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Abstract: The special issue of JCM on “Advances of MRI in Radiation Oncology” provides a unique
forum for scientific literature related to MR imaging in radiation oncology. This issue covered many
aspects, such as MR technology, motion management, economics, soft-tissue-air interface issues, and
disease sites such as the pancreas, spine, sarcoma, prostate, head and neck, and rectum from both
camps—the Unity and MRIdian systems. This paper provides additional information on the success
and challenges of the two systems. A challenging aspect of this technology is low throughput and the
monumental task of education and training that hinders its use for the majority of therapy centers.
Additionally, the cost of this technology is too high for most institutions, and hence widespread use
is still limited. This article highlights some of the difficulties and how to resolve them.

Keywords: radiation treatment; MR-Linac; imaging; MRgRT; adaptive therapy; advances; pitfalls;
outcome

1. Introduction

Malignant tumor or cancer cells can be killed by cytotoxic drugs, radiofrequency,
hyperthermia, cryosurgery, and ionizing radiation if a sufficient dose is given. Modern
cancer care management uses a multimodality treatment approach. Radiation treatment
has been used with curative and palliative intent, and it is estimated that nearly 60%
of the cancer patients will need radiation at some point during the management of the
disease. The biggest problem with radiation treatment is that it is nondiscriminatory and
also irradiates surrounding normal tissues (organs at risk—OAR), producing normal tissue
toxicities, and in many cases limits the use of tumoricidal dosage. The goal of precise
radiation therapy is to optimize the dose to the tumor and minimize the dose to the OARs.
For over 125 years, radiation treatment has evolved from kilovoltage beams, megavoltage
beams, and particle beams (electrons, neutrons, protons) with various planning techniques
from two-dimensional (2D), three-dimensional conformal radiation treatment (3DCRT),
intensity-modulated radiation therapy (IMRT), and volumetric modulated arc therapy
(VMAT). Radiation beams can be targeted to tumor locations to deliver tumoricidal doses;
however, the tumor locations may vary due to organ motion. This is where treatment
imaging plays an important role with new technology, image-guided radiation therapy
(IGRT) that has evolved from fiducial markers and cone-beam CT (CBCT), as developed by
Jaffray et al. [1].

For the management of cancer treatment, the key is to deliver sufficient doses to
eradicate tumor cells. This has been achieved by directing radiation beams to the tumor
using multiple beams from different directions to deliver a higher dose. The problem is
that the tumor is not a static structure; rather, it is dynamic and depends on surrounding
body organs, such as thorax structures that move based on the breathing cycle and pelvic
organs that move based on rectal and bladder filling. These problems can be solved to
some extent by placing fiducial markers and using image-based radiation treatment, also
known as gated treatment. Ultrasound imaging (BAT system) has also been tried [2].
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Additionally, the IGRT and radio transponder system, Calypso [3,4], has been attempted
with limited success.

Additional issues include our understanding of the location of the disease for con-
touring, which is dependent on the clinician’s training and knowledge, but more so on
the imaging technology tools, some of which are suboptimal. Target volume contouring
in each disease site has profound implications that have been documented extensively in
the literature with a wide range of target variability [5-15]. Computed tomography (CT)
has been an imaging option, as it provides a tool to calculate doses based on imaging data.
However, CT images have their limitations in that they lack discrimination of soft tissue
and profound metal artifacts, as shown in Figures 1 and 2, respectively.

Figure 1. Axial, sagittal coronal images of abdomen region. Upper panel, CT data; lower panel, MRI
image. Please note that soft tissue structures are more discernible in MRI than CT images.

Figure 2. Two patients’ CT and MRI axial images. Note the significant artifact in CT image, which is
nearly nonvisible in both 0.35 T (right top) and 1.5 T (left bottom) MRI image. Artifact is dependent
on the density and atomic number (Z) of the medium.
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Figure 1 provides detailed information of soft tissue visualization from CT and mag-
netic resonance imaging (MRI), where data from MRI are better for visualization of the
structures such as the stomach and bowel. With proper imaging techniques as described by
Bitar et al. [16], even these can be further improved. Figure 2 provides an example of the
artifact in CT with high density and high atomic number (Z) medium. As CT images are
created based on the attenuation properties of tissues, they have difficulties with prosthetic
devices, which are common in older and cancer patients. Artifacts are part of the CT
imaging, and they occur due to the photon starvations (attenuation) of the photon beam
passing through high-density and high-Z materials that produce significant artifacts, as
shown in Figure 2.

The metal artifact provides significant difficulty for radiation treatment contouring and
treatment planning. Firstly, the visualization of the structures is impaired and CT numbers
are obscured, thus providing poor dose distribution in most treatment-planning systems,
as shown by Yadav et al. [17]. To overcome these problems, multimodality imaging has
been advocated using image fusion. Image fusion is inherently problematic as it depends
on rigid or deformable registration, and quality assurance (QA) software for quantitative
errors have not yet been developed [18-21].

MRI has been the backbone for diagnostic radiology due to the superior imaging of
soft tissues (Figure 1); however, its role in radiation oncology has initially been limited,
mainly due to the availability of scanners and reimbursement issues. Apart from the above
considerations, more important issues related to MRI are dose calculations, as we cannot
compute doses on MRI images due to the lack of electron density. Radiation oncology has
relied on CT data for accurate dose calculation with ever-improving calculation algorithms,
from Batho to Monte Carlo.

Radiation therapy dose calculations are dependent on the electron densities that are
derived from CT data. There are no simple solutions for electron density generation
from MR imaging. This is an ongoing project with no satisfactory solution. There has
been significant progress in using MRI images to make them compatible with CT for
dose calculation. These images are called pseudo or synthetic CT (sCT). The difficulties
are that tissue characterization in MRI is dependent on the magnetic fields and imaging
sequence, unlike the attenuation coefficient in CT images. An early approach to sCT started
with bulk density approaches [22,23]. The Dixon approach, based on MRI parameters
of soft tissue, fat, water, and air, has been relatively satisfactory [24-26] for soft tissues
within £3% accuracy in dose calculation. However, these approaches do not provide
satisfactory results for organs containing bone. For head and neck cases, Korhonen et al. [27]
used a polynomial fit approach to the MRI signal in and around the bone to create sCT.
There are also two commercial sCT-generation products: Phillips (Philips Medical System,
Amsterdam, Netherlands) and MRI Planner (Spectronic Medical AB, Helsingborg, Sweden),
which have been successfully reported for soft tissues [28,29] within £0.5% in general and
up to 1% overall dose difference accuracy, but data for high-density materials such as
bone are still lacking. A lot of studies using deep learning and artificial intelligence (CNN,
UNET, GNN, etc.) have been proposed and continue to be explored [28,30-37]. However,
most scientists feel that additional research is still needed to make commercial systems
for clinical use. Dose calculation on MRI images is becoming accurate, and it is expected
that in the near future, MRI-only dose calculation could be as accurate as CT data, thus
eliminating the need for CT scanning for many disease sites in radiation oncology.

