose 

distribution in the irradiated organs and the fractionation schedule of the radiotherapy delivery 
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(22). The model , which is based on the LQ model, makes use of a general equation (Equation 

(7)) proposed by UNSCEAR (1993) that takes into consideration both the probability for 

DNA induced mutations and the probability for survival of the irradiated cells (22).  

The risk model adopted for calculating the risk of secondary cancer is the following (equation 

(10)):   

𝐸𝑓𝑓𝑒𝑐𝑡(𝐷) = 𝑎&𝐷 +
_`1,

B
∙ 𝑒𝑥𝑝 − 𝑎'𝐷 +

_,1,

B
                                        (10) 

 

Where, 𝑎& and 𝑏& are the parameters describing the induction of DNA mutations and 𝑎' and 

𝑏' are the radiobiological parameters of the LQ model for cell survival, 𝑛  is the number of 

fractions of the treatment protocol and D is the total prescribed dose.   

The risk for induction of secondary cancer is then, estimated using equation (8) which was 

proposed by Dasu et al. (22). The risk for each OAR is then calculated by means of this 

competition model in all the bins of a DVH and then the total risk per organ is obtained by 

summation: 

 

𝑇𝑜𝑡𝑎𝑙	𝑒𝑓𝑓𝑒𝑐𝑡 = 9cc ∙deefg/ 1c
9cc

                                                       (11) 

 

For the estimation of the risk of radiation induced secondary cancers, Dasu et al. made certain 

assumptions. In equation (10) it was assumed that both the probabilities for induction of DNA 

mutation and the probability of cell survival have the same α/𝛽 parameter. Furthermore, for 

low doses, the quadratic term for induction of DNA mutations is negligible and the same 

assumption of low doses was made for the present study, which is not correct for the dose 

range used in radiotherapy. The parameter 𝑎& is the linear coefficient which describes the 

relative probability of cancer risk in different organs for the nominal world population and is 

listed in the ICRP 60 (20). 

For every patient included in this study the risk of developing secondary malignancies was 

determined for the most important OARs for the two treatment modalities,. For the case of 

external beam radiotherapy of tumours in the liver, the healthy part of the liver was 

considered to be an OAR as well (Liver-PTV). 
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3. Results and discussion 
 

There are several aspects which have to be taken into consideration in the comparison of plans 

with the two distinct modalities. In some cases a direct quantitative comparison can be made 

while in others a response model is used for the evaluation. A qualitative visual analysis of the 

dose distributions superimposed on the anatomy is also of importance. The results section has, 

therefore, been divided in four subsections:  

 

1. The qualitative comparative analysis of dose distributions and DVHs;  

2. Quantitative treatment plan evaluation (dosimetric and biological evaluation);  

3. Estimation of the risk for radiation induced secondary cancer and,  

4. A general discussion about possible improvements with PBT compared to photon 

beam therapy for the studied cases.  

 

3.1. Dose distribution and DVHs comparative analysis 

Figure 3 shows a treatment plan from the TPS for a liver cancer case with the calculated dose 

distribution superimposed on CT images. This particular patient was treatment planned for 

treatment with SBRT with either 6 photon fields or with a two-field PBT technique. A 

comparison of the DVHs for the OARs and the PTV for this patient for both RT techniques is 

shown in Figure 4. 
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Figure 3.  Calculated dose distributions for a liver cancer patient. The treatment planning is presented on axial 
and frontal slices. A plan with SBRT static fields (left side) vs. PBT (right side). 

 

The dose distributions to the PTV have been made nearly identical in order to only study 

which technique that best can spare the normal tissues for the same PTV coverage. By 

visually comparing the dose distributions on these planar images it is found that there is a 

better sparing of the healthy part of the liver with the proton plan since the volume irradiated 

has been reduced. There is also a reduction in the dose to some organs outside of the liver 

with the PBT plan, such as the spinal cord.  

Comparisons of the DVH of the PTV in Fig. 4 indicate that the two plans have 100 % of the 

dose on the PTV periphery and a maximum dose of approximately 150 % of the prescribed 

dose. The PTV receives higher doses in the photon plan compared to the proton plan for the 

same PTV volumes. However, the two curves agree in the higher doses regions. The 

irradiated volumes of several OARs are reduced in the proton plan compared to the photon 

plan. These organs are, for this clinical case, the right lung and liver(-)PTV which are 

concave-shaped organs closely attached to the PTV.     
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Figure 4. DVHs for the liver cancer treatment plans with fixed-fields SBRT (dashed lines) vs. PBT (solid lines).  

 

Figure 5 and 6 show a clinical case of liver cancer planned for SBRT with VMAT or PBT, 

and the DVHs for the relevant OARs and PTV. This target is larger than that shown in Figure 

3.   

 

 

Figure 5. Dose distribution in a liver cancer treatment plan. Treatment planning done with: RapidArc (left side) 
vs. PBT (right side). 

 

The dose distributions in Figure 5 show that with VMAT the required target coverage is 

achieved at the cost of a bath of low doses throughout the patient. On the other hand, to 
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achieve the same target dose coverage with the proton plan, the irradiated volumes of the 

OARs are smaller.  

The right kidney, being attached to the PTV, receives higher doses in the proton plan 

compared to the photon plan. This can be observed also on the DVHs which show a shift of 

the DVH curve towards higher doses and an increased maximum dose to the right kidney in 

the proton plan. Organs such as the heart and lung, receive nearly no dose with the proton 

plan. 

 

Figure 6. DVHs for the treatment plans with VMAT (dashed lines) vs. PBT (solid lines).  

 

The photon and the proton plans fulfil the requirements for the dose coverage of the PTV 

since 100 % of its volume close to 95 % of the prescribed dose (slightly below the required 

dose). Furthermore, the DVH curves for the PTVs show that it receives a dose of at least 95 %  

with the two RT modalities. Smaller volumes also receive increasing doses up to a maximum 

dose of approximately 150 % of the prescribed dose. However, the proton curve shows that 

larger volumes are treated with doses directly above the prescribed dose. These volumes can, 

from Fig. 5, be identified to be volumes close to the outer parts of the tumour. The DVH 

curve for the PTV in the photon plan shows that higher doses are delivered to larger volumes   

in a dose range near the maximum dose.  

 

Figure 7 shows the dose distribution for the photon and proton plans for a stomach a cancer 

case. The calculations were performed on the original CT image study and Figure 8 illustrates 

the DVHs for these plans.  
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Figure 7. Dose distributions calculated for a stomach cancer patient. The treatment planning was performed with 
VMAT (left side) vs. PBT (right side). 

 

From Figure 7, it can be seen that plans produce dose distributions with satisfactory coverage 

of the whole stomach, which is a quite large RT target. A comparison of the dose distributions 

shows a reduction in the irradiated volumes of the OARs with the PBT plan. A comparison of 

the dose to the PTV based on the DVHs shown in Figure 8, reveal that the photon plan is a 

worse plan since the dose to the PTV is outside the planning objectives of dose between 95 

and 105 % of the prescribed dose, while this planning objective is achieved with the proton 

plan. For this clinical case the dose to the PTV produced by the photon and proton plans are 

not equal and the PTV receives a relatively higher, also more homogenous, dose with the 

proton plan. This is partly due to that, the planning objectives for homogeneous dose were 

used in the planning with protons. The imposed dose restrictions for the OARs led to a lower 

dose to the target in the photon plan.  



 

33 
 

 
Figure 8. DVHs for a stomach cancer case planned with VMAT (dashed lines) vs. PBT (solid lines).  

 

Sparing of the OARs is observed for the right kidney and liver with the proton plan. However, 

an increased maximum dose is observed for the two organs in the proton plan. There is a 

relative increase in the higher doses to the bowel-PTV and left kidney in the proton plan 

compared to the photon plan. The maximum doses to these organs are also increased in the 

proton plan.  

 

The worst possible scenario that may be observed during the RT of GI cancers due to 

anatomical variations was studied by replacing some parts of the CT images with new 

invented structures, such as replacing parts of the stomach itself and the intestines, by air or 

water volumes. The planned dose adapted for the original CT images was then recalculated 

basing the calculation on the modified CT images. Figure 9 shows a comparison of dose 

distributions for VMAT and PBT plans.  

