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Aim: To evaluate calculation of treatment plans based on synthetic-CT (sCT) images gener-

ated from MRI.

Background: Because of better soft tissue contrast, MR images are used in addition to CT

images for radiotherapy planning. However, registration of CT and MR  images or reposition-

ing  between scanning sessions introduce systematic errors, hence suggestions for MRI-only

therapy. The lack of information on electron density necessary for dose calculation leads

to  sCT (synthetic CT) generation. This work presents a comparison of dose distribution

calculated on standard CT and sCT.

Materials and methods: 10 prostate patients were included in this study. CT and MR images

were  collected for each patient and then water equivalent (WE) and MRCAT images were

generated. The radiation plans were optimized on CT and then recalculated on MRCAT and

WE  data. 2D gamma analysis was also performed.

Results: The mean differences in the majority of investigated DVH points were in order of

1%  up to 10%, including both MRCAT and WE  dose distributions. Mean gamma pass for

acceptance criteria 1%/1 mm were greater than 82.5%. Prescribed doses for target volumes

and  acceptable doses for organs at risk were met in almost all cases.

Conclusions: The dose calculation accuracy on MRCAT was not significantly compromised in

the  majority of clinical relevant DVH points. The introduction of MRCAT into practise would
eliminate systematic errors, increase patients’ comfort and reduce treatment expenses.

Institutions interested in MRCAT commissioning must, however, consider changes to estab-

lished workflow.
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be accurately detected on the CT, so the accuracy of the reg-
istration is implicitly limited. For these reasons, we  consider
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1.  Background

Computed tomography (CT) is a standard method used for
radiotherapy planning. However, this modality provides only a
little soft tissue resolution, hence complementary use of mag-
netic resonance imaging (MRI) which is suitable for precise
delineation of target volumes in soft tissue. Since MRI does
not provide attenuation information, registration of CT and
MRI  images is necessary. This approach may be a source of
many systematic errors including set-up and positioning dif-
ferences between imaging sessions or those originating from
image registration in the planning system.1 Various authors2,3

have reported systematic registration errors for prostate from
0.5 to 3 mm (strongly dependent on registration method). In
order to improve medical care, some alternative methods have
been proposed.

One of these alternatives to the standard CT-based plan-
ning is the MRI-only approach. The main idea is to generate
synthetic CT (sCT) from MRI  images, where Hounsfield units
(HU) are assigned to respective body regions using only MRI
information. The biggest asset of one-modality approach is
reduction of systematic errors described above. Moreover, the
planning process itself can be reduced resulting in lower
treatment expenses. On the other hand, MRI-only methods
face other restrictions connected with sCT generation and
the principle of MRI  itself.4 These aspects will be further
discussed.

Methods of generating sCT images may be categorized
into three classes: (1) atlas-based, (2) voxel-based, (3) bulk
assignment-based techniques,1 supplemented by hybrid tech-
niques. The basic idea of atlas-based methods is to create a
database of CT and MRI  images. Then, a single MRI image  of
a patient is typically sufficient for sCT generation.5 Results
on this topic were presented by various authors.6 Voxel-based
methods involve several standard or specialized sequences.
Their specific properties enable to create the resulting density
map.

Bulk-assignment methods separate the tissues in MRI
image into several classes and each one is assigned an elec-
tron density or HU. The simplest method of sCT generation
from an MRI  is to assign one electron density to the whole
patient volume, usually water equivalent. More  sophisticated
methods were also introduced.7 Nevertheless, the number of
various approaches have been presented so far, some of which
have applied advanced computational methods8,9 that can-
not be simply categorized as described above. Generally, each
of these methods has its advantages and limitations regard-
ing the number of tissue classes, atypical anatomy, etc. The
main sites tested are the prostate, brain, head and neck4 but
other sites deserve attention as well and should be the focus
of future research.

In this work, commercial system MRCAT (Magnetic Res-
onance for Calculating Attenuation) by Philips was applied.
MRCAT is an automatic system using several MRI sequences
to create sCT and operating with 5 values of HU, that is 5 cate-

gories of tissues (air, compact and spongy bone, fat, water-rich
tissue).10 MRCAT is so far available only for the pelvis region,
iotherapy 2 4 ( 2 0 1 9 ) 245–250

thus only prostate patients were investigated. A comparison
of MRI, CT and MRCAT images can be seen in Fig. 1.

