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ABSTRACT

Advances in image-guided radiotherapy (RT) have allowed for dose escalation and more precise radiation treatment
delivery. Each decade brings new imaging technologies to help improve RT patient setup. Currently, the most frequently
used method of three-dimensional pre-treatment image verification is performed with cone beam CT. However, more
recent developments have provided RT with the ability to have on-board MRI coupled to the teleradiotherapy unit. This
latest tool for treating cancer is known as MR-guided RT. Several varieties of these units have been designed and installed
in centres across the globe. Their prevalence, history, advantages and disadvantages are discussed in this review article. In
preparation for the next generation of image-guided RT, this review also covers where MR-guided RT might be heading in

the near future.

INTRODUCTION: IMPORTANCE OF IMAGE-
GUIDED RADIOTHERAPY IN RADIOTHERAPY
Radiation therapy has advanced in leaps and bounds over
the past few decades. The introduction of accurate dose
calculation algorithms, intensity-modulated radiation
therapy (IMRT), image-guided radiotherapy (IGRT) and
stereotactic body radiotherapy (RT) has changed our
clinical practices. For example, in our clinic, it is now
routine practice to treat early-stage lung cancer patients
definitively with stereotactic body RT when, in years past,
surgery was the standard of care.'™ Currently, tumour
delineation is the weakest link in the delivery of accurate
and precise RT.>° In his 1989 Canon Rebel camera com-
mercial, Andre Agassi proclaimed “image is everything”’
And we agree. After all, as physicist Harold Johns said “if
you can’t see it, you can’t hit it, and if you can’t hit it, you
can’t cure it”.° This need to “see” the tumour is the basis for
IGRT. IGRT provides on-board (or in-room) imaging
which helps guide the radiation treatment delivery process
in order to safely deliver the treatment to the intended
target.>” This publication is limited in scope to discussing
methods of on-board or in-room MR IGRT techniques in
external beam treatments.

Currently, there are several imaging technologies avail-
able in radiation oncology to facilitate optimizing
treatment positioning accuracy and precision such as
megavoltage planar imaging, static kilovoltage planar
imaging, ultrasound, cone beam CT (CBCT) and even

in-room CT-on-rails units, all of which still have worse
soft-tissue contrast than MRL'® Common imaging mo-
dalities such as portal imaging and CBCT are quite useful
for minimizing and correcting rigid misalignments but are
lacking when it comes to adaptive RT techniques that aim
to modify the treatment plan according to both geometric
and anatomical changes on both an interfraction and
intrafraction basis."

The ultimate goal of MR-guided RT (MR-gRT) would be to
exploit MR’s superior soft-tissue contrast and its ability to
use imaging biomarkers that could potentially indicate
a treatment response to adaptively modify the treatment
in an online fashion. Instead of just adaptively changing
the treatment plan due to anatomical changes without
changing the original treatment intent as most current
adaptive RT techniques do, MR-gRT when fully realized,
will be able to change the treatment intent based upon the
continuously acquired real-time data it will collect and be
able to use biomarkers to identify responders compared
with non-responders.'® MR-gRT with real-time adaptive
plan optimization will be a game changer in radiation
oncology.

Before sophisticated methods became widely available for
IGRT, the International Commission on Radiation Units
and Measurements in 1999 gave guidance on accounting
for tumour positional uncertainty with the use of creating
margins surrounding the irradiated target.''
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And as early as 2004, Raaijmakers et al'> published the findings
of their feasibility study to integrate a 6-MV linear accelerator
(linac) with an MRI unit.">"* In a collaboration between Elekta
Oncology Systems and Philips Medical Systems, the team
designed a 6-MV linear accelerator that rotates about the gantry
of a 1.5-T MRI system. The major goal of the study was to not
just design the device but also to predict the impact of the
transverse magnetic field on the radiation dose delivered by the
linac. Computer simulations of the dose kernels were created
using Monte Carlo algorithms for 1.5- and 1.1-T fields."*™"°
They discovered that the pencil beam dose would be asym-
metric, and for larger radiation fields, the depth for the maxi
dose is shallower by 5 mm than expected and the penumbra is
increased. Their work in 2005 also determined that the increase
of dose at tissue—air interfaces was due to electron return effect,
where electrons in a magnetic field will move in a circular
pattern and cause extra dose to be deposited. Despite these
effects to the dose deposition, the team concluded that these
effects could be taken into account by conventional three-
dimensional conformal treatment-planning procedures and de-
cided to investigate the magnetic field’s impact on IMRT fields
later. The construction for the first of these systems began in
2007 at the University Medical Center, Utrecht, Netherlands.'>!”

In 2006, Kron et al'® published a proposal for a combined MR-
adaptive cobalt tomotherapy unit. They named their proposed
device the “MiCoTo”, the nuclear MR-integrated cobalt tomo-
therapy unit. The appeal of cobalt RT is that there is a lack of
interference between the MR unit and the linac. Other advan-
tages of using a low-energy megavoltage photon-emitting source
such as cobalt-60 (°°Co) is that it ensures a constant dose rate
with gantry rotation and makes dose calculation in a (0.25-T)
magnetic field easier as the range of secondary electrons is
limited in comparison to high-energy X-rays produced by
a linac.'® The tomotherapy ring was designed to sit between the
MRTI’s two Helmholtz coils. Owing to using cobalt, there would
be no impact of the MRT’s fields on the dose rate or deposition
and the dual-row multileaf tomotherapy collimator system
would allow for intensity-modulated treatment.'®

CURRENT MR-GUIDED RADIOTHERAPY SYSTEMS
In 2014, the first commercial MRI-guided cobalt radiation
therapy system began treating patients at Washington University,
St Louis, MO. The unit is called the “MRIdian®” or “ViewRay
system” (VRS).'”** The system has three doubly focused mul-
tileaf collimated “°Co sources mounted on a ring, straddled by
a 0.35-T MRL*" Both the therapy and the imaging system share
the same isocentre, which allows for simultaneous imaging and
treatment. In addition, the VRS has an integrated adaptive
treatment-planning system (TPS) that allows the user to rapidly
adapt the treatment plan and beam delivery based upon the MRI
information.*

The VRS has three main components, namely the MRI, the RT
delivery system and the adaptive RT TPS.** The VRS’ MRI has
a double-doughnut design with a 50-cm imaging field of view. It
has a 75-cm diameter whole-body radio frequency (RF) transmit
coil which covers the magnet gap and is thin, yet uniformly
attenuating to prevent beam heterogeneities and to improve
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patient comfort.”® The RT system consists of three controlled
%Co sources (initial dose rate 550 cGymin~') with three
10.5 X 10.5-cm” fields at the isocentre from three gantry angles
set 120° apart from one another.”” During treatment delivery,
the MR can continuously and simultaneously track in one sag-
ittal plane at four frames/second or in three parallel sagittal
planes at two frames/second using real-time deformable image
registration-based beam control.”’ Finally, VRS adaptive RT
TPS uses Monte Carlo dose calculations, capable of delivering
IMRT or conformal RT or even both, and it is fully capable to
perform on-couch, real-time adaptive RT.** Its TPS is robust
and time-efficient; it can calculate nine-field treatment plans
within 30s. The TPS can also perform its calculations with and
without the effects of the MR field being present.*® In September
2015, Wooten et al*' published their report of their first RT
treatment using the VRS at Washington University. Since then
other sites have followed suit with clinically treating with their
VRS such as the University of California, Los Angeles (Los
Angeles, CA).*

Hu et al'® evaluated the VRS’ image quality as compared with
the American College of Radiology’s guidelines for the Wash-
ington University VRS and found that the system met all
American College of Radiology and vendor specifications. Hu
et al'’ measured slice position error to be <1 mm, slice thick-
ness error was <<0.5mm and the resolved high-contrast spatial
resolution was 0.9 mm. Geometric distortions for the 20- and
35-cm-diameter spherical volumes were 0.1 and 0.18 cm, re-
spectively, for high spatial resolution three-dimensional images
and 0.08 and 0.2 cm for two-dimensional (2D) high temporal
cine images."’

