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Background and Objective: In the field of radiation therapy, image-guided radiotherapy (IGRT) 
technology has been gradually improving and highly accurate radiation treatment has been possible. Research 
on IGRT using 1.5 Tesla magnetic resonance imaging (MRI) began in 1999, and a radiation therapy device 
called 1.5 Tesla magnetic resonance linear accelerator (MR-Linac), which combines a linear accelerator with 
1.5 Tesla MRI, was developed in Europe. The aim of this review is to present an overview of 1.5 Tesla MR-
Linac with a review of the literature and our experience.
Methods: Reports related to 1.5 Tesla MR-Linac were searched for in PubMed and are discussed in 
relation to our experience.
Key Content and Findings: The 1.5 Tesla MR-Linac enables IGRT using 1.5 Tesla MRI, further 
enhancing the precision of radiation therapy. Position verification by cone-beam computed tomography 
(CBCT) is performed in many institutions, but soft tissue contrast is often unclear in CBCT images of the 
abdomen and mediastinal organs. Since the 1.5 Tesla MR-Linac allows position verification using MRI, 
position verification can be performed using clear MRI even in regions where CBCT is unclear. With the 1.5 
Tesla MR-Linac, it is possible to perform online adaptive radiotherapy (ART) using 1.5 Tesla MRI. Online 
ART is a method in which images are acquired while the patient is on the treatment table. The method 
is based on the current condition of the organs in the body on that day and an optimal treatment field is 
recreated. Additionally, it allows monitoring of tumor motion using cine images obtained by 1.5 Tesla MRI 
during the delivery of X-ray radiation. A previous report showed that patients with prostate cancer who 
received radiotherapy by MR-Linac had fewer side effects than those in patients who received conventional 
CBCT radiation therapy.
Conclusions: The 1.5 Tesla MR-Linac obtained CE-mark certification in Europe in August 2018 and it 
has been used for clinical treatment. In Japan, clinical treatment using this device started in 2021. By using 1.5 
Tesla MR-Linac, patients can be provided with higher precision radiotherapy. In this review, we provide an 
overview of 1.5 Tesla MR-Linac.
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Introduction

In radiation therapy, the technique for verification of 
the patient’s position has been gradually improving (1). 
In current image-guided radiotherapy (IGRT), bone 
images of the patient are used for position verification 
in many institutions. Bone images are obtained by using 
an electronic portal imaging device (EPID) while the 
patient is lying on the radiation therapy table to verify 
the patient’s position. Leong reported the method and it 
has been used since the 1990s (2). With the progress of 
research, images of soft tissue began to be used instead of 
bone images for position verification. Although it does not 
provide the same soft tissue resolution as that of diagnostic 
computed tomography (CT), position verification using 
cone-beam CT (CBCT) was initiated (3). Such advances 
in IGRT became the foundation for the development 
of highly precise radiation therapies such as stereotactic 
body radiation therapy (SBRT) and intensity-modulated 
radiation therapy (IMRT). Research on magnetic resonance 
imaging (MRI)-based IGRT techniques was carried out to 
obtain better soft tissue contrast (4). A device for radiation 
therapy was devised by combining a linear accelerator and 
a 1.5 Tesla MRI system (5). This radiation therapy device 
that enables IGRT and online adaptive radiotherapy (ART) 
using 1.5 Tesla MRI is called 1.5 Tesla magnetic resonance 
linear accelerator (MR-Linac). In Europe, the first patient 
received treatment as part of a study using the 1.5 Tesla 
MR-Linac in 2017 (6). 1.5 Tesla MR-Linac obtained CE-
mark certification in August 2018 and clinical treatment 
using the device has been conducted in Europe. In Japan, 
clinical treatment using the device started in 2021. The 
use of 1.5 Tesla MR-Linac for radiation therapy has gained 
attention and is expected to make significant contributions 
in the future. In this review, we provide an overview and 
discuss future prospects of 1.5 Tesla MR-Linac. We present 
this article in accordance with the Narrative Review 
reporting checklist (available at https://tcr.amegroups.com/
article/view/10.21037/tcr-23-1649/rc).

