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ABSTRACT

Technical innovations and developments in areas such as disease localization, dose calculation algorithms, motion
management and dose delivery technologies have revolutionized radiation therapy resulting in improved patient care
with superior outcomes. A consequence of the ability to design and accurately deliver complex radiation fields is the
need for improved target visualization through imaging. While CT imaging has been the standard of care for more
than three decades, the superior soft tissue contrast afforded by MR has resulted in the adoption of this technology in
radiation therapy. With the development of real time MR imaging techniques, the problem of real time motion manage-
ment is enticing. Currently, the integration of an MR imaging and megavoltage radiation therapy treatment delivery
system (MR-linac or MRL) is a reality that has the potential to provide improved target localization and real time motion
management during treatment. Higher magnetic field strengths provide improved image quality potentially providing
the backbone for future work related to image texture analysis—a field known as Radiomics—thereby providing mean-
ingful information on the selection of future patients for radiation dose escalation, motion-managed treatment tech-
niques and ultimately better patient care. On-going advances in MRL technologies promise improved real time soft
tissue visualization, treatment margin reductions, beam optimization, inhomogeneity corrected dose calculation, fast
multileaf collimators and volumetric arc radiation therapy. This review article provides rationale, advantages and disad-

vantages as well as ideas for future research in MRI related to radiation therapy mainly in adoption of MRL.

INTRODUCTION

Radiation therapy is used in nearly 60% of all cancer
patients for the management of care either in curative
intent or terminal and palliative approaches.! For many
disease sites such as the breast, prostate, lung, and head-
and-neck tumours, radiation has become an integral part of
combined multimodality treatment approaches. For cura-
tive approaches, the goal of radiation therapy is to maxi-
mize the dose to the target volume while simultaneously
minimizing the dose to adjacent organs at risk (OAR). In
other words, adoption of ALAP (as low-dose as possible)
for OAR should yield less toxicity while allowing possible
dose escalation to target thereby resulting in improved
patient care. To achieve the goal, the target volume needs
to be precisely delineated. This is achieved through multi-
modality imaging including but not limited to CT, PET, and
MRI. Additionally, as the tumour is usually not static and
moves along with organ motion, the simplest approach to
address this issue is to provide a wide margin around the
target to create a planning target volume (PTV). However,
a wide margin around the target has serious (cubic factor)
implications both in terms of irradiating OAR and normal
tissues.” Thus image-guided radiation therapy (IGRT)

and adaptive therapy have been developed to specifically
address these issues.’

Historically in radiation therapy, MR and CT images have
provided complementary information. CT data provides
image information with high spatial fidelity and direct
correlation between electron density and of Hounsfield
numbers that is related to the radiation dose.* However,
CT provides relatively poor soft tissue discrimination and
is prone to artefacts, particularly in the presence of high
atomic number materials such as metallic prosthesis. On
the other hand, MRI images provide superior visualiza-
tion of soft tissues as well as a range of tissue contrasts
that CT is unable to match. To obtain the benefits of both
modalities in the treatment planning process, CT and
MR images are fused, providing hybrid image data sets as
illustrated in Figure 1. Figure 1a shows the case of a brain
tumour CT-MR fusion. The lesion treated with stereotactic
radiosurgery (SRS) is inconspicuous on CT but is clearly
visible on post contrast spoiled gradient recalled (SPGR)
gradient echo and T;-weighted spin echo images. Similarly
Figure 1b shows a head and neck CT-MR fusion with metal
artefact. The patient has a significant dental amalgam that
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Figure 1. (@) A small brain lesion invisible in CT images, but can be clearly visible in MR images, (b) another patient with dental
filling where CT images are difficult to provide volume delineation. The MR images can provide structural information. The CT-MR

fusion is used for target and normal tissue delineation.

(@ CT

SPGR post (b)
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resulted in significant streaking. Even though the corresponding
MRI images show susceptibility induced signal loss, the signal
loss does not spill over to the target and normal structures and is
very helpful for contouring these structures.

The role of MRI for soft tissue visualization and discrimination
is so convincing that a number of centres (Sweden and Canada)
have installed a dedicated MRI unit adjacent to or within the
treatment room either in a fixed configuration or on rails very
similar to the CT-on rails concept. Early MRI installations in
radiation oncology were used primarily for simulation of the
prostate and head and neck tumours on a relatively low magnetic
field (0.23 T).° The past decade has seen the development of
1.0 T, 1.5 T and now 3 T MR simulators that are dedicated for
radiotherapy simulation.® These dedicated MR simulators have
generated not only CT-MR based simulation workflows but also
MR-only simulation and planning workflows with the help of
synthetic CT (sCT) data generated directly from MR images.” '*

Currently MR-simulation is not integrated process and as such
has resulted in an inherent time lag between simulation, patient
transport and finally treatment, even though both systems may
be within close proximity to one another."® This will be true for
CT-simulation also if scanner is not located in the department.
With advent of CT-PET and MRI-PET, it became apparent that
data could be acquired simultaneously or sequentially within a
single coordinate system, initiating the idea of integrating MR
imaging and megavoltage therapy systems into a single unit
and has resulted in the development and marketing of an MRI
based integrated imaging and treatment systems both in Europe

and USA. The Utrecht group has been actively working on this
project since 2002 that has culminated in Elekta Unity system
(Elekta AB, Stochholm, Swededn).'* In the USA, the ViewRay
MRIdian system (Oakwood OH) was introduced with a Co-60
beam.'>!® These systems are meant to provide an integrated
MRL device for simultaneous MRI imaging and advanced treat-
ment with adaptive therapy.

