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Our imagination is stretched to the utmost, not, as in fiction, to imagine 

things which are not really there, but just to comprehend those things 

which are there. 

Richard Feynman 
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Abstract 

Modern day radiotherapy treatments are almost exclusively based on 

computed tomography (CT) images. The CT images are acquired using x-

rays, and therefore reflect the radiation interaction properties of the 

material. This information is used to perform accurate dose calculations in 

the treatment planning system, and the data is also well suited for creating 

digitally reconstructed radiographs for comparing patient set-up at the 

treatment machine where x-ray images are routinely acquired for this 

purpose. 

The magnetic resonance (MR) scanner has many attractive features for 

radiotherapy purposes. The soft tissue contrast as compared to CT is far 

superior, and it is possible to vary the sequences in order to visualize 

different anatomical and physiological properties of an organ. Both of these 

properties may contribute to an increase in accuracy of radiotherapy 

treatment. 

Using the MR images by themselves for treatment planning is, however, 

problematic. MR data reflects the magnetic properties of protons, and thus 

have no connection to the radiointeraction properties of the material. MRI 

also has inherent difficulty in imaging bone, which will appear in images as 

areas of no signal, similar to air. This makes both dose calculation and 

patient positioning at the treatment machine troublesome. 

There are several clinics that use MR images together with CT images to 

perform treatment planning. The images are registered to a common 

coordinate system, a process often described as image fusion. In these cases, 

the MR images are primarily used for target definition and the CT images are 

used for dose calculations. This method is not ideal, however, since the 

image fusion may introduce systematic uncertainties into the treatment due 

to the fact that the tumour is often able to move relatively freely with respect 

to the patients’ bony anatomy and outer contour, especially when the image 

registration algorithms take the entire patient anatomy in the volume of 

interest into account. 

The work presented in the thesis “Integration of MRI into the radiotherapy 

workflow” aims towards investigating the possibilities of workflows based 

entirely on MRI without using image registration, as well as workflows using 

image registration methods that are better suited for targets that can move 

with respect to surrounding bony anatomy, such as the prostate.  
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Enkel sammanfattning på svenska 
 

Modern strålterapi av cancer baseras nästan helt på datortomografiska (CT) 

bilder. CT bilder tas med hjälp av röntgenfotoner, och återger därför hur det 

avbildade materialet växelverkar med strålning. Denna information används 

för att utföra noggranna dosberäkningar i ett dosplaneringssystem, och data 

från CT bilder lämpar sig också väl för att skapa digitalt rekonstruerade 

röntgenbilder vilka kan användas för att verifiera patientens position vid 

behandling. 

Bildgivande magnetresonanstomografi (MRI) har många egenskaper som är 

intressanta för radioterapi. Mjukdelskontrasten i MR bilder är överlägsen 

CT, och det är möjligt att i stor utstäckning variera sekvensparametrar för att 

synliggöra olika anatomiska och funktionella attribut hos ett organ. Dessa 

bägge egenskaper kan bidra till ökad noggrannhet i strålbehandling av 

cancer. 

Att enbart använda MR bilder som planeringsunderlag för radioterapi är 

dock problematiskt. MR data reflekterar magnetiska attribut hos protoner, 

och har därför ingen koppling till materialets egenskaper då det gäller 

strålningsväxelverkan. Dessutom är det komplicerat att avbilda ben med 

MR; ben uppträder som områden av signalförlust i bilderna, på samma sätt 

som luft gör. Detta gör det svårt att utföra noggranna dosberäkningar och 

positionera patienten vid behandling. 

Många moderna kliniker använder redan idag MR tillsammans med CT 

under dosplanering. Bilderna registreras till ett gemensamt koordinatsystem 

i en process som kallas bildfusion. I dessa fall används MR bilderna primärt 

som underlag för utlinjering av tumör, eller target, och CT bilderna används 

som grund för dosberäkningar. Denna metod är dock inte ideal, då 

bildregistreringen kan införa systematiska geometriska fel i behandlingen. 

Detta på grund av att tumörer ofta är fria att röra sig relativt patientens 

skelett och yttre kontur, och många bildregistreringsalgoritmer tar hänsyn 

till hela bildvolymen. 

Arbetet som presenteras i denna avhandling syftar till att undersöka 

möjligheterna med arbetsflöden som baseras helt på MR data utan 

bildregistrering, samt arbetsflöden som använder bildregistrerings-

algoritmer som är bättre anpassade för tumörer som kan röra sig i 

förhållande till patientens övriga anatomi, som till exempel prostatacancer.  
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Introduction 

Cancer 

In the year 2001, Maxwell Parkin presented global cancer statistics for the 

previous year in The Lancet Oncology; there had been 10 million newly 

diagnosed cases (incidence), 6 million deaths (mortality) and 22 million 

people living with cancer (prevalence) worldwide (1).  The incidence and 

mortality rates had increased by over 20% in the ten years since 1990, and 

should current rates remain unchanged, 15 million new cases and 10 million 

deaths would be expected in 2020 due to population growth and ageing. 

Globally, the most common cancers are those of the lung, breast and colon 

and rectum – however, the cancer profile varies between different parts of 

the world, both with regards to incidence and mortality. For example, the 

age standardized incidence rate of breast cancer is four times larger in the 

developed world (North America, Western Europe and Australia) as 

compared to China. The difference between populations can only explain a 

very small fraction of the incidence variation – in fact, most breast cancers 

are caused by environment and lifestyle factors. This has been illustrated by 

studies following migrant populations where significant changes in risk have 

been observed between first, second and third generation immigrants. Other 

factors that may influence the incidence rates are screening programs. In the 

developed world, mass screening for precancerous lesions in the uterine 

cervix has decreased the incidence of invasive cervical cancer to less than a 

quarter that of the less developed world.  

The statistics concerning the Swedish population in 2007 was 50 thousand 

new cases, 22 thousand deaths and 165 thousand living with decease 

diagnosed within the last five years (5-year prevalence) (2). Ever since the 

1970’s, the incidence rate has been steadily increasing, and for the last two 

decades, the annual increase rate has been just below 2% (3). Some of this 

increase can be explained by the ageing population, but even the age-

standardised rates show an increasing trend.  At present, the risk of 

developing cancer before the age of 75 is 31%. The most common forms of 

cancers in Sweden are those of the prostate, breast and skin (excluding 

malignant melanoma). It is interesting to note that prostate cancer is the 

most common cancer in Sweden, while it is not even top five globally. The 

very high local incidence rate is influenced by the high degree of 

opportunistic prostate specific antigen (PSA) testing that occurs in Sweden. 

Mortality in prostate cancer is significantly lower in the developed countries, 
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but a large part of this difference is due to latent cancers being detected by 

opportunistic testing or screening procedures.  

As age increases, so does the risk of cancer – more than 60% of those who 

were newly diagnosed with cancer in 2007 were above the age of 65. Part of 

the explanation is that the DNA within the cells becomes more and more 

damaged with time, in combination with the fact that the cells ability to 

repair damage to the DNA decreases as the tissue ages (2). Increasing risk of 

cancer is therefore a natural and unstoppable consequence of ageing. 

By diagnosing cancer in its early stages, the probability of cure increases. The 

present day health care system has a great number of tools at its disposal to 

find and monitor malignant deceases. Tumour markers, substances that are 

produced by cancerous cells and circulate in the bloodstream can be detected 

using blood tests and aid in the diagnoses, assess treatment response and 

find recurrent decease in its early stages (commonly by tracking PSA in 

prostate cancer patients). The development during the last few decades of 

imaging modalities such as computed tomography (CT), magnetic resonance 

imaging (MRI), positron emission tomography (PET) and single-photon 

emission computed tomography (SPECT) has made it possible to detect even 

small tumour masses in early stages, and most cancers are monitored via 

imaging. 

The most important treatment modalities for cancer are surgery, 

radiotherapy and chemotherapy. The continuous development and 

refinement of treatment techniques has made it possible to deliver treatment 

with better results while reducing adverse side effects, especially in the 

technology driven radiotherapy realm. Combination therapy is often 

employed; e.g. surgery is commonly followed by chemotherapy to reduce the 

risk of relapse. Another example of successful combination of treatment is 

radiochemotherapy of cervical cancer, where the chemotherapeutic agent 

acts as a radiosensitizer; i.e. amplifies the effect of radiotherapy (4). 

There are other treatment options available that are not as readily employed 

as the above mentioned, e.g. hormonal treatment and biological therapy. 

Hormonal treatments are common in prostate cancer and some forms of 

breast cancers, where cancerous cells are hormonally responsive. Biological 

treatment options include vaccines, monoclonal antibodies and angiogenesis 

inhibitors. Monoclonal antibodies are targeted drugs that affect the cancer 

cells directly. Anti-angiogenesis drugs inhibit the growth of blood vessels 

that are necessary for tumour growth. 
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In general, the possibilities of treating and curing cancer have steadily 

increased since the 1970’s. Testis cancer in young men and acute lymphatic 

leukaemia in children can now almost always be cured. Progress has also 

been made in the treatment of common cancers, such as cancers of the 

breast and rectum. However, the survival fraction for some cancers is still 

low, e.g. lung cancer and pancreatic cancer, and there is still much room for 

improvement. 
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Radiotherapy 

Radiotherapy is a very common form of cancer treatment that was offered to 

47% of all cancer patients in Sweden at some point during their decease in 

2001 (5). It is also very cost efficient, claiming only about 5% of the total 

funds allocated for cancer care (6). 

There are different types of radiotherapy; internal and external. Internal 

radiotherapy, or brachytherapy, is given with the radiation source inside the 

body next to, or inside, the tumour. The advantage of this method is that the 

radiation dose can be substantial to the tumour while keeping the dose to the 

surrounding healthy tissue to a minimum. A negative aspect is that the 

treatment can be quite invasive. Brachytherapy is commonly administered as 

treatment for gynaecological tumours and prostate cancer. 

Brachytherapy can be administered in different ways. A common method for 

gynaecological cancer is inserting an applicator (a plastic or metal tube) into 

the vaginal canal. When the position of the applicator has been verified and 

treatment planning has been completed, radioactive pellets are loaded into 

the applicator at specific positions by a machine. Once the subscribed dose 

has been delivered, the radioactive sources are retracted and the applicator is 

removed. For treatment of the prostate, long needles are inserted into the 

gland via the perineal area, and the radioactive sources are loaded into the 

needles in a similar fashion as described above. 

 

 
FIGURE 1. AN ILLUSTRATION OF A MEDICAL LINEAR ACCELERATOR (“LINAC”), AND THE TREATMENT 

COUCH THAT SUPPORTS THE PATIENT DURING TREATMENT. 
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External radiotherapy is delivered from a source outside of the body, 

normally from a medical linear accelerator (colloquially known as a “linac”) 

illustrated in Figure 1. By delivering beams from different angles relative to 

the patient, a dose distribution that yields high dose to the tumour while 

keeping the dose to the surrounding tissue low is accomplished. 

Radiotherapy can be administered with different intents; curative or 

palliative. Curative radiotherapy aims to eradicate all cancerous cells from 

the patient, providing cure. Palliative radiotherapy is administered to relieve 

discomfort for patients with terminal decease. 

Fractionation 

Curative radiotherapy is almost exclusively delivered in smaller doses spread 

out over time, usually several weeks, in a process called fractionated 

radiotherapy. To understand the rationale of fractionation, a basic 

understanding of radiobiology is necessary. 

The radiation used in radiotherapy has sufficiently high energy to ionize 

atoms or molecules, i.e. to liberate electrons from their host. This process 

can cause damage to DNA in the cell nucleus, and if the damage is 

sufficiently severe, it can cause chromosomal aberrations, mutations and cell 

death. The amount of cell kill in a large group of cells is proportional to 

radiation dose, which is a measure of the amount of energy deposited per 

unit mass [J/Kg] and has the SI unit Gray, abbreviated Gy. 

The DNA molecule consists of two strands spiralling round each other in 

structure called a double helix, with the genetic information coded in the 

sequence of nucleobases attached to the strands. There are four kinds of 

nucleobases; Adenine (A), Cytosine (C), Thymine (T) and Guanine (G), that 

can connect with each other in only two combinations called base pairs, with 

A bonding only to T and C bonding only to G (Figure 2). This implies that 

given A on one strand, T must be in the corresponding position on the 

opposite strand. This specific interaction implies that damage to a single 

strand of the DNA double helix is normally easily repairable. However, 

double strand breaks in the DNA sequence are more difficult to repair and it 

is believed that this is the most important effect of radiation (7). 
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FIGURE 2. THE DNA MOLECULE AND BASE PAIRS. 

The cell survival fraction   after radiation exposure is often expressed using 

the linear-quadratic model 

          
 
, 

or expressed as 

             . 

A plot of       against the dose   (Figure 3) reveals a curve with two 

components; a straight line and a parabola. A common interpretation of this 

behaviour is that cell kill can be caused by either a single particle track 

damaging both strands of DNA (which would be proportional to dose) or by 

two separate ionisation events producing strand breaks in close enough 

proximity to each other, thereby creating a double strand break (a process 

which would be proportional to the dose squared) (8).  

The parameters   and   are dependent on cell properties, and the ratio 

between the two are usually used to characterize tissues into early and late 

reacting classes. A high     ratio (~10) characterises an early reacting tissue 

and a low ratio (~3) a late reacting tissue. Early responding tissues have 

rapidly dividing cell lines and include gastrointestinal mucosa, oral mucosa, 

epidermis and tumour. Examples of late responding tissues with slowly 

dividing cell lines are lung, the central nervous system and kidneys. Plots of 

the two response curves can be seen in Figure 4.  
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FIGURE 3. THE LINEAR-QUADRATIC APPEARANCE OF THE SURVIVING FRACTION OF CELLS WHEN 

IRRADIATED. THE SOLID LINE INDICATES THE COMBINED EFFECT OF THE LINEAR AND QUADRATIC 

COMPONENTS, ILLUSTRATED WITH DOTTED LINES. 

 
FIGURE 4. THE DIFFERENCE IN DOSE RESPONSE BETWEEN LATE (SOLID LINE) AND EARLY REACTING 

TISSUES (DOTTED LINE). 

By delivering fractionated radiotherapy, the differences in response can be 

amplified over time, as seen in Figure 5, enabling radiotherapy that 

selectively targets early responding tissue, i.e. the tumour.  

