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INTRODUCTION

The development of the integrated MRI-guided radiotherapy systems (MRIgRT) is an
engineering feat with growing adoption in hospitals over the past 6 years. Currently, there
are 2 MRIgRT systems in development, and 2 systems that are commercially available [1-
4]. ViewRay (Cleveland, OH) was the first to market with a 0.35-T MRI combined with a
radioactive cobalt system in 2014 that has since been upgraded to linear accelerator—based
photon radiation (MR-linac) [2,5]. Elekta treated its first patient with the 1.5-T MR-linac
system in 2017 [6].

Unlike the cone beam computed tomography (CBCT)-based linear accelerator, MRIgRT
can provide continuous real-time, high soft tissue contrast imaging while radiation is being
delivered. This enables daily adaptation of the radiation plan according to changes in daily
anatomy, and real-time respiratory gating. In many circumstances, MRIgRT may therefore
allow for tighter treatment margins and this has the potential to enable safe delivery of
higher doses per fraction. This could translate into better tumor control, less radiation
toxicity, and/or fewer treatment visits.

The purpose of this review was to survey the inroads that the MRIgRT has made in the
treatment of cancers in certain anatomic locations and to discuss new opportunities for
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using MRIgRT to provide more effective radiation therapy. For each body site, we highlight
physics problems and technical challenges that should be considered when treating patients
with MRIgRT.

PANCREATIC CANCER AND ONLINE ADAPTIVE RADIOTHERAPY

Improvements in the effectiveness of systemic therapy increase the importance of local
therapy for pancreatic cancer through dose-escalation strategies of intact tumors [7].
Because of the close proximity and interfraction motion of the duodenum and stomach

to the pancreas, stereotactic ablative radiotherapy (SABR) for pancreatic cancer is difficult,
with the rate of grade 2 or higher gastrointestinal (GI) acute toxicity between 2% and 80%
and late toxicity between 10% and 50% on convectional CBCT-based linear accelerators
[8]. The main advantage of treating patients with pancreatic cancer with MRIgRT may

be its ability to perform online plan adaptation [9]. In CBCT-based treatments, a single
radiotherapy plan is designed and used for all fractions because of the inability to visualize
the changing anatomy of the pancreas and surrounding luminal organs. With the MR-linac,
the radiation plan can be adapted while the patient is on the treatment table before the
delivery of each fraction so as to take into account the changing anatomy of the day [10].
Plan adaptation is more time-consuming and labor-intensive than the CBCT-based workflow,
but can be expedited by only recontouring organs at risk (OARS) within a 3-cm radius from
the planning target volume (PTV) [11]. In studies in which all fractions are adapted, the
chance that dose objectives are met increases from 43.9% to 83.0% [12].

In a study of 44 patients with unresectable pancreatic cancer treated with cobalt-based
MRIgRT SABR, patients treated with a biological equivalent dose (BED) greater than

70 Gy had a 2-year overall survival of 49% versus 30% in those treated with a BED

less than 70 Gy, with no grade =3 toxicities in the high-dose group [13]. A prospective,
multi-institutional trial prescribing 50 Gy in 5 fractions with adaptive MRIgRT to patients
with inoperable pancreatic cancer is currently under way (NCT03621644).

OLIGOMETASTASES AND ISOTOXIC PLANNING

Improved imaging techniques, such as prostate-specific membrane antigen (PSMA) PET,
and new laboratory testing, such as circulating tumor DNA, can improve the detection

of metastatic disease, increasing the chance of improving overall survival when combined
with the early use of SABR [14-16]. Several groups have reported their experiences with
MRIgRT SABR for oligometastatic disease. In the study by Winkel and colleagues [17], 14
patients with oligometastatic disease in the pelvic or para-aortic region were treated with
35 Gy in 5 fractions. In the study by Palacios and colleagues [18], 84 patients with adrenal
metastases were treated with breath-hold gating and a range of ablative doses depending on
proximity to OARs. In the study by Henke and colleagues [19], 20 patients with abdominal
metastases were treated with breath-hold gating and 50 Gy in 5 fractions. In all 3 studies,
on-table adaptation significantly decreased OAR dose constraint violations and improved
target coverage compared to without adaptation. Henke and colleagues [19] reported no
grade =3 toxicities at 6 months of follow-up.
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MRIgRT may improve the safety and efficacy of SABR by enabling isotoxic dose
escalation. In conventional radiotherapy, planning objectives aim to cover the target with

