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Abstract  

The main aim of this study was to evaluate the treatment planning of anal cancer with 

volumetric modulated arc therapy (VMAT) with photons and intensity modulated proton 

radiation therapy (IMPT) in terms of dosimetric comparison using different dose parameters. 

STUDY WORK 

Through external beam radiation therapy (EBRT) 10 patients underwent VMAT treatment 

planning. Proton treatment plans with IMPT were made for 3 of the 10 patients. All treatment 

planning with VMAT and IMPT was done with the system Eclipse (Varian Medical System). 

For IMPT anterior and posterior fields (0 and 180 degree) with 70 to 250Mev beam and multi-

field optimization was chosen. For VMAT two arcs (clockwise and anti-clockwise) were used 

with 6MV photon beam. Dose criteria for planning target volume (PTV) was 54.4Gy in 27 

fractions, and D98% >95% for all treatment plans. Median doses were obtained from DVH for 

all target volumes. Recommended dose parameters for organ at risk (OARs) were D2% for 

caput femoris, D mean for bladder and pubic bone, and V45<195cc for intestinal cavity. To 

spared OARs helping structure were made. 

RESULT 

Following to dose constraints used in clinical practice for treatment plan optimization, D98% 

for PTV was almost 95% for VMAT but was more than 98% for IMPT. This implies that 

protons may provide treatments plans with better dose coverage. Results showed less dose to 

OARs, with IMPT compared to VMAT. 

 

CONCLUSION  

Protons therapy (IMPT) is considerable to treat anal cancer due to its better target coverage and 

significant sparing of OARs. Protons therapy (IMPT) potentially may give less toxicity than 

photons therapy. 
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1. INTRODUCTION  
In the recent decades, there has been gradual increase in the incidence of anal cancer 

particularly in women and homosexual men. However, anal cancers (ACs) are relatively rare 

malignancies which are usually preceded by high-grade anal intraepithelial neoplasia. Some of 

the major risk factors are age (60 and older), multiple sexual partners, receptive anal sex and 

fissures, fistulas, hemorrhoids & certain Sexually Transmitted Diseases like Human 

Papillomavirus (HPV) and Human Immunodeficiency Virus (HIV).  

In Nordic countries, the Association of the Nordic Cancer Registries reports all the recent 

incidence in cancer as per gender and age. From 2012-2016, there has been a 0.3 percent 

increase in male incidence where 0.7 percent increase has been recorded for female. More than 

30,000 Norwegians diagnosed with cancer every year, where cancer is more prevalent in men 

compared to women. As per the Cancer Registry data of Norway 2017, overall 83 cases of 

Anal cancer have been registered in which 35 cases are male and 53 females (1).  

There are multiple methods to treat Anal Cancer of which the most widely used are 

radiotherapy, chemotherapy and surgery. Also, there are a few clinical trial treatment methods 

that are still under consideration. The standard treatment method is chemoradiation which is a 

combination of radiotherapy and chemotherapy. 

The radiotherapy treatment technique utilizes ionizing radiation (photon, charged particles) to 

shrink the tumor size and  kill the cancer cells, inhibiting the tumour from further growth, thus 

curing the patient There are two types of therapy in radiation techniques namely, External beam 

therapy where a linear accelerator machine that produces high energy rays which directly target 

at tumor site without touching the patient and Internal beam therapy –it utilizes the special 

radioactive substances consists of needles, wires or catheters that targets directly to the tumor 

(2). 

During 1990s, photon radiotherapy made an advancement with Intensity modulated photon 

radiotherapy (IMRT). However, due to physical properties of photons, surrounding healthy 

tissues still receive a substantial amount of unwanted dose which results in unacceptable 

toxicities for normal tissues. In order to overcome this issue, proton therapy was introduced 

due to its excellent physical properties and better dosimetric parameters. The proton depth dose 

characteristics were first recognized by Wilson in 1946 where first patient was treated with 

protons in 1954 employing the synchrocyclotron at the University of California, Berkley (3). 

Since 1990, several studies have been done for treating cancer patients with protons where 



most prominent laboratories are Harvard Cyclotron Laboratory (HCL) in Cambridge, 

Massachusetts, UC Berkeley and California.  

 

In Europe, few countries have established proton therapy centers such as Skandion clinic in 

Uppsala, Sweden, which was established in 2015, and the national center in Aarhus, which was 

opened in 2018 in Denmark. Currently, there is no proton therapy center established in Norway  

however, as per 2018, (under Norway’s National Budget for 2018) it is decided to build proton 

centers in Oslo and Bergen by 2023 (4). In 2007, Volumetric modulated arc therapy (VMAT) 

has been introduced which has potential benefit with improved target volume coverage and 

reduced treatment delivery time over IMRT (5). A most novel form of conventional IMRT is 

IMPT which can produce equivalent however, superior dosimetric quality along with treatment 

efficiency, this study will employ VMAT and IMPT for the treatment of Anal cancer due to its 

efficiency.  

Through extensive assessments, it has been established that proton therapy can deliver radiation 

with remarkable precision by extracting positively charged protons from hydrogen gas and 

accelerating them through a cyclotron which are then guided by magnetic and electrical fields 

to the tumor site. Currently, most of the proton accelerators in use are cyclotrons and smaller 

number are synchrotrons. Protons are heavy charged particles and can be stopped at energy-

dependent depth in the target rather than traversing the target. In radiotherapy the dose is 

determined by the multiplication of physical dose with relative biological effectiveness and is 

expressed in terms of Gray (Gy) (6). 

The study aimed to highlight potential advantages of proton therapy (IMPT) over conventional 

photon therapy (VMAT). However, clinical benefits of integral dose reduction have yet to be 

determined for anal cancer patients. Many studies have showed that with minimized normal 

tissue dose protons are effective, combined with chemotherapy, for better tolerance in pediatric 

protocol-directed therapy for solid tumors (7). Recently, Wo et al (2019) has done 

chemoradiation with concurrent 5-fluorouracil (5-FU)/mitomycin C (MMC) and found that 

Pencil beam scanning proton beam (PBS-PT) radiation therapy has reduced toxicity 

significantly (8). Whereas for small targets in older patients cost the effectiveness of proton 

therapy is questioned and randomized control studies are recommended. This research will 

explore the advantages and effectiveness of proton therapy through the experimental method 

on patients with anal cancer.   



In order to reduce radiation induced toxicities in normal organs and organs at risks protons are 

considered as a potential and attractive replacement to conventional photon therapy. The 

primary aim of this study is to assess the potential advantages of proton therapy. While this 

topic is still under investigation there are very few studies which has discussed the anal cancer 

treatment through proton therapy. This study will explore clinical advantages and higher 

therapeutic efficacy. In other words, is proton therapy more effective than photon therapy for 

anal cancer treatment? 

 

 

 

 

 

 

  



2. THEORY   

This chapter will provide an overview of the main terminologies and treatment procedures 

which are used by different doctors and practitioners for Anal Cancer eradication. This chapter 

will discuss the anatomy of anal cancer and its types. Moreover, this study will capture recent 

techniques and phases of exploration of Anal Cancer treatment strategies, while new techniques 

are adding in. Later part of this chapter will present Radiation and further widely used 

technologies within the field of cancer treatment.   

2.1 Anatomy of Anus  

The last part of the digestive tract below the rectum (last part of colon i.e. large intestine) is 

called anus. The anorectal line separates the anus from the rectum. The inner lining of the anal 

canal is the mucosa. Most anal cancers start from cells in the mucosa. Anus is divided into two 

parts, the anal canal and the anus (or anal verge). Anal canal is 3-4 cm long bearing pelvic floor 

muscles with two anal sphincters. The two anal sphincters are named as internal anal sphincter 

and external anal sphincter. The anus is covered by the sphincters muscles whose main function 

is controlling the passage of the stool. (9)  

  

Figure 2.1 below shows the Anal anatomy describing different section of Anal area  

 

Figure 2.1 The anatomy of anus 

  

  



2.2 Anal Cancer (ACs)   

According to WHO classification, ACs are also divided into two forms i.e. arising from the 

anal canal or by the anal margin (lined with skin). Most anal cancers are squamous cell 

carcinomas (SCCs), adenocarcinomas, and perianal. Under SCC, most anal cancers start in the 

flat (squamous) cells lining much of the anus. Some anal cancers are adenocarcinomas these 

starts in cells in the anal glands (10). In rare situations, SCCs can affect the skin outside of anus 

which are called perianal cancers.    

