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SSM perspective

Background

In 2009, the Swedish Radiation Safety Authority (Stralsikerhetsmyndig-
heten, SSM) appointed a scientific council on ionizing radiation within
oncology. The council consists of scientific experts in the fields of oncology,
radiology and medical physics. Their task is to annually review and evaluate
scientific developments in radiotherapy and to give SSM advice in issues
where a scientific examination of different views is necessary. The council
began its work in the autumn of 2009 and this is the fifth report presented.

Objectives
The council summarizes the recent scientific knowledge in the field of
radiotherapy in an annual report.

Results

Imaging is important for radiotherapy and the development of new ima-
ging modalities is closely linked to the evolution of modern radiotherapy.
The implementation of magnetic resonance imaging (MRI) in modern
radiotherapy holds great promise for the future but the scientific council
emphasizes that it must be carefully monitored in order to minimize the
introduction of new risks, violating patient safety. This report describes
the use of MRI in the radiotherapy process from patient selection to
follow-up and discusses possibilities and difficulties related to the intro-
duction of MRI.

The report states that many functional MR-methods are available and if
the effort to bring these methods into robust and validated biomarkers

is taken in the imaging community, their working potential is immense.
Further, the report states that MRI is a modality assumed to improve
delineation of RT target volumes and organs at risk. Even an MRI-only
approach to treatment planning, using synthetic CT for dose-calculations,
has been proposed in order to avoid the uncertainties associated with
image co-registration. Implementation of an MRI scanner at the radioth-
erapy clinic calibrated with direct links to the coordinate frame of the
treatment machine and with possibilities for doing imaging of the patient
in the treatment position would introduce new possibilities for set-up
treatment verification and adaptation of the treatment volume according
to the changes in patient anatomy. The scientific council underlines that
when introducing MRI in radiotherapy there are important factors that
need to be taken into account, e.g. forming new multidisciplinary teams,
additional education and the quality assurance.

The council believes that MRI in radiotherapy is a new and promising
area of research that aims to further optimize the radiotherapy on an
individual level. For exploiting the potential benefits more research is
needed in conjunction with development of competence.

Project information
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Reference: SSM2012-4950
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1. Introduction

Imaging is important for radiotherapy and the development of new
imaging modalities is closely linked to the evolution of modern radio-
therapy. Radiological methods used in radiotherapy have mainly been
x-ray based and ranges from plain radiographs over orthogonal imag-
ing, conventional tomography to modern computerised tomography
(CT). The radiological mainstay for all steps in the radiotherapy pro-
cess today is CT as the latest development in the evolution of x-ray
based methods (1). This evolution over the last decades forms a solid
experience base for the current imaging technology used in radiother-
apy. CT is still one of the most used modalities for staging and selec-
tion of patients for correct treatment protocols. CT is also the most
utilised modality for anatomic description and the base for delineation
of target volumes and organs at risk. The information on x-ray attenu-
ation delivered by CT is used for treatment planning. CT based virtual
simulation have replaced x-ray based simulation in clinical practice.
During treatment, on board CT such as cone beam CT (CBCT) using
high or low voltage x-rays is becoming a routine method for treatment
verification during treatment delivery in most specialized radiotherapy
departments. Finally, response evaluation after radiotherapy is com-
monly based on tumour size measurements where CT still is the most
common method. Although CT is the base of imaging in radiotherapy
today and in the nearest future, the method has shortcomings where
other radiological methods fill in important gaps. Positron emission
tomography (PET) adds functional information regarding tumour me-
tabolism and magnetic resonance imaging (MRI) is superior to CT for
anatomic description and also have the advantage of adding substan-
tially more functional information about the examined tissue. PET and
MRI are today important imaging modalities for radiotherapy adding
information for target delineation and treatment response but is mainly
used complementary to a CT based radiotherapy workflow. The in-
formation from PET and MRI is usually utilised by different image
fusion methods where the PET and/or MRI images are fused to the
standard dose-planning CT images.

Due to its superior ability to define soft tissue structures, MRI is today
the preferred imaging modality for several anatomical locations such
as the brain, the vertebral column, the abdomen and pelvis among oth-
ers. This advantage versus CT, together with the possibilities func-
tional MRI adds, makes MRI interesting for direct implementation in
the radiotherapy process. MRI has the possibility to improve all steps
in the radiotherapy process from patient selection to treatment follow
up. Improved anatomical description using MRI improves pre-
treatment staging of patients and thereby also patient selection. MRI
for target delineation has clearly advantages over CT in many cases
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and MRI based radiotherapy workflows are to be expected in the near
future. The introduction of MRI in radiotherapy have improved many
steps in the radiotherapy process but also introduces new methodolog-

ical uncertainties when x-ray based methods at least partly are aban-
doned.

The implementation of MRI in modern radiotherapy holds great prom-
ise for the future but must be carefully monitored in order to minimise
the risk of introducing new risks violating patient safety.

The members of the scientific council on ionizing radiation within
oncology producing this report were as follows:

o Professor Lennart Blomqvist, radiologist
Karolinska university hospital, Stockholm

o PhD Anna Bick, medical physicist
Sahlgrenska university hospital, Gothenburg

o Professor Crister Ceberg, medical physicist
Lunds university

o Professor Gunilla Enblad, oncologist
Uppsala university hospital, Uppsala

o PhD Gunilla Frykholm, oncologist
Karolinska university hospital, Stockholm

o PhD Mikael Johansson, oncologist (secretary)
Umea university

o Professor Lars E. Olsson, medical physicist
Lunds university

o Professor Bjorn Zackrisson, oncologist (chairman)
Umea university hospital

1.1 Personalised radiotherapy

Personalised medicine is the development of customized interventions
based on individual patient characteristics. Personalised cancer treat-
ments are today becoming more common in medical oncology partly
due to the rapid development of biomarkers as predictive factors for
cancer treatment. Predictive biomarkers are interesting also in radio-
therapy for prediction of response and normal tissue reactions (2,3).
However, personalised radiotherapy is more than predictive bi-
omarkers and the development of imaging modalities in parallel with
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the evolution of the modern linear accelerator have formed the base
for individualisation of radiotherapy treatments. By abandoning fixed-
field treatments and entering the era of 3D conformal radiotherapy
(3DCRT), personalised radiotherapy delivery have been introduced.
The development of personalised radiotherapy is closely connected to
the development of new imaging modalities such as MRI. Improved
imaging may contribute to personalised radiotherapy in all steps of the
radiotherapy process. First, improved imaging including functional
imaging may improve staging of patients and also harbours the possi-
bilities of finding radiological predictive biomarkers for patient selec-
tion (4-6). Better anatomical description of target volumes clearly im-
proves the individual treatment plan and better imaging may also con-
tribute to more accurate treatment verification during treatment. Final-
ly, improved imaging contributes to improved follow up of treatment
response especially when functional imaging is introduced.

1.1.1 MRI in personalised radiotherapy

Beside better anatomical description and thereby an improved indi-
vidualisation of treatments, the functional aspects of MRI adds possi-
bilities to develop personalised radiotherapy further. Using advanced
MR protocols such as dynamic contrast enhanced (DCE) MRI, MRS
and diffusion weighted sequences different aspects of tumour physiol-
ogy may be measured and used for target delineation, early tumour
response during the treatment period as well as for post treatment re-
sponse evaluation and long term follow up.

1.2 Rationale for the present report

The development of imaging technology has been one of the most
important technological advances in modern radiotherapy. CT is still
the basis for all imaging steps in the radiotherapy process but MRI is
now rapidly being introduced. Due to the superior soft tissue discrimi-
nation MRI has gained importance in the first steps of the radiothera-
py process including patient selection for treatment as well as for tar-
get delineation. The possibility of functional imaging makes MRI an
interesting modality for biological dose planning, early response as-
sessments and new follow-up protocols. Since the introduction of CT
based 3DCRT, radiotherapy may be considered to have entered the era
of personalised medicine. The introduction of MRI will not only have
advantages in target delineation but will also make it possible to indi-
vidualise radiotherapy further by using different aspects of functional
imaging.

The use of MRI in radiotherapy is a rapidly developing field and radi-
otherapy dedicated MRI scanners are now installed in an increasing
number in radiotherapy departments worldwide. The introduction of
MRI in radiotherapy will most certainly contribute to improved treat-
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ment possibilities but introduction of a new imaging modality also
represent a challenge to the radiotherapy community. This report de-
scribes the use of MRI in the radiotherapy process from patient selec-
tion to follow-up and discusses possibilities and pitfalls related to the
introduction of MRIL

1.3 References

1. Glimelius B, editor. Research 2011:25. Stockholm: SSM; 2011
Jun pp. 1-64.

2. Kalia M. Personalized oncology: recent advances and future
challenges. Metab Clin Exp. 2013 Jan;62 Suppl 1:S11-4.

3. Herbst RS, Lippman SM. Molecular signatures of lung cancer--
toward personalized therapy. N Engl J] Med. 2007 Jan
4;356(1):76-8.

4. Lecouvet FE, Lhommel R, Pasoglou V, Larbi A, Jamar F, Tom-
bal B. Novel imaging techniques reshape the landscape in high-

risk prostate cancers. Current Opinion in Urology. 2013
Jul;23(4):323-30.

5. Dimopoulos JCA, Petrow P, Tanderup K, Petric P, Berger D,
Kirisits C, et al. Recommendations from Gynaecological (GYN)
GEC-ESTRO Working Group (IV): Basic principles and parame-
ters for MR imaging within the frame of image based adaptive
cervix cancer brachytherapy. Radiother Oncol. 2012
Apr;103(1):113-22.

6. van der Heide UA, Houweling AC, Groenendaal G, Beets-Tan
RGH, Lambin P. Functional MRI for radiotherapy dose painting.

Magnetic resonance imaging. Elsevier Inc; 2012 Nov
1;30(9):1216-23.
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2. Anatomical and functional
MR-imaging

2.1 Anatomical imaging of target
and OAR volumes

Imaging that provides information about the shape and size of an or-
gan in the body as well as the relation between different organs is usu-
ally referred to as anatomical imaging. In the initial era of diagnostic
radiology, this was provided by conventional x-ray. Soon after the
introduction of x-ray, functional information was obtained fluorosco-
py and administration of contrast agents (1-3). Today, diagnostic im-
aging mainly consists of computerized cross sectional imaging modal-
ities, which started with computerized tomography followed by ultra-
sonography (4) and magnetic resonance imaging (5-7).

Although all cross sectional modalities have potentials for functional
imaging, the majority of their clinical use has so far been for identifi-
cation of pathology in the body based on visual/ qualitative assess-
ment of morphological changes in attenuation, echogenicity or signal
intensity compared to healthy tissue. Soon after the introduction of the
different imaging techniques, the possibility to detect solid tumours in
the body was evaluated (8,9). Imaging was also evaluated for TNM
staging of tumours (10,11).

The contrast resolution properties of cross sectional imaging tech-
niques was also the basis for the possibility to establish tumour re-
sponse assessment criteria such as the WHO-critera, RECIST and
RECIST 1.1 (12,13). It has also been the basis for using CT and MRI
for radiation treatment planning (14).

Today, cross sectional anatomic imaging constitute a significant pro-
portion of the work load in diagnostic radiology departments. The
continuous increase in the number of CT examinations has raised a
concern for the load of ionizing irradiation to the population. The
Nordic Radiation protection co-operation has thus drawn attention to
the risks of irradiation and implemented a “triple-A” concept, Aware-
ness, Appropriateness and Audit (www.stralsakerhetsmyndigheten.se).

The use of anatomical imaging is becoming more sophisticated, dis-

solving the border between anatomical and functional imaging. Dop-
pler ultrasonograpy, elastography, Histoscanning®, contrast enhanced
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ultrasound, multiphasic contrast enhanced CT, perfusion CT and dual
energy CT are all examples of functional imaging techniques usually
integrated in an anatomical imaging examination. In MRI, the number
of functional techniques that can be used together with anatomical
imaging are many. The term “multiparametric MRI” often refers to a
combination of anatomical and functional imaging techniques used in
conjunction for assessment of disease (15).

2.2 Functional imaging

As indicated above, most imaging modalities can be used for both
anatomical imaging as well as functional imaging. Functional images
differ from anatomical in that the contrast in the image is based on the
tissue function rather than on anatomy. Traditionally, certain modali-
ties have been classified as functional per se, i.e. modalities based on
nuclear medicine, which image the bio-distribution of radioactive
tracers. These images are obtained with gamma cameras (static, scan-
ning or rotating) or PET cameras, which in combination with CT re-
sult in SPECT/CT and PET/CT. Recently, the PET camera has also
been combined with MRI in an integrated PET/MR unit. Techniques
based on radioactive tracers, especially PET, is the main functional
imaging modality in oncology. The impact of PET on decision making
in diagnostics and treatment prediction and follow-up is undisputable
(16). However, this report concerns MR applications only. In addition
to its possibility to provide morphological images of excellent contrast
and resolution, MRI also has a number of possibilities to provide func-
tional information. For example MR based diffusion, spectroscopy,
and magnetization transfer are functional techniques based on the en-
dogenous contrast in the tissue, while MR perfusion (except arterial
spin labelling, ASL) and permeability measurements are based on
exogenous contrast agents.