a homogeneous dose. In isotoxic dose escalation, the dose to the target is increased until the
dose constraint of a proximal OAR is met, and the dose distribution over the target is highly
heterogeneous. Heterogeneous dose coverage of the PTV minimizes the dose to OARs

but requires better motion management compared with homogeneous dose coverage (Fig.
1) [20]. Isotoxic target dose escalation may improve survival outcomes, although clinical
outcomes from thoracic treatments have been mixed [21-23].

CENTRAL NERVOUS SYSTEM CANCERS AND IMAGING BIOMARKERS

MRI is already incorporated in the workflow for the treatment of central nervous system
(CNS) malignancies and metastases due to its ability to visualize and distinguish normal
brain and intracranial tumors. MRIs are rigidly registered to the planning CT scan to

guide highly conformal stereotactic radiosurgery (SRS), SABR, and fractionated stereotactic
radiotherapy (FSRT) radiation plans, often in 1 to 5 fractions in the case of brain metastases
and spine metastases [24]. SABR to spinal bone metastases can provide improved local
control compared with conventional radiation [25]. To avoid damaging the spinal cord,
patients typically require a diagnostic-quality MRI to be rigidly fused to a CT. Both images
must be acquired while the patient is fixed into position in a rigid mold. A pilot trial at
Washington University in St. Louis is exploring the feasibility of delivering spine SABR on
the same day as simulation on the MR-linac, reducing the duration between simulation and
treatment, which can be several days (NCT03878485). Although promising, obtaining the
highly conformal radiation dose distributions needed for SABR on MRIgRT units can be
difficult because non-coplanar beams/arcs are not possible with currently available devices.

Treating CNS malignancies with the MRIgRT opens opportunities to understand changes in
the tumor biology during treatment with advanced MRI pulse sequences due to relative

lack of motion at this body site. The treatment of 3 patients with glioblastoma with
cobalt-based MRIgRT was demonstrated by Mehta and colleagues [26] and showed changes
in the postoperative cavity and cerebral edema volumes during the 6-week course of
radiation therapy. By manipulating the MRI acquisition parameters, information regarding
tumor cellularity, vascularity, and biochemical makeup can be gathered [27]. Although
advanced pulse sequences have higher signal-to-noise ratio at 1.5 T, research is under

way to incorporate these pulse sequences into 0.35-T MR-linacs [28]. In the treatment of
glioblastoma, advanced imaging can identify areas at higher risk of recurrence for radiation-
boosting strategies [29]. MRI imaging biomarkers could also introduce a paradigm shift in
the target dose objectives. Traditionally, a single homogeneous dose was recommended for
treating the tumor. Advanced physiologic imaging could identify higher-risk areas within
the tumor and provide rationale for heterogeneous dose distribution [30]. Instead of treating
each tumor to a fixed dose, treatment could be given until an MRI biomarker that is strongly
correlated with outcomes reaches a certain threshold (Fig. 2) [31]. Use of injectable agents,
such as prostate-specific membrane antigen-targeted nanoplexes that are both therapeutic
and diagnostic under MRI, is an emerging field that could help focus radiation treatment to
high-risk areas [32].
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HEAD AND NECK CANCER AND DEEP LEARNING ENABLED AUTO-
CONTOURING

Although radiation therapy plays an integral role in treating head and neck (HN)
malignancies, delivery of radiation is difficult because of the close proximity to radiation-
sensitive normal tissues. In a study by Raghavan and colleagues [33] of 6 patients treated
with cobalt-based MRIgRT, the primary tumor and parotid gland volumes decreased,

and their positions shifted significantly during the 7 weeks of radiation therapy. Chen

and colleagues [34] reported on 18 patients with HN primaries treated with cobalt-based
MRIgRT with disease control and quality-of-life outcomes similar to conventional CBCT-
based radiation therapy. However, even with improved visualization of the tumor and OARs
with daily MRI, only a minority of patients required plan adaptation [34]. Because the
anatomy of the HN can change over weeks during radiation treatment, several investigators
are exploring the use of weekly MRIs for plan adaptation to more accurately target the
tumor and spare OARs (NCT03972072) [35].