2.2.1 Staging of Anal Cancer    

The method which used to determine if cancer has spread within anus or to other parts of body 

is called staging. This will help to understand how long and where cancer spread because 

knowing the stage of cancer is very important to proceed with the treatment planning. TNM 

classifications for staging T for Tumour, N for lymph Nodes and M for Metastasis. Cancer can 

spread through body via 3 different ways i.e. through tissue (actual tumour location), blood and 

lymph. staging of anal cancer can be found in AJCC cancer staging manual 8th edition and 

described below Table 1(11).  

Table 2.1 shows the staging system of anal cancer according to AJCC. 

Primary 

tumour 

(T) 

 
Regional 

lymph 

nodes 

(N) 

 
Distant 

Metastasis 

(M) 

 

TX Primary tumour(T) NX Measurement of 

lymph node is not 

possible 

M0 No distant 

metastasis 

T0 Without primary 

tumour 

N0 Without regional 

lymph node 

metastasis 

M1 Distant 

metastasis 

Tis High grade squamous 

intraepithelial lesion 

N1 Metastasis in 

inguinal, mesorectal, 

inner iliac, or 

outward iliac nodes 

  



 

2.2.2 Etiology of Anal Cancer  

HPV (Human papilloma virus) is one of the etiological factors for causing anal cancer. It is 

detected in 90% of the cases. HPVs are double stranded small DNA viruses that causes 

infection of squamous epithelia.HPV-16 is the major subtype and is most often detected. 

Patient who were diagnosed with cervical cancer due to HPV may have 5 times more risk of 

having anal cancer. Men and women who participates more in anal sex, develops increased risk 

of anal cancer. HIV positive have high chances and more prone to develop anal cancer. 

Immunosuppressed patients, for example Transplanted Patients develops high risks of anal 

cancer, Family history of cancer HPV) increase the risk of cancers especially cervical and anal 

cancer (12).   

2.2.3 Treatment of Anal Cancer   

Earlier treatment of anal cancer was the abdominoperineal resection (APR) (13). An APR is a 

complicated procedure where anus and rectum was removed and make a permanent colostomy 

(14). Currently there are different ways to treat anal cancer which are deciding according to the 

stage of cancer. These include radiotherapy, chemotherapy, surgery. Also, there are few clinical 

trial treatment methods which are still under consideration.    

T1 Tumour is larger or 

equivalent to 2cm 

N1a Metastasis in 

inguinal, mesorectal, 

or inner iliac lymph 

nodes 

  

T2 Tumour is less than 

2cm but larger or 

equivalent to 5 cm 

N1b Metastasis in 

outward iliac lymph 

nodes 

  

T3 Tumour is larger than 

5cm 

N1c Metastasis in 

outward iliac with 

any N1a nodes 

  

T4 Tumour overrunning 

to adjoining organs(s) 

e.g. Vagina, Urethra 

or Bladder  

    



2.2.3(a) Surgery  

This is the earliest form to treat anal cancer. Currently surgery is not first choice, but it could 

be used if the tumour is so small and has not spread nearby lymph nodes (15)   

2.2.3(b)Radiotherapy    

Anal cancer is radiation sensitive type of cancer, it is best way to treat cancer with fusion of 

other treatment modalities to get greater outcome. Charge particles or photons are used to treat 

cancer from outside of the body known as external beam radiation by using LINAC (16).   

2.2.3(c)Chemotherapy  

Mostly chemotherapy is done with radiation and surgery. When chemotherapy is used 

along with radiation it’s called chemoradiation. it is a standard method to cure anal cancer, 

survival rate with chemoradiation is greater than other treatments for anal cancer (17) (18). 

 

2.3 Photons and Protons   

A photon is a particle of light defined as quantum of electromagnetic energy. They behave 

simultaneously as particles and waves and move at a constant velocity in vacuum at c = 2.9979 

x 108 m/s. Photons carry energy and momentum which are related to frequency (nu) and 

wavelength of the electromagnetic wave. A proton is a charged particle normally residing 

within atomic nucleus. The proton has charge +1 (or, 1.602 x 10-19 Coulombs, alternatively), 

the exact opposite of the -1-charge contained by the electron (19).    

 

2.4 Radiation    

Radiation is the release of energy in the form of moving waves or streams of particles. This 

energy can be low-level like microwaves and cell phones or high-level like X-ray or cosmic 

rays. There are two types of Radiation, Ionization radiation (IR) and non-ionizing radiation. 

Where Ionizing Radiation has enough energy to remove tightly bound electrons from atoms, 

thus creating ions like alpha, beta and gamma rays. There are two ways to ionize atom; directly 

(Charged particles like electron and proton) and indirectly (X-rays, Gamma Rays, Neutron).  

Non-ionizing radiation does not have enough energy to remove electron. (20)  

2.5 Photon Interaction     

Photon interact with the matter through multiple methods, these are Coherent scattering, 

photoelectric effect, Compton Scattering and Pair Production. In photon radiation therapy the 

most important interaction is photoelectric effect and Compton scattering.  



In Coherent scattering, the photon is scattered and changes the direction but there is no loss of 

energy and this happens with low energy photon interacts with high atomic number material 

(21).  

Figure 2.2 depicts the coherent scattering.  

 

Figure 2.2 shows the coherent scattering 

In Photoelectric effect, the photon interacts with tightly bound K-shell electron of an atom 

which is fully absorbed and ejects the electron (photoelectron, x-rays and auger electron) (22). 

It occurs when incoming photon energy is greater than the bound electron. Photo electric effect 

depends on energy of photon and atomic number of the interacting material.   

Figure 2.3 shows the phenomena of Photoelectric effect.  

  

 

Figure 2.3 explains the photoelectric effect 



On the other hand, in Compton Scattering, part of energy of incident photon transferred to free 

orbital electron and it emits the electron, photon is scattered through scattering angle from 

atomic electron in other direction. Compton scattering does not depend on photon energy and 

the atomic number but only depends on the electron density of the material.  

Figure 2.4 describes Compton Scattering effect.  

 

Figure 2.4 shows Compton effect 

  

  

In Pair Production, photon interacts with nucleus of an atom, the photon transfer energy to the 

nucleus and create a pair of positively and negatively charged electron, and it happen only when 

incoming photon energy has 1.022Mev, if energy is less than this, there is no Pair 

Production occurs (23).  

Figure 2.5 shows Pair Production Effect   

  



 

Figure 2.5 depicts the Pair Production 

  

2.6 Proton Interaction    

Protons are classified as heavy charged particles and interact with matter as atomic electrons 

and nuclei through coulomb forces. There are also rare collisions with nuclei which result in 

nuclear reactions. When proton interacts with atomic electron via inelastic collision, as a result 

ionization or excitation occurs and known as collisional /ionization loss. This process is 

dominant in radiation therapy. On the other hand, when protons collide with atomic nuclei 

through elastic coulomb scattering, as a result there is radiative loss of energy 

(bremsstrahlung).  

When a proton interacts with material it loses its energy slowly. (dE/dx) is known as the 

stopping power (24) caused by ionization and it is used to explain the gradual loss of energy. 

Stopping power depends on the mass, velocity, and energy of proton and characteristics such 

as density, and atomic number of a material/absorber. If velocity of a proton decreases, the 

stopping power increases rapidly then there is sharp rise in stopping power which is known as 

Bragg peak. It is observed near the end of protons’ path. The total stopping power is the sum 

of the collision stopping power and the radiation stopping power. Where collision stopping 

power results from proton hits with electrons and radiation stopping power results from proton 

collision with nuclei of the material. (25). 