To overcome image registration and provide MRI images for radiation treatment, a
hybrid MR-Linac has been developed. There are several systems available, which have
been described by Das et al. [38]. For clinical use, Elekta (Elekta, AB, Stockholm, Sweden)
introduced the Unity system, with a 1.5 T magnetic field [39,40] with a 7 MV photon beam;
and the ViewRay MRIdian (ViewRay, Mountain View, CA, USA) 0.35 T, originally intro-
duced as a Co-60 based unit in 2014 but now replaced with a 6 MV linear accelerator [41].
Within a short period of time, there have been over 100 installed machines and close to 160
in preparation. During this time, scientific and clinical sites have been providing data either
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through respective consortium or personal research work. The growth in publications is
truly exponential, as shown in Figure 3.
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Figure 3. Growth of publications reported in PubMed since inception of MR-Linac indicating an
exponential growth.

Frontiers in Oncology published a special issue in 2020 and Journal of Clinical Medicine
(JCM) is publishing a special issue in 2022 devoted to MR-Linac. This special issue, “Ad-
vances of MRI in Radiation Oncology”, has already published over 15 papers that include
various topics such as the economics of MR-Linac, dose escalation, interface dosimetry, and
adaptive therapy, and includes site-specific information such as prostate, head and neck,
soft tissue sarcoma, and rectum from both camps (Unity 1.5 T and MRIdian 0.35 T). This
issue has also covered some important information on the radiobiology of rectal cancer.
This scientific growth (Figure 3) indicates an amazing adaptation of this technology in
radiation oncology. These hybrid systems in radiation oncology open up a new frontier
in the exploration of new clinical science for radiation treatment. In this paper, we have
highlighted a few important successes and challenges of MR-Linac.

2. Motion Management

Organ motion in radiation treatment is an important factor that should be considered;
unfortunately, motion management is still in its infancy. MRI could offer unique oppor-
tunities that can provide images of motions using ultra-short echo imaging [42] or cine
imaging. Inadequate dose delivery in radiation oncology is primarily due to the uncertainty
of the tumor position, thus creating a larger margin for treatment. With MR-Linac, motion
management is an integral part of the process where 2D cine images are acquired in real
time. Structures (target and tracking structure) can be outlined and based on the inherent
gating mechanism; treatment delivery is only possible when the target is in phase. One such
example is shown in Figure 4a the beam is in pause condition when the outline structure is
not aligned; and Figure 4b treatment is delivered when the structure is in phase. Such a
capability is possible on the ViewRay MRIdian system using cine images where the beam
trigger is within milliseconds without any dosimetric deviation, unlike in the old days
where significant dose differences were noted in most machines [43,44].
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Figure 4. MRI cine image showing motion; (a) tracking structure (red) is out of defined boundary
(yellow) and (b) with breath holding, tracking structure is in the boundary, which is automatically
synchronized by the treatment delivery in MR-Linac from ViewRay.

3. Paradigm Shift

MR-Linac has created a paradigm shift in radiation oncology for managing soft tissue
cancers. It integrates MRI images, on-line contouring on pretreatment MRI images, dose
calculation on sCT derived from MRI, real-time planning, and gated therapy based on
real-time cine” images. It is expected to reduce collateral tissue damage by appropriate
localization, reduction in margin, and on-line adaptation. MR-Linac may be a step towards
improving the outcome by delivering accurate doses with focus radiation dose targeting.
However, it adds complexity in real time for modulated therapy. Traditionally, volumetric
modulated arc therapy (VMAT)/IMRT may require 1-2 weeks to plan, depending on the
institutional priority for volume delineation, planning and QA, but in MR-Linac, it can
be performed in near real time (30-50 min) depending on the efficiency of the staff. A
new concept, MR-guided radiation therapy (MRgRT), has been introduced for real-time
adaptive therapy where treatment is adapted based on MRI images [45-49]. However,
this process is time-consuming and needs the accommodation of a suitable workflow, as
described by Kerkmeijer et al. [50].

4. Success

Within a short period of time there have been a lot of publications on MR-Linac
technology, developments, and innovation for patient treatment, as described in Figure 3.
The biggest success of this technology is in visualizing tumors while treating, thus making
it effective and accurate. Superior soft tissue contrast provides localization accuracy. It
also eliminates fiducial marker placement, thus eliminating cost and burden. Imaging and
motion management helps in most diseases, such as breast, head and neck, lung, liver,
pancreas, rectum, prostate, and bladder cancer, to mention a few.

Even though clinical outcome data are missing due to the short follow up time, consor-
tiums of both systems have embarked on clinical trials and are expected to produce positive
outcome data. Randall et al. [45] quoted many outcome references. Hehakaya et al. [51]
used an economical model and showed that MR-Linac is cost-effective with reduced com-
plications. This is due to better targeting and eliminating of OAR from high-dose regions.
Alongi et al. [52] reported improved quality of life with a 1.5 T system for prostate cancer.
Additionally, Cuccia et al. [53] showed that MR-Linac hypofractionated treatment provides
a satisfactory outcome with minimum toxicity.

Weykamp et al. [54], using the 0.3 T system for MR-Linac for hepatocellular carcinoma,
showed that 5-fraction hypofractionation was well-tolerable with minimum toxicity with
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2 years of overall survival of 82%, which is an impressive outcome. For oligometastatic
cases arising from breast cancer, Tan et al. [55] showed better outcomes with minimal
toxicity, as reported by the patients. The most difficult disease site, pancreas, with poor
outcome, has been the main theme for MR-Linac, as it can provide better visualization,
targeting, and adaptive therapy to minimize normal tissue toxicities. Chuong et al. [56]
showed 2 years’ follow-up data in pancreatic cancer with an overall survival of 45.5% and
with grade 3 toxicity of a mere 4.8%.