Various groups have also received funding to produce integrated
systems with varying magnetic strengths.'*!”~%° Current systems
in use include 0.35 T, 0.5 T, 1.0 T, and 1.5 T for ViewRay, Alberta
group, Sydney group and Elekta system, respectively. Various
approaches have been proposed with functional or prototype
units. For example, first in class was the ViewRay unit based on
0.35 T magnet and three Co-60 heads placed at a circular gantry
with 90 cm source to axis distance, but newer system has replaced
the Co-60 sources with a 6 MV linear accelerator. The Elekta
Unity is 1.5 T magnet with advanced imaging capabilities and
uses 6 MV linear accelerator.”! The Canadian system at Univer-
sity of Alberta, Aurora-RT uses a 0.5 T magnet with a 6 MV
linear accelerator placed in central opening of the magnet.'
The Australian Consortium is working on a system that will use
a 1.0 T magnet.'® Images of these systems are shown in Figure 2.
The specification and functioning of these systems can be viewed
from various references.'*!>172

The availability of MR simulators within radiotherapy depart-
ments has increased the use of MR images as both primary and
secondary imaging modalities. With the recent availability of
MRL systems, advanced treatments such as intensity modulated
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Figure 2. (a) ViewRay MRIdian system, (b) Elekta 1.5 T MRI-Linac, (c) Alberta’s Aurora RT system and (d) Australian (Sydney) MRI

System, image courtesy of Paul Keall and Brad Oburn.
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radiotherapy/volumetric modulated arc therapy (IMRT/VMAT)
and stereotactic body radiation therapy (SBRT) or stereotactic
ablative radiotherapy (SABR) are likely to be developed and
translated into clinical practice. At the time of publication of this
article, it is too early to speculate the future of MRL.

USE OF MR FOR RADIOTHERAPY: HISTORICAL
REVIEW

Adaptation and clinical integration of MR for radiation therapy
treatment simulation has been slow. The reasons for this are
several fold including; technical limitations of the equipment,
access issues related to the physical locations of these systems
within radiology departments and therefore physically remote
from radiation oncology, concerns regarding the spatial fidelity
of the MR data and the lack of electron density information.
By far the greatest contributor to this delay relates to the tech-
nical limitations imposed by early MR scanner designs. These
limitations arose due to the fact that, from their outset, they were
designed as diagnostic imaging instruments in which disease
conspicuity was the first and foremost performance criterion.
This was achieved by ensuring the patient was imaged in a neutral
position within a rigid RF coil and not placed in an immobiliza-
tion device in treatment position. The development of early high
field systems (>1.5 T) with bore diameters of 50-60 cm further
restricted in treatment position imaging while in those situa-
tions in which the patient could be imaged in treatment position,
space limitations within the bore routinely prohibited the use of
dedicated RF coils, most notably surface coil arrays resulting in

imaging being performed using the whole body transmit receiver
RF coil. The consequence of which was a degradation of image
quality due to a reduction in signal-to-noise ratio (SNR) within
the image.

The development of open MR scanners provided an early oppor-
tunity to address many of the aforementioned technical chal-
lenges. The first reported case of the use of an open MR scanner
for radiation therapy treatment simulation was by Mizowaki et
al*? in 1996. In 2002, Mah and colleagues® reported on the inte-
gration of a 0.23 T open system into their radiation oncology
department specifically for MR treatment simulation. The system
consisted of two 1 meter diameter cylindrical magnets separated
by 47 cm. While the anteroposterior separation of the magnet
poles was similar to so-called closed bore systems, the use of
separate magnet poles provided 360° of unrestricted access in
the plane orthogonal to the field direction thereby facilitating
imaging in treatment position using MR compatible patient
immobilization. While the technical performance of this system
was inferior to contemporary high field systems, the location
and installation of this and other systems directly into radiation
oncology departments was an important clinical proof of concept
and milestone. More recently, Glide-Hurst and colleagues® have
reported on the development of a 1.0 T MR scanner dedicated
for radiation therapy treatment simulation.

While open MR systems addressed a critical clinical challenge in
MR simulation—the ability to image in treatment position—these
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systems were compromised in terms of SNR and overall perfor-
mance when compared to their closed bore high field counter-
parts. The introduction of so-called wide bore systems in which
the largest bore dimension equalled 70 cm addressed the most
significant limitation of these systems by dramatically increasing
the population of patients who could be imaged in their immo-
bilization systems in treatment position while simultaneously
providing access to advanced imaging techniques such a func-
tional, rapid and parallel imaging. As a consequence, institutions
and MR scanner manufacturers have focused on these systems as
the primary platform for MR simulation.