Methods

A search was conducted in PubMed for articles related to 1.5 
Tesla MR-Linac and MR-Linac. Clinical treatment with 1.5 
Tesla MR-Linac has been conducted in our institution since 
February 2022. N.T. searched the literature and selected 
reports that are important for understanding an overview of 
1.5 Tesla MR-Linac (Table 1).

SBRT by using 1.5 Tesla MR-Linac has so far performed 

for more than 200 patients in our institution (Figure 1). An 
overview of 1.5 Tesla MR-Linac based on the literatures 
and our experience is provided here.

Effects of magnetic fields on radiation dose

X-rays themselves are not affected by a magnetic field. 
However, the trajectory of the generated electrons changes 
due to the Lorentz force (7). When examining the influence 
of a magnetic field on percentage depth dose, it is observed 
that in the presence of a magnetic field, the maximum depth 
becomes shallower and the dose in deeper regions tends to 
be lower (8). At the boundary of substances with different 
electron densities, a phenomenon called the electron return 
effect occurs. This is a phenomenon in which electrons 
that have exited the body in the air return to the surface 
of the body due to the Lorentz force (7). There is another 
phenomenon called the electron streaming effect that 
occurs when X-rays enter or exit an object (9). In this 
phenomenon, generated electrons tend to move in the 
direction of a magnetic field, and in the human body, this 
phenomenon can cause electrons to hit areas such as the 
jaw (10). In the radiation treatment planning system of a 1.5 
Tesla MR-Linac, the dose distribution map is created with 
the influence of these magnetic fields taken into account.

IGRT using 1.5 Tesla MRI

The 1.5 Tesla MR-Linac has three strengths compared to 
a conventional Linac. The first is IGRT using 1.5 Tesla 
MRI. In recent years, position verification using CBCT has 
been used instead of position verification using EPID (3).  
While X-rays have been used for positional alignment 
based on bones, even if the positions of the bones are 
used for alignment, there can still be some discrepancies 
with organs and tumors within the body. In CBCT, images 
are acquired by using kilovolt X-rays, but image quality is 
inferior to that in diagnostic CT scans. Noel et al. reported 
that even a low-field MR-Linac provided better anatomic 
visualization than that provided by CBCT (11). CBCT has 
the advantage of easy attachment of the system to a Linac, 
but it has the disadvantage of having slightly poor soft-
tissue contrast, although it provides some understanding 
of internal organs. In contrast, the 1.5 Tesla MR-
Linac allows positional verification using 1.5 Tesla MRI 
(Figure 2). The same imaging equipment as that used for 
diagnostic MRI scanners in used for 1.5 Tesla MRI (6). 
Using an MRI scanner with the same specifications as the 
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diagnostic imaging equipment enables not only positional 
alignment but also the acquisition of functional images. The 
application of functional images to radiation therapy holds 
promising potential for the future.

By utilizing 1.5 Tesla MRI, images with soft tissue 
resolution that is superior to that of images obtained by 
conventional CBCT can be used for radiation therapy in 
the mediastinal, abdominal and pelvic regions, and thus the 
accuracy of position verification is improved compared to 
that of CBCT-based positional verification.

MR-guided online ART

The second strength of 1.5 Tesla MR-Linac is that it has a 

simple workflow for administering online ART. ART is a 
method for re-planning during the course of radiotherapy (12). 
On the other hand, online ART is a method for re-planning 
while the patient is on the treatment table. Online ART is 
already being used for various types of radiotherapy such 
as brachytherapy. Low dose rate brachytherapy for patients 
with prostate cancer is online ART using ultrasound 
images and high dose rate brachytherapy for patients with 
cervical cancer is online ART using CT or MRI (13). In 
conventional external beam radiotherapy, when the shape 
of the tumor is changed, re-planning is generally performed 
and sometimes more than once. However, when re-
planning is performed, it takes several days for the patient 
to receive radiotherapy with the latest plan. During that 
time, irradiation based on the initial plan will be performed. 
On the other hand, when 1.5 Tesla MR-Linac is used, ART 
is performed while the patients lying on the Linac treatment 
table. Therefore, it is possible to perform radiotherapy with 
a plan that is adapted to the shape of the tumor and the 
shapes of organ at risk (OAR) on that day (14). Daily ART 
using CBCT is also being considered, but, as mentioned 
above, CBCT has the disadvantage of being inferior to MRI 
in terms of soft tissue contrast (15).

