
Introduction

Magnetic resonance imaging (MRI) is the
imaging modality of choice for the delinea-
tion of target volumes used for radiation tre-
atment planning (RTP) due to its superior
soft-tissue contrast. Presently, knowledge
of electron density of the images is requi-
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Purpose. The aim of this work is to develop a complete treatment planning procedure for radiation therapy
of intracranial lesions based solely on 3T magnetic resonance imaging (MRI), i.e. MRI simulation.
Methods. The proposed 3T MR-based radiotherapy treatment planning procedure consists of converting the
MR images into CT-like images by assigning electron density information (related to CT values) to organ
structures. Firstly, the 3D distortion field present in the MR volumes is determined and rectified by using
an in-house developed distortion correction method. The MR volumes are segmented into anatomical struc-
tures, i.e. brain, bone and scalp, by using a combination of the »Profile« and »Autocontouring« tools availa-
ble on Pinnacle (Philips Medical Systems) treatment planning system (TPS). Bulk electron density values
are assigned to the 3D volumes in Pinnacle by overriding their default MR values. Once the MR images con-
tain the target volume along with the electron density information, they are ready to be used for dose calcu-
lations. The resulting CT+MR and MR only based plans were compared in terms of isodose distributions
and dose-volume histograms (DVHs). For plan ranking we use a tumor-control probability (TCP)-based pro-
cedure for heterogeneous irradiation, which does not require the knowledge of radiobiological parameters.
Results. For all patients investigated, the 3T MR only and CT+MR-based plans are in good agreement in
terms of isodose distributions, DVHs and TCPs (within 1%) following our clinical criteria. 
Conclusions. The proposed 3T MR only based treatment planning procedure performs as good as the stan-
dard clinical procedure that relies on both CT and MR studies. MRI simulation can significantly reduce the
patient treatment cost and save staff and machine time, and avoid any errors that may be associated with
the image fusion process. 
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red for treatment planning dose calculati-
ons. In practice, the electron density of a li-
mited number of tissue types (e.g., lung, bo-
ne, soft-tissue) is required in this process.
For intracranial lesions, due to lack of elec-
tron density information in the magnetic
resonance (MR) images, image fusion of CT
and MR data sets along with CT-based do-
se calculations have become a standard tre-
atment planning procedure. Ideally, the
treatment planning process should rely so-
lely on the information generated by the
MR image studies, i.e. MRI simulation.1
Using such a procedure, the CT imaging
sessions and the image fusion process wou-
ld become redundant. This would signifi-
cantly reduce the patient treatment cost
and save staff and machine time. Further-
more, the patient would not be exposed to
unnecessary radiation (as insignificant as it
may be when compared to doses received
in radiation treatment) and the errors asso-
ciated with the image fusion process would
be avoided. 

It is known that the MR images are affec-
ted by distortions that alter the accurate re-
presentation of anatomical structures, i.e.
spatial location and relative intensity. Ima-
ge distortions are due to system-related
and object-induced effects. The system-re-
lated distortions are generated by inhomo-
geneities in the main magnetic field and
gradient non-linearities whereas the object-
induced distortions are sourced in suscep-
tibility and chemical shift variations in the
sample. To be used for MRI simulation, the
images have to be corrected to a degree that
is acceptable for RTP, i.e. spatial resolution
accuracy less than 2 mm.

The data on MRI simulation for intracra-
nial lesions are rather scarce. Beavis et al.2

used a basic approach for 1.5T MR images-
based RTP. The authors considered no in-
homogeneities corrections and the distorti-
ons corresponding to a typical field of view
of a brain patient as being negligible. To ac-

