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MRI is increasingly used in radiation oncology to facilitate tumor and organ-at-risk delineation and image
guidance. In this review, we address issues of MRI that are relevant for radiation oncologists when inter-
preting MR images offered for radiotherapy. Whether MRI is used in combination with CT or in an MRI-
only workflow, it is generally necessary to ensure that MR images are acquired in treatment position,
using the positioning and fixation devices that are commonly applied in radiotherapy. For target delin-
eation, often a series of separate image sets are used with distinct image contrasts, acquired within a sin-
gle exam. MR images can suffer from image distortions. While this can be avoided with dedicated scan
protocols, in a diagnostic setting geometrical fidelity is less relevant and is therefore less accounted
for. Since geometrical fidelity is of utmost importance in radiation oncology, it requires dedicated scan
protocols. The strong magnetic field of an MRI scanner and the use of radiofrequency radiation can cause
safety hazards if not properly addressed. Safety screening is crucial for every patient and every operator
prior to entering the MRI room.
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1. Introduction

MRI is a versatile technique that is capable of producing images
with a variety of tissue contrasts. Because its soft-tissue contrast is
superior to CT, it is increasingly used in the radiation oncology
practice to facilitate tumor and organ-at-risk delineation [1–3].
Recently MRI-guided radiotherapy systems have become available
that allow MR imaging of a patient during a radiotherapy treat-
ment fraction [4–7]. A number of papers have been published on
the use of MRI for radiotherapy simulation, in combination with
CT or in an MR-only workflow [8–10]. Review papers are available
on which image contrast to use for particular tumor sites [11,12].
Physics studies addressing the specific issues of MRI for radiation
oncology are published [13–15]. Particularly geometrical fidelity
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Fig. 1. MR images of a patient with head-neck cancer showing a) T2-weighted with
fat suppression; b) T1-weighted and c) T1-weigthed after administration of
gadolinium contrast agent.
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has been widely addressed and methods to ensure appropriate and
reliable use of MRI for RT are available [16]. A consensus opinion
on the use of MRI for radiotherapy simulation was published [15].

In this review, we specifically identify issues of MRI that are rel-
evant for radiation oncologists when interpreting MR images
offered for radiotherapy. We discuss the limitations of diagnostic
MRI scans and the reason why MRI protocols specifically designed
for use in radiotherapy are necessary. To this end some background
on the generation of MRI will be given, but for a more complete
handling of MRI physics the reader is referred to publications such
as a special issue on MRI for radiotherapy published in Seminars in
Radiation Oncology [13,17], and training courses of the European
Society for Radiotherapy and Oncology (ESTRO) and the Interna-
tional Society for Magnetic Resonance in Medicine (ISMRM).

2. MR in RT

MRI is used within the radiotherapy workflow in different sce-
narios. In external-beam radiotherapy MRI is used mostly in com-
bination with CT to facilitate delineation of targets and organs at
risk. The CT with delineated structures is then used for treatment
planning and dose calculation. MRI is used mostly to provide ana-
tomic information on a structure (tumor or organ at risk) that is
not or poorly visible on CT. The challenge here lies in the validation
of the registration [18]. Since the most relevant structures are not
equally visible on both imaging modalities, the registration must
rely on the correspondence of surrounding structures. In particular
when deformation and internal movement of organs occurs
between the MRI and CT exam, an accurate registration can be
challenging. To deal with this, substantial effort can be given to
ensure optimal correspondence between the two exams, for exam-
ple by using identical positioning devices and by applying strict
protocols to control rectal and bladder filling. Alternatively, the
registration is only directed at the volume of interest and its imme-
diate surroundings. Different strategies for several tumor sites are
described by Paulson et al. [15].

To avoid the problem of registration between MRI and CT alto-
gether, an MRI-only workflow can be chosen. The challenge here is
to derive a pseudo-CT from MR images, needed for dose calcula-
tions. Several methods have been proposed, as reviewed by
Nyholm and Jonsson [8]. Commercial solutions are now available
for some tumor sites [19,20].