By using 1.5 Tesla MR-Linac, it is possible to treat 
patients with daily ART based on 1.5 Tesla high-field MRI 
images (Figure 3).

Motion monitoring

The third strength of 1.5 Tesla MR-Linac is that motion 
monitoring of inside the patient’s body can be performed 
during on-beam of treatment X-ray without extra radiation 
exposure. In order to confirm tumor motion when 
radiotherapy is being carried out using a conventional 
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Table 1 The search strategy summary

Items Specification

Date of search March 1st, 2023

Databases and other sources searched PubMed

Search terms used 1.5 T MR-Linac or MR-Linac

Timeframe Until November 2023

Inclusion criteria Original article or Review article; only English

Selection process N.T. read the titles and abstracts, and also read the text of any documents that seemed related. 
N.T. selected the documents that are important for understanding an overview of 1.5 Tesla MR-
Linac

MR-Linac, magnetic resonance linear accelerator.

Figure 1 Number of patients and tumor sites in patients who have 
been treated with 1.5 Tesla MR-Linac. Our institution has been 
treating patients with 1.5 Tesla MR-Linac since February 2022. 
We treated 243 patients between February 2022 and August 2023. 
All of the patients received stereotactic body radiation therapy. 
The most common treatment site of 1.5 Tesla MR-Linac in our 
institution is prostate cancer. MR-Linac, magnetic resonance linear 
accelerator.
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Linac, it is possible to confirm the movement of the tumor 
by observing the movement of a fiducial marker using 
X-ray fluoroscopy instead of observing the movement of the 
tumor itself (16). Fiducial markers are often used to improve 
the accuracy of radiation therapy. However, when a fiducial 
marker is placed, pain, bleeding and, depending on the site, 
pneumothorax and organ puncture may occur (17). On the 
other hand, by using 1.5 Tesla MR-Linac, it is possible to 
see the movement of the tumor itself without radiation 
exposure and the use of a fiducial marker. 

By using 1.5 Tesla MRI cine images, the tumor location 
can be monitored in real time during radiotherapy, thus 
further increasing the accuracy of radiotherapy without the 
use of a fiducial marker (Video 1).

Treatment workflow of 1.5 Tesla MR-Linac

The workflow of treatment with 1.5 Tesla MR-Linac 
first involved obtaining radiotherapy planning images 
in the same way as that for conventional radiotherapy 
planning (Figure 4). Planning MRI is not mandatory for 
radiotherapy planning, and CT alone can be used. As in the 
case of conventional radiotherapy, segmentations of OAR 
and the tumor are performed on the planning images to 
create a dose distribution. The average electron densities 
of OAR, the tumor and the patient’s body are obtained 
from CT images. These electron densities are used for 
plan adaptation on MRI of daily radiotherapy because the 
electron density is not known in MRI. By assigning these 

MRI 3D T2 using 1.5 Tesla MR-Linac CBCT

Planning MRI 3D T2 image Pre-beam MRI 3D T2 image at 1st radiotherapy

Figure 2 Comparison of images obtained by 1.5 Tesla MR-Linac and CBCT. The figure shows examples of MRI 3D T2 using 1.5 Tesla 
MR-Linac and a CBCT image for a patient with esophageal cancer. Both images were acquired on the same day. The MRI 3D T2 obtained 
by using 1.5 Tesla MR-Linac has better soft tissue contrast than that in the CBCT. MRI, magnetic resonance imaging; MR-Linac, magnetic 
resonance linear accelerator; CBCT, cone-beam computed tomography.

