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Abstract: Radiation therapy (RT) continues to play an important role in the treat-
ment of cancer. Adaptive RT (ART) is a novel method through which RT treatments 
are evolving. With the ART approach, computed tomography or magnetic resonance 
(MR) images are obtained as part of the treatment delivery process. This enables 
the adaptation of the irradiated volume to account for changes in organ and/or 
tumor position, movement, size, or shape that may occur over the course of treat-
ment. The advantages and challenges of ART maybe somewhat abstract to oncolo-
gists and clinicians outside of the specialty of radiation oncology. ART is positioned 
to affect many different types of cancer. There is a wide spectrum of hypothesized 
benefits, from small toxicity improvements to meaningful gains in overall survival. 
The use and application of this novel technology should be understood by the onco-
logic community at large, such that it can be appropriately contextualized within the 
landscape of cancer therapies. Likewise, the need to test these advances is press-
ing. MR- guided ART (MRgART) is an emerging, extended modality of ART that ex-
pands upon and further advances the capabilities of ART. MRgART presents unique 
opportunities to iteratively improve adaptive image guidance. However, although the 
MRgART adaptive process advances ART to previously unattained levels, it can be 
more expensive, time- consuming, and complex. In this review, the authors present 
an overview for clinicians describing the process of ART and specifically MRgART.

Keywords: 0.35 Tesla MR Guidance, 1.5 Tesla MR Guidance, adaptive image 
guidance, adaptive radiation therapy, magnetic resonance (MR)- guided radiation, RT 
adaption, personalized radiation therapy, Unity, ViewRay

Introduction
Radiation therapy (RT) is a well established cornerstone of oncologic management. 
It is estimated that 40% to 60% of patients with cancer will benefit from RT at 
some point in their treatment course.1 Reflecting on this high utilization rate is 
both exciting and compelling. An estimated 1.8 million new cancer cases occurred 
in 2020 in the United States alone.2 This means that RT was potentially indicated 
as a modality in approximately 900,000 of those patients. The significant impact of 
this number places the RT modality as one of the most common single oncologic 
therapeutic options for patients with cancer. Thus meaningful improvements in RT 
will affect hundreds of thousands of patients with cancer annually. Studying the 
optimal use of RT is an exceedingly important part of understanding advancements 
in cancer therapy as a whole. Validated improvements in oncologic outcomes asso-
ciated with technological improvements in RT will likewise provide evidence- based 
improvement for thousands of patients with cancer.

Like many cancer therapies, RT is rapidly evolving. The improvements in RT are 
the result of multiple technological advances. This reality should be considered in the 
broader context of improvements in cancer therapies.3 As computational advances 
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occur along with imaging advances, each will have an import-
ant impact on the methods by which RT is given. There have 
been significant limitations to RT that these technological 
advances seek to overcome. Well designed, prospective, multi- 
institutional clinical trials will be needed to determine whether 
the proposed advances provide clinical benefit, and methods to 
improve RT will need to be continually introduced and eval-
uated. Radiation oncologists, medical oncologists, radiologists, 
clinical trialists, and patient advocates need to understand 
these advances to test them in a robust fashion. This review 
focuses on the concept of adaptive RT (ART) and, more spe-
cifically, magnetic resonance (MR)- guided ART (MRgART), 
as enabled by the integration of an MR imaging (MRI) scan-
ner within the linear accelerators (linacs) that are used to de-
liver radiation. Our objective in this review is to illustrate how 
this novel category of RT differs from historic RT and how it 
is positioned to potentially improve outcomes associated with 
RT. Critical questions and potential applications associated 
with the use of these technologies are addressed.

Evolution of RT Technology Over the Past  
30 Years
The past 30 years have seen dramatic technological changes 
in RT.4- 6 Before 1990, RT used relatively simple techniques, 
in which image guidance was limited to using 2- dimensional 
(2D), plain film x- rays. In the most simplistic terms, a plain 
film x- ray was acquired during radiation planning, and the re-
gion of the body that contained malignancy was outlined and 
targeted for treatment. The field shape was typically drawn 

with straight lines, using bony anatomy that could be seen 
and referenced on x- rays as a guide. Lines were drawn to cre-
ate a lead radiation portal, or port, that guided RT into the 
body. Because this planning process only used a 2D image, 
it was historically referred to as 2D RT. Although 2D- based 
RT seems primitive to many radiation oncologists today, it has 
dramatically influenced current RT practice. It was during the 
2D era, from the 1950s through the 1980s, that RT formed its 
foundation as a cancer therapy.6 That foundation remains very 
influential in the modern era. Despite often being dismissed 
as technologically simplistic, the 2D era produced clinical out-
come data that continue to influence current day RT. Indeed, 
many of our current standard- of- care RT doses, including 
normal organ dose tolerances, were derived largely during the 
2D era. For example, despite technological advances over the 
past 30 years, postoperative RT doses for pancreatic cancer 
have remained largely unchanged.7,8 This is despite modern 
methods to control and deposit RT dose. A movement be-
yond the 2D- based normal tissue dose limits, total dose and 
fractionation schedules, and regional anatomic treatment vol-
umes (as defined by surface anatomy and/or 2D imaging) is 
imperative to accelerate the capabilities of RT into the mod-
ern era.9

Three- Dimensional, Intensity- Modulated RT, 
Volumetric- Modulated Arc Therapy, and Particle 
Therapy (Protons/Carbon)
With the invention of computed tomography (CT) came the 
ability to define tumors and organs in 3 dimensions.6 Such 
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technology and capabilities were quickly adopted by radiation 
oncologists. This introduced a volumetric dimension of data 
to the historic 2D perspective that allowed radiation oncolo-
gists to define entire organs in 3 dimensions. RT beams could 
be modeled to pass through organs with an understanding 
of how much radiation dose each beam contributed to the 
specific organs.6 Developing a 3D computational model of 
the patient using CT enabled relatively quick and accurate 
calculations of RT dose distributions throughout these or-
gans. During this same time period, clinical outcomes began 
to emerge illustrating the relation between the volume of or-
gans treated with RT and subsequent toxicity events.10 Such 
data formed a new basis for RT plan evaluation and review. 
Shortly after the introduction of CT- based, 3D- conformal 
RT came intensity- modulated RT (IMRT).9,11 The abil-
ity to modulate and sculpt the RT dose around normal or-
gans was dramatically improved by IMRT. There have been 
demonstrations of reduced toxicity when using these novel 
techniques; however, pure randomized data are limited.12,13 
IMRT has also expanded into more advanced methods, such 
as volumetric- modulated arc therapy (VMAT), which is an 
enhanced method of delivering IMRT using arcs rather than 
static gantry positions. During VMAT delivery, the RT treat-
ment machine rotates around the patient, improving radiation 
delivery. It has been shown that VMAT is faster and provides 
better dose distributions than competing techniques.14

Shortly after the introduction of IMRT and VMAT 
came a more accelerated adoption of particle therapy.15 
Particle therapy, essentially the use of accelerated heavy ions, 
can deliver very steep dose gradients because of the physical 

properties of its particles. This use of particle therapy also 
contributed to reductions in normal tissue doses and toxicity 
in specific indications.15 A schematic timeline of this infor-
mation is provided in Figure 1.

