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MRI-only simulation for radiotherapy planning
Targeted treatment planning is key to the success of external beam radio-
therapy. Conventional treatment planning workflows are based on the regis-
tration of an MRI dataset with a primary CT dataset. This approach has sev-
eral drawbacks such as not only being laborious but also having the potential 
for misalignment errors in the registration process. 

This article summarizes Philips MRCAT (Magnetic Resonance for Calculating 
ATtenuation) solution for an MR-only based dose planning approach for exter-
nal beam radiation therapy and the first clinical application of the commer-
cially available system for prostate cancer [1].

MR sIMulATION fOR RAdIOThERA-
py TREATMENT plANNING 

MRI is being increasingly adopted 
within the RadioTherapy (RT) envi-
ronment, principally driven by the 
need for more accurate target defi-
nition. In addition to its superior 
soft-tissue contrast compared to CT, 
other benefits of MRI include func-
tional imaging for target delineation 
and dynamic imaging techniques for 
motion assessment, all without add-
ing radiation dose [2]. 

In current practice, the practical 
incorporation of MRI-based infor-
mation such as tissue characterisa-
tion and tumor delineation is via the 
registration of an MRI data set to a 
primary CT dataset. An MRI-only 
simulation workflow could there-
fore virtually eliminate all techni-
cal and economic issues related to 
an MR-CT multi-modality imaging 
workflow for specific anatomical 
sites [Figure 1]. Such a workflow 
requires MRI to provide not only 
information on tumor volume and 
location but also the electron density 
information required for dosimetry 
[Figure 2].  

In the current system of the reg-
istration of an MRI data set to a pri-

mary CT data set, this latter provides 
the electron density information 
necessary for dose calculations. 

Absorption of radiation in human 
tissue is a complex process in which 
highly energetic primary photons 
transfer their energy via collisions to 
electrons contained in matter. The 
absorption rate is dependent on the 
electron density of the medium. Cur-
rently CT provides this electron den-
sity information since its contrast 
is based on attenuation of ionizing 
radiation. 

MR images do not intrinsically 
contain such electron density infor-
mation, so when MRI is used for 
RT planning without an accompany-
ing CT scan, electron density infor-
mation must be obtained via other 
means. 

GENERATION Of dENsITy MAps
Philips MRCAT approach
The general problem in the gen-

eration of density maps based on MR 
images is that due to imaging physics, 
tissues with very different densities 
(e.g. air and cortical bone tissue) may 
give similar MR signal intensities. To 
resolve this ambiguity, the Philips 
MRCAT approach for electron den-

sity assignment to MR images uses 
an accurate and robust segmentation 
of bone structures and soft tissue. 
Within the individual compartments 
(bone and soft tissue), the correlation 
between the MR signal intensities 
and the electron density is much bet-
ter. As a result, voxels can be assigned 
density values based on their inten-
sity with an accuracy sufficient for 
treatment simulation.

Thus, in the MRCAT application, 
CT-like density maps are generated 
from mDIXON images in a two-step 
approach. In the first step, the con-
tents of the MR image are categorized 
into five classes (air, fat, water-rich 
tissue, spongy bone and compact 
bone).

In the next step, each voxel is 
assigned a density value (pseudo-HU 
value) based on a combination of 
average population values and litera-
ture values 

Tissue classification
The membership of a certain voxel 

to a class is determined by the fol-
lowing procedure: First, the body 
outline (skin surface) of the patient 
is determined. The voxels outside 
of this body outline are classified as 
air. Second, all bone structures are 
segmented inside the body using 
the multiple contrasts provided by 
the mDIXON scan. Both the bone 
and outline segmentation employ a 
model-based segmentation approach 
developed on patient and volunteer 
mDIXON image datasets. The model 
is adapted to an actual patient image FigUre 1. Schematic representation of the main steps in the conventional CT-MR based work and the 

MR-only simulation workflow. MR-only simulation excludes CT imaging and CT-MR registration.