Since even one single surviving cancer cell may be enough to cause tumour 

recurrence, the aim of the treatment is to eradicate all cancerous cells, the 

probability of which increases with increasing dose. It is the reactions of the 

normal tissues that limit the dose that can be delivered to the tumour. The 

dose response curves of both tumour control probability (TCP) and normal 

tissue complication probability (NTCP) have similar shapes; a threshold dose 

followed by a sigmoid curve. The relationship between the curves of TCP and 
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NTCP is called the therapeutic ratio (see Figure 6); a high such ratio means 

that the tumour has a high probability of being curable by radiotherapy. If 

the therapeutic ratio is low, some degree normal tissue damage may have to 

be accepted in order to increase the radiocurability. This is, however, an 

idealised model which may not be easily applicable in clinical practice. 

 
FIGURE 5. EFFECT OF FRACTIONATION ON DOSE RESPONSE CURVES FOR EARLY (LOWER CURVES) AND 

LATE (UPPER CURVES) RESPONDING TISSUES. 

 

 
FIGURE 6. THE THERAPEUTIC RATIO IS DEFINED BY THE SLOPES AND SEPARATIONS OF THE TCP CURVE 

AND THE NTCP CURVE. 
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Uncertainties in radiotherapy 

There are many uncertainties that must be dealt with in fractionated 

radiotherapy that can be either systematic or random in nature. Systematic 

errors affect every fraction in the same way, while random errors are 

different at each fraction. The terms precision and accuracy can be used to 

describe the nature of the errors in a system, e.g. a radiotherapy treatment; 

an accurate system has small systematic error and a precise system has small 

random error. 

Radiotherapy treatment involves a multitude of sub-systems, all with 

inherent, and different, uncertainties. The computer software that performs 

the dose calculations is not perfectly correct and may be more or less so 

depending on the complexity of treatment (systematic) (9). The linac that 

delivers the radiation will probably not deliver the exact planned dose at 

each fraction (random or systematic) (10). Two radiation oncologists will not 

define the target volume (i.e. the tumour) exactly the same and even a single 

radiation oncologist will not define the target the same way twice 

(systematic) (11). When using multiple image sets for tumour delineation 

and treatment planning, the position of the images (image registration) in 

relation to each other may not be perfect (systematic) (12). The tumour may 

change position and shape during the course of the treatment, or even 

during a single fraction (random) (13). The patient may not be positioned 

exactly the same at each fraction (random) (14), and so on. The International 

Commission on Radiological Protection (ICRP) has estimated the combined 

standard uncertainty in the radiotherapy treatment system to 5.9% (15).  

The biological effect, most importantly the probability of cure, of treatment 

uncertainties depends on the slope of the TCP curve. A steep slope implies 

that a small uncertainty in delivered dose to the tumour will yield a large 

uncertainty in biological effect, i.e. cure (16). Therefore, much attention is 

given to the task of reducing uncertainties in the radiotherapy treatment 

process. 

There are many methods of decreasing the extent of uncertainties already in 

place at many clinics. The computer software that calculates doses are 

increasingly accurate, both due to improvements in the calculation 

algorithms and improved computer performance enabling the use of denser 

dose calculations grids. The linacs are subject to rigorous quality assurance 

programmes to ensure correct and stable dose delivery. Errors in patient 

positioning or changes in tumour position changes are counteracted by 

extensive imaging at the accelerator prior to each treatment fraction – e.g. it 

is common for patients with prostate cancer to have small gold fiducial 
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markers implanted into the prostate gland prior to treatment planning (17). 

These fiducials can be easily located before each treatment session using 

imaging and aid in the positioning of the patient to ensure proper target 

coverage. If the tumour has markedly changed size, shape or position 

permanently, the imaging protocols at the machine can help personnel to 

pick up on these changes and prompt the radiation oncologist to rescan and 

replan the patient. 

A difficult problem to solve is the variations in the target definition; an 

inherently subjective task, performed by physicians. Although highly skilled, 

well-trained and experienced, it is exceedingly difficult for a human being to 

perform in a completely standardised and correct way, thereby reducing 

uncertainty. The best way to improve the target definition is to supply the 

physicians with better quality images. Think of a colour-by-numbers 

painting; if the lines that you are supposed to draw inside of are blurry, weak 

and smudged, the finished painting will probably not be very pleasing. 

However, if the lines are crisp, the result will be much better; moreover, 

every such colour-by-numbers painting will look the same, no matter who 

drew it. In the radiotherapy realm, the treatment planning images are the 

colour-by-numbers lines and the physician is the painter. 
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Imaging 

Medical imaging is a crucial part of modern radiotherapy. It is necessary for 

finding and defining the tumours, to produce accurate dose calculations, to 

verify the patient position at treatment and even to detect tumour changes 

during treatment.  

There are several modalities that produce medical images; e.g. CT, MRI 

(Figure 7), ultrasound, SPECT, PET and conventional x-ray imaging (18, 19). 

They all have different properties that are valuable for different purposes. 

The medical imaging modality that most people are familiar with is 

conventional, or planar, x-ray imaging. 

 
FIGURE 7. ILLUSTRATION OF AN MRI SCANNER SIMILAR TO THE ONE INSTALLED IN UMEÅ AT THE TIME 

OF WRITING THIS DISSERTATION. 

X-ray imaging was, as many know, discovered by Wilhelm Röntgen at the 

end of the 19th century. X-rays are electromagnetic radiation, or photons, 

with higher energy than visible light that can penetrate the human body. The 

photons are absorbed to a higher degree by denser tissues, such as bone, and 

by detecting the photons that pass through the body an image of internal 

anatomy can be produced. Traditionally the photons were detected using 

film, but modern x-ray systems use digital detector plates to produce the 

images. Planar x-ray imaging is sufficient for detecting pathologic conditions 

in e.g. the skeleton and lungs, but has limited use in detecting soft tissue 

changes in e.g. the brain. 

An evolution of the x-ray imager that has reached widespread use is the CT 

scanner, presented by Hounsfield in 1973 (20). The CT scanner is in essence 

a digital planar x-ray imager that rotates around the patient while 

continuously imaging. All of these planar images acquired at different angles 
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around the patient can subsequently be reconstructed into a three 

dimensional image stack of the patient. An advantage to this method of 

constructing an image stack, apart from the obvious one of 3D imaging, is 

that it enables viewing the internal anatomy of a patient without having 

surrounding structures overlaying the anatomy of interest, thereby 

increasing contrast. The CT can resolve density differences in the patient 

corresponding to 3 Hounsfield units (1 HU corresponds to ~0.1% difference 

of the attenuation coefficient of water) and is more sensitive than planar x-

ray imaging (21). The CT has become the imaging modality of choice at most 

modern radiotherapy departments. 

MR imaging does not use ionizing radiation to produce images, as opposed 

to planar x-ray imaging and CT. Instead, it employs a powerful magnetic 

field to align the macroscopic magnetization of hydrogen nuclei inside the 

patient (22). By systematically applying radio frequent pulses and magnetic 

field gradients, the nuclear spins are affected, resulting in magnetic fields 

that can be measured by the scanner and reconstructed into images of the 

anatomy. The sequence of the radio frequent pulses and applied magnetic 

field gradients can be varied to a large extent, yielding a high degree of 

freedom in how the image contrast will appear. Contrast does not depend on 

the electron density of the imaged material; rather it varies with its magnetic 

properties. This can be exploited to not only visualize anatomy, but also the 

function of the imaged organ in a process called functional imaging.  

Other functional imaging techniques are SPECT and PET. Both imaging 

modalities are based on tracer substances marked with radioactive isotopes 

that are injected into the patient. The uptake of these tracer substances 

describes a certain function within the body, depending on which tracer that 

is used. The most common tracer in PET imaging is fluorodeoxyglucose 

(FDG), a glucose analogue that yields a tracer tissue concentration 

proportional to the metabolic activity. This property is highly used in cancer 

metastasis exams. There are many other tracers that each highlight different 

tissue functions. 

By using combinations of functional and anatomic images as shown in 

Figure 8, the physicians will have more information regarding the tumour 

location and extent before treatment planning is commenced. To avoid 

uncertainties in image registration, it would be preferable to acquire all 

images needed for treatment planning at the same scanner as quickly as 

possible without moving the patient. MRI is a very versatile modality which 

is able to produce many variations of images depending on sequence 

parameters; high resolution anatomical images with variable contrast as well 
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as different functional images that provide information about the biological 

properties of the regions of interest. 

 
FIGURE 8. ANATOMIC AND FUNCTIONAL IMAGES OF THE SAME PATIENT WITH PROSTATE CANCER. 

TOP LEFT – CT IMAGE, TOP RIGHT – T2 WEIGHTED MRI, BOTTOM LEFT – ADC MAP, BOTTOM RIGHT – 

PET SCAN. SUSPECTED TUMOROUS TISSUE IS LOCATED TO THE RIGHT IN THE PROSTATE (LEFT IN THE 

IMAGE). 

MRI in radiotherapy 

There are several advantages with MRI that has definite use in radiotherapy; 

first and foremost, the superior soft tissue contrast as compared to CT. MRI 

demonstrates superb soft tissue contrast, which can be varied by changing 

sequence parameters. As previously mentioned, the contrast does not 

depend on electron density, as is the case with CT, but on the magnetic 

properties of the imaged material. This enables separation of tissues with 

similar density but different properties, which can help define the extent of 

malignancies and separate tumour and tumour infiltrated tissue from 

surrounding healthy tissue and organs at risk. MRI has been shown to add 

significant value to the target delineations in prostate (23), brain (24) and 

head and neck tumours (25) as well as other sites (26, 27). As most tumours 

are of soft tissue types, additional value of the MRI scan can be expected in 

other, less common types of malignancies as well.  
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MRI basics 

The MR scanner uses the principles of nuclear magnetic resonance to 

produce images. The most abundant nucleus present in the human body is 

the hydrogen nucleus, which consist of a single proton. All fundamental 

particles, such as protons, have an intrinsic quantum mechanical property 

called spin. A particle that has non-zero spin will also have non-zero angular 

momentum, i.e. it behaves as though it is rotating around its own axis. A 

charged particle that rotates will have a magnetic moment with an associated 

magnetic field (22). 

The proton is a spin 1/2 particle, which means that it can occupy one of two 

states (or a superposition of the two) in the presence of an external magnetic 

field; spin-up or spin-down. Spin-up means that the magnetic moment 

precesses parallel to the external magnetic field, and spin-down that it 

precesses opposed to the external magnetic field. The number of nuclei that 

occupy each state follows the Boltzmann distribution, which predicts that the 

spin-up state is slightly favoured over the spin-down state. This means that 

the net magnetization of large number of protons in an external field will be 

exactly aligned with the external field. 

Since the spin-up state is only very slightly favoured above the spin-down 

state, the net magnetization will be very small, i.e. several orders of 

magnitude smaller than the external magnetic field. This makes it very hard, 

if not impossible, to measure. It is much easier to tip the net magnetization 

vector 90 degrees, where it yields a magnetic field that can be measured 

much more easily using a receiver that only registers magnetization in the 

transverse plane. This is done by applying a radio frequent pulse with a 

specific frequency, known as the resonance (or Larmor) frequency.  As soon 

as the radio frequent pulse is switched off, the protons begin to relax back to 

their equilibrium state (they will actually relax while the pulse is still on, but 

this effect small due to the short duration of the pulse), aligning the net 

magnetization with the external magnetic field once again. The relaxation is 

governed by two processes; spin-lattice relaxation and spin-spin relaxation. 

The spin-spin and spin-lattice relaxation is characterised by the T1 and T2 

relaxation time, respectively. By adjusting different timing parameters in the 

MRI sequence (the sequence of pulses, gradients and receiver operations 

that excite the protons, manipulate the magnetization and read out the 

signal), the images can be weighted to enhance contrast in T1 or T2. 

Different tissues have different T1 and T2, which means that different 

weightings can be used to visualise different anatomical features. 
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Functional MRI techniques 

Although anatomical MR imaging is useful for determining the extent of 

tumour growth and infiltration into surrounding tissue, functional MRI 

protocols are more promising for providing information on the biological 

properties within a solid tumour. New treatment techniques, referred to as 

“dose painting”, require information regarding the internal environment of 

the tumour to make decisions regarding dose levels to be delivered (28), 

either using imaging or guided biopsies, or both. Dose painting implies that 

the radiotherapy treatment is highly customized to every single tumour, 

delivering a very high dose to the biologically active or radio-resistant parts 

of the tumour, less dose to the surrounding malignancy and sparing adjacent 

healthy tissue.  

Diffusion weighted imaging (DWI) is a functional MRI protocol that 

measures the microscopic mobility of water in a cellular environment, which 

is associated with cell density. In a completely unrestricted environment the 

motion of water molecules would be Brownian (a presumably random 

motion of particles suspended in a fluid), but in biological tissues, the 

environment is restricted by e.g. cellular membranes and tissue 

compartments. More viable cells imply a higher degree of restriction in water 

diffusion. Without descending into abundant detail regarding MR physics, 

the amount of diffusion can be measured by applying a gradient causing a 

dephasing of transverse magnetization. By applying the exact same gradient 

with opposite polarity again, the transverse magnetisation will rephase. The 

signal intensity will largely remain unchanged for stationary water molecules 

after such a manoeuver, but for moving water molecules this is not the case. 

When the water molecules move into a new position and is affected by the 

second diffusion gradient at a different field strength, they will be subject to 

an incomplete rephasing of transverse magnetisation, resulting in a signal 

loss. By varying the gradient amplitude, gradient duration and the time 

interval between the dephasing and rephasing gradient, the sequence 

sensitivity to water motion can be altered. The combined effect of all these 

parameters, or the strength of the diffusion sensitizing gradient, is known as 

the b-value. At low b-values, highly mobile water molecules will be subject to 

signal loss. At high b-values, only stationary water molecules will retain their 

signal intensity. Tissues with high restriction, such as tumour tissue, will 

therefore show up bright on a high b-value DWI sequence. By imaging using 

at least two b-values (one high and one low), a quantitative parameter 

known as the apparent diffusion coefficient (ADC) can be calculated (29, 30). 

Dynamic contrast enhanced (DCE) MRI is another functional imaging 

technique that can be used to non-invasively evaluate the internal 
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microenvironment of the tumour. DCE-MRI is performed by intravenously 

injecting a contrast agent with the patient placed inside of the MRI scanner. 