Whether MRI is used in combination with CT or in an MRI-only
workflow, it is generally necessary to ensure that MR images are
acquired in treatment position, using the positioning and fixation
devices that are commonly applied in radiotherapy. Often the stan-
dard diagnostic receive coils, that collect the MRI signal from the
patient, cannot be used. For example for head and neck or brain
imaging patients are scanned in a dedicated head coil for diagnos-
tic purposes, which is a fixed construction with many coil elements
positioned around the head. Since this leaves no space for a fixa-
tion mask, this prohibits scanning of patients in treatment position.
Alternative solutions are widely available now, often using config-
urations of flexible coils, wrapped around the mask. However, the
resulting images typically have a lower signal to noise than diag-
nostic images. For head-neck cancer patients, scanning in a mask
is essential to reproduce the flexing of the neck between MRI
and planning CT. For brain a rigid registration may be sufficient
to provide an accurate correspondence between the two image
sets, although a different angulation of the image planes may be
confusing.

MRI is also used in the context of brachytherapy. For the treat-
ment of cervical cancer the use of MRI guidance has created a new
paradigm, allowing individual tailoring of the brachytherapy boost
dose [21]. Here often an MRI-only workflow is followed, without
registration of images to CT. For brachytherapy of prostate cancer,
the use of MRI has helped to improve the quality of delineation of
the target and organs at risk. Because of its superior soft-tissue
contrast, compared to CT and ultrasound, it has been incorporated
in the radiotherapy workflow for real-time image guidance, fusion
with ultrasound during ultra-sound guidance, and for low dose-
rate post implant dosimetry [21]. A particular benefit of MRI arises
when it is used to identify the intra-prostatic lesion as a target for
focal boost high dose rate brachytherapy [22].

3. Image contrast

One of the most useful features of MRI is its versatility in image
contrast. MRI imaging is based on a signal that arises from hydro-
gen atoms that are placed in a strong magnetic field (usually 1.5 or
3.0 T for diagnostic scanners) and are irradiated with radio waves.
Upon irradiation with a radio pulse, a radio signal will arise from
the hydrogen atoms in the tissue. It decays however via two dis-
tinct processes called longitudinal relaxation and transversal relax-
ation. Longitudinal relaxation happens in a characteristic time
called T1, whereas transversal relaxation is characterized by T2
relaxation time. The values of T1 and T2 depend on the surrounding
of the hydrogen atom [23]. In a patient, most hydrogen is found in
water and fat and therefore most signal arises from these com-
pounds. The T1 and T2 values of water and fat are quite distinct
but also other differences in composition of tissue give rise to vari-
ations in the T1 and T2 values.

The most commonly used contrasts are achieved by T1 and T2
weighting of the images. By simply tuning parameters on the con-
sole of an MRI scanner, the contrast of an image can be changed.
For example, on a T1-weighted image water, with a long T1, will
appear dark. However, it will appear bright on a T2-weighted
image, due to its long T2. Fat will be displayed at intermediary grey
values (Fig. 1). It is also possible to suppress the signal of fat specif-
ically, which sometimes is useful to highlight pathology. As the
specific T1 or T2 relaxation times vary between tissues, it is possible
to highlight their differences.

For target delineation in radiation oncology, often more than
one type of image contrast is used. Separate image sets are
acquired after each other, with different scan parameters. In this



Fig. 2. 3D T1-weighted MRI of a grid phantom. No gradient non-linearity correction
(left), a 2D gradient non-linearity correction (middle) and a 3D gradient non-
linearity correction (right). Top row: axial view, bottom row: coronal view.
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way, an MRI exam can consist for example of a T1-weighted, a T2-
weighted image set and a T2-weighted image set with fat
suppression.

Although MRI can produce a large variety of contrasts, simply
by tuning scan parameters, it is sometimes useful to administer a
contrast agent to improve the conspicuity of pathology. By admin-
istering gadolinium contrast agent, the T1 and T2 values are short-
ened in those areas where the contrast agent is taken up by tissue.
On a T1-weighted imaging, this shortening of T1 results in an
increase in signal. As contrast is mostly taken up by cancerous tis-
sue, this enhances the conspicuity of the disease compared to sur-
rounding tissue. Several studies review the optimal combination of
sequences that is used for target delineation in radiotherapy
[24–28].