NOVEMBER 2015 D I  E U R O P E  23 

using features, such as gray value edges, 
found within the image, while at the 
same time, a constraint for the shape 
of the segmented structure prevents the 
segmentation from being attracted to 
the wrong position [4].

The voxels inside the body outline, 
but outside of the bone segmentation, 
are considered soft tissue. This is further 
subdivided according to the intensities 
in the water and fat 3D images; vox-
els with a higher fat than water content 
are classified as fat, whereas voxels with 
higher water content are classified as 
water-rich tissue.

Voxels inside the bone segmentation 
are assumed to contain either compact 
or spongy bone; the distinction is made 
based on the voxel intensity of the in-
phase image. On a mixture of patient 
and volunteer images, the bone seg-
mentation showed an accuracy of less 
than 1 mm RMS error when compared 
to manual bone delineations. This is a 
remarkably good result given the recon-
structed voxel size of 1.5×1.5×2.5 mm3 
for the analyzed datasets. [Figure 3].

MRCAT post-processing starts 
automatically after the collection of 
mDIXON images is complete. Other 
scan protocols, such as the T2 acquisi-
tion, can run during the post-processing, 

which takes place in the background 
parallel to image acquisition and there-
fore does not add time to the overall 
session.

This approach also implements a 
method for automatic failure detection 
which may be useful in detecting errors, 
such as selection of a too small Field of 
View (FOV) or intra-scan movements 
which cause segmentation to fail. This 
adds to, but does not replace, a recom-
mended visual inspection by the end 
user for the quality and completeness of 
the MRCAT images.

MR IMAGING sTRATEGIEs fOR 
MR-ONly sIMulATION

MR-only simulation demands a 
dedicated imaging approach. Time for 
imaging must be as short as possible to 
help keep workflows efficient, patients 
comfortable, and organ movement to a 
minimum. The minimum set of scan 
protocols needed for the Philips MR-
only approach are a source for MRCAT 
generation, a scan for visualization of 
internal markers and the scan protocol 
for target and contouring organs at risk 
(OAR) [Table 1], 

Scan protocols specific to treatment 
planning must also be optimized. Speed 
and robustness are essential. Other 

requirements include high spatial reso-
lution in three dimensions (preferably 
with isotropic voxels), a large Field of 
View, and contrast tailored to the tumor 
and OAR. Consistency is another impor-
tant consideration. The consistent use of 
scan protocols helps maintain control 
over the accuracy of skin and other air-
tissue interfaces. Since the most sensi-
tive protocols, such as MRCAT, allow for 
fewer modifications, they are designed 
to deliver reproducible results indepen-
dent of user experience.
Fast, robust imaging protocols

Dedicated imaging protocols are 
needed to obtain an accurate CT 
equivalent radiation attenuation map 
with MRI. The different tissues types 
must be automatically distinguished 
and assigned with appropriate Houn-
sfield units. Most approaches previously 
described in the scientific literature 
require either manual segmentation or 
multiple scans that must be registered 
in order to derive this information [3]. 
With the Philips MRCAT solution, 
a single mDIXON MRI sequence is 
used to generate electron density infor-
mation, thereby removing the risk of 
intersequence registration uncertainty. 
In the mDIXON approach, two echoes 
are acquired, allowing water, fat, and in-
phase images to be derived from the 
same acquisition by using the frequency 
shift of the fat and water protons. 

The mDIXON scan used by the 
MRCAT algorithm is designed to have 
high geometric accuracy through the 
choice of short echo times and high 
bandwidth. The spatial resolution is cho-
sen to be sufficiently high to allow reli-
able segmentation of the bones needed 
for accurate dose planning. Implant-
able markers are often used in external 
beam RT for target positioning to enable 
inter-fraction organ motion control. The 
markers are often visible in the mDIXON 
water and in-phase images acquired for 
MRCAT. However, a verification scan 
may be needed to confirm the exact loca-
tion of the markers. To this end, imaging 
protocols sensitive to the local magnetic 
field disturbances can be used in which 
the markers appear as signal voids inside 
the prostate[5]. The method chosen in 
the Philips system for marker detection 
is a bFFE/FFE 3D scan protocol which TaBle 1. Details of the MRI-only simulation scan protocols for prostate application (Ingenia 3.0 T).