Historically, the concept of functional MRI was introduced as a de-
scription for the special MR technique sensitive to brain activity and
abbreviated fMRI (see below). In this report functional MRI is used in
a broader sense meaning all functional MR methods, abbreviated
FMRI, of which one is fMRI.

2.2.1 Perfusion assessment with DCE-MRI

Dynamic Contrast Enhanced MRI (DCE-MRI) is a technique for as-
sessing certain vascular physiological properties of a tissue. This is of
special interest in cancer since tumour growth creates an environment,
which often differs from normal soft tissue with respect to the vascu-
lar structure. During tumour growth new vessels are needed, 1.e. angi-
ogenesis, but the new vessels will be of different, often poor structure,
having a tortuous topology and express a certain leakiness. In short,
DCE-MRI can assess tumour vasculature, perfusion, blood vessel
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permeability, blood volume and extravascular/extracellular volume
fraction. Obviously, all these parameters will be of high interest to
characterize tumour tissue.

DCE-MRI relies on an i.v. injection of a contrast agent (CA). The
standard techniques use clinically available paramagnetic gadolinium
(Gd) chelates. The contrast agent affects the relaxation times T1, T2
and T2*. This section concentrates on DCE-MRI which entirely is
built on the T1 shortening effect of the CA. (For T2 and T2* effects
see DSC-MRI). To follow the distribution of the CA, i.e. to character-
ize its pharmacokinetics, a dynamic T1-weighted acquisition is per-
formed. In order to obtain quantitative data, the acquisition protocol
needs to include a T1-map and a registration of the arterial input func-
tion (AIF). The AIF describes the kinetics of the CA in the blood,
which is needed for modelling. Since the duration of the arterial phase
is very short, high temporal resolution is necessary, which in turn sets
limitations for the spatial resolution.

The most common model for analysing the time intensity curve is
Kety/Tofts. The analysis results in the parameter ktrans, which repre-
sents the transfer constant from plasma space to tissue space, often
referred to as permeability, the parameter extravascular-extracellular
space and the permeability-surface area product. However, Kety/Tofts
and similar models require information such as T1-map and AIF,
which make the acquisition protocol complicated(17). Additionally,
the analysis of the data requires a great deal of computing. Therefore,
several semi-quantitative methods have emerged. The most applied is
initial area under the curve (AUC), which basically reflects the initial
dynamics of the contrast agent. The AUC often correlates to ktrans ,
but the physiologic definition is unclear. Still, AUC and similar tech-
niques are used since the acquisition protocol and the analysis are
simplified.

Since DCE-MRI can assess tumour blood vessel permeability, it has
successfully been used in many drug studies on substances affecting
tumour vascularity. Most of these studies were in preclinical models.
For example, DCE-MRI was used to evaluate the acute treatment of a
vascular endothelial growth factor inhibitor on a prostate tumour in a
mouse model and it was possible to obtain a dose response relation-
ship between the drug substance and the reduction of ktrans of the
tumour (18).

In radiation therapy DCE-MRI can be used as a prognostic and predic-
tive indicator of the tumour response. The vascular permeability
measured prior to radiation treatment has shown to be a prognostic
factor for treatment response in malignant gliomas (19). High permea-
bility is associated with poor response or reduced survival in malig-
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nant gliomas. However, in a study of patients with cervical cancer,
low uptake from DCE-MRI in tumours obtained either before or dur-
ing early radiation treatment indicated a high risk for treatment failure,
while in patients with initially high uptake or with improving perfu-
sion the outcome was more favourable (20). Obviously, it is important
to know the permeability properties of the tumour and other tissues of
interest in order to interpret the findings of DCE-MRI.

DCE-MRI has also a potential role as a method to improve target de-
lineation. Compared with T2-weighted MR imaging, use of DCE-MRI
significantly improved accuracy in prostate cancer localization (21).
The tumour definition can be further improved by multi parametric
evaluation of the dynamic data (22). The functional information may
be used to define sub-volumes with different biological properties
within the gross tumour volume. The sub-volume may have inferior
perfusion, which indicates hypoxia and a need for a higher dose. Bio-
logical information on a voxel level may be used to steer the dose
within the target volume, i.e. dose sculpting or dose painting (23).

DCE-MRI results in new information useful in prognosis as well as
assessment of tumour and normal tissue responses to radiation. The
radiation therapy DCE-MRI may play a role in treatment modality
selection, target definition, and therapy individualization, although
further validation studies are needed (19).

2.2.2 Perfusion MRI with DSC-MRI

Dynamic susceptibility contrast — MRI (DSC-MRI) is built on a dy-
namic acquisition of MR-images before and after an 1.v. injection of a
contrast agent, i.e. clinically available paramagnetic gadolinium (Gd)
chelates. As indicated by “susceptibility”, the T2* effect from the con-
trast agent on the tissue is the parameter of interest. The acquired data
are fitted to an appropriate pharmacokinetic model. Thereby, physio-
logical parameters relating to blood volume (BV), blood flow (BF),
and mean transit time (MTT) can be extracted. The underlying theory,
which enables the calculation of the perfusion parameters, is the indi-
cator dilution theory (24).

The calculation relies on an accurate conversion of the measured MR-
signal to contrast agent concentration. For DSC-MRI this is not a
straightforward task. The contrast agent affects not only T2* but also
T1 and T2. Additionally, T2* is also affected by other sources of sus-
ceptibility than the contrast agent, such as tissue differences, geometry
and shimming. As a result, the signal is affected by vessel size. The
acquisition protocol needs to be carefully designed to avoid these con-
founding factors in the analysis.

The signal theory developed for DSC-MRI and clinical contrast agents
is derived from principles of indicator dilution theory for non-

SSM 2014:51 10



diffusible tracers. However, the conditions for this theory are only
valid for normal brain tissue with intact blood-brain barrier. In brain
tumours and other tissues lacking the blood-brain barrier, the contrast
agent leaks out of the vasculature. The contrast agent in the extravas-
cular space will affect the measured signal, and the assumption for the
dilution theory is not valid. As a result the measured perfusion data
will be inaccurate or even non-physiologic. There are different tech-
niques to reduce the effects of leaking contrast agent, e.g. to minimize
T1 sensitivity and absolute measurement of T2*, and correct the data
accordingly. It remains still to validate that the correction techniques
improve the reliability of the measured blood volume and blood flow
(25). However, there are studies indicating that corrected data do cor-
relate with tumour grade, whereas, not corrected do not (25).

Since DSC-MRI assesses perfusion, a major application has been in
studies of anti-angiogenic drugs, mainly for brain tumours. In a pre-
clinical model (gliosarcorma) DSC-MRI perfusion has been shown to
be a valuable tool to non-invasively evaluate morphological and func-
tional changes in tumour vasculature in response to angiogenic thera-
py (26). Recently, DSC-MRI was proven to be an effective marker of
the response to anti-angiogenic therapy for patients with glioblastoma
(27). DSC-MRI has a potential to be a method to identifying patients
who would benefit most from anti-angiogenic therapy

One application of DSC-MRI is the assessment of brain tumour grade
from blood volume maps. The general assumption is that in the brain
tumour, the total vasculature generally increases with grade and there-
by the measured blood volume (28). By the use of a dedicated histo-
gram analysis of the blood volume maps obtained by DSC-MRI, a
diagnostically accurate and reproducible method was found to grade
gliomas.

DSC-MRI measurement of perfusion prior to radiation treatment has
shown to be a prognostic factor for treatment response in malignant
gliomas (29). High CBV and CBF are associated with poor response
or reduced survival. Similar results were found in a study by Law
(30). A measurement of CBV or CBF midterm during the radiation
therapy of malignant gliomas can be valuable for identifying non-
responders from responders. An assessment three weeks into a six-
week treatment has shown to be predicative for the outcome (31).

Despite the confounding effects of the contrast leakage, many aspects
of the microenvironment of the tumour can be characterized by DSC-
MR, such as vascular architecture, morphology and function. With
improved correction methods the application and reliability may in-
crease further.
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2.2.3 Diffusion MRI

The measured MR signal is sensitive to motion, including diffusion of
molecules in tissues. Diffusion is random free motion due to thermal
energy and the diffusion rate can be described by the diffusion coeffi-
cient D. For biological applications it is the diffusion of water, which
is of interest. In tissue the diffusion of the water molecules are affect-
ed by macromolecules, cell membranes and other tissue microstruc-
tures that hinder diffusion. Therefore, since the phenomenon is not
freely diffusion molecules, it is denoted apparent diffusion. Several
relevant properties of tumour tissue are known to affect the diffusion,
e.g. cellularity, extracellular volume fraction, membrane permeability
and tortuosity. Compared to normal tissues tumours have lower ADC
(apparent diffusion coefficient) due to the increased cellularity and
decreased extracellular volume fraction.

Diffusion weighted MRI is a technique in which the signal intensity in
the image is dependent on the diffusion. The sensitivity of the pulse
sequence to diffusion can be regulated by diffusion gradients. During
the encoding of the signal a strong gradient is applied and as a result
the spins dephase. If the same gradient is applied, after a short delay,
with the opposite sign, the spins will rephase again if they are station-
ary. Spins that have moved due to diffusion will not rephase complete-
ly since they have experienced a slightly different gradient strength
during the two gradient pulses. As a result, regions with high diffusion
have less signal in the diffusion weighted MR-image.

The diffusion can also be quantitatively determined. If at least two
diffusion-weighted images are obtained with different diffusion
weighting, often referred to as b-values, the ADC can be calculated
and presented as an ADC-map. The ADC-map will only show the
diffusion along the direction of the applied sensitizing gradient. In
order to get a map for isotropic diffusion a diffusion measurement
needs to be performed along three orthogonal directions.

A special feature of MRI diffusion is diffusion tensor imaging (DTI)
of the central nervous system. The effect from the diffusion on the
signal is specific for the direction of the applied diffusion gradient.
The ADC map may look very different dependent upon the orientation
of the gradient, a result of anisotropic diffusion, i.e. that the diffusion
is higher in certain directions. The degree of anisotropic diffusion is
described by the fractional anisotropy' (FA)'. The dominating motion
of the water molecules is along the axonal fibres. By a system of dedi-
cated diffusion gradient directions, minimum six but often up to sev-

' FA=0 means that diffusion is isotropic. FA=1 means that diffusion occurs only along one axis.
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eral tens, the fibre orientation can be revealed, resulting in color-coded
diffusion tensor maps of the brain.

Measurement of ADC has been applied in studies to address treatment
response mainly in the brain. Compared to normal tissues tumours
have initially lower ADC due to the increased cellularity and de-
creased extracellular volume fraction. A significant increase of the
ADC value was found in tumours as early as one week after the start
of treatment and well before any changes in tumour size (32). There is
also indication that ADC can be used for tissue characterization, and
to differentiate malign from benign tumours, e.g. ADC was found to
be lower in breast cancer (33). Another area of interest is ADC meas-
urement as technique for prediction of outcome by using ADC classi-
fication of the response of brain tumours three weeks after the start of
radiation treatment, which was two months earlier than standard radio-
logical methods (34).

Recently, MRI diffusion was used to study treatment response during
radiation therapy of prostate cancer (35). The ADC within tumour
tissue was significantly increased already one week after the start of
treatment and continued to rise until the completion of therapy one
month later. The prostate specific antigen (PSA) level was not signif-
icantly different until three weeks after start of treatment. An increase
in the ADC reflects increased water mobility through the loss of
membrane integrity or an increase in the proportion of total extracellu-
lar fluid due to a decrease in cell size or number. The significant dif-
ference in ADC between tumour and benign tissue before radiothera-
py disappeared after completion of the therapy.

Studies with DTI have demonstrated that radiation therapy decreases
the fractional anisotropy of affected white matter lesions. Changes of
DTI and FA have been found to correlate with radiation dose and dif-
ferentiate between recurrent brain tumours and radiation injury in re-
gions of new contrast enhancing lesions (36).

2.2.4 Magnetic resonance spectroscopy

Magnetic resonance spectroscopy (MRS) takes advantage of that spins
may resonate at slightly different frequencies, if their molecular envi-
ronment — chemical bonding — differ. The term chemical shift comes
from the difference in resonance frequency relative to a reference
compound. A well-known example is the 3.5-ppm chemical shift of
fat relative water. The different compounds give rise to different peaks
that together result in the MR spectrum. The area under the peak is
proportional to the number of nuclei, i.e. metabolite concentration.

The spectral information does not include spatial localization per se.
The spatial localization can either be obtained by using surface coils
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or by the use of the gradients in the MR-scanner. The latter technique
may range from single voxel spectroscopy to chemical shift imaging
(CSI). CSI results in 2D/3D arrays of spectra, from which maps of the
individual metabolites can be constructed. CSI is a rather time-
consuming technique.

In 1H (proton) MRS, metabolites such as lactate, total creatine (phos-
phocreatine and creatine), and total choline (phosphocoline, glycer-
ophosphocoline and free choline) are in general detectable as well as
mobile lipids, glutamine and glutamate. The dominating signals come
from water and lipid triglycerides, which therefore may need to be
suppressed in order to make the metabolites distinguishable.