The VRS is not the only MR-gRT option. Several other options
exist and will soon be operating clinically. Namely, their largest
difference from the VRS is that they are mostly MR units
combined with linacs and have higher MR field strengths than
the VRS (Table 1).

One such MR-linac system is Dr Fallone’s rotating biplanar linac
(RBL)-MRI system in the University of Alberta’s Cross Cancer
Institute, Edmonton, AB.**** It is designed with an open biplane
(0.6-T) magnet with a 6-MYV linac that can be positioned either
between the magnet planes or through one of the central
openings of the magnet planes.”> This allows for the radiation
treatment field to be either parallel or perpendicular to the
magnetic imaging field.”” Like the VRS, this system allows for
MR to image during radiation treatment delivery for real-time
guidance.”

One of the main advantages of the RBL system is that it was
designed to be delivered in small parts, which is ideal for
standard-sized RT vaults, and it has a cryocooler which allows
the unit to maintain superconducting temperatures without the
use of cryogenic liquids, as most other MR-gRT systems re-
quire.”> Similar to the VRS, the RBL system has real-time tu-
mour tracking, an automated tumour-contouring algorithm,
tumour-position predictive algorithms supported by neural
networks and the capability to move the multileaf collimators
(MLCs) in real time with the tumour?® One thing that
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Table 1. MRI-guided radiotherapy units

70-cm bore

5.5Gymin ' at isocentre

Cancer Center, Madison, WI

. . L . o . Manufacturer/
MR dimensions Radiation unit specifications Location ..
publication
0.35-T whole-body scanner, Three-headed *°Co system; FDA_SO}(k) clearec.i. Flr.St installation
S 1. at Washington University, St 20
70-cm bore 5.5Gymin  at isocentre .
Louis, MO
0.35-T whole-body scanner, Three-headed *°Co system; VU University Medical Center, 20
70-cm bore 5.5Gy min~ ! at isocentre Amsterdam, Netherlands
0.35-T whole-body scanner, Three-headed *°Co system; Seoul National University Hospital, 20
70-cm bore 5.5Gymin ' at isocentre Seoul, Republic of Korea
Sylvester C hensive C
0.35-T whole-body scanner, Three-headed *°Co system; yivester (I)mp.re ensw.e a.ncer
70-cm bore 5.5Gymin~" at isocentre Center, University of Miami, Coral 20
=5y Gables, FL
0.35-T whole-body scanner, Three-headed *°Co system; University of California, Los Angeles, 2022
70-cm bore 5.5Gymin~' at isocentre Los Angeles, CA ’
0.35-T whole-body scanner, Three-headed *°Co system; University of Wisconsin Carbone 2

1.5-T MR scanner, 70-cm bore

Mobile MR scanner, 6-MV linac
(IMRT, VMAT, CBCT)

Princess Margaret Hospital,
Toronto, ON

IMRIS and Varian;?

1.5-T MR scanner (Philips
Achieva®), 70-cm bore

6-MV linac (Elekta)

University Medical Center Utrecht,
Utrecht, Netherlands

Elekta and Philips
Healthcare;'?

1.5-T MR scanner (Philips Achieva),
70-cm bore

6-MV linac (Flekta)

Sunnybrook Health Sciences Center,
Toronto, ON (pending)

Elekta and Philips
Healthcare

1.5-T MR scanner (Philips Achieva),
70-cm bore

6-MV linac (Elekta)

The Froedtert & Medical College of
Wisconsin Cancer Center,
Milwaukee, WI (pending)

Elekta and Philips
Healthcare

1.5-T MR scanner (Philips Achieva),
70-cm bore

6-MV linac (Elekta)

Netherlands Cancer Institute-Antoni
van Leeuwenhoek Hospital,
Amsterdam, Netherlands (pending)

Elekta and Philips
Healthcare

1.5-T MR scanner (Philips Achieva),
70-cm bore

6-MV linac (Elekta)

Institute of Cancer Research,
London, UK (pending)

Elekta and Philips
Healthcare

1.5-T MR scanner (Philips Achieva),
70-cm bore

6-MV linac (Flekta)

The Christie NHS Foundation Trust,
Manchester, UK (pending)

Elekta and Philips
Healthcare

1.5-T MR scanner (Philips Achieva),
70-cm bore

6-MV linac (Flekta)

MD Anderson Cancer Center,
Houston, TX

Elekta and Philips
Healthcare

0.6-T MR scanner, 60-cm bore

6-MV linac

Prototype at Cross Cancer Institute,
Edmonton, AB

Research System; 23

1-T MR scanner, 80-cm bore

6-MV linac

Design study

28

CBCT, cone beam CT; FDA, US Food and Drug Administration; IMRT, intensity-modulated radiation therapy; linac, linear accelerator; VMAT, volumetric

modulated arc therapy.

Fallone’s™ group did first was to quantify the signal-to-noise
ratio (SNR) reduction as a function of the radiation-induced
current due to the photon radiation’s impact on the MR coils
which was in the order of 15-18% at 250 MUmin"'. To com-
pensate for this, they created methods to improve SNR using
build-up or image processing in k-space.

Perhaps one of the most comprehensive MR-gRT facilities in
existence is the Princess Margaret Cancer Centre (PMCC) which
has a rail-mounted 1.5-T MR scanner that can operate in three
different suites: an MR simulation suite, an MR-guided bra-
chytherapy (Nucletron; MicroSelectron high dose rate, iridium-
192, 10 Ci) suite and an MR-guided external beam suite (Varian;

TrueBeam, 6-MV, 1400 MU min ™~ ').?> PMCC’s system has a MR
coil specifically designed for radiation oncology with extended
field-of-view capabilities for head and neck and pelvic imag-
ing.””> Automated shielding doors (6.4 cm for the brachytherapy
suite and 20.3cm for the external beam suite) allow the MR
scanner to enter suites safely.”> Similar to the design of most CT-
on-rails external radiation therapy beam designs, PMCC’s MR-
on-rails is designed to advance over a patient after they have
been translated 3.1 m between the Truebeam linac’s isocentre
and the MRI isocentre.”® Despite the comprehensive nature of
all of the MR suites that this facility has, it lacks one of the
hallmark features of other MR-gRT units, real-time adaptive
planning, tracking and imaging using MR. Still, it does offer
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their patients more frequent response assessment in the treat-
ment position. Nominally, there is currently a 120-s time delay
from MRI to treatment delivery which they hope to reduce
to <90s.”