Below Figure 2.6 shows the proton interaction where (a) is for inelastic columbic interaction 

and (b) shows elastic coulomb scattering where the proton changes the trajectory after 

interaction. 



 

Figure 2.6 shows the proton interaction  

 

 

 

2.7 Radiotherapy  
In Radiotherapy, high energy beam photons or charged particles are used through linear 

accelerator to damage the DNA of cancer cells and deliver an optimal dose to the tumour site 

while minimal dosage to surrounding organs and tissues. Radiation therapy is usually delivered 

over several days or weeks, with the same amount of dose given each day. There are various 

techniques to deliver radiation such as External beam Radiation therapy (EBRT) and Internal 

beam therapy (IBRT). Under EBRT, Three-dimensional conformal radiation therapy (3D-

CRT), Intensity Modulated Radiation Therapy (IMRT), Volumetric Modulated Radiation 

Therapy (VMAT), Image guided Radiation Therapy (IGRT) can be used to deliver a dose more 

accurately. (26) 

2.7.1 Photon Radiotherapy   

Under Photon therapy, high energy (Gamma-rays) photons are used to destroy cancer cells. The 

radiation dose is delivered at the surface of the body and goes into the tumour site. The 

disadvantage of photon radiotherapy can be seen from the depth dose curves for different 

photon energies (27) Figure (2.7). After increasing primary dose, its passes through the tissues 

slowly, if depth of tumour is more than a certain level then tissues near to tumour receive more 

dose and tissues behind the tumour also receive considerable dose. To minimize this affect we 

can generate fields at different angles while the gantry is rotating.   



  

 

Figure 2.7 shows the depth dose curve for different photon energies. 

 Photon therapy has been used as most common treatment for more than 100 years and still 

under various trials of the experimentation of new techniques, such as IMRT and VMAT (28) 

to overcome the problem of distribution of dose at tumour site and sparing healthier tissue. 

Photon radiotherapy is conventional method to cure and relieve the pain of cancer and can 

improve the overall quality of life (29). The total dose of therapy is divided into smaller 

amounts delivered over time through a multiple treatment session normally between 10 to 30 

min long and usually need to be taken 5 times per week. 

 

 2.7.2 Intensity Modulated Radiotherapy (IMRT) 

IMRT is a type of conformal radiotherapy where the radiotherapy conforms to the 3D structure 

of the tumour. This is done by varying the radiation intensity to the tumour and through 

computerised inverse planning, where a computer system helps to suggest beam angles and 

intensities that will give the desired treatment plan (Despite that it spares more healthy tissue 

than conformal radiotherapy, it has a long treatment time, and delivers a lot of low dose 

radiation to the patient . 

 

2.7.3 Volumetric Modulated Arc Therapy (VMAT)  

VMAT was first introduced in 2007. It is an advanced therapy technique to deliver dose 

distribution to the entire tumour in a 360-degree rotation under a single or multi-arc treatment. 

Main features of this technique are precision and speed over conventional static field intensity 



modulated radiotherapy (IMRT). VMAT protects the healthy tissues with accurate radiation 

delivery mechanism. VMAT operates with three parameters during treatment delivery: gantry 

rotation speed, treatment aperture shape via movement of multileaf collimators (MLC) and 

dose rate (30) 

 

2.7.4 Proton Therapy   

Proton therapy is a cancer treatment known for its ability to effectively treat cancerous tumor 

more precisely than other types of radiation (31). Proton therapy uses different beams of high 

energy proton which is directed into tumor. The major advantage of proton therapy treatment 

over standard radiation therapy is that protons slowly deposit their energy, while they travel 

towards the cancerous tumor and then due to unique physical characteristic called the Bragg 

Peak, deposit the majority of the radiation dose directly in the tumor and travel no further 

through the body (32). This way healthy tissues and organs don’t receive unnecessary radiation 

thereby reducing unwanted complications and side effects.  The depth of Bragg peak depends 

on the energy of the beam, if beam energy is high, the Bragg Peak will go deeper into the body 

and aim more dose at deep seated tumours. 

Cyclotron or synchrotron are used to accelerate proton where initial speed of the charged 

particle (proton) determines how far it can travel after releasing its energy. (33)(34) 

 A patient usually takes therapy 5 times a week however, proton therapy can only take a minute, 

significantly lesser time than photon therapy. Due to the high cost of treatment equipment, 

proton therapy has limited usage. 

According to ptcog website there are 27 protons center operating in US, 5 in UK and around 

23 in Europe while many are currently under construction or planning stages.   



 

Figure 2.8 shows the Bragg peak for proton 

 

2.7.5   Intensity Modulated Proton Therapy  

As photon-based Intensity Modulated Radiotherapy (IMRT) has been used as common 

radiation technique by using linear accelerators to safely deliver radiation to a tumour, IMPT 

has emerged as a sophisticated way to treat cancer with proton mode of therapy. It is also 

known as Pencil Beam Proton Therapy. In this method a pencil beam from an accelerator is 

scanned laterally across a target using magnetic fields. IMPT has several advantages over 

IMRT, as IMPT relies on electromagnetic control of active scanning to achieve maximum 

target coverage. This method is helpful for serial critical structures where maximum dose 

constraints are located within or near the target. Studies have showed superior clinical benefits 

of IMPT as compared to IMRT. Moreno C et.al 2019, has discussed the clinical advantages of 

IMPT where it reduces the integral dose with documented toxicity reductions (35) 

 

2.7.5 Proton Treatment Delivery System 

There are three main units, The Particle accelerator (cyclotron, synchrotron) which are used to 

generate protons and need to boost(elevate) the proton energy at enough  level; the choice of 

proton beam energy and beam transportation system which reshape the proton energy. 

There are different magnets e.g. Dipole magnets which includes bending and steering, and 

quadrupole (focusing) magnets which are used to transfer beam into treatment room through 

vacuum beam pipeline. 



Gantry, nozzle, snout and patient positioning system, are also main subunits in proton beam 

delivery system. Proton beam transfer through fixed beam line (horizontal beam line or the 

combination of horizontal and angled beam line) or isocentric gantry into treatment room. The 

last element of beam delivery system is the nozzle which deliver the dose and monitors the 

beam quality and alignment. 

2.7.6 Techniques of proton beam delivery  

There are two methods which are used to deliver proton beam  

1. Passive scattering 

2. Pencil beam /active spot scanning. 

Passive scattering  

This is a technique which uses quadrupole(focusing) magnets to transfer the proton beam from 

a particle accelerator and scatter with different methods to get a desired beam with large field 

size. Absorber, modulator, multileaf collimator and filters are fitted in the nozzle required for 

beam scattering process to reshape and adjust the field to spread the Bragg peak according to 

dose requirements. 

 

Figure 2.9 shows the passive scattering technique of proton beam 

Active /Pencil Beam Scanning 

This is a modern technique that used in proton treatment system which uses dipole magnets to 

steer protons laterally and aimed at the tumour site. In this technique there is no need of beam 



modification and a filter to adjust and reshape the beam but it is more challenging with 

uncertainties like organ movement .To overcome this situation higher proton range is required 

so that no part of target volume is missed . Durante & Paganetti (2016) shows that with active 

spot scanning there is minimum side effect due to miss of external modulation factors. (36) 

 

Figure 2.10 active spot/pencil scanning method of proton beam 

 

 

2.8 Sources of Radiation used in RT   

2.8.1 Linear Accelerator (LINAC)  

LINAC is most common machine in radiotherapy that is used to treat cancer 

patients. LINAC accurately produces monitors, controls and conforms the radiation beam to 

the planned target. The main principle to generate the beam is that the radiofrequency waves 

(RF) are pulsed into waveguide through a magnetron or klystron.  Magnetron manages the 

frequency and powers of the RF waves which regulates the energy of the x-ray produced. This 

is accompanied with the injection of electrons into the waveguide by the electron gun. Electrons 

are extracted from radio frequency sources which is accelerated along the waveguide to the 

speed approaching the speed of light and collide with a heavy metal target (e.g. tungsten) at the 

opposite end to produce high energy x-rays. For electron beam generation a scattering foil is 

used. Different types of bending magnets are also used to change the direction of electron 

beam.   



