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Radiation therapy (RT) continues to be one of the mainstays of cancer treatment. Considerable efforts have been recently devoted
to integrating MRI into clinical RT planning and monitoring. This integration, known as MRI-guided RT, has been motivated by
the superior soft-tissue contrast, organ motion visualization, and ability to monitor tumor and tissue physiologic changes provided
by MRI compared with CT. Offline MRI is already used for treatment planning at many institutions. Furthermore, MRI-guided
linear accelerator systems, allowing use of MRI during treatment, enable improved adaptation to anatomic changes between RT
fractions compared with CT guidance. Efforts are underway to develop real-time MRI-guided intrafraction adaptive RT of tumors
affected by motion and MRI-derived biomarkers to monitor treatment response and potentially adapt treatment to physiologic
changes. These developments in MRI guidance provide the basis for a paradigm change in treatment planning, monitoring, and ad-
aptation. Key challenges to advancing MRI-guided RT include real-time volumetric anatomic imaging, addressing image distortion
because of magnetic field inhomogeneities, reproducible quantitative imaging across different MRI systems, and biologic validation
of quantitative imaging. This review describes emerging innovations in offline and online MRI-guided RT, exciting opportunities

they offer for advancing research and clinical care, hurdles to be overcome, and the need for multidisciplinary collaboration.
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adiation therapy (RT) continues to be one of the main-
Rstays of cancer treatment. Globally, more than 40% of
patients with cancer undergo RT at least once for curative
or palliative treatment (1). Over the years, the precision
of treatment delivery has undergone both incremental and
major advances (Fig 1). These advances have been enabled
to a great extent by innovations in imaging guidance. In
the 1990s, the use of three-dimensional CT imaging guid-
ance and computers was a first major step into adaptive
treatment (ie, the ability to change the treatment plan and
the treatment delivery on the basis of imaging). This led to
three-dimensional conformal RT; intensity-modulated RT,
and stereotactic body RT planning, which have dramati-
cally improved conformity of the dose distribution to the
target volume, often reduced the irradiated volume, and
improved outcomes. Another important development was
the installment of imaging equipment such as orthogonal

radiography, CT, or linear accelerator-mounted cone-beam
CT equipment directly in RT rooms. This has allowed fre-
quent verification of the positioning of the tumor relative
to nearby critical normal tissues and of the planned dose
distribution. Image-guided intensity-modulated RT has
increasingly become a standard of care for high-dose clini-
cal RT.

More recently, considerable research efforts have been
devoted to the integration of MRI into the RT workflow.
The move toward this approach, known as MRI-guided
RT, has been motivated by the superior soft-tissue con-
trast, improved organ motion visualization, and enhanced
capacity for imaging of tissue and tumor physiologic struc-
ture provided by MRI compared with CT.

Clinical implementation of MRI-guided RT has already
begun with the use of offline MRI (outside the treatment
session) for treatment planning, for example, in patients
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Abbreviations

CEST = chemical exchange saturation transfer, DCE = dynamic con-
trast enhanced, MRI-linac = MRI-guided linear accelerator, RT = radia-
tion therapy

Summary

The integration of MRI and linear accelerators is revolutionizing can-
cer treatments, offering possibilities to adapt radiation therapy with
greater precision and in real time to account for anatomic and physi-
ologic changes, and monitor treatment response.

Essentials

= Offline MRI-guided radiation therapy (RT; outside the treatment
session) is already used for treatment planning, and several stud-
ies have demonstrated its promise for assessment of treatment
response.

= Online MRI-guided RT (during the treatment session) by using
hybrid MRI-guided linear accelerator systems is an emerging tech-
nology, offering unprecedented opportunities for interfraction and
real-time intrafraction adaptation to organ motion and calculation
of dose accumulation.

m The use of MRI in RT promises to lead to better understanding
and monitoring of tumor biology during radiation treatment and
ultimately the development and application of a generation of im-
aging biomarkers for tumor response.

= Challenges to MRI-guided RT include real-time volumetric ana-
tomic imaging, reproducible quantitative imaging across different
MRI systems, and biologic validation of quantitative imaging.

= To overcome the above challenges and facilitate advances in pa-
tient care, it is imperative that the radiology and radiation oncolo-
gy communities work closely together, recognizing the importance
of the ongoing convergence of life sciences, physical sciences, and
engineering for enabling rapid innovation.

with prostate (2) and head and neck (3) cancers. Now, MRI-
guided linear accelerator (MRI-linac) systems—which combine
MRI with a linear accelerator—are being used, providing an
online MRI platform for treatment planning, adaptation, and
monitoring during a treatment session (Table) (4-8). Figure 2
shows the general idea of using online MRI-guided RT for in-
terfraction and intrafraction adaptation to organ motion. On-
line MRI-guided RT offers opportunities for real-time adaptive
treatment within each fraction in tumors affected by continuous
motion (eg, tumors in the lungs, kidneys, liver, pancreas, and
neck) and by sporadic motion (eg, tumors in the prostate and
rectum). The idea of adapting RT to changes identified at imag-
ing is not new or unique to MRI. However, the advantages of
MRI over CT are expected to significantly improve the ability
to adapt to changes over the entire course of treatment, includ-
ing within treatment sessions. The current focus of online MRI-
guided RT is adaptation to anatomic changes. In the longer
term, biomarkers derived from quantitative MRI techniques are
expected to enable adaptation to physiologic structure and treat-
ment response.