2.  Aim

The aim of this study was to evaluate radiation plans based
on sCT images generated by MRCAT. Assets and shortcomings
of MRCAT are also discussed.

3.  Materials  and  methods

3.1.  Patients  characteristics

Plans of ten prostate cancer patients were evaluated in this
planning study. Patients were treated using intensity mod-
ulated radiotherapy (IMRT) to prostate with simultaneous
integrated boost (SIB) to the proximal part of the seminal vesi-
cles. All of them underwent standard CT simulation and MRI.

3.2.  Dose  calculation

A Siemens Somatom Sensation Open (Siemens Medical
Solutions) was used for CT image  acquisition. Image  was
reconstructed with 2.5 mm slice thickness, 512 × 512 matrix,
pixel size 0.98 mm.  MRCAT images were generated from MRI
images acquired on Philips Ingenia 1.5T (Philips Healthcare)
with slice thickness 2.5 mm.  All images were imported to the
treatment planning system EclipseTM, version 13.5 (Varian
Medical Systems).

In order to keep patients’ position reproducible, they were
scanned and irradiated in the treatment position, i.e. in a
supine position with Dual Leg Positioner (Civco Medical Solu-
tions) to immobilize their legs and pelvis. Patients were also
asked to follow some specific instructions to avoid a markedly
different rectum and bladder filling between sessions. They
were instructed to empty their rectum before planning CT
acquisition and before each irradiation session. Application
of suppositories was recommended in case the rectum vol-
ume  exceeded 120 cm3 at the planning CT and the scanning
was repeated afterwards. Their bladders should be slightly
filled which can be achieved by drinking 500 ml  of water before
image acquisition.

All involved patients were scanned on MRI  and imme-
diately after that on CT, usually within 10 min. The
images were transferred to the EclipseTM system and image
registration was performed. Referring to Philips official
recommendation,11 the type of registration should be taken
into consideration. For CT and MRCAT registration, we  car-
ried out rigid registration using translation of images. Ghilezan
et al.12 states that a prostate displacement of ≤3 mm can be
expected for 20 min  following the moment of initial imaging
for patients with an empty rectum. These conditions were met
as described above. In addition, the prostate contour cannot
the chosen registration method as sufficient. Nevertheless, in
case the time span between the MRI  and CT acquisition is

https://doi.org/10.1016/j.rpor.2019.02.001
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Fig. 1 – Comparison of MRI  (left), CT (middle) and MRCAT (right) images. MRI  image is presented by T2w scan.

Table 1 – Prescription doses for planning target volumes and acceptable doses for organs at risk.

Structure Prescription

Prostate (PTV2) Prescribed dose 78 Gy = mean dose for PTV2.
Minimally 95% of the prescribed dose (i.e. 74.1 Gy) to 95% of the PTV2.
Maximal dose ≤107% of the prescribed dose (i.e. 83.5 Gy).

Seminal vesicles (PTV1–2) Prescribed dose 72.15 Gy.
Minimally 95% of the prescribed dose (i.e. 68.5 Gy) to 95% of the PTV1–2.
Maximal dose ≤107% of the prescribed dose (i.e. 77.2 Gy).

Rectum Maximally 50% can receive 50 Gy.
Maximally 25% can receive 70 Gy.
Maximally 15% can receive 75 Gy and maximally 15 cm3 can receive 75 Gy.
Maximum dose 78 Gy.
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Bladder Maximally 30% can receive 70 Gy.
Maximally 15% can receive 75 Gy 

Maximum dose 78 Gy.

ore  prominent, it may be necessary to consider more  sophis-
icated registration methods.13

Target volumes were delineated on CT with respect to MRI.
linical target volumes (CTVs) were delineated as follows:
TV1 represents prostate and the proximal part of the seminal
esicles, CTV2 only prostate. Planning target volumes (PTVs)
ere delineated like this: PTV1 was obtained by application of

 7 mm margin to CTV1 in all directions. PTV2 was defined in
he same manner. PTV1–2 was formally defined by subtraction
TV1–PTV2. Organs at risk (OARs) are the whole rectum and
ladder. Dose to other anatomical sites, as the penile bulb or
emoral heads, are insignificant and, therefore, not included
n our clinical standard.

Five 6 MV  photon fields were used to deliver total dose of
8 Gy for PTV2 and 72.15 Gy for PTV1–2 in 39 fractions. Crite-
ia for optimization are presented in Table 1. Standard plans
ased on CT data (hereafter CT plans) were created. Subse-
uently, plans were transferred to MRCAT images without any
hanges in plan origin, MU, field positions, etc. Plans were
ecalculated without optimization.

