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Abstract
Purpose of Review  The current standard treatment for locally advanced or metastatic colorectal cancer often includes 
radiotherapy delivered under computed tomography (CT)–based image guidance. Magnetic resonance–guided radiotherapy 
(MRgRT) offers a substantial improvement in target and adjacent organ visualization and allows for real-time imaging 
throughout treatment to ensure target accuracy with each fraction. However, this technology is in its relative infancy, with 
many open questions regarding how to maximize the potential of this new treatment modality. We review the literature and 
share our institutional experience to highlight the strengths and limitations of MRgRT for treatment of colorectal cancer.
Recent Findings  MRgRT is safe and effective in both the locally advanced and metastatic settings. Dose can be safely esca-
lated in locally advanced cases, potentially improving rates of pathologic complete response. Functional imaging offers insight 
into treatment response dynamics, opening the possibility for nonoperative management of select cases. Liver metastases 
can be treated to ablative doses with high rates of local control.
Summary  MRgRT has the potential to shift the paradigm of treatment for locally advanced and metastatic colorectal cancer. 
Improved target accuracy and real-time gating allows for dose prescriptions beyond what has been achievable with CT-based 
imaging, allowing for higher rates of tumor control with no significant increase in toxicity. Future work will focus on optimal 
dose fractionation schemes and functional radiographic assessment of tumor response.

Keywords  Colorectal cancer · Magnetic resonance–guided radiotherapy · Stereotactic body radiotherapy · Functional 
imaging

Introduction

Radiation therapy (RT) remains a cornerstone of cancer 
treatment, and up to 60% of all patients with cancer undergo 
RT at some point in their care, whether with curative or 
palliative intent [1, 2]. Advances in technology have led to 
increasingly conformal and accurate delivery of RT. The 
first major advance of the modern era was through the use 

of intensity-modulated RT (IMRT) with image guidance 
(IGRT). The IMRT technique modulates both the geometry 
and amount of radiation delivered through various beam 
angles in order to create highly complex and conformal 
dose plans capable of delivering appropriate dose to target 
structures while minimizing dose to adjacent organs at risk 
(OARs). A subsequent development was to dramatically 
increase the dose delivered per fraction via stereotactic body 
radiotherapy (SBRT). Because the dose gradients used in 
highly conformal plans are steep, reproducible and accurate 
alignment is required to ensure that the target remains in the 
high-dose region for each fraction of RT. IGRT encompasses 
a range of solutions for ensuring accurate daily targeting, 
and is most commonly performed using on-board imag-
ing solutions including cone-beam computed tomography 
(CBCT) and stereoscopic pairs of x-ray images.

Although CBCT is commonly used for daily target 
alignment in the delivery of RT, magnetic resonance imag-
ing (MRI) is often preferred in the target segmentation 
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step of RT planning due to superior soft tissue contrast 
as compared with CT [3, 4]. This allows for more accu-
rate delineation of target and avoidance structures and 
improves plan generation. Ultimately, though, delivery of 
these more accurate plans is limited by the inability for 
conventional CBCT to isolate soft tissue targets amid sur-
rounding isodense OARs. In contrast, MRI integrated into 
the treatment platform offers substantial benefits to treat-
ment planning and delivery. MRI performed just before 
daily RT offers the potential for online adaptive therapy 
based on daily variations in internal anatomy. Similarly, 
MRI performed throughout radiation delivery allows for 
real-time tracking and gating without use of surrogate 
targets or invasively placed fiducial markers. Given these 
advantages, a number of systems have been developed to 
integrate MR technology with the radiation treatment plat-
form in order to deliver MR-guided RT (MRgRT).

Two such systems have matured to full clinical imple-
mentation, including the ViewRay MRIdian system with a 
0.35 T MRI and the Elekta Unity system with a 1.5 T MRI 
[5, 6]. There are several tradeoffs present between plat-
forms using a low vs high magnetic field strength. Thor-
warth and Low [7] discuss these tradeoffs in great detail, 
but they can be summarized as a compromise between 
image quality, distortion and artifacts, and accuracy of 
dose delivery. In general, higher magnetic field strength 
yields superior image quality due to higher signal-to-noise 
ratio; however, with post-processing, a 0.35 T image can 
be optimized for target and OAR delineation. In con-
trast, a lower magnetic field strength results in reduced 
anatomic distortion and artifacts from implanted foreign 
bodies, but again post-processing and image acquisition 
adjustments can mitigate some of these effects on a 1.5 T 
system. Finally, the magnetic field itself exerts a direc-
tional Lorentz force on the secondary electrons generated 
by the x-rays used during treatment, introducing a field 
size-dependent distortion of the delivered radiation dose. 
While this dose distortion effect is more pronounced with 
a 1.5 T system, advanced Monte Carlo–based dose cal-
culation software used by both platforms can adjust for 
these Lorentz forces on an individual patient treatment 
plan level [7]. The ViewRay MRIdian system has been 
specifically engineered to physically shield the magnet and 
linear accelerator elements from each other.