THE USE OF MR IN RADIOTHERAPY: EXISTING
CHALLENGES

Significant challenges remain to be addressed in regards to
the development of MR for radiation therapy.”®> Due to the
relatively long acquisition times of MR data in general and
3D MR data specifically, motion related artifacts and motion
management remain problematic, particularly so when imaging
organs within the abdomen and chest.”* The 4D MR imaging
allows for the acquisition of data acquired at multiple time
points across the respiratory cycle is an active area of research
that could be helpful in managing target motion during beam
delivery. Another challenge remains the ability to accurately
image cortical bone and to derive electron density information
from MR data. Zero echo time (ZTE) and ultrashort echo time
(UTE) are two MR methods that provide promise to address
these issues and will be discussed below. Finally, RF coil designs
remain sub optimal for many MR simulation applications. The
development of flexible multiple element phased array coils have
proven to be superior when compared to rigid coils due to their
ability to more closely conform to an individual’s positioning
and body habitus. Despite their flexibility, they remain bulky
and in general are only draped over the patient and doing so
do not accurately follow a given patient’s contour. Recent devel-
opments in RF coil technology show promise in this regard.
Highly flexible, low profile so-called ‘AIR’ coils (GE Healthcare,
Waukesha, WI) have been demonstrated to address many of the
existing limitations of conventional coils encountered in radi-
ation therapy MR simulation.”> Due to their developmental
nature, it remains to be seen if these RF coil systems will be
adopted by the MR community.

MR BASED TREATMENT PLANNING CHALLENGES
Spatial distortions and artefact

Ensuring the spatial fidelity of the MR data set is essential for
precision radiation therapy and early reports regarding spatial
distortion of MR data were as large as tens of millimetres.”>*®
It is important to note that these data were acquired on low
field (0.2 T) systems and reported as early as 1996.** Recently
Wegand et al*’ described the results of 12 studies investigating
spatial distortion in MR and reported that spatial distortion was
of the order of several millimetres with five studies quantifying
maximum spatial distortion to be less than 2 mm. In general,
spatial distortion will increase with increasing distance from the
isocentre of the MR scanner and as such, large field of view or off
isocentre imaging will be most susceptible to image distortion.

Das et a/

Spatial distortion is generally considered to be comprised of
both system dependent and patient dependent sources.”” System
dependent effects are due to system imperfections such as
gradient non-linearity, inhomogeneities of the main magnetic
field (ABy), eddy currents and concomitant fields and inhomoge-
neity of the radiofrequency (RF) pulse profile. Patient dependent
sources are generally considered to arise from magnetic suscep-
tibility differences of tissues and implanted devices such as metal
implants and chemical shift effects, both of which distort the
main magnetic field.

Much work has been done to reduce system dependent distor-
tions. Because gradient field non-linearity arises from physical
imperfections in the construction of the gradient coils, it can be
effectively modelled and corrected for. Gradient induced distor-
tion is commonly characterized using spherical harmonics as the
basic function®® with spatial errors being characterized by the
sum of Legendre polynomials of increasing order. The higher
the order of the polynomial, the more accurate the model of
the distortion field.”® The high order modelling of the gradient
induced distortion means that correction of these spatial errors
is nonlinear and is consequently referred to as gradient warping
(Gradwarp). In general, MR scanner manufacturers provide
Gradwarp distortion correction in both 2D and 3D depending
upon whether planar or volumetric data is acquired. While the
effects of inhomogeneity of the By field can be quantified, quan-
titative AB-distortion correction methods are less frequently
employed. Typically, By shimming is performed in which both
first and second-order corrections using the spatial encoding
and other dedicated coils are used to correct for AB, within the
prescribed imaging volume at the time of pre-scanning. Impor-
tantly, it can be shown that the magnitude of both types of distor-
tion are inversely proportional to the amplitude of the spatial
encoding gradient in the readout direction for conventional
acquisition techniques.”’” Hence, those sequences that use larger
gradient amplitude in the readout direction will be less suscep-
tible to distortion arising from these sources.

Distortion arising from susceptibility differences and chemical
shift effects are patient specific and therefore a general solution to
ameliorate their effects does not exist. Distortions resulting from
susceptibility differences between tissue and air or between tissue
and foreign active or passive implanted devices is dependent
upon susceptibility differences, the geometry of the implant as
well as it’s orientation within the main magnetic field.” Suscep-
tibility induced artifacts scale with the main magnetic field
and are inversely proportional to the amplitude of the readout
gradient. Hence, imaging at lower field strengths (1.5 vs 3.0 T)
or increasing the bandwidth of the imaging sequence (increased
readout gradient) are two strategies for reducing this effect. Arti-
facts arising from susceptibility differences between tissue and
foreign metal can be minimized using a variety of metal artefact
reduction techniques. However, the amount of artefact reduc-
tion is related to the composition, amount and orientation of the
metal. In the absence of dedicated pulse sequences for metal arte-
fact reduction, spin echo based sequences are more immune to
distortion compared to gradient echo based sequences. Chemical
shift artifacts arise from a shift in the Larmor frequency between
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fat and water and are manifested as either a physical miss-map-
ping of fat relative to water (chemical shift of the first kind) or a
cancellation of the MR signal within voxels that contain both fat
and water (chemical shift of the second kind).>° As with suscep-
tibility artifacts, these effects scale with field strength. Chemical
shift of the first kind can be minimized by imaging at a lower field
strength or increasing the bandwidth of the imaging sequence.
Chemical shift of the second kind can be minimized by judicious
choice of imaging echo time.