The Use of Image Guidance in RT
Shortly after the introduction of 3D- based RT and, sub-
sequently, IMRT came image- guided RT (IGRT). This 
relies first on the use of a CT simulation study, in which 
a patient model is derived from an immobilized patient, 
and external marks are placed on the patient for localiza-
tion during daily treatment. This scan is also used for con-
touring and identifying normal organ positioning. When 
IGRT is implemented, patients are imaged immediately 
before each fraction of RT with on- board imaging sys-
tems that provide 3D (volumetric) images. The tumor and 
normal organ segmentations on these images are typically 
compared with those on the higher quality initial CT sim-
ulation images. The patient is then repositioned (adjusted 
slightly) to align these normal organs with their locations 
at the time of the CT simulation. In some circumstances, 
this is repeated at each fraction and thus enables slight 
adjustments for the location of the tumor along with nor-
mal organs. Figure 2 illustrates the concept of plain films 
versus daily image guidance using a CT scanner in the 
RT room. Figure 2B specifically demonstrates the use of 
daily CT to confirm the location of normal organs, such as 
the stomach. These organs are compared with their posi-
tion from the original CT simulation image. Those struc-
tures are drawn on the CT simulation images, then their 

FIGURE 1. Historic Evolution of Radiation Technology Over the Past 30 Years: Image- Guidance Radiotherapy (IGRT), 2- Dimensional Radiotherapy (2D- RT), 
3D- RT, Intensity- Modulated RT/Volumetric Modulated Arc Therapy (IMRT/VMAT), Particle Therapy, and Adaptive Therapy (ART).
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original position is superimposed onto each daily image to 
reflect the original position of these organs.

Currently, most volumetric IGRT is performed with ki-
lovoltage (kV) cone- beam CT (CBCT), megavoltage (MV) 
CT, and CT on rails. Other non- CT methods can include 
optical imaging, ultrasound imaging, orthogonal x- ray imag-
ing (kV/kV or MV/kV), or fluoroscopic imaging (for guiding 
brachytherapy or intrafraction imaging). The concept and ad-
vantages of IGRT have been the subject of multiple separate 
review articles16,17; however, it is also important to under-
stand current limitations. Although physicians can visualize 
anatomic organs and tumor volumes using image guidance, 

responding to anatomic variations, such as relative positional 
changes or changes in shape or size (such as peristalsis), using 
only patient positional shifts is suboptimal. This creates the 
principal limitation of IGRT, which is the absence of the abil-
ity to correct for the volume changes and deformations of the 
tumor and/or normal structures. This results in a discrepancy 
between the actual RT dose that is delivered to the tumor or 
normal structures and the treatment plan. Figure 3 highlights 
such uncertainty and the impetus for ART.

There are also CT- based and MRI- based methods to 
account for movement of tumors, such as 4D- CT and 4D- 
MRI. These imaging methods allow for tumor movement to 

FIGURE 2. Illustrations of Radiation Treatment Given (A) Without Daily Computed Tomography (CT)- Based Image Guidance Using Plain Films and  
(B) Treatment Using CT on Rails.

A
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be visualized during the breathing cycle and subsequently ac-
counted for with RT treatment volumes.18,19 However, it is dif-
ficult to account for normal organ movement during the time 
at which the beam is turned on. Movement of the radiation 
beam can allow for some tumor tracking; however, the ability 
to account for normal organ movement is limited to absent.

Adaptive Radiation Therapy
Background
ART represents the next advancing frontier of IGRT. In its 
most basic definition, ART enables the changing of RT dose 
delivery to account for changes in either the tumor or normal 
structures during the course of RT delivery. The concept of 
ART was first introduced in 199720 and, by 2010, ART was 
widespread within the radiation oncology literature.21,22 Its 
adoption has considerably accelerated recently with expand-
ing technological innovations, including MR guidance.23,24 
There are many different anatomic changes that would re-
quire the modification of an RT dose distribution, including 
motion of normal organs and variations in tumor or organ size, 
changes in patient external anatomy (such as weight loss or 
gain), and positioning variations associated with daily align-
ment. Moreover, ART can also signal the need to modify the 
total RT dose based on progressive biologic changes in the 
tumor seen on imaging acquired during the radiation course. 
As an example, some recent trials have adjusted treatment 
based on positron emission tomography (PET) response, 
enabling true biologic personalization of therapy.25 Overall, 
if changes are seen using the image guidance techniques de-
tailed above, ART can correct the RT dose distribution to 
accommodate these changes. Under these circumstances, 

RT dose prescriptions can sometimes be increased based on 
tumor response or reduced to spare adjacent normal organs. 
This is a highly complex procedure and considerable techni-
cal challenges are associated with its implementation (Fig. 4).

There are several categories in which ART could be ap-
plied and may hold an important role. Each of these requires 
additional investigation and prospective evaluation before it 
is routinely recommended as a standard of care. It is import-
ant to recognize that, despite the existence of ART as a well 
described technique for at least a decade, the routine imple-
mentation and utilization of daily CT- based ART remains 
relatively limited.26 There are several reasons for this limited 
utilization. First is the tremendously labor- intensive and 
time- consuming nature of the adaptive process. Radiation 
oncologists often must be present for extended periods of 
time at each treatment to identify, modify, and approve new 
radiation plans. There is very limited reimbursement cur-
rently for the effort of involved personnel required to perform 
this adaptation. Second, the technical capability to perform 
adaptation is demanding. Imaging and adaptation technol-
ogies must be sophisticated enough such that they can be 
used to robustly detect and correct for the changes in tumor 
and normal organs. Such systems are not routinely available 
but are currently the subject of active research and develop-
ment at high- volume academic centers and on a selective, 
case- by- case basis.27- 31 Currently, this makes the widespread 
implementation of CT- based ART in a community practice 
limited. There are novel systems being introduced, such as 
the Varian Ethos system, that may affect this accessibility in 
the coming years.32 Another important consideration is the 
time associated with ART, which is a considerable limitation 

FIGURE 3. Limitations of Image Guidance Alone— Volume Change/Deformations Can Be Seen But Not Accounted for Dosimetrically: Treatment of the Prostate 
Gland Associated With Significant Rectal Movement and Gas Causing Distension. CT indicates computed tomography; RT, radiotherapy; MV, megavoltage.
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that should be considered. This can require a radiation on-
cologist to spend considerable time at the treatment machine 
re- contouring daily. Despite these limitations and relatively 
rare usage, the potential benefits of ART are significant. 
Moreover, MR guidance is introducing a highly feasible 
manner in which ART can be performed (Figs. 5 and 6).

MR- Guided Adaptive RT
A central limitation of ART is the ability to routinely per-
form it with the state- of- the- art and most widely dissemi-
nated, 3D, on- table imaging modality, CBCT. The images 

that CBCT can generate on a daily basis often do not pro-
vide sufficient soft tissue contrast to accurately identify the 
required precise boundaries between normal organs and tu-
mors. These images also suffer from organ motion- induced 
artifacts that further degrade image quality. CT on rails, a 
system that is essentially a diagnostic CT collocated with 
the RT delivery device, can offer a higher contrast image 
of the tumor and normal organs than CBCT provides. 
However, these systems are uncommon, and their use is rel-
atively cumbersome and time- consuming. On- board MRI 
provides the superior soft tissue contrast of MRI, allowing 

FIGURE 4. Traditional Radiotherapy (RT) Compared With Adaptive RT (ART). A comparative overview of the workflow associated with adaptive RT compared 
with traditional non- ART is presented. CT indicates computed tomography; MR, magnetic resonance.

FIGURE 5. Detailed Overview of Workflow, Additional Steps, and Potential Dose Improvements Associated With Adaptive Radiotherapy (ART) Either Online 
or Offline. IGRT indicates image- guided radiotherapy; RT, radiotherapy.



Adaptive and MR- Guided RT

40 CA: A Cancer Journal for Clinicians

ART to be performed with a much greater degree of confi-
dence. An example of such imaging differences is presented 
in Figure 7 for a tumor that moves because of respiration. 
This is an example of a patient undergoing treatment with 
RT for a pancreatic tumor using CBCT guidance compared 
with a similar patient undergoing treatment using MRI 
guidance. The clarity of these daily MR images offers a 
more realistic and feasible method to perform ART using 
available images.

Some of the most common current uses for MR- guided 
RT include prostate tumors, oligometastatic disease, pan-
creatic tumors, central lung tumors, brain tumors, and rectal 
tumors.33 It is important to consider that the precise utiliza-
tion of this technology is rapidly evolving and, as the tech-
nological capabilities develop, the utilization may change.

