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ABSTRACT

BACKGROUND AND AIM

The purpose of this work is the clinical implementation of radiotherapy treatment workflow for
prostate cancer based only on MRl images (MRI-only) with a standard linac, using the technological
tools available in a big general hospital. In the recent years the growing interest in using solely MRI
images, due to the excellent soft tissue contrast that makes it unique, both for identification and
precise delineation of target volumes and organs at risk (OAR), emerged strongly. Especially in those
regions characterized by soft tissues, as the pelvis site, the method has several benefits, including
improvement of inter-observer robustness in target delineation, a reduction in contoured
structures which potentially leads to smaller irradiated volumes and a major efficiency of the
workflow by both reducing the time and costs of patients imaging and removing residual registration
error compared to a CT/MR workflow.

However, there are several challenges in the implementation and application of MRI-only workflow;
the most important one is the Electron Densities (ED) estimation. In fact, unlike CT images, where
the voxels intensities are directly linked to the physical properties of the tissues ED, required by the
Treatment Planning System (TPS) for dose calculation, MRI signals do not depend on ED but
correlate with tissue proton density and thus cannot be directly used. Therefore, it is mandatory to
convert MRI data to ED maps to allow the dose distribution even in this case. These generated maps
are known as synthetic CT (sCT).

Several aspects of the implementation have been examined in this thesis in order to validate the
overall workflow.

MATERIAL AND METHODS

Imaging acquisition was performed using a 3D T1 VIBE Dixon gradient echo sequence that is a good
compromise between image quality and acquisition time; it takes 2 minutes and 30 seconds and
provides 4 contrasts (Water, Fat, In-phase and Out-of-phase) useful for the visualization of target
and different OARs. The acquisition on the MR scanner was possible thanks to the use of a
home-made table-top, commercial MR safe markers and properly controlled internal laser system;
furthermore, the geometric distortions in obtained images were evaluated.

A hybrid method was adopted to generate sCT from MRI; it consists in a combination of bulk ED and
multi atlas-based approach. For this purpose, the MR images of 20 volunteers and patients
undergoing diagnostic acquisitions were collected, manually contoured in bones and main OARs,
and then inserted, after verification by a radiation oncologist, as reference in the database of
ADMIRE software (research version 1.13.5, Elekta AB, Stockholm, Sweden), utilized for automatic
contouring process. The software approximates the anatomy contours by comparing several
individual atlases, applying elements of maximum likelihood forms to a new patient image-set, and
creates a structure set to fit the actual patient’s anatomy. Therefore, sCTs were finally generated in
the TPS by assignhing to each structure bulk ED values, calculated averaging over 20 patients who
previously underwent prostate radiotherapy.



Once the sCT was generated, different evaluations were made using quantitative methods such as
dose-volume histogram (DVH) and 2D local gamma analysis, in order to test the dose differences
between the sCT and the gold standard CT, both in terms of homogeneous EDs assignment and
contours delineated on the MR images.

At first, 20 VMAT prostate treatment plans, calculated on standard CT images with 10 MV X-rays,
were recalculated using the same field, segments and monitor unit (MU) arrangements on the sCT,
where only fixed EDs were assigned instead of the heterogenous ones.

Afterwards, the combination between the assignment of an average ED and the different contours
in the two imaging modalities was evaluated for 7 patients undergoing both CT and MR acquisitions.
The optimized plans, calculated on the CT images, were first copied using the same field, segment
and MU arrangements and recalculated on the sCTs, obtained by MRI, and thus were optimized
again keeping the same plan constraints as CT-based ones.

Finally, the feasibility of patient positioning in the linac room using CBCT-MR matching was verified.
For 9 selected images of different fractions and patients, the shifts obtained through CT-CBCT
registration were compared to the those resulting from the evaluations of three radiation
oncologists, who blindly and manually matched the CBCT images with those from MRI.

RESULTS AND DISCUSSIONS

The MR sequence used for this work was optimized in order to achieve adequate image quality in a
reasonable time, reducing the artifacts and minimizing the patient discomfort.

Furthermore, the internal laser system of the MRI scanner, used patient positioning, was checked.
It was verified that the laser cross, projected from a single point inside the scanner, was centered in
the isocenter and not tilted. The mean tilt angle was 0.3°+ 0.2° (range 0.2° to 0.4°) in all positions
tested, corresponding to difference approximately of 1£0.4 mm at 15-20 cm from the isocenter.