‘The purpose of our review is to describe recent clinical devel-
opments in MRI-guided RT and opportunities the technology
offers for improving cancer care and research. It also addresses
key challenges that need to be overcome and the importance
of multidisciplinary collaboration for realizing the potential

of MRI-guided RT. The intended readership includes both

Radiology: Volume 298: Number 2—February 2021 = radiology.rsna.org

Otazo et al

clinicians and developers: Current advantages and potential ben-
efits are described for clinicians, and challenges are presented for
developers.

Offline MRI-guided RT

In offline MRI simulation, which is already playing an increas-
ing role in treatment planning, the immobilization device that
will be used at treatment delivery is used to position the pa-
tient as closely as possible to (ie, to simulate) the treatment
position (9,10). Though MRI compatible, the immobilization
device can cause signal-to-noise ratio loss because of increased
distance between the receiver coil and the patient. Significant
efforts are underway to develop flexible receiver coils that can
be inserted between the immobilization device and patient to
increase signal-to-noise ratio (11,12). An important develop-
ment for MRI implementation in RT has been the application
of pseudo-CT density data and synthetic CT, which allows
MRI-only treatment planning by using Hounsfield units preas-
signed to each voxel (13-15). Figure 3 shows the application of
MRI-only simulation with synthetic CT for prostate treatment
planning. Compared with CT, MRI enables better visualiza-
tion of the intraprostatic anatomy and better definition of the
glandular prostate tissue within the periprostatic fat. MRI also
provides access to information on physiologic characteristics,
such as diffusion and perfusion, that can provide additional
guidance for tumor delineation. The use of physiologic MRI
information may also lead to dose painting of the part of the
tumor likely to be the most radioresistant. There are clinical
MRI-only simulation tools for treatment planning that are cur-
rently available, such as MRI for Calculating Attenuation (14).

High-accuracy offline MRI treatment planning requires ad-
dressing geometric distortions, which can be system dependent
or patient dependent. System-dependent distortions originate
from hardware imperfections such as gradient nonlinearities,
main magnetic field (B)) inhomogeneities, and eddy currents.
These are measured by the manufacturer and can be corrected
with image processing algorithms. The main source of system-
dependent distortions is magnetic field gradient nonlinearities,
which cause image warping that increases with the distance from
isocenter. Large field-of-view or off-isocenter imaging can be
challenging for correction algorithms to handle. Patient-depen-
dent distortions are more complicated to address, because each
patient has a unique set of magnetic properties. Correction of
patient-dependent distortions would require the acquisition of
calibration data from each patient, such as a B, map, and the use
of a model-based reconstruction algorithm that incorporates the
magnetic model of each patient (16).

System-dependent geometric distortion is usually measured
weekly as part of a routine quality assurance procedure by using
a phantom with a known grid structure. In this procedure, geo-
metric distortion is defined as the shift of a point with respect to
its reference position and is evaluated for several distances with
respect to the isocenter. Different geometric distortion measures
can be found in the literature depending on the scanner hard-
ware, MRI sequence, and distortion correction algorithm (17).
For highly accurate planning near critical structures, geometric
distortions must be smaller than 1 mm. This is usually feasible
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Figure 1:
shades) and corresponding imaging technique used for guidance (yellow, orange,
red). IGRT = image-guided RT, IMRT = infensity-modulated RT, MLC = mulfileaf
collimator, MRI-Linac = MRI-guided linear accelerator, SBRT = sfereotactic body
RT, 3D = three-dimensional, 2D = two-dimensional.

with MRI techniques that are less sensitive to B inhomoge-
neities and correction algorithms that model gradient nonlin-
earities and magnetic field inhomogeneities. Immobilization
devices are MRI transparent and thus they do not affect geo-
metric distortion.

A more recent development in offline MRI-guided RT is
the application of artificial intelligence methods for automatic
structure identification and segmentation in treatment planning,
These methods mitigate the time-consuming and labor-intensive
aspects of manual contour delineation of the target and organs at
risk and, at the same time, reduce inter- and intraobserver vari-
ability in contour delineation (18,19).

Online MRI-guided RT

Harold Johns, an influential physicist from the Ontario Cancer
Institute and a pioneer in the use of Cobalt-60, once stated, “if
you can't see it, you can't hit it, and if you can't hit it, you can’t
cure it” (20). Though this quote is not applicable to all types of
cancer treatments, in particular to nonlocalized therapies, the
ability to view the tumor and organs at risk before and during
treatment is essential for effective and safe RT procedures. To-
day, the majority of RT systems include cone-beam CT, which
enables visualization of tumors and nearby structures, allowing
for more precise therapy for target volumes and organs (21,22).
However, cone-beam CT in its current form has some im-
portant disadvantages: Because of photon scattering, it yields
relatively poor soft-tissue contrast and poor image quality. In
addition, it irradiates large volumes of tissues at a low dose in
the range of 10 mSv per image, which limits continuous ac-
quisition and hence prevents intrafraction motion assessment
(23,24). These effects are particularly important when trying
to adapt treatment to tumor motion, which requires implanted
fiducial markers to follow target position with cone-beam CT
(25,26). Recently, MRI-linac systems that combine an MRI
system with a linear accelerator have been unveiled globally
with the promise of overcoming the main limitations of cone-
beam CT with respect to anatomic imaging and adding the
potential of physiologic imaging. Several types of commercial
or research MRI-linacs are already available (Table) (27). Cur-
rent clinically approved systems are limited to coplanar irradia-
tion because of the system geometry. The MRI system can have
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any of various magnetic field strengths (from 0.35 T to 1.5 T).
Lower magnetic fields minimize radiation dose distortion but
have lower image quality because of decreases in signal-to-noise
ratio.

