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Abstract
When discussing local treatment modalities, physicians often quip that there can be no blind surgeons, suggesting that an inherent advantage to surgery is the ability 
to precisely visualize the target. Advances in radiation therapy (RT) technology over the years have significantly improved the radiation oncologists’ abilities to 
precisely sculpt high-dose radiation to a variety of targets, simultaneously improving local control and toxicity profiles. However, even the most sophisticated methods 
of CT-based image-guided radiotherapy (IGRT) are hampered by limitations that can compromise target localization and motion management. Additionally, real-
time adaptive radiotherapy (ART) programs, wherein radiation plans can be molded to fit the often malleable anatomy of tumors and organs-at-risk, have not yet 
been developed. For these reasons, MRI-guided RT is considered the next frontier of radiation oncology. However, the development of integrated MRI/RT-delivery 
platforms is complicated by several technical challenges that have precluded development of MRI-guided linear accelerators. By virtue of employing a low-field (0.35 
T) MRI and three 60Co sources, a newly available tri-60Co teletherapy system (MRIdian System™, ViewRay™, Cleveland, OH, USA) has tackled these technical 
concerns and has thus become the first MRI-guided RT platform with FDA approval for medical use. In this Review, we describe the abilities of this device to 
accomplish the goals of MRI-guided RT—improved target localization, sophisticated motion management, and on-line ART—by exploring published feasibility, 
proof-of-principle, and proof-of-practice studies. 

Introduction 
The paramount goal of radiation therapy (RT) is to achieve tumor 

control while sparing adjacent organs-at-risk (OARs) from developing 
adverse effects. Rapidly evolving technological advances have led to the 
emergence of intensity modulated radiotherapy (IMRT), in which the 
intensity of the radiation fluence across the target volume can be varied 
to render the high-dose region conformal to irregularly-shaped targets, 
thereby limiting dose to nearby tissues [1]. The ability to deliver highly 
conformal RT, in turn, has propagated multiple developments in 
radiation oncology. First, an inherent risk with delivering such highly 
conformal RT is the possibility of a “geographic miss”, wherein, as a 
result of inter- on intra-fraction motion, the target volume partially 
moves out of the high dose region [2]. This necessitates the use of 
image-guidance, wherein some form of “on-board imaging” (a cone 
beam CT (CBCT), ultrasound, or magnetic resonance imaging (MRI) 
is employed to ensure the alignment of the high-dose region to the 
target—a process known as image-guided radiotherapy or IGRT  [3]. 
Additionally, strategies must be employed to mitigate or compensate 
for changes in target size, location, and shape related to inter- and 
intra-fraction organ motion. For example, strategies to minimize 
motion related to respiration include abdominal compression [4,5] 
and active breath hold [6], while other strategies, such as respiratory 
gating and free-breathing treatments that include the limits of tumor 
motion within the target—simply account for motion [7-10]. Finally, 
changes in tumor size and/or patient anatomy over the course of RT 
can lead to further alterations in dose deposition, suggesting a benefit 
to adapting the radiation plan over time to account for these changes 
(adaptive radiation therapy, or ART) [11-28] . However, adaptive re-
planning has yet to remain widely adopted due to its time-intensive 
nature [14,17,23,29]. Furthermore, certain anatomical challenges such 
as those presented by the stochastic positioning of the small and large 
bowels (which move in real-time), cannot be effectively addressed 
without real-time “on-line” ART.

Finally, the ability to deliver highly conformal RT has allowed 
the emergence of stereotactic body radiotherapy (SBRT; also known 
as stereotactic ablative radiotherapy or SABR), wherein large doses of 
radiation are delivered over a small number of fractions (≤5) to enhance 
tumor control [30]. The radiobiological rationale for this increased 
efficacy is beyond the scope of this Review, but includes a direct increase 
in biologically effective dose [31], direct endothelial cell damage leading 
to tumor cell apoptosis [32], vascular damage ultimately leading to 
tumor hypoperfusion and death [33], and/or an immunogenic effect 
[34,35]. SBRT has quickly become a mainstream technique for treating 
various malignant lesions, including non-small lung cancer [36,37], 
hepatocellular carcinoma [38,39], pancreatic adenocarcinoma [40], 
prostate adenocarcinoma [41,42], and oligometastatic lesions in 
various organs (particularly the lung and liver) [43-45]. Clearly, safe 
and effective delivery of SBRT necessitates sophisticated IGRT.