It is expected that over a short period of time, MR-Linac consortiums will provide
clinical trial data favorable to this technology; however, some system drawbacks are
discussed below that need to be overcome collectively.

5. Challenges

MR-Linac challenges are many, relating to imaging regions of low electron density
such as the lungs, limited field of view and field size, time-intensive adaptive planning,
a limited pool of standard immobilization devices, inability to deliver VMAT plans, and
inability to treat patients with implants and metallic as well as cardiac devices. Currently,
only one photon energy is available (6 MV for MRIdian and 7 MV for Unity); thus, one
could argue that it might limit a larger pool of patients. However, it is known that for IMRT,
as long as the number of beams is greater than seven, the beam energy is inconsequential,
as supported by Pirzkall et al. [57], and only a low-energy beam may be sufficient. Another
bottleneck could be the learning curve for different members of the team, including clini-
cians, physicists, dosimetrists and therapists involved. Some of the other challenges are
described as below.

Electron return effect (ERE): Magnetic fields produce Lorentz’s force and are es-
pecially significant for high magnetic fields, providing significant doses to skin—air or
lung-tissue interfaces. This has been addressed in literature [58-61]. However, if ERE
is properly modeled in the treatment-planning system, it may not be of clinical concern.
Additionally, to eliminate ERE, several precautions, e.g., bolus and large number of beams
should be used. With these preventative precautions, skin toxicities due to ERE are not
reported. As expected, the ERE is much lower in the 0.35 T MRIdian system. Nonetheless,
users should be aware of the beam parameters affecting the skin dose [62].

Low-field imaging: It is a common belief that a high magnetic field is needed for
an ideal signal-to-noise ratio for better image quality. However, the high-field-created
ERE [58,63,64] may not be suitable in treatment due to dosimetric discontinuities, especially
in lung-tissue interfaces. It is known that low-field imaging is superior for lung cases with
respect to possible geometric distortions because of changes in magnetic susceptibility
and chemical shift (susceptibility artefacts and chemical shift artefacts increase linearly
with the magnetic field). Low-field imaging may provide dosimetric advantages, but
needs additional proof that may be forthcoming in future literature. Further research and
adaptability of low-field imaging is needed in MRL.

MRI-based immobilization systems: Immobilization plays an important role in ra-
diation therapy treatment. Chandarana et al. [65] provided some information for MRI;
however, due to eddy currents [66] in these devices, image quality suffers. Advances
in immobilization are required that do not degrade image quality. Unfortunately, most
devices produce MRI artifacts; hence, most patients are treated without immobilization,
adding to patient discomfort. There is progress in this area, as an Austrian company, IT-V
(www.it-v.net), is making immobilization devices that do not produce artifacts. The arti-
facts are also compounded by the MR-Linac bore sizes, and hence adding immobilization
devices reduces the space for patients in terms of the MRI field of view.

Autocontouring and planning: Target and OAR contouring is an arduous and time-
consuming process. It becomes even more difficult when on-table adaptive therapy is
performed. The same can be said for treatment planning comprising optimization and
dose calculation [67]. There is a critical need for autocontouring and planning in MR-
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Linac systems. Autocontouring may be possible in cine MRI images, as described by
Fast et al. [68].

Economics/reimbursement: MR-Linac systems are currently several times more ex-
pensive (US$10-15 M) and require a substantial capital investment. To recoup the cost,
either the number of treated patients must increase or reimbursement should become more
favorable. Some of the economics of MRL and adaptive therapy have been addressed by
Palm et al. [69].

Throughput: Most MR-Linacs are relatively slow processes and can treat only 6-8 patients
in an 8 h/day. This is an impediment to the system, as on a standard machine one could
treat 20-30 patients/day. On the other hand, MR-Linacs are being used primarily for
hypofractionation (3-5 fractions), and reimbursement is better due to adaptive planning. It
should also be emphasized that this is a special machine with a unique niche and cannot be
compared to the regular machines.

Dose rate/time: Time is of the essence for the comfort and treatment of the patient
and should be minimized. Currently available dose rates in MR-Linacs are relatively low
(6 Gy/min). This needs to be optimized to patient on-couch time and throughput for
radiation oncology centers.

VMAT: IMRT and VMAT are inverse planning processes in which IMRT is a discrete
(step-shoot) beam angle and VMAT is a continuous arc therapy, which have been described
in [67,70]. Current MR-Linac systems do not include VMAT capabilities due to inherent
image distortion for real-time tracking. It is well-known that VMAT saves a significant
amount of time and is recommended for modulated beams mainly due to its time-saving
properties, lower monitor unit, and lower whole-body dose.

MPR: Unlike CT images, where digitally reconstructed radiographs (DRR) [71] and
multiplanar reconstruction (MPR) [72] are common tools, but not available in MR-Linacs.
MPR adds another flexibility of viewing the structures in any plane, which may be advan-
tageous to spare OAR if available in MR-linac systems.

High frame rate: For imaging and treatment of organs in motion such as the heart, a
high frame rate is needed [73]. Currently, the system is capable of either 8 FPS (MRIdian)
or 5 FPS (Unity).

Training for manpower: As diagnostic and therapeutic radiology (radiation oncology)
split in the 1980s, knowledge of imaging and treatment modalities is not freely shared. This
impacts the clinical and technical components of the knowledge of practitioners and other
experts. There is an urgency for additional manpower as well as cross-training for the
greater success of MR-Linac [38,74]. Collaboration between vendors and users is needed to
develop educational programs.

6. Conclusions

This special issue of | Clin Med provides a glimpse of the future to come in terms
of the use of MR images for radiation treatment. MR-Linac is emerging as one of the
important tools in radiation oncology. It provides soft tissue visualization during treatment,
unlike CBCT. This allows on-table adaptive therapy, thus escalating the dose and possibly
improving the outcome. Currently, the technology is in nascence. The full capabilities of
MRI imaging using advance imaging sequences have not been utilized and the clinical
outcome data are not mature. However, it is expected that this will reduce complications
and increase overall survival.