The electron energy converts into x-rays or photon, the high energy photon appears from the 

target in variety of directions. The primary collimator allows forward travelling x-rays to 

passed through creating a cone shaped beam. The primary collimator minimizes 

leakage thereafter access the total body dose by absorbing scattered x-rays travelling in oblique 

direction. It also defines the maximum size of the resulting clinical radiation beam. Photons 

are not distributed uniformly across the beam so flattening filter are used to make the photon 

beam uniform and are placed at the centre of beam. There are two ionization chambers, primary 

and secondary which are used to measure dose that delivers to patients. Primary chamber 

measures and controls the dose is delivered by x-rays or electrons mode in a precise manner 

and at the correct energy. Secondary ion chamber acts as a backup and stops radiation if 

primary chamber fails. To get more better dose delivery Multi leaf collimators are used to 

adjust the field according to tumour shape (37).  

 

Figure 2.11 Block diagram of a linear accelerator 



   

Figure 2.12 linear accelerator (A)x-ray therapy mode (B)Electron Therapy mode (C) A cut 

away diagram of Linac. 

2.8.2 Cyclotrons  

Cyclotrons are used as particle accelerators to accelerate charged particles (proton, deuteron) 

to high velocities using magnetic and electric field and produce radionuclide specially positron 

emitters that are beneficial in nuclear medicine. In 1930 Ernest Lawrence developed the 

cyclotron. A cyclotron consists of two hollow semi-circular electrodes, called dees, separated 

by a narrow gap, with an evacuated chamber between the poles of a magnet. Dees are connected 

to two terminals of an alternating source and oscillator that helps to change polarity. If D1 has 

positive potential at the same time D2 has negative potential so they will oscillate, and electric 

field is created between them and two electromagnet creates the magnetic field perpendicular 

to the direction of electric field. When particle such as proton, deuteron or combination of both 

is emitted from the source, that time both dees has opposite polarity and an electric field is 

created between them. The force acts on the particle, and the direction would be the direction 

of electric field. Because of this force the particle starts acceleration and increase the speed till 

it enters the dees.  

There is no electric field inside the enclosed chamber because the value of electric field inside 

is zero so force and acceleration become zero, but there is magnetic field , particle moves 

perpendicular to the direction of magnetic field and its experience force containing velocity 

and magnetic field  which provides centripetal force which moves along a circular path of dees 

radius .The particles makes the semi-circle and comes the gap, then again the polarity is 



reversed and particle accelerated and moves to other dee  with higher velocity along a circle of 

greater radius ,so in this way particle moves in spiral path of increasing radius. When it comes 

near the end it will be taken out with the help of a deflector plate (D.P) (38).   

  

   

Figure 2.13 shows the principle of cyclotron 

2.9 Treatment Planning  

Treatment planning is most important tool in radiation therapy. With the help of imaging 

modalities CT, MRI, PET, or combination of PET/CT or PET/MRI when disease (cancer) is 

diagnosed, the first step is to make a proper plan which determines the best way to deliver dose 

to patient. It also includes patient positioning, treatment time, immobilization, beam delivery, 

precise delineation of target volumes and organs at risks. Evaluation and optimization are also 

part of treatment planning. (39)  

2.9.1 Imaging for Treatment Planning  

Imaging needs to be done for the clinicians to be able to locate and define the tumour regions. 

Several imaging modalities are used to make images for use in treatment planning. These 

include Computed Tomography, Magnetic Resonance Imaging, Positron Emission 

Tomography, Ultrasound, and Planar radiographs.   

Of all the above methods, CT is the most used method because of its geometric accuracy owing 

to the short image acquisition time. 3D images are obtained that are compatible with any 

treatment planning software. Another advantage is that CT images provide tissue electron 

densities. Since radiotherapy interacts with tissue mainly by Compton scattering according to 

electron density, dose calculations can easily be made (40).  



Despite that CT is the standard imaging technique for imaging for treatment planning, the 

images have a low contrast, and this can lead to different tumour definitions by different 

clinicians. CT images also lack functional information which is important to differentiate 

tumours. MRI and PET images provide this additional information. Currently, information 

from MRI and PET is being used to complement the CT images (41).   

 

2.9.2 Computed Tomography (CT)  

CT is one of the most important imaging technologies which provides anatomical and 

pathological process in the human body. For treatment planning in radiation therapy CT is also 

first choice for imaging. In 1967 Sir Godfrey Hounsfield invented CT and afterwards it 

underwent for development and we have four generation of CT. CT creates cross sectional 3D 

image of the internals of an object from a large series of 2D X-ray images (42).   

CT imaging is based upon the attenuation characteristics of the different structure and tissues 

densities in the body. When X-rays are pass through the body they attenuated, and amount of 

attenuation depend on the density of the object. (43). The X-ray detector (ionization chamber, 

a scintillation detector, or semiconductor diode) now are mounted on the opposite side of 

(patient) body. Collimators are used to shape the x-ray beam while filters are used to eliminate 

low energy x-rays which increase unnecessary dose to patient.  

  

 

Figure 2.14 schematic figure of CT 

The x-ray attenuation measured at any position of the detector can be summarized by Beer 

Lambert law                                                              



                                                  𝐼 = 𝐼0𝑒−𝜇𝑥 ------------------------------------- (1)                                                                          

In equation (1) µ is attenuation coefficient of material, Where I is intensity of original x-ray 

beam and 𝐼0 is the intensity of the beam when it has passed through a body of thickness x.  

 Each attenuation values are shown as CT number (Hounsfield units) calculated as  

                                                   𝐻𝑈 =
𝜇𝑖−𝜇𝑤

𝜇𝑤
∙ 1000--------------------------------------(2) 

Where μi is the attenuation of a specific voxel and μw is the linear attenuation coefficient 

of water for the median energy of x ray beam in CT. Hounsfield units(HU)  is used to explain 

the degree of attenuation which is shown as  gray scale .Denser structures(bone) attenuated 

more x-rays than softer materials (air),so air have HU 100 which shows black while bones 

display as white structures (44). CT number HU are depending on energy of x-ray beam, 

reconstructed algorithms, filtration of radiation and attenuation in different tissues (45). 

 

2.9.3 Positron Emission Tomography (PET) 

PET is a functional imaging technique which provides quantitative information on in vivo 

physiology. The advantages of using PET that diseases can be detected in their early 

stages. The technique is based on the detection of radioactivity emitted after a small amount of 

a radioactive tracer is injected into a peripheral vein. The tracer is administered as an 

intravenous injection usually labelled with oxygen-15, fluorine-18, carbon-11, or nitrogen-13 

which produced by cyclotron. The nucleus of the radioisotope emits a positron (positive 

electron) which travel a short distance and then collides with an electron in the tissue (patient 

body) and in the process converts mass to energy (E=mc^2) in the form of two 

photons (511Kev) at 180 degrees . The PET camera uses scintillation crystals placed around 

the subject to detect these photons. The crystals absorb the photons, producing light that is 

converted into an electrical signal. The signal of each photon from every pair coincidence event 

is processed individually for spatial, energy, and arrival time information. Sinogram stored all 

information and then it is reconstructed by using algorithms to get an image (46).  

  



 

Figure 2.15 Positron emission tomography 

2.9.4 PET/CT is latest imaging tool where two technologies are combined, where metabolic 

activity of cancer cells can detect from PET and CT gives the briefly overview of the internal 

anatomy that reveals the location, size and shape of abnormal cells growths. There is advantage 

and limitation of these technologies when they perform alone, but image result of PET and CT 

together give complete information about cancer location and metabolism (47). 