In 31P MRS, metabolites involved in the energy metabolism such as
phosphocreatine (PCr), inorganic phosphate (Pi) and adenine triphos-
phate and diphosphate (ATP, ADP) can easily be detected in-vivo.
The chemical shift of Pi is sensitive to pH and can be used as marker
for intracellular pH (38). 19F MRS relies on that a substance contain-
ing 19F is administered, since there is no natural background signal
from 19F in the body. Many drugs, including chemotherapeutic
agents, contain large amount of fluorine and can be tracked by 19F
MRS. 19F MRS of nitroimidazol derivatives which accumulate in
hypoxic cells, has been used to obtain measurements of hypoxia (37).
13C is only 1.1% of the naturally abundant carbon. In-vivo 13C MRS
is therefore impractical with endogenous metabolites, but many bio-
logical relevant molecules can be labelled with 13C for administration
in preclinical models, cell studies and to some extent human studies.
However, clinical applications of 13C MRS have been scarce and
there has been no progress the last decade (38). The implementation of
high field (>7T) clinical MR cameras may increase the possibility for
13MRS in the future. See also section on hyperpolarized 13C below.

MRS benefits from a high magnetic field strength and preclinical
MRS studies (4.7- 11.7T) are therefore particularly well suitable.
These studies can provide information on tumour metabolism, pH,
hypoxia, drug delivery, treatment efficacy or apoptosis (37).

1H MRS can contribute to improved characterization, grading and
staging of the tumour in the brain. When normal tissue is destroyed
and the cancer cells are increasing, the spectral changes. There is a
decrease in NAA and an appearance of lactate and lipids and decrease
of total choline (37). IH MRS has been studied as a marker for pre-
dicting survival for patients with glioblastoma. Poor outcome was
related to high levels of lactate before radiotherapy (39). In breast, 1H
MRS can contribute to identify the active tumour by detecting elevat-
ed choline levels. Contrast enhanced-MRI is still the major technique,
but adding 1H MRS improves the specificity. Similarly, 1H MRS can
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be added to CE-MRI in the protocol for monitoring treatment response
of breast cancers with an expected substantial advantage in the predic-
tion to neo-adjuvant chemotherapy (40).

In prostate cancer both detection and characterization can be improved
by 1H MRS. Normally, citrate containing secrete is produced and re-
leased by the prostate gland. This process ceases in malignant cells,
which are characterized by low citrate and high total choline levels.
From the spectrum the malignant tissues can be distinguished from
healthy tissue (41). The information can be used to improve the delin-
eation of the target (42).

Tumour hypoxia is a predictor of treatment failure. 31P MRS can
monitor changes in bioenergetics and has been used as surrogate
marker of tumour reoxygenation after radiation therapy, mainly in
preclinical models (43). MRS of hyperpolarized 13C pyruvate (see
below) has been studied as marker of radiation therapy response in a
rat model of glioma and was identified as technique that could distin-
guish pseudo-progression from progression (44).

2.2.5 fMRI

MRI can be sensitive to brain activity. When neural activity increases
in a particular area of the brain, the MR signal increases a small
amount. The phenomenon is referred to as functional MRI (fMRI,
note lower case “f”). There are several underlying mechanisms which
together result in the signal change. The neural activity demands oxy-
genated blood, which has different magnetic properties than deoxy-
genated blood. However, the main reason for increased signal is that
the neural activity triggers a larger change in blood flow in the par-
ticular region. Still, the effect is referred to as blood oxygenation level
dependent MRI (BOLD).

The signal change in fMRI is small and therefore the acquisition pro-
tocol needs to be designed in a special way. In the standard set-up, a
subject is performing a task, e.g. finger tapping, according to a para-
digm that can be on/off with e.g. 20 s interval during dynamic MRI
acquisition. The paradigm may last for many minutes. The acquired
data are processed statistically to identify brain areas in which the MR
signal has a matching pattern of changes. These brain areas are as-
sumed to be activated by the stimulus of the paradigm. The sensitivity
to BOLD changes can be improved by higher magnetic field from a
few per cent at 1.5 T to almost 10% at 7 T (45). Integrating fMRI in-
formation, i.e. the specific location of different eloquent cortical areas,
into the radiotherapy planning process can potentially enable delivery
of an adequate radiotherapy to the target while limiting the dose the
functional cortex.
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In a study of ten patients with astrocytoma, fMRI was performed us-
ing four different paradigms, and three treatment plans were issued for
each subject: 3D conformal without fMRI information, 3D conformal
with fMRI and IMRT with fMRI (46). For both planning techniques
including the fMRI information, a significantly higher sparing effect
could be achieved in organs at risk. IMRT was also significant better
than the conformal plan when the organ at risk was close to the plan-
ning target volume. fMRI data was also found useful to spare func-
tional structures in the brain especially in combination with diffusion
tensor imaging during radiosurgery of brain lesions (47).

2.2.6 Tissue oxygenation MRI

In many tumours there is an imbalance between oxygen delivery and
consumption, leading to hypoxia. The hypoxic environment is known
to promote angiogenesis, malignancy, metastases, and genetic instabil-
ity, to reduce effectiveness of radiation and chemotherapy and addi-
tionally hypoxia is associated with poor prognosis of several cancers
(48). The oxygenation or degree of hypoxia in the tumour is therefore
an important factor, both for designing the therapy, as well as an indi-
cator of the progress. However, non-invasive methods to assess the
oxygenation level in vivo are not readily available. There are few
methods based on MRI, which potentially could be useful.

One method use 19F MRI perfluorocarbons (PFC). The T1 relaxation
time of PFC is very dependent on the local oxygenation. This tech-
nique relies on that the PFC needs to be administered into the tumour,
either directly or via i.v. injection. It is very hard to get high concen-
trations PFC into the tumour and 19F MRI accordingly results in very
low signal. This technique will not reach outside the area of some pre-
clinical applications.

Another method uses the endogenous contrast mechanism of oxygen
on blood. The hemoglobin and deoxyhemoglobin have different mag-
netic properties and deoxyhemoglobin is strongly paramagnetic. This
difference can be assessed by the T2* relaxation time, which will be
sensitive to oxygenation. This phenomenon is known as blood-
oxygen-level-dependent (BOLD) contrast.

In order to measure the oxygenation with the endogenous contrast
mechanism of blood, one often introduces an exposure of 100% oxy-
gen during the measurement. Pure oxygen can be replaced with car-
bogen (95% 02 and 5% CO2) to avoid the vasoconstriction otherwise
induced by oxygen. The change of T2* due to the oxygen exposure
will be related to the initial oxygenation. T1 relaxation time is also a
parameter of interest in blood. During oxygen exposure, dissolved
oxygen (02) increases five-fold in arterial blood. Dissolved oxygen is
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also paramagnetic and the increased oxygenation can be assessed by
the T1 relaxation time.

The difference in T2* due to oxygen exposure reflects the deoxyhe-
moglobin fraction in blood. However, the change in T2* will also be
affected by the blood oxygen saturation, blood volume and hematocrit
since these parameters influence the blood’s concentration of deoxy-
hemoglobin (48). Therefore, the results may be hard to interpret, un-
less both T2* and T1 is measured simultaneously (49).

Using carbogen inhalation BOLD MRI has been used to demonstrate
improved oxygenation in a range of different tumours. It was possible
to identify patients with tumours that responded, on carbogen expo-
sure and who would benefit from carbogen-based radiosensitization
(50). Recently, this experimental set-up was verified with immuno-
histochemisty in a mouse tumour model (51).

The use of T1 in combination with carbogen/oxygen has also been
explored on patients with advanced cancer of the abdomen and pelvis.
There was significant effect of the oxygen exposure on the tumour T1.
Areas with large oxygen enhancement correlated with high perfusion,
which also was measured by MRI. Areas with no or little enhance-
ment were attributed to hypoxia, which thereby was possible to identi-
fy (52).

2.2.7 Magnetization transfer and chemical ex-
change saturation transfer imaging

In tissues, it is only the protons in the free water pool, which contrib-
ute to the MR signal. Protons in macromolecules (proteins, collagen
etc) are tightly bound and have very short T2 and are therefore invisi-
ble. However, via magnetization transfer, the bound protons can affect
the signal of the free protons. Dedicated RF-pulses are used to saturate
the bound proton pool, which will exchange magnetization with the
free water. This causes a reduced signal from the free water in tissues
in which the magnetization transfer (MT) mechanism is prevalent.
Since the extent of signal decay depends on the exchange rate between
free and hydration water, MT can be used to provide an alternative
contrast method in addition to T1, T2, and proton density differences.

In Chemical Exchange Saturation Transfer (CEST) imaging different
signals arising from protons on different molecules are resolved. By
selectively saturating a particular proton signal (associated with a par-
ticular molecule or an administered agent) that is in exchange with
surrounding water molecules, the MRI signal from the surrounding
bulk water molecules is also affected. The magnitude of the CEST
effect depends on both the exchange rate and the number of ex-
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changeable protons. Since CEST imaging contrast reflects exchanging
metabolite protons, it is a form of molecular imaging.

In breast cancer, MT has mainly been used to improve the visualiza-
tion of areas of enhancement in post contrast images. Fibroglandular
tissues can be suppressed by 50% (53). Recently, the interest to use
MT for tissue characteristic has increased (54). In a study of 60 pa-
tients the MT effect between benign and malignant lesions was highly
significant and MT was suggested a predictive marker of malignancy
(55). Recently, in a study with 41 patients with breast cancer referred
to MRI examination, MT was performed in addition to DCE-MRI.
There was a significant difference in the MT signal between benign
and malign lesions, but DCE-MRI was superior (56).

One application of CEST MRI is amide proton transfer (APT) imag-
ing, which is related to the total protein concentration and thereby the
cell density information. The technique has mainly been applied in
preclinical models. ATP was able to distinguish between pathology-
confirmed regions of tumour and oedema (intracranial rat 9L gliosar-
comas), which was not possible with standard T1w/T2w imaging or
diffusion weighted (DW) MRI (57). Recently, in a study on patients
with different brain tumours ATP was found successful for identifica-
tion of tumour regions (58). A different application of CEST is dis-
crimination of cancer lesions from fibroglandular tissue in human
breast (54).

2.2.8 Hyperpolarized MRI

Normally the signal from tissues in the MRI scanner is created by the
polarization of the nuclei, caused by the high magnetic field. Howev-
er, polarization can also be created by other physical and chemical
processes and to levels, which are more than 10 000 times higher than
what can be achieved by the magnetic field of clinical MR-scanners
(59). This phenomenon has been used to get signal from gases such as
3He or from low concentrations of 13C. Note that the hyperpolariza-
tion (HP) is created outside the MR-scanner and outside the body in a
dedicated laboratory polarizer. Once the hyperpolarized substance
leaves the polarizer and is injected or inhaled in the body, the signal
rapidly decays (~1 min). Hyperpolarized 13C is of great interest for
application in oncology. In many molecules of interest, a 12-carbon
atom can be replaced by a 13C isotope, which subsequently is hy-
perpolarized. After injection of the hyperpolarized substance can be
monitored by MRI, including the metabolism of the molecule. It is
worth to note a significant difference between functional studies per-
formed with PET and HP 13C MRI In PET only the uptake of the
injected molecules can be tracked. Using HP 13C MRI the injected
molecule as well as its metabolites can be tracked separately, as long
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as the process is completed within the time frame given, i.e. ~1 mi-
nute.

It is difficult to find a hyperpolarized molecule for which the decay
rate in-vivo is slow enough to allow metabolic studies. However, one
such molecule is 13C-pyruvate, a key component in glycolysis. From
injected 13C-puruvate, dynamic MR studies of the metabolites lactate,
alanine and bicarbonate can be performed. Tumours have been proven
to have a substantially higher uptake as well as higher metabolic activ-
ity of pyruvate (59). HP 13C-pyruvate has been used in many preclin-
ical tumour models. Applications to prostate cancer have gained a
special interest. In a mouse model it was possible to use the hyperpo-
larized lactate as a marker of prostate cancer progression (38). Recent-
ly, the first clinical study in man using HP 13C-pyruvate was com-
pleted (60). The tumour metabolism in 31 patients with prostate can-
cer was assessed. The level of 13C-lactate/13C-pyruvate was elevated
in regions of biopsy-proven cancer. The technique was also able to
detect cancer in regions of the prostate that were previously consid-
ered to be tumour—free after examinations with other imaging modali-
ties. Other 13C-agents have been hyperpolarized with success and
used in preclinical or in-vitro experimental studies, such as fumarate,
glutamine, and acetate (38).

2.2.9 Contrast agents

Contrast agents are used to change the MR signal generated from the
tissue. Unlike the contrast agents for SPECT and PET, there is no sig-
nal from the contrast agent itself (with the exception of hyperpolarized
contrast agents, see above). Neither is there a linear relationship be-
tween the contrast agent and a single parameter, such as the attenua-
tion of radiation for contrast media in X-ray and CT applications. The
dominating mechanism for changing the signal from tissue in MRI, is
to use agents that act on the relaxation properties of the tissue. Para-
magnetic complexes of gadolinium have been in clinical use since the
late 1980ies as a T1 enhancing agent on T1-weighted images. When
cancer cells proliferate and tumours grow a new vasculature is found-
ed and the perfusion increases. However, these neovessels are imper-
fect, resulting in a leaky vasculature with higher permeability. The
gadolinium complexes can easily escape the vasculature and enter the
interstitial space, which thereby together with the increased perfusion
enhance the tumour.