In addition, the geometric distortions, evaluated in the absence of the patient less than 2 mm, are
minimized by the active shimming system of the scanner.

The auto-contouring delineation process performed by ADMIRE (research version 1.13.5, Elekta AB,
Stockholm, Sweden) was executed in an average time of approximatively 20 minutes and considered
satisfactory by radiation oncologists; further 5 to 10 minutes were needed to better define some
contours and to identify the target.

Regarding the evaluation made on the same CT images, where only the EDs were changed, the mean
deviation of PTV and OARs DVH parameters were approximately 0.5%, except for the rectum were
the percentage difference reached higher values (Dmean of 1% and V40 of 2.4%) due to different
filling. In addition, further evaluations performed by 2D local y-analysis resulted in average passing
rate from 98.5% to 99.4% in the three views, using an acceptance criterion of 2%-2mm.

On the sCT obtained by MR images, despite the mean percentage differences in PTV coverage were
limited, below the 1% in the first case and around 0.5% in the second one, the differences for OARs
were considerably higher; mean percentage differences for bladder and femoral heads were
approximatively -25% and -2% in both the described steps, while Dmean Of rectum ranged from
+11.5% to +4% and V40 passed from +26% to +8%.

Anyhow, this issue is not relevant in the implementation of the workflow, as only MRI acquisitions
will be made for planning purposes. Rather, this behaviour is representative of the differences in



filling of different OARs, such as rectum and bladder, between two consecutive fractions of the
treatment.

Moreover, however, the PTV and OARs compliance with the constraints, used in our center, was
evaluated for the re-optimized plans: for 7 patients and 8 different parameters, only 1 time over 56
a constraint exceeded the limits.

Finally, as far as the matching between CBCT-MR for patient positioning before each treatment
fraction, the averaged differences in displacements respect to standard CT-based method, resulted
2.8+1.7 mm, 3.8+1.6 mm and 0.1+1.4 mm for transverse, longitudinal and vertical directions
respectively, despite the physiological differences of the rectum and bladder between the two
imaging modalities.

CONCLUSIONS

This study demonstrates that MRI-only workflow for prostate patients seems to be feasible using
the clinical optimized method, providing a better contrast in the structures of clinical interest.
Therefore, the future goal is to gradually move towards the use of MRI-only in the clinical routine.
Meanwhile, the proposed method will be used for special cases, such as patient with metal hip
prosthesis.



INTRODUCTION

1.1. BACKGROUND

Magnetic Resonance Imaging (MRI) has been used as a support for radiotherapy (RT) treatment
planning for a long time, since it provides superior soft tissue contrast over the gold standard
Computed Tomography (CT) [1-9]. In the last few years, the idea of developing a radiotherapy
treatment planning technique using exclusively Magnetic Resonance Imaging (MRI-only) has
emerged strongly, as also shown by the increase number of MRI-linear accelerators (MRI-linac) in
several cancer centers [10-25]. This innovative method, which aims to completely replace the
classical CT planning approach, has various benefits, especially in those regions characterized by soft
tissues, where CT images can lead to difficult delineations of both targets and organ at risks (OARs)
[7, 26], as shown in Fig. 1. The main anatomical areas where the advantage of using MRI is of
considerable importance, both from a diagnostic point of view and for radiotherapy treatment
planning, are brain, head and neck, liver, pancreas, spine and pelvis [19]. In particular, the tumor of
prostate, endemic cancer in the male population with over 100 cases diagnosed every day in Italy
[27], is the most studied case.

In addition to the gain in volume definitions accuracy, both for target and OARs, the benefits of using
MRI as the only imaging modality for treatment planning include improvement of inter-observer
robustness in target delineation [28-33], a reduction in contoured volumes [6, 30, 34, 35, 36, 37],
which potentially leads to smaller irradiated volumes and hence a lower dose to the surrounding
OARs, as rectum and bladder, and a major efficiency of the workflow by reducing the time and costs
of patients imaging [25]. Moreover, the registration between MRI, commonly used for contouring
purposes, with the planning CT leads to systematic geometric errors, estimated to be 2-3 mm [28,

31, 38]: these uncertainties are removed with only one imaging modality.