Electron return effect

Radiation dose in a patient is related to the secondary electrons
produced by photon interactions arising from photo-electric,
Compton and pair production process. Each of which is depen-
dent on beam energy and characteristics of the medium (atomic
number and density). The computation is generally performed on
CT data which in turns provide electron density needed for the
dose computation. The development of MR-linacs has resulted
in the violation of the charged particle transport and therefore
the need for modelling of charge particle motion within a large
magnetic field which is critically important for dosimetry.*!
Referred to as the electron return effect, MRL dosimetry and
treatment planning must account for charged particle path devi-
ation due to the Lorentz force. Various approaches to overcome
this is being proposed in various system with some success.

Target volume delineation

Delineation of the treatment target and OAR are a prerequisite
for a treatment planning and are acquired primarily from CT
data. In general there are no universal guidelines for volume
delineation except in a few disease sites, thus significant vari-
ability exists. In the absence of guidelines, the accuracy of target
delineation is determined by image quality as well as the exper-
tise and training of the clinician. Multiple publications have
highlighted this variability in several treatment sites including
the breast, lung, prostate, head and neck and others.*>”* The
dose-volume histogram (DVH), originally developed during
the 3DCRT era as a treatment planning optimization tool is now
universally used but its accuracy depends on volume estimation
that varies with slice thickness and treatment planning system.
While volume delineation can be augmented by multimodality
imaging (CT, PET, MRI) it has been noted that even with such
approaches the process is in general sub optimal.”® Several of the
difficulties related to target and OAR contouring and volume
delineation are discussed below.

MR as secondary imaging modality

As early as 1998, Ramsey et al’® reported work flows, and general
usage of MRI in radiation oncology. To date, the utility of MR
as a secondary imaging modality is without question, particu-
larly in regards to the reduction of inter observer variability
in contouring as compared to CT across multiple anatomical
sites.*>*®4% However, errors introduced by mis-registration of
CT and MR images have shown to be significant due to changes
in the shape and location of the soft tissues between imaging
sessions as a result of surgery, chemotherapy or due to the fact
that MRI has been acquired not in treatment position. In case of
SBRT treatments, this can compromise tumour control because

of the steep dose gradient between tumour and OAR. The intro-
duction of MRL and MR simulators equipped with an indexed
flat table top, MR compatible immobilization, coil bridge support
and lasers for alignment and marking, these registration uncer-
tainties can be minimized.

Figure 3a,b are an example of gynaecological and prostate MR
simulation cases. For gynaecological case, the GTV boundary is
more clearly visible on the MR as compared to CT. The pros-
tate patient with bilateral hip implant shows prostate and rectal
spacer more clearly on the MR as compared to CT. Additionally
as shown in Figure 1b, the impact of image artifacts can be mini-
mized in some cases with the use of MRI.

MR-ONLY APPROCHES

Synthetic CT and DRR generation

Even though segmentation errors introduced by miss-reg-
istration between CT and MR could be minimized with the
introduction of an MR only pathway, disease and/or treatment
induced changes in target and normal tissue volumes across
different imaging sessions is still a concern. Figure 4 shows a
typical MR-only planning approach. In addition to minimizing
segmentation errors, an MR only workflow improves efficiency
and convenience to the patient by reducing the number of
imaging sessions. A crucial requirement for MR-only simula-
tion and planning is the ability to perform dose calculations
based on MR images only. To address the challenge of the
absence of electron density information from MR-only simu-
lation, research is currently underway to develop so-called
“pseudo CT; sCT” for dose calculation. Recent growth of MR
simulators in radiation oncology departments has resulted in
rapid growth of sCT development for MR-only planning work-
flows for different anatomical sites for accurate dose calcula-
tion. These methods can also be extended to MR-linac, where
a MR-only workflow maybe more suitable for daily online
adaptation. Although, both dosimetric and geometric accuracy
(accuracy of DRRs and CBCT matching) of sCT is important
for a linac-based MR-only workflow, for an integrated MRL
system where online image guidance is MR-based, volumetric
matching of MR images is more crucial than DRR-based
matching. In this scenario, evaluating the dosimetric accuracy
of sCT, especially in the presence of a magnetic field, is more
relevant than geometric accuracy.