curately measure the 3D distortions, it is
required to have a phantom that contains a
large number of control points to properly
sample the volume of interest and a robust
algorithm to map the control points and de-
termine the distortions along all three axes.
Beavis et al. used a phantom with a design
that gives a limited number of control po-
ints and would allow to determine 2D di-
stortion only, i.e. (x,y) plane. Recently,
Wang et al.3 performed a MR distortion cor-
rection study on various 1.5T MRI scanners
and found that the total 3D distortion can
be up to 6 mm in a sphere with a radius of
100 mm (relevant to brain studies). There-
fore, more studies need to be performed to
develop an accurate and robust MR-based
RTP for intracranial lesions that takes into
account the distortions and inhomogenei-
ties present in the MR images. MRI simula-
tion was also investigated for prostate pati-
ents by different authors.4,5 The authors
showed that MR data sets that are correc-
ted for distortion and assigned bulk densi-
ties to organ structures can successfully re-
place the CT images for treatment plan-
ning. The advent of 3T MR systems offers
superior image quality to facilitate delinea-
tion of tumor and organs at risk.

In the present study, we investigate a 3T
MR-based treatment planning procedure
that relies on converting the MR images in-
to CT-like images by assigning electron
density information which is typically asso-
ciated to CT values, to organ structures.
The first step in the process is to correct the
raw MR images for 3D geometrical distor-
tions by applying a novel distortion correc-
tion procedure. The next step is to segment
the volumes of interest into anatomical
structures by using a semi-automatic me-
thod, i.e. brain, bone and scalp, required
for dose calculations. Each volume is assi-
gned a particular electron density before
the data is used for dose calculations. The
resulting CT+MR and MR only based plans
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are compared in terms of isodose distribu-
tions, dose-volume histograms, and tumor-
control-probability (TCP) modeling.

Materials and methods

We have evaluated the proposed MR-based
treatment planning procedure by using 3T
MR clinical studies to compare MR and
CT+MR-based treatment plans. The flowchart
of the procedure is presented in Figure 1. 

Data acquisition

Data was acquired for each subject on a PQ
5000 CT (Philips Medical Systems) and a
3T Intera (Philips Medical Systems) MR
scanner. The 3T clinical sequence consists
of a 3D T1 TFE protocol with TE/TR/α
4.1/8.8/8°, field of view 240x240 mm2

scanned on a 256x256 matrix in-plane, 125
partitions, each 1 mm and no gap. This MR
sequence is used clinically for diagnostic
and treatment planning of brain patients.

Distortion correction

Our technique is based on acquiring and
comparing CT and MR scans of a 3D phan-
tom filled with mineral oil consisting of pa-
rallel plastic grids 1 cm equally distributed
inside the phantom (Figure 2a). We took
three MR axial scans using the T1-weighted
typical clinical sequence with the phantom
positioned in such a way that the grid she-
ets were parallel to the transversal, saggital
and corronal planes, respectively. The data
sets were reconstructed using the scanner’s
software in the transversal, saggital and cor-
ronal plane to resemble grid-like structures

in the MR images. CT axial scans (PET-CT
Gemini, Philips Medical Systems) of the
phantom was also acquired and reformat-
ted to generate 3 data sets, i.e. transversal,
saggital and corronal that would match the
corresponding MR data sets. The 3D CT da-
tasets are considered distortion-free, an ac-
cepted assumption in the field. To correct
for object-induced distortions such as su-
sceptibility, we acquired additional MR
scans with reversed read gradient as per the
technique described by Chang et al.6

The image analysis of all 3D data sets is
performed automatically using our softwa-
re developed in Matlab. Our algorithm de-
termines the CT and MR control points, de-
fined by the intersection of the grid crosses
with the planes of the sheets surface. This
is done sequentially by a) setting a thre-
shold on the histogram for each image low
enough to resemble the entire grid structu-
re, b) applying 1D Gaussian blurring ker-
nels along the x and y-axis to generate con-
trol point »blobs«, i.e. areas containing the
control points, c) applying a watershed te-
chnique to isolate each »blob« in the ima-
ges and d) determining the center of mass
of each »blob« to obtain the coordinates of
each control point. 

The resulting CT and MR 3D matrices of
control points are registered to a common
system of reference. The 3D CT control po-
ints matrix is considered to accurately de-
scribe our volume of interest as there is no
spatial distortion in the CT images. We can
estimate the distortion by determining the
displacement of the MR points from the
corresponding CT ones. As an example, 
Figure 2b and Figure 2c show a typical di-
stortion vector distribution and total distor-
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Figure 1. MR only based treatment planning procedure for RT of intracranial lesions.
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tion values, respectively. Once we determi-
ned the 3D distortion field matrix, we can
correct the raw images by applying spatial
and pixel intensity interpolations.