In the traditional workflow, a patient undergoes a simulation scan, which is used to contour
the target and OARs. The distribution of beams and physics quality checks are based

on these contours. This process usually takes several days. For HN plans, the contouring

can be especially time-consuming due to complex anatomy. Deep learning may help
decrease the amount of work required for contouring. Deep learning is a field of artificial
intelligence in which computers learn how to produce contours based on a previously
created set of contoured images [36,37]. Deep learning has been applied to CTs of the HN to
automatically contour the tumor and high-risk expansion volumes as well as OARs [38,39].
In a study by Tong and colleagues [40], twenty-five 0.35-T MRIs were used to develop a
deep learning algorithm to contour bony and soft tissue OARs in the HN.

BREAST CANCER AND THE ELECTRON RETURN EFFECT

Hypofractionated radiation is the standard of care for early-stage breast cancer with

whole breast adjuvant therapy and is gaining acceptance with locoregional therapy for

more advanced disease [41-43]. Accelerated partial breast irradiation (APBI) can limit the
radiation field to the postoperative bed with acceptable local control and cosmesis compared
with hypofractionated whole breast treatments [44,45]. As targeting becomes more focused
and fractionation schedules become shorter, MRI studies suggest that tracking the position
of the breast and the volume of the seroma become more critical [46,47]. Investigations

are being conducted to determine whether neoadjuvant MRIgRT could reduce the volume
of normal breast tissue irradiated or detect a pathologic complete response [48,49]. Cobalt-
based MRIgRT APBI has been used to treat patients with breast cancer, although long-term
outcomes have not yet been reported [50,51]. Kennedy and colleagues [52] reported the

use of single-fraction, adjuvant partial breast irradiation for 50 patients with early-stage
disease, with most patients treated using cobalt-based MRIgRT. At 25 months’ median
follow-up, there were no grade =3 toxicities and no in-field recurrences [52]. The results of
a prospective trial investigating the use of neoadjuvant single-fraction ablative radiation with
an MRI simulation are currently pending [53].
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One of the challenges facing MRIgRT in breast cancer is the electron return effect (ERE).
When x-ray photons hit tissue within the body, a cascade of electrons is produced that
generally travels in the same direction as the incident photons and eventually deposits

free radicals that damage DNA. In the magnetic field of MRIgRT systems, the Lorentz
force pushes the moving electron particles in a perpendicular direction with a force that is
proportional to the magnitude of the magnetic field. Electrons that are given off from the
tissue to the air circle back to the skin in what has been called the ERE (Fig. 3). Mitigating
the ERE, which increases skin dose, is a challenge for MRIgRT, and is especially relevant
for breast cancer treatment because of the importance of cosmesis. To avoid unwanted ERE
irradiation outside the breast treatment fields, use of a 1-cm bolus shielding the upper torso
is recommended for 0.35-T and 1.5-T MR-linacs [51,54]. The ERE has a larger impact on
targets near an air-tissue interface, such as breast, lung, or GI cancers but can be minimized
by taking the magnetic field effects into account during plan design [55,56].

LUNG CANCER AND RESPIRATORY MOTION MANAGEMENT

SABR provides a high rate of local control, usually with minimal morbidity, for patients
with medically inoperable early-stage lung cancer or metastases to the lung [57]. Although
lung lesions are easy to see on CBCT, organs in the central mediastinum are better
visualized on MRI. In a study of 5 ultra-central lung lesions, Henke and colleagues [58]
reported no grade >3 acute toxicity within 6 months after cobalt-based MRIgRT. Finazzi
and colleagues [59] reported the treatment of 54 patients with higher-risk lung lesions due
to central location, re-irradiation, or interstitial lung disease with either cobalt-based or
linac-based MRIgRT. At 12 months, local control was 95.6% with 8% grade 3 toxicities and
no grade 4 to 5 toxicities.