Randomized Trials Evaluating Adaptive RT
Despite the timeline and availability of ART, the currently 
published randomized clinical trials evaluating ART com-
pared with non- ART are very limited. Only a small handful 
of trials have been performed attempting to prospectively 
quantify the benefits of this technology. Fortunately, this 
area is growing, and additional data should be available in 
the coming years. There are previous retrospective studies 
demonstrating that ART can improve target coverage and 
also reduce the doses of RT delivered to organs at risk in a 
variety of tumor sites, including head and neck, lung, breast, 

abdomen, and pelvis.34- 36 Multiple historic trials have evalu-
ated the feasibility of performing ART, and multiple reviews 
have been published on the topic.26 A few examples for con-
sideration include the following: An early prospective trial 
conducted by Vargas et al demonstrated that ART could be 
performed in patients with prostate cancer and that higher 
doses of RT could be delivered to the prostate without 
higher rates of toxicity if normal organs are identified and 
accounted for in the process of RT delivery.35 In other tumor 
sites, such as lung, ART has also been attempted; however, 
clear clinical benefits of such adaptation are limited.37 There 
have been a few recent examples of biologic imaging dur-
ing a course of treatment that have shown promise using 
fluorodeoxyglucose- PET (ClinicalTrials.gov identifier 
NCT01333033).38 There are also ongoing trials for which 
long- term outcomes are pending, such as NRG Oncology/
Radiation Therapy Oncology Group trial 1106 (NRG/
RTOG 1106) and the ARTFORCE Trial (ClinicalTrials.
gov identifier NCT01504815).39- 41 Specifically, RTOG 
1106 adapted the radiation dose during treatment based on 
PET. The results of the study have been presented in ab-
stract form and showed no significant differences in grade 3 
or worse toxicity of the lung, esophagus, or heart. In addition, 
there was no difference in overall survival (OS), progression- 
free survival, or lung cancer- specific survival between treat-
ment arms (adaptive vs nonadaptive). ART did improve 
in- field local- regional tumor control by 11% and in- field 

FIGURE 6. Detailed Example of Dose Distribution Differences Seen With Adaptive Therapy Using Magnetic Resonance Guidance. CT indicates computed 
tomography.

FIGURE 7. Example of Cone- Beam Computed Tomography (CT), Which Is Typical for Daily Image Guidance on Linear Accelerators, Compared With Daily 
Magnetic Resonance Imaging.

The loca�ons of normal organs in proximity to the 
treatment volume is unknown, adap�ve RT using this 
image is exceedingly difficult to nearly impossible 

Cone beam CT acquired using modern linear accelerator  MR Imaging example

Improved visualiza�on of organs in proximity of the 
tumor allows for rela�vely rou�ne use of adap�ve 
RT, normal organs can be seen, drawn, and their 
posi�ons accurately accounted for  

Unable to clearly see normal 
�ssues or  tumor

Small bowel 

Tumor 

RT Dose Distribu�on 



CA CANCER J CLIN 2022;72:34–56

41VOLUME 72 | NUMBER 1 |  JANUARY/FEBRUARY 2022

primary tumor control by 17% during the trial. The full pub-
lication of this experience is anticipated. Considerable ad-
ditional effort is needed in the form of prospective trials to 
demonstrate the value of performing ART. This is primarily 
because the effort associated with the process is exceedingly 
time- consuming with the current technology. Before suf-
ficient support of that time and effort can be provided or 
more robust technologies become available, there should be 
commensurate compensation for the considerable additional 
time and effort associated with this work.42- 51 Table 1 sum-
marizes select prospective trials that have recently examined 
different adaptive strategies.35,37,38,41

Hypothesized Advantages of MR- Guided ART
The image quality and soft tissue contrast limitations high-
lighted above with non- MRI– based imaging have led many 
groups to consider incorporating MRI into the process of 
treatment planning and RT delivery. There are important 
novel aspects to consider about this process. The first is un-
derstanding how MR guidance differs from MR registra-
tion. For over a decade, MRI has been used as an additive 

to CT- based RT planning to help define soft tissues; this 
is described as MR simulation.52 However, the concept and 
process of adaptive MR guidance differs from this historic 
process of registering an MRI to a CT, which is outlined 
in Figure 8. Clinical implementation of MR simulation has 
been expanding over the past 8 years.

There are several advantages to using MRI as part of 
the daily image guidance to align and treat a patient using 
RT. It is well known from diagnostic radiology that MR 
offers superior soft tissue contrast. This improved soft tis-
sue visualization is particularly helpful during the process 
of RT delivery in distinguishing tumors from the adjacent 
normal organs. It is critical to understand that soft tissues 
move during the radiation treatment because of physiologic 
anatomic changes, such as bowel peristalsis, respiration, or 
changes in tumor size.53- 55 Therefore, improved visualiza-
tion of these moving soft tissues enables radiation oncolo-
gists to precisely understand changes in dose distribution to 
these structures over the course of treatment. This improved 
soft tissue visualization also allows for the routine use of 
adaptation based on changes in daily anatomy. In addition 

TABLE 1. Recent Prospective Trials Examining Different Adaptive Strategies

REFERENCE NO. OF PATIENTS DESIGN/RANDOMIZATION/QUESTION ADDRESSED CONCLUSIONS

Vargas 200535 331 • Phase 2, prostate cancer • High doses were safely delivered in selected patients by ART

• Highest dose was selected on the basis of normal 
tissue tolerance constraints

• Rectal toxicity rates reflect dose- volume cutoff points

• Rectal toxicity rates in different dose levels and treat-
ment groups to ascertain whether equivalent toxicity 
rates could be achieved

Spoelstra 
200937

24 • Patients with lung cancer eligible for chemoradio-
therapy and gated delivery underwent 4D- CT after 
15 fractions

• The role of ART is limited when respiratory- gated RT 
is used to reduce the toxicity related to concomitant 
chemoradiotherapy

• Scan was coregistered with the initial planning 4D- 
CT, and a new planning target volume was generated 
based on the tumor visualized after 15 fractions

Goodman 
202138

225 • Phase 2 trial, esophageal cancer/GEJ • Adaptive treatment was promising using PET imaging as a 
biomarker to individualize therapy for patients with esopha-
geal and GEJ adenocarcinoma

• Change in maximum standardized uptake value 
(SUV) from baseline was assessed

• This approached improved pCR rates specifically in PET 
nonresponders

• PET nonresponders (<35% decrease in SUV) 
crossed over to the alternative chemotherapy during 
chemoradiation (50.4 Gy/28 fractions); PET respond-
ers (≥35% decrease in SUV) continued on the same 
chemotherapy during chemoradiation

Kong 202141 138 • Lung cancer • PET- guided adaptive radiation boost increased in field 
tumor control by 11%

• 127 Patients were enrolled (43 in the standard arm 
and 84 in the adaptive arm)

• No difference was seen in overall survival, progression- free 
survival, or lung cancer- specific survival between treatment 
arms

• ART boost based on FDG- PET/CT scan during RT, and 
resimulation with CT scan was applied

Abbreviations; 4D, 4- dimensional; ART, adaptive radiotherapy; CT, computed tomography; FDG- PET, fluorodeoxyglucose- positron emission tomography; GEJ, gastro-
esophageal junction; Gy, grays; pCR, partial complete remission; PET, positron emission tomography; RT, radiotherapy.
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to daily visualization of the soft tissues, MR guidance offers 
the ability to actively monitor and visualize these organs 
in real time while the beam is turned on. This allows radi-
ation oncologists to see any unexpected movements while 
the treatment is being delivered that could result in higher 
or lower than anticipated doses delivered to these organs. 
Both of the commercially available MR- guided RT sys-
tems include adaptive capabilities to account for changes 
in normal organs and tumors that are seen on a daily basis. 
One important consideration is that MR systems often can 
account for tumor movement during treatment with gat-
ing. Gating refers to turning a beam on or off, depending 

on the position of a tumor. Normal organs, however, can 
move differently than a primary tumor— second to second 
during treatment— and this is not accounted for with gating 
or even with daily adaptation. The impact of this movement 
is not fully understood but is often visualized (as seen in 
Fig. 9).