Bulk density assignment-based methods for sCT
These methods are the simplest sCT-based methods and rely on
manual contouring of bones and other relevant tissues such as
soft-tissues, lung, air, etc and assigning a bulk electron density
to the segmented structures. The method has shown dose calcu-
lation accuracy within 2-3% to the standard CT-based photon
plans for brain,® head and neck,** prostate,"** lung and
pancreas.*® The limitation of this method is manual contouring
of structures, such as bones, which is not practical for routine
use and assigning appropriate bulk electron density value. In
the future, development of auto-segmentation of bones on MR
images may overcome the challenge of manual contouring of this
relevant structure.
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Figure 3. MR simulation example cases: (a) Axial CT + MR fusion of a Gynaecological case. GTV boundary, red colour (bottom
panel) is clearly visible on the T,w MRI acquired in treatment position, (b) Axial CT + MR fusion of a prostate patient with bilateral
hip implants. Prostate and rectal spacer is clearly visible on the axial T,w MRI as compared to CT (arrow).

(a) CT

T2w

These methods are the simplest sCT-based methods and have
shown dose calculation accuracy within 2-3% to the standard
CT-based photon plans for brain,** head and neck,** prostate,**
lung and pancreas.*® Manual contouring of structures, such as
bones makes it impractical for routine use. In the future, devel-
opment of auto-segmentation of bones on MR images may
overcome the challenge of manual contouring of this relevant
structure. Once validated, auto-segmentation based bulk density
assignment methods maybe suitable for MR-only planning as
well as online planning on the MRL.

Atlas-based methods

Atlas-based methods have been used to generate sCTs for
brain,*” head and neck,*® and prostate*” and have shown good
dosimetric accuracy of less than 2%. These methods can also be
used to propagate contours in addition to generating sCTs and
are suitable for MR-only workflows on MRL. The main draw-
back of atlas-based method is that they are limited by the accu-
racy of deformable registration especially in situations where
there is a large variation in patient anatomy as compared to the
atlas subjects. In addition, the individual atlas may need to be
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Figure 4. MR only approach to patient treatment. (a) 7;/T, image acquired on a flat table top used for contouring, (b) sCT gener-
ation, (c) treatment planning (d) two images (bone and soft tissue) of sCT DRR for treatment verification. Similar approaches and

detailed DRR images are also provided by several other investigators.

41,42

developed for each treatment site with an optimal number of
atlases in each site. Even for a streamlined MR-only workflow, it
would be ideal to generate synthetic CT in real-time before the
patient has left the simulation appointment so that a backup plan
can be initiated if any issues are detected with the synthetic CT
generation.

Other methods

Recently, the use of standard MR images along with deep learn-
ing-based convolution neural network methods are being devel-
oped for sCT generation and have shown good accuracy in the
brain’ and prostate.’® Although deep learning based methods
take longer to train, they are extremely fast (order of seconds)
in generating the sCT and have the potential to classify bone
without the use of specialized sequences such as ultrashort echo
or UTE. These deep learning based models can be trained based
on paired or unpaired®’ MR-CT images and have great potential
to be used in a MR-only workflow or online MR guided setting.

Commercial solutions

There are several commercial sCT software solutions that are
available for MR-only planning for prostate for clinical use. Such
automated approaches maybe more clinically useful for MRI
based treatments. One of them is a classification-based method
called MRCAT (Philips Healthcare NA, Cleveland OH) or MR for
Calculating Attenuation, which is currently limited to a Philips
MR scanner. The method uses a Dixon based MR sequence along
with a constrained bone model to generate sCT by assigning bulk
HU for water, fat, and spongy and cortical bones. The method
has been clinically implemented for MR-only planning for pros-
tate®* and has strong potential to be used on Elekta MR-linac

systems. The other method (MRI planner; Spectronic Medical
AB, Helsingborg, Sweden) is scanner independent and currently
CE marked for clinical use in Europe.”® Recently, Siemens have
launched a sCT software that will be available shortly on a new
sola MRI system. MRIplanner uses a statistical decomposi-
tion algorithm for generating sCT and has been evaluated for
dosimetric accuracy within a multicentre/multivendor valida-
tion and shown accuracy to be within 1% of CT-based plans.>®
MRIplanner although scanner independent, may need to be
evaluated for low-field-strength (0.35 T and 1.0 T) MRL systems.

Digitally reconstructed radiographs (DRR)
generation

The transition to MR only treatment simulation and planning
requires the use of DRRs or 3D verification using cone beam CT
(CBCT) for treatment verification that rely only on MR data.
The CT based simulated radiograph or projection images have
been widely used in radiation therapy for several decades with
their spatial fidelity and radiographic characteristics have been
well characterized and understood. However, recently CBCT is
being used frequently. Currently DRRs are generated in beam’s
eye view (BEV) from treatment planning systems that act as a
reference image. These DRRs are then compared with pre-treat-
ment images either from on-board imaging or portal images.
The quality and fidelity of DRR is critical for the matching of
pre-treatment images to set up patient with calculated shift for
treatment. Thus, there is considerable interest in the character-
ization of MR-only DRRs both in terms of their spatial fidelity/
accuracy and radiographic properties. Because MR-only DRRs
are generated from MR data, spatial fidelity is determined by
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the amount of distortion, the intrinsic resolution of the MR data
and the accuracy of classification of the bones on sCT. With
recent developments in sCT methodologies as described in
the previous section, the quality and accuracy of DRRs are as
good as those obtained from real CT. Kemppainen et al*! have
demonstrated that errors between MR-only DRRs and those
generated from CT data within the prostate can be less than 1
mm when imaging the prostate. Based on the survey by John-
stone et al*? which included multiple treatment sites and DRR
methodologies, errors of no greater than 4 mm were reported.
After systematic evaluation of MR based positional accuracy,
few institutions are clinically using MR based DRRs for brain
and prostate as part of their MR-only simulation and planning