By scanning the patient continuously over a few minutes with a time 

resolution of a few seconds, the uptake of contrast agent can be monitored 

(31). The uptake data can be analysed to quantify biological parameters, such 

as blood volume, leakiness of blood vessels and the amount of capillaries in 

the tissue. 

The intensity and rate of contrast enhancement is related to the vascular 

density in the region, while the rate of contrast wash-out correlates to the 

leakiness of the blood vessels (32). Although benign lesions and inflamed 

areas can show high intensity contrast enhancement, the leakage pattern will 

often differ between malignant and benign changes. This enables 

differentiation between these changes using pharmacokinetic models 

(mathematical models that aim to translate contrast enhancement into 

biologic parameters, an example of which can be seen in Figure 9). 

 
FIGURE 9. FROM THE LEFT: CT IMAGE, T2 WEIGHTED MR IMAGE AND K-TRANS MAP (RELATED TO THE 

LEAKINESS OF THE BLOOD VESSELS) CALCULATED FROM A DCE-MRI SCAN. TUMOUR IS INDICATED 

WITH A RED DELINEATION. 

Difficulties of MRI in radiotherapy 

There are several difficulties of using MRI in radiotherapy. When planning 

the treatment on multi-modal image data or data from several imaging 

sessions, there are uncertainties in the image registration. These 

uncertainties depend on several factors; for instance, in the prostate case the 

target is not fixed with respect to the patients’ bony anatomy (33). When 

registration is performed using information from the entire image sets, the 

prostate gland itself may not be accurately registered (34). In other cases, the 

entire anatomy may be different between the different image acquisitions. 

An example of such a situation may be found in head and neck cases. The 

head and neck region is very flexible and it may be difficult to reproduce the 

exact patient setup between two imaging sessions, which makes traditional 

rigid registration difficult (35, 36). 
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When considering MRI-only based treatment planning, another problem is 

the lack of dosimetric information (37). The dose calculations of modern 

treatment planning systems are usually performed using CT data. This is due 

to the fact that CT images are acquired by detecting x-rays that have been 

attenuated by a medium; thus, CT images are in fact an attenuation map of 

the imaged object. This can be used to perform accurate dose calculations, 

since the attenuation map predicts how the radiation will interact when 

passing through the subject. Since MRI uses entirely different properties of 

the imaged object, i.e. magnetic properties, the images will have no 

connection to the radiation attenuation of the medium. This makes it 

cumbersome to use MRI images for dose calculations. 

Also, MRI images are prone to geometric distortions and artefacts. 

Geometric distortions are caused by magnetic field inhomogeneities in the 

main field and non-linearity of the gradients (38). In diagnostic imaging, this 

effect is of lesser importance since the relative anatomy is still intact, i.e. the 

prostate will still be inferior to the bladder regardless of the extent of field 

inhomogeneity. When using images for radiotherapy treatment planning 

however, the absolute distances are of importance. Therefore, only very 

small geometric distortions are acceptable, at least in the vicinity of the 

target and the treatment fields. Image artefacts are features present in the 

reconstructed images that are not present in the true patient anatomy. They 

can be caused by a number of different reasons; hardware and software 

issues, physiological phenomena and sequence properties. Image artefacts 

should ideally be kept as small as possible, but if they are identifiable, they 

are not as problematic as distortions. However, when they affect the image to 

such an extent that true pathology or anatomic features are obscured, or 

when they can be mistaken for pathology, artefacts can be a serious issue. 

Artefacts are not exclusive to MRI; CT images are often obscured by 

streaking artefacts caused by very dense materials, such as dental fillings 

(Figure 10) and hip prostheses. 

An effect that is of interest in MRI for radiotherapy is magnetic susceptibility 

(a property that describes the materials tendency to interact with an applied 

magnetic field). Susceptibility effects can potentially cause position errors of 

several millimetres in MR images (39), and are visible when materials of 

different susceptibilities in proximity to each other are imaged. The influence 

of the susceptibility effect can be decreased by different methods, e.g. by 

increasing the bandwidth when imaging with spin-echo sequences (Figure 

11). 
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FIGURE 10. A CT STREAK ARTEFACT CAUSED BY THE DENSE DENTAL FILLINGS IN THE PATIENTS TEETH. 

 
FIGURE 11. THE SUSCEPTIBILITY EFFECT VISIBLE AROUND A GOLD FIDUCIAL MARKER SURROUNDED BY 

GELATINE, IMAGED WITH INCREASING GRADIENT STRENGTH FROM LEFT TO RIGHT. AS THE 

BANDWIDTH INCREASES, THE ARTEFACT DECREASES. 
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Aims of the thesis 

The aim of this work was to contribute to improve the integration of MR 

imaging into the radiotherapy workflow by investigating aspects of (i) dose 

calculation accuracy using MRI images as the only input, (ii) the geometric 

accuracy of MR imaging of fiducial markers commonly used in patients 

being treated for prostate cancer and (iii) the image registration accuracy of 

subvolume based MRI to MRI registrations. The specific aims of the four 

papers included in this thesis were: 

 
i. To investigate the accuracy of MRI based treatment plans and 

compare them to CT using bulk density assignments and non-

inhomogeneity corrected images. 

ii. Evaluate the accuracy in the depiction of gold fiducial markers in 

MR images using both measurements and simulations of 

susceptibility effects. 

iii. Develop software for image registration that enables subvolume 

based registration of MRI images, compare registration accuracy 

and find the optimal registration volume size in images of the 

prostate. 

iv. Evaluate the dosimetric accuracy of treatment plans based on 

automatically generated substitute CT images created from MR 

images of the cranial area. 
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The clinical workflow of radiotherapy 

The clinical workflow in the radiotherapy department must be efficient, safe 

and produce highly accurate treatments. There are several steps that the 

patient and treatment plan must go through before the treatment is 

complete, starting well before the first session at the accelerator. 

As discussed previously under the section on radiobiology, uncertainties in 

the radiotherapy treatment chain will contribute to uncertainty in the 

delivered dose to the target, which in turn will lead to uncertainty in 

biological effect and TCP. It has been shown in animal experiments that a 

1.5% change in delivered dose can change the tumour control probability by 

8% (40). Although the steepness of the slope of dose-response curve, often 

denoted γ, is expected to be smaller in human clinical cases, great care must 

be taken to ensure that the target receives the prescribed dose. Brahme 

estimated that normalized response gradients between 3 and 5 are not 

uncommon in clinical cases, and a difference of 10% in delivered dose would 

result in a 30% to 50% change in TCP, respectively (16). Qualitative patient 

immobilization is one option that can be employed to reduce the probability 

of the target falling outside the high dose area during treatment. 

Patient immobilization 

The primary aim of patient fixation systems is to immobilize the patient to 

such an extent that the risk of failing to enclose the tumour within the 

treatment field is minimized, as well as reduce the probability of major 

positioning errors. However, there are other benefits as well; standardised 

fixation systems may reduce the time needed for patient set-up, it can make 

the patient feel more secure and reduce apprehension, reduce the probability 

of non-rigid deformations of the patient anatomy, lessen the need for active 

patient cooperation as well as stabilize the relation between external skin 

markers or fiducials to internal anatomy (14). 

Early radiotherapy treatments were often targeted towards superficial 

lesions, and did not require elaborate patient immobilization devices. 

However, as the technology matured with 3D-CT imaging based treatment 

plans, multi-leaf collimators that enabled better target conformance and 

computer aided treatment planning, the accuracy of the treatment chain 

increased and enabled much steeper dose gradients around the target. This 

in turn created a need for a higher degree of patient immobilization. 

Therefore, new immobilizing equipment such as vacuum bags filled with 

polystyrol beads (41), foam casts (42), thermoplastic masks (43) and many 
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other forms of fixation devices were developed. By using these modern forms 

of immobilization devices, a treatment-to-treatment set-up variability of 

about 3 mm can be achieved in most parts of the body (14). 

Different areas of the body are of course immobilized using different 

techniques and equipment, due to different size and shape of the external 

anatomy, but also due to that the internal anatomy behave differently in the 

body. In the abdomen and pelvis, the patient contour can be fairly rounded, 

which means that the patient can rotate around the axis that runs through 

the body from head to feet (14). To counteract such movements the buttocks, 

hips and upper thighs can be included in a body cast made from e.g. a 

vacuum bag filled with polystyrene beads or polyurethane foam. By 

immobilizing the pelvis, the rotational movement around the patient axis is 

hindered, and the set-up variability is reduced. 

In the head and neck area, immobilization is both important and difficult 

due to the anatomical flexibility in the area and the close proximity of 

potential target volumes to radio-sensitive organs at risk, such as the spinal 

cord (44). It is not uncommon for target volumes to extend from above the 

mandible down to base of the neck, which makes it possible for one portion 

of the target to move with respect to other parts of the target if the fixation is 

inadequate. A commonly employed immobilization technique is custom 

made face masks made of thermal plastic combined with some form of neck 

support (45). 

Frame-based fixations 

Frame-based fixations are primarily used for stereotactic radiotherapy, 

which is a very precise irradiation of a lesion, usually using a small number 

of high dose fractions. To be able to deliver very large doses per fraction 

safely, effective patient immobilization is essential. 

The concept of stereotactic surgery, which is a minimally invasive procedure 

to locate and perform some surgical intervention on small targets within the 

body by using an external coordinate system, has been used within human 

neurosurgery for some time. Spiegel et al. introduced the first frame-based 

stereotactic treatment using a head cap made from plaster that related 

internal anatomy to an external three-dimensional coordinate system in 

1947 (46). 

A couple of years later in 1951, Leksell combined the concept of stereotaxy 

and radiotherapy and coined the term radiosurgery (47). His original 

method made use of a rigid metal frame that was invasively fixed to the skull 
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using screws to attach the frame to the cranium. Intracranial lesions could 

then be related to this external frame and were treated with a single high 

dose fraction of radiation. Originally the radiation was 250 kV x-rays, but he 

later developed a device called the Gamma Knife that employed almost 200  

Co-60 sources arranged in a spherical fashion, all focusing on the same point 

(48). The Gamma Knife is very precise, with total system accuracy well 

within 1 mm (49), and is still used for radiosurgery today.  It is, however, 

limited to intracranial targets. 

High precision, non-invasive equipment for immobilizing the head for 

stereotactic treatment has also been developed that allow for set-up 

accuracies of around 1 mm (50). These non-invasive frames can employ bite-

blocks, straps, plastic back pieces and such instead of screws (51). 

In the 1990’s, Ingmar Lax et al. at Karolinska Institutet in Stockholm 

developed a stereotactic frame for use outside of the skull, i.e. an extracranial 

stereotactic frame (52). The frame itself consisted of an open box with a 

bottom and sides of plastic that encased the coordinate system. Inside of the 

box lay a vacuum cushion that could be moulded to the patient external 

anatomy. Using this system, they achieved a set-up reproducibility of lung 

and liver lesions within 5-8 mm for the majority of patients. 

Since tumour targets in the thorax and abdomen, and indeed most 

extracranial targets, are not fixed to the bony anatomy in the same well 

defined manor as intracranial targets, an external coordinate system on a 

frame is usually not sufficiently accurate for radiosurgical fraction doses. By 

adding a device that could apply pressure on the abdomen, the group from 

Karolinska Institutet managed to also reduce the internal movements of the 

diaphragm to about 5-10 mm. However, the safe delivery of large fraction 

doses to targets outside of the skull still requires advanced image guidance. 

Virtual fixation 

There is a movement within the radiotherapy community from rigid 

immobilization towards “softer”, more technologically advanced methods of 

ensuring the patient position during therapy. Surface scanning is a novel 

method that is being employed to this end; by monitoring the patient surface 

before or during treatment, or both, the patient position can be verified 

without restraining the patient. Hard restraints may be uncomfortable, 

especially for older or sickly patients. 

Surface scanning can be achieved in a number of ways, e.g. laser scanning 

(53) or optical systems (54). When using surface scanning as a “virtual” 
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immobilization device, the patient external contour is taken from the 

planning image set – i.e. the patient is not rigidly immobilized during pre-

treatment imaging. The patient can then be monitored in real time during 

treatment, and if he or she moves, the treatment is paused to enable 

repositioning. In effect, this ensures that the patient is immobilized during 

beam on, even though no hard restraints are used.  

MRI compatibility 

Planning CT scans are normally acquired using flat table tops to match the 

flat treatment couch used at the accelerator. The standard patient support is 

concave in most MRI scanners, although some have flat couches. The 

problem of concave patient supports is easily surmounted, either by 

manufacturing a flat table top insert at the hospital or by purchasing a 

commercial solution. Flat table tops are necessary if patient immobilization 

is to be used at the MRI scanner.  

A more intricate problem is MRI compatibility of the immobilization 

equipment, both in material properties and size. MR safe materials must be 

used for base-plates, nuts, bolts and other fittings, i.e. metal or carbon fibre 

should not be employed in the MR scanner. A traditional plastic face mask 

for head and neck immobilization is normally constructed in MR safe 

materials; however, a standard MRI head coil will not be able to 

accommodate it. By using surface coils (i.e. “flex coils”) instead, imaging of 

the immobilized head and neck is possible, although multi-channel head 

coils still provide higher quality images (55). When using surface coils for 

radiotherapy planning, care must be taken not to place the coils directly on 

the skin of the patient since the external anatomy may be distorted. Instead, 

the coils should be placed either hanging from a frame or on top of a holder 

close to the patient surface, without touching it. Nowadays, MRI compatible 

immobilisation equipment and coil holders are commercially available. 

A standard MRI scanner traditionally has a bore diameter of 60 cm at the 

isocenter. Many base frames commonly used for radiotherapy 

immobilization have sizes exceeding 60 cm in the lateral direction, making it 

impossible to use them in the scanner. However, there are MR imagers 

available with large bore diameters that can accommodate such fixations, 

and the trend is that most modern scanners have a bore diameter of 70 cm, 

as well as a shorter bore length to improve patient comfort (56). 
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Pre-treatment imaging 

A cornerstone of the entire radiotherapy workflow is the information 

gathered from medical images. Imaging information is used for diagnostics 

and staging of the tumours, as input data for the radiotherapy treatment 

planning process, to ensure proper patient set-up and monitor daily 

variation of tumour position, as well as to follow tumour response to 

treatment. This section will mainly consider imaging for radiotherapy 

treatment planning, i.e. target definition and dose calculations. 