FigUre 2. Schematic representation of the MR-only sim workflow with a dose plan based on T2W imaging
data and MRCAT-based density information

Philips Ingenia Mr system  
Mr-sim configuration
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provides high Signal to Noise Ratio (SNR) and takes less than 
two minutes. 

T2-weighted TSE images allow manual delineation of the 
prostate including the prostatic apex and seminal vesicles. 
The OARs (bladder, rectum, and femur heads) can be delin-
eated with the T2 image, and the T1-weighted in-phase image 
contrast derived from the mDIXON may provide valuable 
additional anatomical information. 
Accurate MR imaging for MR-only simulation

Historically, geometric accuracy has been a limitation for the 
applicability of MRI in Radiotherapy. However in recent years, 
major improvements in geometric fidelity have been obtained, 
and contemporary Philips Ingenia scanners are able to produce the 
accuracy needed for most RT applications. Practical verification of 
the acceptability of geometric accuracy is provided through use of 
a dedicated QA phantom and software in addition to the standard 
image quality QA procedures of the Ingenia MR-RT system. 

MRI-BAsEd TREATMENT plANNING –ClINICAl IMplEMENTATION
Export to treatment planning systems (TPS) 

At the MRI scanner, all MR-RT image data are labeled as 
“MRI”. Upon export to a DICOM node, such as the treatment 
planning system (TPS), the modality of the MRCAT image is 
simply changed to CT, with no manual post-processing being 
required. This data import process has been validated with 
several commonly used TPS systems [Figure 4].
Image fusion and organ delineation

One major benefit of MR-only simulation is that the MRCAT 
and other MR scans share the same coordinate system, making 
additional registration unnecessary. Organ delineation algorithms 
in TPS typically use the CT information which is quantized in the 
MRCAT image. This allows for easy delineation of body outline 
and bones. The fatty outlines of the inner organs make some 
delineation algorithms able to build adequate first guesses of the 
location of bladder, prostate, and rectum, but T2W MR images are 
the necessary, and best, source for that purpose. 

DRR generation
For beam planning purposes, digitally reconstructed radio-

graphs (DRRs) can be created from any direction in a way 
similar to CT [Figure 5]. 

Dose planning
The workflow in dose planning for EBRT with MRCAT 

images does not differ from that using plain CT images. 
In collaboration with the Netherlands Cancer Institute in Amster-

dam, a study was carried out to compare MRCAT-based dosimetry with 
CT-based dosimetry. Datasets from 13 patients were used, 10 of whom 

had an indication for prostate-only radiation treatment and 3 prostate 
plus lymph node radiation treatment. For those patients, the usual 
CT-based planning process was performed, with CT and MR images.  
In addition to the clinical MR protocol, the patients received an 
mDixon scan that was used to generate the MRCAT images which 
were registered onto the planning CT images, and the plan was 
recalculated. 

Since differences in body contour due to different patient posi-
tioning could confound the results, the following procedure to match 
the body contour between the CT and MR images was applied. First, 
the body contour was segmented in the CT images using a combi-
nation of threshold-based segmentation and morphological opera-
tions. Then, the segmentation was taken over to the MRCAT images. 
Regions in the MRCAT image outside of the body contour were set 
to air values, whereas regions in the MRCAT image within the body 
contour which had air values assigned were re-assigned water values, 
i.e. “empty” areas in the MRCAT within the CT outline were “filled 
with water”. The dose calculation differences were evaluated using a 
gamma analysis [6] with both a 3%/3 mm and a 1%/1mm criterion. 
The analysis showed that dosimetry using MRCAT images yielded 
results well within clinical tolerance limits. In addition, dose-volume 
histograms (DVH) were evaluated. For the organs at risk, the differ-
ence in mean dose on the MRCAT images compared to that using 
the original CT was also well within clinical tolerance limits.