MR-linacs may be able to achieve lower rates of toxicity with respiratory gating. In CBCT-
based radiation, a volume containing all possible positions of the lung tumor during a
respiratory cycle is typically irradiated. Although respiratory gating with a CBCT-based
linear accelerator with techniques such as active breathing control is feasible, gating

may be easier and more accurate on MRIgRT units because MRIgRT can image the

tumor constantly throughout radiation treatment. Therefore, the treatment volume can be
minimized by irradiating the tumor only when it is in a specific location during the
respiratory cycle [60]. On the ViewRay system, a single sagittal slice constantly images
the tumor. The patient is normally asked to perform a maximum inspiration breath-hold.
The system is able to track the tumor as the patient breathes. The beams are turned on
automatically when the tumor is within a certain window and turned off when the patient
resumes respiration (Video 1). This process increases the delivery time of a single fraction
but enables tighter treatment margins by eliminating the need for an internal target volume to
account for tumor motion during respiration (Fig. 4).

PROSTATE CANCER AND SYNTHETIC COMPUTED TOMOGRAPHY

Because prostate cancer has a low a/gratio, hypofractionated treatments may improve the
therapeutic ratio [61]. MR-guided radiation can allow for online adaptive replanning and
can also inform dose escalation to intraprostatic lesions while avoiding the urethra. In a

Adv Oncol. Author manuscript; available in PMC 2023 April 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 6

study of 25 patients with mainly intermediate-risk prostate cancer treated with 35 Gy in 5
fractions with daily adaptation on a 1.5-T MR-linac, 16% of patients developed acute grade
2 Gl or genito-urinary (GU) toxicity, and there were no grade =3 toxicities [62]. In another
study of 101 patients with an even mix of intermediate-risk and high-risk prostate cancer
treated with 36.25 Gy in 5 fractions with daily adaptation on a 0.35-T cobalt-based MRIgRT,
the cumulative rate of acute grade 2 GI or GU toxicity was 28.8% without any grade =3
toxicities [63]

One way to shorten the overall radiotherapy workflow is to omit the CT scan. In the current
workflow, the CT scan is registered to the MRI to provide electron density information,
which is necessary for calculating dosimetry. However, errors in registration and changing
anatomy can reduce accuracy. Alternatively, the MRI can be used to create a “synthetic CT.”
There are 2 broad categories of methods to create synthetic CTs. In voxel-based methods,
information about the MRI voxel intensity, usually from 2 or more pulse sequences, is

used to assign electron densities. These methods are less reliant on information about the
location of the voxel within the MRI. Voxel-based methods are predominantly deep learning
algorithms, in which the computer is given matched MRIs and CTs and then is able to create
a CT from a new MRI. In atlas-based methods, the position of each MRI voxel is aligned to
a predefined reference atlas of anatomic structures or set of reference atlases through image
registration. Each structure in the atlas is assigned to a particular electron density value.
Currently, there are 2 synthetic CT algorithms for prostate radiotherapy approved by the
Food and Drug Administration [64]. The use of synthetic CTs could lead to more efficient
workflows, in which the time between simulation and treatment is decreased from several
days to a single day.

GYNECOLOGIC MALIGNANCIES AND FIELD SIZE

The use of MRI for 3-dimensional high-dose-rate brachytherapy planning in the treatment
of cervical cancer has improved locoregional control and survival rates while reducing late
morbidity [65]. External beam radiation therapy (EBRT) is commonly used adjuvantly for
endometrial cancer and as a component of definitive chemoradiation therapy followed by
brachytherapy for cervical cancer. EBRT has traditionally been delivered in a large 4-field
box technique due to the potential for large day-to-day motion of the uterus. More conformal
techniques use large margins to encompass the range of motion of the uterus. MRIgRT

for such gynecologic malignancies has the potential to reduce toxicity to OARs with daily
adaptive planning [66]. PTV margins in these locations can be reduced from 1.5 to 0.5 cm
with MRIgRT [67]. Case reports on the treatment of cervical cancer with MRIgRT without
daily adaptation show considerable movement in the PTV and shrinkage of the gross tumor
volume over the course of radiation [68,69].