Overview of Currently Available MR- Guidance 
Technology
Currently, 2 commercially available technologies combine 
an MRI device with a radiation delivery machine. Each of 
these technologies has important distinguishing features but 

FIGURE 8. (A) Computed Tomography (Ct) to Magnetic Resonance (MR) Registration Is Compared With Daily MR Acquisition for the Purpose of MR Guidance. 
(B) MR- Guided Radiotherapy (RT) Acquires an MR Image Each Day. This enables clear visualization of targets as they change daily. MRI indicates magnetic 
resonance imaging; Sim, simulation; SV, seminal vesicle.

A

B
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overall they represent a common goal, which is the integration 
of improved soft tissue imaging capabilities (using MR) with 
a radiation machine to deliver RT. These devices are manu-
factured by 2 different companies: ViewRay Technologies Inc 
and Elekta AB. There are also 2 devices that are in develop-
ment, one is by an Australian- based development group56 and 
the second is the Aurora- RT system (MagnetTx Oncology 
Solutions).57 The commercially available devices are gain-
ing rapid and widespread adoption, with >26 Elekta systems 
clinically operational (>90 sold) and >41 ViewRay systems 
installed and in use globally (personal email communica-
tion from both companies). Key differences between devices 
are presented in Table 1. The ViewRay MRI- cobalt device 
has been cleared by the US Food and Drug Administration 
(FDA) since May 2012, and the ViewRay MRIdian linac 
has been FDA cleared since February 2017, with most of the 
installed cobalt systems subsequently being upgraded to the 
linac version. The Elekta Unity system received FDA clear-
ance in December 2018. To date, ViewRay has produced 
2 different systems consisting of their first device, a split 
0.35- Tesla MR scanner with a ring gantry and 3 multileaf, 
collimator- equipped cobalt- 60 heads. The cobalt- based de-
vice is no longer in production, although a few are still in 
clinical operation worldwide. The subsequent MRIdian linac 
is capable of 6- MV photon production combined, again, with 
a 0.35- T MR scanner.58 The Elekta Unity system is a 1.5- T 
MR scanner produced by Philips that is combined with a 
7- MV linac produced by Elekta.59,60 Details regarding each 
of these systems are summarized in Table 2.56,58,61- 63

Hypothesized Improvements in the Therapeutic 
Index Using MR Guidance
There are several categories of hypothesized improvements 
that are most commonly discussed in association with 

adaptive MR guidance. These consist of better visualization, 
routine access to and use of anatomic adaptation, motion 
management, and incorporation of biologic image guidance. 
Each of these topics is discussed in greater detail in the sec-
tions below.

Better visualization and routine access to ART
There are multiple aspects of RT that could be improved 
by the routine use of ART and, specifically, MR guidance. 
MR guidance presents an excellent opportunity to intro-
duce ART into clinical practice for radiation oncology. 
The ability to see and adapt to changing normal anatomy 
is theoretically helpful for a variety of reasons. One of the 
greatest limitations to RT accomplishing a durable cure 
for patients is the proximity of the tumor to normal dose- 
limiting structures. This proximity results in the inability 
of RT to accomplish durable, long- term control. For exam-
ple, control of solid tumors, such as pancreatic adenocarci-
noma (PAC), with RT have historically been very limited 
secondary to the proximity of the small bowel, stomach, 
and colon. These structures have dramatically limited the 
doses of RT that could be used. An excellent contrary ex-
ample of this circumstance is seen in early stage nonsmall 
cell lung cancer. Patients treated with ablative (very high) 
doses of RT for early stage nonsmall cell lung cancer rou-
tinely accomplish minimally invasive cure rates equivalent 
to those accomplished with surgical resection.64 A similar 
example is seen in patients with prostate cancer. When 
these patients are treated with high doses of RT, they rou-
tinely accomplish cure rates identical to those of surgical 
resection.65 Understandably, radiation oncologists are re-
luctant to deliver high doses to pancreatic tumors because 
of the significant risk of bowel toxicity. Theoretically, adap-
tive MR guidance can help to overcome this limitation. 

FIGURE 9. Illustration of Bowel Movement Intrafraction on Close Proximity to High- Dose Radiotherapy (RT) Into an Otherwise Voided Space. CT indicates 
computed tomography; MRI, magnetic resonance imaging; sim, simulation.
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The narrow therapeutic index (detriments to benefit with 
increased toxicity) for many tumor types, such as pancre-
atic tumors, head and neck cancer, primary liver cancer, 
and rectal cancer, presents limitations for the success of 
current RT treatment modalities. Tumors require specific 
doses of RT to be fully eradicated; however, those doses 
to the tumor often cannot be achieved secondary to ex-
cessive toxicity to the adjacent dose- limiting organs. The 
potential to routinely apply an adaptive dose of radiation 
accounting for normal structures is very appealing.

Beam- on motion monitoring
Because MRI does not use ionizing radiation, MR guid-
ance can monitor tumors as the beam is delivering RT using 
fast cine imaging. Repeated imaging has historically been 
avoided using CT- based image guidance because of the in-
creased radiation risks, and there is no real- time analog to 
CBCT. Such monitoring can enable visualization when a 
critical normal organ moves in close proximity to a tumor. 
With effective motion management technology, this motion 
cannot only be detected but potentially can be reacted to 
with gating or plan adaptation. An example of this circum-
stance can be seen in Figure 9.

Routine access to and potential incorporation of quantitative  
and biologic imaging
This last category is one that will require time and commit-
ment, however, but without question presents an immense 
opportunity for an improvement in outcomes.66 Continually 
in cancer therapy, capturing the response to treatment and 
adjusting such treatment accordingly results in considerable 
improvements in outcomes. When the biologic response of 
a tumor can be accounted for in a treatment strategy, pa-
tients may have considerable improvements in their treat-
ment outcomes. Currently, this is seen most commonly for 
circumstances in which PET imaging is assessed before and 
after treatment.67 Patients who have a response with regard 
to posttreatment imaging have a tendency toward better 
outcomes than those without a response. This is consistently 
true in an extensive number of tumors, including lympho-
mas, head and neck cancer, and primary brain tumors. This 
is also true with MRI, and there is extensive evidence that 
changes in biologic data imaged with a variety of MRI se-
quences, such as perfusion and diffusion, significantly cor-
relate with outcomes.66 With the use of MR guidance, these 
data will become routinely available at the time of RT de-
livery. With additional confirmation, signals associated with 
response may become a new standard that can be collected 
and accounted for during, rather than after, the treatment 
delivery.66 If this biologic- response approach to radiation 
dose selection can be validated, it could theoretically elimi-
nate the current standard of dosing with historical radiation 
doses. Instead, this would lead to imaging response- directed 
doses. This presents a novel radiation dosing strategy. In TA
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other words, rather than giving an arbitrary and historic ra-
diation dose, such a dose could be correlated with validated 
biologic imaging markers.66 However, it is important to 
note that MR sequences specifically for response evaluation 
need to be further developed and validated on existing MR- 
guided RT systems.

Limitations of MR Guidance
Although many of the advantages of MR guidance are theo-
retically compelling, it should be recognized that there are 
also numerous limitations to this technology. Many of these 
limitations apply to ART in general and are magnified by 
the presence of an MRI- equipped linac with adaptive ca-
pabilities. Most importantly, it remains unknown with any 
level of certainty whether these improved visualization capa-
bilities translate into meaningful clinical outcome improve-
ments. If they do improve clinical outcomes, the precise 
magnitude of that improvement has yet to be fully quantified 
because of the absence of technology- driven, randomized 
clinical trials. Although radiation oncologists may believe 
or hypothesize that outcomes will be improved with the in-
troduction of MR guidance, this remains an area of active 
inquiry. Measuring such an improvement over CT- based 
techniques remains relatively absent in the current landscape 
of clinical trials. An example of a trial testing this in prostate 
cancer is the MIRAGE trial (ClinicalTrials.gov identifier 
NCT04384770). In this phase 3 study, patients are being 
randomized between CT- based and MRI- based treatment 
for prostate cancer, with a primary end point of acute geni-
tourinary toxicity. More trials like the MIRAGE study with 
clinically meaningful end points are needed to demonstrate 
the potential benefits of MR guidance. Another vendor- 
supported, multi- institutional clinical trial for pancreatic 
cancer using MRgART and real- time treatment monitoring 
is actively recruiting that seeks to evaluate gastrointestinal 
toxicity, survival end points, and patient- reported quality of 
life (ClinicalTrials.gov identifier NCT03621644).