 

0 20 40 60 80 100 120
0

10

20

30

40

50

60

70

80

90

100

Relative dose (%)

Re
la

tiv
e 

Vo
lu

m
e 

(%
)

 

 
L kidney
R kidney
Liver
Bowel-PTV
PTV



 

34 
 

 

Figure 9. Dose distributions calculated for a stomach cancer patient with replacement of some structures by air 
volumes. Treatment planning with: VMAT (left side) vs. PBT (right side).  

 

When comparing the dose distributions in Figure 9 with the dose distributions on the original 

CT images (Figure 7), it is evident that there is nearly no difference for the photon plan. 

However, for the PBT plan the presence of air (lower density material) in the proton beam 

path caused an increase of the proton range beyond the distal range seen on the original plan. 

As a consequence, OARs laying posterior to the distal end of the proton range in the beam 

direction received an undesired additional dose. 

The comparative analysis of the DVHs displayed in Figure 10, shows that the larger volumes 

of the OARs were irradiated in the proton plan with higher doses, due to the presence of 

additional air. However the dose to the PTV is within the planning objectives, still with a 

better target dose coverage was observed in the proton plan. 



 

35 
 

 
Figure 10. DVHs for VMAT plans (dashed lines) vs. PBT plans (solid lines), after replacements of some 

structures with air.  

 

Another case of anatomical variations was studied by replacing parts of the stomach with 

water, which is a material with approximately the same density as the soft tissues. The dose 

distributions for this case are shown for the photon and proton plans in Figure 11 and the 

corresponding DVHs in Figure 12. 

 

 

Figure 11. Dose distributions calculated for a stomach cancer patient. Treatment planning was done with: 
VMAT (left side) vs. PBT (right side), after replacements of some structures with water.  
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When comparing the dose distributions in Figure 11 with the ones calculated on the original 

CT images study (Figure 7), no significant difference can be observed in the photon plans. For 

the proton plans it is possible to see a proximal shift of the entire dose distribution, opposite to 

the beam direction, in the plans calculated with water replacements. This shift is observed due 

to the presence of air cavities within the stomach, which can be seen on the original CT 

images. These air cavities are now filled with water, which has approximately the same 

density as of the soft tissue but 1000 times higher than air. The range of the protons will then 

be shorter, hence, a worse target dose coverage can be expected. 

The effect on the dose distribution in this case can be observed mainly on the PTV. The DVH 

curve for the PTV in the new photon plan is nearly the same as for the plan based on the 

original CT images. However, for the proton plan, the minimum dose to the PTV decreases to 

approximately 60 % of the prescribed dose.   

 

Figure 12. DVHs for a stomach cancer patient produced by the treatment planning with VMAT (dashed lines) 
vs. PBT (solid lines), after replacements of some structures with water.  

 

The PBT plan still exhibits a better sparing of most OARs, with an important reduction of the 

total irradiated volume of the liver and right kidney compared to the photon plan. The sparing 

of the OARs is worse compared to what was observed in the proton plans performed on the 

original CT images study. 

The importance of the anatomical variations for the dose to the PTV is summarized in Figure 

13 which shows a summary of the PTV DVHs obtained after calculating the doses for the 

same photon and PBT plans applied to CT studies of a stomach cancer patient with modified 

anatomy in the form of extra air or water structures.   
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Figure 13.  DVHs for a stomach cancer patient obtained from treatment planning with VMAT (dashed lines) vs. 
PBT (solid lines). The same plans were applied to CT images with modified anatomies. 

 

According to Figure 13, the photon plans performed on the original CT image study and on 

those with water replacement exhibits no differences in the DVH curves but a shift of the 

whole DVH curve towards lower doses is observed in the photon plan with air replacement. 

With the proton plans calculated for PTV obtained for the three distinct CT image studies, the 

three scenarios exhibit different DVHs. A significant underdosage of the PTV is observed 

when the proton plan is applied on the CT image study with water replacements and there is a 

slight shift of the DVH to the lower dose region when the plan is calculated on the CT image 

study with air replacements. 

The qualitative evaluation of the dose distributions and the more quantitative evaluation of the 

DVHs for the photon and proton beam treatment plans give at hand that the presence of 

uncertainties in the dose distribution actually given to the patent, due to organ motion and 

anatomical variations, are more severe for the plans with proton beam and of relatively less 

importance for photon beam therapy. A direct consequence of the anatomical variations is the 

underdosage of the tumour with proton treatments when a new material with higher density 

than before is present in the beam path. There is also an overdosage of the surrounding 

healthy tissues when a tissue type of lower density than what was present during the treatment 

planning is present in the beam path. Due to target motion, rather large treatment margins 

have to be used with inclusion of some healthy tissues inside the PTV. This leads to an 

overdosage of the OARs, which is then the price to pay for a high tumour control.   
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3.2. Treatment plan evaluation 

3.2.1. Dosimetric evaluation 

 

3.2.1.1. Comparison with the QUANTEC recommendations 

Liver cancer cases 

Table 5 presents a comparison of the dose-volume limit data from QUANTEC with the doses 

obtained from the treatment planning of the liver cancer patients, planned with photon and 

proton beams, for the selected OARs.  

Table 5. Dose-volume limit data for the normal tissue according to QUANTEC and dose-volume values for the 
OARs from the liver cancer plans. The dose values from the proton plans are given in Gy (IsoE). 

Organ Dose or dose/volume 
parameters 

Photon RT Proton RT 

Pat 14 Pat 2 Pat 3 Pat 1 Pat 2 Pat 3 

Heart V25 < 10 % 0.0 0.0 0.0 0.0 0.0 0.0 

Spinal cord Dmax = 20 Gy 25.0 21.0 4.0 0.0 0.0 0.0 

Liver-PTV  Mean dose5 < 13 Gy  24.0 8.0 9.0 12.0 4.0 6.0 

Kidney Mean dose < 28 Gy 19.0 0.5 1.0 19.0 0.0 0.0 

Lung  Mean dose = 20 Gy 12.0 3.3 0.9 9.0 2.0 0.0 

Esophagus V35 < 50 % 0.0 0.0 0.0 0.0 0.0 0.0 

 

When comparing the data from the two treatment plans with the limiting data from 

QUANTEC it can be observed that the limiting maximum dose for the spinal cord was 

exceeded for two patients planned with photons. These maximum doses were reduced to 0 Gy 

(IsoE) in the proton plans. For the liver-PTV the limiting mean dose for the liver was 

exceeded in the photon plan for patient 1. For patient 2 and 3 the mean dose to the liver-PTV 

in the photon plans was below the dose limit (13 Gy). These values of mean dose to the liver-

                                                   
4 The photon plan of Pat 1 is RapidArc 
5 For SBRT the limiting dose for liver is mean dose lower that 13 Gy 
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PTV in the proton plans were reduced to respectively, 12 Gy (IsoE), 4 Gy (IsoE) and 6 Gy 

(IsoE), for patients 1, 2 and 3. 

The kidney of patient 1 receives the same value of mean dose of 19 Gy (IsoE) in the photon 

and protons plans, which is below the mean dose limit value according to QUANTEC. For the 

other two patients, the mean doses were decreased from 0.5 Gy and 1 Gy in the photon plan to 

0 Gy (IsoE) in the proton plan. The same trend is observed in the lung, with mean doses 

decreasing from 12 Gy, 3.3 Gy and 0.85 Gy in the photon plan to, respectively, 9 Gy (IsoE), 2 

Gy (IsoE) and 0 Gy in the proton plan, for the patients 1, 2 and 3, respectively.  

The volumes of the heart and the oesophagus receiving at least, respectively, 25 and 35 Gy 

are equal to 0 % of the total organ volumes in the treatment plans produced with either photon 

or proton beams. Apart from these organs, all observed dose-volume values in the proton 

plans are lower than the corresponding values in the photon plans for the three patients in this 

study.  

 

Stomach cancer cases 

The dose-volume data for the treatments plans of the stomach cancer cases are presented in 

the Table 6 and 7, for photon and proton plans, respectively.  