ClINICAl ExAMplE 
A 76 year-old prostate cancer patient (Gleason score 7, PSA 17.2 

µg/l) receiving EBRT at the Docrates Cancer Center in Helsinki, 
Finland was scanned for evaluation of the MR-only workflow using 
Philips MRCAT. For comparison to the clinical RT plan, the plan 
was recalculated on MRCAT images with identical monitor units 
(MU). Identical planning target volume and OAR delineations were 
used for both CT-based and MRCAT plans. Dose calculation accu-
racy was assessed from dose volume histograms (DVHs). Agree-
ment between CT and MRCAT was good for both 3D mean and 

FigUre 3. Algorithm pipeline showing the calculation flow from mDIXON images 
with the calculated MRCAT images as the end result.

FigUre 4. upon export to the treatment planning system (TPS) the MRCAT image 
becomes a a CT-type image with Hu values for water, air, compact bone, spongy bone 
and adipose tissue. 

FigUre 5.Comparison of Digitally Reconstructed Radiographs (DRRs) based on MRCAT-
based pseudo CT ( Left Image)  and planning-CT ( right image).
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maximum dose [Figure 6]. Minor differences were seen between 
OAR DVHs, which might be explained by the fact that the MR 
images used for MRCAT calculation were taken during a separate 
imaging session. Thus, the patient position and body outline may 
not have been completely identical in the two image sets (see below). 

pRACTICAl & wORkflOw CONsIdERATIONs 
Overall, MR-only simulation uses a workflow similar to 

CT simulation, but there are some specific aspects to consider 
when using MR-only simulation. 
Imaging in the treatment position MR-only simulation 
is dependent on the patient being imaged in the RT treat-
ment position [7].  For this, the flat, indexed Ingenia MR-RT 
CouchTop accommodates many common positioning device 
solutions ensuring that the patient’s position is the same as 
that for treatment
 For high SNR, the Anterior and Posterior Coils are positioned 
as close to the anatomy as possible, but without deforming 
body contours. The MR-RT CouchTop is 2.5 cm thinner than 
the previous overlay solution, thereby bringing the patient as 
close as possible to the underlying posterior coil. The spacious 

design of the coil support makes optimal use of the bore space 
and also enables imaging of large patients. 

Patient marking 
MR-only simulation supports relative marking with external 
laser positioning systems. The open design of the coil support 
and the option to slide it freely allows laser projections from 
virtually any direction onto the target area. Use of MR-visible 
location markers on top of the relative skin marks during 
scanning is advised. 

Position verification 
The patient can be aligned at the treatment machine using the 
skin marks, but the position should be fine-tuned and verified 
with one of three image-based options: cone beam computed 
tomography (CBCT), plain radiographs against the bone infor-
mation indicated in the DRRs, or the graphically or numeri-
cally recorded location of internal prostate markers. 

CONClusION ANd fuTuRE pROspECTs
In the quest for more accurate target definition, MR simu-

lation for RT treatment planning has gained considerable 
interest thanks to its excellent soft-tissue contrast and accu-
rate 3D imaging capabilities. MR-only simulation is intro-
duced as an aid to the treatment planning process without 
the explicit need for CT simulation. By just adding a few 
minutes to the MR simulation exam, the density information 
that was needed from CT for dose planning can be obtained 
through MRI. 

MR-only simulation fits well in the workflow of radiation 
oncology departments and is an important step toward the 
adoption of MRI in radiation treatment planning. In anticipa-
tion of future therapy treatments based on MRI, such as MR-
Linac2, MR-only simulation will be indispensable for accurate 
matching of the therapy to the MRI data. 
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FigUre 6. Comparison of original CT-based (top image) and MR-only based plans 
(bottom image) illustrates the impact of MR-based delineation to the size of the 
prostate and consequently the Planned Target Volume (PTV). Images courtesy fo 
Docrates Cancer Center, Helsinki, Finland.

FigUre 7. MR-only simulation is dependent on the patient being being imaged in 
the RT treatment position. The image above shows  a prostate patient positioned 
on MR-RT CouchTop.

Results from case studies are not predictive of results in other cases. 
Results in other cases may vary.
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