Unique Physics and Dosimetric Considerations
One of the features of MR guidance that should be com-
monly considered is the impact of the magnetic field on the 
RT dose distribution. RT dose is deposited in tissue when 
the x- rays interact with matter and emit energetic charged 
particles (typically electrons), which bombard the tissues and 
cause corresponding damage. The paths of those charged 
particles are affected by the presence of the magnetic field. 
Although the impact in tissues is relatively small and eas-
ily calculable, there can be profound changes in the dose 
distributions at and near air- tissue interfaces. This effect is 
known as the electron- return effect and is a unique consid-
eration associated with the use of MR guidance (Fig. 10). 
Although these effects can be largely accounted for in the 

treatment- planning systems,68,69 they increase in magnitude 
with increasing magnetic field strength.68,70 It should also 
be noted that MR- guided RT systems currently lack some 
of the more advanced IMRT implementations, such as more 
couch positions, VMAT- based or arc- based treatment deliv-
ery, and noncoplanar beams.

Practical Considerations of MR Guidance
The logistical considerations associated with the daily ac-
quisition of MRIs during a treatment course are not to be 
minimized. They are extensive and require considerable 
infrastructure, expertise, and, most of all, a substantial time 
commitment over traditional RT. Images need to be reviewed 
and dose distributions need to be considered in light of the 
specific oncologic case. In addition, the selection of appro-
priate patients for MR guidance is an important first step. 
Not all patients are candidates for MR guidance. Patients 
must be able to undergo an MRI examination, meaning 
they cannot have some types of implanted metal, electronic 
devices, or significant claustrophobia, and they must meet 
body habitus and size requirements. In addition, therapists 
and radiation oncologists must become familiar with MR- 
based imaging that can subsequently be used in the process 
of treatment delivery. Furthermore, MR safety of patients 
and personnel requires careful consideration in the establish-
ment of a new program.

Artificial Intelligence and MR Guidance
Many of the limitations associated with both ART and 
MR- guided RT are surrounding time- consuming manual 
tasks. These tasks require the attention of radiation thera-
pists, radiation oncologists, and physicists. This is a prime 
area for development and partnership with artificial intel-
ligence (AI), with a focus on methodologies to expand the 
feasibility of daily adaptation. This area is undergoing rapid 
investigation, and publications will be expanding in num-
ber over the coming years.71,72 Plan quality- assurance re-
view, dosimetric tasks, and normal organ contouring are all 
areas that will likely be immediately improved through the 
partnership with AI. The amount this will expand and en-
able adaptation currently is difficult to quantify but is likely 
substantial.

Adaptive MR Guidance Results in Clinical 
Practice
Because 2 MR- guided RT devices have been approved for 
clinical use for at least 3 years, there are multiple clinical 
publications that have used MR guidance. Most of these are 
retrospective; however, understanding their proposed value, 
along with the potential advantages associated with specific 
use cases, is illustrative for both the ViewRay (0.35 Tesla) 
and Elekta Unity (1.5 Tesla) MR- guided systems.
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General Clinical Use of MR- Guided RT and Daily 
Adaptation
The overall clinical utilization of MR- guided RT, along 
with tumor types and locations selected for daily adapta-
tion, is an important topic of consideration. Notable is that 
uses of MR guidance and adaptation are rapidly evolving 
as the technology becomes more widely distributed and 
accessible. As radiation oncologists gain familiarity with 
the technology and its capabilities, their specific utilization 
will likely evolve. Data have been presented for each of the 
commercially available vendors of different MR- guided 
RT solutions. For both vendors, the most common site 
of treatment tends to be prostate tumors, followed by oli-
gometastatic lymph nodes. There is often a heterogenous 
mix of tumors that follow on, including pancreatic tumors, 
head and neck tumors, rectal cancer, adrenal gland metas-
tases, liver tumors, primary lung tumors, and kidney tu-
mors.33,73 These tend to be equally distributed across both 
vendors. Malignancies for which the use of MR- guided 

RT and daily adaptation remains relatively uncommon 
include breast tumors, sarcoma, and gynecologic cancers. 
With regard to the use of daily adaptation (recontouring 
each local organ and tumor on a daily basis), the precise 
data for this are evolving but have been very recently pub-
lished by users of the Elekta 1.5- Tesla MR linac.33 The 
most common tumors that use daily adaptive recontour-
ing include pancreatic tumors, rectal tumors, and lymph 
nodes.33 This is likely secondary to the close proximity of 
these treatment sites to highly mobile and radiosensitive 
structures, such as the small bowel. Primary or secondary 
central nervous system (CNS) tumors, prostate tumors, 
and primary liver tumors seem less likely to use daily ad-
aptation and recontouring. The precise reason for this is 
uncertain and likely multifactorial. In the prostate, the size 
and position of the rectum and bladder can often be man-
aged with pretreatment instructions on timing of bowel 
movements, enema use as needed, and fluid consumption. 
With regard to primary brain tumors, lung tumors, and 

FIGURE 10. (A) The Electron- Return Effect. Dose was deposited at the lung/tissue interface (3600- centigray [cGy] line) and at the trachea/tissue interface 
(6600- cGy line). (B) The Electron Air- Stream Effect (White Arrow; 400- cGy Isodose Line). Dose was deposited to protruding anatomic structures from electrons 
swept away from the treatment field by the magnetic field.

A

B
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liver tumors, these are often surrounded by a parallel organ 
(ie, an organ that can function with a portion removed or 
damaged, such as the lung or liver) that is in a relatively 
stable position. This results in perhaps reduced need to 
adaptively recontour these sites on a daily basis because 
the organs in close proximity are not highly mobile or dra-
matically influenced by small changes in position. Overall, 
approximately 30% to 50% of treated tumors tend to be 
selected for daily adaptation. This selection for the process 
of daily adaptive recontouring has been previously pub-
lished.74 It will be important to continue to follow emerg-
ing evidence on the best methods to use MR- guided RT 
and adaptive recontouring. Specific evidence by tumor site 
is summarized in the sections below.

Primary Central Nervous System
The brain offers an appealing opportunity for MR guid-
ance.75 MRI is the standard imaging study to evaluate the 
normal brain parenchyma as well as primary brain tumors, 
thus having MRI daily during a course of treatment offers 
advantages over CT. Changes in the tumor, such as inter-
val growth or shrinkage, during a course of RT are very 
likely to be better appreciated on MR compared with CT. 
In addition, the physiologic information provided by MR is 
possibly the most validated and widely used in CNS- based 
imaging studies.76,77 It is important to note that these stud-
ies have historically used diagnostic MRI image data sets, 
and such data would need to be collected with the field 
strengths and specific features of the MRIs used for MR- 
guided RT. Although primary CNS tumors are not often 
considered to be highly mobile, there are examples of CNS 
tumors, such as craniopharyngiomas or surgical resection 
cavities, that change in size quickly, either before or even 
during RT.78,79 There have been several small, mostly single- 
institution reports published on MR guidance for primary 
brain tumors.78,80 An early series of patients being treated 
for primary brain tumors with MR guidance was published 
by Jones et al. In that series, in total, 14 patients were treated 
using a ViewRay treatment device and were imaged using 
its 0.35- Tesla MRI. It was noted that at least 3 patients in 
the series demonstrated growth of their tumor during RT, as 
seen on their daily MRI, and this was associated with a dif-
ferential outcome. Such data could enable adaptive therapy 
in patients with glioblastoma.81 A second recently published 
series by Stewart et al of 61 patients with serial MRI dur-
ing treatment (including at planning, at fraction 10, at frac-
tion 20, and 1 month after treatment) demonstrated that 
meaningful tumor dynamics were observed during chemo-
 RT for glioblastoma.82 Such information regarding tumor 
dynamics could be routinely collected and accounted for 
using MR guidance. Moreover, these data could enable an 
improved understanding of where to deposit higher doses of 
RT. Emerging data have also been presented for the promise 

of longitudinal, quantitative MRI of the brain during MR- 
guided RT, offering new areas for functional response- based 
adaptation.83