Lagendijk et al’” at the University Medical Center in collabo-
ration with Elekta AB (Stockholm, Sweden) and Philips (Best,
Netherlands) developed a fully integrated MR-linac unit which
includes a 1.5-T Achieva® Philips MRI and an Elekta 6-MV
accelerator in a ring configured in the mid-transversal plane
about the MR."*?***” The team is still working to create a real-
time Monte Carlo-based TPS that will allow for online, during-
treatment adaptive planning for their unit.

Finally, Australia’s MRI-linac program is similar in some regards
to Fallone’s RBL system in that it is also an open-bore 1-T
magnet with the capability of delivering radiation inline and
perpendicular to the orientation of the magnetic field.”® What is
unique about Australia’s design is that they are considering
whether to rotate the patient or rotate the MR-linac itself.***’
Mounting the linac inline to the magnetic field has several
advantages: no beam attenuation or Compton scatter to the
patient from irradiating through the cryostat; lower exit dose; no
need to control for eddy currents or have dynamic shimming;
the magnetic field has less impact on the electron gun; electron
transport; and the waveguide operation.”® However, the inline
orientation would require more engineering since it is not
common. The easier orientation for the MR-linac would be to
follow a perpendicular approach with the linac sandwiched in-
between the magnet biplane doughnuts, similar to the Fallone’s
RBL system. This design allows for better imaging performance,
lower skin dose, no need to rotate magnet or patient and lower
constraints on the magnet, gradient coil and RF design.”®

Keall’s group has made considerable effort to describe and
measure the impact of the magnet on the linac’s components
ranging from the electron gun to the MLCs. Their finite-element
modelling study showed that the MLC does not create signifi-
cant inhomogeneities in the MRI field for source—axis distances
at 140 cm or beyond, that dynamic shimming is not required
during treatment and the 1500 N force between the magnet and
the MLCs is manageable.”® However, his team did report that the
electron gun should be modified in the linac to prevent current
loss.”*° An unshielded gun in the perpendicular orientation
can be more sensitive to the magnetic field and accelerate
electrons orthogonally away from the waveguide.”® In order to
reduce skin dose in the inline orientation, Keall’s group suggests
optimizing magnet design, using bolus, magnetic scrapers and
helium regions placed strategically between the linac and the
patient.”®

We believe MR will play a major role in the future of radiation
therapy. MR simulators have already started appearing in some
clinics. Even MR only simulation and treatment planning are
taking hold in certain body sites.”® Also, the application of pseudo-
CT density data and synthetic CT are promising in enabling MR
image only treatment planning.”>* Dedicated MR simulators are
available with coils and immobilization specifically designed to
work in the RT and MR setting. Also, several groups have dedicated
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their research to developing suggestions for suitable imaging
protocols for MR-gRT imaging techniques (Table 2).**™!
Tables 1 and 2 were created based upon a literature review.

BIOMARKERS AND MRI

Owing to its high contrast detail of soft tissue, MRI can con-
tribute uniquely to the RT imaging needs. For example, the high
contrast of MRI will enable contouring of intrahepatic lesion
without MR contrast administration.”® In addition, it has the
ability to improve contouring accuracy in many disease sites
including the prostate, brain, nasopharynx etc.”® and in critical
structures such as the brachial plexus and salivary glands. In
addition to morphological imaging, MRI has the capability to
provide functional imaging. Higher cell proliferation rate in
cancer leads to higher cell density and this decreases extracellular
space, which in turn reduces the mobility of water molecules.
This leads to a decrease in the apparent diffusion coefficient in
cancerous regions compared with normal tissues. Thus lower
apparent diffusion coefficient can be used for tumour detection
as well as treatment response and prediction.”*” Similarly,
diffusion tensor imaging has been shown to improve delineation
of difficult-to-treat high-grade gliomas than using only T
weighted images.”” Dynamic contrast enhanced MRI has been
shown to be useful in evaluating late cardiac toxicity due to
radiation therapy.”® MRI is extremely useful in guidance of
brachytherapy insertions as well as post-implant evaluation.””
MR as an on-board image modality carries the inherent
advantages (high contrast, functional information, better tu-
mour and normal tissue discrimination) to image guidance.
MRI is specifically useful in visualizing the brachial plexus,
spinal cord, intrahepatic lesions, brain etc.!” In addition, it adds
no radiation dose; it is possible for some clinical sites to image in
the treatment orientation; and ultrafast techniques are available
to reduce motion-induced blur for imaging guidance in hypo-
fractionated treatment settings. It is to be noted that recent
developments such as multiplexed sensitivity encoding and si-
multaneous multislice potentially provide sufficient spatial res-
olution to be used for real-time image guidance.®"**

The ability of magnetic spectroscopy imaging (MRS) to diagnose
areas of high metabolic activity linked to tumour cell pro-
liferation is particularly useful for RT treatment planning be-
cause of better gross tumour volume delineation.””” MRS can
also help during image guidance by daily tumour imaging fa-
cilitating simultaneous integrated boost treatments. MRS has the
potential to differentiate recurrence from scar tissue in pre-
viously irradiated sites.”® The fundamentals of MRS stem from
the fact that the resonant frequencies of metabolites can be re-
solved using strong-enough magnetic fields.®>** The common
and relatively abundant metabolites are creatine which is an
energy marker, choline which is a cell membrane marker and N-
acetylaspartate which is a neuronal marker.®> The ratio of these
markers to one another can be used to differentiate abnormal
tissue from the normal one. Poptani reported, in 1995, that
intracranial lesions can be characterized using in vivo proton
MR spectroscopy.” Since then MRS has been studied in various
sites including the prostate, brain, breast etc.”>°*"°® With the
availability of MR simulators and IGRT systems, serial moni-
toring of these metabolites becomes practical and hence
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Table 2. Site-specific suggested MR sequences

Anatomical location Acquisition sequence Reference
T, 3D gradient echo 34,36
Post-Gd-T; standard spin echo 35,36
Brain
Proton density fluid-attenuated inversion—recovery 35,36
T, FLAIR 36,53
Post-Gd-T; standard spin echo 36,37
Head and neck T, weighted sequence with fat saturation 36,38
T, 3D gradient echo (pre- and post-contrast) 36,53
T, inversion-recovery (STIR) sequences 36,39
T, weighted 3D FSE (XETA) 36,40
Breast
T, weighted TSE 36,41
T, 3D gradient echo 36,53
TSE T, 36,42
GYN T, weighted FSE 36,53
T, 3D gradient echo 36,43,44,53
T, weighted FSE 36,45
Prostate
T, 3D gradient echo 36,53
T, weighted FSE 36,46
Rectum T, and T, STIR 36,48
T, 3D gradient echo 36,53
Cine-MRI, FIESTA 49
Liver
3D true fast imaging gradient echo 50
Lung Cine-MRI, true-FISP 51

3D, three-dimensional; FIESTA, fast imaging employing steady-state acquisition; FLAIR, fluid-attenuated inversion-recovery; FSE, fast spin echo; Gd,
gadolinium; STIR, short tau inversion-recovery; true-FISP, true fast imaging with steady state free precession; TSE T,, turbo spin echo T,; XETA,

extended echo-train acquisition.

biological progression can be readily evaluated during the course
of radiation treatment.