Figure 3 An example of the difference of an organ on the day of planning and that on the day of radiotherapy. The yellow line indicates the 
prostate and the blue line indicates the rectum. There was a hydrogel spacer between the prostate and the rectum. There were stools and 
the shape of the rectum changed on the day of radiotherapy. By daily adaptive radiotherapy using 1.5 Tesla MR-Linac, radiotherapy can 
be performed in the most suitable radiotherapy field according to the shapes of the internal organs on the day. MRI, magnetic resonance 
imaging; MR-Linac, magnetic resonance linear accelerator.
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Video 1 An example of motion monitoring during irradiation. This 
is an example of a patient with prostate cancer who was treated with 
stereotactic body radiation therapy. These are sagittal and axial 
images of cine magnetic resonance imaging during radiotherapy 
beam on. The green line is planning target volume. In this video, 
we can see that gas comes down into the rectum during irradiation 
and pushes the prostate ventrally. In such cases, we are able to stop 
irradiation, vent the gas, and then continue irradiation.

Radiotherapy planning

Daily radiotherapy (Online)

Planning MRI

Planning CT

RT plan

Position verification

Rigid registration

Pre-beam MRI

Plan adaptation

Motion monitoring

Beam on

Independent MU 
verification

+

Figure 4 Treatment workflow of 1.5 Tesla MR-Linac. CT, computed tomography; RT, radiotherapy; MRI, magnetic resonance imaging; 
MU, monitor unit; MR-Linac, magnetic resonance linear accelerator.

electron densities to segmentation on MRI, plan adaptation 
can be performed for MRI (18).

On the day of radiotherapy, rigid registration using 
the planning image and pre-beam MRI on that day is 
performed. After rigid registration, plan adaptation is 
performed. There are two methods for plan adaptation: 
adapt to position (ATP) workflow and adapt to shape 
(ATS) workflow (12). ATP is a method in which the plan is 
adapted by considering only the misalignment of the tumor 
in the planning image and pre-beam MRI. On the other 
hand, ATS is a method of performing re-segmentation of 
OAR and the tumor in the pre-beam MRI of the day and 
adapting the plan. ATS is a method of adapting the plan 
by considering not only positional displacement but also 
changes in the shapes of OAR and the tumor. After plan 
adaptation is completed, MRI for position verification is 
performed to check whether there are any changes in the 
tumor position during adaptation. If there is a change in 
the position of the tumor, plan adaptation is performed 
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for the position verification MRI again to correct it. If 
there is no positional deviation of the tumor in position 
verification MRI or the deviation is within an acceptable 
range, an independent MU verification will be performed 
and irradiation will be started. Motion monitoring during 
irradiation is performed using MRI cine images. After 
irradiation, MRI may be performed to check for any 
positional deviation, but this is optional.

Advantage of MR-Linac

As mentioned above, the three advantages of 1.5 Tesla 
MR-Linac are position verification with 1.5 Tesla MRI, 
a workflow that allows easy online ART, and motion 
monitoring during irradiation without the use of a marker. 
It is expected that these advantages will improve the 
accuracy of radiation therapy and reduce side effects. Henke 
et al. showed that unnecessary dose constraints for OAR 
are reduced and planning target volume (PTV) coverage is 
increased by online ART using MR-Linac compared with 
those when using conventional CBCT-based Linac (19). 
Nierer et al. showed that MR-guided online ART improves 
dosimetric parameters for patients with liver, lung, abdominal 
lymph nodes, pancreas and prostate cancer (20). There is 
a report showing not only improvements in dosimetric 
parameters but also reduction in acute injury by using MR-
Linac. Kishan et al. showed that patients who received 
radiotherapy by MR-Linac had fewer side effects than those 
in patients who received conventional CBCT radiation 
therapy (21). They treated patients with prostate cancer by 
SBRT. In their study, the MR-Linac group was treated with 
a PTV margin of 2 mm and the CBCT group was treated 
with a PTV margin of 4 mm. The incidence of grade 2 or 
higher acute genitourinary toxicity was significantly lower 
in the MRI group than in the CBCT group.