As can be observed in the Table 6, there are no big differences in the doses to the OARs (liver 

and kidneys) in the photon plan made on the original CT image study compared to the plans 

performed on CT image studies with some structures replaced by water or air. However, the 

V45 of bowel-PTV is increased which means that the anatomical variations led to an 

increased volume fraction receiving higher doses. 
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Table 6. Dose/volume data for the OARs in a stomach cancer patient treated with photon beam radiotherapy. 
The values are in Gy (IsoE) for liver and kidneys and in cm3 for the bowel-PTV. 

pat 
Photon plans  

Liver  L kidney R kidney Bowel-PTV 
Orig Air  Water  Orig Air  Water  Orig Air  Water  Orig Air  Water  

1 25.4 26.0 25.4 13.3 14.0 13.7 10.0 10.0 10.1 0.2 2.0 0.5 
2 20.0 20.4 20.0 24.2 25.0 24.0 11.7 12.0 12.0 30.2 71.0 26.0 
3 24.9 25.0 24.9 25.0 25.0 25.3 9.5 9.72 10.0 0.6 4.8 0.0 
4 25.5 25.6 25.3 13.1 13.0 13.0 3.2 3.0 3.0 5.1 12.0 2.0 
5 22.3 23.0 22.0 9.3 9.0 9.0 15.0 16.0 15.0 27.3 0.0 0.0 
6 25.6 23.4 22.6 30.8 27.4 27.3 10.6 9.5 9.4 87.4 11.0 0.0 
7 22.0 22.5 22.0 24.0 24.7 24.3 9.6 9.8 9.7 0.0 1.0 0.0 
8 19.4 19.7 19.2 32.0 32.7 31.7 8.1 8.0 8.0 0.0 3.0 0.0 
 

In Table 7 is shown that the dose to the OARs (liver and kidneys) is of a similar size for the 

plans performed on original CT images and on CT images with certain structures replaced by 

water. An increase of dose to the OARs is observed for the plans performed on CT images 

with air replacing some structures. For the case of bowel-PTV, the V45 is 0 cm3 for the three 

proton plans done for all patients.  

 

Table 7. Dose/volume data for the OARs in a stomach cancer patient treated with  proton-beam radiotherapy. 
The values are in Gy (IsoE) for the liver and the kidneys and in cm3 for the bowel-PTV  

Pat Proton plans 
Liver L kidney R kidney Bowel-PTV  
Orig Air  Water  Orig Air  Water  Orig Air  Water  Orig Air  Water  

1 11.5 16.0 10.6 2.6 4.0 2.0 0.6 3.9 0.0 0.0 0.0 0.0 
2 8.0 11.7 6.4 9.4 14.6 5.9 0.4 6.0 0.0 0.0 0.0 0.0 
3 10.4 11.8 10.0 11.0 15.7 10.0 1.0 5.0 0.6 0.0 0.0 0.0 
4 7.0 9.6 6.5 5.0 8.4 4.0 0.0 3.0 0.0 0.0 0.0 0.0 
5 6.8 11.0 5.5 3.8 10.7 2.0 2.0 8.0 1.0 0.0 0.0 0.0 
6 7.0 11.0 6.0 22.0 29.0 16.0 2.0 6.0 2.0 0.0 0.0 0.0 
7 7.0 10.0 6.0 13.0 15.0 12.0 0.0 1.0 0.0 0.0 0.0 0.0 
8 8.0 9.0 8.0 18.0 29.0 13.0 2.0 12.0 2.0 0.0 0.0 0.0 
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The dose limits set by QUANTEC for the three organs are: mean dose of less than 42 Gy for 

the liver, a mean dose of less than 28 Gy for each of the kidneys and a volume of less than 

195 cm3 of the bowel should receive a dose equal or above 45 Gy. The results above for both 

photon and proton plans are below the limits set by QUANTEC for the plans performed on 

the original CT image study. The replacement of some structures with air increases the dose 

to the OARs more than the replacement with water. 

Comparing the doses and dose-volumes calculated in the photon and proton plans, the proton 

plans have in general a decreased mean dose and irradiated volumes of the OARs compared to 

the photon plans. 

 

3.2.1.2. Conformity index 

 

The CI index was evaluated for the liver cancer radiosurgery plans carried out with either 

photon or proton beams. The results are presented in Table 8. 

 

Table 8. The CI in % for the liver cancer PTVs obtained with photon or proton beam radiosurgery. 

Patient # 
CI (%) 

Photon plan Proton plan 

1  0.96 1.00 
2 0.93 1.00 
3 1.00 1.00 

 

For all the proton plans, the PTV and the TV are approximately equal, which leads to a 

conformity index of 1. For two patients the TVs in the photon plans are smaller than the PTVs 

which causes that the CI becomes lower than 1. A better target coverage is thus achieved with 

the proton plans.  

A low value of the CI means that there is a risk that part of the CTV is outside of the 

irradiated volume during some breathing phases and it can therefore lead to underdosage of 

the target and subsequently a lower tumour control probability. When analysing the overall 

results presented in Table 8, an improvement in target dose conformity with PBT can be 

noted.  
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3.2.1.3. Homogeneity index 

 

The homogeneity index calculated for the PTVs of the eight patients treated for stomach 

cancer with either photon or proton beam therapy is presented in Table 9. 

 
Table 9. The HI for the PTVs of the stomach cancer patients treated with either photon or proton beam therapy. 

Patient # 
Photon beam therapy Proton beam therapy  

Original CT Air CT Water CT Original CT Air CT Water 
CT 

1  0.07 0.11 0.07 0.07 0.10 0.22 

2 0.06 0.10 0.07 0.08 0.15 0.43 

3 0.06 0.10 0.06 0.06 0.10 0.09 

4 0.10 0.16 0.10 0.07 0.13 0.10 

5 0.07 0.13 0.09 0.07 0.16 0.36 

6 0.11 0.17 0.11 0.07 0.10 0.35 

7 0.06 0.09 0.07 0.08 0.08 0.26 

8 0.07 0.12 0.09 0.09 0.14 0.51 
 

 

The results show that the photon plans performed on the original CT image study and on CT 

images with air or water replacement have similar HIs, with a slight increase observed for the 

cases with plans performed on CT studies with air replacements., The values of the HI 

calculated for the proton plans on original CT image studies were rather alike as well. . An 

increased HI is observed for proton plans performed on CT images with air replacement 

compared to the plans performed on the original CT. The increase in the HI is even more 

accentuated for the plans performed on CT images with water replacements since these plans 

show the presence of cold spots in the PTVs.  

 The anatomical variations studied by increasing or decreasing the density of the material 

within the stomach, lead in general to an increased HI, indicating the presence of underdosage 

within the PTV in this case. Furthermore, the consequence of these anatomical variations was 

more severe for the proton plans since the proton beam is range dependent. Worse plans were 

obtained for the case with water filling.  

 

 



 

43 
 

3.2.1.4. Integral dose 

 

Liver cancer 

The calculated ID to the OARs for the liver cancer plans are presented in the Table 10. 

 

Table 10. ID in J to the OARs in the treatment plans for liver cancer with photon and proton beams. In the 
calculation of the ID in the proton plans a correction for the proton RBE was performed. 

OAR Photon beam therapy Proton beam therapy 
Pat 1 Pat 2 Pat 3 Pat 1 Pat 2 Pat 3 

R. Lung  12.5 3.8 0.0 9.1 2.5 0.0 

Esophagus  0.5 0.3 0.1 0.0 0.0 0.0 

Heart  4.5 1.7 0.0 0.0 0.1 0.1 

R. Kidney 2.6 0.1 0.3 2.5 0.0 0.0 

Spinal cord 0.2 0.1 0.0 0.0 0.0 0.0 

Liver-PTV 26.3 16.2 17.0 13.5 7.5 11.7 
 

A comparison of the ID to the OARs in the photon and proton plans for patient 1 shows that 

most of the listed OARs receive smaller ID with the proton plan. However, there’s a slight 

decrease in the ID to the right kidney from 2.6 J in the photon plan to 2.5 J in the proton plan. 

For patient 2, all of the OARs receive a reduced ID in the proton plan compared to the photon 

plan. For the patient 3, a general decrease in the ID is observed in all organs in the proton plan 

compared to the photon plan. 

The OARs lying close to the PTV, which is the case for example of the liver-PTV, have high 

ID in both photon and proton plans compared to other OARs. The ID to the spinal cord is 

close to zero for all patients, with both the photon and the proton plans. 