The T1 enhancement due to gadolinium complexes cannot be classi-
fied as molecular imaging since they are nonspecific. Small mole-
cules, peptides, and antibodies can be attached to paramagnetic com-
plexes. The relaxivity of gadolinium complexes in conventional con-
trast media requires a concentration in the mM range to be detected,
which means that the sensitivity of MRI sets a limitation for these
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applications. Fortunately, the relaxivity of gadolinium complexes are
often increased by attaching macromolecules or nanoparticles to the
gadolinium chelates (61). Several approaches have been made and
tested in animal models and was recently a subject for a detailed re-
view (61). A peptide sensitive to over-expressed markers of angiogen-
esis was attached to Gd-DOTA and used to visualize hepatocellular
carcinoma in mice. Similarly, tumour specific antibodies conjugated
to Gd-DTPA have been tested successfully for MR-imaging of murine
mammary carcinomas. Targeted liposomes can be made by incorpo-
rating peptides into liposomes that accumulate in tumours.

Another class of contrast agents is built on super paramagnetic iron
oxides (SPIO). This class consists of nanoparticles with a core of iron
ions covered by layer of for example dextran to prevent aggregating.
SPIO are in general particles of size 50 to 3500 nm, while particles
smaller than 50 nm is characterized as ultra small (USPIO). These
contrast agents alter the magnetic field in their vicinity, inducing sig-
nal dephasing with a reduced T2 and T2* as a result. Their effects
extend over distances outside their physical location. This property,
together with their high relaxivity, makes these agents more potent
than conventional gadolinium complexes. It should be noted that the
SPIO and USPIO creates a negative contrast on T2- and T2* -
weighted images. SPIO and USPIO have a small effect also on T1, but
this 1s normally too small to be useful. So far the greatest clinical val-
ue of SPIO and USPIO has been as a contrast media that can distin-
guish lymph node metastases from normal functioning lymph nodes
(62) and for detection of small focal liver lesions (63). Unfortunately,
these contrast media has been withdrawn from the market due to safe-
ty issues.

Nanoparticles can be designed to accumulate at specific biological
targets. The nanoparticles can be attached to molecules such as anti-
body ligands, peptides, and folic acid (64), and were recently a subject
for a detailed review (62). In an animal model of liver cancer, USPIO
attached to a protein specific for hepatocellular carcinoma cells was
able to identify the malignant cells in MR-images. USPIO linked to a
peptide hormone, cholecystokinin, accumulated in pancreatic acinar
cells in rats. For breast cancer, nanoparticles were conjugated with a
hormone (luteinizing hormone releasing hormone), which accumulat-
ed in cells of human breast cancer xenografts, and could act as a con-
trast media sensitive to metastasis.

It is worth to note that all the above examples of nanoparticles de-

signed for specific biological targets are studies in animals. A limiting
factor is the sensitivity. Even in the case of receptors, which are great-
ly overexpressed in cancerous cells, the ability to link sufficient quan-
tities of the contrast agent to the target to produce a detectable contrast
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change in the MR image is limited (62). Thereby, the possible applica-
tion to humans will be hampered. Additionally, there are the re-
strictions from the regulatory authorities. At present no SPIO or US-
PIO approved by FDA for human use is commercially available.

2.2.10 MR-elastography

MR-elastography (MRE) is a method for measuring the mechanical
properties of tissue. The mechanical properties can change dramatical-
ly due to pathologically processes, such as cancer, fibrosis or inflam-
mation. This is of course a well-known effect, which also is the basis
for manual palpation, which has been a diagnostic tool for centuries.
However, palpation has limitations with respect to the depth of the
tissue, volume and subjectivity. MR-elastography can assess the tissue
properties in large volumes and the measurement also results in quan-
titative information on stiffness.

Mechanical waves, referred to as shear waves, are generated by an
external acoustic driver, actuator, for low frequency vibrations. The
shear wave displacements in the tissue can be monitored by motion
encoded phase contrast MRI. The temporal and spatial characteristics
of the wave field form the basis for an algorithm that transforms the
obtained data to a map of the tissue mechanical properties.

The main driver for the clinical development of MRE is applications
to liver diseases. MRE is evolving as a non-invasive alternative to
biopsy in detection and staging of chronic liver fibrosis (65). In con-
trast to biopsy MRE is non-invasive. Additional biopsies only reflect a
few samples and are subject to sampling errors, while MRE examines
the whole organ. In patients with suspected hepatocellular carcinoma
MRE has also been found able to distinguish between malignant tu-
mours from benign lesions (66). MRE has been used in diagnostic
studies of the breast as a complementary method to contrast enhanced
MRI. In a study of 57 suspected breast lesions both CE-MRI and
MRE was performed. The diagnostic accuracy was significantly in-
creased when the MRE was added to the protocol. However, the le-
sions were rather large and easily palpable (67). The prostate is a
challenging organ for MRE in cancer applications. The organ is cen-
tric located in the body and waves from an external actuator attenuate
in the surrounding tissue. An alternative approach is an intra-cavitary
endorectal actuator (68). The proposed technique seems very promis-
ing with good acceptance and repeatability. At present this technique
has only been tried out on volunteers and a limited number of patients.
In summary MRE is technique with great potential, but there is need
for technical improvement and especially validation of the technique
against other measures.
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2.3 Summary

As indicated above many functional MR-methods are available. Alt-
hough many of the methods have been available for diagnostic radiol-
ogy for decades, not many methods have been established as a stand-
ard tool in clinical routine or even in clinical research trials. There are
several explanations: Often the functional methods are complicated
and technically challenging both for operators and equipment. The
methods may require special analysing software not supplied or avail-
able by the vendors of MR-scanners. There are no established stand-
ards for data acquisition and data analysing. Additionally, the quanti-
tative data that is the result of the FMRI do not always add substan-
tially to the diagnostic procedure in the clinical routine. However, it is
worth to underline that one of the strengths of the functional methods
is that they do result in quantitative data. The working potential of
quantitative MR-methods is enormous, if the effort to bring these
functional methods into robust and validated biomarkers is taken by
the imaging community. At present the functional methods, which are
the most elaborated at present, are CE-perfusion.

There are several on-going initiatives to standardize FMRI. The Radi-
ological Society of North America started the Quantitative Imaging
Biomarkers Alliance (QIBA). Within that framework task groups are
working on standardization of for example MR-perfusion, diffusion,
flow and fMRI. At present the only reports available from QIBA are
from nuclear medicine task groups. There are other initiatives on this
subject from the American Association of Physicists in Medicine and
National Cancer Institute. Similarly the reports are still pending.
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3. MRI in treatment selec-
tion and target definition

3.1 Present status

MRI is used today for anatomical delineation of tumours in order to
increase accuracy of target volume delineation. Most radiotherapy
department in Sweden use diagnostic MRI as a basis for target deline-
ation to some extent i.e. for brain tumours, pelvic malignancies and
head and neck cancer. Fusion of MRI and CT images are performed
but the usefulness is hampered because the MRI has not been per-
formed in treatment position. Many MRI scanners used today in Swe-
den cannot perform an examination with an immobilized patient due
to too narrow gantry opening.

3.2 Definition of target volumes

Target volumes, GTV (Gross Tumour volume), CTV (Clinical Target
Volume) and sometimes ITV (Internal Target Volume) may be delin-
eated on MR-images with MRI made in treatment position, and after
good image registration with the planning CT images. Different MR-
series can be registered together with CT for different use in the delin-
eation procedure; e.g T1w-sequences can be used for optimal registra-
tion of bone structures, T2w-sequences is usually the best imaging
method for the tumour and soft tissue in the pelvic area. Diffusion
weighted imaging and other techniques can be used for help in defined
areas (1). The delineation should be done according to ICRU defini-
tions (ICRU report 83)(2). GTV is delineated without margin and
should have a clear and unambiguous index e.g. GTV-MR rectum
(imaging modality and anatomical region). In delineation of the CTV-
MR, the improved discrimination of soft tissue and vessels is of ad-
vantage and contrast agents may sometimes be omitted. PTV-MR is
generated according to each RT department’s own statistics of uncer-
tainties including registration uncertainties. MR-techniques are de-
scribed for estimations of uncertainties and margins (3). In prostate
cancer, implanted position markers are frequently used, as yet without
documented clinical problems in the magnetic fields.

3.3 Future possibilities

MRI has been used to improve staging and predict response of treat-
ment in a number of diagnoses. In the future, FMRI might be used to
detect areas suitable for boost or detect areas of e.g. hypoxia (4). Be-
low the current and future use of MRI in treatment selection and target
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definition are exemplified. Previous studies are mainly performed in
prostate, rectal cancer and cervical cancer (5-8).

3.3.1 Prostate cancer

Localised prostate cancer is today treated with surgery or radiothera-
py. The treatment decision is based on local tradition and patient’s
choice. At present, MRI is used primarily for the staging of disease in
biopsy-proven cancer and to select patients with localized prostate
cancer to radiotherapy by a more accurate detection of metastatic
spread (9). MRI also has a role in target definition of radiation thera-
py, both conformal or intensity-modulated external beam radiation
therapy, and guiding of interstitial seed implant or brachytherapy.
MR-based brachytherapy in prostate cancer is under development
(10). The evidence for MRI in staging of prostate cancer is ques-
tioned (11,12).

In the future, prostate MRI might also be used to accurately character-
ize focal lesions within the gland, an ability that can lead to guidance
for biopsies to the most malignant parts (13) and definition of areas
suitable for boost. In RT of prostate cancer it is aimed for and techni-
cally possible with IGRT to deposit high RT doses to biologically
high-risk areas. These areas, GTV, can be visualized and delineated
with MRI in treatment position (14), sometimes with special tech-
niques e.g small field of view excitations using parallel transmit tech-
nology - or, functional MRI (FMRI), as diffusion or perfusion (15).

MRI could also be used for selection of patients suitable for pelvic
lymph node irradiation (16) although a recent study did not find any
advantage of diffusion weighted MRI over CT or choline PET (17).
Furthermore, MRI has been shown to be suitable for detection of sem-
inal vesicle invasion (18).

3.3.2 Cancer of the uterine cervix

Patients with localised cervical cancer are today managed by a multi-
modality approach including surgery, chemotherapy and radiotherapy,
both external and brachytherapy. MRI is the preferred modality for
staging of cervical cancer at many departments and is also used to
direct the brachytherapy and thereby possibly improve outcome. For
brachytherapy in cervical cancer, individually, MR-based RT-
planning is well documented. Target volumes are e.g. according to
GEC-ESTRO guidelines, recommended to be delineated on the MR
images (19).

In a retrospective study of image guided brachytherapy based on MRI,

reduced morbidity and improved survival of cervix cancer was seen
(20). In the future, MRI can serve as a basis for adaptive radiotherapy
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due to changes in tumour extension during the RT treatment time.
Furthermore, MR based methods for treatment selection of patients
suitable for proton boost (21) and contrast compounds aimed to detect
hypoxic areas suitable for boost (22) , are under development.

3.3.3 Rectal cancer

Current principles of treatment of localised rectal cancer include radi-
otherapy, sometimes in combination with chemotherapy and surgery.
Radiotherapy is most often given preoperatively but can be the only
treatment in old and frail patients. MRI plays a pivotal role for stag-
ing and management of rectal cancer and is used in the diagnostic
work up. The extent of the disease as lineated on MRI governs the
choice of therapy e.g. preoperative chemoradiotherapy to locally ad-
vanced disease. In the future, FMRI might be used to detect biological
features in rectal cancer e.g. ADC has been shown to predict tumour
grade (23). High resolution MRI has been shown to be predictive of
intramural invasion in rectal cancer (24). Furthermore, extramural
depth as measured with ADC was correlated to poor outcome in T3
rectal cancers (25). MRI might be used to define the target for an inte-
grated boost in adaptive radiotherapy of rectal cancer (26).

Even if MRI in staging of pelvic tumours is not documented superior
to CT, MRI in treatment position may be of great value in target de-
lineation in specific situations when the CT imaging is suboptimal
such as:

1. Delineation of the prostate gland, specially the caudal border
Delineation of local tumour extension in cervical cancer

Delineation of low rectal cancer

> D

Delineation of anal cancer

3.3.4 Brain tumours

Brain tumours constitute a heterogeneous group where radiotherapy is
commonly a part of the treatment. MRI is a cornerstone in the diagno-
sis of brain tumours. The modality of choice today for target definition
is CT but MRI could be used in gliomas to reduce the irradiated vol-
ume (27). MRSI (Magnetic Resonance Spectroscopy Imaging also
known as CSI) have been used to differentiate radiation dose in glio-
mas by dose painting (28). MRI is also promising in detecting the ef-
fect of new anti-angiogeneic agents on glioma after radiochemothera-

py (29).

Though MRI of the brain is the imaging modality of choice for RT of
brain tumours, pre- and postoperative MRI have been registered with

SSM 2014:51 32



CT for RT planning and used for some years (30,31). Then MRI was
not often performed in treatment position with the registration being
suboptimal due to the time factor, different position of the skull etc.
Many studies of target delineation with the use of FMRI have been
reported (32).

3.3.5 Head and neck cancer

Patients with squamous cell carcinomas (SCCs) of the head and neck
are commonly treated with radiotherapy. Imaging plays a critical role
in helping define the targets for radiation therapy, especially in highly
conformal RT e.g. IMRT. Anatomic imaging with conventional mo-
dalities, particularly CT is used in patients with head and neck SCCs,
but this approach has limitations. MRI circumvents some frequent
problems connected with CT such as, major artefacts from dental fill-
ings and implants. It also gives an improved soft tissue contrast and
may thus give additional anatomical information. A common problem
in connection to RT is that patients need to be investigated in their
treatment position in immobilisation devices, which hampers the use
of optimal MR-coil configurations. This, together with internal
movements (e.g. swallowing during image acquisition) still seems
hold back a more extensive use of MRI in the head and neck region.
In the future, MRI might provide important information for target def-
inition (33). It is also concluded MRI offers a better opportunity to
define the border between normal tissues and tumour (34).