As previously mentioned in the first chapter, imaging methods may be 

separated into two groups; anatomical imaging and functional imaging. The 

first pertains to images that contain information regarding the anatomy of 

the patient, i.e. the size and position of the tumour (providing it has 

sufficiently different properties from surrounding tissue so that the imager 

can resolve it) and its relation to surrounding anatomy. It will not, however, 

provide any information on the function or viability of the tissues. 

Traditional modalities for such imaging are CT and MRI, where the first one 

produces an x-ray attenuation map (very similar to a density map) of the 

patient while the second one images different magnetic properties of the 

patient, depending on the sequence parameters chosen at the scanner. 

Functional imaging methods are those that in some way provide information 

regarding the function or biology of the imaged tissues. The traditional 

modalities for such images are radionuclide imagers such as PET and 

SPECT, however MRI also offer several functional imaging capabilities. 

Imaging for the treatment planning process provides information that is 

used to determine the extent and location of the anatomy that should be 

treated with high dose, and to calculate the amount of radiation output 

necessary from the accelerator to achieve the prescribed dose in the target. 

The treatment planning images are also used to identify organs at risk and to 

produce reference images that are used for patient positioning during 

treatment. 

A limitation of the pre-treatment image is that it only represents a snapshot 

of the patient anatomy. Therefore, the information in the image has several 

associated uncertainties; for one, the anatomy in the treatment planning 

image may not entirely reflect the anatomy during treatment. The patient 

position may change from the planning scan to the onset of treatment e.g. 

due to weight change or muscle tension from patient apprehension during 

the short planning scan. Such differences cause systematic errors in the 

treatment.  Also, during fractionated radiotherapy, there are day-to-day 

variations in the position of both the patient and tumour that deviates from 
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the planning scan, causing random errors in the treatment. Another problem 

is that during a single radiotherapy fraction, the internal anatomy of the 

patient may vary. This is especially apparent in the thoracic area due to 

breathing and cardiac movement. However, such movement is present at 

other sites as well, e.g. the prostate can move significantly within a short 

timespan due to bowel movement. Finally, during fractionated therapy 

schedules, time trends can be observed in the anatomy. If the tumour is 

rapidly responding, significant shrinkage may be observed. Other tissues 

may also respond to the radiation. Weight change is also common among 

radiotherapy patients during treatment.  

Other uncertainties are present as well, e.g. imaging artefacts that may 

obscure the anatomy. Uncertainties in the planning images are often dealt 

with by adding safety margins around the tumour during the target 

delineation stage of the planning process. This will be discussed in further 

detail in a later chapter. 

Multimodality imaging and image registration 

At modern radiotherapy clinics, it is common to use several image sets for 

planning in order to design better treatments for the patient, often from 

different complementing modalities. An example from the University 

Hospital in Umeå would be a prostate cancer case displaying risk factors. 

Such a case would have a CT image for dose calculation purposes, a T2 

weighted MR image for prostate and seminal vesicle delineation, a diffusion 

weighted MRI for identifying high risk areas within the target volume, a T1 

weighted volumetric interpolated image for image registration between 

modalities, an MRI angiography for identifying vessels that possibly affected 

lymph nodes would lie in proximity to and a PET scan for finding areas of 

high metabolism within the target and metastatic lymph nodes. 

To use multiple imaging series in an integrated, accurate and logistically 

sound fashion, the data must be associated to a common geometrical 

coordinate system in a process called image registration. The basic problem 

that image registration needs to solve is to compute the geometric transform 

that maps the coordinates of corresponding points between two image sets, 

one fixed and one moving. In order to perform this task, the algorithm is 

commonly constructed using three basic components; a transform, a metric 

and an optimizer.  
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The transform model 

The transform model defines how the moving image set may be transformed 

to coincide with the fixed image set. This transform can range from a 

translation in a single dimension (one degree of freedom), to the commonly 

employed rigid transform with three possible translation directions and 

three rotations (six degrees of freedom), to a deformable registration which 

maps each voxel with an independent displacement vector where the degrees 

of freedom can reach up to three times the number of voxels in the moving 

image set.  

The simplest form of image transform is the case where two imaging studies 

are collected during a single session and the patient is positioned identically 

in the two, and the scale and centre of the two image coordinate systems 

coincide. Such would be the case in modalities were multiple data sets are 

collected sufficiently close in time and space that patient and organ 

movement are absent (57). Although this ideal case is never achieved in 

clinical practice, PET/CT, SPECT/CT and multiple MRI sequence acquisition 

comes fairly close. For such image sets, the transform between the two will 

be the identity transform, i.e. placing the moving image into the fixed image 

coordinate system without change. More often than not, however, the patient 

will have to move between different modalities, and it is not uncommon for 

hours or even days to pass between imaging sessions. In such situations, 

more elaborate transform models are needed. 

The global rigid transform allows for the moving image to rotate around 

three axes and translate in three directions. In the case of registering two 

image sets of the brain, where the anatomy is largely defined by the skull, 

such a transform model is sufficiently accurate. An extension of the rigid 

transform is the affine transform, which in addition to rotation and 

translation also allows scaling and shearing. It is a transform model 

commonly employed in commercial treatment planning systems (58). 

 It is easy to imagine many sites within the human body where a global rigid 

transformation would be insufficient. For example, in the head and neck 

area where the anatomy has many degrees of freedom in movement, or in 

the abdomen and pelvis where organ movement can be caused by peristaltic 

movement and differences in ventricle, bladder and rectal filling. In some 

cases, local rigidity may be assumed; for instance, each vertebra in the neck 

is rigid, and the prostate may be considered as a rigid body, although not 

fixed to other pelvic structures. When such assumptions can be made, it is 

possible to achieve sufficient registration accuracy by local rigid 

transformations, i.e. by registration of image subvolumes. For head and 
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neck, piecewise rigid registration of bony anatomy has been explored by van 

Beek et al. (59), using a method they refer to as mROI registrations. Several 

groups have explored subvolume based registrations of the prostate for 

repeat CT-CT (60), CT-CBCT (61), CT-MRI (62, 63) and MRI-MRI (34, 64). 

All registration protocols involving CT recommend an added margin around 

the prostate gland to produce optimal results, ranging from 5 mm to 20 mm. 

In Paper III in this thesis, one of the MRI-MRI studies (34), we found that 

single modality MRI registration performed optimally with no added margin. 

This is presumably due to the increased soft tissue contrast available in MRI 

scans, which clearly resolves structures within the prostate that can be 

exploited by the algorithm to find similarities between the studies. Within 

the MRI-MRI study, we noted a residual difference of about 1 mm post-

registration in the norm of the vector describing the distance between the 

prostate centre of mass in the two images (1 SD), or about 2 mm when taking 

the square root of the sum of squares of the individual translational residuals 

(1 SD). Similar results were found by Smitsmans et al (60) using repeat CT 

scans; however, this study excluded outliers which was not done in the study 

reported in Paper III. In a study by Roberson et al., they compared 

subvolume registrations of the prostate to seed-matching, i.e. using 

implanted brachytherapy seeds to align the images (63). They found the 

square root of the sum of translational registration errors to be about 3 mm.  

Even though piecewise rigid transforms may provide accurate results in 

many cases, there are several applications that require even more 

sophisticated transform models. For example, the lungs change in shape and 

size during the breathing cycle and the shape of many organs such as the 

bladder, rectum and ventricle change with organ filling. Other organs in 

proximity to the aforementioned, such as the liver to the ventricle, also 

change because of this. In these cases, non-rigid or deformable models are 

favourable. 

Deformable transform models can vary in complexity; simpler forms can be 

global polynomials, while the most complex transform models allow each 

voxel to move independently in three dimensions. Global polynomials have 

been applied in distortion correction algorithms in MRI, but are not usually 

used in image registration due to unwanted oscillations in the deformation 

function that occur with high degree polynomials. To avoid this problem, 

spline-based deformation functions are built up by adding polynomials that 

are only defined over a limited region and zero everywhere else (Figure 12). 

By varying the size of these regions, the complexity of the deformation can be 

altered – smaller regions imply more local deformations and detailed 

modelling. Common spline-based transformations include B-splines and 

thin-plate splines. The main difference between the two is that each region in 
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a B-spline transform can be altered without affecting other regions in the 

image, whereas changing a control point in a thin-plate spline transform will 

affect the global image transform in some way (58). 

 
FIGURE 12. ILLUSTRATION OF HOW A SPLINE-FUNCTION IS BUILT UP BY ADDING FUNCTIONS ONLY 

DEFINED OVER A LIMITED REGION. 

Entirely free-form deformation models use vector fields that define the 

three-dimensional movement for a grid of points, usually the voxel locations.  

The metric 

In order to determine which transformation parameters to use for two image 

sets to be brought into alignment, some measure of the similarity between 

the two is necessary. This measure is produced by a function known as a 

metric. Metric functions can be classified as either geometry-based or 

intensity-based; geometry-based metrics make use of features extracted from 

the image, such as anatomical landmarks or organ boundaries, while 

intensity-based ones uses the image data directly.  

Common geometry-based metrics employ points or lines (65). By defining 

corresponding structures in both the fixed and moving image volume, the 

image similarity can be calculated. For point matching, the metric simply 

calculates the sum of square distances between the corresponding point-

pairs defined in the two image sets. For a rotation-translation transform 

model, a minimum of three points are required to determine the transform. 

For an affine transformation, at least four points are required (58). By using 

more point-pairs, the influence of possible errors introduced during the 

manual point definition is reduced. However, defining point-pairs in multi-

modal image sets may not be easily accomplished due to differences in image 

contrasts. Also, the point-pair method is commonly employed in situations 

where fiducial markers are implanted into the patient, e.g. the prostate. In 
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such cases, implanting more than the minimum number of fiducials into the 

target area is not desirable, due to the invasiveness of the procedure as well 

as introduction of image artefacts caused by the markers. 

Line and surface matching techniques try to maximize the overlap between 

corresponding structures in two image sets. Such structures should ideally 

be extracted from the images in an automated fashion in order to reduce 

workload, since manually defining such corresponding structures in two 

image sets may be time-consuming and difficult. 

An inherent feature of geometry-based metrics is that they only use 

information from user-defined structures to calculate the image similarity. 

Therefore, parts of the image that does not lie in close proximity to the 

extracted features will not contribute to the metric at all, and are therefore 

disregarded during registration. To overcome the limitation of only using 

information from extracted features, other metrics use image voxel values 

directly to calculate image similarities. These are known as intensity-based 

metrics, and are based on different mathematical similarity measures. 

Examples include sum of squared differences, cross-correlation and mutual 

information (66). The first two are used in single modality registrations, i.e. 

the images display the same contrast, while mutual information can be used 

to register images with different contrast. The mutual information metric 

stems from information theory and Shannon entropy, i.e. the amount of 

information content in a variable (67). The thought behind the similarity 

measure is that if an area in image A displays certain features, e.g. a 

homogeneous area of a single grey value, there will be a corresponding area 

in image B that will display something similar, all be it with a different grey 

value. The mutual information similarity measure will be maximized when 

two images overlap, making it ideal for image registration purposes. It has 

no dependence on absolute intensity values, and handles missing or limited 

data very robustly. 

The optimization function 

An optimization function is used to find the minimum of a metric in an 

effective way. In image registration, this is often done via a gradient descent 

algorithm. A gradient descent algorithm finds local minima by taking steps 

proportional to the negative gradient. Registration is also often performed in 

a hierarchical fashion; i.e. datasets may be down-sampled significantly 

during the first registration step, and then iteratively re-registered with 

consecutively finer versions of the data, using the registration of the last step 

as a starting point. A hierarchical approach reduces computation time and 

also prevents the optimizer to get stuck in local minima. Another 
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hierarchical approach is to gradually increase the number of degrees of 

freedom in the transform, e.g. only allowing translations first, adding 

rotations during the second pass, adding global deformations during the 

third, and so on (58).   

4D imaging 

The use of 4D imaging (three spatial dimensions plus time) is increasing 

within the field of radiotherapy, due to the challenges in treating moving 

targets in (or on) the chest (68). In contrast to tumours at most other sites, 

malignancies in this area exhibit a periodic motion pattern due to the 

respiratory cycle that needs to be addressed. Traditionally, the motion has 

been accounted for by adding extra margins around the tumour, thus adding 

all surrounding healthy tissue within the path that the tumour is projected to 

travel during the respiratory cycle. The projection path in turn is estimated 

from a population of other patients, but the individual motion of a single 

patient is not known (69). However, studies have shown large deviations 

from the standard projected path in individual patients, e.g. patients with 

hemidiaphragmatic paralysis (70), making treatment of lung tumours 

somewhat of a guessing game. As 4D imaging has been clinically introduced 

and availability has increased, the possibility of individualised treatments of 

lung tumours has increased drastically. 4D-CT and 4D-MRI are the most 

common options for time resolved pre-treatment imaging. 

4D-CT 

The simplest way of accounting for tumour movement in a lung cancer 

patient is the time-averaged CT, colloquially known as a slow-CT. By 

reducing the pitch of the scanner significantly, thereby slowing the image 

acquisition, a time-averaged image of one or more breathing cycles can be 

attained (71). Such an image displays moving objects as blurred, where the 

voxel intensities represent the probability of an object to be in that position 

during the respiratory cycle. For example, if a dense tumour was moving 

within surrounding lung, a voxel value near that of the tumour voxel value 

would represent that the some part of the tumour occupies that position for 

most of the respiratory cycle. Conversely, a voxel value near that of the lung 

voxel value would imply that some part of the tumour only briefly occupies 

that position in a breathing cycle. This approach is very easily implemented 

into the clinical workflow (essentially no extra equipment is necessary), and 

it is used at many sites today. There are, however, more sophisticated 

methods of acquiring 4D data, and a full 4D acquisition can easily be 

converted into a time-averaged series. 
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There are currently no commonly available CT scanners that are fast enough 

to capture large 3D volumes, such as the thorax, in real time (72). To 

overcome this technical limitation, there are two methods available to 

produce motion-free 3D CT images. The first one, called prospective 

imaging, implies that the CT imager only acquires images during a certain 

phase of the respiratory cycle. The other, retrospective imaging, uses data 

that is acquired during a longer period to cover the entire breathing cycle 

and volume. The data is then reconstructed into 3D images of the different 

phases (Figure 13) according to timestamp and position in the respiratory 

cycle. In order for any of these methods to work an external motion signal is 

required, which can be produced in different ways. Some common methods 

include placing reflective markers on the thorax, shining infrared light on 

them and tracking them with a camera (73), or by measuring the tidal 

volume using spirometry (74). 