MRgRT holds particular promise in the treatment of 
colorectal cancer (CRC). In cases of locally advanced rec-
tal cancer (LARC), the primary target resides low in the 
pelvis and soft tissue delineation between tumor and nor-
mal rectum can be difficult on CT. Additionally, the most 
common site of metastatic spread with CRC is to the liver, 
another treatment site with poor contrast between tumor 
and normal tissue on CT [8].

Technical Advantages of MRgRT

Integration of MRI with the radiation therapy system offers 
a host of technical advantages when compared with con-
ventional CT-guided RT (CTgRT). MR image acquisition 
is performed without any ionizing radiation, allowing for 
repeated and real-time imaging without delivering excess 
radiation dose to the patient. Interfraction variation due to 
daily changes in bladder and rectal filling can result in ana-
tomic deviations of up to 7 mm [9–11]. In addition to this 
random interfraction variability, the tumor itself may regress 
during the course of RT [12, 13]. MRgRT can address both 
sources of interfraction variability through imaging and plan 
adaptation prior to daily treatment. An MRI can be obtained, 
and relevant OAR and target anatomy segmentation from 
the initial plan can be adjusted to match the current imag-
ing. Doing so allows for accurate delineation of where the 
true target and OARs are right before treatment delivery. 
The treatment plan can then be re-optimized in real time to 
account for these changes and a more accurate plan can be 
delivered. A study of such an “online adaptive” approach 
found that non-adaptive treatment of liver tumors would 
have resulted in underdosing the target in 47% of treatments 
and overdosing of adjacent OARs in 21% of treatments [14].

MRgRT can also be used to good effect when oper-
ated throughout radiation delivery. Intrafraction variability 
occurs when the treatment target moves during RT deliv-
ery due to normal respiration, bowel peristalsis, or other 
changes in regional anatomy. This motion is often managed 
with surrogate trackers such as breath-hold techniques that 
track surface anatomy or implanted fiducial markers. Real-
time MRI allows for accurate, non-invasive target tracking 
throughout the radiation treatment. If the target moves out of 
the planned radiation field due to internal or external patient 
motion, the beam can be turned off until the target returns 
to the appropriate position. This real-time gating approach 
has been shown to mitigate the effects of intrafraction 
motion in a variety of abdominal and pelvic malignancies 
[15–17]. Providing direct visual feedback to patients under-
going such gated treatments has demonstrated quantifiable 
improvements in tumor excursion outside the gating bound-
ary as well as beam-on time throughout treatment [18]. This 
approach may also allow for the patient to be involved in 
their care directly with potential psychological benefits.

MRgRT for Localized Colorectal Cancer

MRI is the imaging modality of choice for local stag-
ing of rectal cancer due to superior soft tissue contrast 
and characterization of tumor invasion of and relation to 
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key adjacent anatomic structures [19]. MRI staging has 
increasingly begun to supplant CT- and endoscopic ultra-
sound (EUS)–based staging, as MRI can accurately iden-
tify T- and N-stage, extramural vascular invasion, and pre-
dict for positive circumferential resection margin, which is 
associated with an increased risk for tumor recurrence [20, 
21]. As a result, there has been great interest in integrating 
MRI with treatment planning, image guidance, and adap-
tive planning techniques.

An in silico analysis of 10 patients with LARC compared 
IMRT treatment plans both with and without the magnetic 
field activated on a commercially available 0.35 T MRgRT 
device using a tri-Co-60 delivery system [22]. The simulated 
treatment plans were also compared to volumetric modu-
lated arc therapy (VMAT) and IMRT plans delivered with 
standard CTgRT linear accelerators (linacs). There were no 
differences in the tri-Co-60 plans based on presence of the 
magnetic field, and the tri-Co-60 plans were able to meet all 
standardly accepted dose constraints. As a result, they were 
able to demonstrate a proof of concept for delivering fully 
fractionated neoadjuvant RT on a tri-Co-60 MRI platform 
[22].