In radiotherapy of head and neck cancer, PET has been the most stud-
ied technique to define biologically active high-risk areas (35). The
use of FMRI in the radiotherapy planning aspect has not been exten-
sively studied.

In the head and neck region, some studies are made of MRI in the RT
planning setting (34,36). Development is ongoing with optimizing
MRI protocols and coils to fit the patients in treatment position (33).
Scanning time has to be reduced compared with the diagnostic situa-
tion. Better moulding/positioning techniques are also under develop-
ment. In this region a more individualized MR-setting is needed than
in the pelvic region, e.g. also need for intravenous contrast in some
MR- acquisitions.

The conclusion for head and neck cancer is that MRI has an important
role in delineating the target volume in many cases. The sensitivity of
MRI for detecting tumours in the head and neck is similar to that of
CT. The role of MRI in monitoring treatment effect is not yet estab-
lished.
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3.3.6 Lung cancer

For lung cancer, radiotherapy is used for all stages of the disease. In
localized lung cancer stereotactic body radiotherapy is an alternative
to surgery, in locally advanced lung cancer radiotherapy in combina-
tion with chemotherapy offers a possibility for curative treatment and
for advanced disease palliative radiotherapy offers effective symptom
relief and local tumour control. Radiotherapy for lung cancer is asso-
ciated with a few well-known culprits. Due to breathing many lung
tumours are subject to significant intrafraction movement making so-
lutions such as 4D CT planning, gating or even tracking necessary.
Selection of patients for radiotherapy is mainly based on staging using
CT and PET/CT. CT offers excellent anatomical information while the
metabolic information from FDG-PET improves the possibility to find
pathologic mediastinal lymph nodes. MRI is not used for lung cancer
staging today and is only used for the precise mapping of apical (pan-
coast) tumours where the superior soft tissue characteristics of MRI is
an advantage.

In the future, MRI offers several characteristics that are being evaluat-
ed for treatment selection. Dynamic contrast enhanced MRI and diffu-
sion weighted MRI have gained attention for early assessment of tu-
mour response (37-39). 3He hyperpolarized MRI have recently been
utilized for assessment of risk for normal tissue damage (40) and
treatment outcome. Diffusion weighted MRI is proposed to have pre-
dictive information of early response during chemoradiotherapy for
locally advanced lung cancer (37). MRI has also been proposed to be
of value for auto-contouring of target volumes (41), tracking tumour
movements (42) and for 4D studies of target movement (43).

3.3.7 Breast cancer

In RT planning for breast cancer, it is reported that MR is a good im-
aging technique for visualizing breast tissue (44), still uncertain if MR
is superior to CT and of clinical importance in the routine manage-
ment. However, for delineation of boost volumes a better technique
than x-ray based CT scans is needed.

3.4 Organ at risk definition

MRI is superior to other imaging modalities also for definition of or-
gans at risk (OAR). After MR registration with the planning CT, it is
important to use the same imaging modalities for delineation of target
volumes and OARs to avoid introducing new uncertainties. [CRU
definitions should be used also for delineation of OARs. This may be
relevant for many tumour sites including the brain where fMRI have
been used for sparing critical volumes (see chapter 2.2.5).
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3.5 Summary

MRI is a modality assumed to improve delineation of RT target vol-
umes and organs at risk, e.g. in specific areas of the tumour or normal
tissue in the pelvis, brain and head and neck region. MRI might also
be useful for characterization of focal lesions and definition of vol-
umes suitable for boost and adaptation of RT due to time dependent
changes in the target volume.
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4. Treatment planning and
practical issues

4.1 Present status

As described in previous chapters, MRI may often provide valuable
information for the definition of radiotherapy treatment planning vol-
umes. At present, this information is generally utilised through a hy-
brid approach, where target volumes delineated on MR images are
transferred to a reference CT, acquired specifically for treatment plan-
ning purposes. The treatment planning CT is used to define an accu-
rate, undistorted geometrical frame of reference, and to provide the
basic radiation interaction data that are required for 3D dose calcula-
tions. Thereby, the hybrid approach ensures that the absorbed dose
calculations can be carried out according to conventional standards. In
addition, the CT is normally also used to create reference images for
subsequent image guided radiotherapy (IGRT) procedures at the
treatment machine.

In order to transfer the MRI information to the treatment planning CT,
the two image data sets have to be co-registered. By using rigid co-
registration methods average displacement errors in the order of 2 mm
have been reported for cranial (1), pelvis and prostate (2), and prone
rectal cancer patients (3). If the patient is adequately immobilised, this
level of accuracy can be obtained with rigid transforms also in the
more flexible head-and-neck region, or else deformable registration
methods may be required (4). In regions with significant organ motion
larger uncertainties may be expected, and for anatomical landmarks in
the abdominal region average displacement errors over 5 mm have
been reported (5). It should be noted, that these are average values,
and that larger deviations do occur.

Good radiotherapy practice requires a geometrical accuracy in the
order of millimetres (6). In order to avoid the uncertainties associated
with image co-registration and the transfer of structures from MRI to
CT, it has therefore been proposed that MRI could be used as the only
input to the treatment planning process (7-9). An MRI-only approach
simplifies the work-flow, which has advantages both for the depart-
ment, in terms of reduced workload and cost, and for the patient with
reduced number of examinations. However, there are also challenges
associated with the integration of MRI in each step of the treatment
planning process from patient set-up to absorbed dose calculations,
and some of these issues will be discussed in this chapter.
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4.2 Patient set-up and immobilisa-
tion
For radiotherapy treatment planning, it is important that the patient
can be positioned in treatment position during imaging. Conventional
MR scanners in diagnostic radiology generally have small and deep
openings and non-flat table tops, which makes it difficult to position
the patient in treatment position with the immobilisation device to be
used at treatment. This means that a dedicated MRI scanner is pre-
ferred for radiotherapy. Furthermore, external alignment lasers for
isocenter and skin markings are often lacking in a diagnostic MRI
installation. Today, there are open and wide-bore scanners on the
market (70 cm), which can be equipped with a flat table top and exter-
nal alignment lasers, and with plenty of room to accommodate the

patient in treatment position, similar to a CT scanner with good ergo-
nomics (10,11).

The main difficulty with radiotherapy immobilisation devices in MRI
is the limited space available when using head imaging coils. An al-
ternative possibility is to use the more flexible surface coils, but it has
been feared that these may lead to a reduced contrast-to-noise ratio
and thereby lessen the usefulness of MRI for target delineation. It has
been shown, however, that by applying adequate uniformity correc-
tions, satisfactory image quality can be obtained by using a cardiac
coil arrangement (12).

Most materials used for thermoplastic masks and other immobilisation
devices are MR compatible, but it is important to make sure that even
small parts, such as nuts or bolts, are also compatible. In particular,
carbon fibre, which is used frequently in radiotherapy due to its light
weight and low attenuation, may not be MR compatible. This could be
replaced, for instance, by composite materials with similar properties

(13).
4.3 Image distortion

Image distortion in MRI can be either system related or patient in-
duced. System-related distortion is often quantified by using a phan-
tom with evenly distributed grid marker points, for instance, a plastic
container with regularly spaced holes filled with a contrast producing
agent. The distortion is then measured as the deviation between the
observed and true grid positions (10). For 1.5 T and 3 T wide-bore
scanners it has been demonstrated that system-related distortion can
be within 1 mm, at least in the central parts of the images (10,11,14).

Patient-induced distortion is due to effects such as susceptibility
changes and chemical shift differences. In clinical brain MRI for radi-
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ation treatment planning these effects are generally less than 1 mm
(15), which is compatible with conventional radiotherapy practice (6).
The effects increase in the presence of air cavities, however, and may
become considerable in the head-and-neck and thorax regions. Recent
work has addressed methods to investigate and reduce these effects
(16). Finally, it should be noted that for certain pulse-sequences opti-
mised for functional imaging, e.g. diffusion weighted MRI, the effects
of patient-induced distortion can be substantial (17).

4.4 Absorbed dose calculations

In an MRI-only approach to treatment planning, the basic radiation
interaction data required for 3D dose calculations has to be derived
from the MR images. This is not entirely straightforward, since MR
does not reflect the way conventional radiotherapy beams interact
with matter. It is possible, however, to create a “synthetic CT” by us-
ing the anatomical or structural information from MRI, and by assign-
ing a reconstructed value to each voxel based on assumptions or cal-
culations. The two main groups of methods for creating MRI-based
synthetic CT for treatment planning dose calculations will be dis-
cussed in the following.

4.4.1 Anatomy-based conversion

One practical approach to MRI-based dose calculations is to assign
common interaction properties to partial volumes defined in the pa-
tient. In its most simplistic version this could mean defining the whole
patient as composed of water, while more elaborate alternatives would
use a set of several segmented volumes, such as soft tissue, bone, lung
and air cavities. This can be done with a dosimetric accuracy better
than 2%, although a manual segmentation of the involved volumes is
too time-consuming for clinical use (18-20). It should be noted that
these figures relate to the prescription dose, and that larger uncertain-
ties may occur in low-dose regions.

Another type of anatomy-based conversion relies on the construction
of coupled MR and CT atlases (21). For an individual patient, the MR
atlas is co-registered with the patient’s MR images. The resulting
transform is then applied to the associated CT atlas, thus providing a
synthetic CT for the individual patient. The synthetic CT derived in
this way has been used for dose calculations in prostate patients, devi-
ating from full CT-based calculation with less than 2% (21). It should
be beared in mind, however, that this method propagates the uncer-
tainties introduced in the image co-registration procedure, and that its
accuracy therefore can be sensitive to anatomical anomalies.
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4.4.2 VVoxel-based conversion

A more general way to produce a synthetic CT is to use an algorithm
capable of calculating proper voxel values based on the information
contained in the MR images. It has been shown that it is possible to
create robust, synthetic CT in certain regions of the body by combin-
ing the information from a T2-weighted spin-echo MRI with two dif-
ferent ultra-short echo-time (UTE) sequences (22). This method adds
only a few minutes for the extra MR-examinations, is insensitive to
anatomical variations thanks to its general voxel-based approach, and
is easy to integrate with the conventional treatment planning work-
flow. For intracranial treatment planning studies this method has been
found to yield an accuracy comparable to anatomy-based conversion
methods (23). While it has been demonstrated that the UTE sequence
provides improved differentiation between bone tissue and air cavities
in the head-and-neck region (24), other authors have investigated the
possibility to derive synthetic CT from only one T1/T2*-weighted
gradient-echo MRI with promising results (25). Ongoing work aims at
generalising the applicability of voxel-based conversion methods to
other anatomical areas.

4.5 Reference images for IGRT

As MRI was introduced in radiotherapy primarily due to its superior
soft tissue contrast and its advantages for target delineation, it was
anticipated already from the beginning that MRI, thanks to its 3D-
multiplanar capability, could also be advantageous for IGRT. For
conventional treatment units equipped with x-ray portal imaging it has
been shown that the accuracy of set-up verifications based on recon-
structed MRI images can be equivalent to that using CT-based digital-
ly reconstructed radiographs (DRR) (21,26).

In order to fully utilise the anticipated advantages with MRI-based
IGRT, treatment machines with integrated MRI would be required.
Such machines are indeed under development (27,28). Within the
foreseeable future, however, most clinics who want to introduce MRI
for radiotherapy preparations will have the MRI unit located in anoth-
er room, separated from the treatment room, at best with a trolley sys-
tem for patient transport between the units (9). MRI-based procedures
for IGRT and treatment response assessment are further discussed in
chapter 5.

4.6 Summary

An MRI-only approach to treatment planning has been proposed in
order to avoid the uncertainties associated with image co-registration.
This means that dose-calculations need to be performed by using syn-
thetic CT, derived from MR information. In order to avoid co-
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registration uncertainties altogether, voxel-based synthetic CT is an
attractive approach. The associated dosimetric uncertainty should be
acceptable, and ongoing work aims to further improve the accuracy
and applicability of these methods. In conclusion, although there are
certain remaining issues with regard to MRI-based treatment planning
and absorbed dose calculations, practical solutions are well within
reach.

4.7 References

1. Ulin K, Urie MM, Cherlow JM. Results of a multi-institutional
benchmark test for cranial CT/MR image registration. Int J Ra-
diat Oncol Biol Phys. 2010 Aug 1;77(5):1584-9.

2. Roberson PL, McLaughlin PW, Narayana V, Troyer S, Hixson
GV, Kessler ML. Use and uncertainties of mutual information
for computed tomography/magnetic resonance (CT/MR) regis-

tration post permanent implant of the prostate. Med Phys.
2005;32(2):473.

3. Dean CJ, Sykes JR, Cooper RA, Hatfield P, Carey B, Swift S,
et al. An evaluation of four CT-MRI co-registration techniques
for radiotherapy treatment planning of prone rectal cancer pa-
tients. British Journal of Radiology. 2011 Dec 21;85(1009):61—
8.