program.8‘48’54

TREATMENT DELIVERY TECHNOLOGIES
Visualization of a target in radiation oncology has been chal-
lenging, especially during treatment. Kishan and Lee™ recently
noted that radiation therapy has been ‘blind’ to the target
anatomy. The inability to visualize the target during treatment
resulted in the development of various treatment imaging
systems including cone beam CT and portal imaging to address
this limitation. However, no X-ray based approaches have been
able to provide the soft tissue contrast afforded by MR and has
therefore spurned multinational research efforts to incorporate
MR imaging into a radiation therapy treatment system. To date,
several commercial and research systems are available or under
development as described in detail by Pollard et al*® including
ViewRay system'> which has replaced the threeCo fixed heads
with a 6 MV linear accelerator and multi leaf collimator system.
The MRL system developed by European consortium based on
1.5 T MR scanner, marketed by Elekta, is commercially known
as the Unity system and described in detail in literature.'**”>®

Owing to ERE in magnetic field especially for higher field strength,
Canadian group in Alberta designed magnetic field parallel to
the beam axis with lower field strength (0.5 T) (Figure 1c).1920
Australian consortium is also working on a prototype with 1.0 T
magnetic field MRI-Linac as shown in Figure 1d.'*

TREATMENT DATA ASSESSMENT

Quantitative MR

MR imaging systems, including the imaging systems of MRLs are
not measurement devices. This is because they have historically;
identification and quantification of sources of bias and variance
has not been performed, standardized acquisition and analysis
techniques that are vendor agnostic are absent, and standard-
ized quality control programs and phantoms that are traceable
to national and international standards do not exist. This there-
fore represents a challenge for the integration of MR into radi-
ation therapy for therapy response assessment which imposes
the strict criteria of quantification of disease stage and type, its
precise spatial extent, and response to therapy. The inability to
provide precise quantitative information has the further poten-
tial to result in treatment decisions that are neither precise nor
accurate. Efforts are in the way to make standardized quantifica-
tion of the biomarkers as described by Pollard et al.*®

Das et a/

MR for treatment response

The goal of radiation therapy is to effectively eradicate tumours
while minimizing damage to normal tissues. The standard
approach in determining tumour response uses the Response
Evaluation Criteria in Solid Tumours (RECIST). It may take
weeks for RECIST criteria to suggest success or failure of a treat-
ment based on gross change of tumour size. Similarly, assess-
ment of normal tissue effect based on adverse events could
miss the time window for treatment adjustment to achieve
better therapeutic outcome. Advances in MR imaging allow
noninvasive assessment of morphological, biological and func-
tional process in tissue, and, therefore, may provide tools for
early assessment and prediction of tumour and normal tissue
responses to irradiation. One such example based on longi-
tudinal change in T, weighted MR images of a rectal cancer
patient undergoing neoadjuvant chemoradiation treatment are
shown in Figure 5. A good responder and a poor responder
based on pathological response has been shown using longi-
tudinal morphological information where persistent tumour
burden is visually apparent for a poor responder. Imaging
and pathological information combined from a larger patient
cohort can be used to develop a predictive model. Figure 6
provides an example where image texture analysis features were
used to indicate image correlation and outcome in nasopharyn-
geal tumours.”

Assessment of tumour response

Dynamic-contrast enhanced (DCE)-MRI characterizes tissue
vasculature and has been proved clinically useful for tumour
diagnosis and treatment assessment.”* Perfusion and perme-
ability parameters derived from DCE-MRI are consistently
linked with tumour response to radiation on various anatomies
including brain,®” head and neck,®! breast,®* liver,%* prostate and
pelvis.***> While DCE-MRI in the lung is susceptible to respi-
ration motion, a prospective study showed DCE-MRI perfusion
parameters predicted treatment response for non-small cell lung
cancer (NSCLC) after chemo-radiotherapy.66 Discriminating
necrosis and tumour recurrence after RT is a long-time challenge
in treatment of brain tumour. Using the transfer constant Kj,,,,s
derived from DCE-MRI, Bisdas et al*” achieved 100% sensitivity
and 83% specificity for detecting recurrent gliomas from radia-
tion necrosis.