Beyond anatomical imaging of T1 and T2 contrast, MRI also has
the capacity to image tissue characteristics such as micro-anatomy,
perfusion and metabolism. The concepts of functional techniques
such as dynamic contrast enhanced (DCE), diffusion-weighted
(DWI) MRI sequences and magnetic resonance spectroscopic imag-
ing (MRSI) and their increasing application in radiation oncology,
are discussed in a number of topical reviews [29–31].
Fig. 3. 3D T1-weighted MRI of a healthy volunteer. No gradient non-linearity
correction (left), a 2D gradient non-linearity correction (middle) and a 3D gradient
non-linearity correction (right). Top row: axial view, bottom row: coronal view.
4. Geometrical fidelity

To identify the origin of the MRI signal in the body, a process
called ‘spatial encoding’ is applied. This process relies on magnetic
field gradients. With these gradients, the radio signals from the
hydrogen nuclei are slightly modified, depending on their location.
The frequency of the radio signals is proportional to the local mag-
netic field. Thus, a small local change in the magnetic field results
in a local off-set of the radiofrequency. This is used to trace back
where the signal came from. Gradients can be applied separately
in the three main directions of the scanner, but also in combina-
tion. In this way the slice orientation can be selected either in
the axial, sagittal or coronal plane but also angulated along an arbi-
trary plane.

As the spatial encoding of the signal, that is used to identify
from what location a signal arises, depends on magnetic field gra-
dients, this process is sensitive to distortions in these field gradi-
ents. Unfortunately, in practice, these field gradients are not
perfectly linear. In fact they flatten off towards the edges of the
scanner. As a consequence, the signal encoding gets distorted.
When this is not considered during reconstruction of the image,
the origin of the signal will appear to be shifted. This can be cor-
rected [16]. The main MRI vendors have integrated a software-
based gradient non-linearity correction into their products. There
are however some caveats: first of all, these corrections can be
switched on and off. It is not easily recognized from an image itself
if the correction was applied or not. Furthermore, the most com-
monly used sequences for T2-weighted imaging are multi-slice
2D sequences. This means that each slice is acquired one after
the other. In some scanners, only a 2D correction of the gradient
distortion is applied. This means that the geometry is corrected
within the image plane. However, the image plane itself will still
be warped when it is located outside of the iso-center of the MRI
scanner [12]. In Fig. 2 the effect of these gradient non-linearities
is demonstrated in the image of a grid. The distortions are minimal
in the center but grow larger, up to 1 cm, towards the edges.

In 3D sequences the entire image is acquired simultaneously
rather than slice by slice. In this case a 3D distortion correction
can be applied. A drawback of particularly T2-weighted 3D
sequences is that their image contrast differs from that of T2-
weighted 2D sequences [32,33]. When the 2D sequences are still
preferred, the impact of the associated geometrical inaccuracy in
those cases needs to be considered. For high-precision stereotactic
treatments, the use of 2D sequences is undesirable.

The previous argument brings to light an intrinsic problem with
geometrical fidelity in clinical practice. It is very difficult, if not
impossible, to assess by looking at an image if it is geometrically
accurate or not. For example, in Fig. 3, the images of a healthy vol-
unteer suffer from the same distortions as the grid. This illustrates
that diagnostic images that may exhibit exquisite image contrast
and signal to noise, may display a tumor and surrounding normal
tissue with great clarity. Nonetheless, the actual location of these
structures may be misrepresented. For this reason, it is generally
recommended not to use MRI images that are made for diagnostic
purposes or come from a source outside the radiation oncology
department. Only when the geometrical fidelity of the specific
acquisition protocol has been verified, should the images be used
in a radiotherapy workflow. Accurate sequences should have a geo-
metrical distortions smaller than 2 mm. For stereotactic applica-
tions, geometrical distortions should be smaller than 1 mm [15].

A consequence of the requirement of geometrical fidelity is that
in the development of MRI sequences for radiation oncology differ-
ent choices are optimal than for diagnostic use. Even though the
image contrast of a T2-weighted 2D sequence may be superior to
the 3D variation, it may be better to use the latter.