 

2.9.5 Magnetic Resonance Imaging (MRI)  

MRI is an anatomical technique the main advantage is that it does not use radiation like other 

imaging technologies. MRI device consists of a magnet, magnetic gradient coils, RF (radio 

frequency) transmitter and receiver, and a computer that controls the acquisition of signals and 

computes the MR images. MRI is based on directional magnetic field, or moment associated 

with charged particles in motion (48). Nuclei containing an odd number of protons have a 

characteristic motion or precession, this precession produces a small magnetic moment. When 

a human body is placed in a large magnetic field, many of the free hydrogen nuclei align 

themselves with the direction of the magnetic field. The nuclei precess about the magnetic field 

with Larmor frequency. Then radio frequency pulse is applied perpendicular to uniform 

magnetic, this RF pulse equal to Larmor frequency resulting magnetic moment tilt away from 

uniform magnetic field. Once the RF signal is removed, the nuclei realign themselves such that 

their net magnetic moment, this return to equilibrium is referred to as relaxation. During 

relaxation, the nuclei lose energy by emitting their own RF signal. This signal is referred to as 

the free-induction decay (FID) response signal. The FID response signal is measured by a 

conductive field coil placed around the object being imaged. This measurement is processed 



or reconstructed to obtain 3D grey-scale MR images. To produce a 3D image, the FID 

resonance signal must be encoded for each dimension (49).   

 

 

Figure 2.16 shows the phenomena of magnetic resonance imaging technique. 

2.9.6 Volumes in Treatment Planning  

From many years, the International Commission on Radiation Units and Measurements (ICRU) 

has working and contributing for improvement of defining volumes and dose distribution in 

series of their reports (29, 38, 50, 58, 62, 71 and 83) that helps in radiation treatment planning. 

There are different volumes concepts are used such as Gross tumour volume (GTV), Clinical 

target volume (CTV), and Planning target volume (PTV) and organ at risk (OAR).   

From ICRU 50, the Gross tumour volume is a primary tumour that is visible /demonstratable. 

GTV corresponds to shape, size and location of infectious growth.it consist of primary GTV, 

GTV-lm and if tumour is removed before treatment then no GTV can be defined. GTV can 

obtained from different imaging modalities like CT, PET, MRI etc.  

CTV (Clinical Target Volume) is a microscopic volume that is non-imageable where there 

might be cancer cells although not really seen with the imaging modalities. CTV is also 

important because this volume must be treated sophisticatedly to get maximum cure results.   

PTV (Planning Target Volume) PTV is the volume which includes GTV, CTV and other 

geometric uncertainties. The main purpose of the PTV is to provide comprehensive dose to 

CTV.  



Originally volumes are defined in report 50. ICRU report 62 also explains more about concepts 

of margins. These margins will be considered for mathematical variations and ambiguities. 

PTV is divided in two parts internal margin IM and setup margin SM where internal margin 

accounts for motion of organs while Setup margin accounts for positioning, 

alignment, Dosimetric and equipment uncertainties, during treatment.   

Organs at Risk are normal tissues and are more radiosensitive to radiation. They are classified 

as serial like spinal cord, digestive system, parallel (lung, bladder) and serial-parallel such as 

kidney, heart (50) (51).  

 

Figure 2.17 represents the volumes that using in treatment planning 

2.9.7 Dose Volume Histogram  

In 1979 Goitein and Verhey introduced dose volume histogram (52), which became a 

very important tool in radiation therapy planning. DVHs are the mathematical tools which 

gives the information about 3D dose distributions in a graphical 2D format. The DVH is like a 

graph and has two axes. The x-axis shows Dose in Gray (Gy) and represents volume in cubic 

centimetre (cc) on y-axis. Absolute and relative values can be used for both dose and volume 

which is used to calculate and analyse different optimal isodose distribution of treatment plans 

using such as dose-volume parameters, isodose curves, coloured display of isodose 

distributions in treatment volume, dose homogeneity index and dose conformity index. DVHs 

can be represented in two forms, cumulative DVH and differential DVH. Cumulative DVH 

simulates the direct histogram. It starts from 100% and ends at zero, which indicates the dose 

metric. 100% is the minimum absorbed dose and D2% represents maximum dose. Dose metric 

D100% is unable to measure precisely because it lies at the corner of the PTV which becomes 



very sensitive to the resolution of the calculation (53) so D100% is replaced with D98% near 

minimum absorbed dose. Volume of the organ that receives dose within each dose bin is called 

the generic form of any histogram. It helps to show the dose to entire target volume and it’s 

minimum and maximum points. Although DVHs are insensitive to hot and cold spots that can 

be seen by dose colour wash (54). Figure 2.18 and 2.19 shows the example of cumulative and 

differential DVHs. 

 

Figure 2.18 shows the cumulative dose volume histogram. GTV-t (orange)aqua blue shows as 

(PTV-t), dark blue represents (PTV-el), Yellow shows (bladder). 

  

  

 

Figure 2.19 shows the differential dose volume histogram 



3. MATERIALS AND METHODOLOGY  

3.1 Patient population 

For this study, ten patients (7 females and 3 males) with confirmed squamous cell carcinoma 

of the anal cancer were selected as population to compare dosimetric effects with photon 

(VMAT) and proton (IMPT). Selected patients for this research were also part of previous 

study Anal Cancer Radiotherapy (ANCARAD) at Oslo University Hospital (OUS).[55] The 

table 3.1 shows the patient data and cancer stage. 

 SEX AGE T N M 

1 F 47 T3 N2 M0 

2 M 66 T2 N2 M1 

3 F 73 T3 N0 M0 

4 M 41 T2 N2 M0 

5 F 56 T2 N0 M0 

6 F 52 T3 N2 M0 

7 F 74 T2 N0 M0 

8 F 69 T2 N3 M0 

9 M 57 T2 N0 M0 

10 F 63 T2 N1 M0 

Table 3.1 shows the patient information about gender, age and classification of cancer.  T 

stands for stage, N for lymph node and M for metastases 

3.2 Imaging protocol 

Medical images are required for treatment planning. Target volumes were delineated by 

oncologists through CT scans. CT scan was done for each patient by using 2.5-5mm thick slice 

with i.v. contrast.  To ensure a comfortably filled bladder, aiming at displacing small bowel 

away from the irradiated area, each patient is required to drink 300ml water before CT scan. 

MRI is also required due to better soft tissue visibility. Imaging information taken for this study 

was done through PET/CT using FDG which provides more information about changes in 

tumour before and after treatment.  

3.3 Volumes in TP 

Volumes that were used in this current project were already defined by oncologists and 

radiotherapists at Oslo University Hospital. In this project these target volumes (GTV-t, GTV-

lm, PTV-t, PTV-lm, PTV-el) and OARs volumes (Caput Femoris, Intestinal cavity, Bladder 

and Pubic bone) were used to prescribe and evaluate the treatment plans. Many of the volumes 

below were already defined above in conjunction with ICRU50. 



GTV-t (tumour): included all visible tumour tissue in the anal canal, anal margin and / or in 

rectum. 

GTV lm (nodes): included all known lymph node metastases. 

CTV-t the sub-clinical volume which includes GTV with margins.  

PTV-t; The PTV is used to ensure that the prescribed dose is delivered to the tumour plus 

subclinical volume. 

PTV-el; This is additional margin 5 to 7mm around PTV border that is chosen to irradiate to a 

dose of 48.6 Gy. 

CTV was not calculated because it is not mentioned in given NOAC8 protocol (56). The below 

figure shows the target volumes and OARs that were used in treatment planning for patient 1. 

 

 

Figure 3.1 shows the target volumes that used in this study work. GTV-t (orange), CTV(Pink), 

PTV-t (aqua blue), and PTV-el (dark blue), caput femoris (dark green), Bladder (yellow) 

3.4 Dose prescription  

Table 3.2 shows the prescribed dose a to the target volumes. The prescribed dose levels follow 

the NOAC8 protocol's recommendation for conventional therapy. 