Author Contributions: L.].D., P.Y. and B.B.M. participated equally in every aspect of this article. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



J. Clin. Med. 2022, 11, 5136 8of 11

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

Jaffray, D.A.; Siewerdsen, ].H. Cone-beam computed tomography with a flat-panel imager: Initial performance characterization.
Med. Phys. 2000, 27, 1311-1323. [CrossRef] [PubMed]

Lattanzi, ].; McNeeley, S.; Pinover, W.; Horwitz, E.; Das, I.; Schultheiss, T.E.; Hanks, G.E. A comparison of daily CT localization to
a daily ultrasound-based system in prostate cancer. Int. J. Radiat. Oncol. 1999, 43, 719-725. [CrossRef]

Kupelian, P.; Willoughby, T.; Mahadevan, A.; Djemil, T.; Weinstein, G.; Jani, S.; Enke, C.; Solberg, T.; Flores, N.; Liu, D.; et al.
Multi-institutional clinical experience with the Calypso System in localization and continuous, real-time monitoring of the
prostate gland during external radiotherapy. Int. |. Radiat. Oncol. 2007, 67, 1088-1098. [CrossRef]

Willoughby, T.R.; Kupelian, P.A.; Pouliot, J.; Shinohara, K.; Aubin, M.; Roach, M.; Skrumeda, L.L.; Balter, ].M.; Litzenberg, D.W,;
Hadley, S.W.; et al. Target localization and real-time tracking using the Calypso 4D localization system in patients with localized
prostate cancer. Int. J. Radiat. Oncol. 2006, 65, 528-534. [CrossRef]

Leunens, G.; Menten, J.; Weltens, C.; Verstraete, J.; Van der Schueren, E. Quality assessment of medical decision making in
radiation oncology: Variability in target volume delineation for brain tumors. Radiother. Oncol. 1993, 28, 169-175. [CrossRef]
Cazzaniga, L.F,; Marinoni, M.A.; Bossi, A.; Bianchi, E.; Cagna, E.; Cosentino, D.; Scandolaro, L.; Valli, M.; Frigerio, M. Interphysi-
cian variability in defining the planning target volume in the irradiation of prostate and seminal vesicles. Radiother. Oncol. 1998,
47,293-296. [CrossRef]

Dawson, L.; Mah, K.; Franssen, E.; Morton, G. Target position variability throughout prostate radiotherapy. Int. |. Radiat. Oncol.
Biol. Phys. 1998, 42, 1155-1161. [CrossRef]

Fiorino, C.; Reni, M.; Bolognesi, A.; Cattaneo, G.M.; Calandrino, R. Intra- and inter-observer variability in contouring prostate
and seminal vesicles: Implications for conformal treatment planning. Radiother. Oncol. 1998, 47, 285-292. [CrossRef]

Caldwell, C.B.; Mah, K.; Ung, Y.C.; Danjoux, C.E.; Balogh, ] M.; Ganguli, S.; Ehrlich, L.E. Observer variation in contouring gross
tumor volume in patients with poorly defined non-small-cell lung tumors on CT: The impact of 18 FDG-hybrid PET fusion. Int. .
Radiat. Oncol. Biol. Phys. 2001, 51, 923-931. [CrossRef]

Hurkmans, C.W.; Borger, ].H.; Pieters, B.R.; Russell, N.S.; Jansen, E.P.; Mijnheer, B.]. Variability in target volume delineation on CT
scans of the breast. Int. ]. Radiat. Oncol. Biol. Phys. 2001, 50, 1366-1372. [CrossRef]

Geets, X.; Daisne, J.-F.; Arcangeli, S.; Coche, E.; De Poel, M.; Duprez, T.; Nardella, G.; Grégoire, V. Inter-observer variability in
the delineation of pharyngo-laryngeal tumor, parotid glands and cervical spinal cord: Comparison between CT-scan and MRL
Radiother. Oncol. 2005, 77, 25-31. [CrossRef] [PubMed]

Louie, A.V,; Rodrigues, G.; Olsthoorn, J.; Palma, D.; Yu, E.; Yaremko, B.; Ahmad, B.; Aivas, I.; Gaede, S. Inter-observer and
intra-observer reliability for lung cancer target volume delineation in the 4D-CT era. Radiother. Oncol. 2010, 95, 166-171. [CrossRef]
[PubMed]

Nijkamp, J.; de Haas-Kock, D.E; Beukema, ].C.; Neelis, K.].; Woutersen, D.; Ceha, H.; Rozema, T.; Slot, A.; Vos-Westerman, H.;
Intven, M; et al. Target volume delineation variation in radiotherapy for early stage rectal cancer in the Netherlands. Radiother.
Oncol. 2012, 102, 14-21. [CrossRef] [PubMed]

Mercieca, S.; Belderbos, J.5.A.; van Herk, M. Challenges in the target volume definition of lung cancer radiotherapy. Transl. Lung
Cancer Res. 2021, 10, 1983-1998. [CrossRef] [PubMed]

Das, 1.].; Compton, ].J.; Bajaj, A.; Johnstone, P.A. Intra- and inter-physician variability in target volume delineation in radiation
therapy. J. Radiat. Res. 2021, 62, 1083-1089. [CrossRef]

Bitar, R.; Leung, G.; Perng, R.; Tadros, S.; Moody, A.R,; Sarrazin, J.; McGregor, C.; Christakis, M.; Symons, S.; Nelson, A.; et al. MR
Pulse Sequences: What Every Radiologist Wants to Know but Is Afraid to Ask. RadioGraphics 2006, 26, 513-537. [CrossRef]
Yadav, P.; Chang, S.X.; Cheng, C.-W.; DesRosiers, C.M.; Mitra, R K.; Das, I.]. Dosimetric evaluation of high-Z inhomogeneity used
for hip prosthesis: A multi-institutional collaborative study. Phys. Med. 2022, 95, 148-155. [CrossRef]

Mutic, S.; Dempsey, J.E; Bosch, W.R; Low, D.A.; Drzymala, R.E.; Chao, K.; Goddu, S.; Cutler, P.; Purdy, ].A. Multimodality image
registration quality assurance for conformal three-dimensional treatment planning. Int. J. Radiat. Oncol. Biol. Phys. 2001, 51,
255-260. [CrossRef]

Nenoff, L.; Ribeiro, C.O.; Matter, M.; Hafner, L.; Josipovic, M.; Langendijk, ].A.; Persson, G.F.; Walser, M.; Weber, D.C.; Lomax, A.J.;
et al. Deformable image registration uncertainty for inter-fractional dose accumulation of lung cancer proton therapy. Radiother.
Oncol. 2020, 147, 178-185. [CrossRef]

Brock, K.R. Image Processing in Radiation Therapy; CRC Press: Boca Raton, FL, USA, 2014.