For time-averaged and retrospective imaging, the patient dose is 

significantly higher as compared to traditional high-pitch CT scans due to 

the longer acquisition times. A slow-CT acquisition may render an equivalent 

dose of approximately 30-40 mSv, as compared to 3-10 mSv from a normal 

scan (72). Although these doses are relatively insignificant compared to 

radiotherapeutic doses, the increased dose should be considered according 

to the ALARA1 principle. 

 
FIGURE 13. ILLUSTRATION OF TWO BREATHING PHASES DEPICTED WITH A 4DCT SCAN. TO THE LEFT IS 

THE EXPIRATION PHASE, TO THE RIGHT THE INSPIRATION PHASE. THE RED LINES INDICATE THE FULL 

RANGE OF TUMOUR MOTION THAT NEEDS TO BE ENCOMPASSED WITH DOSE. 

4D MRI 

Dynamic MRI, either 2D or 3D plus time, exhibits good soft tissue contrast 

and sufficient time resolution for many applications, including analysis of 

                                                             

 
1 As Low As Reasonably Achievable– the principle of minimizing radiation doses by employing all reasonable 

methods. 



 

32 

respiratory movement (70, 75). Since it does not rely on ionizing radiation, it 

can be used to acquire long scans over several respiratory cycles without 

being restricted by patient dose constraints. It can therefore also be used for 

studies involving healthy volunteers, where the high radiation doses 

associated with 4D CT would be unacceptable. 

4D MRI of the respiratory cycle is often acquired with fast gradient echo 

(GRE) or steady state free precession (SSFP) sequences (76). In 2D 

acquisitions, the imaging plane can be placed through the tumour. In 

contrast to 4D CT, where the motion is reconstructed retrospectively, the 4D 

MRI captures the movement in real time. For the 4D CT reconstruction to 

work optimally, it is preferred that the respiratory cycle is regular in speed 

and amplitude and therefore, the patients are often required to follow audio 

or visual commands. This is not necessary using MRI, and may therefore be 

appropriate for uncooperative patients. 

Overall, image quality and detail resolution is inferior with MRI as compared 

to CT – however, the possibility of longer acquisitions may add information 

to the radiotherapy treatment planning. Studies have shown that MRI can 

identify problematic tumour motion that is not detected with 4D CT, due to 

the short scan times. For example, individual changes in breathing pattern 

during slow breathing at rest (77) and how the motion of the tumour may 

change in patients with hemidiaphragmatic paralysis (70). These 

phenomena, if undetected, can severely decrease the quality of the treatment 

plan and result in loss of tumour control. 

Although, at least at present, the image quality of 4D MRI is inferior to that 

of CT, it still has clear use in the radiotherapy treatment planning. It can be 

used to select patients that would benefit from 4D treatment planning, 

avoiding the extra radiation dose from the 4D CT scan for patients that will 

not. It can also be used to scan patients for extended periods of time to 

ensure that the tumour does not move in unexpected ways during the 

respiratory cycle, and if it does, to correct for such movement during the 

planning stages.  

Bone imaging with MRI 

Since bone is an important factor to consider during radiotherapy, due to the 

high radiation attenuation as well as the use of bony anatomy to position 

patients in image guided radiotherapy, it is important to be able to image the 

bone in the pre-treatment stages of radiotherapy. This has been a stumbling 

block for MRI based radiotherapy for many years, since MRI have not been 

able to resolve cortical bone. 
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Cortical bone, as well as some other connective tissues, has very short T2 

relaxation times, which means that the signal from such tissues decays very 

rapidly. With the echo-times used in clinical imaging, the scanner will not be 

able receive the signal fast enough and short T2 tissues will appear dark, 

contributing with no signal to the image. In order to circumvent this 

problem, there has been development of MRI protocols known as ultrashort 

echo-time (UTE) sequences (78, 79), which sample the free induction decay 

(FID) instead of the signal echo (Figure 14). By doing this, UTE sequences 

can resolve tissues, such as cortical bone, with T2 times as short as 0.4-0.5 

ms (the limit for most standard sequences is around 10 ms). In fact, 

specialised short T1 inversion time UTE (STUTE) sequences can produce 

images that accentuate cortical bone, i.e. the short T2 tissue appears 

brightest in the image. 

 
FIGURE 14. THE SHORT (LEFT) AND LONG (RIGHT) ECHOES OF A UTE SCAN. 
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Treatment planning 

Once all necessary pre-planning data has been gathered, i.e. diagnostic and 

pre-treatment imaging, medical opinions from oncologists regarding visible 

and palpable extent of disease, lab results, biopsy results and so forth, the 

treatment planning process begins. During treatment planning, the pre-

treatment imaging data is used to create a virtual patient in a computerized 

treatment planning system. Measurements for all available treatment units 

at the department are also loaded into the treatment planning system at 

machine installation, and can thereafter be simulated within the computer. 

Using sophisticated software, virtual treatments specific to the individual 

patient can be designed and evaluated to achieve an optimal treatment plan 

according to prescription. 

Prescription of treatment is clinical decision that the treating physician takes 

based on experience and it depends on the aim of the treatment – curative or 

palliative. A curative treatment requires high doses delivered with high 

accuracy in order to eradicate all viable tumour cells, while palliative 

treatments demands less of both dose and accuracy in order to sufficiently 

relieve patient discomfort. The prescription defines the dose that is to be 

delivered to the tumour and in how many fractions. 

The first prescription will often remain unchanged throughout the planning, 

but can be altered; this will for example take place if the maximum allowed 

dose to an organ at risk is exceeded during planning or the patient suffers 

unacceptable acute reactions to the radiotherapy during treatment. In both 

these cases, the prescribed dose will be reduced. 

Target delineation 

Volume definitions and margins 

The target delineation step in radiotherapy consists of defining the extent of 

tumour growth on the treatment planning image, i.e. the image that defines 

the virtual patient within the treatment planning system. The extent of 

malignancy is defined as the gross tumour volume (GTV) and may include 

primary tumour, metastatic lymph nodes or other distant metastases, and it 

is usually where the density of malignant cells is largest (80, 81). If the 

tumour has been surgically removed prior to radiotherapy, no GTV can be 

defined. 

The extent and position of the GTV may be defined using any available 

information; clinical examinations such as palpation or visual inspection or 
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different imaging techniques such as CT, MRI, PET, ultrasound and so forth. 

Even with the best possible information at hand, there will still be 

uncertainties in the GTV definition, depending on several factors: 

 
i. Visibility of the malignant tissue in the image, and the contrast of 

tumour to surrounding normal tissue. This depends on image 

modality and image quality (82).  

ii. Limited resolution in the imaging modalities, causing uncertainty 

due to the partial volume effect. This effect is often especially 

noticeable in the slice direction (83). 

iii. The level of training and experience of the clinician will affect the 

quality of the target delineation (84). 

iv. The protocol that describes what should be defined as target effects 

the delineation. If different such protocols are used, or if the 

guidelines in them are unclear, the quality of target delineation will 

be affected (84).  

v. Delineation noise, i.e. an observer will not be able to draw the same 

exact target twice even if all input variables remain constant (11). 

The uncertainty listed as number one above is somewhat mediated through a 

margin concept known as the clinical target volume (CTV). The CTV is an 

expansion of the GTV to include areas around the GTV with subclinical 

involvement, such as solitary malignant cells, small cell clusters or other 

involvement that cannot be detected during the staging procedures. The CTV 

volume is therefore applied solely for anatomic and biologic considerations, 

and does not account for any uncertainties introduced by the treatment 

itself. When defining the CTV, the local invasive potential and capacity to 

spread of the tumour must be considered, and the CTV margins therefore 

vary with tumour type and location. For example, glioblastoma multiforme 

has a very high local invasive potential and therefore require large CTV 

margins. The CTV is the volume that must be treated to the intended dose in 

order to achieve the treatment aim. 

Both GTV and CTV are geometrical concepts defined through general 

oncologic principles and are in a sense not specific to radiotherapy. During 

surgical resection of a tumour mass, the surgeon will locate the gross tumour 

(GTV) and remove it with a safety margin according to clinical judgement 

(CTV). Post-surgery, the margins will be examined to judge if the malignancy 

was radically removed or not. If remaining malignancy is suspected, post-

operative radiotherapy may be administered. In this case, no GTV can be 

defined since the gross tumour mass was removed, and treatment will be 

targeted to a CTV instead.  



 

36 

The next margin concept is, however, specific for radiotherapy – the 

planning target volume (PTV). The PTV is constructed to ensure that the 

CTV actually receives the prescribed dose by adding a margin around the 

PTV to account for the net effect of all geometrical uncertainties within the 

radiotherapy treatment, see Figure 15. Such uncertainties include 

 
i. Movement of the CTV – either due to internal organ motion, e.g. 

breathing, or movement of the patient. 

ii. Variation in shape of the CTV, e.g. due to differences in organ (such 

as the ventricle, bladder or rectum) filling. 

iii. Uncertainties in beam geometry and linac isocenter due to variations 

in linac performance. 

iv. Uncertainties in patient set-up during each treatment fraction. 

 
FIGURE 15. THE MARGIN CONCEPTS RECOMMENDED BY THE ICRU; GROSS TUMOUR VOLUME (GTV), 

CLINICAL TARGET VOLUME (CTV) AND PLANNING TARGET VOLUME (PTV). 

When constructing the PTV from a CTV, one must consider the impact all 

possible sources of variation, taking into consideration the location of the 

tumour and its properties, the use of patient immobilization devices, the use 

of imaging for patient positioning and so forth. All  of these variations should 

than be evaluated, and the PTV should be expanded from the CTV in such a 

way that the margins are large enough to ensure that even with the 

uncertainties present in the treatment, the CTV will acquire the prescribed 

dose.  

GTV
CTV
PTV
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There has been a great deal of research concerning “margin recipes”, i.e. how 

large margins should be added to compensate for geometrical errors in the 

treatment. First off, random and systematic errors affect the dose 

distribution differently. Random errors blur the dose in fractionated 

radiotherapy while systematic errors shift the dose distribution in relation to 

the target and they have different impact on the margins applied. Stroom et 

al. (85) used coverage probability matrices to derive a margin recipe that 

require that the margin should be 2 times the total standard deviation   of 

the systematic errors plus 0.7 times the total standard deviation of the 

random errors  , or expressed mathematically as 

            . 

According to Stroom and colleagues, this would ensure that 99% of the target 

volume receives 95% of the prescribed dose. Another margin recipe, which 

perhaps is the best known, was published by van Herk et al. in 2000 (86) 

and it is written as 

            . 

Van Herk and co-workers based their margin recipe on the cumulative dose 

of the CTV, and the above formulation ensures that 90% of a patient 

population will receive a minimum 95% of the prescribed dose to the CTV. 

There are other margin recipes available, which either ignore systematic 

errors or do not separate systematic and random errors, while others assume 

that all systematic errors can be measured and corrected for.  

The blurring effect on the dose distribution caused by random errors yields a 

small underdosage at the target edges which will affect all patients, whereas 

systematic errors will greatly impact the dose distribution of some patients. 

Simulations have shown that systematic errors are much more important to 

correct for when considering the impact of the errors on the effect of 

treatment, and this is also reflected in the margin recipes presented above. A 

much larger margin is required to ensure that systematic errors do not 

seriously degrade the treatment of the patient.  

Although many systematic errors are measurable and correctable with the 

right imaging equipment, such as the target being far from the mean position 

during pre-treatment imaging, others are much harder or even impossible to 

correct. An important error that cannot be readily corrected is errors in 

target delineation. Although the purpose of the PTV is to take the net effect 

of all geometrical uncertainties into account, the uncertainty of the target 

delineation is often not included in the margins.  
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MRI vs. CT 

There have been many studies published that compare delineations 

performed on different modalities, often CT and MRI (example images in 

Figure 16). For the prostate, a study by Roach et al. (87) in 1996 compared 

target volumes delineated on ten patients with a T1-weighted MRI and a CT, 

both without contrast enhancement. The images were matched using bony 

anatomy, and the delineated volumes where compared. They found that the 

average volume was 32% larger on CT as compared to MRI, and concluded 

that the prostate volume is overestimated on non-contrast enhanced CT 

scans. Kagawa et al. (88) performed a similar study in 1997 by delineating 

prostate target volumes, either only prostate or prostate and seminal 

vesicles, on 22 patients with CT and T2-weighted MRI scans. They found a 

19% reduction in target size on the MRI scan, and concluded that MRI 

localization of the prostate is more accurate than CT. They also suggested 

that MRI adds valuable information to CT by using image fusion to enable 

more precise target localization of the prostate. Debois et al. (23) found 

similar results in 1999, with a prostate volume reduction of 32% when 

delineating on MRI as compared to CT. They conclude that the use of MRI 

can substantially improve the delineation accuracy of the prostatic apex and 

the anterior aspect of the rectal wall, resulting in a better prostate coverage. 

Other groups have focused more on comparing intraobserver and 

interobserver differences between prostate delineations based on different 

modalities. Milosevic et al. (89) published a study in 1998 where three 

physicians defined the prostate apex on MRI, CT and urethrography. They 

found that the interobserver agreement was significantly improved on MRI 

scans as compared to CT, and concluded that MRI is superior to CT and 

urethrography for localization of the prostate apex. Parker et al. (90) 

published a study in 2003 where they found that the interobserver variation 

was significantly lower for delineations based on MRI as compared to CT and 

they concluded that this, in combination with a registration procedure based 

on intra-prostatic fiducial markers, could enable smaller PTV margins.  



 

39 

 
FIGURE 16. MULTI-MODALITY IMAGE SET FOR A PROSTATE CASE. FROM THE LEFT IS A CT IMAGE, A T1 

WEIGHTED MRI AND T2 WEIGHTED MRI. 

Studies that compare target delineations for other sites have also been 

presented. Weltens and co-workers (91) published a study in 2000 that 

compared target volumes in the brain for five patients delineated by nine 

physicians. They found that the interobserver variations was not reduced by 

the addition of MRI to CT data; however, the CT and MRI target volumes 

where complementary, i.e. the MRI study added information to the CT based 

target delineations as it resolved conspicuous anatomy that was not visible 

on CT alone. Prabhakar et al. (92) compared delineations on 25 patients with 

brain tumours and found that the MRI delineated volumes where 27% larger 

than CT based delineations and they also found a shift in the tumour centre 

of mass between CT and MRI based volumes. They concluded that MRI 

imaging is more sensitive than CT imaging when it comes to target 

definitions of brain tumours, and that MRI is an indispensable tool that 

should be compulsory for treatment planning of brain tumours. Datta et al. 