The geometrical fidelity is also affected by the so-called ‘water-
fat shift’. The hydrogen atoms in water and fat produce radio sig-
nals at slightly different frequencies. The difference is only 3.4
parts per million, but this is sufficient to influence the spatial
encoding. By this difference in frequency, the position of water
and fat will be shifted slightly. The size of this shift is typically of
the range of 0.5–2 image pixels with a typical size of 0.5–



Fig. 4. A diagnostic 3D T1-weighted sequence of the brain with a water-fat shift of
2 pixels (size 1 � 1 mm2), registered to a planning CT. Left: window-level of the CT
scan set to show cortical bone and bone marrow. The cortical bone is bright on CT,
dark on MRI (arrows). Right: window-level of the CT scan set to show soft tissue
contrast in the brain. The registration of MRI and CT is identical between left and
right. The arrow points at the ventricle that appears shifted on MRI relative to CT.
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1.0 mm. For a geometrically accurate representation, a small
water-fat shift is desirable and this can be tuned during sequence
optimization. However, this reduction results in a loss of signal to
noise. For this reason, diagnostic images are often acquired with a
maximum water fat shift, compromising their usability for radia-
tion oncology. This is another reason why radiation oncology
requires dedicated scan protocols. An example is shown in Fig. 4.
A diagnostic 3D T1-weighted sequence with a water-fat shift of 2
pixels of 1 � 1 mm2 is registered to a planning CT. The cortical
bone is bright on CT, dark on MRI. The bone marrow has an inter-
mediate intensity on both. The left image shows that the bone mar-
row in the skull is aligned correctly. On the right, the same images
are shown but the window-level settings for CT are adjusted to
show better soft-tissue contrast. Here the ventricles on MRI appear
shifted in the cranio-caudal direction by about 2 mm. This shows
that the water content of the brain tissue is shifted relative to
the fatty content of the bone marrow.
5. Image artifacts

Imaging artifacts are features in an image that do not represent
the underlying reality. Geometrical distortions are a particular type
of artifact. The images seem of high quality and may be appropriate
for diagnostic reading, although structures are represented in a
wrong location, as discussed above. Another category of imaging
artifacts show features that are not there. They may obscure
pathology that is present or show characteristics that erroneously
are interpreted as cancer.

Metal objects can cause severe image artifacts. Ferro-magnetic
materials are not safe in an MRI as they may be attracted by the
strong magnetic field of the scanner. Examples are some types of
hip and knee prostheses. While this may be safe under certain con-
ditions, these objects can have a profound effect on image quality
[34]. First of all, the metal object itself will not produce an MRI sig-
nal, leaving a dark image void. Depending on the magnetic proper-
ties of the metal, the object will also distort the magnetic field in its
surroundings. This means that the spatial encoding gets perturbed,
resulting in warping of structures in the vicinity of the object. The
degree of image distortion depends on the specifics of the MRI
sequence and the magnetic susceptibility of the implant. The dis-
tortion tends to be larger at high-field (3 T) than at lower field
(1.5 T) MRI systems. In general T2-TSE sequences are less affected
than T1 gradient echo sequences. Diffusion-weighted MRI is mostly
based on a so-called echo planar imaging (EPI) technique. These
images are particularly sensitive to distortions of the magnetic
field. While new techniques to minimize EPI distortion around
metal implants are being proposed [35], diffusion-weighted MRI
with standard EPI techniques is often not useful in patients with
metal implants.

Although to a much smaller degree, interfaces between tissue
and air/gas also distort the magnetic field. For most sequences this
is a relatively small effect. It can be further reduced when a small
water-fat shift is selected. However, again diffusion-weighted
images are much more sensitive to this effect and severe image
distortions may occur for example around rectal gas or air cavities
in the head-neck area. Contouring of tumors on diffusion-weighted
MRI should therefore be handled with caution. If no air pockets are
present, the images may be reliable. However, near air pockets it is
safer to contour on the standard T1 or T2-weighted images.