Fig. 1: CT images (top row) vs MR ones (bottom row) used for planning purpose in our hospital.
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However, there are several challenges in the implementation and application of MRI-only workflow,
as it will be detailed in the paragraph 1.2; the most important one is the Electron Densities (ED)
estimation. In fact, unlike CT images, where the voxels intensities are directly linked to the physical
properties of the tissues ED, required by the Treatment Planning System (TPS) for dose calculation,
MRI signals do not depend on the ED but correlate with tissue proton density and thus cannot be
directly used [24, 39]. Therefore, it is mandatory to convert MRI data to ED or Hounsfield Unit (HU)
maps to allow the dose distribution even in this case. These generated maps are known as synthetic
CT (sCT) or pseudo CT; we will adopt the term sCT throughout the text.

1.2. CLINICAL IMPLEMENTATION OF AN MRI-ONLY WORKFLOW

In recent years, it is possible to find in the literature an increasing number of publications on
MRI-only RT topic. Some groups worked on the clinical implementation of an MRI-only workflow for
prostate cancer radiotherapy [12, 14, 18, 23, 25, 40, 41], while others focused only on very specific
topics, for example MRI-based dose calculation or patient set-up strategy [42-46].

However, there are few radiotherapy centers around the world that implemented an MRI-only
workflow for the prostate cancer, as reported below in Table 1.

Number of
Author / Reference Center Year Patients
Treated
Christiansen et al. [12] Odense University Hospital, 2017 1

Odense, Denmark

Memorial Sloan Kettering Cancer
Tyagi et al. [25] Center, 2017 42
New York, USA

Turku University Hospital, Turku,

Koninklijke [41] Finland 2017 91

-
Tenhunen et al. [40] He'Si”Hkie:i?r:‘liirs:?l'a:?fpita" 2018 125
Persson et al. [23] Skane University Hospital, 2018 - 2020 39

Lund, Sweden



Calvary Mater Hospital,
Newcastle, Australia
Greer et al. [14] Liverpool Hospital Cancer 2019 23
Therapy Centre,
Sydney, Australia

Tab. 1: List of centers that implemented MRI-only workflow for prostate cancer.

The clinical implementation of any new workflow must to be properly validated, considering each
step necessary to build it [11, 21, 23, 47, 48]. The workflow can be divided as follow: MR Imaging,
contour delineation and sCT generation, dosimetric evaluation of treatment planning and patient
setup verification.

1.2.1. MR IMAGING

The first task is composed of different aspects: the choice of the most suitable MR sequence, the
patient positioning in the scanner, with suitable markers, laser system and the relative
immobilization devices, the checking of geometric accuracy of obtained MR images.

Several types of MRI sequences and techniques are reported in the literature for the purpose of this
work. They can be divided into four main categories, depending on the contrast: T1-weighted (T1w),
T2-weighted (T2w), ultra-short echo time (UTE) and Dixon family [39, 49, 50, 51].

The images of first category (T1w), with short repetition time (TR) and echo time (TE) relative to the
tissue T1, are preferred for visualizing anatomy. On the other hand, T2w images have long TR and
long TE, similar to tissue T2, and are suitable for visualizing pathology [52, 53, 54].

The third category, the ultra-short echo time (UTE), are used to visualize solid structures as bone,
ligaments or tendons, characterized by a very short T2 relaxation time [55, 56]. However, it is not a
sequence available for all vendors.

At last, the Dixon technique includes the Dixon family of fat-water separation applied on both T1w
and Tw2 sequences [12, 18, 25, 48, 50, 57, 58]. This kind of sequence exploits the feature of protons’
resonance frequencies in fat and water, which are offset of 3.5 parts per million (ppm), resulting in
periodic opposing phase for fat and water tissues every 2.2 ms at 1.5 T. This way, using a dual echo
acquisition, one of the most common and simple Dixon techniques, a first acquisition is performed
with an echo time with fat and water protons in phase and subsequently a second acquisition is
performed with an appropriate echo time with fat and water protons out of phase. Then, adding
the in-phase to out-of-phase images water protons images are obtained (with fat signal suppressed),
while subtracting them, images showing fat signal are visualized (with water signal suppressed). In
the in-phase images, bones are better defined; on the contrary, with out-of-phase images edges of
bladder, rectum, prostate and seminal vesicles are more clearly visible. The remaining images, fat
and water, allow the clinician to evaluate other aspects in more detail.

In the literature, in some works the T2w are used [23, 52, 59], in others the Dixon are preferred [12,
16, 18, 25, 40, 48]. The first category is suggested by the ESTRO SCROP consensus guidelines [7],
while the Dixon family has the advantage of providing four different contrast in a reasonable time
and can be weighted towards T1 or T2. In any case, whatever the sequence chosen, the acquisition
must take place with a large field of view (LFOV) geometry and preferably using a short single
acquisition sequence to limit the internal OARs motion [60].
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Patient positioning within the scanner is of paramount importance to ensure reproducible daily
setup. To achieve this, a flat table-top and feet and knee supports are basic for prostate
radiotherapy [61, 62]. In addition, MR safe external laser system and markers are necessary too;
commercial products are available (for example LiquiMark™ MRI Marker Bulk, Suremark® - Simi
Valley, California, USA).