 

Stomach cancer 

 

For the stomach cancer cases, the comparison of the IDs to the OARs in the photon and 

proton plans was performed by means calculating the ratios of these IDs. The ID ratios for the 

OARs in the stomach cancer plans which were performed on the original CT image studies 

are presented in Table 11.     
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Table 11. Ratios of the IDs for OARs in the stomach cancer proton and photon beam plans (Plans performed n 
original CT image studies). 

OAR/Pat # 
Proton to photon plans ID ratios 

Pat 1 Pat 2 Pat 3 Pat 4 Pat 5 Pat 6 Pat 7 Pat 8 

Liver  0.24 0.21 0.20 0.15 0.16 0.16 0.17 0.22 

L. kidney 0.10 0.20 0.22 0.21 0.22 0.43 0.29 0.30 

R. kidney 0.03 0.02 0.07 0.09 0.08 0.14 0.00 0.16 

Bowel-PTV 0.54 0.50 0.41 0.39 0.52 0.43 0.39 0.32 

 

The results show that the proton- to photon-plan ratios of the IDs is lower than one for all 

organs and all patients. This of course indicates a general decrease of ID in the proton plans 

compared to the photon plans. In all patients, the right kidney experiences a decrease in the ID 

in the proton plans and the ID ratio is between 0.0 and 0.16 for patient 6 and 8, respectively. 

For the left kidney, the ID ratios is between 0.10 and 0.22 but values of 0.29, 0.30 and 0.43 

are observed for  patients 7, 8 and 6, respectively. For the liver, the ID ratio ranges between 

0.15 and 0.24 for all patients. For the part of bowel that was outside of the PTV, the ID ratios 

are larger compared to the other organs and are between 0.32 and 0.54.  

 

The proton to photon ID ratio determined for the OARs in plans performed with replacement 

of some structures with air are presented in Table 12.  

 

Table 12. Ratios of the IDs for OARs in the stomach cancer photon beam plans (plans performed on modified 
CT image studies with water and air replacements of some structures) 

Patient # Proton to photon plans ration of  ID 
Pat 1 Pat 2 Pat 3 Pat 4 Pat 5 Pat 6 Pat 7 Pat 8 

Liver  0.68 0.63 0.52 0.41 0.52 0.52 0.49 0.52 
L. kidney 0.31 0.65 0.68 0.70 1.30 1.17 0.68 0.96 
R. kidney 0.41 0.54 0.58 0.95 0.59 0.73 0.10 1.59 

Bowel-PTV 1.12 0.94 0.94 0.73 1.01 0.87 0.92 0.76 
 

 

In the plans performed on CT images with air replacement in some structures, a reduction in 

the ID is observed for all the patients and organs, but the bowel-PTV experiments a slight 

increase in ID for proton plans on patients 1 and 5. The increase in the ID in the proton plans 

is also observed in the left kidney for patients 5 and 6 and for right kidney in the patient 8. 
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Comparing the results presented in Table 12 with the case when the plans were performed on 

original CT images, it can be seen that the presence of a low density material within the 

stomach led to increase of the proton to photon ID ratio. The ID ratio for liver is now between 

0.41 and 0.68. For left kidney the ID ratio is between 0.31 and 0.96, with two cases of 

increased in the ID in 30 % and 17 % in the proton plans compared to the photons for patients 

5 and 6. A general decrease in the ID is observed for right kidney, but patient 8 experiences 

the increase in 59 % of the ID in the proton plan. Bowel-PTV was the organ that less sparing 

was observed with the ID ratio raging between 0.73 and 1.12.  

The increase in the ID in the case of presence of air within the stomach for proton plans was 

mainly caused by the increase in the mean dose to the OARs as the low density material 

caused extension of the range of proton beams beyond the planned distal range.  
 

The results of ID ratio for stomach cancer plans performed on CT images with water 

replacement in some structures are given in Table 13.  

 

Table 13. Proton to photon plans ratio of the ID for OARs in the stomach cancer photon beam therapy 
(structures replaced by water plans) 

OAR/Pat # 
Proton to photon plans ratio of ID 

Pat 1 Pat 2 Pat 3 Pat 4 Pat 5 Pat 6 Pat 7 Pat 8 

Liver  0.46 0.35 0.45 0.28 0.28 0.27 0.30 0.43 
L. kidney 0.17 0.27 0.44 0.36 0.29 0.64 0.53 0.46 
R. kidney 0.02 0.01 0.08 0.11 0.07 0.24 0.00 0.26 

Bowel-PTV 1.07 1.04 0.87 0.80 1.81 0.89 0.80 0.61 
 

 

For the plans performed on CT images with some structures replaced by water, in general 

there is a reduction in the ID for all the OARs in all patients planned in proton beam 

compared to the photon beam plans. Although, increased ID in the proton plan comparative to 

photon plan is observed for the patient 1, 2 and 5, respectively, in 7 %, 4 % and 81 % for the 

organ bowel-PTV.  

Comparing the ID ratios presented in Table 13 to the results obtained for the cases in which 

the plans were performed in original CT images, it can be seen that the ID ration in the plans 

performed on CT images with water replacement are higher compared to the ID ratios for the 

plans performed on original CT for all organs and patients. However, small changes were 
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observed for the right kidney in the plans performed on the two CT image sets. Furthermore, 

the ID ratios of the OARs from plans based on the CT images with water are lower compared 

to the ID ratios of the OARs in plans based on CT images with air replacement. This leads to 

the result that the presence of air within the target volume caused more increase in the ID for 

the proton plans compared to the presence of water.  

The organs in both plans (photons and protons) have the same volume as the plans are based 

on the structures delineated on same CT images, therefore the change in the integral dose is 

due to change in the mean dose in the organs.  

The reduction in the OARs integral dose in radiotherapy with proton beam (1) has been used 

as the rationale for clinical PBT. The same result was obtained in a comparative treatment 

planning study by Weber et al. (51). The reduction in the OARs ID is better achieved with 

PBT due to the reduction in the reduced treatment volume and reduction in the irradiated 

volume of the OARs. 

Changes tissue density along the beam path causes, for photon beam, and increased mean 

dose to the OARs. This was observed by the increased ID on the plans performed on CT 

images with some structures replaced by air. In this situation, for proton plan a general 

decrease in the ID was observed for the air replacement. 

 

3.2.2. Biological evaluation 

 

Liver cancer 

The TCP and NTCP were calculated for each treatment plan for liver cancer patients. Table 

17 shows the results of the TCP estimation for the liver cancer plans with photon and proton 

beams. 
 

Table 14. TCP in % after radiotherapy of liver cancer with either photon or proton beam therapies (a clonogenic 
cell density of 108 cm-3 was assumed) 

Patient # Photon beam therapy Proton beam therapy 

1 92.0 99.5 

2 100.0 100.0 

3 100.0 100.0 
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Patient 1 shows a decrease of 6.5 % of the TCP with the photon plan (92.0 %) compared to 

the proton plan (99.5 %). A TCP of 100 % was achieved with both photon and proton beams 

for patients 2 and 3. The difference in TCP obtained for patient 1 and for patients 2 and 3 may 

be due to that a different fractionation (7 Gy in 8 fractions) was prescribed for the patient 1 

compared to the higher doses per fraction (17 Gy and 15 Gy, respectively for patients 2 and 3) 

delivered in only 3 fractions.   

The NTCP for the selected OARs in the liver cancer treatment plans are presented in Tables 

18 and 19. 

Table 15. NTCP in % for liver cancer radiotherapy with photon beams.  

Patient # 

OARs 

R Lung Esophagus  
R kidney 

Heart  Spinal cord 
Liver-

PTV 

1 64 13.5 100 0 1.7 100 

2 2.4 9.1 0 0 42 100 

3 0 0 0 0 0 100 

 

Table 16. NTCP in % for liver cancer radiotherapy with proton beams. 

Patient # 

OARs 

R Lung Esophagus  
R kidney 

Heart  Spinal cord 
Liver-

PTV 

1 34 0 100 0 0 100 

2 0 0 0 0 0 98.4 

3 0 0 0 0 0 100 

 

Patient 1 has, in the photon plan, a NTCP of 64 % for right lung, 13.5 % for oesophagus, 100 

% for right kidney and liver-PTV, 0 % for heart and 1.7 % for spinal cord. These values are in 

the proton plan, reduced to 34 % for right lung and 0 % for oesophagus, heart and spinal cord. 