A follow-up retrospective study by the same group was 
the first reported clinical experience using the tri-Co-60 
MRgRT platform for treatment of LARC [23••]. In this 
study, 22 patients were treated to a dose of 45 Gy in 25 frac-
tions to the mesorectum and elective lymph node regions 
with a simultaneous integrated boost (SIB) of 55 Gy in 25 
fractions to the primary tumor [23••]. A prior meta-analysis 
had identified that similar dose escalation for LARC was 
associated with higher rates of local control and patho-
logic complete response (pCR) [24]. The 0.35 T tri-Co-60 
MRgRT platform was used for both image acquisition for 
treatment planning and for gating during treatment deliv-
ery [23••]. The latter was achieved via real-time cine-MRI 
images using a 5% region of interest (ROI) at a 3-mm expan-
sion boundary around the clinical treatment volume (CTV) 
based on the primary tumor. Three patients experienced a 
clinical complete response (cCR) and did not proceed with 
planned surgery. All three patients with cCR who did not 
undergo subsequent surgery were alive without evidence of 
disease at the time the study was reported. Three additional 
patients were found to have a pCR after surgery, for a total 
of 27% of patients with either cCR or pCR on final analysis 
[23••]. This rate is comparable to the 24% pCR rate in the 
contemporaneously reported randomized INTERACT study 
for dose escalation with IMRT [25].

Another in silico analysis compared four different boost 
strategies for LARC on a commercially available 1.5 T 
MRgRT device using a 7 MV linac delivery system [26]. 
Five patients were treated with standard of care neoadjuvant 
chemoradiotherapy to 50.4 Gy in 28 fractions. Boost plans 
of 15 Gy in 5 fractions were generated retrospectively either 

as an up-front concomitant boost delivered in the first week 
of therapy or as an adaptive boost delivered once weekly 
through 5 weeks of therapy, with either standard (7–10 mm) 
or reduced (3 mm) margins for both approaches. The authors 
identified a substantial reduction in the boost planning target 
volume (PTV) with the weekly adaptive boost at both mar-
gin levels, and that 3 of 5 patients could safely have been 
treated with the adaptive boost and reduced margins strategy 
compared to none with the up-front boost strategy regardless 
of margins used [26].

The above studies demonstrate the feasibility and effi-
cacy of dose-escalated therapy in LARC using MRgRT. 
One additional area of active research in the treatment of 
LARC concerns the rate of pathologic complete response 
and whether a subset of patients can be managed without 
surgical resection. Thought-provoking observational data 
supports the potential for nonoperative management (NOM) 
in a well-selected population of patients [27–29]. In parallel, 
two large randomized trials have demonstrated a doubling of 
pCR rates when patients are treated with a total neoadjuvant 
therapy (TNT) approach as compared to the conventional 
treatment for LARC involving adjuvant chemotherapy after 
total mesorectal excision (TME) [30••, 31]. As a result, 
there is growing interest both in maximizing the rate of cCR 
and pCR while also aiming to identify the patients most 
likely to benefit from a nonoperative approach.

Traditional attempts at stratifying patient response to 
treatment have typically involved anatomic assessment either 
through direct examination (i.e., endoscopy) or anatomy-
based radiographic assessment, such as MRI with T1- or 
T2-weighted imaging. Functional imaging and advanced 
radiomics open the possibility of extracting additional treat-
ment response information from patient scans to identify 
treatment response. Diffusion-weighted imaging (DWI) can 
use the differential diffusion of water to identify areas of 
free vs restricted diffusion. The resultant apparent diffusion 
coefficient (ADC) maps can identify areas of cell mem-
brane loss associated with RT-related treatment response 
via necrosis or apoptosis [32]. Mean tumor ADC obtained 
on diagnostic 1.5 T MRI has been demonstrated to correlate 
with pathologic tumor downstaging, and this result has been 
replicated on imaging obtained on a 0.35 T MRgRT platform 
[33, 34]. A follow-up study demonstrated the superiority of a 
deep learning–based radiomic approach to analysis of ADC 
maps in rectal cancer patients treated on the same 0.35 T 
MRgRT platform [35]. These early studies raise the intrigu-
ing possibility of utilizing imaging biomarkers to identify 
treatment response to RT in near real-time while adapting 
treatments either to reduce dose to areas that have had a 
favorable biologic response or to boost dose to areas of rela-
tive radioresistance.

The treatment approach to LARC has increasingly shifted 
toward use of short-course RT and TNT with growing 
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interest in boost to residual primary to improve rates of 
pCR and potentially allow for nonoperative management 
[30••, 36]. MRgRT is uniquely positioned to maximize the 
benefits of these trends, as the system allows for accurate 
daily positioning and adaptation for higher doses of radia-
tion delivered in fewer treatments and is a natural platform 
for real-time assessment of tumor response through imaging 
biomarkers.