MRI-guided RT has the potential to improve target localization, 
optimize motion management, and facilitate ART, all by virtue of 
improved soft-tissue resolution [46,47]. However, the presence of 
a magnetic field can complicate RT delivery in two important ways. 
First, for an MRI to be integrated with a linear accelerator (LINAC), 
extensive magnetic shielding of the LINAC components are needed 
to circumvent interference between the radiofrequency and magnetic 
fields [48]. Secondly, the MRI’s magnetic field can cause alterations in 
planned dose delivery via the Lorentz force, which can both broaden 
the penumbra of a photon beam and cause an electron-return-effect; 
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the magnitude of these effects is dependent on the strength of the 
magnetic field [49]. 

While integrated MRI-LINACs are currently under development, 
an alternative solution to the technical challenges posed by MRI-
based RT has manifested in a commercially available platform that 
has gained FDA-approval for medical use. This teletherapy platform 
(tri-60Co system; MRIdian SystemTM, ViewRayTM, Cleveland, OH, USA) 
incorporates three 60Co sources mounted 120º from each other on a 
rotating gantry (Figure 1) [46]. Since 60Co undergoes radioactive decay 
naturally to emit gamma rays (therapeutic megavoltage photons), this 
tri-60Co system obviates the aforementioned MRI-LINAC interactions. 
Additionally, by using a 0.35 Tesla magnet, tri-60Co system minimizes 
the aforementioned Lorentz-force dependent effects on dose 
deposition. 

The first patient to be treated with this system received radiation 
in February 2014, and only four institutions worldwide are currently 
treating patients using this platform (Washington University, St. Louis 
MO; University of Wisconsin, Madison WI; University of California 
at Los Angeles (UCLA), Los Angeles CA; Seoul National University, 
Seoul, Korea). Nonetheless, experience has accumulated rapidly a result 
of multiple proof-of-principle and feasibility studies, and many of the 
promised capabilities of this unit, and of MRI-guided RT in general, are 
being realized. In this focused Review, we will discuss the evidence for 
the advantages of MRI-guided RT utilizing this tri-60Co system in terms 
of target localization, motion management, and ART. 

A brief dosimetric comparison: Tri-60Co-based RT 
versus LINAC-based RT

While 60Co-based RT platforms are still commonly used in the 
developing world, LINAC-based approaches have largely supplanted 
60Co platforms in the United States and Europe [50]. This is largely due 
to the superior dosimetric capabilities afforded by LINACs. 60Co-based 
devices due to its lower energy spectrum typically generate beams that 
have less penetration and broader penumbrae, creating an inferior dose 
distribution. When utilized in conjunction with modern technological 
advances involved in IMRT (e.g., multi-leaf collimators and inverse 
planning software), 60Co-based devices may be able to deliver 

dosimetrically comparable plans. As mentioned, the tri-60Co system 
includes three 60Co sources mounted 120º from each other on a rotating 
gantry (Figure 1). The three sources rotate in concert, and therefore a 
beam group can be defined as a group of up to three 60Co-generated 
photon beams positioned at a particular gantry angle. Dosimetric 
feasibility studies have demonstrated that this tri-60Co geometric 
configuration in particular can allow delivery plans dosimetrically 
comparable to those deliver by a LINAC [51-55]. Investigators at the 
University of California, Los Angeles (UCLA) compared the dosimetry 
between LINAC-based and tri-60Co system-based SBRT plans for 
a variety of liver lesions in 16 patients, finding that tri-60Co system-
based plans passed accepted national OAR dose constraint guidelines 
in all cases, though small, peripheral lesions appeared to be the best 
candidates for treatment with regards to sparing the right kidney and 
normal liver [54]. The same group also demonstrated that the tri-60Co 
system-based SBRT plans afforded clinically acceptable dosimetry in 18 
of 20 patients with central lung lesions, with similar target conformality 
and OAR-sparing when compared with LINAC-based plans [55], and 
similarly reported equivalent dosimetry when comparing tri-60Co 
system-based and LINAC-based IMRT plans for soft tissue sarcomas 
of the extremity [53]. Finally, investigators at Washington University, 
St. Louis reported that the tri-60Co system could deliver dosimetrically 
comparable IMRT plans for 33 patients across a variety of disease 
sites (10 patients with targets in the abdomen, 14 in the pelvis, 6 in 
the thorax, and 3 in the head and neck) [52]. The investigators noted 
that OARs were better spared from low-dose (i.e., <20 Gy) spillage with 
LINAC-based plans, but comparable OAR dosimetry for doses >20 Gy. 
Notably, in all four of these comparative series, planning margins were 
not adjusted—an advantage offered by superior IGRT, such as with 
MRI-guidance, would be a reduction in doses to OARs subsequent to a 
smaller high dose volume.