Diffusion-weighted MRI (DWI) generates contrasts based on
random Brownian motion of water molecules in biological
tissues. The apparent diffusion coefficient (ADC) calculated
from DWI quantifies tissue cellularity and has shown poten-
tials for monitoring cell apoptosis, tumour lysis and necrosis.®®
However, DWI for brain tumours is often confounded by
surrounding edema and necrosis. By spatially differentiating low
and high ADCs, a diffusion abnormality index may provide a
better metric in predicting response of brain metastases to whole
brain irradiation.®” DWT acquired with a high b-value identified
hypercellular components in glioblastomas and may surrogate
progression-free survival after radiation.”® The potentials of
ADC change in assessing tumour response to RT have also been
demonstrated for RT of head and neck cancer,”" prostate cancer
etc.”?
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Figure 5. Morphological assessment of tumour burden based on longitudinal T, weighted MRI of rectal cancer patients undergoing
neoadjuvant chemoradiation treatment. Please note changes in tumor burden over time with tumour location indicated by the

arrow.
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Assessment of normal tissue effect

Increased radiation dose for improved tumour control is limited
by possible normal tissue injury. There are clear differences among
patients regarding normal tissue radio-sensitivity; however, stan-
dard radiotherapy has been designed with “one dose fitting all”
dose schedules to have no more than 5-10% of patients developing
severe side-effects. Several studies have utilized MR functional

imaging for early prediction of organ injury toward the goal of
adaptive treatment and personalized medicine.

Radiation injury in the brain is often defined clinically by the
development of neurocognitive dysfunction. By correlating with
neuropsychological test results, the change of vascular volumes
and blood-brain barrier permeability derived from DCE MRI

Figure 6. Schema for the image post-processing on contrast-enhanced T7; and T, images. The tumour areas were contoured on
all MRl slices. Radiomics features are extracted that is correlative with clinical data for survival prediction. Adopted from Ouyang

et al®® with open access source.
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were predictive of delayed alternations in verbal learning and
total recall after partial brain RT.”> Diffusion tensor imaging
(DTI) provides magnitude, anisotropy and orientation of diffu-
sion of water molecules. Early diffusivity changes assessed by
DTI were associated with late delayed cognitive decline.”* A DTI
white matter (WM) tractography analysis suggested the dose to
elongated WM associated with WM post-treatment damage.”
Radiation necrosis is a severe adverse effect of brain radio-
therapy. DTI radial diffusivity may provide an early prediction
for delayed radiation necrosis.”® Radiation-induced liver disease
(RILD) is a major factor that limits dose escalation for intrahe-
patic cancer. As the portal vein supplies approximately 75% of
blood flow to the liver, portal venous perfusion derived from
liver DCE-MRI could be a surrogate of spatial distribution of
liver function in RT.” Relating the perfusion to function proba-
bility, a local and global function model was proposed to assess
individual and regional dose-response of hepatic function.”®
Incorporation of the portal venous perfusion information into
conventional NTCP modelling could improve estimation of the
risk of liver injury compared with using dose only.”’

MR habitats and radiomics

Tumours are not uniform within a volume, which may be respon-
sible for the variable outcomes from the same therapy among
patients. Tumour heterogeneity is now being explored by char-
acterizing sub regions with distinct image characteristics, called
habitats.® Based on spatial distributions of MR images and para-
metric maps, habitats of distinct physiologies such as viable cells,
necrosis and edema could be delineated and provide unique
information for therapeutic decision support. Spatial habitats
derived from multi parametric MR data predicted 12-month
survival for glioblastoma patients.*’ A processing pipeline for
delineating tumour habitats from metabolic and physiological
images that showed an association between the habitats and
recurrence patterns on irradiated glioblastoma.®”

Multiparametric images combine the information from different
images, thus allowing improvement of characterization of
complex tissue therapeutic responses. Radiomics refers to
high-throughput extraction of quantitative features from multi
sequence, multiparametric images that may aid in clinical deci-
sion making.*® The features typically consist of intensity, shape
and texture that capture tumour heterogeneities. Numerous
radiomics studies have been published recently in cancer
research including radiation treatment.®® Texture analysis of
DCE MRI identified tumour sub regions that predicted breast
cancer response to neoadjuvant therapy.*> A recent study showed
that radiomics from T,-weighted MR images achieved signifi-
cantly higher performance than DWI for determining complete
response of rectal cancer after chemo-radiation treatment.
Instead of using explicitly hand-crafted features in traditional
radiomics studies, machine learning based methods generate
radiomics features directly from neural network learning on a
training dataset.’” The features extracted by machine learning
on multisequence MRIs of glioblastoma patients showed better
performance for prediction of overall survival than traditional
risk factors.®® However, machine learning-based features may
present barriers for understanding due to the complex modelling.
Deep understanding of the method and prospective validation

Das et a/

will be required to establish clinical utilities of the technique for
cancer treatment.