The improved soft-tissue contrast of MRI allows for better
lesion delineation for treatment without the use of a contrast
agent; this has been shown for hepatic lesions, prostate, naso-
pharynx, rectal, and brain tumors (27,28). Figure 4 shows adap-
tation to interfraction anatomic changes in a patient with rectal
cancer, where the ability to adapt treatment to the exact location
and size of the tumor improved outcome and resulted in tumor
remission. The MRI-linac also offers the advantage of improved
visualization of organs at risk, with possibilities for avoiding so-
called geographic misses while also reducing uncertainty mar-
gins. Figure 5 shows interfraction motion of organs at risk (liver,
bowel, kidney, stomach, and duodenum) in a patient with pan-
creatic cancer; the ability to adapt treatment on the basis of im-
aging of interfraction motion enabled the use of high radiation
doses with low toxicity levels.

One of the main promises of the MRI-linac is to enable real-
time intrafraction adaptive RT of tumors affected by motion
without the need for fiducials. This innovation would not only
further decrease the risk of missing tumor cells, but in principle
would also further reduce toxicity and therefore enable escala-
tion of the radiation dose and use of fewer fractions. Ablative
doses (on the order of biologic equivalent doses of 100 Gy) have
been demonstrated to lead to unprecedented survival durations
in patients with locally advanced unresectable pancreatic can-
cer (29). A first solution for real-time adaptation to motion is
gating, where motion is continuously imaged at high tempo-
ral resolution and radiation is only delivered when the tumor
is at a specific location. The group at the Amsterdam Univer-
sity Medical Center demonstrated single-fraction motion-gated
lung stereotactic ablative RT in a cohort of 10 patients by us-
ing the ViewRay MRI-linac system (30) (Fig 6). However, be-
cause radiation is only delivered during a small fraction of the
motion cycle, the overall treatment is elongated. In the case of
single-fraction treatment of lung cancer, the average procedure
time was about 2 hours. An alternative and potentially more ef-
ficient solution is multileaf collimator tracking. The multileaf
collimator is a metallic device located between the x-ray source
and the patient. It is composed of several leaves that can move
independently, and it is used to rapidly reshape the radiation
beam or to vary its intensity before it is delivered to the patient.
For example, the multileaf collimator from the Elekta MRI-linac
system has a latency (ie, delay between the command and the
resulting displacement) of only about 20 msec (31). It needs to
be stressed, however, that current MRI technology is relatively
slow to image volumetric organ motion in real time. At the time
that we are writing this article, even with the latest acquisition
and reconstruction techniques, real-time MRI is limited to two-
dimensional imaging, which has suboptimal interpretation of
motion and through-plane motion misregistration. A signifi-
cant effort is underway to develop real-time three-dimensional
MRI techniques that are tailored to the needs of the MRI-linac
and minimize imaging latency (the delay between the start of
data acquisition and the end of image reconstruction). These
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Table 1: Online MRI-guided Radiation Therapy Pioneer Systems

0.6-T MRI scanner; 60-cm gap

1-T MRI scanner; 50-cm gap

MRI Type Specifications Hospital*

0.35-T MRI whole-body scanner; 6-MV linear accelerator FDA-501 (k) cleared. Washington University, St Louis,
70-cm bore MO (Mutic et al; 5)

1.5-T MRI scanner; Philips Achieva; 7-MV linear accelerator (Elekta) FDA-501 (k) cleared. University Medical Center Utrecht,
70-cm bore Utrecht, Netherlands (Raaymakers et al; 6)

6-MV linear accelerator (research system)

6-MYV linear accelerator (design study)

Prototype at Cross Cancer Institute, Edmonton, Canada
(Fallone et al; 7)
Liverpool, Sydney, Australia (Keall et al; 8)

FDA = Food and Drug Administration.
*Information in parentheses is first installation.