(24) found that CT based delineations significantly underestimated the 

target volume of high grade gliomas as compared to MRI. They concluded 

that radiotherapy treatment planning should be based on MR imaging to 

avoid geographic misses, especially for high-grade tumours with peritumoral 

edema present. 

In head and neck malignancies, studies have also demonstrated the added 

value of MR to the treatment planning process. Rasch et al. (25) published a 

study in 1997 where they compared CT and MRI based GTV definitions in six 

patients with advanced head and neck cancers. Four observers delineated the 

volumes on both modalities, and it was found that the MRI based GTVs were 

smaller and exhibited less interobserver variability than their CT based 

counterparts, and concluded that MR and CT are complementary for target 

delineation. Emami et al. (93) compared target definitions of 

nasopharyngeal carcinomas on eight consecutive patients. In these cases, it 

was found that the MR based target volumes were 74% larger than the CT 
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based delineations and more irregular, leading the group to conclude that 

CT/MRI fusion improved the target definition in this region. Chung et al. 

(94) also studied patients with nasopharyngeal carcinoma. They enrolled 

258 patients in the study, and found that 104 patients had intracranial 

infiltrations that were detected with MRI but not with CT. Involvement of 

the pterygopalatine fossa was also detected to higher degree using MRI as 

compared to CT, 96% and 57% respectively. They concluded that MRI is 

more accurate for staging and target delineation of nasopharyngeal cancer 

for radiotherapy treatment planning. 

Arnold et al. (27) studied the use of magnetic transfer MRI for target 

delineation of targets within in the lung, prompted by the significant 

interobserver variation of tumour definitions based on CT. They found that 

the magnetic transfer technique provided similar information as FDG PET 

regarding tumour heterogeneities, and also that it may improve the 

discrimination between tumour mass and surrounding atelectasis. Aoyama 

and co-workers (26) investigated tumour delineations in the central nervous 

system for 41 patients, and found that CT/MRI image fusion significantly 

reduced inter-observer variations for GTV definitions in the central nervous 

system. 

Overall, the studies conclude that MRI target definitions are more precise 

than CT definitions or that the information in the MR images is 

complementary to that of CT images and add significant value to the tumour 

delineations, with the potential to increase accuracy of radiotherapy 

treatments. 
 

Forward and inverse planning 

Once the target is defined, the process of setting up the computer simulation 

of the treatment begins. Traditionally and perhaps most commonly used 

today, is “forward” treatment planning. Forward planning entails that the 

therapy planner places simulated beams onto the virtual patient which 

traditionally consist of the pre-treatment CT image together with a definition 

of the external contour, the target volumes and other volumes of interest, 

such as organs at risk. The therapy planner has a number of decisions to 

make during this process; how many beams to use, from which angles they 

should enter into the patient, how to angle the treatment head containing the 

collimators, the size and shapes of the beam apertures, whether or not to use 

wedges to adjust the intensity across any beams and so on. Once all virtual 

beams have been set up, the therapy planner will have the software calculate 

the dose distribution of the simulation (more on this topic later), evaluate 
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the result and change parameters if necessary. Even for a very skilled and 

experienced treatment planner, this is a very iterative process – it is unlikely 

that the first try will result in an acceptable plan for even fairly simple cases 

with only a couple of beams and reasonably simple target geometry. For 

complex shapes, such as concave geometries, achieving a conformal plan is 

difficult. This prompted the advent of inverse treatment planning and 

intensity modulated radiation therapy (IMRT). The paper that normally is 

considered the “start” of IMRT was published in 1982 by Brahme (95). 

Inverse planning implies that the therapy planner pose a number of 

optimization goals for the computer to consider; e.g. the target must receive 

a minimum dose of 47.5 Gy but no more than 52.5 Gy, while a risk organ 

close to the target must not receive more than 20 Gy. The computer will then 

proceed to optimize the beam arrangement in order to produce a plan that 

fulfils the requirements defined by the therapist. To achieve the best possible 

conformance (with a limited number of beams to make it deliverable in 

practice), the beams will be intensity modulated, i.e. each beam will have a 

non-uniform intensity profile. The intensity modulation is created by 

building each beam using segments, i.e. using different apertures within 

each beam to build up the intensity profile. Treatments generated using this 

technique can achieve high levels of target conformance and very sharp dose 

gradients, making dose escalation to the target possible without increasing 

doses to surrounding organs at risk. The difference in dose distributions can 

be appreciated in Figure 17. 

 
FIGURE 17. DOSE DISTRIBUTIONS GENERATED WITH FORWARD PLANNING (4-FIELD BOX) TO THE LEFT 

AND INVERSE PLANNING (VMAT) TO THE RIGHT. BOTH PLANS ARE NORMALISED TO THE SAME DOSE 

OF 60 GY IN 30 FRACTIONS. 

A problem with IMRT delivery is that is time-consuming due to the large 

number of beams and segments that is delivered – this decreases the patient 

through-put and may also be detrimental to the treatment itself, due to the 

increasing risk of intra-fractional movement of the patient or tumor. This in 
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turn sparked interest in accelerating the delivery of highly conformal plans. 

In 2008, Karl Otto published a novel method of volumetric modulated arc 

therapy (VMAT) which delivers the dose to the patient in an arc of up to 

360° around the patient (96). This method proved to generate equivalent 

dose distributions as compared to static angle IMRT and could deliver a 2.0 

Gy fraction in 1.5 – 3.0 minutes. The VMAT technique also employs an 

inverse planning procedure, but delivers the dose by continuously rotating 

the gantry and moving the multi-leaf collimator (MLC) while modulating the 

dose rate from the accelerator. 

 

Dose calculations 

In radiotherapy, the dose is defined as the mean imparted energy by ionizing 

radiation to the irradiated tissue; i.e. the prescription is given in terms of the 

effect that the radiation has on the subject, not the amount of radiation that 

should be delivered to the patient. This differs from most pharmacological 

prescriptions, where the dose refers to the amount of a medication that 

should be given to the patient (for example one pill, twice daily). The analogy 

in radiotherapy would be to prescribe “200 units of radiation to the patient” 

instead of “2 Gy of absorbed dose to the tumour”. This means that the 

absorbed dose to the target in each patient must be accurately determined. 

Since it is not practical, or even possible, to place dosimeters inside the 

patient at all locations that are of interest and measure the dose, the 

absorbed dose must be accurately modelled and calculated. 

There are several methods of calculating dose of different complexity and 

accuracy. The simplest and most straightforward form of dose modelling is 

probably factor based calculations. This method is based on measuring the 

absorbed dose in some reference condition and then measuring how the dose 

changes as the beam properties are changed (field size, depth in medium and 

so forth). From these measurements, correction factors can be determined 

and tabulated. The absorbed dose can then be calculated by multiplying the 

dose in the reference condition with the appropriate correction factors for 

the current conditions. Factor based calculations are empirical and simple to 

use; however, they are not very accurate. One cannot, for example, measure 

and tabulate the correction factor for every conceivable beam aperture 

produced by the MLC. Also, such models do not consider tissue 

inhomogeneities in the patient to satisfactory extent. They can take the 

radiological depth on the central field axis into account, i.e. the water 

equivalent depth in tissue, but disregard tissue inhomogeneities outside the 

central axis that affects the amount of scattered radiation. 
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These weaknesses, in combination with the increasing availability of 

powerful computers, prompted the development of more sophisticated and 

general methods of dose modelling. The standard method in modern 

treatment planning systems is dose convolution using energy deposition 

kernels (EDKs). The two most common forms of EDKs are pencil kernels 

and point kernels, see Figure 18. A point kernel describes the energy 

deposition in an infinite medium around a primary photon interaction site, 

while a pencil kernel describes the energy deposition in a semi-infinite 

medium from a monodirectional beam with a point cross-section. EDK 

convolution uses interaction data of the patient (usually a CT) in order to 

calculate the dose accurately. 

 
FIGURE 18. SCHEMATIC ILLUSTRATION OF TWO DIFFERENT ENERGY DEPOSITION KERNELS, POINT 

(LEFT) AND PENCIL BEAM (RIGHT). ISODOSES ARE DISPLAYED AS SOLID LINES. 

MRI data for calculations 

As MRI images magnetic properties, it does not reflect the radiation 

interaction properties of the patient at all. This is of course problematic 

when accurate dose calculations are necessary. Several studies have been 

published which aim to synthetically assign information on electron density 

to MR images in order to overcome this problem. One of the first studies 

published concerning clinical dose calculations based on MR data came in 

2003, by Lee et al. (37). They compared dose calculations based on CT and 

MRI for four patients with prostate cancer, using their standard three field 

beam setup. The method they employed to enable dose calculations on MRI 

data was to assign bulk densities to segmented areas of the patient; all soft 

tissue was assigned the density of water and all bone was assigned the mean 

density of bone in the patient population within the study, as found on the 

CT scans. The comparison showed that the dosimetric differences between 

CT and bulk density based calculations were negligible according to the 
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authors. They also compared CT based calculations to calculations based on 

images with only one bulk density, i.e. the entire patient was given the 

density of water. This produced dose differences larger than 2%. In 2004, 

Chen et al. published two studies (97, 98) where they compared prostate 

treatment plans based on CT and homogeneous MRI data, i.e. assigned the 

single bulk density of water equivalent material. They investigated IMRT 

planning in the first study and conformal planning in the second one, both 

enrolling 15 patients. They reported a difference in D95 for the prostate <2% 

for the IMRT planning study between CT and MRI based treatment plans 

and <1% for the conformal planning study. In the conformal planning study, 

they compared non-inhomogeneity corrected CT data to the homogeneous 

MRI data, which certainly would mitigate the need for more elaborate 

conversions from MRI to density maps. It is not explicitly stated whether or 

not the IMRT study was performed on non-inhomogeneity corrected CT 

data, but that is probably the case since it was done in this manner for the 

conformal planning study. Prabhakar et al. (99) investigated MRI based 

planning in the brain for 25 patients in 2006. They compared plans 

generated on inhomogeneity corrected CT and homogeneous MRI data, and 

found that the differences in dosimetric parameters were within ±2%. They 

concluded that MRI based treatment planning for brain lesions is feasible 

and that it produces equivalent dosimetric results as compared to CT based 

planning. In 2008, Eilertsen et al. (100) published a study on simulated MRI 

data (bulk density assigned CT images) based on image data from ten 

patients. They compared the inhomogeneity corrected CT plan (DDDP) to 

plans with (i) the entire anatomy assigned the bulk density of water (DDW), 

(ii) all soft tissue set to water and bone set to a density of 1.3 g/cm2  (DDW+1.3) 

and (iii) same as (ii) but with bone set to 2.1 g/cm2  (DDW+2.1). They 

compared both conformal four-field plans and IMRT plans and found that 

the DDW+1.3 plans performed best, with a population mean error in the mean 

dose to the CTV of 0.2% [-1.6%,1.5%]. They concluded that limited tissue 

segmentation into soft tissue and bone is an appropriate approach to 

calculate the dose distribution on MRI data; however, they also cautioned 

that larger discrepancies up to 4% in maximum dose were found for organs 

at risk, and care should be taken when evaluating the dose to tissues that 

respond to radiation in serial fashion (i.e. it is the maximum rather than the 

average dose that determines the degree of tissue damage). 

In 2010, we published a study (Paper I) that evaluated the bulk density 

approach for different treatment sites; pelvis, thorax, head and neck as well 

as brain, each location including ten patients (101). We compared conformal 

treatment plans based on inhomogeneity corrected CT images, homogenous  

CT images, bulk density assigned CT images for all sites, as well as bulk 

density assigned MRI data for the pelvic and thoracic areas. Bulk density 
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assigned MRI data was not included for head and neck areas due to 

incompatibility of the radiotherapy fixations and the MRI scanner. We found 

that the maximum difference in MUs to reach the prescribed dose for bulk 

density assigned CT data was 1.5%, and this occurred in the brain. The 

maximum difference for bulk density assigned MRI data was 0.9% for both 

the pelvic and thoracic areas. We also evaluated D95 and found that the 

mean difference between bulk density assigned CT data and inhomogeneity 

corrected CT data was within ±1%. Overall, we concluded that the dosimetric 

accuracy is not a limiting factor when considering the feasibility of MRI 

based treatment planning; however, the time consuming task of manually 

segmenting the structures necessary for bulk density assignments makes it 

highly impractical.  

In 2011, Lambert et al. published a large study on 39 patients where they 

compared prostate treatment plans generated on CT to bulk density assigned 

CT plans and bulk density assigned MRI plans (102). They found the 

difference between the CT plan and the bulk density CT plan to be 0.1±0.6% 

and the difference between the CT plan and bulk density MRI plan to be -

1.3±0.8%. They attributed the larger difference between the CT and MRI 

plans to differences in the external contour caused by the MRI couch-top and 

pelvic coil, and commented that the procedure of segmenting the tissue 

classes on MRI must be automated in order for MRI based planning to 

become clinically applicable. Later in that same year, Lambert co-authored a 

paper together with Dowling and co-workers were they introduced an atlas-

based segmentation algorithm to automatically segment MRI scans into 

tissue classes using the same patient population (103). They found that dose 

differences between the CT and the automatically segmented pseudo-CT to 

be within 2%, almost all of which could be attributed to differences in 

external contour, and concluded that the presented method provided the 

necessary tools for MRI based radiotherapy in the clinic. 

Another approach to automatically generate density information based on 

MRI data is voxel-based density assignment as presented by Johansson et al. 

(104–106). Using a Gaussian mixture regression model, the Hounsfield units 

from a CT was linked to the voxel intensities in three different MRI data sets; 

two dual echo UTE sequences with different flip angles and one T2 weighted 

spin echo sequence. Using the model, a substitute CT image could be 

generated from MR image data. In Paper IV, we produced plans on 

substitute-CT (s-CT) data for five patients with intracranial targets using this 

method and compared them to full-density CT plans. We also compared 

homogenous MRI plans and bulk density MRI plans (examples of image data 

used for treatment planning can be seen in Figure 19) to CT-based plans. 