The NTCP for the right kidney and the liver-PTV are the same as for the photon plan. For 

patient 2, the right lung, oesophagus and spinal cord have a decreased NTCP (0 %) in the 

proton plans compared to 2.4 %, 9.1 % and 42 %, respectively in the photon plan. The NTCP 

values for the liver-PTV for the photon and proton plans are 100 % and 98.4 %, respectively. 

For patient 3, the NTCP values for all the OARs are 0 % in both plans, except for liver-PTV 
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which has a NTCP of 100 %. In the organs for which the NTCP is different of zero, the 

appearance of clinical endpoints listed in Table 4 can be expected. 

 

For the cases when the NTCP decreases to 0 % in the proton plans, as are the cases of 

oesophagus (from 13.5 % to 0 % for patient 1), and spinal cord (1.7 % to 0% for patient 1) a 

substantial decrease of mean and maximum dose to the OARs is observed in the DVHs of 

these OARs in the proton plans. For oesophagus (patient 1), the mean dose is decreased from 

16.3 Gy in the photon plan to 1.2 Gy (IsoE) in the proton plan and the maximum dose from 36 

Gy in the photon plan to 22 Gy (IsoE) in the proton plan. For the spinal cord (patients 1) both 

the mean and maximum doses are decreased, respectively, from 10 Gy and 25 Gy in the 

photon plan to 0 Gy (IsoE) in the proton plan. Furthermore, the maximum tolerable dose to 

the spinal cord is 20 Gy according to QUANTEC.  This value is exceeded with 5 Gy for 

patient 1 in the photon plans. However the tolerance data according to QUANTEC are not 

exceeded for the oesophagus and heart. 

The right lung is, as is also the case of the liver-PTV, attached to the target volume in the two 

plans prepared for patient 1. The irradiated volume of the right lung receiving low doses in 

photon plan is not present in the proton plan. However, the fraction of the lung connected to 

the PTV still receives the high dose in the proton plan. This altogether, causes the NTCP to be 

reduced from 64 % in the photon plan to 34 % in the proton plan.  

For a few cases a value of the NTCP of 100 % was obtained in both plans (right kidney for 

patient 1 and liver-PTV for patients 1 and 2)., From the DVHs of these organs, it was 

observed that the maximum doses are high and of similar magnitude. In the right kidney 

(patient 1) a maximum dose of 75 Gy (IsoE) was calculated with the photon and proton plans. 

For liver-PTV, for patients 1, and 3, the maximum dose varies from 78.8 Gy and 71.3 Gy in 

the photon plans, respectively, to maximum doses of 84.7 Gy (IsoE) and 70 Gy (IsoE) in the 

proton plans. For patient 2, the NTCP of liver-PTV is decreased from 100 % in the photon 

plan to 98.4 % in the proton plan, the maximum dose to this structure is also decreased from 

61 Gy (photon plan) to 52 Gy (IsoE) (proton plan). 

The tolerance dose for liver according to QUANTEC is a mean dose of 13 Gy. This value was 

only exceeded for patient 1 in the photon plan. The reduction in organ mean and maximum 

doses in the proton plans may indicate the sparing of these organs relative to the photon plans. 

The NTCP of the Liver-PTV for all patients was 100 %. This is related to the high dose per 

fraction and to the fact that the liver (at the edges of the PTV) receives doses above its 

tolerable values. 
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Stomach cancer 

The calculated NTCP for the OARs in the stomach cancer plans are presented in Tables 20, 

21 and 22, respectively, for the photon and proton plans performed on original CT images, CT 

images with air and with water fillings. 

 

Table 17. NTCP in % for the stomach cancer radiotherapy patients (Original CT images study) 

Patient # 

Photon beam therapy Proton beam therapy 

Liver  
L 

kidney 

R 

kidney 

Bowel-

PTV 
Liver  

L 

kidney 

R 

kidney 

Bowel-

PTV 

1 0 18.7 0 0.2 0 0 0 0.2 

2 0 6.9 0.4 1.3 0 0 0 0.7 

3 0 12.3 12.7 0.4 0 0 0 0.2 

4 0 0 17.9 0.9 0 0 0 0.3 

5 0 0 2.3 0.6 0 0 0 0.4 

6 0 35.5 3.5 1.1 0 4 0 0.4 

7 0 13.5 1.7 0.6 0 0 0 0.2 

8 0 86 0.2 0.4 0 0.2 0 0.1 

 

 

When the plans were performed on the original CT image study, the NTCP for the live is 0 % 

in the photon and proton plans. The NTCP for the left kidney is 0% for the two patients in 

both plans and in 4 patients there is a reduction of the NTCP for the left kidney from 18.7 %, 

6.9 %, 12.3 % and 13.5 % in the photon plans to 0 % in the proton plans. The remaining 2 

patients have reduced NTCP values for the left kidney, from 35.5 % and 86 % in the photon 

plans to 4 % and 0.2 % in the proton plans. For the right kidney the NTCP varies in the range 

from 0 % to 17.9 % for the photon plans and these results are reduced to 0 % in the proton 

plans for all the patients. The NTCP values for the Bowel-PTV, despite being attached to the 

PTV, vary between 0.4 % and 1.3 % in the photon plans to values between 0.1 % and 0.7 % in 

the proton plans for all the patients. 

This is a general reduction in the NTCP in the proton plans  compared to the photon plans, 

except for the liver, for which the NTCP value was 0 % of NTCP for all patients with both 

two plans.   
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Table 18. NTCP in % for the stomach cancer radiotherapy patients (CT studies with air fillings) 

Patient # 

Photon beam therapy Proton beam therapy 

Liver  
L 

kidney 

R 

kidney 

Bowel-

PTV 
Liver  

L 

kidney 

R 

kidney 

Bowel-

PTV 

1 0 0 23.5 0.3 0 0 0 0.2 

2 0 10 0.6 1.9 0 0 0 0.4 

3 0 15.4 14.9 0.5 0 0 0 0.1 

4 0 0 19 1.1 0 0 0 0.2 

5 0 0 4.9 0.5 0 0 0 0.2 

6 0 39.5 6.5 1.4 0 58 0 0.3 

7 0 20 2.5 0.8 0 0 0 0.2 

8 0 91 0.2 0.6 0 49.6 0 0 

 

 

For the plans performed with air replacement in some structures (Table 18), the NTCP values 

for the liver are 0 %   for the two RT modalities. For left kidney, three patients have NTCP 

values of 0 % with the photon and proton plans, three patients show a reduction from 10 %, 

15.4 % and 20 % in the photon plans to 0 % in the proton plans, and a reduction from 91 % to 

49.6 % is observed for one patient. An increase of NTCP from 39.5 % to 58 % with the 

proton plan is estimated for one patient. For the right kidney, the NTCP values are between 

0.2 and 23.5 % with the photon plans and are decreased to 0 % for all the patients with the 

proton plans. 

These results, compared to the plans performed in original CT image study, same value of 

NTCP of 0% for the liver was estimated. For the left kidney, an increase in the NTCP was 

observed for 4 patients with the photon plans. In two patients planned for proton radiotherapy, 

an increase in the NTCP from 4 % and 0.2 % to, respectively, 58 % and 49.6 %, was 

observed. For right kidney, the NTCP values in the photon plans are increased in the plans 
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performed with air replacement, except for one patient which has the same NTCP in the two 

plans; in the proton plans there is no difference between the results of NTCP. Similar values 

were observed for NTCP obtained for bowel-PTV.    

 

 

 

 
Table 19. NTCP in % for stomach cancer radiotherapy (CT image study with water fillings) 

Patient # 

Photon beam therapy Proton beam therapy 

Liver  
L 

kidney 

R 

kidney 

Bowel-

PTV 
Liver  

L 

kidney 

R 

kidney 

Bowel-

PTV 

1 0 0 18.2 0.3 0 0 0 0.2 

2 0 5.4 0.3 1.2 0 0 0 0.8 

3 0 15.2 12.2 0.3 0 0 0 0.1 

4 0 0 16.4 0.7 0 0 0 0.4 

5 0 0 1.8 0.4 0 0 0 1.8 

6 0 38.2 3.6 1 0 0 0 0.4 

7 0 15.9 1.7 0.7 0 0 0 0.2 

8 0 83.7 0.1 0.4 0 0 0 0.1 

 

The NTCP of the liver is similar with either photon or proton plans for all patients. With the 

proton plans, for all patients the NTCP of the kidneys are reduced to 0 %. A reduction of 

NTCP of bowel-PTV is observed in the proton plans in all patients except for one patient 

which has NTCP increasing from 0.4 % to 1.8 %.   