Note.—The irradiating source is high-energy x-rays, and the imaging units can have various magnetic fields strengths (from 0.35 to 1.5 T).

fraction 1

. . t
inter-fraction umer

organ at risk

intra-fraction

Figure 2:

fraction 2

Schematic description of interfraction and infrafraction adaptation to organ motion by using online MRI-guided radiation therapy with a

hybrid MRI-guided linear accelerator system. For interfraction adaptation, treatment is adjusted according to the image of the day (dashed lines show the

position of the tumor and organ at risk for fraction 1). Intrafraction adaptation uses real-time imaging fo adjust reatment according fo continuous and/or

sporadic organ motion within each fraction (dotted lines show the position of the tumor and organ at risk for the first point of real-time imaging).

techniques shift the acquisition and computational burden to an
offline training (beam-off) phase at the start of each treatment
fraction and leave simple operation for the online (beam-on)
phase. For example, MR Signature Matching, or MRSIGMA,
precomputes a dictionary of high-spatial-resolution three-di-
mensional motion states during treatment planning and uses fast
acquisitions during the treatment delivery phase to match a dic-
tionary entry in real time for each fraction (32). Figure 7 shows
real-time three-dimensional motion imaging of a liver tumor by
using MRSIGMA. MR Model-based Reconstruction of Motion
from Undersampled Signals (33) precomputes an initial motion
model, which is updated in real time by using a small amount of
new data. These techniques, given their short acquisition times,
could both be used for multileaf collimator tracking. Figure 8
illustrates the concept of the use of real-time three-dimensional
MRI techniques for multileaf collimator tracking, which will en-
able adaptation to volumetric position and shape.

Another main advantage of obtaining accurate volumetric
imaging during treatment would be the ability to calculate the
accumulation of radiation dose in the tumor and in the organs
at risk for each fraction. Accurate volumetric mapping of dose
accumulation would allow interfraction, or even intrafraction,
treatment adaptation if the tumor coverage or the organs-at-
risk constraints are violated (34,35). It is well recognized that
radiation damage in a given element of a specific tissue depends
on total dose, dose per fraction, the time interval between the
fractions, and overall treatment time and radiation beam quality
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(36,37). Furthermore, the volume of the specific tissue or or-
gans irradiated, and the exact dose distribution in these organs
and their specific substructures (eg, in pericardium, muscle,
arteries, valves, and the conduction system instead of simply the
heart), are important determinants for the development of radia-
tion damage (38,39). Making the voxel-by-voxel daily dose ac-
cumulation available would be helpful for deciding on the next
fraction in a given patient, especially in the emerging context
of treatments with few high-dose fractions. It would also allow
the generation of detailed data regarding normal tissue tolerance,
which would further advance evidence-based RT prescription
and planning. The introduction of the MRI-linac has provided,
to our knowledge, for the first time the potential to analyze ra-
diation effects on tissues by continuously imaging the exact loca-
tion of subvolumes of organs during beam-on time (40).

One of the major concerns in online MRI-guided RT is the
so-called electron return effect. In this phenomenon, electrons in
a magnetic field move in a circular pattern at inhomogeneous ana-
tomic sites such as air-tissue interfaces and cause a dose increase
in the higher-density medium. Radiation dose is mainly delivered
by secondary electrons that carry the energy transferred from the
initial beam. Secondary electrons deposit energy downstream in
segments of straight lines. In the magnetic field, however, the path
of the secondary electron is altered because of the Lorentz force.
When the electron is generated in a dense medium and travels
into a less dense medium, the electron is able to follow a circular
path back into the original medium. Because of the lack of the
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Axial T2w mDixon in phase

Figure 3:

Synthetic CT (from mDixon)

Dose distribution

Offline MRI-guided RT of a patient with prostate cancer. The axial T2-weighted (T2w) image is used for diagnostic purposes, and the modified Dixon

[mDixon) in-phase image is used for treatment planning. A synthetic CT image is created with an artificial intelligence algorithm from the mDixon image and is then used to

compute the dose distribution. Figure adapted, with permission, from Dr Neelam Tyagi, Memorial Sloan-Kettering Cancer Center.
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Figure 4:

fraction 3 fraction 4

Interfraction adaptive treatment of a patient with rectal cancer on the Elekia 1.5T MRI-guided linear accelerator. Tumor contour for fraction 1 is shown in red

and fumor contours for other fractions are shown in green. The ability to adapt freatment to the exact location and size of the tumor improved outcome and resulted in fumor
remission. Figure adapted, with permission, from Drs Martijn Intven and Bas Raaymakers, University Medical Center Utrecht.

electronic equilibrium, dose is increased in the original medium
near the interface. In the Monte Carlo simulations and the film
measurements performed by the Utrecht group, the electron re-
turn effect is observed to enhance dose at the interface by up to
a factor of 1.3—1.4, over a range of about 1 cm (41). The same
group also concluded these effects would be minimized by using
multiple fields and could be macroscopically considered by Monte
Carlo-based treatment planning procedures (42).

Quantitative MRI-derived Biomarkers from
Treatment Response Assessment to Personalized RT

Though MRI was not originally conceived as a quantitative im-
aging technique, several quantitative biomarkers derived from
MRI have been shown to reflect response to RT earlier than
anatomic imaging features (43). Moreover, it is increasingly
recognized that interpatient heterogeneity requires biomarker-
based strategies toward personalized radiation oncology (44).
MRI may provide new insights on the treatment response of
both tumors and normal tissues in individual patients, which
may serve to develop prognostic and potentially even predic-
tive biomarkers. Among modern biotechnologies, only imag-
ing can show longitudinal and spatially resolved information
on dynamic biologic processes and the in vivo distribution
of biomarkers. Here we present the application of promising
MRI-derived biomarkers to assess treatment response.
Dynamic contrast—enhanced (DCE) MRI characterizes tu-
mor microvasculature and has been clinically demonstrated to
be useful for tumor diagnosis and treatment assessment (45).
Pharmacokinetic analysis of DCE MRI models the transfer of
the contrast agent, such as gadolinium chelate, between the vas-
cular space and the extravascular extracellular space. Perfusion
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and permeability parameters derived from DCE MRI, such as
forward volume transfer constant, or K™, and reverse volume
transfer constant, or £, , are consistently linked with tumor re-
sponse to radiation on various anatomies. For example, K™
derived from DCE MRI achieved 100% sensitivity and 83%
specificity in detecting recurrent gliomas from radiation necro-
sis (46). K™ and /eep also correlated well with tumor regression,
showing that tumors with increased perfusion and permeability
have a better response to RT (47).