A challenge in treating gynecologic malignancies with MRIgRT is the limited field size

for treatment. The integration of the linear accelerator with the MRI results in a smaller
maximum treatable field size compared to that of a conventional linear accelerator. On the
1.5-T and 0.35-T MR-linac, the maximum superior-inferior direction field size is 22 cm and
24 cm, respectively. Sites with extensive targets in the cranial-caudal direction, including
gynecologic malignancies and HN malignancies, do not fit in the MRIgRT treatment field in
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40% of cases [2,70]. In addition, magnetic field inhomogeneities cause geometric distortions
outside the treatment isocenter. On the 0.35-T MR-linac, although there are less than 1-mm
distortions within a 10-cm radius of the isocenter, at 20 to 25 cm from the isocenter the
distortions can be up to 7 mm [71]. A potential option for overcoming the limited field size
with MRIgQRT is to use 2 isocenters [70].

OTHER SITES (LIVER, RECTUM, AND SARCOMA) AND MRI ARTIFACTS

Tumors within the liver, including hepatocellular carcinoma, cholangiocarcinoma, and
metastases, are difficult to visualize on CBCT because of respiratory motion and poor

soft tissue contrast. Consequently, larger margins are often required to account for the
uncertainty in the tumor position. Although MRIgRT is better at visualizing the tumor, soft
tissue contrast can further be enhanced with the use of gadohexetate intravenous contrast
[72]. In a retrospective review of 26 patients with metastatic liver lesions and hepatocellular
carcinomas treated with cobalt-based MRIgRT SABR to a median dose of 50 Gy in 5
fractions, the 2-year overall survival was 60% and 21-month local control was 80%, without
any grade >4 toxicities [73]. In a study of 17 patients with unresectable locally advanced
cholangiocarcinoma treated with cobalt-based MRIgRT SABR with a median dose of 40 Gy
in 5 fractions, the 2-year overall survival was 46%, and local control was 73%, without any
grade >4 toxicities [74]. Colorectal metastases to the liver have lower control rates compared
with other types of histology [75]. The potential for safe dose escalation to colorectal
metastases using an isotoxic approach on the MR-linac is currently being investigated
(NCT04020276).

In locally advanced rectal cancer, the combination of preoperative chemotherapy and
chemoradiation can increase the rate of complete pathologic response, and trials are being
conducted to investigate nonoperative “watch and wait” strategies [76]. Rectal cancers
have considerable variability in bowel and bladder filling. MRIgRT can enable safe dose-
escalation strategies and help determine the best candidates for nonoperative management
through the use of quantitative biomarkers [77,78].

MRIs of extremity soft tissue sarcomas are recommended to delineate the gross tumor
volume (GTV) and peritumoral edema for preoperative radiotherapy [79]. The Phase

I11 EORTC STRASS trial failed to show a benefit in preoperative radiotherapy for
retroperitoneal sarcomas [80]. Alternative approaches to improving local control for
retroperitoneal sarcomas include the use of MR-guided hypofractionated radiation 60 Gy
in 3 to 8 fractions (NCT03972930). MR-guided radiation has also been used to treat
challenging cases, including a pediatric rhabdomyosarcoma of the diaphragm and a left
ventricle cardiac fibroma [81-83].

Although MRI has excellent soft tissue contrast and does not involve ionizing radiation,
it can suffer from a range of imaging artifacts. Periodic respiratory motion can create

a “ghosting” artifact, a faint repetition of structures across the image. Strategies such

as breath-holds or detecting the position of the diaphragm can reduce these motion
artifacts. Another broad category of artifacts is geometric distortion due to magnetic field
inhomogeneity. Structures in the image can be represented in the wrong location. Certain
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image sequences, such as diffusion weighted imaging (DW1), are particularly susceptible
to geometric distortion, and caution should be exercised when targeting lesions based on
DWI. Metal objects are generally restricted from MRISs, as they can be pro-pelled by large
magnetic forces. MR-compatible metallic prostheses and devices can cause dark “banding”
artifacts that distort the image near the object, which can be especially relevant for patients
with sarcoma [84]. Even iron supplements and iron-fortified cereals can cause banding
artifacts, and patients should be instructed to avoid consuming these during abdominal
radiation (Fig. 5) [85].

DISCUSSION

This review summarizes the clinical applications of MRIgRT, progress made so far, and
areas under investigation. We have highlighted physics problems and technical challenges
and opportunities that should be further explored for MRIgRT to reach its full potential.
Although there are many dosimetric studies, most of the clinical experiences reported have
been with 0.35-T cobalt-based MRIgRT, and outcomes focus mainly on acute toxicity rates,
which have been favorable.