4, Leibfarth S, Moénnich D, Welz S, Siegel C, Schwenzer N,
Schmidt H, et al. A strategy for multimodal deformable image
registration to integrate PET/MR into radiotherapy treatment
planning. Acta Oncol. 2013 Oct;52(7):1353-9.

5. Yu JI, Kim JS, Park HC, Lim DH, Han YY, Lim HC, et al.
Evaluation of anatomical landmark position differences be-
tween respiration-gated MRI and four-dimensional CT for radi-

ation therapy in patients with hepatocellular carcinoma. British
Journal of Radiology. 2012 Dec 13;86(1021):20120221-1.

6. Thwaites D. Accuracy required and achievable in radiotherapy
dosimetry: have modern technology and techniques changed
our views? J Phys: Conf Ser. 2013 Jun 26;444:012006.

7. Jonsson JH. Integration of MRI Into the Radiotherapy Work-
flow. Umeé: Umea University Medical Dissertations; 2013. 81

p-

8. Greer PB, Dowling JA, Lambert JA, Fripp J, Parker J, Denham
JW, et al. A magnetic resonance imaging-based workflow for
planning radiation therapy for prostate cancer. Med J Aust.

SSM 2014:51 45



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

2011 Feb 21;194(4):S24-7.

Karlsson M, Karlsson MG, Nyholm T, Amies C, Zackrisson B.
Dedicated magnetic resonance imaging in the radiotherapy clin-
ic. Int J Radiat Oncol Biol Phys. 2009 Jun 1;74(2):644-51.

Liney GP, Owen SC, Beaumont AKE, Lazar VR, Manton DJ,
Beavis AW. Commissioning of a new wide-bore MRI scanner

for radiotherapy planning of head and neck cancer. British
Journal of Radiology. 2013 May 23;86(1027):20130150-0.

Kapanen M, Collan J, Beule A, Seppéld T, Saarilahti K,
Tenhunen M. Commissioning of MRI-only based treatment

planning procedure for external beam radiotherapy of prostate.
Magn Reson Med. 2012 Aug 10;70(1):n/a—n/a.

Hanvey S, Glegg M, Foster J. Magnetic resonance imaging for
radiotherapy planning of brain cancer patients using immobili-
zation and surface coils. Phys Med Biol. 2009 Aug
18;54(18):5381-94.

Langmack KA. Radiography. Radiography. Elsevier Ltd; 2012
May 1;18(2):74-7.

Baldwin LN, Wachowicz K, Thomas SD, Rivest R, Fallone
BG. Characterization, prediction, and correction of geometric
distortion in 3 T MR images. Med Phys. 2007;34(2):388.

Wang H, Balter J, Cao Y. Patient-induced susceptibility effect
on geometric distortion of clinical brain MRI for radiation
treatment planning on a 3T scanner. Phys Med Biol. 2013 Jan
10;58(3):465-77.

Stanescu T, Wachowicz K, Jaffray DA. Characterization of
tissue magnetic susceptibility-induced distortions for MRIgRT.
Med Phys. 2012;39(12):7185.

Schakel T, Hoogduin JM, Terhaard CHJ, Philippens MEP. Ra-
diotherapy and Oncology. Radiother Oncol. Elsevier Ireland
Ltd; 2013 Dec 1;109(3):394-7.

Jonsson JH, Karlsson MG, Karlsson M, Nyholm T. Treatment
planning using MRI data: an analysis of the dose calculation

accuracy for different treatment regions. Radiation oncology
(London, England). 2010;5(1):62.

Lambert J, Greer PB, Menk F, Patterson J, Parker J, Dahl K, et
al. Radiotherapy and Oncology. Radiother Oncol. Elsevier Ire-
land Ltd; 2011 Mar 1;98(3):330-4.

SSM 2014:51 46



20.

21.

22.

23.

24.

25.

26.

27.

28.

Korsholm ME, Waring LW, Edmund JM. A criterion for the
reliable use of MRI-only radiotherapy. Radiation oncology
(London, England). 2014;9:16.

Dowling JA, Lambert J, Parker J, Salvado O, Fripp J, Capp A,
et al. An atlas-based electron density mapping method for mag-
netic resonance imaging (MRI)-alone treatment planning and
adaptive MRI-based prostate radiation therapy. Int J Radiat On-
col Biol Phys. 2012 May 1;83(1):e5-11.

Johansson A, Karlsson M, Nyholm T. CT substitute derived
from MRI sequences with ultrashort echo time. Med Phys [In-
ternet]. 2011;38(5):2708. Available from:
http://scitation.aip.org/content/aapm/journal/medphys/38/5/10.1
118/1.3578928

Jonsson JH, Johansson A, Soderstrom K, Asklund T, Nyholm
T. Treatment planning of intracranial targets on MRI derived
substitute CT data. Radiother Oncol. 2013 Jul;108(1):118-22.

Hsu S-H, Cao Y, Huang K, Feng M, Balter JM. Investigation of
a method for generating synthetic CT models from MRI scans
of the head and neck for radiation therapy. Phys Med Biol.

2013 Nov 11;58(23):8419-35.

Kapanen M, Tenhunen M. T1/T2*-weighted MRI provides
clinically relevant pseudo-CT density data for the pelvic bones

in MRI-only based radiotherapy treatment planning. Acta On-
col. 2013 Apr;52(3):612-8.

Weber DC, Wang H, Albrecht S, Ozsahin M, Tkachuk E,
Rouzaud M, et al. Open Low-field Magnetic Resonance Imag-
ing for Target Definition, Dose Calculations and Set-up Verifi-
cation during Three-dimensional CRT for Glioblastoma Multi-
forme. Clinical Oncology. 2008 Mar;20(2):157-67.

Yun J, Wachowicz K, Mackenzie M, Rathee S, Robinson D,
Fallone BG. First demonstration of intrafractional tumor-
tracked irradiation using 2D phantom MR images on a proto-
type linac-MR. Med Phys [Internet]. 2013;40(5):051718.
Available from:
http://scitation.aip.org/content/aapm/journal/medphys/40/5/10.1
118/1.4802735

Crijns SPM, Raaymakers BW, Lagendijk JJW. Proof of con-
cept of MRI-guided tracked radiation delivery: tracking one-
dimensional motion. Phys Med Biol. 2012 Nov
14;57(23):7863-72.

SSM 2014:51 47



5. Treatment and follow up

5.1 Present status

Today, the common standard for verifications during the course of
treatment is based on CT imaging, cone beam CT (CBCT) or orthogo-
nal planar MV- or kV-images (radiographs). A DRR is usually con-
structed from the planning CT and used as a reference for verifications
at treatment. MRI has potential to make improvements in this area
because of the improved information due to superior soft-tissue con-
trast and functional imaging possibilities as well as the possibility to
do patient examinations at each treatment fraction without additional
radiation dose to the patient. Using MRI for verifications during the
course of treatment at a large scale requires a dedicated MRI scanner
in the radiotherapy clinic. Today, this is becoming a reality at more
and more clinics in Sweden and over the world. The use of MRI for
verifications during the course of treatment in clinical practice can
therefore be expected to increase in the near future.

Common practice for assessment of tumour response to radiotherapy
is today based on monitoring tumour size and volume on CT- or MR-
images. MRI is used in follow-up for children and for testicular cancer
to avoid radiation exposure from CT. Several studies have demon-
strated the great possibilities with functional and metabolic imaging
techniques of MRI to be used as early predictors of tumour response
to therapy (1). The technique needs further validation in clinical stud-
ies before being introduced in clinical practice.

5.2 Treatment verification and ad-
aptation (image guided radio-
therapy)

To achieve the benefits of conformal treatment techniques, high preci-
sion on target delineation and determination of target margins are re-
quired. The determination of target margins is based on inter- and in-
tra fraction variations of the patient geometry. While it is essential to
estimate inter- and intra fraction variations of the patient geometry
prior to treatment to make correct determinations of target margins it
1s just as essential to verify the inter- and intra fraction variations dur-
ing the course of treatment for verification and adaptation of the
treatment. The efficiency of radiotherapy is depending on precision of
target irradiation. To be able to do MRI for set-up verification the im-
age guidance system needs to be calibrated with direct links to the
coordinate frame of the treatment machine and the total time between
imaging and the end of treatment needs to be limited to prevent large
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patient movements between imaging and treatment. A solution with a
dedicated trolley to transport the immobilized patient fixed to the table
top between the treatment machine and the MRI scanner located in an
adjacent room has been described (2). Other suggestions are based on
an integrated MRI/radiotherapy device (3,4).

5.2.1 Inter fraction verification

A dedicated MRI scanner at the radiotherapy clinic with possibilities
for doing imaging of the patient in the treatment position has the po-
tential to do precise set-up treatment verification for soft tissue tu-
mours without the need for invasive fiducial markers. Although MRI
was introduced in radiotherapy primarily due to its superior soft tissue
contrast and its advantages for target delineation, it was anticipated
that MRI thanks to its 3D-multiplanar capability could also be advan-
tageous for beams eye view (BEV) image reconstructions and for
treatment simulation (5). It has later been shown that set-up verifica-
tions based on reconstructed MRI images can be equivalent to using
CT-based DRRs (6).

In external beam radiotherapy, changes in patient anatomy during the
course of treatment, for example tumour shrinkage, variations in blad-
der and rectal filling or weight loss, influence on the optimal choice of
treatment volume. In patients with cervical cancer, weekly MRI scans
during radiation treatment was studied to derive general target mar-
gins for this patient group (7). Taking this one step further, regular
MRI scans during the course of treatment would give possibilities to
adapt the treatment volume for the individual patient following the
changes in patient anatomy. Adaptive treatment protocols can be con-
structed either based on a choice of the day from a library of treatment
plans or on online re-planning. This type of adapted treatment implies
a minimization of the dose to limiting normal tissues in the vicinity of
the target volume and thereby an improvement of the therapeutic ratio.
The advantages with adaptive treatment strategies for cervical cancer
patients that takes bladder filling into account has been documented
(8). Furthermore, changes in patient anatomy are a major concern for
proton and ion therapy where changes in the geometry even far from
the target volume can give significant changes in the delivered dose
distribution due to the physical nature of the particle beam. Accurate
registration of and adaption to the changes in patient anatomy during
the course of treatment is therefore important for ion treatments. MRI-
based treatment plan adaptation for ion therapy has been studied (9).
The limited visibility of the tumour itself using CT-based imaging
techniques and the excellent visualization of both tumour and sur-
rounding organs at risk using MRI makes the MRI technique for regis-
tration of changes in patient anatomy during treatment superior.

SSM 2014:51 49



MRI guided radiotherapy has been more commonly implemented for
brachytherapy as compared to external beam radiotherapy. The Medi-
cal University of Vienna radiotherapy department has been doing pa-
tient specific MRI-based brachytherapy treatments for cervical cancer
since 2002 and their method of personalised dose adaptation is docu-
mented (10). MRI-guided brachytherapy for cervical cancer has been
shown to give possibilities to optimize tumour coverage and decrease
dose to critical normal tissues (11).

5.2.2 Intra fraction verification

Continuous tumour and organ motions can be studied using dynamic
MRI analysis. The extent of intra fraction motions has for example
been analysed in pretreatment studies of prostate (12), head and neck
(13) and oesophageal tumours (14). Such studies are valuable for de-
termination of planning target margins. An integrated
MRI/radiotherapy device (3,4) makes it possible to produce MR im-
ages at the same time as irradiation and can therefore also be used for
on-line, intra-fraction image guidance. The advantages of such image
guidance was demonstrated in a study of intrafraction CTV motions in
patients with cervical cancer (15). An integrated MRI/radiotherapy
device could, furthermore, be used for on-line treatment adaptation
such as MRI based tracking (16,17) and gating (18) to compensate for
tumour motions in real time. The effect of MRI based gating was stud-
ied theoretically for treatments of renal cell carcinoma (19). The use
of an integrated MR/radiotherapy device is still far from common clin-
ical practice and further studies will give information on the useful-
ness of such a device. For fully taking advantage of such equipment it
seems logical that the treatment planning is shifted towards an “MR-
only” work-flow.

5.3 Radiobiology based adaptive
radiotherapy

Functional and metabolic imaging techniques of MRI such as DW-
MRI, dynamic contrast-enhanced MRI (DCE-MRI) and magnetic res-
onance spectroscopy (MRS) with ability to detect physiological and
morphological changes in the tumour have possibilities to be used as
early predictors of response to radiotherapy (see chapter 2). The use of
functional and metabolic MRI for response assessment has been in-
vestigated in several preclinical studies but recently also in a few clin-
ical studies (1). Functional changes in the tumour occur well before
macroscopic indicators of response such as change in size, which is
common standard for estimation of response today. Early prediction of
tumour response would identify an ineffective treatment at an early
stage and give a good foundation for personalised, adaptive radiother-
apy. In this sense, adaptive radiotherapy means modifying and cus-
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tomizing the treatment regimen according to the predicted response to
the treatment for the individual patient.