The absence of fluorine-19 (°F) in soft tissue makes it an ideal
contrast agent for spectroscopy. However, in order to obtain
sufficient SNR, the density of '°F needs to be increased on the
molecular basis which is accomplished through perfluorination
in which all "H atoms in a hydrocarbon chain are replaced with
F atoms.®*®® These perfluorocarbons (PFCs) are similar to
common organic compounds in their molecular structure
except that they are very electronegative. This produces the
desired chemical shift to be effective as a contrast agent.®*
"F nuclear MR can be used for functional lung imaging, cell
tracking using PFC emulsions and in vivo monitoring of
fluorinated drugs and their metabolites such as chemotherapy
agents.’* In addition, '°F can bind with a biomolecule acting
as a ligand. This property is exploited in measuring oxygen
concentration as the later affects paramagnetic effects of the
former. Hyperpolarized PFCs and He have been used to
evaluate lung function parameters such as ventilation distri-
bution, ventilation/perfusion ratios and regional oxygen
partial pressure.®>**°"%® PEC is also ideal for cell trafficking

and migration as the absence of '°F in tissue makes detection
of PEC in cells possible in real time.®””°

CHALLENGES OF MRI-GUIDED RADIOTHERAPY

MR-gRT has an array of advantages over traditional types of
IGRT platforms, but it does have some limitations that must be
addressed. For each treatment site, the work is still being carried
out to determine the optimal MRI sequences that should be
utilized for the imaging demands of that organ/clinical setup. In
addition, these sequences should also be efficient or timely.

A recent work by Paulson et al’' provides information on full
consensus agreements based on feedback from a series of
questionnaires regarding site-specific MRI simulation. For brain
MRI simulations, the article suggests that geometric distortions
be <lmm for stereotactic treatments and <2mm for non-
stereotactic brain treatments.”’ Also, there was full consensus
established for using post-contrast T; weighted image as the
reference simulation image to be co-registered to planning CT.”*
For head and neck treatments, the authors suggest that the tu-
mour region be identified using fat-suppressed, post-contrast T}
weighted sequences and oedema should be identified using T,
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weighted turbo spin echo sequences.”' For prostate simulations,
no consensus was reached regarding consistent organ-filling
methods between CT and MRI simulation.”' However, full
consensus was achieved for using axial multislice 2D T, turbo
spin echo images with 3-mm slice thickness and <1 mm in-
plane spatial resolution in order to contour the seminal vesicles
and prostate gland.”' The study found that for the prostate and
cervix, there is no consensus or agreement on imaging the
patients on flat table arrays in immobilization devices for their
MR simulation. For cervix MRI simulations, there was agree-
ment for acquiring multislice 2D T, weighted turbo spin echo
images in both the axial and sagittal planes as well as using the
T, weighted image as the reference set to be co-registered to the
planning CT.”!

Beyond the work that still needs to be carried out to offer
agreed-upon MRI simulation protocols, there are other issues
with MR-gRT such as the magnetic field’s impact on sec-
ondary electrons. The presence of magnetic field can cause
effects on the secondary electrons as noted earlier, and robust
techniques in the dose calculation algorithm for the unit must
account for these effects. It is possible for the magnetic fields
to cause warping of the dose and hot spots at material
interfaces.”” This requires the TPS to account for and reduce
the electron return effect. Alternatively, work has been carried
out to create new units that have the magnetic field positioned
in parallel to the radiation beam which eliminates electron
return effect.”>”’

Furthermore, MRIs are normally acquired in a position without
immobilization tools unlike that of a RT treatment position. The
length of time for an MRI acquisition greatly exceeds the time of
a RT treatment and therefore can lead to blurring of the MRI
data set. Quality assurance (QA) must be performed to ensure
the geometric accuracy of the MRI data set, and MR images
lack electron density information that is needed for RT dose
calculations.”* The American Association of Physicists in
Medicine’s Task Group 142, lists guidelines for daily tolerances
for the coincidence between imaging and treatment isocentres
which is =2 mm for non-stereotactic treatments and =1 mm
for stereotactic treatments.”> One report has shown that their
3-T MRI protocol yields geometrically accurate planning data
sets with =0.6mm external fiducial reference deviations.”
Therefore, there is evidence that MRI data sets may be useful
without being registered to CT scans for use in RT treatment
planning.

However, implanted metal devices in the patient may cause
artefacts in the MR images, such as signal loss, intense areas of
signal accumulation and distortions in the area near the implant,
even if they are non-magnetic.”* The MR image is reconstructed
from the RF signal coming mainly from protons, and the elec-
tron density information is lacking. However, MRI can be used
to estimate electron density.”* Alternatively, MRI data sets can be
registered with CT data set for treatment planning purposes.
MRIs can also be segmented into small partitions that can
provide electron density estimates. MRI manufacturers are
working on RT applications which would provide these estimates
for MR-RT consoles.”

Pollard et a/

Finally, QA devices must be manufactured for thorough testing
of the magnetic field effects on the radiation beam. Current QA
devices need to be made MR compatible, and also, online tools
for during-treatment detection of transit dose need to be made
suitable for these units. ArcCHECK-MR (Sun Nuclear Corpo-
ration, Melbourne, FL) is a cylindrical QA water-equivalent
phantom containing diode arrays in a spiral pattern with a plug
insert which allows for ionization chamber reference dosime-
try.”” Houweling et al’’ measured maximum dose differences
<1.5% when they compared their ArcCHECK-MR readings for
their MR-gRT unit compared with their conventional no-
magnetic-field linac.

THE FUTURE OF IMAGE-GUIDED RADIOTHERAPY
MR-proton units

The excellent soft-tissue contrast of MRI can be combined with
tissue-sparing properties of particle beams to reduce dose to
normal tissues therefore dose escalation without significant ad-
verse effects can be realized. Despite MR-guided cobalt and linac
units just being unveiled at a few locations worldwide recently,
Raaymakers et al’® have been evaluating the feasibility of MRI-
guided proton therapy units since 2008."””® One of the advan-
tages this team observed when they did simulations of 90-MeV
proton beams in the presence of a 0.5-T magnetic field was that
the proton beam dose distribution was not affected much.'””®
They calculated no effect of the magnetic field on the proton
beam at tissue—air interfaces and minimal disruption of the dose
distribution since the secondary electrons produced by proton
beams have low energy.”® A more recent work from the same
group has shown through the use of the Monte Carlo software
Tool for Particle Simulation that intensity-modulated proton
therapy in a transverse 1.5-T magnetic field is dosimetrically
possible and that the resultant dose distribution for 0-T and 1.5-T
intensity-modulated proton therapy plans have equivalent dose
distributions.” It should be noted that Wolf and Bortfeld® per-
formed analytical calculations that indicated the lateral deflections
of proton beams in the presence of even small magnetic fields on
the order of just 0.5 T could still be significant (1 cm and larger).