Furthermore, in order to use MR images in radiotherapy planning, high geometric accuracy is
needed. Magnetic field gradients provide a linear relationship between resonant frequency and
position, and hence to assign signals to their spatial origins. Imperfections in the static magnetic
field uniformity, eddy current and gradient linearity may lead to geometric distortion. The distortion
caused by imperfection in the static magnetic field and the gradient linearity are referred as system-
induced distortions. On the other hand, also patient can induce distortion caused by the different
magnetic susceptibility within the patient; this effect is known as patient-induced distortions [24].
These distortions increase in magnitude with the radial distance from the isocenter and therefore
are strongly dependent on the FOV size used [63, 64]; in particular, acquisition for radiotherapy
purposes, which requires a large FOV, are more sensitive to this aspect [65].

Geometric distortions can be reduced by using magnetic field shimming [66, 67]. MR scanner are
equipped with passive and active shimming. Passive shimming method concerns the use of
ferromagnetic materials, typically iron or steel, placed in a regular pattern at specific locations along
the inner bore of the magnet. In reverse, active shimming uses dedicated coils with adjustable
current. It is patient specific, since an algorithm, implemented in the MRI system, calculates in a
completely automatic way (in the seconds just before the scan) the optimal shim currents that
generate an extra corrective magnetic field to better improve the homogeneity in the FOV. A high
acquisition bandwidth (BW) can be used to reduce the distortions due to susceptibility effects too.
However, an increased BW could lead to a reduced signal-to-noise ratio, therefore an appropriate
balance is necessary [68].

However, the geometric distortions in the absence of the patient are evaluated in literature. To
guantify the geometric distortions several phantoms are presented in different papers; some of
them are commercial, as the one provided by Spectronic Medical AB™ (Helsingborg, Sweden) or
Philips (Amsterdam, The Netherlands) [46, 65, 69, 70], while others are homemade or adapted from
phantoms available for different purposes [71-75]. Anyhow, all of them have in common the
characteristic of having a grid inside them, usually made of plastic material, with several hundred
equally spaced markers, in the all three spatial directions in order to quantify the difference
between the theoretical distance between successive points and the measured one.

1.2.2. CONTOUR DELINEATION AND SCT GENERATION

Once the MR images have been acquired, the crucial task is the target and OARs definition, and in
particular the sCT generation. There are plenty of methods for generating the sCT, such as bulk,
voxel-based, atlas-based or hybrid ones. Important considerations in choosing the method to use
concern the time required and the amount of manual work, as well as the dose calculation accuracy
compared to classical CT and the clinical availability of the selected method.

One of the principal drawbacks in the choice of the method is the manual delineation of structures,
which increases the variability in contour extensions, and it is time consuming, making this process
not optimal in a clinical workflow [6, 28-37].



A rapid increase in the number of published sCT methods has been observed in recent years [39,
74-83]. The generation methods can be classified into different approaches: bulk, voxel-based,
atlas-based, hybrid, deep learning-based [39, 78, 79].

In the first and basic method, introduced more than twenty years ago, a bulk ED value, equivalent
to water, is assigned within the entire body contour [86, 87]. There is no need for any contouring,
but uncertainties up to 3% are introduced in the prostate region.

A development of this method concerns the introduction of one or more structures segmentation
(e.g. air or bone) to which appropriate relative ED values are assigned, thereby reducing the
dosimetric uncertainties to 2% [45, 88, 89]. The ED values assignment is based on generic values
provided by ICRU report n. 46 [88] or by other different method proposed in the literature [45, 88,
89]. However, structures delineation is manually performed, making this approach time-consuming
and, therefore, not practical for clinical use.

The voxel-based approach [54, 91, 92, 93] relies on the information about voxel intensities to assign
ED; limited information about voxel location is included. The method is mainly based on the machine
learning concept, in which a subset of the available data is used to train a model, which is then
applied to the remaining part to create the sCT; standard image processing can be also applied.
Different advantages can be found using this method: accurate image registration is not necessary
[47, 78], manual contouring is not required if statistical methods are used and patient with atypical
anatomy are handled better than with other methods. One of the main drawbacks of this method
is the need to have a large number of patients to train the model [81]; otherwise, the robustness of
the method can be hindered.