The comparison of the NTCP estimated on plans performed on original CT image study and 

on CT images with water fillings, similar results were obtained with the proton plans. 

However, with the photon plans the NTCP for the left kidney was decreased from 18.7 to 0 % 

while for the right kidney the NTCP increase from 0 % to 18.2 %. Comparing the NTCPs 

from the different treatment plans, for liver both proton and photon plans gives 0 % of 

complication probability. The complication probabilities for the kidneys are reduced to zero in 

the proton plans. The exception was bowel-PTV which has comparable NTCP values in the 

two plans. This might be because the edge of the PTV is inside the bowel which causes this 

part of the bowel to receive as high doses as the PTV in all plans. 
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3.3. Estimation of risk for secondary cancer 

The same isoeffective dose was prescribed to the PTV in the planning with photons and 

protons, in order to provide appropriate means of comparison between the two RT modalities. 

The results of the calculations of the risk for induction of secondary cancers due to photon or 

proton beams radiotherapy of liver and stomach cancer plans are presented below. 

 
 

Liver cancer  

The assessed risk for radiation induced secondary cancer for clinical liver cancer with photon 

and proton therapies are presented in the Tables 20 and 21, respectively.  

Table 20. Risk for radiation induced secondary cancer in % after photon beam therapy 

Patient # 

OARs 

R Lung Esophagus  
R kidney 

Heart  Spinal cord 
Liver-

PTV 

1 1.5 0.4 1.0 1.3 1.0 0.4 

2 1.0 0.4 0.6 1.2 0.8 1.1 

3 0.7 0.4 0.7 0.7 0.4 1.1 

 

The maximum evaluated risk for induction of secondary malignancies after radiotherapy of 

liver cancer with photon beam was 1.5 % which was observed in the right lung of patient 1. 

The remaining organs present a risk lower than this value, but above 0 %. 

Table 21. Risk for radiation induced secondary cancer in % after proton therapy 

Patient # 

OARs 

R Lung Esophagus  
R kidney 

Heart  Spinal cord 
Liver-

PTV 

1 0.4 0.2 0.3 0.1 0.1 1.2 

2 0.1 0.1 0.1 0.1 0.1 0.3 

3 0.1 0.1 0.1 0.1 0.1 0.3 

 

In the proton plans, the maximum observed risk is 1.2 % for liver-PTV, which is the only case 

of increased risk comparatively to the photon plans. The remaining organs have risks of 

induced secondary malignancy varying between 0.1 % and 0.4 %. The risk of radiation 
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induced secondary cancer is decreased for all organs planned with proton beams compared to 

photon plans, except for the liver-PTV of patient 1.  

 

Stomach cancer 

The results of the assessment of risk for radiation induced secondary cancers for the stomach 

cancer radiotherapy cases planned with either photon or proton beam are summarized in the 

Tables 22, 23 and 27, respectively, for plans performed on original CT images, and on CT 

images with replacement of some structures with air or water. 

 

Table 22. Risk for radiation induced secondary cancer (%) after photon and proton beam therapies (Plans 
performed on original CT images) 

Patient # 

Photon beam therapy Proton beam therapy 

Liver  
L 

kidney 

R 

kidney 

Bowel-

PTV 
Liver  

L 

kidney 

R 

kidney 

Bowel-

PTV 

1 0.4 0.8 0 0 0.3 0.4 0.3 0.2 

2 0.3 0 0.1 0 0.3 0.5 0.3 0.2 

3 0.8 0 0 0 0.4 0.5 0.2 0.3 

4 1.5 0.7 0 0 0.2 0.3 0.3 0.4 

5 0.6 0.6 0 0 0.5 0.4 0.3 0.2 

6 1.3 0.1 0.4 0 0.4 0.5 0.3 0.2 

7 0.3 0.3 0 0 0.1 0.5 0.3 0.5 

8 0.6 0 0 0 0.5 0.6 0.4 0.6 

 

For the photon plans performed on the original CT image studies the results are inconclusive, 

as there are cases for which the risk is reduced with the proton plans but there are also cases 

for which an increased risk is observed. This scenario is observed for all the OARs except the 

right kidney and bowel-PTV, for which the risk generally increases from zero for the plans 

performed with photon beam to a maximum value of 0.6 % for the plans performed with 

proton beam. 
 

Table 23. Risk for radiation induced secondary cancer (%) after photon and proton beam therapies (Plans 
performed on CT images with air fillings) 

Patient # 
Photon beam therapy Proton beam therapy 

Liver  L R Bowel- Liver  L R Bowel-
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kidney kidney PTV kidney kidney PTV 

1 1 1 0.2 0.1 0.5 0.5 0.4 0.1 

2 0.8 0 0.4 0 0.6 0.5 0.4 0.2 

3 1.3 0.1 0.1 0.1 0.6 0.5 0.3 0.2 

4 1.5 0.9 0.2 0 0.4 0.3 0.4 0.4 

5 0.9 1.4 0.3 0.2 0.8 0.4 0.4 0.2 

6 1.2 0.1 0.3 0 0.1 0.1 0.4 0.2 

7 1.1 0.5 0.2 0.1 0.5 0.4 0.4 0.3 

8 1.4 0 0.4 0.1 0.7 0.1 0.4 0.6 

 

The data in Table 23, for the case in which some structures are replaced with air in the CT 

images, show a considerable decrease in the calculated secondary risk for the liver in the 

plans with proton beam compared to what was obtained with the photon plans. The values for 

the kidneys show both an increased risk for some patients as well as a decreased risk for 

others. The risk for the bowel-PTV is somewhat higher for the proton plans. However, in this 

case the values of risk for radiation induced secondary cancer for bowel-PTV have some non-

zero values in the plans performed with photon beam for five patients. This difference 

compared to the plans calculated on the original CT image studies might have been caused by 

the changes (decrease, in this case) in the physical density within the target volume. 

 

Table 24. Risk for radiation induced secondary cancer after photon and proton beam therapies (Plans performed 
on CT images with water fillings) 

Patient # 

Photon beam therapy Proton beam therapy 

Liver  
L 

kidney 

R 

kidney 

Bowel-

PTV 
Liver  

L 

kidney 

R 

kidney 

Bowel-

PTV 

1 1 1 0.2 0.2 0.2 0.4 0.3 0.2 

2 0.9 0 0.4 0 0.1 0.6 0.3 0.2 

3 1.3 0.2 0.1 0.1 0.3 0.5 0.2 0.3 

4 1.5 1 0.2 0 0.2 0.3 0.3 0.4 

5 0.9 1.4 0.3 0.2 0.4 0.3 0.2 0.2 

6 1.2 0 0.4 0 0.4 0.7 0.3 0.2 

7 1.1 0.5 0.2 0.2 0.1 0.6 0.3 0.5 

8 1.4 0 0.4 0.1 0.4 0.8 0.3 0.6 
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The calculations based on plans performed on the CT image study with water fillings in some 

structures, show a decreased risk for the liver in plans performed with proton beam compared 

to the plans performed with photon beam for all the patients. In general ambiguous results of 

the calculations were obtained for the kidneys together with an increased risk for bowel-PTV 

in the plans performed with proton beam were observed. 

The estimation of risk for radiation induced secondary cancers involves approximations which 

act as potential sources of uncertainties. In this study, the risk estimation of radiation induced 

secondary cancer was performed using a basic equation proposed by UNSCEAR (21), which 

was later modified and implemented by Dasu et al. (22) to include the fractionation the 

delivered dose. In this model, the α/β ratio of the LQ model was used for the probability of 

induction of DNA mutations and the linear approximation of the total effect equation, which 

is valid for lower doses up to 2 Gy. The later assumption is only valid in low dose region, 

which is not the case of the radiotherapy dose range. Another source of uncertainties in the 

risk estimation is related to the probabilities of fatal cancer assigned to different organs. These 

probabilities were taken from the ICRP 60 and their derivation involves uncertainties, among 

all the sex and age averaging. Furthermore, an extrapolation of the values from the 

epidemiologic studies was done to assume that these values are valid for the whole 

population. 