MRgRT for Oligometastatic Colorectal 
Cancer

A consensus definition of the oligometastatic state usually 
centers on the presence of a limited number of metastatic 
sites, often cited as being 1–5, all of which can be treated 
safely with metastasis-directed therapy with curative intent 
[37]. Approximately 20–25% of patients with a new diagno-
sis of CRC have synchronous metastatic CRC (mCRC), and 
among those patients, the most common site of metastasis is 
the liver [38]. Although hepatectomy for liver-only mCRC 
has been demonstrated to prolong survival and even cure a 
subset of patients, only 10–20% of patients with mCRC are 
deemed to have surgically resectable disease [39].

Given the potential for life-prolonging or curative treat-
ment of mCRC patients combined with the unmet need of 
80–90% of patients not having resectable metastases, there 
is substantial interest in identifying alternative treatment 
modalities capable of providing the same survival benefits. 
One randomized study of radiofrequency ablation (RFA) 
demonstrated a fourfold increase in the rate of 8-year overall 
survival in patients receiving aggressive local treatment in 
addition to systemic therapy [40]. Not all patients are good 
candidates for RFA, however, as the presence of adjacent 

large blood vessels or lesions > 3 cm can impact safety, effi-
cacy, and local control [41]. In contrast, a series of patients 
treated for cholangiocarcinoma on a 0.35 T MRgRT system 
demonstrated that excellent local control and low toxicity 
(grade 3 events < 10%) can be achieved with SBRT in the 
hilum of the liver where adjacent vessels and luminal OARs 
traditionally limit other treatment approaches [42]. There 
is additional evidence to support SBRT as an alternative 
modality for treatment of liver metastases, and that achiev-
ing high biologically effective dose (BED) improves local 
control [43].

Treatment of liver metastases with the SBRT technique 
is often limited by target visualization—governed by poor 
soft tissue contrast between the lesion and normal liver on 
CT—and organ motion due to respiration. The MRgRT 
platform neatly overcomes both limitations with MR-based 
image guidance offering superior target visualization and 
real-time target gating through the breathing cycle. Exam-
ples of such superior visualization can be seen in Fig. 1. 
In addition, the MRgRT platform offers the potential for 
online adaptive therapy that reoptimizes the treatment plan 
daily to compensate for interfraction changes in the position 
of adjacent OARs. Henke et al. [44] demonstrated the first 
clinical use of this stereotactic MR-guided online adaptive 
radiotherapy (SMART) approach for abdominal malignan-
cies. Twenty patients were treated, 10 of whom were treated 
for lesions in the liver. Among the 97 fractions delivered, 
they identified that OAR constraint violations would have 
occurred in 63% of fractions had they not adapted therapy. 
Ultimately, they reported zero grade 3 or higher toxicities 
among the cohort [44]. Their experience was expanded in 
a multi-institutional review of liver-specific SMART in 
which eight of 26 patients were treated for liver metasta-
ses secondary to colorectal cancer [45•]. Only two patients 

Fig. 1   Visualization advantages 
of MR-guided (bottom row) vs 
CT-based (top row) radio-
therapy planning and delivery. 
MR provides superior soft 
tissue contrast (left), better daily 
visualization of small targets 
resulting in decrease planning 
margins (center), and novel 
contrast agents that help local-
ize tumors difficult to see even 
on non-enhanced MR sequences 
(right)
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experienced worsening of Child–Pugh score, and neither had 
mCRC [45•].