Head and Neck Tumors
Primary tumors of the head and neck present an interest-
ing and promising opportunity for the clinical use and ap-
plication of MR- guided RT. MRI is well established as an 
imaging modality for head and neck tumors.84,85 The use of 
MRI offers several advantages for these tumors. First, they 
often regress quickly during the course of RT. Some types 
of squamous cell carcinomas of the head and neck, particu-
larly those that are human papillomavirus- positive, are quite 
sensitive to treatment with chemotherapy and external- 
beam RT. This makes them excellent candidates for adaptive 
therapy, either online or offline, secondary to rapid tumor 
shrinkage. As the tumors decrease in size during RT, the 
ability to decrease the volume of surrounding normal organs 
receiving high doses could mitigate toxicities. In addition to 
rapid tumor regression, patients undergoing head and neck 
cancer treatment often experience significant weight loss 
during therapy because of difficulty swallowing and eating 
secondary to the acute reactions associated with chemother-
apy and RT in the oropharyngeal structures. These reasons 
make ART a highly appealing option for patients with head 
and neck tumors. As a patient loses weight, without ART, 
the dose of RT can change to either the tumor or normal 
organs at risk. This impact of weight loss needs to be ac-
counted for; therefore, ART is commonly used for these pa-
tients. The MR soft tissue resolution seen in the head and 
neck makes this a highly appealing option for patients over 
CT- based image guidance.

Currently, there have been several published experiences 
using MR- guided RT for head and neck cancers.86- 90 A 
few of these have been early retrospective series, but there 
have also been some feasibility studies as well as prospective 
institutional registries. There are several ongoing phase 2 
trials prospectively examining the potential benefits of MR- 
guided adaptive therapy. One example is the MARTHA 
trial (ClinicalTrials.gov identifier NCT03972072), which 
intends to examine the ability of MR- guided RT to reduce 
xerostomia. A second example of an ongoing prospective 
trial is the MR- ADAPTOR trial (ClinicalTrials.gov identi-
fier NCT03224000), a Bayesian phase 2 trial that will exam-
ine adaptive MR guidance compared with standard IMRT 
with a primary aim of assessing noninferiority of the MR- 
guided adaptive- therapy approach.91

Thoracic Tumors, Including Primary Lung Tumors, 
Secondary Metastatic Lesions, and Esophageal 
Malignancies
There are some challenges associated with MR- based im-
aging and subsequent treatment of thoracic tumors.92- 94 As 
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mentioned above, the electron- return effect is of great con-
sideration in this setting. Thoracic tumors tend to be well 
visualized using standard CT- based imaging and tend to 
have a considerable amount of movement. The significant 
amount of air present in the thorax also leads to additional 
dosimetric difficulties.94 It is important to note that MRI is 
less well established in the staging and diagnostic evaluation 
of primary lung tumors, metastatic lesions to the thorax, and 
esophageal tumors. This lack of establishment introduces 
slight challenges to the routine use of MR- based adaptive 
treatments. Despite these challenges, there are several well 
conducted, early experiences of using MR guidance for pri-
mary thoracic tumors, esophageal tumors, and secondary 
metastatic lesions to the lung.95 There are also important 
hypothesized benefits of this technology in the thorax. Some 
of those benefits are specifically for central lung tumors, 
in which the visualization of soft tissues (such as vascular 
structures or airways) in close proximity to tumors could 
prove advantageous.96,97 In addition, for esophageal primary 
tumors, soft tissue visualization, with potential adaptation 
using MRI during the treatment course, may provide ad-
vantages over standard CT- based imaging. An example of 
a series demonstrating the safety and feasibility of this ap-
proach was recently published by Finazzi et al.95 In that se-
ries, >50 consecutive patients were treated with MR- guided 
ablative radiation for either centrally located primary tumors 
or metastatic lesions to the lung.95 The authors demon-
strated that such a treatment could be conducted safely and 
feasibly. However, measurable benefits of this technique over 
CT- based techniques need to be more clearly demonstrated. 
Of note, it has been shown in small feasibility case series 
that, compared with nonadaptive therapy, ART using MR 
guidance may be helpful to spare normal tissues; however, 
additional work is needed to assess its clinical benefits.98 
Similar hypothesis- generating series have been published 
for esophageal cancers, an area that also needs further work 
and evaluation.99

Upper Abdominal Tumors, Including Pancreatic and 
Primary and Second Liver Tumors
Perhaps one of the most promising and widely used areas 
for adaptive MR guidance has been the upper abdomen. 
There are several reasons for this. First, many abdominal 
tumors routinely treated with RT are very difficult to visu-
alize with CT- based imaging. Examples include primary 
and secondary liver cancers as well as pancreatic primary 
tumors.100,101

The inability to see these lesions on CT- based imaging 
relates directly to the limitations of CT- based simulation im-
aging. These limitations in the ability to image these tumors 
are considerably improved with MRI.101 Upper abdominal 
tumors also have a considerable amount of movement during 
radiation treatments and are located in close proximity to 

exquisitely radiosensitive structures, such as the small bowel, 
stomach, and duodenum. This makes ART a highly appeal-
ing option for these tumors. As the normal organs move in 
close proximity to the tumors, ART can account for this 
movement and change the RT dose distribution accordingly 
(Fig. 9). For these important reasons, multiple series have 
been published examining the role of adaptive MR- guided 
RT for these tumors.

Pancreatic Adenocarcinoma
PAC has been the subject of multiple publications, both 
retrospective and prospective, examining the role of adap-
tive MR guidance. Multiple different retrospective ex-
periences have been published that assessed feasibility, 
local control, and OS associated with MR- guided RT 
in PAC.102- 104 Those series deliver insight into potential 
clinical outcomes when MR- guided RT is applied to pa-
tients with pancreatic tumors. A retrospective example of 
the potential benefits of adaptive MR guidance in PAC is 
presented by Rudra et al.102 In their series, the results from 
44 patients who were treated for inoperable, nonmetastatic 
PAC are presented.102 This was a multi- institutional series 
using a variety of dose and fractionation schedules that 
focused specifically on the potential benefits of high- dose 
RT delivered with adaptive MR guidance for patients with 
PAC. Accordingly, the 2- year OS rate was improved with 
the use of high- dose MR- guided RT in the series (49% vs 
30%; P = .03). It is important to note that the series also re-
ported impressive rates of local control without any grade 3 
toxicity seen in the high- dose cohort. Given the retrospec-
tive nature of the series by Rudra et al, there are limitations 
that must be considered. Such limitations include patient 
selection bias, the potential for selective reporting bias, 
and other unappreciated biases.102,105 Notwithstanding 
the limitations of a retrospective study, these results clearly 
offer promise for prospective investigation because other 
methods of classically delivered, low- dose, nonadaptive, 
concurrent chemotherapy and RT have largely failed pa-
tients with PAC.106 Hassanzadeh et al recently reported 
their institutional data using the ViewRay MR- linac ex-
amining patients who received with high- dose ablative 
radiation for locally advanced, inoperative PAC.103 Again, 
high rates of local control (>80%) with acceptable grade 3 
toxicity were demonstrated. Median OS rates in the series 
by Hassanzadeh et al were modest at 15.7 months. This 
result is rather comparable to the results achieved with 
low- dose, conventionally fractionated, concurrent chemo-
therapy and RT series from multi- institutional prospective 
trials.106,107 Other recently published retrospective series 
have also demonstrated higher OS outcomes associated 
with high- dose RT.108 This illustrates that further work 
is needed to optimally understand which patients benefit 
from the use of adaptive MR guidance and high- dose RT. 
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These disparate results could be secondary to biologic se-
lection or differences in the RT procedures. Chuong et al 
recently published a retrospective analysis of 35 patients 
who were treated using the ViewRay technology.104 They 
demonstrated excellent rates of local control and reported 
low rates of toxicity. Again, despite these seemingly strong 
outcomes, the median OS and progression- free survival 
were relatively similar to previously published series, in-
cluding those using CT- based image guidance. It is im-
portant to note that the time point from which follow- up 
data are being measured is from the end of RT (vs the time 
of diagnosis). These results also contrast with other re-
cently published ablative RT series. It is notable that some 
of these series have not used MR guidance. Although 
cross- study comparisons are fraught with impediments, 
rates of grade 3 toxicity are numerically slightly higher in 
these series.108 Clearly, the specialty must assertively move 
into prospective comparative studies that robustly evaluate 
these different techniques.