Volume Prescribed dose and fractionation 

PTV57.5  57.51 Gy in 27 fractions (2.13 Gy per fraction 

PTV54     54 Gy in 27 fractions (2.0 Gy per fraction 



PTV48.6  48.6 Gy in 27 fractions categorized (1.8 Gy 

per fraction 

Table 3.2 showing dose prescription according to NOAC8 protocol. For PTV-t which includes 

(GTV-t, CTV-t) dose recommended 57.5Gy, Lymph nodes (GTV-lm, PTV-lm) dose prescribes 

54Gy and for elective volume (PTV-el) irradiated with 48.6 Gy which gives in 27 fractions 

3.5 Constraints 

 According to NOAC8 protocol we have the dose volume recommendation as per order of 

priorities and ranked them into 1>2>3>4. Priority 1 includes GTV-t, PTV-t, PTV-lm, GTV-

lm, and PTV-el. Priority 2 is for intestinal cavity, then caput femoris, bladder and pubic bone. 

According to the guidelines, the patients should be treated 5 days a week and duration time for 

treatment should not exceed 39 days. 

Priority Volumes Constraints 

1 GTV-t D98%≥56.4Gy 

1 GTV-lm D98%52.9Gy 

1 PTV-t D2%≤61.5Gy   

D98%≥54.6Gy 

1 PTV-lm D2%≤57.8Gy   

D98%≥51.3Gy 

1 PTV-el D98%≥46.2Gy  

           2 Intestinal cavity V45Gy<195cc 
           3 Caput femoris D2%<52Gy 

           4 Bladder 
PTV(7mm) 

Dmean<45Gy 

          4 Pubic bone  Dmean<52.5Gy 
Table 3.3 shows the constraints for target volumes(GTV-t, GTV-lm, PTV-t, PTV-lm, PTV-el) 

and for OARs(intestinal cavity, Caput femoris, Bladder ,pubic bone) according to priorities. 

The dose constraints were followed strictly when making the treatment plans for target 

volumes. If the dose to any of the target volumes were not achieved according to the 

above table, the plan was rejected. So, first and foremost, all targeted volumes of 

priority 1 needed to be achieved with required doses that are given in table 3, if these 

were fulfilled, then we went further to priority 2, 3, 4 in chronological order. In this 

study, many treatment plans were made for each patient to achieve the correct dose 

constraints. 

3.6 Treatment Planning (TP) 

Treatment planning is one of the important part of this project. Photon TP and proton TP were 

done and compared on Eclipse (Varian Medical System, ARIA RadOnc Version 13.6.30). 



During TP, some structures were re-defined in order to spare OARs. For example, intestinal 

cavity, bladder cropped out from all PTV volumes which includes (PTV-t, PTV-lm, PTV-el). 

During optimization lower and upper objectives were used to get desired results. 

3.7 Contouring 

Contouring is a process which helps to run optimization more smoothly. Extra helping 

structures like X intestinal cavity and X bladder were re-defined with margins. Figure 3.2 ,3.3 

and 3.4 shows the example of contouring of Patient 1 and 3 where intestinal cavity and bladder 

were overlapped with target volumes. Figure 3.2 shows PTV region (dark blue) which included 

PTV-lm and PTV- el. Light green line shows intestinal cavity that overlapped with dark blue 

region. The part of light green area taken outside of the dark blue area with margin 7mm named 

as X-intestinal cavity after contouring. 

 

Figure 3.2 shows intestinal Cavity (light green) is overlapped with Ptv-t (blue)region for 

patient 3 which is part of this study .after contouring  intestinal cavity (green) was cropped 

out all PTV region(blue) with 7mm margin and spared . 

 



 

Figure 3.3 shows that part of bladder (yellow) inside Ptv region(blue) for patient 1. 

 

Figure 3.4 shows that after contouring  bladder (yellow) that inside PTV region (blue )were 

cropped out with margin 0.46cm for patient 1. 

3.8 Photon treatment planning (VMAT)  

For all patients, treatment plans were generated with VMAT in Eclipse (Varian Medical 

System) with two full arcs and 6 MV photons. Both arcs delivered with clockwise and anti-

clockwise direction. For field 1 gantry starts at 181° Clockwise where for Field 2 gantry rotates 

anti clockwise direction and stopped at 179°. A conventional treatment regimen was planned 

with a total dose of 48.6 Gy / 54.0 Gy / 57.5 Gy for elective lymph nodes, lymph node 



metastases and tumour. To achieve desired results, study followed the constraints guideline 

(given in table 3) according to NOAC8 protocol. 

3.9 Proton treatment planning (IMPT)  

In proton treatment planning, all plans were generated using Eclipse (Varian) with beam energy 

70-250 MeV. All structures and dose constraints that were used for planning was identical to 

photon plans. The modulated scanning technique using convolution superposition algorithm 

(version 11.0.30) was used. Two parallel opposed fields anterior and posterior were generated 

at gantry positions 0° and 180° for field1 and 2, respectively.  For optimization multi field 

mode was chosen by spot energy and weights for each pencil beam on all irradiating fields.  

3.10 Dose Calculations/Plan Analyses 

For visual representation of dose coverage of defined volume, cumulative dose-volume 

histogram (DVH) were calculated. The histograms provide a graphical summary of the 

simulated dose distribution within the targeted volumes. The NOAC8 protocol provides 

recommendations for the goals for dose coverage and OAR sparing that should be achieved in 

a treatment plan for anal cancer patients, see Table 3. Recommended dose calculations for 

comparison are performed for all patients and plans. In DVHs, D98% (dose covering 98%of 

volume) and D2% (dose covering 2%of volume) was checked and then median doses were 

calculated for both treatment plans.  

 Figure 3.6 cumulative DVHs shows evaluation plan for patient 1 with VMAT (photon) and 

IMPT (protons). 



 

Figure 3.6 shows the IMPT and VMAT  plan for patient 1 where triangle represents photon 

(VMAT) and square shows proton (IMPT) .Targeted volumes are GTV-t and GTV-

lm(orange),PTV-t and PTV-lm (aqua and dark  blue),genitals (pink), bladder 

(yellow),intestinal cavity(light green). 

3.11 Plan Evaluation  

Evaluation protocol was similar for both techniques VMAT and IMPT. Dose volume 

histograms (DVHs) were used to analyse and calculate the doses for targeted volumes and 

OARs. For all plans with VMAT and IMPT, PTV acceptability standard is D98% which should 

be greater than 95% of the given dose. From DVHs D2% calculated for caput femoris, mean 

doses for bladder and V45 for intestinal cavities. Furthermore, D2% and D98% were calculated 

for PTV coverage. Dose homogeneity index DHI = (D2%-D98%)/D median) and dose 

conformity index (DCI = V95/VPTV) were calculated to verify the plans. For body contour, 

each treatment plan should not be more than 107% of prescribed dose. Figure 3.7 shows 

evaluation plan for patient 1 with VMAT and IMPT where square shows the proton and triangle 

represents photons. 



 

Figure 3.7 shows the evaluation plan for patient 1, □ shows protons (IMPT) and  ∆ for 

photons (VMAT) plans 

 

 

 

 

 

 

 

 

 

 

 

 

 



4. RESULTS 
Chapter 4 shows the result of three patients who were selected for VMAT (photon) and IMPT 

(proton) treatment planning.  

4.1 Dose Distribution 
Figure 4.1,4.2 and 4.3 shows the sagittal view of dose distribution for patient 1,2 and 3 

respectively with VMAT(A) and IMPT(B) plan. In the colour wash figures the high dose areas 

are shaded red while green and blue represents lowest dose area. The dose criteria for three 

patients was same with VMAT and IMPT plans. For PTV, D98%>95% for both plans and dose 

to body is less than 107%. Below figures also shows that median doses to PTV region were 

same (57.5Gy) with VMAT and IMPT plans. 

 

 

Figure 4.1 A (VMAT) and B (IMPT) plans showing the iso dose distribution for patient 1. In 

both figures A and B represents GTV-t(orange), aqua blue (PTV-t), dark blue (Ptv-el). 