Another form of MR, diffusion-weighted imaging, images
the random Brownian motion of water molecules. The apparent
diffusion coefficient calculated from diffusion-weighted imaging
is a biomarker for tssue cell density. In healthy tissue, water mol-
ecules move freely and have high apparent diffusion coefficient
values. However, in tumor tissue, diffusion is restricted, which
causes a decrease in apparent diffusion coefficient values. Longi-
tudinal studies that use diffusion-weighted imaging have shown
increases in apparent diffusion coefficient values for responding
head and neck (48) and prostate tumors (49) earlier than con-
ventional anatomic imaging,.

MRI signal relaxation parameters such as T'1 and T2 can also
be used to measure tumor cell density. T'1 is the time constant
for the magnetization recovery along the z-axis and T2 is the
time constant for the magnetization decay in the x-y plane. Tu-
mors have elevated T'1 and T2 values. T2 mapping was success-
fully demonstrated to help predict response to RT in prostate
cancer, particularly in the peripheral zone, where a consistent
decrease of T2 was observed at week 6 from a total of 8 weeks of
treatment (50).

Chemical exchange saturation transfer (CEST) MRI indi-
rectly helps to measure mobile protein and peptide content in

radiology.rsna.org = Radiology: Volume 298: Number 2—February 2021
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Interfraction motion of organs at risk (liver, bowel, kidney, stomach, and duodenum) in a patient with pancreas cancer

undergoing five-fraction stereotactic body radiation treatment (10 Gy X 5) on the Elekta 1.5-T MRI-guided linear accelerator. The

ability to adapt freatment according to the position of the organs at risk increased safety of the procedure. Figure used, with permission,

from Dr Neelam Tyagi, Memorial Sloan-Kettering Cancer Center.

tissue by depicting endogenous biomolecules that possess pro-
tons that can undergo exchange with water molecules (51). Pro-
tein content is higher in areas of elevated cellular density and
proliferation, which are increased in aggressive tumors. CEST
may be informative to monitor early effects of RT, which results
in destruction of the cytoplasm, increasing the mobile protein
content. Decreases in mobile protein content with CEST may

Radiology: Volume 298: Number 2—February 2021 = radiology.rsna.org

be observed at earlier points than decreases in tissue cellularity
assessed at diffusion MRI. Amide proton transfer CEST was
demonstrated to distinguish true progression from pseudopro-
gression in patients with glioma who underwent radiation treat-
ment (52).

CEST also demonstrated potential to determine tumor hy-
poxia without use of PET tracers by measuring acidic extracellular
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27.2 Gy (80%)

20.4 Gy (60%)

13.6 Gy (40%)

6.8 Gy (20%)

Coronal

Figure 6:  Single-fraction motion-gated lung stereotactic ablative radiation therapy by using the ViewRay 0.35-T MRI-guided linear accel-

erator system. A, Treatment plan for the first three patients, where one fraction of 34 Gy is delivered to the planning target volume (red). The plan-
ning target volume is created by adding a 5-mm isofropic margin fo the breath-hold gross tumor volume (purple). B, Real-fime two-dimensional

motion tracking of the gross tumor volume (green) in one of the patients, which is performed by using two-dimensional images acquired in sagittal

orienfation every 250 msec and deformable image registration. During delivery, the beam is automatically turned off when a specified propor-
fion of the gross tumor volume is outside the gating window (red). In B, on the lefi-hand image the full gross tumor volume is contained within the

gating window, whereas on the right-hand image, about 75% of the gross tumor volume is outside the gating window. Modified, with permis-

sion, from reference 30.

pH (53). Hypoxic tumors are more radioresistant than tumors
with higher oxygenation (54,55). Tumor hypoxia is neither dis-
tributed homogeneously throughout individual tumors nor con-
stant during the course of RT, as demonstrated by PET imaging
with hypoxia tracers such as fluorine 18 (**F) misonidazole or **F-
HX4. CEST is limited to high-field-strength MRI, and whether
similar techniques or ultrasensitive hypoxia-specific contrast ma-
terials can be developed for MRI at the magnetic field strengths
used in MRI-linacs needs to be explored (56,57). Another MRI
technique that could be applied for imaging of hypoxia is blood
oxygenation level-dependent imaging relying on the difference in
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the paramagnetic properties of oxyHb and deoxyHb (58). Imag-
ing of tumor perfusion with DCE MRI represents still another
way to image hypoxia and therefore radioresistance; it already has
clinical applications in a variety of tumors from several parts of the
body (59). The effect of oxygen on treatment planning and treat-
ment response can be analyzed by using the oxygen enhancement
ratio, which is defined as the ratio of radiation dose with hypoxia
and radiation dose with full oxygenation to achieve the same level
of cell damage (60). At full oxygenation, the oxygen enhancement
ratio is unity. Its value increases with decreasing oxygen concentra-
tion to a maximum of 2.7. This suggest the radiation dose at a