Brock, K.K.; Dawson, L.A.; Sharpe, M.B.; Moseley, D.].; Jaffray, D.A. Feasibility of a novel deformable image registration technique
to facilitate classification, targeting, and monitoring of tumor and normal tissue. Int. |. Radiat. Oncol. Biol. Phys. 2006, 64,
1245-1254. [CrossRef]

Jonsson, ].H.; Karlsson, M.G.; Karlsson, M.; Nyholm, T. Treatment planning using MRI data: An analysis of the dose calculation
accuracy for different treatment regions. Radiat. Oncol. 2010, 5, 62. [CrossRef] [PubMed]

Kim, J.; Garbarino, K.; Schultz, L.; Levin, K.; Movsas, B.; Siddiqui, M.S.; Chetty, L].; Glide-Hurst, C. Dosimetric evaluation of
synthetic CT relative to bulk density assignment-based magnetic resonance-only approaches for prostate radiotherapy. Radiat.
Oncol. 2015, 10, 239. [CrossRef] [PubMed]

Wang, H.; Chandarana, H.; Block, K.T.; Vahle, T.; Fenchel, M.; Das, I.]. Dosimetric evaluation of synthetic CT for magnetic
resonance-only based radiotherapy planning of lung cancer. Radiat. Oncol. 2017, 12, 108. [CrossRef] [PubMed]


http://doi.org/10.1118/1.599009
http://www.ncbi.nlm.nih.gov/pubmed/10902561
http://doi.org/10.1016/S0360-3016(98)00496-9
http://doi.org/10.1016/j.ijrobp.2006.10.026
http://doi.org/10.1016/j.ijrobp.2006.01.050
http://doi.org/10.1016/0167-8140(93)90243-2
http://doi.org/10.1016/S0167-8140(98)00028-0
http://doi.org/10.1016/S0360-3016(98)00265-X
http://doi.org/10.1016/S0167-8140(98)00021-8
http://doi.org/10.1016/S0360-3016(01)01722-9
http://doi.org/10.1016/S0360-3016(01)01635-2
http://doi.org/10.1016/j.radonc.2005.04.010
http://www.ncbi.nlm.nih.gov/pubmed/15919126
http://doi.org/10.1016/j.radonc.2009.12.028
http://www.ncbi.nlm.nih.gov/pubmed/20122749
http://doi.org/10.1016/j.radonc.2011.08.011
http://www.ncbi.nlm.nih.gov/pubmed/21903287
http://doi.org/10.21037/tlcr-20-627
http://www.ncbi.nlm.nih.gov/pubmed/34012808
http://doi.org/10.1093/jrr/rrab080
http://doi.org/10.1148/rg.262055063
http://doi.org/10.1016/j.ejmp.2022.02.007
http://doi.org/10.1016/S0360-3016(01)01659-5
http://doi.org/10.1016/j.radonc.2020.04.046
http://doi.org/10.1016/j.ijrobp.2005.10.027
http://doi.org/10.1186/1748-717X-5-62
http://www.ncbi.nlm.nih.gov/pubmed/20591179
http://doi.org/10.1186/s13014-015-0549-7
http://www.ncbi.nlm.nih.gov/pubmed/26597251
http://doi.org/10.1186/s13014-017-0845-5
http://www.ncbi.nlm.nih.gov/pubmed/28651599

J. Clin. Med. 2022, 11, 5136 9of11

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Wang, H.; Du, K;; Qu, J.; Chandarana, H.; Das, L.]. Dosimetric evaluation of magnetic resonance-generated synthetic CT for
radiation treatment of rectal cancer. PLoS ONE 2018, 13, e0190883. [CrossRef] [PubMed]

Farjam, R.; Tyagi, N.; Deasy, ].O.; Hunt, M.A. Dosimetric evaluation of an atlas-based synthetic CT generation approach for
MR-only radiotherapy of pelvis anatomy. J. Appl. Clin. Med. Phys. 2019, 20, 101-109. [CrossRef] [PubMed]

Korhonen, J.; Kapanen, M.; Tenhunen, M.; Keyrildinen, J.; Seppéld, T. A dual model HU conversion from MRI intensity values
within and outside of bone segment for MRI-based radiotherapy treatment planning of prostate cancer. Med. Phys. 2014, 41,
011704. [CrossRef]

Tyagi, N.; Fontenla, S.; Zhang, J.; Cloutier, M.; Kadbi, M.; Mechalakos, J.; Zelefsky, M.; Deasy, J.; Hunt, M. Dosimetric and
workflow evaluation of first commercial synthetic CT software for clinical use in pelvis. Phys. Med. Biol. 2017, 62, 2961-2975.
[CrossRef]

Lerner, M.; Medin, J.; Jamtheim Gustafsson, C.; Alkner, S.; Siversson, C.; Olsson, L.E. Clinical validation of a commercially
available deep learning software for synthetic CT generation for brain. Radiat. Oncol. 2021, 16, 66. [CrossRef]

Spadea, M.E; Maspero, M.; Zaffino, P.; Seco, ]. Deep learning based synthetic-CT generation in radiotherapy and PET: A review.
Med. Phys. 2021, 48, 6537-6566. [CrossRef]

Tang, B.; Wu, F; Fu, Y.; Wang, X.; Wang, P.; Orlandini, L.C.; Li, J.; Hou, Q. Dosimetric evaluation of synthetic CT image generated
using a neural network for MR-only brain radiotherapy. J. Appl. Clin. Med. Phys. 2021, 22, 55-62. [CrossRef]

Qi, M,; Li, Y.; Wu, A; Jia, Q.; Li, B.; Sun, W,; Dai, Z.; Lu, X.; Zhou, L.; Deng, X.; et al. Multi-sequence MR image-based synthetic
CT generation using a generative adversarial network for head and neck MRI-only radiotherapy. Med. Phys. 2020, 47, 1880-1894.
[CrossRef] [PubMed]