QUALITY ASSURANCE

To date, a single standardized approach to quality assurance for
both MR simulators and MRL does not exist. For MR scanners
used for MR simulation early quality assurance efforts focused on
the quantification of spatial distortion.” More recently Paulson
etal® have described processes and procedures, including quality
assurance, for MR simulation on a high field wide bore cylin-
drical (3 T, 70 cm diameter) MR system. While the report focuses
on procedures unique to MR simulation for radiation therapy,
many of the elements of this report were developed based on
previously published quality assurance methods including work
by the American Association of Physicists in Medicine (AAPM)
MR Subcommittee (Task Group 1) and the quality assurance
program recommendations provided by the American College
of Radiology MR accreditation program as discussed in several
references.”*? To address the need for a standardized approach
to quality assurance of MR simulators, the AAPM has recently
formed Task Group number 284 (Magnetic Resonance Imaging
Simulation in Radiotherapy: Considerations for Clinical Imple-
mentation, Optimization, and Quality Assurance) with the
charge of providing guidance on facility design, siting, MR safety,
RT-specific clinical workflows including acquisition protocols,
distortion and motion management and finally the development
of quality assurance protocols. While the report is not avail-
able at the time of publication of this article, it is expected that
the finalized report will be available imminently to the general
public. Similarly, a standardized, vendor neutral approach to
quality assurance of MRLs does not exist at the time of publi-
cation. In response to this need both commercial and joint
industry-academic efforts are currently underway. Phantoms for
quality control of the MR component of the MRL are becoming
commercially available (Modus QA, London ON, Canada)
while an international consortium of users of the Elekta 1.5 T
MRL system has been established to address the development
and clinical translation of this system.” A major task of this
group will be the development of all aspect of quality assurance
including reference dosimetry, off line and real time treatment,
end-to-end, patient and MR quality assurance. As MRL systems
continue to translate into clinical practice, it is highly likely that
vendor neutral protocols for MRL will be developed by profes-
sional societies such as the AAPM.

UNMET NEEDS AND OPPORTUNITIES

Much work remains to be done to ensure the successful integra-
tion and adaptation of both MR simulators and MRLs into the
routine clinical workflow of radiation oncology departments.
While many challenges remain, there also exists a unique oppor-
tunity which is to leverage the significant work and advances
in the field of MR imaging already underway in the diagnostic
MR imaging community and to translate and adapt these to the
need of radiation oncology. This will require closer collabora-
tion amongst clinicians and scientists from both radiology and
radiation oncology necessitating the removal of preexisting silos
that have developed over the past several decades. To this end,
a recent editorial in a major scientific MR imaging journal has
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identified this need and called for closer collaborations between
both diagnostic and therapy scientists and clinicians. This is to
not only expedite and translate advances developed for diag-
nostic MR applications to therapy but to also focus on therapy
specific MR imaging challenges.”® Fostering and developing
collaborations across these disciplines will also require support
from both national and international scientific and professional
societies such as the AAPM, the RSNA, International Society of
Magnetic Resonance in Medicine (ISMRM), American Society
for Radiation Oncology (ASTRO), and the European Society for
Radiation Oncology (ESTRO). To turn this vision into reality,
the authors encourage communication at all levels starting with
grass roots efforts to multi institutional formalized efforts such as
working groups and conferences.

CONCLUSIONS AND FUTURE TRENDS

Since the early 1990 the use of MRI in radiation oncology has
experienced rapid growth. With the introduction of integrated
treatment system such as the MRL real time soft tissue visualiza-
tion, motion managements and dose delivery during treatment is
now possible. The authors of this report therefore conclude that
MRI in radiation therapy has a bright future and will enable the
field to advance to a higher level of patient care and in doing so
produce improved treatment outcomes.

While the authors have attempted to highlight the impor-
tance and value of MR in radiation therapy, debate continues
regarding its role and efficacy’> What is clear is that the soft
tissue contrast and ability to visualize in vivo organ motion
afforded by MR when integrated into a single hybrid imaging
and treatment system will have significant advantage as shown
by Pollard et al.>® Solutions to technical difficulties such as
distortion, creation of sCT, ERE, and heating effect will no

doubt be resolved or mitigated by ongoing research and devel-
opment. Staffing and training are another issues that respec-
tive societies need to look at carefully and provide guidelines.
Since 1990, diagnostic and therapeutic divisions of Radiology
have formed their own individual departments with little or
no interactions. Imaging based radiation treatment is bringing
both teams together. However training and expertise still
remain independent across departments and institutions.
There is an urgent need to integrate imaging components in
radiation treatments and hence both groups have to share some
responsibility for these developments and knowledge sharing
if the integrated devices are to become successful. Finally,
MRI-based systems have to provide clinical data showing
superiority over traditional treatment. Preliminary outcome
studies from these integrated devices are encouraging.’®

With introduction of proton beam radiation therapy,” a new
sense of confidence in improved patient care exists. With
advances in MRI and speculation exists regarding the integration
of these two systems, Raaymakers et al*® provided a feasibility of
its use. Additionally more work has been reported on simulation
and real testing of MRI and proton beam.” It is expected that
the success of the MRL will soon translate into MRI-proton units
thus compounding the benefit of MRI and Protons. The image
quality of MRL with same magnetic fields are identical to that of
the diagnostic MRI units thus eliminating the fear of distortion,
scatter and leakage as shown by Wang et al.”!

It is our conclusion that the use of MRI in radiation oncology is
paving the way for improved patient care that may translate into
actual improved outcomes. Many technical hurdles are being
investigated with academic institutions and vendors for an inte-
grated and seamless process.
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