Another group performed Monte Carlo simulations of proton
treatments for several sites, including the lung, liver, prostate,
brain, skull-base and spine, with 0.5- or 1.5-T magnetic fields.*’
Their simulations showed that targets with minimal tissue het-
erogeneity such as the liver or spine, suffered the least from dose
distortions. Low magnetic fields (up to 0.5 T) had no impact on
target coverage or on normal tissue toxicity. However, higher
magnetic field strength in certain sites caused severe under-
dosage of target which could be remedied by changing beam
angle and beam isocentre.*

CONCLUSION

IGRT has advanced in concert with our understanding of the
underlying biology of cancer we aim to treat. From static
megavoltage ports to CBCT, on-board imaging capability has
greatly increased and thus improving our ability to target vol-
ume accurately and precisely. The clinical benefits of these new
combined MR-gRT units remains to be evaluated, but with the
growing number of units with each year, it is a matter of time
before we see the results.
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MR-gRT solutions are being made rapidly to overcome the
obstacles associated with MR-only workflows encompassing QA
devices, novel dose calculation algorithms that can account for
magnetic field dose perturbances, fast automated contouring
algorithms and imaging protocols for intrafraction motion
monitoring and plan adaptation.®”’”**%  Another potential
solution to the issue of cost-effectiveness of this technology
would be to determine if the addition of off-line MRI simu-
lations might improve the accuracy of current day IGRT while
improving patient throughput on MR-gRT systems.

Currently, with the help of CBCT and kilovoltage imaging,
radiation oncologists are well equipped to identify and treat
anatomical structures. With on-board MR systems, they will
have the capability to target based on function information.
The next important step in curing disease lies in identifying the
clinical target volume, the biologically active margin of

BUR

difficult-to-visualize cancer cells that extends beyond the ob-
vious, visible tumour mass. Our next goal will not only be
targeting the current disease but also in having the data to
know what future area to target since it will become the disease
that causes a metastasis tomorrow. So far, MRI has been shown
as a means to measure background parenchymal enhancement
which was associated with increased risks of developing breast
cancer.®”> Breakthroughs similar to this breast cancer study
imply that our field is not only on the way beyond just treating
today’s tumour but also being able to obtain the real-time bi-
ological and anatomical data needed to effectively treat cancer
before it even starts. With the help of online MR guidance,
radiation oncologists will soon be able to image biomarkers
during treatment and be able to adapt the plan or even change
the treatment intent based upon real-time data which could
shed light on treatment or disease progression. For these rea-
sons, we believe that the future of IGRT will be MR guided.

Duchateau M, Reynders T, Gevaert T, et al.
An overview of volumetric imaging technol-
ogies and their quality assurance for IGRT.
Acta Oncol 2008; 47: 1271-8.

Integrating a 1.5 T MRI scanner with a 6 MV
accelerator: proof of concept. Phys Med Biol
2009; 54: N229-37. doi: https://doi.org/
10.1088/0031-9155/54/12/N01

REFERENCES
Chang JY, Senan S, Paul MA, Mehran RJ, 9. Verellen D, De Ridder M, Linthout N, 16. Raaymakers BW, Raaijmakers AJ, Kotte AN,
Louie AV, Balter P, et al. Stereotactic ablative Tournel K, Soete G, Storme G. Innovations in Jette D, Lagendijk JJ. Integrating a MRI
radiotherapy versus lobectomy for operable image-guided radiotherapy. Nat Rev Cancer scanner with a 6 MV radiotherapy accelera-
stage I non-small-cell lung cancer: a pooled 2007; 7: 949-60. doi: https://doi.org/10.1038/ tor: dose deposition in a transverse magnetic
analysis of two randomised trials. Lancet nrc2288 field. Phys Med Biol 2004; 49: 4109-18. doi:
Oncol 2015; 16: 630-7. 10. Kupelian P, Sonke JJ. Magnetic resonance- https://doi.org/10.1088/0031-9155/49/17/019
Rusthoven CG, Kavanagh BD, Karam SD. guided adaptive radiotherapy: a solution to 17. Lagendijk JJ, Raaymakers BW, Raaijmakers
Improved survival with stereotactic ablative the future. Semin Radiat Oncol 2014; 24: AJ. MRI/linac integration. Radiother Oncol
radiotherapy (SABR) over lobectomy for early 227-32. doi: https://doi.org/10.1016/. 2008; 86: 25-9. doi: https://doi.org/10.1016/j.
stage non-small cell lung cancer (NSCLC): semradonc.2014.02.013 radonc.2007.10.034
addressing the fallout of disruptive random- 11. Chavaudra J, Bridier A. Definition of 18. Kron T, Eyles D, John SL, Battista J. Magnetic
ized data. Ann Transl Med 2015; 3: 149. volumes in external radiotherapy: ICRU resonance imaging for adaptive cobalt
Shirvani SM, Jiang J, Chang JY, Welsh J, reports 50 and 62. Cancer Radiother 2001; tomotherapy: a proposal. ] Med Phys 2006;
Likhacheva A, Buchholz TA, et al. Lobec- 5: 472-8. 31: 242-54. doi: https://doi.org/10.4103/
tomy, sublobar resection, and stereotactic 12. Raaijmakers AJ, Raaymakers BW, van der 0971-6203.29194
ablative radiotherapy for early-stage non- Meer S, Lagendijk JJ. Integrating a MRI 19. Hu Y, Rankine L, Green OL, Kashani R, Li
small cell lung cancers in the elderly. JAMA scanner with a 6 MV radiotherapy accelera- HH, Li H, et al. Characterization of the
Surg 2014; 149: 1244-53. tor: impact of the surface orientation on the onboard imaging unit for the first clinical
Shirvani SM, Chang JY, Roth JA. Can entrance and exit dose due to the transverse magnetic resonance image guided radiation
stereotactic ablative radiotherapy in early magnetic field. Phys Med Biol 2007; 52: therapy system. Med Phys 2015; 42: 5828-37.
stage lung cancers produce comparable 929-39. doi: https://doi.org/10.1088/0031- doi: https://doi.org/10.1118/1.4930249
success as surgery? Thorac Surg Clin 2013; 9155/52/4/005 20. Mutic S, Dempsey JF. The ViewRay system:
23: 369-81. 13. Raaijmakers AJ, Raaymakers BW, Lagendijk magnetic resonance-guided and controlled
Njeh CF, Dong L, Orton CG. Point/ JJ. Integrating a MRI scanner with a 6 MV radiotherapy. Semin Radiat Oncol 2014;
Counterpoint. IGRT has limited clinical radiotherapy accelerator: dose increase at 24: 196-9.
value due to lack of accurate tumor de- tissue-air interfaces in a lateral magnetic field 21. Wooten HO, Green O, Yang M, DeWees T,
lineation. Med Phys 2013; 40: 040601. due to returning electrons. Phys Med Biol Kashani R, Olsen J, et al. Quality of intensity
Njeh CE Tumor delineation: the weakest link 2005; 50: 1363-76. modulated radiation therapy treatment plans
in the search for accuracy in radiotherapy. J 14. Lagendijk JJ, van Vulpen M, Raaymakers BW. using a **Co magnetic resonance image
Med Phys 2008; 33: 136—40. doi: https://doi. The development of the MRI linac system for guidance radiation therapy system. Int |
0rg/10.4103/0971-6203.44472 online MRI-guided radiotherapy: a clinical Radiat Oncol Biol Phys 2015; 92: 771-8.
Tignor S. 1989: Image is everything—Andre update. ] Intern Med 2016; 280: 203-8. doi: 22. Merna C, Rwigema JC, Cao M, Wang PC,
Agassi’s infamous ad. 2015. https://doi.org/10.1111/joim.12516 Kishan AU, Michailian A, et al. A treatment
Verellen D, De Ridder M, Tournel K, 15. Raaymakers BW, Lagendijk JJ, Overweg J. planning comparison between modulated tri-

cobalt-60 teletherapy and linear accelerator-
based stereotactic body radiotherapy for
central early-stage non-small cell lung cancer.
Med Dosim 2016; 41: 87-91.