Structures segmentation

We converted the MR data sets into CT-li-
ke images by assigning electron density in-
formation to organ structures. Namely, the
head image slices were segmented into
scalp, bone and brain by using a set of con-
touring tools available on Pinnacle (Phillips
Medical Systems) treatment planning sys-
tem. We found that the best structure deli-
neation method was based on a combinati-
on of the »Autocontouring« and »Profile«
tools. Threshold values of the structures of
interest interfaces are quickly assessed us-
ing the »Profile« tool and inputted into the
»Autocontouring« tool. Contours are auto-
matically generated by placing a seed point
reasonably close to the boundary of the re-
gion that needs to be delineated. These
contours can be subsequently adjusted as
desired using manual tools. The scalp-air
interface of the entire volume, the scalp-
bone and the bone-brain interfaces corres-
ponding to the upper part of the skull can
be automatically generated with little ma-

nual adjustment. For the lower part of the
skull, due to a higher gradient of anatomi-
cal structures more manual adjustment of
the automatically generated contours is re-
quired. Bulk electron density values, rele-
vant to the delineated structures, were assi-
gned to the 3D volumes in Pinnacle by
overriding their MR default values i.e. 1
g/cm3 to brain and scalp and 1.47 g/cm3 to
bone.

RT planning on TPS

We generated and compared CT+MR and
MR only based treatment plans using clini-
cal data. The treatment planning process
was performed on Pinnacle. At the Cross
Cancer Institute (CCI), the standard clinical
procedure for radiotherapy of intracranial
lesions consists of acquiring CT and MR
studies and performing image fusion. In
the image fusion process, the contours of
the planning target volume (PTV) and or-
gans-at-risk are drawn on the T1-weighted
MR images and automatically generated on
the corresponding CT images. These conto-
urs are required in order to use the CT ima-
ges for treatment planning purposes. In our
study, we had data available for 4 GBM (gli-
oblastoma multiforme) patients scanned
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Figure 2. (a) phantom design; (b) typical distortion vector distribution; (c) sample graph of total distortion values.
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on CT and 3T MR units. To compare the
CT+MR and the MR only based plans, we
built typical treatment plans using the
CT+MR datasets and applied these plans to
the MR images only by using the same be-
am arrangements, dose constraints and op-
timization parameters. To perform dose
calculations on the MR images all structure
contours (i.e. brain, bone, scalp and all oth-
er delineated structures) were assigned re-
levant bulk electron density values by us-
ing Pinnacle’s override density feature.

Evaluate RTPs

The resulting CT+MR and MR only based
plans were compared in terms of isodose
distribution and DVHs. For plan ranking,
we use a TCP-based procedure for hetero-
geneous irradiation, which does not requi-
re the knowledge of radiobiological para-
meters. Here we give a brief description of
the method, which will be published in de-
tails in another study and was applied for
plan ranking in.7

The Poisson based TCP model TCP = e-N3

is used, where Ns is the number of survi-
ving clonogens, estimated by the single hit
cell dose-response model as Ns = Noe–αD  whe-
re No is the initial clonogen number and α
is the radiosensitivity. As pointed out by
Brahme8, the mathematical form of the sin-
gle hit model becomes identical to the LQ
model in the case of the standard fractiona-
tion schemes (n fractions each delivering a
dose d): NS = Ns = Noe –(α D+βnd)D =Noe –α̂ D, where
is α̂ called adjusted radiosensitivity. Re-
cently, it was shown that the adjusted radi-
osensitivity takes into account the repopu-
lation as well.9 For the plan ranking purpo-
ses, it is better to use the TCP model in
terms of the survival fraction at 2 Gy (SF2),
because this parameter is confined in the
interval [0,1].