.3.  Dosimetric  evaluation

osimetric comparison of CT and MRCAT plans was per-
ormed via cumulative dose-volume histograms (DVHs). This
pproach provides easy evaluation of dose coverage in key

VH points. Optimization criteria can be also easily checked.

DVH points evaluated in this study were chosen with
espect to dose-volume criteria in our department (see Table 1)
nd those published by Korsholm.14
aximally 15 cm3 can receive 75 Gy.

Difference between CT and MRCAT values in selected DVH
points were represented by the following formula:

�MRI =
∣
∣
∣
∣

(MRCAT − CT)
CT

∣
∣
∣
∣

where MRCAT stands for value in DVH point for MRCAT-based
dose distribution, likewise the CT data. Thus, we  obtain a rel-
ative difference between the CT and MRCAT plan with respect
to the CT plan (in absolute values). The same procedure was
applied to WE-based dose distribution:

�WE =
∣
∣
∣
∣

(WE − CT)
CT

∣
∣
∣
∣

where WE  stands for water equivalent, i.e. each voxel of
MRCAT image  was assigned a value of 0 HU. Note that WE
images do not contain anatomical information (except body
contour), so CT and WE  images cannot be registered directly.
The registration parameters for WE  dataset are identical to
those of the MRCAT images from which the WE  images were
generated. It follows that �MRI and �WE are burdened by the
same registration error.

Results were tested by statistical tests (significance level
 ̨ = 0.05). First, normality of the data was tested. Then, one-

sample t-test for �MRI was performed. �MRI and �WE were
compared by paired two-sample t-test.

As a supplement to our results, we carried out 2D gamma

analyses of dose differences (CT to MRCAT and CT to WE)
in a transversal plane crossing the isocenter. Region of
10 cm × 10 cm surrounding the prostate was chosen for eval-
uation, and points in which D < 5% Dmax were excluded.

https://doi.org/10.1016/j.rpor.2019.02.001
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Table 2 – Statistical results of the DVH points analysis. �MR, �WE refer to relative difference between MRCAT  (or WE)  with
respect to CT. NS = non-significant.

�MR [%] �WE [%] �(�MR) /= 0 �MR < �WE
Mean ± st.d. Mean ± st.d. p-Value p-Value

PTV2 D2% 0.5 ± 0.4 1.1 ± 0.6 0.008 <0.001
D50% 0.5 ± 0.4 1.1 ± 0.5 0.00 <0.001
D95% 0.6 ± 0.4 1.1 ± 0.7 <0.001 0.005
D98% 0.7 ± 0.6 1.2 ± 0.9 0.004 0.006
Dmax 0.8 ± 0.7 1.4 ± 0.8 0.005 0.003

PTV1–2 D95% 0.8 ± 0.7 1.2 ± 0.9 0.001 0.005
Dmax 3.2 ± 8.1 3.5 ± 8.4 NS NS

Rectum D10% 0.9 ± 0.7 1.0 ± 0.7 0.04 NS
D30% 0.6 ± 0.7 3.0 ± 5.2 0.021 NS
D60% 0.6 ± 0.6 0.7 ± 0.5 0.011 NS
V75Gy 12.1 ± 10.7 22.9 ± 20.6 0.006 0.02
V70Gy 7.5 ± 6.3 9.2 ± 6.7 0.005 NS
V65Gy 3.5 ± 3.3 4.2 ± 3.2 0.007 NS
V60Gy 6.1 ± 13.2 6.5 ± 13.1 NS NS
V50Gy 1.4 ± 1.3 1.4 ± 1.5 0.008 NS

Bladder V78Gy 77.6 ± 116.0 195.0 ± 333.0 NS NS
V70Gy 3.7 ± 2.3 6.1 ± 3.2 0.001 <0.001
V60Gy 3.1 ± 2.4 4.1 ± 3.1 0.003 0.005

V50Gy 4.0 ± 6.2

Dmax (total) 0.8 ± 0.7 

Dmean for PTV2 0.5 ± 0.4 

Acceptance criteria for the test were 1%/1 mm.  Results for
MRCAT and WE  were compared by paired two-sample t-test
at the significance level  ̨ = 0.05.