radiology.rsna.org = Radiology: Volume 298: Number 2—February 2021
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Figure 7:
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Real-fime volumetric liver tumor motion tracking by using the MR Signature Matching technique for two representative sections. The tumor contour is shown

in red. The motion-signal row shows the temporal location (green point) in the respiratory motion signal. Total imaging latency including data acquisiion and image re-

construction for each three-dimensional image is about 250 msec. Access to real-fime volumetric motion information would in principle allow continuous adaptation of the

radiation beam to the tumor motion.

new 3D position
and shape

—_—

MLC

controller

In addition to being a promising bio-
marker for hypoxia, CEST has demon-
strated potential for noninvasive identifi-

MLC

cation of patients with superior prognostic
characteristics by yielding results that cor-
relate well with histopathologic findings.
Figure 9 shows the application of CEST

P>
imaging latency

treatment. A fast three-dimensional (3D) MRI technique will provide the volumetric position and shape

of the targef, which will be sireamed to the multileaf collimator (MLC) controller. The MLC controller will
adapt to the volumetric position and shape by moving the multiple leaves. The tracking latency (ie, the time
from the sfart of image acquisition to the end of multileaf collimator movement) is provided by the sum of
imaging latency (including acquisition, reconstruction, and segmentation) and multileaf collimator latency.
Developments in fast three-dimensional MRI are aimed at minimizing the imaging latency for real-time

three-dimensional adaptation.

region without oxygen has to be 2.7-fold higher than the one ata
well-oxygenated region. Oxygen enhancement ratio is not linear
with oxygen concentration and rather follows a hyperbolic curve.
Beyond oxygen partial pressures of 20 mm Hg, no additional
treatment benefit is obtained by increasing oxygen concentration,
at least for the atmospheric pressure. MRI-based hypoxia mea-
surements together with the oxygen enhancement ratio model can
potentially be used to prescribe higher doses in hypoxic regions.
Targeting hypoxic regions can also improve immunotherapy, and
a combination of RT and immunotherapy can be used to improve
treatment outcomes (61).
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MLC latency

Figure 8: General idea for real-fime three-dimensional MRI-guided intrafraction adaptive-to-shape

P for predicting histopathologic parameters
in recently diagnosed untreated glioma
(62).

Measurements of tumoh noor lactate
content and distribution by using MR spec-
troscopy are another avenue for prediction of
RT response because a close association exists
between tumor lactate levels and radioresis-
tance (63,64). The major drawback of MR
spectroscopy for clinical application is its low
sensitivity. As a potential means to overcome
this problem, hyperpolarized metabolic substrates have elicited
increasing interest. In particular, imaging of hyperpolarized *C-
pyruvate is currently on a path toward clinical translation (65-67).

In recent years, a new direction in cancer research, re-
ferred to as radiogenomics or imaging genomics, has
emerged (68). Radiogenomics focuses on the relationship
between imaging phenotypes and genomic characteristics of
a tumor (the term radiogwowdo yoenomics may also refer to a
separate area of study that links genetic features with radio-
sensitivity, but that area of research is not discussed here).
Several studies have shown that certain genes are associated
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Figure 9: Chemical exchange saturation transfer (CEST) MRI can noninvasively help to predict histopathologic characteristics to help identify patients who are
more radiosensitive and can therefore potentially be used to adapt treatment. For example, CEST helped to predict the status of isocitrate dehydrogenase (IDH)
mutation in patients with recently diagnosed untreated glioma. A, B, Amide proton transfer (APT) and downfield nuclear Overhauser effect (NOE)-suppressed
(dns) APT (dns-APT) CEST metrics allowed prediction of isocitrate dehydrogenase mutation status with highest area under the curve (AUC) for the dns APT, metric
[metric, 0.98) and a test sensitivity and specificity of 0.95 (95% CI: 0.77, 1.00) and 1.00 (95% CI: 0.59, 1.00), respectively (P <.001). Two example patients
with newly diagnosed glioblastoma IDH-wt (c1-g1) and IDH-mut (c2-g2) are shown. C, shows gadolinium contrast-enhanced (Gdce) T1-weighted (T -w] MRI
scans, and d, shows T2-weighted (T,-w; turbo spin echo), relaxation-compensated multipool CEST MRI at 7.0-T with (e} separated APT, NOE {f ), and dns-APT
(g,) effects. A ring-like hyperintensity can be delineated in the periphery of the IDH-wt glioblastoma at dns-APT imaging (g,, white arrow), whereas the IDH-mut
glioblastoma appears barely hyperintense at dns-APT (g,, white arrow). The head of the caudate nucleus also appears hyperintense on dns-APT images (g,, pink
arrows). White arrows indicate the location of the tumor. Reprinted, with permission, from reference 62.