Three targets were defined within each patient to evaluate the s-CT 
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performance in different regions of the skull. The mean patient population 

difference in isocenter point dose (centre of target) for all locations was 

within 0.5 percentage points between CT and s-CT, and was not statistically 

significant. Gamma map comparisons showed good agreement between CT 

and s-CT with gamma indices close to 98% with 3%/3 mm acceptance 

criterion. Conclusions were that the s-CT method produces data suitable for 

dose calculations of intracranial targets, and that it is clinically feasible due 

to the fully automatic and fast generation (~1 min calculation time and 6 

minutes added to the MR imaging session). 

 
FIGURE 19. A CT IMAGE (LEFT), BULK DENSITY IMAGE (MIDDLE) AND SUBSTITUTE CT IMAGE (RIGHT) 

USED FOR DOSE CALCULATIONS IN PAPER IV. 

Geometric distortions also affect the dose calculations, and indeed the 

treatment planning overall. Image distortions are mainly caused by 

inhomogeneities in the main magnetic field or by gradient non-linearity. 

There are methods available to correct for such scanner induced distortions 

and appropriate software is often supplied by the vendor of the MRI scanner. 

Distortions can also be caused by the patient; e.g. air-pockets within the 

patient can cause magnetic field distortions. Patient-induced distortions can 

be mitigated by acquiring two images with opposing read-out gradients, and 

using the information from the two images to map the distortions and 

correct for them. Reinsberg et al. achieved good results using a mutual 

information based approach to distortion mapping (107). Image distortions 

due to susceptibility effects and chemical shift in conventional MR imaging 

are inversely proportional to the gradient field strength, so that stronger 

gradients will minimize such distortions at a cost of more image noise. 

Phantom studies have shown the residual distortion for clinical sequences to 

be within 1 mm (99, 108). Also, Crijns et al. have suggested using phase-

encoding only to produce inherently distortion free MR images (109), 

although further development is necessary before clinical introduction.  
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Patient positioning and treatment 

In order to decrease the errors associated with patient positioning during 

radiotherapy treatment, several methods and systems are employed. As 

discussed in an earlier section in this thesis, patient immobilization is one 

method to increase the accuracy; by placing the patient in a well-defined 

geometry, for example a face mask, the patient position will be easier to 

reproduce. The actual patient placement on the treatment couch, however, is 

commonly determined using lasers that intersect in the beam isocenter. 

Marks and tattoos on the patient that are defined during pre-treatment 

imaging, also with the aid of intersecting lasers, allow the therapists to align 

the patient with the planned treatment position. Other systems that employ 

the patient surface for positioning are surface scanning systems as those 

described in the section on Virtual fixation; by scanning the patient surface, 

the system can calculate how to move the treatment couch (usually called the 

couch delta). However, the patient surface may not be an adequate fiducial 

for the internal anatomy of the patient in cases where the tumour is not 

superficial. In these cases, medical imaging using different modalities can be 

employed to identify the tumour and adapt the patient position to 

successfully treat the malignancy in a process called image guided 

radiotherapy (IGRT). The most common modalities used for image guidance 

are planar x-ray images acquired with either kV or MV energies and kV cone 

beam CT (CBCT). A key aspect of an image guidance system is that it needs 

to be in a calibrated position in reference to the treatment coordinate system. 

It also needs to have sufficient soft tissue contrast to resolve the tumour 

unless a fiduciary is used to pinpoint the target, such as a marker or bony 

anatomy. The procedure of acquiring and reconstructing the images and 

perform any changes that are deemed necessary should also be rapid. 

As it is the tumour location that is prioritized in order to achieve an accurate 

treatment and higher probability of tumour control, the images acquired 

before treatment must be able to resolve the target position. Of the common 

commercially available systems, CBCT has the best soft tissue contrast; 

although not as good as a dedicated CT scanner. CBCT uses a flat-panel 

detector and a conventional x-ray tube to scan an entire volume at once, 

while a conventional CT scanner (fan beam) scans thin sections of the 

patient. The volumetric operation of the CBCT entails that scattered 

radiation contaminates the image, leading to a loss of contrast. The planar x-

ray imaging techniques using kV or MV energies have poor soft tissue 

contrast and are mainly used to identify bony landmarks or fiducial markers 

in patients where such surrogates can be used for determination of tumour 

position. 
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Fiducial markers have been studied for use in the treatment of prostate 

cancer. Dehnad et al. published a study in 2003 where they investigated the 

feasibility of implanting gold seeds into the prostate gland for positioning of 

the patient (17). Ten patients were enrolled into the study and had between 

one and three fiducials implanted into the prostate under ultrasound 

guidance. No major complications following seed implantation were found. 

The investigators studied prostate deformation and seed migration, as well 

as translations and rotations of the prostate. They found that deformation 

and seed migration were small and that fiducial markers are safe and 

appropriate for positioning of prostate cancer patients. Later that same year, 

Nederveen et al. published a study that compared patient positioning based 

on bony anatomy and fiducial markers using MV imaging on 23 patients 

(110). They compared the treatment planning CT studies to a total of 2025 

MV planar images and reviewed random and systematic errors for the two 

positioning methods. It was found that the gold seeds enabled correctional 

strategies that could reduce the systematic error in the target position to 

below 1 mm. Patient positioning based on bony anatomy, on the other hand, 

actually increased the systematic error in the treatment for some patients 

while the population mean decreased. Gold fiducial marker implantation for 

positioning of prostate cancer patients has been widely implemented into 

clinical practice and is at present commonly used. Images used for patient 

positioning based on fiducial markers can be seen in Figure 20. 

 
FIGURE 20. A DIGITALLY RECONSTRUCTED RADIOGRAPH (DRR) GENERATED FROM THE TREATMENT 

PLANNING CT IMAGE SET TO THE LEFT AND THE ACTUAL PLANAR X-RAY IMAGE ACQUIRED ON THE 

ACCELERATOR TO THE RIGHT. THE GOLD FIDUCIALS IMPLANTED INTO THE PROSTATE ARE CLEARLY 

VISIBLE IN BOTH IMAGES. 

Provided that patient position at treatment is verified using imaging 

modalities with limited soft tissue contrast resolution, fiducial markers are 

necessary for accurate positioning, at least in treatment of prostate cancer. If 

MR images are included in the treatment planning process, fiducials that are 
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visible in all used imaging modalities should be used. Gold fiducials are 

visible in both x-ray modalities (as an area of high attenuation) and MRI (as 

an area of signal loss); however, they do exhibit susceptibility artefacts in 

MR images which may cause geometric inaccuracies. Schenck examined 

susceptibility effects in an excellent and very extensive paper published in 

1996 (39). He found that even very minute differences in magnetic 

susceptibility between imaged materials, as small as 9 ppm, could cause 

positional errors of several millimetres in MR imaging. This would be 

unacceptable for fiducial markers, where geometrical accuracy is imperative. 

In Paper III, we examined the effect of susceptibility on the positional 

accuracy of fiducial markers using both simulations and phantom 

measurements of five different gold fiducials (111). We evaluated the effect of 

different marker susceptibilities, bandwidths, marker radii and marker 

placement relative to the magnetic field. We found that, for all tested 

parameters, the marker positional deviation was <1 mm. We therefore 

concluded that cylindrical gold markers can be used as internal fiducial 

markers for MR imaging. 

Since the soft tissue contrast is excellent with MRI, using it as an image 

guidance modality would limit the need for fiducial markers. A number of 

suggestions have been published on how to use MRI for IGRT. Kron et al. 

proposed a device able to deliver helical tomotherapy (a treatment unit 

functioning similarly to a CT) using two 60Co sources with MLCs integrated 

with an open low-field MRI scanner (112). In addition to superior soft tissue 

contrast for patient positioning, the integrated MRI scanner could enable 

image acquisition simultaneous to the treatment, which could be used for 

tumour tracking and dose reconstruction. ViewRay, a Florida based 

company, has received FDA clearance for an integrated radiotherapy/MRI 

system also using an open low-field scanner and three 60Co sources. 

However, there is little information published regarding detail in design and 

performance of the system. Lagendijk et al. (113) at the University Medical 

Center Utrecht proposed a different integrated system in 2008; a high-field 

1.5 T MRI scanner together with a 6 MV linear accelerator. The scanner 

would deliver diagnostic quality imaging with capability to identify function 

and physiology, as well as provide image guidance in real-time. In 2009, the 

same group published a proof-of-concept paper (114) upon completion of a 

prototype where they demonstrated that the scanner could produce 

diagnostic quality images with the radiation beam on, and have since then 

published several papers on integrated MRI/radiotherapy such as gated 

treatment (115) and one-dimensional tracking at the MRI linac (116). Other 

groups have proposed to use a separate MRI scanner for image guidance. At 

the Princess Margaret Hospital in Toronto, a 1.5 T MRI on rails is installed at 

the radiotherapy department, i.e. an MRI scanner that can be moved into the 
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treatment room, scan the patient and then be removed from the room. In 

Umeå, Karlsson et al. (117) proposed placing an MRI scanner in a room 

adjacent to a radiotherapy suite and that the immobilized patient is moved 

from the scanner to the treatment room via a transport trolley post-imaging. 

The MR imaging session would take approximately 5 minutes and the 

transfer from MRI to linac approximately 2 minutes. 

Correction protocols for systematic errors 

There are mainly two strategies for correcting differences in target position 

between the pre-treatment planning images and the images acquired at the 

accelerator; off-line and on-line correction. Off-line protocols aim to correct 

any systematic errors present in the treatment due to a large deviation from 

the mean in target position during pre-treatment imaging, with a limited 

addition in workload. Since systematic errors are the main contributing 

factor in common margin recipes, this strategy will enable a significant 

margin reduction without the need to image the patient at every fraction. De 

Boer et al. (118) presented a no-action level (NAL) protocol in 2001 which 

showed, using both measurements and simulations, that the accuracy of 

treatment could be significantly improved with a limited number of imaged 

sessions and small increase in workload. The NAL protocol was later 

expanded to include weekly follow-up measurements to correct for time-

trends or transitions in the treatment (119). 

On-line protocols aim to correct for differences in target position on a day-

to-day level before each fraction is delivered. Since imaging at the accelerator 

has become increasingly efficient, this is a viable option at modern 

radiotherapy departments. The obvious advantage to on-line correctional 

strategies is that it corrects for both systematic and random errors.  

Inter-fractional movement 

Inter-fractional movement refers to changes in target position that occurs in 

between fractions. This is most common with organs within or in proximity 

to the digestive system such as the prostate, bladder, rectum and the female 

reproductive system. It can also occur in patients that experience significant 

weight change during the treatment period. 

There has been a large amount of published studies on inter-fraction 

movement of the prostate gland. Crook et al. (120) studied prostate motion 

compared to bony anatomy on 55 patients with implanted fiducial markers 

between the pre-treatment CT image and a follow-up CT scan acquired at 36-

40 Gy (about 4 weeks) into the treatment regimen. They found that the 
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prostate motion was on average 0.56 cm in the posterior direction and 0.59 

cm in the inferior direction, with 30% and 11% of patients exceeding 1 cm 

motion in the posterior and inferior direction, respectively.  Balter et al. (121) 

studied prostate motion on ten patients with implanted fiducials using 

planar imaging over the course of treatment. The maximum prostatic 

displacement found was 7.5 mm, although typical motion was 0-4 mm. They 

also found that the prostate motion was generally greater in the anterior-

posterior and inferior-superior directions. Van Herk et al. (122) acquired 

four CT scans during the course of treatment for eleven patients and 

evaluated prostate motion relative to the pelvic bone using image 

registration. They found that the prostatic motion was greatest in the 

anterior-posterior direction with a standard deviation of 2.7 mm followed by 

the inferior-superior direction with a standard deviation of 1.7 mm. They 

also detected a significant rotation of 4.0 degrees (1 SD) of the gland around 

the left-right axis. Roeske et al. performed a similar study where ten patients 

were followed with weekly CT scans (123). Evaluations of the centre of mass 

movement showed that the prostate moved less than 1 mm in the left-right 

direction, but as much as ±1 cm was detected in the anterior-posterior and 

inferior-superior directions. The magnitude of motions presented in the 

above papers indicates that corrections for inter-fraction motion are 

necessary for accurate radiotherapy of the prostate. 

Van de Bunt and colleagues investigated inter-fractional changes of the 

uterine cervix using weekly MR scans of 20 patients in order to derive 

margins that could account for movements of the target (124). The motion of 

the cervix and uterus is not at all trivial; in contrast to the prostate, it is 

highly deformable. They found that the CTV required large margins to 

account for movement and deformation; e.g. 24 mm in the anterior direction 

and 17 mm in the posterior direction. There has also been studies regarding 

the use of internal fiducial markers in gynaecological malignancies; however, 

the marker fixation within the target was poor and technical improvement of 

the technique is necessary if it is to be used clinically (125).  

Dose delivery and intra-fractional movement 

The dose delivery at the machine can take several minutes depending on the 

complexity of the plan and the amount of radiation that is to be delivered. 

IMRT with high degrees of modulation will be very time-consuming while 

VMAT delivery is fast, taking only about 3 minutes to deliver even highly 

conformal plans. As treatment times extends, the movement of the target 

within the short time frame, i.e. intra-fractional movement, becomes an 

issue. 
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Intra-fraction movement of the prostate has been studied by several groups. 

Mah et al. used MRI to scan the prostate motion over a period of 9 minutes 

(126). They found the mean displacement of the prostate to around close to 0 

mm for all major axis. Although large movements of up to 12 mm did occur, 

such large displacements did not persist but the organ moved back to its 

original position. They concluded that the effect of short term movement of 

the prostate was negligible and that no additional margin was needed in 

order to account for intra-fractional movement of the prostate. Nederveen et 

al. also studied intra-fractional movement of the prostate using a flat-panel 

detector during treatment on ten patients (127). They found a maximum 

prostate movement of 9.5 mm during a 2 to 3 minute fraction – however, 

they too found that the mean displacement was small; 0.3 mm and -0.4 mm 

in the inferior-superior and anterior-posterior directions, respectively. For 

the majority of the investigated patients, a 1 mm added margin would be 

sufficient to account for intra-fraction motion of the target, provided that the 

imaging is performed at intervals of 2-3 minutes. For some patients, more 

frequent imaging or an added margin of 2-3 mm was recommended to 

account for intra-fractional movement. The perhaps most extensive study on 

intra-fractional motion of the prostate was published in 2007 by Kotte et al., 

were 427 patients and a total of 11,426 fractions were analysed (128). They 

found that motion of the prostate does occur during the 5-7 minute time 

period of a normal treatment fraction, but that a 2 mm margin would 

account for the intra-fractional motion of the prostate. 