Ongoing Prospective Pancreatic Adaptive MR- 
Guidance Trials
Fortunately, there are multiple ongoing prospective trials to 
robustly collect and address outcomes associated with adap-
tive MR guidance in PAC. Future trials will need to focus 
on randomization between these different strategies, such as 
adaptive MR- guided RT compared with CT- based guid-
ance or other novel local/regional therapies. These trials are 
vital given some of the limitations associated with retrospec-
tive series. The Stereotactic MRI- guided on- table Adaptive 
Radiation Therapy for Locally Advanced Pancreatic Cancer 
(SMART) trial is an example of a single- arm phase 2 trial 
examining the use of MR- guided RT for locally advanced 
PAC and is currently accruing (ClinicalTrials.gov identifier 
NCT03621644). In total, 133 patients are planned for en-
rollment with a primary end point of grade ≥3 gastrointes-
tinal toxicity within 90 days of completing RT. Ideally, this 
trial will provide a robust signal for future studies that could 
potentially focus on randomizations between different treat-
ment strategies, such as adaptive MR guidance and nona-
daptive CT- based image guidance. Such data will very likely 
be necessary to justify these expensive and time- consuming 
procedures in the future.

In addition to the SMART trial, a few broader prospec-
tive trials and registries are capturing clinical and outcome 
data for patients with pancreatic cancer. An example of such 
a registry is a currently ongoing study at Dana Farber Cancer 
Institute. This is a phase 1/2 study involving patients with ei-
ther adrenal, prostate, liver, lymph node, lung, pancreatic, or 
renal cancer (ClinicalTrials.gov identifier NCT04115254). 
The primary end point for the initial phase of the study 
is delivery success across multiple tumor types. Such data 
will be critical for understanding outcomes associated with 

this novel and highly complex procedure. Another example 
is the MOMENTUM study (ClinicalTrials.gov identifier 
NCT04075305), which is an ongoing, prospective registry 
trial that is currently collecting outcomes among patients 
treated for multiple solid tumors, including PAC, using 1.5- 
Tesla MR guidance. In this multi- institutional study, cur-
rently consisting of 8 centers with 1.5- Tesla linacs, patients 
are being prospectively enrolled and followed for a multitude 
of outcomes.

Primary and Secondary Liver Tumors
External- beam RT has been used for decades in the treat-
ment of both primary and secondary liver tumors. In many 
different circumstances, RT offers an appealing and mini-
mally invasive strategy for these tumors.109- 112 However, 
there are historic limitations associated with currently 
existing, non– MR- guided techniques for the treatment 
of liver tumors that are important to recognize and un-
derstand. The liver presents another optimal clinical cir-
cumstance for the use of MR- guided RT. MRI is a well 
established imaging modality in the treatment of both pri-
mary and secondary liver tumors. Secondary to this ideal 
union, treatment of the liver is an area of rapidly expanding 
investigation and utilization specifically for MR guidance. 
Multiple review articles have been published explicitly 
on the use of MR- guided RT for primary and secondary 
liver tumors.113 There are a few advantages of MR guid-
ance that warrant special consideration when it comes to 
treatment of the liver. Historically, to treat liver tumors, 
implanted fiducial markers were typically used to visual-
ize the area of the liver to be targeted with external- beam 
RT. Because the soft tissue boundaries of liver tumors are 
difficult to visualize using CT, radiopaque markers had to 
be inserted in the vicinity of the tumor to localize these 
lesions. The placement of these radiopaque fiducials is an 
invasive procedure that ideally would be avoided given the 
potential for complications associated with such invasive 
procedures in the liver. Figure 11 presents an example of 
how clearly metastatic lesions can be seen in the liver using 
MRI compared with CT. This clarity of RT dose deposi-
tion can potentially be further enhanced with the use of 
contrast before, during, and after RT. Such contrast agents 
can clearly accentuate the location of the tumor as well 
as the distribution of RT dose. Such a distribution can 
be seen in Figure 11, and experiences with using contrast 
to specifically enhance the lesion visualization have been 
previously published by Wojcieszynski et al.114

A detailed clinical experience of the implementation of 
a f iducial- free treatment technique was published recently 
by Gani et al.115 Several, large, retrospective, clinical experi-
ences have been published presenting early outcomes of pa-
tients treated for liver tumors using adaptive MR guidance. 
Rosenberg et al conducted a multi- institutional experience 
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of 26 patients who were treated using the ViewRay system. 
This was a somewhat heterogenous collection of tumors, in-
cluding a total of 26 patients with either primary liver tumors 
or secondary metastatic lesions to the liver. Treatment was 
well tolerated, and freedom from local progression was high; 
however, the median follow- up was relatively short, and the 
cohort was rather heterogenous and small.116 Another ex-
ample of a small series using the Elekta Unity device has 
also recently been published demonstrating feasibility of the 
treatment of both primary and secondary liver tumors.74 
Additional prospective research is needed in primary and 
secondary liver cancers to optimally define the use of MR 
guidance in this setting.

Rectal Cancer
Rectal cancer is currently a rapidly evolving area of man-
agement regarding the use of RT. In one regard, ongoing 
clinical trials are examining the elimination of RT entirely 
for some stages of rectal cancer (ClinicalTrials.gov identifier 
NCT01515787). Conversely, novel strategies of applying 
higher RT doses to rectal tumors are emerging as a poten-
tial method to allow organ preservation, eliminating surgery 
in some patients.117 In addition, recent data have demon-
strated that rectal tumors regress during treatment with RT, 
and this can be seen optimally on MRI.118 Historically, pa-
tients with rectal cancer have been treated with preopera-
tive therapy followed by surgical resection (in some cases, 
leading to permanent colostomy); however, that paradigm 
is starting to significantly change. More frequently, patients 
are being considered for systemic chemotherapy and con-
current chemo- RT. This strategy is resulting in high rates 
of organ preservation for these patients (the OPRA Trial; 
ClinicalTrials.gov identifier NCT02008656).119 These pa-
tients may be optimally treated with careful consideration 
of MR- based imaging changes for several reasons. Rectal 
tumors are commonly staged with MRI, and MRI is being 
used increasingly for response assessment after treatment. 
This presents an appealing option for conformal and ART- 
boosting strategies associated with rectal tumors. Already, 

the feasibility of using adaptive MR guidance has been pub-
lished using the ViewRay device. Bostel et al presented their 
series of approximately 22 patients who were treated using a 
ViewRay device and concluded that MR- guided RT is a fea-
sible option for the treatment of rectal cancer, demonstrating 
several potential benefits.120 Interesting radiomic markers of 
potential response in rectal cancer have been reported using 
a 0.35- Tesla MR linac.121 Finally, a study showing the feasi-
bility of these treatments using the Elekta Unity device has 
also recently been published.122