Cusumano, D.; Lenkowicz, J.; Votta, C.; Boldrini, L.; Placidi, L.; Catucci, F; Dinapoli, N.; Antonelli, M.V.; Romano, A.; De Luca, V,;
etal. A deep learning approach to generate synthetic CT in low field MR-guided adaptive radiotherapy for abdominal and pelvic
cases. Radiother. Oncol. 2020, 153, 205-212. [CrossRef] [PubMed]

Johnstone, E.; Wyatt, J.; Henry, A.M.; Short, S.C.; Sebag-Montefiore, D.; Murray, L.; Kelly, C.G.; McCallum, H.M.; Speight, R.
Systematic Review of Synthetic Computed Tomography Generation Methodologies for Use in Magnetic Resonance Imaging—-Only
Radiation Therapy. Int. J. Radiat. Oncol. Biol. Phys. 2018, 100, 199-217. [CrossRef] [PubMed]

Li, X.; Yadav, P; McMillan, A.B. Synthetic Computed Tomography Generation from 0.35T Magnetic Resonance Images for
Magnetic Resonance-Only Radiation Therapy Planning Using Perceptual Loss Models. Pract. Radiat. Oncol. 2022, 12, e40—e48.
[CrossRef] [PubMed]

Spadea, M.E; Pileggi, G.; Zaffino, P.; Salome, P.; Catana, C.; Izquierdo-Garcia, D.; Amato, F.; Seco, ]. Deep Convolution Neural
Network (DCNN) Multiplane Approach to Synthetic CT Generation From MR images—Application in Brain Proton Therapy. Int.
J. Radiat. Oncol. Biol. Phys. 2019, 105, 495-503. [CrossRef]

Tie, X.; Lam, S.K,; Zhang, Y.; Lee, K.H.; Au, K,; Cai, J. Pseudo-CT generation from multi-parametric MRI using a novel multi-
channel multi-path conditional generative adversarial network for nasopharyngeal carcinoma patients. Med. Phys. 2020, 47,
1750-1762. [CrossRef]

Das, L].; McGee, K.P,; Tyagi, N.; Wang, H. Role and future of MRI in radiation oncology. Br. J. Radiol. 2019, 92, 20180505.
[CrossRef]

Kerkmeijer, L.G.W.; Fuller, C.D.; Verkooijen, H.M.; Verheij, M.; Choudhury, A.; Harrington, K.J.; Schultz, C.; Sahgal, A.; Frank, S.J.;
Goldwein, J.; et al. The MRI-Linear Accelerator Consortium: Evidence-Based Clinical Introduction of an Innovation in Radiation
Oncology Connecting Researchers, Methodology, Data Collection, Quality Assurance, and Technical Development. Front. Oncol.
2016, 6, 215. [CrossRef]

Roberts, D.A.; Sandin, C.; Vesanen, P.T.; Lee, H.; Hanson, LM.; Nill, S.; Perik, T.; Lim, S.B.; Vedam, S.; Yang, J.; et al. Machine QA
for the Elekta Unity system: A Report from the Elekta MR-linac consortium. Med. Phys. 2021, 48, e67-e85. [CrossRef]

Mutic, S.; Dempsey, J.F. The ViewRay System: Magnetic Resonance-Guided and Controlled Radiotherapy. Semin. Radiat. Oncol.
2014, 24, 196-199. [CrossRef]

Feng, L.; Delacoste, J.; Smith, D.; Weissbrot, J.; Flagg, E.; Moore, W.H.; Girvin, F; Raad, R.; Bs, P.B; Stoffel, D.; et al. Simultaneous
Evaluation of Lung Anatomy and Ventilation Using 4D Respiratory-Motion-Resolved Ultrashort Echo Time Sparse MRL. ]. Magn.
Reson. Imaging 2018, 49, 411-422. [CrossRef] [PubMed]

Das, 1].; Kase, K.R.; Tello, V.M. Dosimetric accuracy at low monitor unit settings. Br. J. Radiol. 1991, 64, 808-811. [CrossRef]
[PubMed]

Barish, R.J.; Fleischman, R.C.; Pipman, Y.M. Teletherapy beam characteristics: The first second. Med. Phys. 1987, 14, 657-661.
[CrossRef] [PubMed]

Randall, J.W.; Rammohan, N.; Das, L].; Yadav, P. Towards Accurate and Precise Image-Guided Radiotherapy: Clinical Applications
of the MR-Linac. J. Clin. Med. 2022, 11, 4044. [CrossRef] [PubMed]

Huynh, E; Boyle, S.; Campbell, J.; Penney, J.; Mak, R.H.; Schoenfeld, ].D.; Leeman, J.E.; Williams, C.L. Technical note: Toward
implementation of MR-guided radiation therapy for laryngeal cancer with healthy volunteer imaging and a custom MR-CT
larynx phantom. Med. Phys. 2022, 49, 1814-1821. [CrossRef]

Lewis, B.C.; Gu, B.; Klett, R.; Lotey, R.; Green, O.L.; Kim, T. Characterization of radiotherapy component impact on MR imaging
quality for an MRgRT system. J. Appl. Clin. Med. Phys. 2020, 21, 20-26. [CrossRef]


http://doi.org/10.1371/journal.pone.0190883
http://www.ncbi.nlm.nih.gov/pubmed/29304105
http://doi.org/10.1002/acm2.12501
http://www.ncbi.nlm.nih.gov/pubmed/30474353
http://doi.org/10.1118/1.4842575
http://doi.org/10.1088/1361-6560/aa5452
http://doi.org/10.1186/s13014-021-01794-6
http://doi.org/10.1002/mp.15150
http://doi.org/10.1002/acm2.13176
http://doi.org/10.1002/mp.14075
http://www.ncbi.nlm.nih.gov/pubmed/32027027
http://doi.org/10.1016/j.radonc.2020.10.018
http://www.ncbi.nlm.nih.gov/pubmed/33075394
http://doi.org/10.1016/j.ijrobp.2017.08.043
http://www.ncbi.nlm.nih.gov/pubmed/29254773
http://doi.org/10.1016/j.prro.2021.08.007
http://www.ncbi.nlm.nih.gov/pubmed/34450337
http://doi.org/10.1016/j.ijrobp.2019.06.2535
http://doi.org/10.1002/mp.14062
http://doi.org/10.1259/bjr.20180505
http://doi.org/10.3389/fonc.2016.00215
http://doi.org/10.1002/mp.14764
http://doi.org/10.1016/j.semradonc.2014.02.008
http://doi.org/10.1002/jmri.26245
http://www.ncbi.nlm.nih.gov/pubmed/30252989
http://doi.org/10.1259/0007-1285-64-765-808
http://www.ncbi.nlm.nih.gov/pubmed/1913044
http://doi.org/10.1118/1.596035
http://www.ncbi.nlm.nih.gov/pubmed/3627006
http://doi.org/10.3390/jcm11144044
http://www.ncbi.nlm.nih.gov/pubmed/35887808
http://doi.org/10.1002/mp.15472
http://doi.org/10.1002/acm2.13054