Intra-fractional motion of the cervix has also been investigated. Kerkhof et 

al. (64) studied the motion of the CTV in 22 cervical cancer patients at the 

University Medical Center Utrecht before and during their treatment using 

MR imaging. Using no registration, bony anatomy registration and soft 

tissue registration, the residual maximum displacement was found to be 10.6 

mm, 9.9 mm and 4.0 mm, respectively, for all points on the CTV contour. 

They conclude that soft tissue registration, which can be provided by 

subvolume registration of MR images, can significantly reduce the impact of 

intra-fraction motion. This would be possible to achieve using an MRI/linac. 
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Summary of publications 

Paper I 

Jonsson, J. H., Karlsson, M. G., Karlsson, M., & Nyholm, T. (2010). 

Treatment planning using MRI data: an analysis of the dose 

calculation accuracy for different treatment regions. Radiation 

oncology (London, England), 5, 62. 

Background: Because of its superior soft tissue contrast, the use of 

magnetic resonance imaging (MRI) as a complement to computed 

tomography (CT) in the target definition procedure for radiotherapy is 

increasing. In order to keep the workflow simple and cost effective, as well as 

to reduce patient dose, it is natural to work towards a treatment planning 

procedure based entirely on MRI. In Paper I, we investigated the dose 

calculation accuracy for different treatment regions when using bulk density 

assignments on MRI data and compared it to treatment planning based on 

CT data. 

Methods: MR and CT data were collected retrospectively for 40 patients 

with prostate, lung, head and neck, or brain cancers, ten of each diagnosis. 

Comparisons were made between calculations based on CT data with and 

without inhomogeneity corrections and on MRI or CT data with bulk density 

assignments. The bulk densities were assigned using manual segmentation 

of tissue, bone, lung, and air cavities. 

Results: The deviations between calculations on CT data with 

inhomogeneity correction and on bulk density assigned MR data were small. 

The maximum difference in the number of monitor units required to reach 

the prescribed dose was 1.6%. This result includes effects of possible residual 

geometrical distortions of the external contour. 

Conclusions: The dose calculation accuracy at the investigated treatment 

sites is not significantly degraded when using MRI data when adequate bulk 

density assignments are made. With respect to treatment planning, MRI can 

replace CT in all steps of the treatment workflow, reducing the radiation 

exposure to the patient, removing any systematic registration errors that 

may occur when fusing MR and CT.  The extra time and cost of the CT scan is 

also avoided. 

  



 

54 

Paper II 

Jonsson, J. H., Garpebring, A., Karlsson, M. G., & Nyholm, T. (2011). 

Internal Fiducial Markers and Susceptibility Effects in MRI-

Simulation and Measurement of Spatial Accuracy. International 

journal of radiation oncology, biology, physics, 1–7. 

Background: It is generally accepted that magnetic resonance imaging 

(MRI) is preferable to computed tomography (CT) in radiotherapy target 

delineation for certain diagnoses. To benefit from this, there are two options 

available: transferring the MRI delineated target volume to the planning CT 

via image registration, or performing the treatment planning directly on the 

MRI study. A precondition for excluding the CT study is the possibility to 

define internal structures visible on both the planning MRI and on the 

images used to position the patient at treatment. In prostate cancer 

radiotherapy, internal gold markers are commonly used, and they are visible 

on CT, MRI, x-ray, and portal images. The depiction of the markers in MRI 

is, however, dependent on their shape and orientation relative the main 

magnetic field because of susceptibility effects. In Paper II, these effects are 

investigated and quantified using both simulations and phantom 

measurements.  

Methods: Software that was able to simulate the magnetic field distortions 

around user defined geometries of variable susceptibilities was constructed. 

These magnetic field perturbation maps were then reconstructed to 

simulated MR images that were evaluated. The simulation software was 

validated through phantom measurements of four commercially available 

gold markers of different shapes and one in-house gold marker.  

Results: Both simulations and phantom measurements revealed small 

position deviations of the imaged marker positions relative the actual marker 

positions (<1 mm).  

Conclusion: Cylindrical gold markers can be used as internal fiducial 

markers in MRI without severe geometric errors, provided that appropriate 

sequences are chosen. 
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Paper III 

Jonsson, J. H., Brynolfsson, P., Garpebring, A., Karlsson, M., Söderström, 

K., & Nyholm, T. (2011). Registration accuracy for MR images of the 

prostate using a subvolume based registration protocol. Radiation 

oncology (London, England), 6(1), 73. 

Background: In recent years, there has been a considerable research effort 

concerning the integration of magnetic resonance imaging (MRI) into the 

external radiotherapy workflow, motivated by the superior soft tissue 

contrast as compared to computed tomography (CT). Image registration is a 

necessary step in many applications, e.g. for target delineation or patient 

positioning. In Paper III, we investigate the dependence between the 

registration accuracy and the size of the registration volume for a subvolume 

based rigid registration protocol for MR images of the prostate. 

Methods: Ten patients were imaged in the MR scanner four times each over 

the course of radiotherapy treatment using a T2 weighted sequence. The 

images were registered to each other using a mean square distance metric 

and a step gradient optimizer for registration volumes of different sizes. The 

precision of the registrations was evaluated using the centre of mass distance 

between the manually defined prostates in the registered images. The 

optimal size of the registration volume was determined by minimizing the 

standard deviation of these distances. 

Results: We found that prostate position was most uncertain in the 

anterior-posterior (AP) direction using traditional full volume registration. 

The improvement in standard deviation of the mean centre of mass distance 

between the prostate volumes using a registration volume optimized to the 

prostate was 3.9 mm (p < 0.001) in the AP direction. The registration 

volume size that provided the best results was a 0 mm margin added to the 

prostate gland as outlined in the first image series. 

Conclusions: Repeated MR imaging of the prostate for therapy set-up will 

require high precision tissue registration. With a subvolume based 

registration, the prostate registration uncertainty can be reduced down to 

the order of 1 mm (1 SD) compared to several millimetres for full volume 

registration based on the whole pelvis. 
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Paper IV 

Jonsson, J.H., Johansson, A., Söderström, K., Asklund, T., Nyholm, T. 

(2013). Treatment planning of intracranial targets on MRI derived 

substitute CT data. Manuscript. 

Background: The use of magnetic resonance imaging (MRI) as a 

complement to computed tomography (CT) in the target definition 

procedure for radiotherapy is increasing. To eliminate systematic 

uncertainties due to image registration, a workflow based entirely on MRI 

may be preferable. In the pilot study presented in Paper IV, we investigate 

the dose calculation accuracy for automatically generated substitute CT (s-

CT) images of the head based on MRI. We also produce digitally 

reconstructed radiographs (DRRs) from s-CT data to evaluate the feasibility 

of patient positioning based on MR images. 

Methods: Five patients were included in the study. The dose calculation 

was performed on CT, s-CT, s-CT data without inhomogeneity correction and 

bulk density assigned MRI images. Evaluation of the results was performed 

using point dose and dose volume histogram (DVH) comparisons as well as 

gamma index evaluation. 

Results: The results demonstrate that the s-CT images improves the dose 

calculation accuracy compared to the method of non-inhomogeneity 

corrected dose calculations (mean improvement 2.0 percentage points) and 

that it performs almost identically to the method of bulk density assignment, 

without the need for manual segmentation of bone, air and soft tissue. The s-

CT based DRRs appear to be adequate for patient positioning of intra-cranial 

targets, although further investigation is needed on this subject. 

Conclusions: The s-CT method is very fast and yields data that can be used 

for treatment planning without sacrificing accuracy.  
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Conclusions 

There are several conceivable paths to integrate MRI more closely into the 

radiotherapy workflow in order to achieve greater geometrical accuracy in 

the treatment. The main benefit of MRI is the high soft-tissue contrast, 

which is highly important during the target delineation process to define the 

target with increased accuracy. It can also be used for image guidance to 

position the patient with respect to the tumour location; i.e. positioning 

directly on the target rather than surrogates, such as bony anatomy, fiducial 

markers or the patient surface. However, MRI integration should not be 

forced into the radiotherapy workflow at the price of added uncertainties due 

to image registration errors, loss of dosimetric validity or inaccurate patient 

positioning. These issues have been investigated in this thesis, and also by 

several other groups which have been mentioned in the previous chapters. 

A prerequisite for using MRI images in radiotherapy treatment planning is 

that the images are distortion free or at least that the magnitude of distortion 

is sufficiently small. As discussed in the section on MRI data for dose 

calculations, distortions in conventional MRI images have been investigated 

and they can be corrected for to the point of <1 mm. There have also been 

suggestions on how to produce inherently distortion free MR images. Before 

MR is to be added into the treatment chain at any radiotherapy department, 

the geometric distortions should be evaluated at that clinic for the specific 

sequences that are to be used. 

In order to use MRI for delineations without adding large geometric 

uncertainties, there are two options available; (i) defining the target on the 

MR image and transfer the delineation onto the treatment planning CT using 

sufficiently accurate registration methods or (ii) delineating the target on the 

MR image and using MR data for dose calculations without degrading the 

calculation quality. For option (i), normal rigid registration may be sufficient 

for targets within the brain, as the cranium to a large extent defines the 

anatomy of that area. For other sites, such as the prostate, traditional rigid 

registration will not yield results accurate enough due to the highly mobile 

internal anatomy. Landmark registration of fiducial markers is generally 

considered accurate and may be acceptable for target transfer between MRI 

and CT image sets. In Paper II, we investigated the accuracy of the apparent 

marker position in MR images and found the maximum error to be <1 mm. 

Subvolume based registration techniques are also an available option; 

several groups have studied the registration accuracy of this approach for 

different modalities and have found the square root of the sum of squares of 
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individual residuals (1 SD) to be about 2-3 mm which is in line with our 

results presented in Paper III for MRI-MRI registrations. 

In order to apply option (ii), the MRI data must be manipulated to supply 

the treatment planning system with electron density data in order to be able 

to perform dose calculations. In Paper I, we investigated the bulk density 

assignment approach and found that the maximum difference between bulk 

density based calculations and CT based calculations was within 1.5% and 

that the mean difference in D95 was within ±1% for all investigated sites. 

Other groups have also studied this approach and found similar results. 

However, the method of manual bulk density assignment is time-consuming 

and is therefore not realistic for clinical use. Therefore, we investigated the 

dosimetric accuracy of an automated approach for electron density 

assignment in Paper IV, and found the agreement in isocenter point dose to 

be within 0.4%. The automated approach only requires a 1 minute 

calculation time and 6 minutes added imaging time at the MRI scanner, 

making this a solution that is clinically feasible. The method suggested in 

this paper would also have applications for attenuation correction in 

PET/MRI imaging, a developing modality that has sparked widespread 

interest. We also produced DRR images that were visually very similar to the 

CT based DRRs – making patient positioning using traditional planar x-ray 

imaging feasible for treatment plans with MRI data as only input. Volumetric 

matching between pre-treatment MR images and CBCT images acquired at 

the accelerator would also enable patient positioning without the need for 

DRR images. The MRI/linac integration project (113, 114) provides other 

means of patient positioning, bypassing the need for DRR generation from 

the treatment planning images. Using this solution, volumetric matching 

between the treatment planning MRI and the positioning MRI would be the 

image guidance input, providing possibilities for soft-tissue based patient 

positioning. The solution proposed by Karlsson et al. (117) using a transport 

trolley would also enable entirely MRI based patient positioning.  

Overall, there are several levels of which to use MRI in radiotherapy – from 

using it as an additional input for target delineation to entirely building the 

workflow on MRI, from treatment planning to image guidance. Two 

suggested workflows are presented in Figure 21-22. 

As the possibility to deliver highly conformal doses has increased with the 

advent of inverse planning, high resolution MLCs and powerful computers, 

the need to reduce geometrical errors has also increased. The sharp dose 

gradients available at a modern radiotherapy department introduce the 

possibility to escalate target doses will still sparing organs at risk; however, 

they also introduce the risk of catastrophic misses. Failing to delineate 
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tumorous tissue or including sensitive tissues in the target can cause local 

failure of treatment or severe side effects when the target conformance level 

is high and margins are tight. Therefore, the treatment planning should be 

based on the best possible information and the risk of introducing systematic 

geometrical errors into the treatment should be minimized. At present, MRI 

is at least a part of the answer for creating treatment plans with the best 

possible accuracy. 

 

 
FIGURE 21. THE TRADITIONAL WORKFLOW THAT USES MRI INPUT FOR TARGET DELINEATION. THE 

MRI SCAN IS ACQUIRED IN PARALLEL WITH THE CT SCAN, AND THE TWO IMAGE SETS ARE FUSED 

TOGETHER USING IMAGE REGISTRATION. THE MAJOR ADVANTAGE WITH THIS WORKFLOW IS THAT IT 

IS EASY TO IMPLEMENT, AND THAT THE WORKFLOW REMAINS THE SAME AFTER THE TARGET 

DELINEATION STEP, REGARDLESS OF DIAGNOSIS. THE DRAWBACK IS THE POTENTIAL SYSTEMATIC 

GEOMETRIC ERROR THAT IS INTRODUCED DURING IMAGE REGISTRATION. THIS COULD BE MITIGATED 

BY WISELY CHOSEN REGISTRATION ALGORITHMS AND RIGOROUS QA OF THE RESULTING IMAGE 

FUSION. 

  

CT IMAGING REGISTRATION DELINEATION PLANNING POSITIONING TREATMENT

MR IMAGING 
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FIGURE 22. A SUGGESTED WORKFLOW USING ONLY MRI FOR PLANNING AND DELINEATION. THE 

MAIN ADVANTAGES OF THIS METHOD IS THAT POTENTIAL GEOMETRIC ERRORS CAUSED BY IMAGE 

REGISTRATION ARE AVOIDED AND THE CT SCAN IS EXCLUDED, REDUCING BOTH COST AND PATIENT 

DOSE. THIS METHOD ALSO HAS THE ADVANTAGE OF SIMILAR WORKFLOW POST-DELINEATION, 

REGARDLESS OF DIAGNOSIS. THE DRAWBACK IS THE COMPLICATED CONVERSION STEP – MANUAL 

CONVERSION IS NOT LABOUR EFFECTIVE AND AUTOMATIC CONVERSION IS DIFFICULT, ALTHOUGH 

SOLUTIONS HAVE BEEN SUGGESTED IN THE LITERATURE. 
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