Prostate Cancer
Prostate cancer is one of the most common, established, 
and widely used indications for RT. RT is a solitary cura-
tive modality for many men afflicted with prostate cancer. 
There exists high- level, randomized evidence (Level I) that 
surgical resection and RT offer men with prostate cancer the 
same curative outcomes achieved by those who are suitable 
for active surveillance.65 Outcomes may be better with RT 
and hormone- blocking therapy in patients who have more 
advanced disease, but this remains to be tested in a rand-
omized trial.123 The use of MRI is now very common for the 
diagnosis, staging, and management of prostate cancer.124,125 
MRI helps with the visualization of particularly malignant 
regions of the prostate, and it also provides exquisite detail 
of the regional normal structures, such as the bladder and 
rectum.126 Therefore, the combination of an MRI device 
with a linac is appealing for potentially addressing prostate 
cancer.127 There are several hypothesized reasons for this 
potential advantage. Recently, using MR images to guide 
boosting of dominate prostate cancer nodules has emerged 
as a method to improve outcomes for men with prostate 
cancer.128 Rather than treating the whole prostate gland to 
a homogenous dose of RT, there are differentially boosted 
regions within the gland where the higher RT doses are 
focused, with the goal of eradicating cancer in those areas. 
In addition, MR reveals the precise boundaries of the blad-
der and the rectum, which are often difficult to visualize on 
CT. These structures constitute the most important sources 

FIGURE 11. Example of Liver Imaging Improvement With Magnetic Resonance (MR) Compared With Computed Tomography (CT). 4D indicates 4- dimensional; 
Eovist, gadoxetate disodium; MRI, magnetic MR resonance imaging; MRL, magnetic resonance lymphangiography; RT, radiotherapy; T, Tesla; T1w, T1- weighted.
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for potential toxicity associated with RT for prostate cancer. 
The ability to visualize and account for the positions of these 
organs could be very helpful in potentially reducing toxicity. 
Of note, most men treated with RT for prostate cancer are 
doing very well after treatment. The incidence of grade ≥3 
effects associated with this treatment are fortunately very rare 
when using CT- based treatment.129,130 Some of the promis-
ing areas for potential application of MR guidance include 
reducing acute urinary or bowel toxicity associated with RT, 
which can be rather common. There is interest in attempt-
ing to reduce the total number of fractions over which RT is 
given. Finally, the ability to identify and potentially spare the 
neural and vascular structures involved in erectile function 
is of significant interest, given the ability to clearly visual-
ize these structures using MRI.131 There have been several 
early experiences published demonstrating the feasibility of 
treating patients with prostate cancer using MR guidance. 
These have included both Elekta Unity and ViewRay center 
experiences.132,133 An important conclusion from these early 
data is that the treatment is both feasible and well toler-
ated. Intriguingly, the rates of grade ≥2 urinary and bowel 
toxicities at the end of treatment were quantitatively lower 
in the setting of MRI- guided urethral- sparing stereotactic 
body radiotherapy (SBRT) on a phase 2 trial compared with 
the rates reported on a large multicenter trial of CT- guided 
SBRT.134,135 The ongoing MIRAGE trial is randomizing 
patients between CT- based and MRI- based prostate SBRT. 
Long- term follow- up and further studies will be needed to 
assess control and late toxicity outcomes from these treat-
ment strategies.

Breast Cancer
There have been several recent publications focused on the 
use of MR guidance in the treatment of breast cancer.136- 138 
This area is both promising and interesting for future ex-
ploration. Several of these publications have demonstrated 
that both acute and late toxicity profiles are rather favorable 
when using MR- guided radiation to perform partial breast 
irradiation. Specifically, this has been examined using both a 
0.35- Tesla and 1.5- Tesla MR linac with novel and interest-
ing dose/fractionation schedules.136- 138 Additional work will 
be needed in this space to demonstrate clear improvements 
over CT- based RT.

Muscle- Invasive Bladder Cancer
An interesting and evolving application of MR guidance is in 
the management of bladder cancer. Treatment with chemo-
therapy and RT represents a long- standing management 
strategy for cure in patients with muscle- invasive bladder 
cancer.139 However, bladder tumors can be difficult to visual-
ize using CT. MR can provide exquisite visualization of blad-
der tumors, and its routine use in the diagnostic evaluation of 
bladder cancer is expanding.140 The use of MR is particularly 

appealing because strategies to improve localization using CT- 
based markers have largely failed. Attempts have been made 
to place radio- opaque markers in close proximity to tumors; 
however, the markers often migrate or fall out.141 Improved 
visualization of tumors in the bladder could result in the abil-
ity to perform partial bladder boosting, which may improve 
the ability to safely deliver higher doses of RT to regions of 
the bladder. The capability to include diffusion- weighted im-
aging, along with adaptive boosting, as the bladder increases 
in size during treatment is a highly appealing aspect of MR 
guidance for bladder cancer.142 In addition, these tumors are 
often in close proximity to critical normal structures, such 
as the small or large bowel. The movement of these normal 
structures during treatment can result in toxicities secondary 
to high doses of RT afflicting these organs. MR linacs have 
the ability to address both of these current challenges asso-
ciated with RT use in muscle- invasive bladder cancer. Like 
many other treatment sites, the feasibility of these treatment 
strategies has been published; however, further investigation is 
needed before these can become standard of care.143

Conclusions
The use of RT for numerous solid tumors remains an es-
sential component of organ- sparing and/or multimodal-
ity cancer treatment. Image guidance, in fact, has increased 
the indication for RT across a variety of circumstances. The 
role of ART, and specifically MRgART, is continuing to 
evolve. Here, we have presented an overview of many dif-
ferent clinical circumstances in which ART, and more spe-
cifically MRgART, could be clinically advantageous. Such 
advantages will include potentially reducing acute and late 
toxicity, improving local control, and ideally improving OS 
in some malignancies. The identification of biologic rather 
than strictly anatomic targets represents an exciting aspect 
of MR- based ART that could have wide- reaching impli-
cations, including a transition from the current use of his-
torical radiation doses based on tumor histology and tumor 
stage, and may lead to imaging response- mediated doses. 
However, it is critical for oncologists to recognize the need 
for prospective randomized data to evaluate these types of 
novel treatment strategies. MR guidance is expensive, labor- 
intensive, and time- consuming. Therefore, to justify this ef-
fort on the part of radiation oncologists and their treatment 
teams, high- quality prospective data are needed.144

There are several limitations and challenges associated 
with the collection of high- quality, prospective data for novel 
RT devices. In fact, these challenges are common to the in-
troduction of many innovations across the radiation oncol-
ogy specialty, including IMRT and proton therapy. However, 
MR guidance and adaptive therapy present even further 
challenges because they require a considerable amount of 
time and effort for the radiation oncologist and treatment 
team on a daily basis. Clarity is needed regarding whether 
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this time is justified or needed. Currently, device approvals 
are based largely on the safety of clinical use. Once these 
devices are approved, they can be used at the discretion of 
medical providers with relatively limited evidence indicating 
their efficacy or superiority. Novel reimbursement strategies 
may affect the ability to routinely use expensive technologies 
without commensurate supporting evidence.

The future is exciting as we contemplate the integration 
of AI with adaptive therapy and MR guidance.71 There is 
a perception in medicine that AI may replace physicians, 
technicians, and physicists for tasks that have been rou-
tinely performed by humans. However, rather than consider 
the ability for AI to replace humans, oncologists should 
focus on the ability of AI to enhance the capabilities of our 
current treatment strategies. Looking at AI as a new and 
compelling partner in the treatment of cancer is a more pro-
ductive strategy than considering AI as a competitor. For 
the specialty of radiation oncology specifically, partnering 
with AI to expand and revolutionize what is capable with 
RT is an incredible opportunity. A future in which ART is 

performed on each and every patient treated becomes feasi-
ble. Highly futuristic concepts, such as 4D cine MR images 
being routinely analyzed for any movement, segmented in 
real time, and precise RT doses calculated and accounted 
for by AI- based software solutions, become more realistic. 
The implications of the coming AI revolution on the capa-
bilities of RT are astonishing to imagine. Radiation oncol-
ogists will likely be presented with considerable amounts 
of additional data in the future, including biologic imaging 
data, daily adaptive data, as well as real- time intratreatment 
information. The meaning of these data must be collected, 
analyzed, and understood. Benefits to patients must be 
quantified and tested robustly. Whether this approach can 
ultimately improve clinical outcomes for patients with a va-
riety of malignancies will require considerable prospective 
evaluation. ■
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