7 of 9 birpublications.org/bjr

Br J Radiol;90:20160667


https://doi.org/10.4103/0971-6203.44472
https://doi.org/10.4103/0971-6203.44472
https://doi.org/10.1038/nrc2288
https://doi.org/10.1038/nrc2288
https://doi.org/10.1016/j.semradonc.2014.02.013
https://doi.org/10.1016/j.semradonc.2014.02.013
https://doi.org/10.1088/0031-9155/52/4/005
https://doi.org/10.1088/0031-9155/52/4/005
https://doi.org/10.1111/joim.12516
https://doi.org/10.1088/0031-9155/54/12/N01
https://doi.org/10.1088/0031-9155/54/12/N01
https://doi.org/10.1088/0031-9155/49/17/019
https://doi.org/10.1016/j.radonc.2007.10.034
https://doi.org/10.1016/j.radonc.2007.10.034
https://doi.org/10.4103/0971-6203.29194
https://doi.org/10.4103/0971-6203.29194
https://doi.org/10.1118/1.4930249
http://birpublications.org/bjr

BJR

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Fallone BG. The rotating biplanar linac-
magnetic resonance imaging system. Semin
Radiat Oncol 2014; 24: 200-2.

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 pro-
totype linac-MR. Med Phys 2013; 40: 051718.
Jaffray DA, Carlone MC, Milosevic MF,
Breen SL, Stanescu T, Rink A, et al. A
facility for magnetic resonance-guided
radiation therapy. Semin Radiat Oncol
2014; 24: 193-5. doi: https://doi.org/
10.1016/j.semradonc.2014.02.012
Lagendijk JJ, Raaymakers BW, van den Berg
CA, Moerland MA, Philippens ME, van
Vulpen M. MR guidance in radiotherapy.
Phys Med Biol 2014; 59: R349-69. doi:
https://doi.org/10.1088/0031-9155/59/
21/R349

Lagendijk JJ, Raaymakers BW, van Vulpen M.
The magnetic resonance imaging-linac sys-
tem. Semin Radiat Oncol 2014; 24: 207-9.
doi: https://doi.org/10.1016/j.
semradonc.2014.02.009

Keall PJ, Barton M, Crozier S; Australian
MRI-Linac Program, including contributors
from Ingham Institute, Illawarra Cancer Care
Centre, Liverpool Hospital, Stanford Uni-
versity, Universities of Newcastle, Queens-
land, Sydney, Western Sydney, and
Wollongong. The Australian magnetic reso-
nance imaging-linac program. Semin Radiat
Oncol 2014; 24: 203—6.

Constantin DE, Holloway L, Keall PJ, Fahrig
R. A novel electron gun for inline MRI-linac
configurations. Med Phys 2014; 41: 022301.
doi: https://doi.org/10.1118/1.4860660
Whelan B, Holloway L, Constantin D, Oborn
B, Bazalova-Carter M, Fahrig R, et al.
Performance of a clinical gridded electron
gun in magnetic fields: Implications for MRI-
linac therapy. Med Phys 2016; 43: 5903. doi:
https://doi.org/10.1118/1.4963216

Beavis AW, Gibbs P, Dealey RA, Whitton V]J.
Radiotherapy treatment planning of brain
tumours using MRI alone. Br J Radiol 1998;
71: 544-8. doi: https://doi.org/10.1259/
bjr.71.845.9691900

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
Oncol 2013; 52: 612-18.

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 2011; 194: S24-7.

Schad LR, Bliiml S, Debus J, Scharf ], Lorenz
W]J. Improved target volume definition for

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

precision radiotherapy planning of meningi-
omas by correlation of CT and dynamic, Gd-
DTPA-enhanced FLASH MR imaging.
Radiother Oncol 1994; 33: 73-9.

Mazzara GP, Velthuizen RP, Pearlman JL,
Greenberg HM, Wagner H. Brain tumor
target volume determination for radiation
treatment planning through automated MRI
segmentation. Int J Radiat Oncol Biol Phys
2004; 59: 300-12.

Devic S. MRI simulation for radiotherapy
treatment planning. Med Phys 2012; 39:
6701-11. doi: https://doi.org/10.1118/
1.4758068

Emami B, Sethi A, Petruzzelli GJ. Influence of
MRI on target volume delineation and IMRT
planning in nasopharyngeal carcinoma. Int J
Radiat Oncol Biol Phys 2003; 57: 481-8.
Poon I, Fischbein N, Lee N, Akazawa P, Xia P,
Quivey J, et al. A population-based atlas and
clinical target volume for the head-and-neck
lymph nodes. Int ] Radiat Oncol Biol Phys
2004; 59: 1301-11. doi: https://doi.org/
10.1016/j.ijrobp.2004.01.038

Whipp EC, Halliwell M. Magnetic resonance
imaging appearances in the postoperative
breast: the clinical target volume—tumor and
its relationship to the chest wall. Int J Radiat
Oncol Biol Phys 2008; 72: 49-57.

Ahn KH, Hargreaves BA, Alley MT, Horst
KC, Luxton G, Daniel BL, et al. MRI
guidance for accelerated partial breast irra-
diation in prone position: imaging protocol
design and evaluation. Int ] Radiat Oncol Biol
Phys 2009; 75: 285-93.

Giezen M, Kouwenhoven E, Scholten AN,
Coerkamp EG, Heijenbrok M, Jansen WP,
et al. Magnetic resonance imaging- versus
computed tomography-based target volume
delineation of the glandular breast tissue
(clinical target volume breast) in breast-
conserving therapy: an exploratory study. Int
] Radiat Oncol Biol Phys 2011; 81: 804-11.
Wachter-Gerstner N, Wachter S, Reinstadler
E, Fellner C, Knocke TH, Pétter R. The
impact of sectional imaging on dose escala-
tion in endocavitary HDR-brachytherapy of
cervical cancer: results of a prospective
comparative trial. Radiother Oncol 2003;

68: 51-9.

Milosevic M, Voruganti S, Blend R, Alasti H,
Warde P, McLean M, et al. Magnetic
resonance imaging (MRI) for localization of
the prostatic apex: comparison to computed
tomography (CT) and urethrography.
Radiother Oncol 1998; 47: 277-84.

Jackson AS, Reinsberg SA, Sohaib SA,
Charles-Edwards EM, Mangar SA, South CP,
et al. Distortion-corrected T2 weighted MRI:
a novel approach to prostate radiotherapy
planning. Br J Radiol 2007; 80: 926-33.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Pollard et a/

Rosewall T, Kong V, Vesprini D, Catton C,
Chung P, Ménard C, et al. Prostate de-
lineation using CT and MRI for radiotherapy
patients with bilateral hip prostheses. Radio-
ther Oncol 2009; 90: 325-30. doi: https://doi.
org/10.1016/j.radonc.2008.11.015

Duthoy W, De Gersem W, Vergote K,
Boterberg T, Derie C, Smeets P, et al. Clinical
implementation of intensity-modulated arc
therapy (IMAT) for rectal cancer. Int ] Radiat
Oncol Biol Phys 2004; 60: 794-806. doi:
https://doi.org/10.1016/].ijrobp.2004.04.016
O’Neill BD, Salerno G, Thomas K, Tait DM,
Brown G. MR vs CT imaging: low rectal
cancer tumour delineation for three-
dimensional conformal radiotherapy. Br J
Radiol 2009; 82: 509-13.