The MR-linac units are approximately twice the cost of a well-equipped conventional linear
accelerator. To justify the purchase of these more expensive units, cancer centers must
coordinate efforts to demonstrate favorable clinical outcomes [86]. MRIgRT can improve the
therapeutic ratio, and the operational costs will likely shrink with the use of automation

to expedite the adaptive workflow and with shorter hypofractionated treatments [87].
Multi-institutional trials and coordinated efforts will be essential to establishing MR-guided
radiotherapy as a treatment option for patients with cancer globally.
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KEY POINTS

Integrated MRI-guided radiation therapy (MRIgRT) systems have recently
been developed with growing clinical adoption since 2014.

MRIgRT systems have superior soft tissue contrast and are capable of real-
time treatment gating and on-table radiation plan adaptation.

MRIgRT presents many technical challenges but has great potential to
improve the therapeutic ratio of radiation treatment.

MRIgRT can be used to treat malignancies in all body sites, although long-
term clinical outcomes are currently pending.

Collective efforts will be required to demonstrate improved clinical outcomes
to offset the increased cost of MRIgRT systems.
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CLINICS CARE POINTS

MRIgRT systems have superior soft tissue contrast and are capable of more
accurate and precise treatments with real-time imaging and treatment gating
during radiation delivery and with radiation plan adaptation while the patient
is on the treatment table.

MRIgQRT presents many technical challenges but has great potential to
improve the therapeutic ratio of radiation treatment.

Collective efforts will be required to demonstrate improved clinical outcomes
to offset the increased cost of MRIgRT systems.
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FIG. 1.
Axial views of SABR dose distribution for an oligometastatic lesion in left lower lung

close to the stomach at (A) initial MRI simulation, (B) day of treatment before plan
adaptation, and (C) after plan adaptation to avoid overdosing the stomach (arrow) (D) DVH
demonstrating an increase in dose to the planning target volume (PTV) after re-optimization.
See Video 1 for sagittal cine of tumor tracking. Pink = Planning target volume, red =
stomach. DVH, Dose volume histogram; SABR, stereotactic ablative radiotherapy.
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FIG. 2.
Hypothesized imaging biomarker “threshold” goal (arrow) for a radiation treatment dosing.

Imaging response during treatment could be closely correlated with a validated imaging
biomarker and clinical/pathologic end-point. (Adapted from Hall WA, Paulson ES, van

der Heide UA, et al. The transformation of radiation oncology using real-time magnetic
resonance guidance: A review. Eur. J. Cancer. 2019;122:42-52.; with permission. (Figure 3
in original).)
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lung

lung

FIG. 3.

Illustration of the electron return effect, for left whole breast irradiation by means of 2
tangential fields. The edges of the photon beams are depicted by the blue lines. (Lef?)

In the absence of a magnetic field, secondary electrons leave the breast at the tissue-air
interface. (Righ? With a magnetic field, secondary electrons return to the breast, increasing
the skin dose. (From van Heijst T, den Hartogh M, J W Lagendijk J, et al. MR-guided
breast radiotherapy: Feasibility and magnetic-field impact on skin dose. Phys. Med. Biol.
2013;58:5917-5930 © Institute of Physics and Engineering in Medicine. Reproduced by

permission of IOP Publishing. All rights reserved.)
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FIG. 4.
Coronal CT slice of a patient with lung cancer. Dose distribution of (A) respiratory gated

treatment in which the tumor is tracked and (B) conventional free-breathing treatment

with larger treatment margins. (C) Dose difference between the tracked treatment versus
the conventional treatment. (From Menten MJ, Fast MF, Nill S, et al. Lung stereotactic
body radiotherapy with an MR-linac — Quantifying the impact of the magnetic field and
real-time tumor tracking. Radiother. Oncol. 2016;119:461-466.; with permission. (Figure 4
in original).)
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FIG. 5.
(Lef)) Axial and (right) coronal views of a patient a few hours after ingesting iron-fortified

breakfast cereal causing susceptibility artifact. (From Green O, Henke LE, Parikh P, et al.
Practical Implications of Ferromagnetic Artifacts in Low-field MRI-guided Radiotherapy.
Cureus. 2018;10:e2359.; with permission. (Figure 2 in original).)
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