Taken together, for the 78 radiation plans compared across these 
four studies, in 76 instances (97.4%), the tri-60Co system and LINACs 
produced clinically comparable plans. Notably, these dosimetric 
comparisons do not include consideration of low-dose contributions 
from on-board imaging involved in IGRT. While doses attributed to 
IGRT scans are low—averaging between 1.1 and 8.3 cGy for a single 
CBCT—these low doses can still accumulate over a fractionated course 
of RT and thus be of theoretical concern with respect to the stochastic 
risk of secondary malignancy [56-59]. As it employs an on-board MRI, 
the tri-60Co system obviates any contribution of dose from the IGRT 
component of treatment.

Target localization
Precise target localization is a prerequisite for effective 

radiotherapy, as it minimizes the risk of a geographic miss and allows 
more precise sculpting of high-dose regions, thereby simultaneously 
allowing dose-escalation to the target and sparing of adjacent OARs. 
One strategy for target localization involves the implantation of fiducial 
markers into the target. For example, inter-fraction prostatic motion is 
difficult to precisely account for with conventional on-board imaging, 
and therefore three fiducial markers are often placed into the prostate 
to allow localization on orthogonal x-ray images or CBCT [60-62]. 
The CyberKnife system allows robotic tracking of implanted fiducial 
markers, wherein multiple pairs of two 45°- angled radiographs are used 
to align the beam to the implanted fiducials [63,64]. While effective, 
implanting fiducials is an invasive procedure not without risks, such 
as pain bleeding, pneumothorax and fiducial migration [65,66]. The 
NovalisTx system employs a dual X-ray stereoscopic alignment system 
known as ExacTrac X-Ray 6D to allow alignment to externally placed 

Figure 1. Schematic of the tri-60Co system.
The source configuration is shown, with two sources active.
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infrared markers that function as surrogates of internal target motion 
[67,68]. Since external surface motion and internal motion may not 
completely correlate, subsequent imaging—such as CBCTs—may 
be needed. These CBCTs, in turn, have limited soft tissue resolution 
and may not be accurate for non-osseous targets and/or smaller 
lesions. MRI-guidance may thus allow for superior image-guidance, 
particularly for lesions in the central nervous system, thorax, head and 
neck, abdomen, pelvis, and soft tissues [69,70]. Comparative images of 
a patient with two liver lesions are shown in Figure 2, indicating the 
superiority of MRI in delineating soft tissue anatomy and highlighting 
target lesions.

However, for the aforementioned technical limitations, combining 
a high-field MRI with an RT delivery system is technically challenging. 
Since the tri-60Co system uses a low-field, 0.35 T MRI, a potential 
drawback is that the full benefits of MRI-guidance cannot be realized 
due to a low signal-to-noise ratio. Two recent studies have directly 
explored this potential limitation of the on-board low-field MRI. 
Noel et al. tasked three radiation oncologists with evaluating target 
and OAR visualization in 15 patients based on traditional CBCT (and 
megavoltage CT) images versus 0.35 T MRI images from the tri-60Co 
system [71]. The relevant fields of view included the thorax (n = 2), pelvis 
(n = 6), abdomen (n = 3), and head and neck (n = 3). The MRI images 
were thought to be superior for 71% of structures and equivalent for 
14%. When restricted to target visualization, the MRI was thought to 
be superior in 40% of instances, while on-board CT imaging was never 
thought to be superior. Quantitative comparison of inter-observer 
agreement also showed superiority of the MRI images for targets and 
OARs. Of note, however, CT-based IGRT was thought to be superior in 
certain high-density structures, namely the ribs, vertebral bodies, and 
in some cases, cartilaginous structures such as the larynx. 