 



 

Figure 4.2 A (VMAT )and B( IMPT) plans showing the dose distribution for patient 1. In both 

figures A and B represents targeted volumes GTV-t(orange), aqua blue (PTV-t), dark blue 

(Ptv-el) shows in red colour highest dose region where bladder (yellow) in blue represents 

low dose region 

 

 

Figure 4.3 A and B  show  the homogenous dose distribution for patient 3 with VMAT (A) and 

IMPT (B) . In both figures A and B, GTV-t(orange), aqua blue (PTV-t), dark blue (Ptv-el). 

 



 

 Figure 4.4 shows the VMAT (photon) in A and IMPT (proton) in B  dose distribution with 

20Gy lowest dose where maximum dose is 57.5 Gy delivered to PTV(t). 

 

The figure 4.5,4.6 and 4.7 shows the cumulative DVH for patient 1,2 and 3 with VMAT and 

IMPT   treatment plans. The DVH with different colours shows the dose(Gy) distribution in 

different volumes in percentage  with photon and proton radiation.Orange colour reprrsents the 

GTV-t,and GTV-lm region , aqua blue is PTV-t and PTV-lm and dark blue is PTV-el 

region.For OARs, the intestinal cavity displays in light green ,bladder in yellow ,caput femoris 

in dark green. VMAT (photon) and IMPT ( proton ) treatment plans utilizes the same dose at 



PTV(t) region.From the images VMAT and IMPT both spare OARs but  the sparing  at 

intestinal cavity ,caput femoris ,and bladder was superior with IMPT plans than VMAT plans. 

 

Figure 4.5 represents the DVH for patient 1 with both VMAT (triangle) and IMPT 

(square).Orange lines show GTV, aqua blue shows PTV-t, dark blue shows PTV elective , 

dark green for caput femoris , light green represents intestinal cavities, and yellow represent 

pubic bone 

  

 

Figure 4.6  represents the DVH for patient 2 with both VMAT (square) and IMPT 

(triangle).Orange lines show GTV ,aqua blue for PTV-t, dark blue shows PTV elective , dark 

green for caput femoris and light green represents intestinal cavities,  yellow represent pubic 

bone and pink shows the genitals. 



 

 

Figure 4.7 represents the DVH for patient 3  with both VMAT (square) and IMPT 

(triangle).Orange lines shows GTV ,aqua blue for PTV-t, dark blue shows PTV elective , dark 

green for caput femoris , light green represents intestinal cavities,  yellow represent pubic 

bone and pink shows the genitals 

 

4.2 Dose Parameters for PTV 
 

 

Patients 1 1 2 2 3 3 

Technique  VMAT IMPT VMAT IMPT VMAT IMPT 

D98% 94.8 96.7 95.1 98 95.6 98.3 

D2% 102 102.67 102.3 101.9 102.7 101.6 

D2cc% 103 103.8 102.6 102.3 103.1 102.4 

DHI 0.12 0.1 0.1 0.06 0.12 0.05 
 

Table 4.1 shows the dose volume parameter for PTV for the treatment planning with VMAT 

and IMPT respectively. 

 Clinical treatment plans were acceptable when D98%>95% of the prescribed dose. According 

to the table, D98% with VMAT was found to be approximately 95% and 98% with IMPT. Both 

plans fulfilled the criteria but IMPT shows more dose converge of the given dose at targeted 

volumes. 



D2% found with both plans VMAT and IMPT was 102% and 101% respectively. For outer 

body D2cc was calculated for VMAT and IMPT plans. D2cc was almost same with VMAT 

and IMPT 102.8% and 102.9% which is under 107%. The average dose homogeneity index 

DHI obtained was 0.11 with VMAT and for IMPT 0.07%. Relatively IMPT provided better 

dose homogeneity around PTV than VMAT. 

4.3 Graphical Representation  

In this section the results for three patients named as 1,2 and 3 who underwent for both 

treatment planning VMAT and IMPT are displayed graphically.  

Target volumes  

Figure 4.8 shows the median doses at target volumes GTV-t,GTV-lm,PTV-t,PTV-lm,PTV-el. 

it can be clearly seen that the median dose for PTV is similar for both photon and proton 

treatment planning.  Each patient had a different target volume measured in cubic centimetres. 

There are no dose results for patient 3 in the GTV -lm and PTV lm region because of no lymph 

nodes affected. 

 

 

Figure 4.8 shows the median dose acquired at  target volumes  Gtv-t ,GTV-lm ,PTV-t,PTV-lm 

,and PTV-el for all three patients. 

Organs at Risk 

According to guidelines, different criteria was set to find out doses at different organ at risks. 

The figure 4.9 shows the results of  intestinal cavity for patients 1, 2 and 3  with VMAT(photon) 

and IMPT(proton). 
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Figure 4.9  shows the intestinal cavity result with VMAT and IMPT for three patients 

according to dose limit criteria. 

Figure 4.10 shows the mean dose at the bladder for three patients with VMAT and IMPT 

 

Figure 4.10 shows mean dose to bladder  

 

Figure 4.11 and 4.12 shows the doses (D2%<52Gy) to  right and left caput femoris. 
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Figure 4.11 represent the D2% dose at right caput femoris with VMAT and IMPT treatment 

 

 

Figure 4.12 shows the D2% dose at left caput femoris with VMAT and IMPT 

 

Figure 4.13 shows the dose (D2%<52Gy) to genitals. 
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Figure 4.13 represents the dose at the genitals with VMAT (photon) and IMPT (proton) 

treatment planning  

 

 

Figure 4.14 shows the mean dose <52Gy to pubic bone. 

 

Figure 4.14 represents the doses acquired at the pubic bone  with VMAT and IMPT  
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4.4 Comparison result of VMAT (photon) 10 patients with IMPT (proton) 3 

patients  

In this part of the chapter shows the complete results of 10 patients who were treated with 

photon radiation with VMAT technique and 3 patients who were selected for proton radiation 

with IMPT technique. 

 

 

Figure 4.15 represents  the median doses at GTV-t with  VMAT (blue)and IMPT (orange) 

 

Figure 4.16 shows the result of GTV-lm with VMAT (blue )and IMPT(orange).  5 of the patients 

with lymph nodes affected underwent for VMAT planning and other 5 patients had no lymph 
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node affected while for IMPT, only two of the patients underwent treatment planning. For 

IMPT out of 3 only 2 patients are affected with PTV lymph node. 

 

Figure 4.17 shows the result of PTV-t for both planning VMAT(photon) and IMPT(proton). 

 

 

Figure 4.18 shows the result of PTV-lm with VMAT (blue )and IMPT(orange). 5 of the patients 

with lymph nodes affected underwent for VMAT planning and other 5 patients had no lymph 

node affected while for IMPT, only two of the patients underwent treatment planning. For 

IMPT out of 3 only 2 patient is affected with  PTV lymph node. 
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Figure 4.19 shows the result of PTV-el for photon (VMAT )and proton (IMPT) 

 

In the case of the intestinal cavity (V45<195cc), for both treatments, the criteria were that the 

195 cubic centre volume of intestinal cavity received equal or less than 45 Gy.  

 

 

Figure 4.20 represents the doses at 195cc volumes for 10 patient with VMAT and 3 patients 

with IMPT 
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Figure 4.21 shows the doses at pubic bone for photon (VMAT) and proton (IMPT) 

 

 

Figure 4.22 represents the mean doses at bladder for both planning VMAT and IMPT  
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Figure 4.23 represents the D2% at right and left caput femoris for VMAT and IMPT treatment 

planning 

Comparing the dose received by the different OARs, the Caput Femoris (D2<52GY), first the 

dose given by both the proton and photon treatments was less than 52 Gy. Results also show 

that VMAT delivered more dose to the right and left caput femoris than IMPT in all the three 

patients.  

4.4   Additional Work  

In addition to above plans 2 more treatment plans were made with IMPT using more than 2 

fields and beam angles. The results of these plans can be seen in figures 4.24 and 4.25 below.  
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Figure 4.24 shows the IMPT plan for patient 2 ,For field 1 the beam angle is 0 degree while 

for field 2 the angle was 200 degrees . 