 

3.4. Potential improvements with proton beam compared to photon beam therapy 

The dose deposition of proton beams is limited to the range of the protons. The rapid dose 

fall-off beyond the distal range of the proton beam is an advantageous property of proton 

beams over the photon beams when it comes to sparing the OARs that might be located 

posterior to the targets. PBT can therefore provide superior dose conformity to the target at 

the same time as the OARs are spared. This has been connected to a reduced radiation-

induced secondary cancers and high tumour control. Additional dose to the OARs in PBT is 

due to neutron production and the dose from neutrons is higher in the passive scattering mode 

than in the spot scanning mode (52).  

In this study, the treatment planning with proton beam was performed on the CT images of 

patients planned for photon beam therapy, maintaining the same target and risk structures 

delineated as for the photon beam treatment. For real clinical cases of PBT, the treatment 

plans should be performed specifically for PBT including constraints and setup issues which 
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are specific for PBT in order to fully benefit of the improved accuracy of PBT. In practice the 

beam parameters in proton beam therapy are determined based on the CTV, by adding the 

lateral margins, in a similar way as performed for photon tretament planning, and then the 

range uncertainties margin. In this study, a distal longitudinal margin of 5 mm was added in 

all proton beam plans. The distal margins have to take into account the range uncertainty and 

the uncertainty in the conversion of the HU of the CT images to relative stopping power 

ratios. The use of target and structures taken from the photon beam plan, without the addition 

of the proximal and distal margins, in the proton beam planning might cause underestimation 

of the quality of dose distribution of a plan performed with proton beam.  

Regarding the dose distributions to the PTVs in this study, the proton TPS yielded easily a 

homogeneous dose distribution, for the stomach cancer cases. However, for the liver cancer 

cases, in which an inhomogeneous dose distribution was required, the process to reach the 

goal required much more effort. During the optimization process for the proton treatment 

plan, the upper and lower dose limit objectives were selected in order to produce the desired 

dose distribution. The homogeneous dose distribution required only one upper and one lower 

objective in order to set the dose to the PTV between 95 and 105 % of the prescribed dose. 

The inhomogeneous dose distribution used for liver cancer radiotherapy required one upper 

and at least two lower objectives. The user had to specify that 100 % of the PTV should 

receive 100 % of the prescribed dose, and decrease simultaneously the volume which should 

receive higher doses, until an inhomogeneous dose distribution according to the planning 

objectives was delivered to the PTV. Inhomogeneous dose distributions could also be 

achieved by adjusting the spot weights during the optimization process. The spots in the 

central region of the PTV should be assigned higher weights compared to the outermost spots. 

The Eclipse TPS for proton beams has some limitations which are observed in the 

optimization process. For optimization with SFUD no margins can be added during the 

optimization, distal and proximal margins have to be manually added during the target 

delineation. The proton beam scanning target volume (PBSTV) with the added margins is 

selected in the TPS interface during the plan optimization. In case of presence of artefacts in 

the planning CT images, these artefacts have to be contoured and assigned with the proper 

HU. Additionally, the Eclipse TPS should incorporate MU constraints in the optimization 

process in order to avoid dose distribution distortion with some spots being deleted after post-

processing. 
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3.4.1. Uncertainties in the RBE for proton therapy 

The increasing efficiency of cell killing with high linear energy transfer (LET) of proton 

beams compared to photon beams has led to the introduction of the concept of relative 

biological effectiveness (RBE). The RBE of some test radiation (r) compared with X-rays is 

defined by the ratio D250/Dr, where D250 and Dr are, respectively, the doses of X-rays and the 

test radiation required for equal biological effect (53). The RBE of the clinical proton beam is 

considered to be 1.1 (54), (38), (55). Therefore, the physical dose of the proton beam 

treatment has to be multiplied by the proton RBE (55) in order to obtain the physical dose for 

photon beam treatments with a similar biological effect. The proton RBE of 1.1 was 

determined by taking the 60Co as the reference radiation; furthermore, there is no evidence of 

a significant RBE difference between 60Co gamma rays and 2 – 30 MV photons (54).   

An issue with proton beams is the not negligible variation of the proton RBE with different 

physical characteristics of the radiation field and biological parameters of the irradiated 

tissues. The RBE may vary with dose per fraction, position in the SOBP, size of the SOBP, 

initial beam energy and with the particular tissues. These variations are not taken into account 

by the TPS. The majority of proton treatment centers assume a constant RBE value of 1.1 for 

all clinical situations regardless of the physical properties of the proton beams and the 

biological system (56). The standard value of clinical proton beam RBE of 1.1 was also 

recommended by the ICRU and the IAEA in their joint publication (54). 

Elevated RBE values can be expected in the proton Bragg peak which are located near the 

edges of the target, thus probably near critical structures. This is because the edges show 

lower doses and, depending on the treatment plan, may be identical with the beam's distal 

edge, where dose is deposited in part by high-LET protons (57). According to Li (58), for 

beams that stop before a critical organ, the increase in the proton beam range due to increase 

in the RBE in the distal end would imply that an additional distal margin equivalent to the 

increased range needed to be included in the treatment planning for the beam so that the 

potential effect of the increased biological dose to the critical organ is approximated in the 

dose distribution. The extension of the bio-effective range in these cases was also suggested 

by Paganetti (57).  

Paganetti (57) mentioned that experimental in vivo data indicate that there seems to be too 

much uncertainty in the RBE value for any human tissue to propose RBE values specific for 

tissue, dose/fraction, etc., and indicated that there is a clear need for a better prospective 
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assessments of normal tissue reactions in proton irradiated patients. This would increase the 

accuracy during the determination of the RBE for clinical proton beam data.  

In order to incorporate the changes in RBE along the SOBP in the treatment planning, Frese et 

al. (59) implemented in their study the method of Wilkens and Oelfke (60) to determine the 

RBE-weighted dose in proton and carbon-ion therapy in order to deliver the same biological 

effective dose throughout the SOBP of these beams. However, it was concluded in their study 

that there was no debate regarding the necessity for the optimization of the physical dose in 

proton therapy. Additionally, the RBE-weighted dose for proton beam was found to be 

insensitive to different radiosensitivity of different tissues.  

 

3.4.2. Conversion of CT numbers to stopping power ratios 

The CT imaging is the basis of dose calculation in both photon and proton therapy. For 

implementation of CT images in the proton treatment planning, the Hounsfield units (HU) in 

the planning CT images along the proton beam path have to be converted into proton relative 

stopping power ratio, which is done by using a predetermined CT calibration curve 

incorporated in the treatment planning system. 

The image quality (noise, resolution, presence of artifacts, etc.) of the CT images and the 

effects of beam hardening may be the limitating parameters when aiming to achieve an 

accurate HU to relative stopping power ratios conversion in proton therapy planning. 

The use of proximal and distal margins have been the method of choice to account for 

uncertainties in the conversion of HUs to stopping power ratios for scattered proton therapy 

techniques, their implementation for intensity modulated proton therapy (IMPT) techniques 

using pencil or spot scanning techniques is not as well-established (58). The effect of the 

range uncertainty in intensity modulated proton therapy may be estimated by recalculation of 

treatment plans using HU to relative stopping power ratios conversion curves. However, 

complete integration of range uncertainties in the IMPT optimization algorithms is not 

available in commercial TPS (58), including the Varian Eclipse for proton treatment planning 

which was used for planning in this study.  

In additional, some radiotherapy modalities may involve the use of additional devices which 

may be placed in the beam path. In general, before implementation of any additional device, 

such as patient immobilization devices, range shifters or different configurations of patient 

tables, an accurate conversion of its HU into proton stopping power ratios is required to 

maximize the accuracy of the calculated and delivered dose to the patient.  
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3.4.3. Implications of the use of patient immobilization devices and patient table 

In general, in the proton treatment planning done for this study, as for the photon plans, the 

proton treatment planning the irradiation through the patient table and immobilization devices 

was considered. For this purpose, the patient table and the stereotactic box were delineated 

together with the anatomical structures and, subsequently, taken into account during the dose 

calculation. This procedure is normally followed in the photon beam planning and it was 

assumed that it was possible to follow the same procedure for the proton beam planning as 

well, since the same planning CT images were used for treatment planning with photon and 

proton beams. 