Investigators at the University of Wisconsin have reported 
successful MRI-guided SBRT for hepatic lesions using gadoxetate 
contrast to effectively highlight the target despite limitations with 
low-field strength [72]. Five patients underwent diagnostic MRI scans 
and MRI-RT planning scans on the tri-60Co system using gadoxetate 
contrast, and then subsequently had gadoxetate injected 20 minutes 
prior to each treatment session. The investigators were able to 
confidently delineate the target and create a boundary region for the 
purposes of gating (discussed in further detail below, in section IV on 
Motion Management) without further internal or external surrogates 
to track motion.

It is important to underscore that the aforementioned studies 
all utilized a CT scan for radiation planning purposes, as current 
algorithms for dose computation are largely based off of electron 

density information, which an MRI cannot provide. Interest in purely 
MRI-based treatment is high [70], but experience is relatively limited. 
A recent dosimetric study in a variety of disease sites suggested 
the maximum dosimetric error accrued from exclusive MRI-based 
planning is on the order of 1.6% [73], and efforts are underway at 
multiple institutions to transition towards exclusive MRI planning 
using bulk density estimations and assignments for bone, soft tissue, 
and air as a strategy.

Motion management
Even following precise target localization, tumor and OAR motion 

must be accounted for or mitigated. Of course, target localization—
such as alignment to implanted fiducials—is intimately related to 
motion management, but that process alone is insufficient to account 
for intra-fraction motion, such as that caused by respiratory motion. 
Early approaches did include fluoroscopic visualization to quantify 
diaphragmatic excursion and/or align to implanted metallic fiducials 
markers [74]. Abdominal compression [4,5,75] and active breath 
hold [6,76] are two means of minimizing motion associated with 
respiration, but may be associated with patient discomfort and are 
affected by patient compliance. The internal target volume (ITV) 
method strives to account for motion by creating an “envelope” around 
the tumor volume that encompasses motion of the tumor as visualized 
on a free-breathing scan [9,10]. The ITV approach is practical and 
easy to employ, but the generation of the ITV can become inaccurate 
in situations of large tumor motion, and larger volumes of adjacent 
tissues may receive radiation dose when treating the entire potential 
extent of tumor motion [77]. Respiratory gating [76,78,79] involves 
continuously monitoring the respiratory cycle and only treating when 
the target volume is within a predefined boundary region, constituting 
only a certain part of the respiratory cycle. Typically, this requires 
sophisticated imaging capabilities in order to monitor tumor motion 
and may in fact require fiducial markers, unless the on-board imaging 
capabilities are accurate enough to allow direct target visualization. 
Should such high-fidelity imaging be available, gating may be the most 
accurate and least invasive of the aforementioned motion management 
studies. It should also be noted that all such strategies use some form 
of modeling to predict internal tumor motion, which may introduce 
additional errors (as oppose to tracking and visualizing the tumor 
motion directly). 

Paganelli et al. recently reported the feasibility of tracking liver 
motion using fast dynamic MRI imaging in 30 subjects [80]. The 
investigators used scale invariant feature transform (SIFT) to extract 
multiple spatially distributed features from MRI images, which they 
then tracked in cine-MRI series. Motion derived from this method 
was compared with motion obtained from tracking based on external 
surrogates. When compared with external or internal surrogate-based 
tracking, the investigators found that the gain afforded by utilizing 
MRI-guidance increases sharply based on the required tracking 
accuracy, with a gain of >50% in 17 of the 30 subjects if the required 
error threshold was 1 mm. 