J. Clin. Med. 2022, 11, 5136 10 of 11

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.
71.

Rudra, S.; Jiang, N.; Rosenberg, S.A.; Olsen, J.R.; Roach, M.; Wan, L.; Portelance, L.; Mellon, E.A.; Bruynzeel, A.; Lagerwaard, E;
et al. Using adaptive magnetic resonance image-guided radiation therapy for treatment of inoperable pancreatic cancer. Cancer
Med. 2019, 8, 2123-2132. [CrossRef]

Corradini, S.; Alongi, F; Andratschke, N.; Belka, C.; Boldrini, L.; Cellini, F; Debus, J.; Guckenberger, M.; Horner-Rieber, J.;
Lagerwaard, FJ.; et al. MR-guidance in clinical reality: Current treatment challenges and future perspectives. Radiat. Oncol. 2019,
14, 92. [CrossRef]

Kerkmeijer, L.G.W.; Valentini, V.; Fuller, C.D.; Slotman, B.J. Editorial: Online Adaptive MR-Guided Radiotherapy. Front. Oncol.
2021, 11, 748685. [CrossRef]

Hehakaya, C.; Vanneste, B.G.; Grutters, ].P.; Grobbee, D.E.; Verkooijen, H.M.; Frederix, G.W. Early health economic analysis of
1.5 T MRI-guided radiotherapy for localized prostate cancer: Decision analytic modelling. Radiother. Oncol. 2021, 161, 74-82.
[CrossRef]

Alongi, F; Rigo, M.; Figlia, V.; Cuccia, F.; Giaj-Levra, N.; Nicosia, L.; Ricchetti, F,; Sicignano, G.; De Simone, A.; Naccarato, S.
1.5T MR-guided and daily adapted SBRT for prostate cancer: Feasibility, preliminary clinical tolerability, quality of life and
patient-reported outcomes during treatment. Radiat. Oncol. 2020, 15, 69. [CrossRef] [PubMed]

Cuccia, F; Rigo, M.; Figlia, V.; Giaj-Levra, N.; Mazzola, R.; Nicosia, L.; Ricchetti, F; Trapani, G.; De Simone, A.; Gurrera, D.; et al.
1.5T MR-Guided Daily Adaptive Stereotactic Body Radiotherapy for Prostate Re-Irradiation: A Preliminary Report of Toxicity
and Clinical Outcomes. Front. Oncol. 2022, 12, 858740. [CrossRef] [PubMed]

Weykamp, F; Hoegen, P; Kliiter, S.; Spindeldreier, C.K.; Konig, L.; Seidensaal, K.; Regnery, S.; Liermann, J.; Rippke, C.; Koerber,
S.A.; et al. Magnetic Resonance-Guided Stereotactic Body Radiotherapy of Liver Tumors: Initial Clinical Experience and
Patient-Reported Outcomes. Front. Oncol. 2021, 11, 610637. [CrossRef] [PubMed]

Tan, H.; Cheung, P; Louie, A.V.; Myrehaug, S.; Niglas, M.; Atenafu, E.G.; Chu, W.; Chung, H.T.; Poon, L; Sahgal, A.; et al.
Outcomes of extra-cranial stereotactic body radiotherapy for metastatic breast cancer: Treatment indication matters. Radiother.
Oncol. 2021, 161, 159-165. [CrossRef]

Chuong, M.D.; Herrera, R.; Kaiser, A.; Rubens, M.; Romaguera, T.; Alvarez, D.; Kotecha, R.; Hall, M.D.; McCulloch, J.; Ucar, A,;
et al. Induction Chemotherapy and Ablative Stereotactic Magnetic Resonance Image-Guided Adaptive Radiation Therapy for
Inoperable Pancreas Cancer. Front. Oncol. 2022, 12, 888462. [CrossRef]

Pirzkall, A.; Carol, M.P; Pickett, B.; Xia, P.; Roach, M.; Verhey, L.]. The effect of beam energy and number of fields on photon-based
IMRT for deep-seated targets. Int. . Radiat. Oncol. Biol. Phys. 2002, 53, 434—442. [CrossRef]

Van Heijst, T.C.; Den Hartogh, M.D.; Lagendijk, ].J.; van den Bongard, H.D.; Van Asselen, B. MR-guided breast radiotherapy:
Feasibility and magnetic-field impact on skin dose. Phys. Med. Biol. 2013, 58, 5917-5930. [CrossRef]

Groot Koerkamp, M.L.; Vasmel, J.E.; Russell, N.S.; Shaitelman, S.F.; Anandadas, C.N.; Currey, A.; Vesprini, D.; Keller, B.M.;
De-Colle, C.; Han, K,; et al. Optimizing MR-Guided Radiotherapy for Breast Cancer Patients. Front. Oncol. 2020, 10, 1107.
[CrossRef]

Nachbar, M.; Monnich, D.; Boeke, S.; Gani, C.; Weidner, N.; Heinrich, V.; Russo, M.L.; Livi, L.; Winter, ].; Tsitsekidis, S.; et al.
Partial breast irradiation with the 1.5 T MR-Linac: First patient treatment and analysis of electron return and stream effects.
Radiother. Oncol. 2020, 145, 30-35. [CrossRef]