Most clinical studies on the use of functional MRI during radiotherapy
as a biomarker of radiotherapy treatment response have been done on
brain tumours (1) but there are also a number of studies on other diag-
noses such as rectal-, prostate- cervical- and liver cancers and recently
a few on tumours in the head and neck region. The majority of those
studies are based on using DW-MRI to predict early response. The
potential to predict radiotherapy treatment response for glioblastoma
patients during radiotherapy has been demonstrated (20). An early
evaluation of the effectiveness of radiotherapy is of special concern
for this patient group since the glioblastoma response is fast and the
time of survival for those patients is short. However, validation of
consistency between different equipment and of measurements over
time and further validation on the correlation between imaging param-
eters and response is a prerequisite before use in clinical routine (21).
Assessment of tumour response to combined chemoradiotherapy of
rectal cancer using DW-MRI has been studied in small patient groups
(22-24). An early assessment of response would in this case be benefi-
cial to identify the patients with low response to the initial chemother-
apy to be able to individually adapt and intensify the radiotherapy
treatment. Improvement of prostate cancer radiotherapy is still an is-
sue (25) and an adaptive radiotherapy treatment protocol might be one
of the possible solutions to achieve this. The radiotherapy response of
prostate tumours (measured as PSA response during one year) was
best detected by ADC at 6 weeks of therapy in a study of 19 patients
(26). The authors emphasize the need for further investigations. Initial
positive results of using functional MRI during radiotherapy to predict
early response to treatment have also been reported for other diagnosis
worth mentioning, for example for cervical cancers (27), liver cancers
(28) and tumours in the head and neck region (29). Most studies on
this i1ssue are made based on a limited number of patients. The initial
results are promising but further studies will be needed before per-
forming radiobiology based adaptive therapy based on functional
MRI.

5.4 Radiotherapy follow-up

MRI is already frequently used for radiotherapy follow-up. However,
the use of functional MRI for follow-up is not common practice but
has shown promising possibilities to be used for prediction of tumour
response as discussed in section 5.3. A few studies have also shown
possibilities for using functional MRI for follow-up on normal tissue
complications, for example the use of DW-MRI for evaluation of sali-
vary gland function after radiotherapy (30).

SSM 2014:51 51



In brain tumours, differentiation between recurrence and radionecrosis
is a critical step in the follow-up management of patients treated with
radiotherapy. A method that can reliably differentiate tumour recur-
rence from radiation necrosis using standard MRI sequences would be
of significant value (31). Both pseudo-progression and pseudo-
response have been described where pseudo-progression corresponds
to radionecrosis and pseudo-regression to regress of the oedema com-
ponent, most often after anti-angiogenetic therapy (32). MRI has also
been used to evaluate late radiation effects in the brain.

9.5 Summary

Implementation of an MRI scanner at the radiotherapy clinic with di-
rect links to the coordinate frame of the treatment machine and with
possibilities for doing imaging of the patient in the treatment position
would introduce new possibilities for set-up treatment verification and
adaptation of the treatment volume according to the changes in patient
anatomy. An integrated MRI/radiotherapy device would furthermore
make it possible to do on-line intra-fraction image guidance and
treatment adaptation such as MRI based tracking and gating. Howev-
er, the use of such a device is still far from common clinical practice.
Functional and metabolic imaging techniques of MRI have shown
great potentials to be used for early predictors of tumour response to
radiotherapy as well as for follow-up. An early prediction of tumour
response would make it possible to adapt the treatment according to
the response. Although the initial results are promising, further valida-
tion studies will be needed before performing radiobiology based
adaptive therapy based on FMRI.
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6. Practical aspects of the
introduction of MR in ra-
diotherapy

6.1 Organisation

MRI was introduced for clinical use more than thirty years ago. The
basic physics behind MR and its technical potential contributed to the
need for multidisciplinary management when it was introduced in the
radiological departments. MRI has gradually become more, but not
fully integrated among other imaging modalities in radiology depart-
ments. The complex physics, the versatility as well as important safety
issues are possible reasons why MR-centres are common with dedi-
cated staff only working with this modality.

When MRI is introduced in radiotherapy and in particular when MRI
is being installed in radiotherapy departments, new categories of staff
are involved together and assigned new responsibilities. In this situa-
tion, departments form new extended multidisciplinary teams. These
teams are especially important when planning and initiating MRI in
radiotherapy (NHS IGRT report 2012: www.sor.org).

An education plan should be part of planning for establishing MRI in
radiotherapy. The multidisciplinary team is a reasonable core to start
an education program focussed on patient and staff safety issues, basic
MR physics and clinical applications including specific applications
for radiotherapy and patient set up procedures.

6.2 Safety

A complete MRI installation is equipped not only with a dedicated
shielded examination room but also exterior facilities that prevent
people from entering by accident, bringing magnetic implants or
equipment into the scanner room. All facilities with the purpose of
being used in the MR room has to be non magnetic and compatible as
such. When installing MRI in a radiotherapy department this is im-
portant since both the aspect of facilitated workflow and safety has to
be considered.

6.2.1 Metallic implants

Routines for identification of patients with implants that are not com-
patible with MRI are established in all radiology departments. When
initiating MRI in radiotherapy departments it is logical to copy these
routines as far as they can be transferred. Even metallic implants com-
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patible with MRI such as hip prostheses may be a challenge when
within the field of view since they cause artefacts that cause image
distortions and degrade general image quality. Conventional fiducials
intended as markers for target in radiotherapy are not necessarily well
visualised on MRI and there is ongoing development using dedicated
fiducials for this purpose.

6.2.2 Contrast agents

When using MRI for radiation treatment planning, T1- and T2-
weighted sequences of the planning volume are performed but con-
trast agents are not routinely administered. Contrast agents are neither
routinely administered when radiation dose planning is performed
using CT. For this reason, routines need to be established in the radia-
tion department both for screening of patients for impaired renal func-
tion, previous severe reactions to contrast agents as well as time and
dose for previous contrast administration. Guidelines for such screen-
ing are available at the Swedish Society for Radiology
(www.stbfm.se).

6.2.3 Claustrophobia

Claustrophobia is a potential contraindication for MRI but has to be
taken into its context and when necessary discussed individually with
the patient. Correct patient management contribute to the patients ex-
perience of MRI. If claustrophobia exists together with strong clinical
indication to perform MRI the possibility to perform MRI under gen-
eral anaesthesia may be considered. Offering the patient a visit to the
MR unit to see and lie down in the camera a separate day before the
actual examination is useful to ascertain whether the patient tolerate
the examination or not.

6.2.4 Diagnostic findings on MRI

When MRI is performed for radiotherapy treatment planning it is im-
portant to have a previous, usually not older than 4 weeks, diagnostic
examination at hand together with the radiologist report. This is im-
portant because MRI when performed for radiotherapy planning is not
performed for comprehensive TNM-staging of the tumour. Even so,
the MR examination, even when performed with only T1-and T2-
weighed images contain morphological information, both concerning
the primary tumour as well as concerning locoregional and distant
metastases if included in the field of view. The extent of additional
diagnostic information in MR images not picked up in a radiation de-
partment is not known, neither cancer relevant information or inci-
dental findings.
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6.3 Technical challenges

There are several technical challenges when MRI is integrated in the
radiation therapy workflow. There are practical aspects, e.g. the table
top in the MR-camera needs to be identical to the one used during
therapy, the fixation devices for radiation therapy set-up needs to be
adjusted to fit within the opening of the magnet and the coils of the
scanner needs to be compatible to fixation devices and optimized for a
radiation therapy geometry (1). All of these issues are at present ad-
dressed by the main MR-camera vendors but there is still room for
considerable improvement.

The geometric accuracy of the MR-scanner is not as good as for CT.
The geometric distortions of the MR-scanner are dependent of the
main magnetic field and the gradient system. Modern systems have
dedicated and sophisticated correction algorithms for these effects.
Additionally, large susceptibility differences within the body such as
air cavities and metallic implants may cause geometrical deviations
(2). It is important that the use of MRI for radiation therapy is associ-
ated with reliable quality assurance program to monitor the geomet-
rical distortions.

Another susceptibility issue may be introduced by the fiducial markers
used for example in prostate to monitor the position during radiation
therapy. The markers should be visible both on MR-images as well as
X-ray kilovolt or megavolt imaging. Some susceptibility effect of the
marker may be needed to identify them clearly on MR-images (3).
However, the same susceptibility effects of the marker may hamper
the possibility to use functional imaging techniques such as MR-
diffusion of the organ of interest (4).

If the intention is to replace the CT with MRI, there is one limitation
of MRI important to consider. Information similar to the attenuation
data given by CT, which often is needed by the treatment planning
systems, is not available from MRI. However, there are several prom-
1sing techniques that address this issue (5).

MR images obtained in the radiotherapy department should also be
routinely reviewed to guarantee optimal imaging quality and to screen
for technical errors (NHS IGRT report 2012: www.sor.org). At pre-
sent, cross sectional images obtained for radiotherapy planning pur-
poses are not routinely reviewed by diagnostic radiologists.

6.4 Research

Introducing MRI in radiotherapy, in particular when MRI is installed
in the radiotherapy department, facilitate research in all areas related
to radiotherapy. As compared to an installation in a radiological de-
partment, the patient may have scheduled appointments at the radia-
tion department several times before and during treatment. This opens
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for the possibility to use these appointments also to include the patient
in research projects with multiple serial MR examinations that would
not be feasible in a radiology department. Furthermore, the team
working with the treatment of the patient is the natural source for
identifying areas in need for research.

An area with a high interest in research focus, with several examples
in this report, is functional MR imaging. Some of these imaging tech-
niques, such as DCE-MRI and 1H MRSI has been used in clinical
trials for more than two decades. Despite this, the introduction of
these techniques has been limited in a wider context, mainly due to the
technical prerequisites and level of standardisation they offer. When
RECIST was revised to RECIST 1.1 it was concluded that there was
insufficient data to include functional imaging techniques such as PET
or DCE MRI in the response evaluation criteria (6). There are present-
ly several ongoing activities aiming at facilitating standardisation of
functional imaging techniques. One of these activities was initiated in
2010 by the National Institute of Health for volumetric CT, PET CT
and DCE MRI (https://wiki.nci.nih.gov/display/CIP/QIBA+DCE-
MRI). There are also ongoing activities at EORTC aiming at standard-
ising functional imaging techniques for clinical trials
(http://www.eortc.org/research-groups/imaging-group/achievements).

6.5 Summary

The introduction of MRI in radiotherapy comes together with chal-
lenges regarding forming multidisciplinary teams, education and qual-
ity assurance. The multidisciplinary team has an important role to deal
with safety issues and routines related to MRI.
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/. Organisation and imple-
mentation of MR in Swe-
dish radiotherapy

7.1 Organisation

Cancer radiotherapy in Sweden is entirely a part of the general health
care system. Six regional cancer centres have the responsibility to or-
ganize cancer care within each region and to coordinate national
guidelines, care programs and the national cancer registry.

Each regional structure comprises one or two university hospitals, all
with an oncology department for medical oncology and radiotherapy.
Additionally, in five regions some county hospitals have oncology
service, including radiotherapy. In all hospitals oncology rely on diag-
nostic radiology departments for diagnostic imaging. CT-scanners are
available for dedicated use in radiotherapy for target delineation in
treatment position.

Today, four radiotherapy departments are equipped with dedicated
MR systems and at least two more are planning for installation of MR
systems. At present, the role for MRI in “routine” radiotherapy is
exclusively target delineation for external radiotherapy and brachy-
therapy. The diagnostic work-up, including diagnostic MR proce-
dures, are performed before the patients are admitted to radiotherapy.
Thus, the diagnostic and radiotherapy procedures are not in conflict
but an increased flow of expertise between the disciplines would
probably be mutually beneficial for the different disciplines and likely
most of all for the patients.

7.2 Imaging information in radio-
therapy

The use of advanced imaging for treatment planning (e.g. CT) has
since a couple of decades become a routine procedure. This procedure
is separated from the diagnostic work-up of most patients meaning
that the diagnostic procedures are performed before treatment plan-
ning is started. The simple reason is that the diagnostic information
(imaging and other) is used for treatment decision and as a back-
ground for radiotherapy treatment planning. It is also advised that the
diagnostic information is updated shortly before therapy start. Gener-
ally, imaging parameters are optimized for diagnostic purposes.
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In the protocols for imaging for treatment planning purposes imaging
parameters are optimized differently in several aspects. Some exam-
ples are; the patients are immobilized, gantry angles are fixed, contrast
agents are often not used. The scope of the imaging is usually more
limited than that of a diagnostic procedure (i.e. to identify an already
diagnosed tumour in relation to other structures in a new patient
alignment. Thus, it is not routine to produce a diagnostic report or
procedure in these cases. However, it is common to consult a diagnos-
tic radiologist in cases where unexpected or unclear findings are sus-
pected.

A similar approach regarding the handling of imaging information for
the introduction of MRI is natural and follows already existing princi-
ples of many departments. A routine screening of images produced for
radiotherapy purposes would cost valuable competence for an un-
known and uncertain profit in terms of improved therapy. It should be
emphasized that a close collaboration between diagnostic radiology
specialists and radiation oncologists is of great importance in estab-
lishing the routines concerning both safety and optimization of image
quality related to the clinical problem. This collaboration should also
be extended to interdisciplinary discussions concerning different areas
of imaging and special cases as well as educational aspects of MRI
based target volume delineation.

In general, similar principles should be adopted with the introduction
of MRI. It is of importance that patients are informed about the differ-
ence between a diagnostic and a treatment planning investigation in
order to prevent unrealistic expectations. A similar policy may guide
imaging performed exclusively for research purposes.