A particular class of imaging artifacts arises from motion. Peri-
odic motion can show up as ‘ghosting’, a faint repetition of the
structures in the image at periodic distances [36]. To avoid the
ghosting artifacts caused by periodic breathing motion, a breath-
hold acquisition can be applied. A breath-hold sequence is typically
applied in the maximum inhale phase of the breathing cycle. Since
this only works reliably with very fast acquisitions, for slower
acquisitions a navigator-triggered sequence is often used. The
breathing signal can be derived from the MRI signal in the form
of a ‘navigator’. A navigator is a fast 1-dimensional acquisition, typ-
ically positioned in the cranio-caudal direction across the liver
dome to detect the maximum exhale position of the breathing
cycle. At this point, the regular sequence is acquired. This results
in artifact-free images of the anatomy that can be used for diagnos-
tic purposes. For radiotherapy contouring this may however be
inappropriate if the treatment is done under deep inspiration
breath-hold (the maximum inhale phase of the breathing cycle),
or during free breathing, taking the mid-ventilation or mid-
position of the tumor as reference. While standard solutions are
not readily available, 4D-MRI solutions have been proposed that
map multiple phases of the breathing motion and allow contouring
in a mid-ventilation or mid-position phase that is more represen-
tative of the mean position during free breathing [37–39].
6. Safety

The strong magnetic field of an MRI scanner and the use of
radiofrequency radiation can cause safety hazards if not properly
addressed [40,41]. The most obvious risk is that ferro-magnetic
objects are attracted to the scanner. The forces involved are huge
and can cause serious harm to people. This is one of the reasons
why safety screening is crucial for every patient and every operator
prior to entering the MRI room. Another risk is the malfunctioning
of devices such as pacemakers. In some cases, modern pacemakers
and implanted cardioverter defibrillators (ICDs) are compatible
with use in an MRI scanner, but this needs to be checked carefully
and often an operator from a cardiology department needs to be
involved to verify the proper functioning of the device during
and after the MRI exam. The radiofrequency waves that generate
the MRI signal, can also cause heating of the patient. For this rea-
son, strict limits on specific absorption ratio are in place on a scan-
ner. To avoid loop currents in the body, crossing of arms and legs
needs to be avoided when positioning the patient. Nonetheless,
when implanted devices and wires are in position in the patient,
while in the scanner, these may heat up locally and cause harm.
Screening of devices for safety is therefore necessary. The same
holds for fixation materials, such as carbon base plates. Increas-
ingly, fixation devices are becoming available that are made of
MRI compatible materials such as glass fiber.

To remove the risk of an MRI exam, every person and every
object entering the MRI room needs to be screened for safety. Every
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radiology department with an MRI facility has screening proce-
dures implemented that need to be observed. When referring a
patient for an MRI exam or a treatment on an MRI-guided radio-
therapy device, the radiation oncologist is responsible for this
screening and has to make sure that no contra-indications exist.
When in doubt, consultation with the responsible MRI safety offi-
cer, usually a medical physicist, is required. A regular updated list
of implants and their safety implications can be found at http://
www.mrisafety.com/ [42].

7. Conclusions

MRI has the capacity to generate images with a superior and
versatile image contrast compared to CT, beneficial for the consis-
tency of contouring of target volumes and organs at risk. For con-
touring often more than one type of MRI sequence is applied.
Several studies have described the combinations of sequences for
a range of tumor sites.

The geometrical fidelity of MRI is easily compromised. This
doesn’t usually influence the quality of diagnostic reading of the
images. As a consequence, the geometrical fidelity of standard
MR images from a radiology department is not carefully secured.
Often these images are therefore not suitable for radiotherapy con-
touring. In particular in the presence of breathing motion, MRI can
result in image artifacts such as ghosting. Navigator-triggered
sequences produce high-quality images without motion artifacts.
However, as these images typically are acquired in the maximum
exhale phase of the breathing cycle, they may not be appropriate
for use in a radiotherapy workflow. For this reason, the use of
images optimized specifically for use in a radiotherapy workflow
is recommended.

The safety of the patient and operator is observed through a ser-
ies of working practices. Careful screening of patients prior to
referral for an MRI exam is critical. With the increased use of
MRI within the radiation oncology treatment, it is necessary to col-
laborate closely with the experts in a radiology department. Impor-
tantly, as the specific requirements of MRI for radiation oncology
may lead to different choices for image acquisition, it is important
for the RTTs, physicists and radiation oncologists in a radiation
oncology department to be aware of the specific issues and discuss
them with the colleagues in a radiology department.

Increasingly, MRI is used in the various steps of a radiotherapy
treatment. Although MRI can have limitations and risks, when
operated with care and expertise both on MRI physics and the
radiotherapy workflow, it has proven to be of great benefit for tar-
get delineation and treatment guidance both in brachytherapy and
external-beam radiotherapy.
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