The atlas-based method relies on the deformable registration of the MR images composing the atlas
to the patient MR ones [88, 94, 95]. The atlas can either contain a single or average patient
(template) or can be composed of multiple patients (multi-atlas). Known correlations between the
MRI voxels and the values of interest, such as CT number or organ label are present in the atlas;
once the alignment has taken place, the CT number, retrieved from the atlas, is assigned to the
patients” MRI converting it into sCT. The use of an atlas enables automatic delineation of structures,
which further optimizes the workflow, reducing the amount of manual work and time, and reduce
inter-observer variability. This method typically uses a single MRI sequence; this ensures the scan
time is kept to a minimum, reducing the patients’ movement. Nevertheless, sCT generation is based
on an accurate registration, in contrast to purely voxel-based method.

Furthermore, both methods rely upon a direct database which can be troublesome for patients with
different anatomies from those present in the training data [81].

From the last two derive hybrid methods, which exploit the characteristics of both and are used
especially in commercial solutions [84, 96].

In recent years, methods based on deep learning have been developed [81, 82, 97, 98]. They usually
consist of convolutional neural networks, as generative adversarial networks. In these approaches
the network is trained to learn the relationship between CT and MR images: the input is the MRI
and the output is the sCT. After a proper training, sCT generation is very fast and suitable to be used
for adaptive purposes, as in the MRI-linac [99].

The choice of the method to generate the sCT is fundamental in the workflow development. Two
possible solutions are available: a homemade way, developed internally in the hospital, or
commercial solutions, which are more expensive but at the same time make the implementation
process more straight forward. Among them, the two main ones are MRCAT from Philips [85, 100],
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which is MR-vendor dependent and belongs to voxel-based method, and MriPlanner from
Spectronic Medical [84], which is MR-vendor independent and exploits a hybrid method.

1.2.3. DOSIMETRIC EVALUATION OF TREATMENT PLANNING

Once sCT has been generated, the obtained images are completely compliant with the TPS, allowing
the dose calculation and consequently the creation of the treatment plan. It is mandatory the
validation of those treatment plans from a dosimetric point of view, even if in the literature there is
a lack of standardization about it [11, 23]. The validation criteria are based on both Dose Volume
Histogram (DVH) parameters and 2D y-analysis, as used in clinical routine [101]. The first one takes
into account DVH parameters, regarding targets and OARs: PTV mean dose, PTV dose near to
maximum/minimum, mean dose and some constraints of most important OARs are common
examples. The y-analysis is performed with different acceptance criteria (3%/3mm, as suggested by
[102],2%/2mm, 2%/1mm or 1%/1mm used in [12, 14, 22]), different dose cut off (10%, as suggested
by [102], or 15%) and different passing rate, depending on different centers.

1.2.4. PATIENT SETUP VERIFICATION

The workflow ends with creation of reference images for patient setup verification prior to
treatment delivery. There are few works reported in the literature dealing with this subject
compared to the number of published studies on the MRI-only topic; CBCT images [85, 103, 104] or
planar images [4, 103] are used depending on the strategy chosen. A large part of the studies is
performed manually, through visual evaluations by different radiation oncologists in different
fractions; in this way the inter and intra observer variability is tested. In many cases, prostate fiducial
markers are also used to help match CBCT or planar images to reference images [83]. Anyway, the
handling of this task varies greatly from center to center and there are no guidelines in this case
either.

1.3. AIM OF THE THESIS

This thesis is a continuation of a preliminary study in which the possibility of implementing an
MRI-only workflow for prostate cancer was evaluated and initially planned in our hospital [105, 106].
This consists in replacing CT with MRl in all steps of the radiotherapy treatment of prostate cancer,
from simulation to planning and patient repositioning.

The aim of the present work is the clinical implementation of a radiotherapy workflow that leads to
a move towards routinely clinic planning using MRI alone, initially considering the prostate cancer.
To do this, the various resources present in a big general-purpose hospital, as Niguarda is, were
used.

The available resources in Niguarda hospital were used in this work: a 1.5 T MRI-scanner (Magnetom
Aera, Siemens Healthcare, Erlangen, Germany) and a standard linac (Synergy-S, Elekta AB,
Stockholm, Sweden) were exploited.