Tan J, Lim Joon D, Fitt G, Wada M, Lim Joon
M, Mercuri A, et al. The utility of multi-
modality imaging with CT and MRI in
defining rectal tumour volumes for radio-
therapy treatment planning: a pilot study. J
Med Imaging Radiat Oncol 2010; 54: 562-8.
Akino Y, Oh RJ, Masai N, Shiomi H, Inoue T.
Evaluation of potential internal target volume
of liver tumors using cine-MRI. Med Phys
2014; 41: 111704. doi: https://doi.org/
10.1118/1.4896821

Wojcieszynski AP, Rosenberg SA, Brower JV.
Gadoxetate for direct tumor therapy and
tracking with real-time MRI-guided stereo-
tactic body radiation therapy of the liver.
Radiother Oncol 2016; 118: 416-18.

Lee D, Greer PB, Pollock S, Kim T, Keall P.
Quantifying the accuracy of the tumor
motion and area as a function of acceleration
factor for the simulation of the dynamic
keyhole magnetic resonance imaging
method. Med Phys 2016; 43: 2639. doi:
https://doi.org/10.1118/1.4947508

Brix L, Ringgaard S, Serensen TS, Poulsen
PR. Three-dimensional liver motion tracking
using real-time two-dimensional MRI. Med
Phys 2014; 41: 042302. doi: https://doi.org/
10.1118/1.4867859

Doemer A, Chetty IJ, Glide-Hurst C,
Nurushev T, Hearshen D, Pantelic M, et al.
Evaluating organ delineation, dose calcula-
tion and daily localization in an open-MRI
simulation workflow for prostate cancer
patients. Radiat Oncol 2015; 10: 37.

Yang Y, Cao M, Sheng K, Gao Y, Chen A,
Kamrava M, et al. Longitudinal diffusion
MRI for treatment response assessment:
Preliminary experience using an MRI-guided
tri-cobalt 60 radiotherapy system. Med Phys
2016; 43: 1369. doi: https://doi.org/10.1118/
1.4942381

Padhani AR, Liu G, Koh DM. Diffusion-
weighted magnetic resonance imaging as

a cancer biomarker: consensus and

8 of 9 birpublications.org/bjr

Br J Radiol;90:20160667


https://doi.org/10.1016/j.semradonc.2014.02.012
https://doi.org/10.1016/j.semradonc.2014.02.012
https://doi.org/10.1088/0031-9155/59/21/R349
https://doi.org/10.1088/0031-9155/59/21/R349
https://doi.org/10.1016/j.semradonc.2014.02.009
https://doi.org/10.1016/j.semradonc.2014.02.009
https://doi.org/10.1118/1.4860660
https://doi.org/10.1118/1.4963216
https://doi.org/10.1259/bjr.71.845.9691900
https://doi.org/10.1259/bjr.71.845.9691900
https://doi.org/10.1118/1.4758068
https://doi.org/10.1118/1.4758068
https://doi.org/10.1016/j.ijrobp.2004.01.038
https://doi.org/10.1016/j.ijrobp.2004.01.038
https://doi.org/10.1016/j.radonc.2008.11.015
https://doi.org/10.1016/j.radonc.2008.11.015
https://doi.org/10.1016/j.ijrobp.2004.04.016
https://doi.org/10.1118/1.4896821
https://doi.org/10.1118/1.4896821
https://doi.org/10.1118/1.4947508
https://doi.org/10.1118/1.4867859
https://doi.org/10.1118/1.4867859
https://doi.org/10.1118/1.4942381
https://doi.org/10.1118/1.4942381
http://birpublications.org/bjr

Review article: The future of IGRT is MR-gRT

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

recommendations. Neoplasia 2009; 11:
102-25. doi: https://doi.org/10.1593/
neo.81328

Umezawa R, Ota H, Takanami K. MRI
findings of radiation-induced myocardial
damage in patients with oesophageal cancer.
Clin Radiol 2014; 69: 1273-9. doi: https://doi.
org/10.1016/j.crad.2014.08.010

Fokdal L, Sturdza A, Mazeron R. Image
guided adaptive brachytherapy with com-
bined intracavitary and interstitial technique
improves the therapeutic ratio in locally
advanced cervical cancer: Analysis from the
retroEMBRACE study. Radiother Oncol 2016;
120: 434-40.

Sturdza A, Potter R, Fokdal LU, Haie-Meder
C, Tan LT, Mazeron R, et al. Image guided
brachytherapy in locally advanced cervical
cancer: Improved pelvic control and survival
in RetroEMBRACE, a multicenter cohort
study. Radiother Oncol 2016; 120: 428-33.
Tanderup K, Lindegaard JC, Kirisits C, Haie-
Meder C, Kirchheiner K, de Leeuw A, et al.
Image guided adaptive brachytherapy in
cervix cancer: a new paradigm changing
clinical practice and outcome. Radiother
Oncol 2016; 120: 365-9.

Tanderup K, Ménard C, Polgar C, Lindegaard
JC, Kirisits C, Potter R. Advancements in
brachytherapy. Adv Drug Deliv Rev 2016; 109:
15-25. doi: https://doi.org/10.1016/j.
addr.2016.09.002

Chang HC, Guhaniyogi S, Chen NK. In-
terleaved diffusion-weighted improved by
adaptive partial-Fourier and multiband
multiplexed sensitivity-encoding reconstruc-
tion. Magn Reson Med 2015; 73: 1872-84.
doi: https://doi.org/10.1002/mrm.25318
Barth M, Breuer F, Koopmans PJ, Norris DG,
Poser BA. Simultaneous multislice (SMS)
imaging techniques. Magn Reson Med 2016;
75: 63-81. doi: https://doi.org/10.1002/
mrm.25897

Nguyen ML, Willows B, Khan R. The
potential role of magnetic resonance spec-
troscopy in image-guided radiotherapy. Front
Oncol 2014; 4: 91. doi: https://doi.org/
10.3389/fonc.2014.00091

Ruiz-Cabello J, Barnett BP, Bottomley PA,
Bulte JW. Fluorine (19F) MRS and MRI in
biomedicine. NMR Biomed 2011; 24: 114-29.
doi: https://doi.org/10.1002/nbm.1570
Poptani H, Gupta RK, Roy R, Pandey R, Jain
VK, Chhabra DK. Characterization of in-
tracranial mass lesions with in vivo proton
MR spectroscopy. AINR Am ] Neuroradiol
1995; 16: 1593—-603.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

. Martin Noguerol T, Sanchez-Gonzalez J,

Martinez Barbero JP, Garcia-Figueiras R,
Baleato-Gonzalez S, Luna A. Clinical imaging
of tumor metabolism with 'H magnetic
resonance spectroscopy. Magn Reson Imaging
Clin N Am 2016; 24: 57-86.