Mazur et al. further demonstrated the feasibility of using SIFT-
based pixel tracking utilizing the 0.35 T cine-MRI images from the 
tri-60Co system [81]. Given the low signal-to-noise ratio with a 0.35 T 
MRI, the investigators generated SIFT descriptors to label and track 
pixels, and further utilized deformable spatial pyramid techniques to 
match pixels across frames in a cine-MRI. Utilizing this approach to 
retrospectively assess images obtained from 19 patients treated with the 
tri-60Co system, the mean tracking errors per patient were less than one 

Figure 2.Comparison of target visualization based on CT (left) and MRI (right) for a patient 
with multiple liver lesions. 
The smaller, anterior lesion is not visualized on CT (arrow points to the smaller tumor seen 
on the MRI (right).
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pixel. Harmonic analyses of motion further improved the robustness of 
tracking, and a gating optimization method for use immediately prior to 
treatment was developed. Additionally, the aforementioned experience 
from University of Wisconsin utilizing gadoxetate for enhanced tumor 
localization for liver SBRT has also been advantageous when employed 
for gating [72] and tracking the tumor. Typically, tumors appear 
darker compared to their normal tissue counterpart when the patient 
is injected with intravenous gadoxetate. The investigators generated a 
boundary region based on a maximum-inspiratory breath-hold and 
restricted the “beam-on” time to the portions of treatment where 95% 
of the gross tumor volume was within this boundary region. Patients 
were provided with feedback by the radiation therapist during the 
treatment to optimize the amount of time the gross tumor volume was 
within this boundary. 

Based on these data, gating-based approaches to treatment, at least 
for mobile targets that can be visualized with an on-board MRI, appear 
to be the most accurate means of managing motion. The on-board 
MRI, even with low-field strength, should provide accurate target 
localization, and either contrast-enhancement or image manipulation 
can be used to faithfully track the tumor despite a low signal-to-noise 
ratio. Currently, the tri-60Co system has the capacity to provide eight 
frames per second, and this capability is rapidly improving. Snapshots 
from the cine-MRI images employed for tracking a liver lesion are 
shown in Figure 3.

Adaptive radiotherapy
In addition to accounting for motion, radiation oncologists must 

also account for changes in tumor size and/or the patient’s anatomy, 
which may require employing ART [11-13]. Dosimetric benefits 
to adaptive re-planning have been described primarily for treating 

malignancies in the head and neck, in which both the tumor and the 
patient’s anatomy may change (the latter due to weight loss) and for 
pelvic malignancies such as cervical cancer, in which the tumor is 
expected to regress significantly during RT and OAR displacement can 
be considerable [14-28]. However, adaptive re-planning has not been 
widely adopted due to both its time-intensive nature and limitations 
in the resolution of the on-board CT based imaging in order to be 
used for target and normal tissue segmentation [14,17,23,29]. Indeed, 
implementing an ART program can be laborious, as ART requires 
imaging to confirm changes in anatomy, real-time re-contouring and 
re-planning, assessment of the dosimetric benefits of the new versus 
the old plan, and quality assurance on the delivery of the new plan. 
Additionally, essentially all previously reported experience with ART 
involves off-line ART; for organs such as the small and large bowel, 
which have continuous and stochastic changes in position, off-line 
ART will not be sufficient, and a real-time solution is necessary. 

A key advantage to an integrated MRI-RT unit is the potential 
to utilize the higher fidelity of the on-board images to allow more 
accurate online ART, potentially by automating the re-contouring 
process. Prior studies have demonstrated the feasibility and accuracy 
of rigid, non-rigid, and semi-automatic registration with the utilization 
of weekly MRI images [82]. Investigators at the Princess Margaret 
Hospital recently reported improved target coverage for 15 cervical 
cancer patients who underwent hybrid adaptation utilizing off-line re-
planning based on weekly MRIs [83]. An integrated quality assurance 
program is also required to allow for efficient ART [84].

The Washington University group has recently reported the 
successful implementation of online ART utilizing the tri-60Co system 
[85]. Their workflow involved: (a) pre-treatment MRI scan utilizing 
the 0.35 T MRI, (b) manual re-contouring of the target and OARs 
if needed, (c) analysis of dosimetry and re-planning if necessary, 
(d) integrated quality assurance of the new plan utilizing in-house, 
proprietary software, and (e) delivery of RT. Three of the five patients 
in their pilot cohort required re-planning; in two patients, this was 
done due to increased dose to the small bowel, while for the third it was 
done due to tumor progression. The group then extended this process 
to a total of 20 patients (170 fractions in all). Of these 170 fractions, 52 
(30.6%) involved re-planning, and 92 (54.1%) involved delivery of a 
previously generated adaptive plan. The median time required for re-
contouring, re-planning, and quality assurance was 26 minutes, with 
only 1 case requiring more than 40 minutes. In no instances was the 
adaptive plan inferior to the original plan.