Musunuru, H.B.; Yadav, P; Olson, S.J.; Anderson, B.M. Improved Ipsilateral Breast and Chest Wall Sparing With MR-Guided
3-fraction Accelerated Partial Breast Irradiation: A Dosimetric Study Comparing MR-Linac and CT-Linac Plans. Adv. Radiat.
Oncol. 2021, 6, 100654. [CrossRef]

Bajaj, A.; Das, L]. In Regard to Nichol et al. Int. J. Radiat. Oncol. Biol. Phys. 2021, 110, 1543. [CrossRef] [PubMed]

Oborn, B.M.; Metcalfe, P.E.; Butson, M.].; Rosenfeld, A.B. Monte Carlo characterization of skin doses in 6 MV transverse field
MRI-linac systems: Effect of field size, surface orientation, magnetic field strength, and exit bolus. Med. Phys. 2010, 37, 5208-5217.
[CrossRef] [PubMed]

Shortall, J.; Vasquez Osorio, E.; Aitkenhead, A.; Berresford, J.; Agnew, J.; Budgell, G.; Chuter, R.; McWilliam, A.; Kirkby, K,;
Mackay, R.; et al. Experimental verification the electron return effect around spherical air cavities for the MR-Linac using Monte
Carlo calculation. Med. Phys. 2020, 47, 2506-2515. [CrossRef]

Chandarana, H.; Wang, H.; Tijssen, RH.N.; Das, 1.]. Emerging Role of MRI in Radiation Therapy. J. Magn. Reson. Imaging 2018, 48,
1468-1478. [CrossRef] [PubMed]

Curcuru, A.N.; Lewis, B.C.; Kim, T.; Yang, D.; Michael Gach, H. Effects of By eddy currents on imaging isocenter shifts in 0.35-T
MRI-guided radiotherapy (MR-IGRT) system. Med. Phys. 2021, 48, 2929-2938. [CrossRef]

Das, 1.].; Sanfilippo, N.J.; Fogliata, A.; Luca Cozzi, L. Intensity Modulated Radiation Therapy: A Clinical Overview; IOP Publishing:
Bristol, UK, 2020.

Fast, M.E; Eiben, B.; Menten, M.].; Wetscherek, A.; Hawkes, D.]J.; McClelland, J.R.; Oelfke, U. Tumour auto-contouring on 2d cine
MRI for locally advanced lung cancer: A comparative study. Radiother. Oncol. 2017, 125, 485-491. [CrossRef]

Palm, R.E,; Eicher, K.G.; Sim, A.].; Peneguy, S.; Rosenberg, S.A.; Wasserman, S.; Johnstone, P.A.S. Assessment of MRI-Linac
Economics under the RO-APM. J. Clin. Med. 2021, 10, 4706. [CrossRef]

Otto, K. Volumetric modulated arc therapy: IMRT in a single gantry arc. Med. Phys. 2008, 35, 310-317. [CrossRef]

Das, L].; McGee, K.P,; Desobrey, G.E. The digitally reconstructed radiograph. In A Practical Guide to CT Simulation; Coia, L.R,,
Schultheiss, T.E., Hanks, G.E., Eds.; Advanced Medical Publishing: Madison, WI, USA, 1995; pp. 39-50.


http://doi.org/10.1002/cam4.2100
http://doi.org/10.1186/s13014-019-1308-y
http://doi.org/10.3389/fonc.2021.748685
http://doi.org/10.1016/j.radonc.2021.05.022
http://doi.org/10.1186/s13014-020-01510-w
http://www.ncbi.nlm.nih.gov/pubmed/32248826
http://doi.org/10.3389/fonc.2022.858740
http://www.ncbi.nlm.nih.gov/pubmed/35494082
http://doi.org/10.3389/fonc.2021.610637
http://www.ncbi.nlm.nih.gov/pubmed/34178616
http://doi.org/10.1016/j.radonc.2021.06.012
http://doi.org/10.3389/fonc.2022.888462
http://doi.org/10.1016/S0360-3016(02)02750-5
http://doi.org/10.1088/0031-9155/58/17/5917
http://doi.org/10.3389/fonc.2020.01107
http://doi.org/10.1016/j.radonc.2019.11.025
http://doi.org/10.1016/j.adro.2021.100654
http://doi.org/10.1016/j.ijrobp.2021.03.024
http://www.ncbi.nlm.nih.gov/pubmed/34273328
http://doi.org/10.1118/1.3488980
http://www.ncbi.nlm.nih.gov/pubmed/21089754
http://doi.org/10.1002/mp.14123
http://doi.org/10.1002/jmri.26271
http://www.ncbi.nlm.nih.gov/pubmed/30194794
http://doi.org/10.1002/mp.14842
http://doi.org/10.1016/j.radonc.2017.09.013
http://doi.org/10.3390/jcm10204706
http://doi.org/10.1118/1.2818738

J. Clin. Med. 2022, 11, 5136 11 of 11

72. Das, L].; McGee, K.P; Fein, D.A.; Milito, S.J.; Shammo, G.; Curran, W.J.; Coia, L.R. Use of multiplanar reformatted radiographic
and digitally reconstructed radiographic images for planning conformal radiation therapy. RadioGraphics 1995, 15, 1483-1488.
[CrossRef]

73. Lee, S.L.; Mahler, P; Olson, S.; Witt, ].S.; Musunuru, H.B.; Rajamanickam, V.; Bassetti, M.E; Yadav, P. Reduction of cardiac dose
using respiratory-gated MR-linac plans for gastro-esophageal junction cancer. Med. Dosim. 2021, 46, 152-156. [CrossRef]

74. McGee, K.P; Tyagi, N.; Bayouth, ].E.; Cao, M.; Fallone, B.G.; Glide-Hurst, C.K.; Goerner, EL.; Green, O.L.; Kim, T.; Paulson, E.S,;
et al. Findings of the AAPM Ad Hoc committee on magnetic resonance imaging in radiation therapy: Unmet needs, opportunities,
and recommendations. Med. Phys. 2021, 48, 4523-4531. [CrossRef] [PubMed]


http://doi.org/10.1148/radiographics.15.6.8577971
http://doi.org/10.1016/j.meddos.2020.10.002
http://doi.org/10.1002/mp.14996
http://www.ncbi.nlm.nih.gov/pubmed/34231224

	Introduction 
	Motion Management 
	Paradigm Shift 
	Success 
	Challenges 
	Conclusions 
	References