Celda B, Monle6n D, Martinez-Bisbal MC,
Esteve V, Martinez-Granados B, Pifiero E, et al.
MRS as endogenous molecular imaging for
brain and prostate tumors: FP6 project “eTU-
MOR”. Adv Exp Med Biol 2006; 587: 285-302.
Shah N, Sattar A, Benanti M, Hollander S,
Cheuck L. Magnetic resonance spectroscopy
as an imaging tool for cancer: a review of the
literature. J Am Osteopath Assoc 2006;

106: 23-7.

Srinivas M, Cruz L], Bonetto F, Heerschap A,
Figdor CG, de Vries IJ. Customizable, multi-
functional fluorocarbon nanoparticles for
quantitative in vivo imaging using 19F MRI
and optical imaging. Biomaterials 2010; 31:
7070-7. doi: https://doi.org/10.1016/j.
biomaterials.2010.05.069

Temme S, Jacoby C, Ding Z. Technical
advance: monitoring the trafficking of neu-
trophil granulocytes and monocytes during
the course of tissue inflammation by non-
invasive 19F MRI. J Leukoc Biol 2014;

95: 689-97.

Paulson ES, Crijns SP, Keller BM. Consensus
opinion on MRI simulation for external
beam radiation treatment planning. Radio-
ther Oncol 2016; 121: 187-92.

Combs SE, Niisslin F, Wilkens JJ. Individu-
alized radiotherapy by combining high-end
irradiation and magnetic resonance imaging.
Strahlenther Onkol 2016; 192: 209-15. doi:
https://doi.org/10.1007/s00066-016-0944-5
Fallone BG, Murray B, Rathee S, Stanescu T,
Steciw S, Vidakovic S, et al. First MR images
obtained during megavoltage photon irradi-
ation from a prototype integrated linac-MR
system. Med Phys 2009; 36: 2084-8. doi:
https://doi.org/10.1118/1.3125662

Schmidt MA, Payne GS. Radiotherapy plan-
ning using MRI. Phys Med Biol 2015; 60:
R323-61. doi: https://doi.org/10.1088/0031-
9155/60/22/R323

Klein EE, Hanley J, Bayouth J, Yin FE, Simon
W, Dresser S, et al. Task Group 142 report:
quality assurance of medical accelerators.
Med Phys 2009; 36: 4197-212. doi: https://
doi.org/10.1118/1.3190392

Zhang B, MacFadden D, Damyanovich AZ.
Development of a geometrically accurate
imaging protocol at 3 Tesla MRI for
stereotactic radiosurgery treatment planning.

77.

78.

79.

80.

81.

82.

83.

84.

85.

BUR

Phys Med Biol 2010; 55: 6601-15. doi: https://
doi.org/10.1088/0031-9155/55/22/002
Houweling AC, de Vries JH, Wolthaus J,
Woodings S, Kok JG, van Asselen B, et al.
Performance of a cylindrical diode array for
use in a 1.5 T MR-linac. Phys Med Biol 2016;
61: N80-9. doi: https://doi.org/10.1088/
0031-9155/61/3/N80

Raaymakers BW, Raaijmakers AJ, Lagendijk
J). Feasibility of MRI guided proton therapy:
magnetic field dose effects. Phys Med Biol
2008; 53: 5615-22. doi: https://doi.org/
10.1088/0031-9155/53/20/003

Hartman J, Kontaxis C, Bol GH, Frank SJ,
Lagendijk JJ, van Vulpen M, et al. Dosimetric
feasibility of intensity modulated proton
therapy in a transverse magnetic field of 1.5
T. Phys Med Biol 2015; 60: 5955-69. doi:
https://doi.org/10.1088/0031-9155/60/
15/5955

Wolf R, Bortfeld T. An analytical solution to
proton Bragg peak deflection in a magnetic
field. Phys Med Biol 2012; 57: N329-37. doi:
https://doi.org/10.1088/0031-9155/57/
17/N329

Moteabbed M, Yock TI, Depauw N, Madden
TM, Kooy HM, Paganetti H. Impact of spot
size and beam-shaping devices on the
treatment plan quality for pencil beam
scanning proton therapy. Int ] Radiat Oncol
Biol Phys 2016; 95: 190-8. doi: https://doi.
org/10.1016/j.ijrobp.2015.12.368

Moteabbed M, Schuemann J, Paganetti H.
Dosimetric feasibility of real-time MRI-
guided proton therapy. Med Phys 2014; 41:
111713. doi: https://doi.org/10.1118/
1.4897570

Dontchos BN, Rahbar H, Partridge SC,
Korde LA, Lam DL, Scheel JR, et al. Are
qualitative assessments of background pa-
renchymal enhancement, amount of fibro-
glandular tissue on MR images, and
mammographic density associated with
breast cancer risk? Radiology 2015; 276:
371-80. doi: https://doi.org/10.1148/
radiol.2015142304

Ojala JJ, Kapanen MK, Hyodynmaa SJ,
Wigren TK, Pitkdnen MA. Performance of
dose calculation algorithms from three gen-
erations in lung SBRT: comparison with full
Monte Carlo-based dose distributions. | Appl
Clin Med Phys 2014; 15: 4662.

Metcalfe P, Liney GP, Holloway L, Walker A,
Barton M, Delaney GP, et al. The potential
for an enhanced role for MRI in radiation-
therapy treatment planning. Technol Cancer
Res Treat 2013; 12: 429—46.

9 of 9 birpublications.org/bjr

Br J Radiol;90:20160667


https://doi.org/10.1593/neo.81328
https://doi.org/10.1593/neo.81328
https://doi.org/10.1016/j.crad.2014.08.010
https://doi.org/10.1016/j.crad.2014.08.010
https://doi.org/10.1016/j.addr.2016.09.002
https://doi.org/10.1016/j.addr.2016.09.002
https://doi.org/10.1002/mrm.25318
https://doi.org/10.1002/mrm.25897
https://doi.org/10.1002/mrm.25897
https://doi.org/10.3389/fonc.2014.00091
https://doi.org/10.3389/fonc.2014.00091
https://doi.org/10.1002/nbm.1570
https://doi.org/10.1016/j.biomaterials.2010.05.069
https://doi.org/10.1016/j.biomaterials.2010.05.069
https://doi.org/10.1007/s00066-016-0944-5
https://doi.org/10.1118/1.3125662
https://doi.org/10.1088/0031-9155/60/22/R323
https://doi.org/10.1088/0031-9155/60/22/R323
https://doi.org/10.1118/1.3190392
https://doi.org/10.1118/1.3190392
https://doi.org/10.1088/0031-9155/55/22/002
https://doi.org/10.1088/0031-9155/55/22/002
https://doi.org/10.1088/0031-9155/61/3/N80
https://doi.org/10.1088/0031-9155/61/3/N80
https://doi.org/10.1088/0031-9155/53/20/003
https://doi.org/10.1088/0031-9155/53/20/003
https://doi.org/10.1088/0031-9155/60/15/5955
https://doi.org/10.1088/0031-9155/60/15/5955
https://doi.org/10.1088/0031-9155/57/17/N329
https://doi.org/10.1088/0031-9155/57/17/N329
https://doi.org/10.1016/j.ijrobp.2015.12.368
https://doi.org/10.1016/j.ijrobp.2015.12.368
https://doi.org/10.1118/1.4897570
https://doi.org/10.1118/1.4897570
https://doi.org/10.1148/radiol.2015142304
https://doi.org/10.1148/radiol.2015142304
http://birpublications.org/bjr