TCP = e–Noe–α̂ D= e–NoSFs
0.5D

In the case of heterogeneous irradiation
one obtains:

TCP = e
–ρ∑Vie

–α Di

= e
–ρ∑ViSF2

0.5Di

where represents the differential DVH
using the absolute (not the relative) volu-
me. The tumor cell density is presumed to
be 109 cells/mm3. This number is actually
not very important because the plans ran-
ked are for one and the same tumor site,
hence having one and the same tumor cell
density.

Let us have two plans, defined by a set
of DVHs {Vi,Di}Ι and {Vi,Di}ΙΙ. The plan
for which the tumor control probability 
is higher for each value of the parameter
SF2 is obviously the better one 
TCPI(SF2{Vi,Di})>TCPII(SF2{Vi,Di})∀SF2.
The method is easily visualized graphically.
Curves TCPI(SF2{Vi,Di}) and TCPII(SF2{Vi,Di})
are calculated and plotted for both plans.
The far right curve will correspond to the
better RT plan, producing the highest TCP.

Results and discussion

The total distortion for the standard 3T MR
sequence used for brain patients in a volu-
me relevant to brain studies, i.e. 20x20x20
cm3, was found to be about 4 mm. Conside-
ring that the requirement for image spatial
accuracy in radiation treatment planning is
2 mm, our distortion correction is applied
to correct the patient MR images.The resi-
dual distortion determined after applying
these transformations was found to be wi-
thin one pixel resolution, i.e. 0.94 x 0.94
mm2. 

Figure 3a shows an example of the plan-
ning target volume (PTV) isodose distribu-
tions of RT plans based on CT+MR and MR
only images, respectively. It can be seen
that the two plans look very similar in
terms of PTV isodose distributions and
they are all in agreement with our clinical
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Figure 3. (a) Comparison of isodose distributions; (b) dose-volume histograms (DVHs) for the CT+MR and MR on-
ly based radiation therapy plans.
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criteria, e.g. 95% isodose line coverage of
the PTV. For all patients, we also compared
the CT+MR and MR only based RT plans in
terms of DVHs. Figure 3b depicts sample
DVHs corresponding to the two plans of
the same patient. For visualization purpo-
ses, we displayed only the DVHs of the or-
gans-at-risk (i.e. eyes, eye lenses, optical
nerve, pituitary gland, optic chiasm and
brain stem) corresponding to the CT+MR-
based plan only as they overlap with the
corresponding DVHs generated for the MR
only based plan. For all patients, we found
that the differences are clinically insignifi-
cant (within 1%). 

To evaluate the impact of the inhomoge-
neities on the treatment planning process,
we compared the standard CT+MR based
plans with and without non-homogeneity
correction. The 3D skull contours were as-
signed bulk water electron density values,
i.e. 1g/cm3, for the plans that used non-in-
homogeneity corrections. In the case of 3
patients, we found that the difference bet-
ween the plans with and without the non-
homogeneity correction was within 2%. For
the 4th patient the discrepancy was 3% due
to a large tumor volume and its location ne-
ar the vortex, therefore the beams passed
through a thicker layer of bone. 

Figure 4 shows a typical TCP-based RT
plan ranking for the CT+MR and MR only
based plans. It can be seen that there is a
good agreement between the two plans.
The differences are clinically insignificant
(within 1%) for all patients investigated.

In this study, we investigated a trea-
tment planning procedure for intracranial
lesions based solely on 3T MRI data sets
that consists of converting the MR images
into CT-like images by assigning bulk elec-
tron density to segmented structure volu-
mes, i.e. scalp, bone and brain. Before be-
ing used in the treatment planning process,
the MR images were corrected for 3D geo-
metrical distortions. We found that the
MR-based treatment planning procedure
performed as good as the current clinical
procedure based on both the CT and MR
data sets. 

MRI has proven to be the best imaging
modality for RTP target delineation. Increa-
sing the magnetic field strength form 1.5 to
3 T results in an increase in the signal-to-
noise ratio, which not only, simplifies the
task of target delineation, but could impro-
ve the accuracy in delineating the 3D tumor
and structures volumes.
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