Our institutional experience with MRgRT for liver metas-
tases aligns with the findings above. In one recent study, 20 
patients were treated for liver metastases, 7 of whom had 
mCRC [46]. The majority of patients were able to be treated 
with an ablative biologically effective dose (BED) ≥ 100 
Gy10, and the 1- and 2-year estimates of local control were 
95% and 80%, respectively. There were no acute grade ≥ 3 
toxicities and only one patient experienced late grade ≥ 3 
toxicity [46]. Gani et al. [47] demonstrated similar feasibility 
of the approach on a 1.5 T platform, with 10 patients treated 
for liver metastases with high rates of patient acceptance 
and no patient-initiated treatment interruptions. Prior studies 
have demonstrated similar safety and efficacy with the SBRT 
technique for liver metastases using CT-based radiotherapy 
[48–51]. To achieve these results, most of these trials relied 
on motion management techniques that incorporated the 
motion of the tumor through the breathing cycle [48–50]. 
Although this motion could be minimized through breath 
control or abdominal compression devices, planning mar-
gins were still in the range of 7–15 mm added to the target 
to account for daily variability [48–50]. One trial was able 
to reduce the added planning margin to 5–7 mm by implant-
ing fiducial markers within the target to provide real-time 
target tracking [51]. The use of MRgRT can allow for such 
real-time tracking and smaller, 5 mm added planning mar-
gins, without the use of invasive fiducial markers which have 
small but measurable risks of infection or bleeding. Intui-
tively, a smaller treatment volume with the same or higher 
treatment dose would allow for improved safety and efficacy 
outcomes. The SMART approach to treatment of abdominal 
metastatic disease is flexible and generalizable, and there is 
even a case report of a radiographic complete response in 
the treatment of a chemoresistant peritoneal carcinomatosis 
nodule with the MRgRT platform [52].

Treatment Considerations

MRgRT offers substantial benefits to the current standard 
radiotherapy approach to treatment of LARC and mCRC. 
However, adoption of a novel treatment delivery system 
requires great care to ensure optimal treatment delivery to 
realize the full potential of the platform. All elements of 
the treatment workflow, including but not limited to patient 
selection, treatment planning, staff training, and MR-specific 
precautions, must be considered.

Online adaptive MRgRT is the specific use case with 
the most intense resource utilization given the unique 
integration of real-time adaptive planning. Careful patient 
selection is paramount, as treatment times can be pro-
longed as the adaptive re-planning process takes place 

while the patient is on the table in a tightly enclosed space. 
Our institutional experience has demonstrated that visual 
inspection alone is not reliable enough to determine which 
plans would benefit from online adaptive re-planning [53]. 
One study investigating SBRT for liver metastases showed 
that the majority of the benefit to online adaptive re-plan-
ning is realized when the target is within 2 cm of a critical 
OAR [54]. Furthermore, it is likely that at least 10% of 
SMART fractions could have improved target dose cover-
age with more extensive offline re-planning [55]. Identify-
ing such disease-site-specific heuristics for determining 
when to adapt high-dose ablative radiation may allow for a 
balanced approach between delivering safe treatment with 
optimal target dose coverage while minimizing treatment 
duration in patients who would experience little benefit 
from the more resource-intensive approach.

When treating liver metastases in the setting of mCRC, 
several techniques can be employed to improve target 
accuracy and reduce dose to OARs and treatment toxicity. 
Our institutional experience has demonstrated the impor-
tance of contouring individual loops of bowel adjacent 
to the target and keeping the V35 Gy to less than 0.35 cm3 
[46]. Recommended OAR dose constraints and target dose 
fractionation schemes are available in Table 1, with tar-
get doses offering a BED ≥ 100 Gy10 in alignment with 
studies that have shown increased local control of liver 
lesions above that threshold [43]. Importantly, multiple 
liver lesions can be safely targeted with SBRT on the 
MRgRT platform, and the availability of real-time cine 
gating with or without gadoexatate disodium (Eovist®) 
allows for avoidance of invasive fiducial marker placement 
which results in an estimated personnel and materials cost 
savings of over $1000 per patient [56].

Table 1   Dose fractionation and organ constraint recommendations for 
SBRT for liver metastases

SBRT stereotactic body radiotherapy

Single lesion Multiple lesions

Dose fractionation 54 Gy in 3 fractions 
45 Gy in 3 fractions

50 Gy in 4 fractions 
50 Gy in 5 fractions

Normal liver < 15 Gy  > 1000 cm3  > 800 cm3

Spinal cord Dmax < 3 Gy per fraction
Esophagus D0.5 cc < 32 Gy
Stomach V20 Gy < 20 cm3

Bowel Bag V20 Gy < 20 cm3

Kidney Dmax < 3 Gy per fraction
Skin D0.5 cc < 35 Gy
Bowel V35 Gy < 0.35 cm3
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Conclusions

MRgRT offers significant advantages when compared to 
conventional CT-based radiotherapy for LARC and mCRC. 
Superior soft tissue contrast and real-time target tracking 
with gated treatment delivery allow for more accurate and 
precise delivery of high doses of radiation. Adoption of 
this technology requires careful examination of the entire 
treatment workflow, including patient selection, treatment 
planning, and staff training. Access to on-board functional 
imaging will allow for imaging biomarker-driven therapy, 
determining both regions in need of boost dose targeting 
and/or allowing for assessment of treatment response and 
potential treatment de-escalation.
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