1.5 Tesla MR-Linac in Japan and future 
prospects of 1.5 Tesla MR-Linac

There are currently three institutions in Japan in which 
1.5 Tesla MR-Linac has been installed (22,23). In Japan, 
treatment using 1.5 Tesla MR-Linac started in December 
2021 (22). Much interest has been shown in 1.5 Tesla MR-
Linac not only for clinical use but also as for research. 
Facilities with MR-Linac in Japan have formed a team and 
are proceeding with clinical studies and research (14).

By using 1.5 Tesla MR-Linac, it is possible to reduce the 
PTV margin compared to that using conventional radiation 

therapy equipment. Since side effects can be expected to 
be reduced compared to those in the past, it will also be 
possible to try to increase the dose of radiation therapy. In 
the future, it will be possible to increase the radiation dose 
per fraction and perform SBRT in a smaller number of 
fractions (24).

1.5 Tesla MR-Linac treatment can be considered as a 
treatment method that is still in the process of development. 
By using a 1.5 Tesla MRI, it is possible to obtain images that 
are equivalent to those obtained by diagnostic MRI. Which 
MRI sequence is suitable for treatment of which area is 
an issue for which further study is need. In addition, since 
functional images such as images obtained by diffusion-
weighted imaging can be acquired, precision medicine such 
as radiation dose adjustment by such images is also an issue 
for further study. A consortium has been formed to advance 
research on 1.5 T MR-Linac (25). There are several tumor 
site groups. They are discussing the research and clinical 
applications of 1.5 Tesla MR-Linac in each organ, and it 
is expected that treatment using 1.5 Tesla MR-Linac will 
continue to advance.

Problems with and limitations of MR-Linac

There are some problems to use 1.5 Tesla MR-Linac. First, the 
delivery of each fraction of radiation therapy takes longer when 
using 1.5 Tesla MR-Linac than when using a conventional 
Linac. Lakomy et al. reported that the median duration 
of radiotherapy with the ATP workflow was 30 minutes  
(range, 17–66 minutes) and that of radiotherapy with the 
ATS workflow was 42 minutes (range, 30–65 minutes) (26). 
Either ATP or ATS workflows need plan adaptation, which 
increases total radiotherapy time.

The second problem is staff training. The use of 1.5 
Tesla MR-Linac is a new treatment situation in which 
patients are irradiated in a magnetic field. Radiotherapy 
technologists (RTTs), radiation oncologists and nurses must 
be fully aware of the danger of staying in magnetic fields. 
And, RTTs, medical physicists and radiation oncologists 
need to be familiar with the online ART workflow. ART 
with MR-Linac will take a long time unless all of the staff 
members are familiar with it. Radiation oncologists must 
be fully aware of the tumor and OAR for radiotherapy that 
a patient will receive, especially since re-segmentation is 
very time-consuming. Recently published study have been 
allowed technicians to re-segment OAR and the tumor in 
online ART of MR-Linac (27). In any case, staff education 
is important for smooth treatment by online ART.
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The third problem is that it is difficult to treat patients 
for whom MRI cannot be performed. For example, 
MRI cannot be performed for patients with pacemakers, 
cochlear implants, metal implants of unknown material 
and claustrophobia. Even if an MRI-compatible metal is 
implanted, it may not be suitable if it is located near the 
lesion and may disturb the image.

Conclusions

Clinical treatment using 1.5 Tesla MR-Linac has begun in 
Japan. There are some precautions to be taken when using 
it. However, there are advantages such as IGRT using 1.5 
Tesla MRI, MR-guided online ART, and motion monitoring 
during radiotherapy beam on. By using 1.5 Tesla MR-Linac, 
we can provide patients with higher precision radiotherapy. 
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