 



 

Figure 4.25 shows the IMPT plan for patient 1 with three fields at 0 .90  and 270 degree for 

field 1, 2 and 3 respectively  

By using different beam angles in Figure 4.24 and increasing number of fields in figure 4.25 

there is increased sparing of healthier tissues and more precise dose delivery to target volumes 

compared to the first beam arrangement  

    
 

 

 

 

 



5. DISCUSSION 

5.1 QUANTEC Recommendations 

In radiation therapy when high doses are delivered to the pelvis, Rectum, Bowel, Bladder, 

Pelvic bone and Caput femoris considered as main dose limiting organs. 

There are different dose parameters were set to prevent toxicities related to these organs. 

5.1 (a) Bladder  

During radiation therapy, it is difficult to retain the shape of bladder due to variation of volume 

which linked to breathing, filling and positioning. 

For whole bladder the risk of grade 3 or higher toxicity increased in doses of 50 to 60 Gy. 

The dose volume limits for whole bladder V80<15%, V75<25%, V70<35% and V65<50%. 

5.1 (b) Rectum 

The dose volume limits recommended by quantec are V50<50%, V60<35%, V65<25%, 

V70<20%. 

Quantec has also grading system for rectum from 0 to 5 which shows the intensity of the 

toxicities.  

5.1 (c) Caput femoris 

65Gy for the TD50/5. TD5/5 is the estimated doses with a 5% risk at 5 years. TD50/5 is the 

estimated For Caput femoris/femoral head the tolerance acceptability limit is 52Gy for the 

TD5/5 and doses with a 50% risk at 5 years. Below 45Gy there is no fracture seen for caput 

femoris.  

5.1(d) Bowel 

The dose limit set for bowel is V45<195cc. The TD5/5 and TD50/5 calculated for 1/3 bowel is 

50Gy and 60 Gy respectively.  The grading from 0 to 4 shows the toxicities like cramping, 

diarrhea, weight loss and fast moving of bowel. 

5.1(e) Pelvic bone 

In radiation treatment dose to pelvic bone is related to hip and sacral pain.The dose limit 

recommended for pelvic bone that is Dmean <37.5Gy which might help to reduce the pain 

during treatment. (57) 



5.2   Study Discussion  

The main aim of this study is to quantify the dosimetric differences between Photon (VMAT) 

and Proton (IMPT) treatments in terms of target dose coverage and sparing of OARs. This 

study is based on 10 patients simulated in Varian’s Eclipse system.   

IMRT is the standard technology to treat Anal cancer which has showed significant results. 

However, VMAT is the latest form of IMRT which has showed equivalent coverage of PTV 

but with better sparing of organs at risk, efficient and shorter treatment time and reduced 

monitor units (MU). Vieillot et.al (58) (2010) and Stieler et al (2009) (59) have showed 

excellent results of VMAT as compared to IMRT on Anal Cancer patients. Moreover recently, 

in a study by Chiang et.al (2019) where IMRT and VMAT was compared for anal carcinoma 

patients, it was found that VMAT reduced delivery time by employing fewer mean Monitoring 

Units (MUs) compared to IMRT (60). 

This study has employed photon (VMAT) and proton (IMPT) technique for Anal cancer 

patients.  A comparison based on this study of VMAT & IMPT showed that the both techniques 

share a similar characteristic for target volume PTV but IMPT use less dosage than VMAT for 

OARs. Meier et.al (2017) has conducted study based on VMAT and IMPT plans for Anal 

cancer patients and found IMPT significantly reduced the dosage to OARs compared to VMAT 

(61). Therefore, the results from the current studies are alignment with previous studies. More 

to that existing data suggest that limiting low dose to the organ at risks may reduce treatment 

toxicity and less chance to generate the secondary cancer.      

The current choice for IMPT is to use posterior and anterior fields to treat anal cancer but many 

studies shows that three to four fields and different beam angles gives better improvements on 

OAR doses. Wenhua Cao et.al  (2015) also showed in their study  that using unconventional 

beam angles in IMPT  has more sparing   effects on the  rectum for  prostate cancer 

treatment(62).This was also seen in current study that using beam at different angles gives more 

promising results on OAR doses  without compromising the dose at target volumes. 

 

5.3 OARs Discussion 

In this study, the volume of the intestinal cavity that received dose through VMAT was higher 

than the volume irradiated via IMPT in all the three patients. The volume of the intestinal cavity 

irradiated with photons by Patient 2 was higher than 195 cc. In patient 3, the volume of the 



cavity irradiated by the photons and protons with 45 Gy was higher than 195 cc. This can be 

attributed to that overlapping intestinal volume with target volume is a major factor for 

intestinal volume high dose as target volume has priority over the organs at risk.  

In order to spare more volume of healthy intestinal cavities, all the OARs region which 

overlapped with targeted volumes was eliminated during optimization. The cropped volume 

spared more with proton radiation (IMPT) as compared to photons (VMAT)plans. This can be 

seen in the Figure 5.1where blue volume shows the PTV region and light green area shows the 

intestinal cavity which overlapping the blue area PTV. Cropping was done with margins that 

was 4mm to run optimization more smoothly. During optimization we changed constraints to 

achieved low dose to spare the healthy tissue as much possible. 

 

Figure 5.1 shows the intestinal cavities(light green)of patient 3 that overlapped with PTV-t 

(blue)region. Cropping was done to spare more part of intestinal cavities with 4mm margin. 

 

Figure 5.2 represents the cumulative DVH of intestinal cavities of patient 3 1which shows the 

behaviour of dose achieving with VMAT (triangle) and IMPT (square). From figure it is shown 

with IMPT spared more part of intestinal cavities than VMAT. 



 

Figure 5.2 DVH for patient 1, intestinal cavity. squares show proton and triangles present 

photons .X axis show dose in Gy and Y axis represents volume in percentage. 

 

For the bladder (Dmean<45GY), IMPT proton plans significantly reduced mean dose to the 

bladder as compared to VMAT (photons) plans. IMPT gave almost half the of dose to that from 

VMAT plans without compromising dose to target volumes.  

Regarding the pubic bone (Dmean <52.5GY), while both photon (VMAT) photons and (IMPT) 

protons delivered a mean dose less than 52.5 Gy in all three patients, IMPT delivered much 

less dose to the pubic bone as compared to VMAT. Figure 5.4 shows the cumulative DVH for 

pubic bone with (triangles) VMAT and IMPT (squares). IMPT (protons) shows less dose to 

pubic bone compared to VMAT. 

 



 

Figure 5.3 DVH for pubic bone with VMAT(triangle) and IMPT(Square).X axis shows dose 

in Gy and Y axis shows volume in percentage. 

 

5.4 Proton therapy and Toxicities 

This study shows that the doses at intestinal cavity, bladder, caput femoris, pubic bone and 

pelvic bone is less with proton radiation therapy(RT) than photon radiation therapy(RT) The 

toxicities related to high doses with photon RT at OAR might be reduced  and  improve the 

therapeutic ratio with proton RT. 

5.5 Conclusion 

This study has attempted to highlight a comparative dosimetric analysis of proton therapy 

against photon therapy where IMPT is the most advanced technique to cure cancer .The results 

affirmed the dosimetric superiority of proton therapy (IMPT) for organ at risks with limited 

dose and homogeneous dose distribution for target volumes makes its superior over VMAT. 

5.6 Limitation and Future Work 

Despite that 10 patients were chosen for photon treatment planning (VMAT), only 3 patients 

were chosen for proton treatment planning (IMPT) due to time constraints. Further studies can 

be done with a larger amount of patient data to more accurately evaluate the dosimetric 

advantage of IMPT as compared to VMAT. More work can also be done with IMPT treatment 

planning for anal cancer regarding beam angle arrangement and the number of beams used to 

maximize the potential of precise dose delivery. 
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