with MRI tumor features. For example, in patients with ~ T1-weighted MRI (70). The association of imaging data
glioblastoma, an upregulated PERIOSITIN gene was shown  and genomic data would potentially enable the construc-
to be associated with a high tumor volume at fluid-attenu-  tion of a model to predict outcome from imaging data. This
ated inversion recovery MRI (69). In breast cancer, luminal ~ model could be used to adapt treatment in the MRI linear
B subtypes were associated with contrast enhancement at  accelerator on the basis of poh noersonalized genomic data.
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DCE MRI and diffusion-weighted imaging are rela-
tively mature methods and are likely to be, to our knowl-
edge, the first quantitative MRI methods that will be used
clinically with the MRI-linac (71). Initial implementation
of DCE MRI and diffusion-weighted imaging on the Ele-
kta 1.5-T MRI-linac demonstrated reproducible quantita-
tive results on a phantom at four different institutions (72).
CEST might be the next quantitative MRI method to be
implemented, given its wide range of potential applications,
particularly hypoxia imaging. Radiogenomics is in its early
stages, and more studies will be required to demonstrate
clinical impact.

Some anticipated gains of the use of the MRI-derived bio-
markers we discussed include the following: dose painting (ie,
delivery of higher doses to hypoxic regions) on the basis of
imaging of hypoxia by using CEST and/or DCE MRI; im-
proved target delineation on the basis of tissue cell density
measured at diffusion-weighted imaging and/or T2 mapping;
access to early treatment response assessment, which is ex-
pected to improve adaptation compared with anatomic imag-
ing; and improved delineation of the lymphocytes-rich or-
gans to decrease radiation-induced lymphopenia, which has
the potential to increase treatment efficacy in combination
with immunotherapy (73).

Key Developments in MRI for MRI-guided RT

There are key ongoing developments in MRI that will further
facilitate advances in both offline and online, anatomic, and

physiologic MRI-guided RT.

Flexible Radiation Transparent Receiver Coils

Diagnostic receiver coils are not optimized for offline MRI-
guided RT. As we mentioned, the immobilization device in-
creases the distance between the patient and the coil, result-
ing in signal-to-noise ratio losses. In online MRI-guided RT,
the requirement to have radiation-transparent coils limits the
number of elements, which results in signal-to-noise ratio
losses and decreases in imaging speed. New developments that
use high-impedance coils represent the future for coils in MRI-
guided RT, promising flexible and radiation transparent coils
with many elements (74).

Rapid MRI by Using Compressed Sensing and Artificial
Intelligence

Despite the great advances in imaging speed, MRI is still slow
compared with CT, resulting in prolonged offline simulation
and online interfraction adaptation. The slow imaging speed
of MRI also imposes limitations for real-time adaptive RT.
The new generation of rapid MRI techniques acquire fewer
data points (which is known as undersampling) and use pre-
vious information to reconstruct images with full informa-
tion. Compressed sensing exploits the fact that images are
compressible and has demonstrated significant acceleration
in three-dimensional imaging and dynamic imaging (75-80).
Most MRI manufacturers have translated compressed sensing
to clinical practice. The technique is used in MRI-guided RT
applications, particularly to reduce imaging time for three-di-
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mensional imaging by up to 50% (81). Artificial intelligence
techniques extend the ideas behind compressed sensing and
train a convolutional neural network to map undersampled
MRI data into images with full information by using hundreds
or thousands of examples (82,83). Artificial intelligence—based
fast MRI is only available as a research prototype, but MRI
manufacturers are starting to implement the technique.

Motion-resolved MRI and Real-time Motion Imaging

Motion is often seen as a problem in MRI, and the conventional
approach has been to avoid it in the acquisition. For example,
breath-holds or respiratory gating are typically used, with the
caveats of patient cooperation or acquisition inefficiency, re-
spectively. Fast MRI techniques have been developed to capture
real-time snapshots, but they are limited to two-dimensional
imaging (84). An alternative approach is to capture motion and
reconstruct motion states as a new dimension, such as with Extra
Dimensional Golden Angle Radial Sparse MRI and MRI multi-
tasking (85,86). Resolving motion rather than avoiding it could
increase patient comfort and the efficiency of MRI simulation,
and enable the use of MRI to adapt to volumetric motion in
real time during treatment. Motion-resolved MRI is currently
available as a research prototype with successful application to
abdominal stereotactic body RT on the Elekta Unity MRI linear
accelerator (87). Real-time volumetric motion imaging is being
developed by several groups (32,88) and will enable a strategy for

adaptive treatment in moving organs.

MRI Fingerprinting for Multiple Biomarker Mapping

A breakthrough in speed and accuracy in quantitative MRI is
fingerprinting, which can capture multiple MRI tissue proper-
ties by using a single acquisition (89,90). MRI fingerprinting
changes acquisition parameters in a random fashion so that
each tissue generates a unique signal evolution. After the acqui-
sition, a pattern recognition algorithm can find the set of MRI
parameter values that best matches the acquired signal, just like
a standard fingerprinting approach. The matching procedure
uses Bloch equations, which result in more accurate modeling
of the acquisition process. MRI fingerprinting is broadly avail-
able as a research prototype and one MRI manufacturer has
implemented it as a commercial product. MRI fingerprinting
has been successfully applied to monitor treatment response
of brain tumors over several fractions in a quantitative man-
ner (91). New developments that use MRI fingerprinting to
image diffusion (92) and CEST (93) parameters with greater
efficiency and robustness will be key in enabling all the benefits
described in the above section on quantitative MRI biomarkers.