In some cases, the table of the CT facility used for treatment planning has different shape and 

density from the patient table in the treatment room. A correct patient table representation is 

required in order to achieve the correct beam-line dose calculation, in terms of beam range or 

beam energy in the proton treatment planning. Furthermore, the patient table and 

immobilization devices may impact the proton beam range uncertainties, which is not the case 

for photon beam therapy.  

As discussed in the section 3.4.2, the accurate treatment planning in proton beam therapy is 

achieved through the accurate conversion of the CT HUs of the planning CT images into 

proton relative stopping power. In proton therapy, it is important to use the same 

immobilization devices, patient tables and additional required tools for patient setup in the 

treatment simulation, treatment planning and dose delivery in order to achieve the highest 

reproducibility of the treatment planning regarding the range of proton beam. In their study, 

Wroe et al. (61) recommended that prior to the implementation in the clinical proton therapy 

of any immobilization device in proton therapy, the water equivalent thickness (WET) of 

these devices needs to be evaluated in order to ensure that the impact they may have on proton 

range is accurately considered and any errors accounted for in the range uncertainty.  

 

3.4.4. Possible errors due to target motion and anatomical variations in RT 

According to the results obtained in the present study, the PBT shows some advantages over 

the reference photon beam therapy. However, it requires a high setup accuracy and means of 

minimizing the proton beam specific source of errors, such as the range uncertainty. Errors 

due to geometrical uncertainty caused by organ motion and anatomical variations have a more 

severe impact on the planning with proton beam compared to the photon beams. Geometrical 
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uncertainties may cause the deviation of the delivered dose distribution from the planed. This 

deviation can include an underdosage of the PTV accompanied by overdose of the OARs. In 

the particular case of organ motion, its interference with the sequence of the beam delivery 

can produce uncontrolled dose inhomogeneities within the target (62). The errors due to 

anatomical variations can be reduced to a certain extent, during the treatment planning, by 

directing the beam in a direction without any OAR behind the distal end of the proton Bragg 

peak and also by selecting directions with less anatomical variations in the beam path from 

the patient skin to the proximal end of the proton beam range.  

The motion related uncertainties can be partly overcame by the proton beam scanning 

repainting technique, which consists in increasing the speed of scanning in order to apply the 

dose repeatedly (62), and by means of gating the dose delivery according to the target position 

in different breathing phases. For these reasons, targets that involve both motion and 

anatomical variations, as was the case with proton beam therapy of stomach cancer are in 

general not suitable for proton therapy. 

 

3.4.5. Target dose conformity 

The results from this study suggest that the proton beam treatment plans have a better target 

dose conformity in comparison to the photon beam treatment planning for the same patient. 

The well defined distal range with the rapid dose fall-off to zero beyond the maximum range 

of the proton beam and the sharp lateral penumbra are advantages when aiming to have a 

better dose conformity in radiotherapy.   

  

3.4.6. Potential sparing of OARs 

PBT provides a reduction in ID for the OARs. The decrease in the ID for the OARs can be 

used as an evidence of the sparing effect of a radiation treatment modality and has been 

connected to the reduction on the secondary cancer incidence (1), (19), which is taken as 

rationale for the use of PBT in paediatric external beam therapy. 

In this study the dose distribution comparisons between photon and proton beam plans shows 

a reduced irradiated volume of the OAR. However, an increase of the irradiated volume and 

increase in maximum dose was observed for the targets lying attached to the target volume. In 

these situations the PBT may increase the dose to the OARs up to the prescribed dose, causing 

increased complications in these tissues. 
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3.4.7. Induction of secondary cancers 

In the present study, the estimation of risk of secondary cancer was done using a model based 

on LQ-model, which takes into account both the probability of induction of DNA mutations 

and the probability of cell survival following irradiation. Furthermore, the model used takes 

into consideration the heterogeneity of dose distribution in the OARs through the use of the 

DVHs generated on the TPS. Analyzing the treatment plans for PBT it is observed a higher 

target-dose conformity and relatively reduction of the irradiated volume of the OARs, which 

can lead to a reduction of radiation induced secondary malignancies when comparing with 

external photon beam therapy in which large volumes of the healthy organs receives a bath of 

low doses due to the depth dose profile of the photon beam.  

When including the possible not negligible effects of target motion and anatomical variations, 

for the former larger margins have to be included when drawing the PTV which includes 

healthy tissues inside the prescribed dose isodose; for the later an increased irradiated volume 

of OARs in the distal part of the beam direction is observed, this might lead to increased 

complication to the healthy tissue in the cost of high tumour control.   

Fontenot et al. (63) performed a comparative study of prostate cancer performed with PBT 

and 6 MV IMRT. The study included estimations of risk from primary and secondary 

radiation and the PBT was found to reduce the risk of secondary malignancies from 39 % for 

IMRT to 26 % for PBT. Studies by Schneider et al. (18) performed on 30 patients treated for 

prostate cancer with IMRT concluded that the use of conformal PBT reduced the secondary 

cancer incidence as much as 50% as compared to IMRT.  

For the estimation of radiation induction of secondary malignancies, it should be desired to 

perform the risk estimation for the entire body not only for the OARs separately. This because 

all the body receives a bath of low doses from scattered radiation or from secondary produced 

particles heterogeneously during a dose delivery section. This heterogeneous dose should also 

be combined with the different radiosensitivity of the different organs in the body, not only 

for the organs considered as risk organs.  

The drawback of this process would be the planning information for the patient’s whole body. 

The CT images used for treatment planning are not images of the patient’s whole body, but of 

the anatomical region relevant for the treatment planning. The lack of information of the 

whole body CT images would give problems when performing the evaluation of the radiation 

induced secondary malignancies. These problems would lead to underestimation of the risk, 
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on one hand because only the organs on the relevant body region would be included in the 

study; on the other hand, when generalizing the partial body risk estimation to whole body 

including organs without DVHs from the treatment planning.    

 

3.4.8. Biological parameters for proton beam therapy 

The sparing of the OARs in this study was evaluated by using established biological models 

with model parameters calculated and tabulated for the cases of photon radiation therapy. For 

the purpose of comparisons between the treatment outcome in terms of sparing of OARs, the 

established biological model parameters for photon beam irradiation of healthy tissues was 

also implemented for proton treatment plans. Because protons are a low-LET radiation with a 

RBE close to photons it is assumed that the radiobiology of proton beams is nearly identical 

to the vast experience with photons. However, there is no scientific study which indicates that 

the biological parameters for normal tissues used for photon beam irradiation of tissues are 

applicable for proton irradiation.  
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4. Conclusions 
 

The proton beam treatment plans provided a better sparing of the OARs compared to the 

photon beam plans and decreased integral doses to the OARs. Better dose conformity around 

the PTV and dose homogeneity were also observed with proton therapy. This superiority of 

proton beam therapy over the photon beam therapy was observed to become smaller due to 

the presence of uncertainties related to organ motion and anatomical variations. The sparing 

of the normal tissues was also observed to be superior for the PBT based on the results from 

the biological evaluation of the treatment, which showed that the NTCP was drastically 

reduced in several cases.  

Organ motion and anatomical variations were found to be more important for the proton beam 

plans compared to the photon beam plans. Such changes caused some OARs lying attached to 

the PTV and the organs situated beyond the distal end of the proton beam to receive doses 

close to the prescribe dose. The calculated risk for radiation induced secondary cancer for the 

liver cancer cases were found to be lower with proton plans compared to the photon plans for 

all patients and organs. For the stomach cancer cases, a decreased cancer induction risk is 

observed for the liver with the proton plans for all patients, together with an increased risk for 

the bowel-PTV while the results obtained for the kidneys were inconclusive. For the radiation 

induced secondary malignancies, an estimation of the radiation induced risk to the whole 

body is wanted that could to take into account all the organs in the body and, hence, increase 

the value of this kind of estimation.  
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ANNEXES 

A. 1 Comparative DVHs for PTV in stomach cancer plans 
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A. 2 Comparative DVHs for PTV and OARs in liver cancer plans 
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A. 3 Comparative DVHs for PTV and OARs in stomach cancer plans made on 

original CT images 
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