4.  Results

Data for key DVH points are shown in Table 2. Table displays
results of statistical test described above and values of � pre-
sented as mean ± standard deviation.

Differences in almost all points DX% did not exceed 2%. Only
Dmax for PTV1–2 was significantly higher because for one of the
patients Dmax = 26% which, regarding the number of patients,
significantly influenced the mean value. Deviations in VYGy
are noticeably higher, especially for high dose values. These
results can be explained as follows: VYGy are in order of a few
cm3, therefore only a slight deviation in the absolute num-
ber results in a considerable relative difference. To evaluate

Fig. 2 – Maps of gamma  indexes for one of the patients. Map ass
is on the left, WE plan compared to CT plan is represented on th
4.6 ± 6.5 NS 0.005
1.4 ± 0.8 0.005 0.003
1.1 ± 0.6 0.002 <0.001

these points, another method would be more  suitable. Gener-
ally, values of �WE are higher than those of �MRI, which speaks
to the benefit of the MRCAT provider.

Maps of gamma indexes for one patient are in Fig. 2 and
general results are in Table 3. Mean pass rates are 93.4% for
MRCAT plans and 82.5% for WE  plans. Comparing MRCAT to
WE  (both for gamma  and gamma pass rates), MRCAT was
proven better than WE  at the significance level  ̨ = 0.05.

MRCAT or sCT planning receive an increasing attention and
many  studies have been published on this topic. Johnstone
presented a review6 in which results of mentioned authors
mostly did not exceed 2% of relative difference between CT
and sCT dose distributions. Korsholm14 accepted 2% devia-
tion in PTV coverage for 95% of the patients. This suggestion

seems reasonable regarding errors such as registration error,
interscan differences between two sessions, etc.1 We reached
reconcilable results, deviations in established DVH points did
not exceed 2%. As for MRCAT, dose distributions, gamma pass

essing gamma  values for MRCAT plan compared to CT plan
e right.

https://doi.org/10.1016/j.rpor.2019.02.001
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Table 3 – Results of 2D gamma  analysis for each patient. Acceptance criteria were set to 1%/1 mm.  H* represents
alternative hypothesis for paired two-sample t-test.

Mean gamma  Gamma  pass rate [%]

Patient MRCAT 0 HU MRCAT 0 HU

A 0.45 0.75 97.5 83.8
B 0.81 1.12 69.9 50.4
C 0.46 0.53 98.1 96.0
D 0.38 0.45 100.0 99.1
E 0.45 0.63 98.8 88.9
F 0.32 0.48 98.5 94.3
G 0.33 0.68 100.0 79.4
H 0.32 0.56 100.0 93.1
I 0.65 0.75 87.3 75.9
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H* MRCAT < 0 HU 

p-Value <0.001 

ates exceeded 95% for 70% of the patients. Comparison of var-
ous authors is quite difficult though since they vary across the
pplied methods.

This study can be further enriched by other results. We sug-
est to perform plan optimization on MRCAT data and then
ransfer the plan to CT, alternatively to choose another image
egistration method.13 A larger patient cohort would also be
uitable.

Putting MRCAT into practise leads to some changes in the
tandard workflow. The provider (Philips) offers simplified
orkflow, as presented by Köhler et al.10 Complete descrip-

ion of MRCAT implementation was published by Tyagi et al.15

rom the perspective of our workplace, there are some short-
omings concerning MRCAT. MRCAT is tailored for image
uidance based on DRR match or fiducial match. Nevertheless,
one-beam CT (CBCT) was adopted for treatment localization
ecause small calcifications and other inhomogeneities can
e used for matching the reference image  and CBCT. These

nhomogeneities are not clearly recognizable at MRCAT source
mages; thus, it cannot be considered as a reference image.  For
he same reason, the use of fiducial markers is problematic.

However, the above-mentioned problem is a matter of
hoosing a particular procedure that is incompatible with the
RCAT. A more  significant problem is the limitations arising

rom the nature of MRI  and MRCAT. The most important of
hese were ferromagnetic objects in the patient’s body, espe-
ially in the field of view (causing errors in the resulting image),
mplanted pacemaker or atypical anatomy which the MRCAT
lgorithm cannot handle properly.16

.  Conclusions

n this study, no crucial difference between MRCAT and CT
lans was demonstrated for clinically relevant DVH points.
owever, prior to MRCAT implementation, more  in-depth
nalysis for a larger patient cohort is needed.
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