Clinical Trials

Early clinical trials of MRI-guided RT were focused on the
use of MRI for treatment planning, particularly for prostate
cancer. The main hypotheses tested were that the superior
soft-tissue contrast of MRI would enable better target local-
ization than CT, and that the dose distribution provided by
MRI would be equivalent to that provided by CT. One of the
first prospective clinical trials enrolled 48 patients with pros-
tate cancer from a single institution and compared MRI-only
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planning against planning with combined CT and MRI (2).
The results of this clinical study demonstrated reproducible
and superior target localization with the MRI-only approach
compared with the combined CT and MRI approach. A larger
multicenter and multivendor prospective clinical trial enrolled
170 patients with prostate cancer from four different institu-
tions (94). The study included four different scanners and two
different magnetic field strengths and compared dosimetric
accuracy of MRI-only planning to CT planning. The overall
mean dose differences between MRI and CT dose distribu-
tions were below 0.3% for all evaluated organs and targets.
These early clinical trials demonstrated superior target delinea-
tion and equivalent dose distribution with MRI-only planning
compared with CT planning.

Recent clinical trials evaluated the use of clinical MRI-linac
systems for adaptive RT to enable hypofractionation and abla-
tive doses with minimal toxicity in several anatomic sites affected
by interfraction organ motion (eg, prostate) and intrafraction or-
gan motion (eg, pancreas). The first prospective MRI-linac clini-
cal trial enrolled 101 patients with intermediate- or high-risk
prostate cancer. All patients underwent adaptive RT by using a
ViewRay 0.35-T MRI-linac system in five fractions of 7.25 Gy
(95). The trial did not use implanted markers, thereby eliminat-
ing an invasive procedure and potentially associated complica-
tions and implantation costs. Results after 3 months of treat-
ment showed low toxicity, lower than originally expected. The
maximum cumulative genitourinary and gastrointestinal toxicity
were 23.8% (study hypothesis, 40%) and 5.0% (study hypoth-
esis, 15%), respectively. A clinical trial, Multi-outcome Evalua-
tion of Radiation Therapy Using the Unity MR-Linac Study, or
MOMENTUM, on the basis of the Elekta 1.5-T Unity MRI-
linac system was recently launched; it will enroll thousands of
patients from several institutions (96).

Cost Considerations for MRI-guided RT

The final issues to be considered are cost, cost-benefit ratios,
and cost-effectiveness. MRI-guided RT shows promise for im-
proving the therapeutic ratio of RT. If this promise is realized,
it is not unlikely that Markov models looking at the baseline
cost as well as the cost of relapse and complications will iden-
tify subpopulations of patients who will benefit from MRI-
guided RT. The following two evaluation approaches can be
considered: (z) the traditional randomized trials that are ideal
but in practice rarely performed for new technologies and not
necessarily so-called isopoise; and (4) model-based multifacto-
rial decision-support systems built from large data sets and/or
prospective cohort studies, an approach used for proton ther-
apy (97). When evaluating the potential of MRI use in RT, it
should ideally be considered that there are many innovations in
physiologic imaging in addition to anatomic imaging that may
lead to better personalized and adaptive treatment. It is how-
ever not yet clear which emerging imaging techniques will be-
come standard and which will remain in the research domain.
It is challenging to define the MRI techniques that will be used
in real time and online (eg, to address daily changes in target
geometry and/or biology) and which will be used mainly at the
time of simulation or treatment evaluation offline. Given cost
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considerations, for some applications, separate and dedicated
systems may enable higher patient throughput. At present,
the use of MRI-linac in routine clinical practice is limited to
interfraction adaptation; however, we hope that as additional
clinically relevant and unique applications emerge, evidence to
quantify improvements in outcomes such as survival, toxicity,
quality of life, or cost-effectiveness will become available. With
the emergence of such evidence, we will witness another im-
portant step forward in targeting precision and the introduc-
tion of real-time adaptive RT.

Conclusion

MRI-guided radiation therapy (RT) promises to be the next
big step in RT, overcoming the main limitations of CT guid-
ance and offering opportunities for improved interfraction
and intrafraction adaptation, dose accumulation mapping,
and the use of MRI biomarkers. The developments we de-
scribed in our review are illustrative of the convergence of life
sciences, physical sciences, and engineering, which has been
producing increasingly rapid innovation (98). Strong col-
laboration among radiation oncologists, radiologists, medi-
cal physicists, other imaging researchers and data scientists,
engineers, and biologists is required to translate these devel-
opments to clinical RT on a broad scale. This may entail de-
veloping common education streams and research platforms
into a multidisciplinary multicentric approach, which is sin-
gularly exemplified by the MRI-guided Linear Accelerator
Consortium (99). We recommend reviewing research endeav-
ors and training curricula to find effective ways for the radi-
ology community to collaborate in multidisciplinary clinical
research to advance clinical radiation oncology as efficiently
and productively as possible. The MRI-guided Linear Accel-
erator Consortium would also be an ideal platform to validate
the potential benefits of MRI-guided RT.
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