Another intriguing use of ART is the potential to tailor treatment 
volume and dose based on functional evidence of tumor response. 
Diffusion MRI sequences have been shown to predict response to RT 
[86,87] earlier than gross tumor size changes or metabolic changes based 
on FDG PET-CT [88]. Both the baseline apparent diffusion coefficient 
(ADC) and changes in ADC, specifically increase in ADC after RT, 
correlate with tumor control and patient outcome after radiotherapy 
[89-94]. The UCLA group recently published the results of a pilot study 
utilizing a spin echo-based diffusion sequence on the tri-60Co system to 
track changes in diffusion over the course of RT for six patients [95]. 
This is the first study to use low-field MR to correlate ADC with clinical 
outcomes. The investigators first tested a 2D multislice spin echo 
single-shot echo planar imaging diffusion pulse sequence obtained 
data from these patients every two to five fractions. They noted that 
tumor ADC values changed throughout treatment, with intratumoral 
heterogeneity in large tumors. For one sarcoma patient with a 40% 
decrease in ADC between the fifth and eighth fraction (final), the post-

Figure 3. Real-time tumor tracking using the tri-60Co system.
Successive snapshots of a liver lesion as visualized using the real-time cine-MRI 
functionality of the tri-60Co system. The thick crimson outline indicates the “envelope” 
within which the radiation treatment will be delivered, while the softer crimson outline 
indicates the location of the tumor as it moves in real-time. The lesion is outside the 
“envelope” in the top row (radiation beam is off), and moves into the “envelope” in the 
bottom row (radiation beam is on).
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RT pathologic specimen showed a <10% necrosis score, suggesting 
a clinical correlation between decrease in ADC and poor clinical 
outcome. Importantly, the ADC measurements found using the low-
field MRI were in agreement with previous experiences using 1.5 T or 
higher strength MRIs [94]. This may allow real-time ART based on 
real-time response in sub-volumes of tumor, allowing tailoring of dose 
based on real-time response.

Overall, these two clinical pilot studies suggest that the tri-60Co 
system can be used to expediently perform online-ART, and that in 
addition to providing anatomic information, the on-line low-field 
MRI may also be able to provide functional imaging information for 
tailoring RT. An example of a case in which changing anatomy would 
have led to increase dose to the bowel tissue without online ART is 
shown in Figure 4. Upon re-planning, the bowel dose returned to the 
optimal lower level as previously planned despite being in a different 
location then the anatomy seen on simulation. Target coverage to the 
tumor was maintained. 

Conclusion
It has often been stated that there can never be a blind surgeon, as 

the surgeon must clearly see the target in order to faithfully remove 
it. Yet, for much of its history, radiation oncology has required its 
practitioners to be “blind” with respect to nuanced target anatomy.  
Only relatively recently have advances in radiation technology allowed 
for sophisticated IGRT, and even then, much of the image-guidance 
is based on CT imaging, which can be lacking in certain anatomic 
locations. An integrated MRI-guided RT system offers multiple 
technical advantages: improved target localization, accurate and non-
invasive motion management, and the potential to adapt radiotherapy 
plans in real-time not just for anatomical changes, but for functional 
changes as well. The development of such MRI-guided RT systems is 
complicated by several physical conundrums related to the integration 
of a magnetic field with the RT delivery platform. The tri-60Co system 
circumvents many of these issues by utilizing a low-field MRI and 
60Co-generated therapeutic radiation. Nonetheless, the proof-of-

principle and feasibility studies reviewed above demonstrate that the 
tri-60Co system allows excellent tumor visualization, can faithfully track 
tumor motion, and can perform on-line ART. These are all advantages 
previous systems do not afford. While integrated MRI-LINACs are 
under development, the early successes of the tri-60Co system suggest 
that the era of MRI-guided RT is already underway. There should no 
longer be blind radiation oncologists in this new era. 
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