7.3 Future development of MR in
radiotherapy

7.3.1 Positioning, treatment planning and

dose calculation

The second objective for dedicated MR-equipment for radiotherapy is
research and development. In the basic set-up MRI is used for defini-
tion of anatomy. MR-Images are registered with CT images and the
dose calculation and treatment planning is based on CT. It is well
known that MR-CT registration introduces systematic errors that may
be significant (1,2). In order to eliminate this source of error an “MR-
only” based alternative work flow needs to be implemented. A num-
ber of measures are needed to be taken before such a work-flow may
be realized e.g.
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e A QA procedure with respect to errors introduced by MR such
as geometrical uncertainties etc.

e Segmentation (automatic) of bone and air for dose calculation
and for production of substitute for DRR for verification pur-
poses.

e 4-D MR studies for defining organ motion and possibly track-
ing.

e Finding methods for optimizing images under radiotherapy
conditions and demands such as, fixations/immobilisations,

coil arrangements and sequences.

7.3.2 Previous and ongoing studies

MRI offers a wider range of opportunities to exploit functional tissue
information than CT. This is a rapidly expanding area of research.
Information about the tumour may be assessed pre-treatment and in
conjunction with a radiotherapy course during several weeks. It is as-
sumed that therapy may still be modified in order to increase the prob-
ability of an adequate treatment effect. Such measures may consist of
local radiation boost and/or the addition of anticancer drugs. None of
these potentially beneficial treatment modifications have yet been in-
troduced into general clinical practice but subjected to ongoing re-
search. Functional MRI for assessment of treatment response in cancer
is a rapidly expanding area of research. Despite increasing knowledge
about factors determining treatment effects in cancer there are few
examples where treatments are truly personalised.

In cancer radiotherapy, treatment is frequently administered during an
extended time period. Today the evaluation of the effectiveness usual-
ly takes place, at least, a couple of months after start of therapy. One
reason is that the “early” evaluation of tumour response for most can-
cers is limited to measurement of the tumour contours by radiological
methods. The results given by such end-points will not be able to dis-
criminate between different patterns of response such as differential
responses within the tumour. Furthermore, the time between therapy
and evaluation often comprises the therapeutic interval in which there
still exists a possibility to adapt or completely change a suboptimal
therapy.

Detection of early response predictors or, monitoring of effect, will be

an important adjunct to further development of cancer therapy. There
are many examples of early changes that are predictive for outcome.
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E.g. changes in metabolism measured by FDG-PET and labelling in-
dex by infusion of halogenated pyrimidines in vivo have both shown a
strong predictive capacity as early as one week into a 6-7 weeks
treatment for head and neck cancer (3,4). It is noteworthy that similar
results arise from studies of completely different processes. These
observations together with later observations in other cases such as
cervical cancer (5) and glioma (6) support the hypothesis that treat-
ment effects give rise to complex responses in different cellular pro-
cesses. They may be identified by a number of methods and combin-
ing different methods is likely to be an effective way to move forward.
In the present literature usually one or a few imaging biomarkers have
been analysed in small patient populations (5,7). They have rarely
been further validated and thus, established as a basis of clinical deci-
sion-making. One probable reason is that few single markers are able
to reflect the complexity and the heterogeneity of human tumours
(8,9). The need for use of multiple imaging biomarkers is challenged
against the need for standardised procedures and protocols.

A number of ongoing studies with such aims are presently being con-
ducted in Europe and the USA. Through a search (23 Dec 2013) at
ClincalTrials (www.clinicaltrials.gov), using the criteria radiothera-
pytresponset+MRI, adaptive+radiotherapy+MRI and radiothera-
py+dose-painting+MRI, 50 studies were identified. Studies relevant
for evaluating response in the early phases of external beam radiother-
apy or for guiding of treatment were selected. Six studies concern the
early response or for guidance of therapy in prostate cancer, four stud-
ies of brain tumours, three studies of head and neck cancer and one
concerning rectal cancer and hepatocellular carcinoma respectively
were found. In most trials several techniques were used in a multipar-
ametric approach (DCE, DW-MRI and in some MRS). A large pro-
portion of studies also comprise PET-studies. It is likely that a more
comprehensive search would have identified several more similar
studies since the nomenclature is not strictly defined. The large num-
ber of ongoing studies indicates that there is a large interest in this
topic and an increasing hope for a more personalised radiotherapy.
Most of the studies are focused on finding predictors of tumour re-
sponse. So far only two on-going studies have used MRI data for de-
fining volumes of interest for e.g. boost treatment/dose-painting (10).

7.3.3 Need for clinical studies

In order to realize MR implementation in clinical radiotherapy as out-
lined above well planned clinical studies are needed. Multi-centre
studies will be required for time effective research, sufficient patient
numbers and generalizability. Several lines of studies directed towards
specified aims need to be performed:
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Comprehensive studies are required to identify parameters with poten-
tial predictive information at start of therapy and during the first two
weeks of therapy. A long-term follow up of these patients is also
needed in order to establish the effect on important outcome measures
such as loco-regional control and survival. The evaluation of the vast
amount of data needs specialized statistical expertise.

The next phase of studies are even more important since predictive
parameters need to be met with some therapeutic measures to com-
pensate for e.g. poor response. Many reports of predictive biomarkers
end with a statement that “further studies are required”. Only rarely
studies validating the predictive power of the markers are reported. It
is therefore of importance that strategies for identifying markers of
response include a validation process. Finally the establishing of
methods for use in clinical routine will often demand full, randomised
controlled trials. However, in case of the finding of strongly predictive
parameters for outcome, the number of patients needed to answer the
question should be moderate.

7.4 Summary

In order to build a solid base of knowledge, the ongoing studies will
not suffice. More data under different conditions and during different
kind of treatments need to be collected to establish any indicators of
response or insufficient response that may be used in clinical trials.
One major obstacle is the vast amount of data from each patient who
undergoes a series of functional imaging sessions. The preparation and
handling of data will demand a solid research infrastructure with spe-
cialists from different disciplines. Most radiotherapy centres presently
lack this infrastructure. The increasing number of MR-scanners at
radiotherapy departments will facilitate the forming of such structures.
This challenge has to be considered at both at hospital administrative
and research administrative level to organize an infrastructure that
clearly promotes collaborative efforts between disciplines within each
radiotherapy department, in this case especially radiation oncology,
hospital physics and diagnostic radiology. For a small country with
limited regional resources a joint effort between several hospitals
might be a possibility to gather the resources needed.
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8. Summary and recom-
mendations

8.1 Summary

Due to its superior soft tissue contrast MRI is of importance in identi-
fying tumours and critical normal tissues in several tumour sites such
as, pelvis, brain and head and neck regions. However, CT-data is still
the basis for dose calculations. Today the common method for using
MRI requires CT data for registration, which introduces uncertainties.
An MRI-only approach to treatment planning has been proposed in
order to avoid the uncertainties associated with image co-registration.
This means that dose-calculations need to be performed by using syn-
thetic CT, derived from MR information. In order to avoid co-
registration uncertainties, voxel-based synthetic CT is an attractive
approach. The associated dosimetric uncertainty should be minute.
Ongoing work aims to further improve the accuracy and applicability
of these methods. Although there are certain remaining issues with
regard to MRI-based treatment planning and absorbed dose calcula-
tions, practical solutions are well within reach.

The introduction of MRI (only or in combination with CT) in radio-
therapy requires procedures that are specific for this purpose. MRI is
prone to geometrical distortions, which have to be controlled. The
scanning procedure should be optimised and, as far as possible, stand-
ardised for its purpose. Safety issues need to be addressed. Fiducial
markers need to be MR-compatible and verified concerning produc-
tion of artefacts. MR-derived synthetic CT must be validated both as a
basis for dose calculation and geometric accuracy for their use as
DRRs for reference purposes. Methods for immobilisation need to be
designed with materials that are compatible with both MR and radio-
therapy. Special coil arrangements are often necessary for MRI in
treatment position. Coils can usually not be placed on the skin due to
distortion their weight causes the body contour. Reasonable deviations
from optimal coil arrangements for image quality have to be consid-
ered due to imaging of patient in treatment position.

The role of multi-parametric MR-methods for functional imaging as a
tool for characterisation of tissue and monitoring of response is not yet
established. There are many indications that the information that may
be assessed from such investigations could play an important role in
treatment selection and adaption. More data under different conditions
and during different kind of treatments need to be collected. One ma-
jor obstacle is the vast amount of data from each patient who under-
goes a series of functional imaging sessions. The preparation and han-
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dling of data will demand a solid research infrastructure with special-
ists from different disciplines. Most radiotherapy centres presently
lack this infrastructure. This challenge has to be considered both at
hospital administrative and at research administrative level to organize
an infrastructure that clearly promotes collaborative efforts between
disciplines. The methods need to be clinically validated and standard-
ized tools for acquisition and analyses are required. In the future these
activities may give important information for the personalisation of
radiotherapy. This is a growing area of research. Due to the potential
benefits for patients receiving radiotherapy it is important that the
competence in Sweden is built in parallel to international efforts.
Therefore this area of research is recommended a high priority for
research support.

When applying MR-technology in radiotherapy it remains evident that
the development involves several disciplines. Classic diagnostic radi-
ology is in all cases assumed to be separated from MRI in radiothera-
py. Diagnostic work-up of the patients is performed before entering
the therapy process and imaging. Radiotherapy imaging is an entity
with other goals for optimising of procedures. Thus, the procedures
should be kept apart as in the case of conventional CT-based radio-
therapy. However, we are firmly convinced that a close collaboration
between radiologists, radiation oncologists and medical physicists is a
prerequisite for a successful use of advanced imaging in radiotherapy.
To translate the complex image data into a clinical decision process it
is also likely that more specialists will need to contribute e.g. statisti-
cians, molecular pathologists etc.

8.2 Recommendations

It is the view of this group that MRI in radiotherapy is a new and
promising area of clinical development that aims to further optimise
the radiotherapy on an individual level. For exploiting the potential
benefits more research is needed in conjunction with development of
competence. In the present report we have reviewed the field and
identified several aspects that should be addressed with a high priori-

ty:

1. The standardisation of imaging procedures and quality assur-
ance processes of MRI for radiotherapy is needed for safe in-
troduction of MRI in radiotherapy:

a. As a tool for target localization and definition

b. As a basis for dose calculation

c. As a reference for positioning and in the future, possibly
tracking
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2. Comprehensive research efforts are needed for the exploring
and validating of multi-parametric imaging data for personal-
ised radiotherapy.

a. Support for clinical studies for assessing data

b. Core facilities for data handling, post processing and
analyses of data

c. Clinical studies for utilising the new knowledge

The introduction of MRI represents an important step in the evolution
of clinical radiotherapy. This step holds great promise for improved
future treatments and research. It requires an active involvement of the
entire community associated with radiotherapy including authorities,
research funds, radiotherapy departments and universities involved in
the education of professionals in radiotherapy. The efforts must strive
to assure requirements for education, research and staffing in order to
ensure a safe implementation of the new technology. Direct access of
dedicated MR scanners at all radiotherapy departments is fundamental
and requires active involvement of the health care system to provide
the equipment needed. The implementation of MRI in radiotherapy
also requires an active involvement of care programme groups and
sponsors of clinical radiotherapy studies to describe the use of MRI in
oncology in a structured way. An active participation in international
radiotherapy communities is important to facilitate standardisation of
MRI protocols in radiotherapy. National clinical studies should be
encouraged and supported by the formation of appropriate quality-
and research registries capable of harbouring large quantities of data
including image data. The implementation of MRI in radiotherapy
obviously requires increased efforts and resources for clinical radio-
therapy research and development. To optimize the allocation of re-
search resources, a mapping of current radiotherapy research must be
conducted in order to identify bottle-necks for the development of
Swedish radiotherapy research.

In conclusion: Following the roadmap outlined above, a successful
implementation of advanced MRI methods in radiotherapy will be
possible and result in a step towards personalised radiotherapy be-
tween several hospitals might be a possibility to gather the resources
needed.
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2014:51 The Swedish Radiation Safety Authority has a
comprehensive responsibility to ensure that
society is safe from the effects of radiation.
The Authority works to achieve radiation safety
inanumber of areas: nuclear power, medical
care as wellas commercial products and
services. The Authority also works to achieve
protection from natural radiationand to
increase the level of radiation safety
internationally.

The Swedish Radiation Safety Authority works
proactively and preventively to protect people
and the environment from the harmful effects
of radiation, now andin the future. The Authority
issues regulations and supervises compliance,
while also supporting research, providing
training and information, and issuing advice.
Often, activities involving radiation require
licencesissued by the Authority. The Swedish
Radiation Safety Authority maintains emergency
preparedness around the clock with the aim of
limiting the aftermath of radiation accidents
and the unintentional spreading of radioactive
substances. The Authority participatesin
international co-operationinorderto promote
radiation safety and finances pragjects aiming
toraise the level of radiation safetyin certain
Eastern European countries.

The Authority reports to the Ministry of the
Environment and has around 315 employees

with competenciesin the fields of engineering,
natural and behavioural sciences, law, economics
and communications. We have received quality,
environmental and working environment
certification.

Stralsakerhetsmyndigheten
Swedish Radiation Safety Authority

SE-17116 Stockholm Tel: +46 87994000 E-mail: registrator@ssm.se
Solna strandvag 96 Fax:+4687994010 Web: stralsakerhetsmyndigheten.se
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