The MRI-only workflow consisted of several steps, from a proper acquisition protocol, with
optimized MRI sequence, dedicated flat table, immobilization devices, laser systems and markers,
passing throughout the generation of an atlas in order to auto contouring the patient images and



leading to the creation of a sCT, with which the TPS can calculate the dose distribution and
concluding with patient repositioning before each RT fraction.

The laser system was checked, and the MR markers were tested to correctly position the patient
inside the scanner during MRI acquisition. Then, MR atlases of 20 patients, previously subjected to
radiological examinations for diagnostic purposes, were implemented in order to lead to an auto-
contouring of new MR images acquired, and allowing in this way the creation of sCT, after a correct
assignment of the bulk EDs, taken from 20 patients that previously underwent prostate RT, for each
of the 12 detected structures. The advantage is to reduce intra- and inter-observer variability and
to get, in a few minutes, the contours of the main OARs saving clinician time.

Therefore, the generated sCT were dosimetrically validated; initially, a comparison between CT
images and the same ones with bulk EDs for each structure was performed on 20 other patients
who underwent prostate RT during the last year. As a second step, for 7 patients, whose images
were acquired both with CT and MR scanner, treatment plans were compared in terms of dose
distributions, considering DVH parameters and y-analysis.

Finally, the patient setup verification prior to treatment delivery was performed by the CBCT images;
the matching between these images and MRI reference ones, be they CT or MR, was performed and
the two modalities resulting shifts were compared.



MATERIALS AND METHODS

2.1. MRI-ONLY WORKFLOW

The clinical implementation workflow of prostate cancer radiotherapy developed in this thesis
consists of different steps, as illustrated in Fig. 2. It includes:

o MR Imaging: choice of suitable MR sequence — selection of appropriate markers and control
of laser system for patient positioning in the scanner — checking of geometric accuracy of
obtained images.

Contour delineation: implementation of an auto-contouring method.

sCT generation: creation of images to be used in the TPS for dose calculation.

Dosimetric evaluation: validation of the treatment planning dose distributions calculated on
sCT in comparison with ones obtained by the classical CT.

o Patient setup evaluation: comparison between the match of the daily CBCT with MR or CT
reference images.

eneration

ntour
Delineation

Imaging

Fig. 2: MRI-only clinical workflow.

The resources present in a big general hospital as Niguarda, were used in this work: in particular, a
1.5 T MRI-scanner (Magnetom Aera, Siemens Healthcare, Erlangen, Germany) and a standard linac
(Synergy-S, Elekta AB, Stockholm, Sweden) were exploited.

Several aspects of the implementation have been examined in this thesis, as reported below, in
order to validate the overall workflow. Some other tasks were evaluated in a preliminary work and
are reported here for completeness [105, 106].



2.2. MR IMAGING

A 70 cm wide-bore Magnetom Aera 1.5 T scanner (Siemens Healthcare, Erlangen, Germany) was
utilized in this thesis.

The first phase of this work is composed of different aspects: the choice of the most suitable MR
sequence, the patient positioning in the scanner, with suitable markers, laser system and the
relative immobilization devices, the checking of geometric accuracy of obtained MR images.

2.2.1. MR SEQUENCE

The sequence chosen for our purposes belongs to the Dixon family; the first ones were developed
in 1984 and have been evolving since then [50, 57, 58]. They have the advantage of separating fat
and water. To do this, the offset between the resonant frequencies of the protons in the fat and in
the water, approximately every 2.4 ms at 1.5 T, is exploited; this phenomenon is known as chemical
shift.

The basic principle behind these techniques is to encode the signal periodically at the fixed offset
between protons of fat and water during the acquisition, and subsequently estimate the
contribution of water and fat protons to the measured signal during postprocessing.

One of the most common Dixon techniques is the two-echo acquisition (or two-point) and is
schematically described below and illustrated in Fig. 3. A first acquisition is performed with an echo
time (TE) with fat and water protons in phase; afterwards, a further acquisition is performed with
an appropriate TE with fat and water protons out of phase (corresponding to a difference of 2.4 ms
at 1.5 T). Then, adding the two acquisitions, images showing water contribute are obtained (with
suppression of fat signal); on the other hand, subtracting of the out-of-phase from the in-phase
acquisitions results in images showing fat contribution (with suppression of water signal). Thus, four
sets of images are postprocessed and automatically reconstructed, as shown in Fig. 4.

IN PHASE OUT OF PHASE IN PHASE

——> <4mm > @

Fig. 3: Two-echo Dixon sequence: in green the magnetization direction of water, in blue that of the
fat. At TE = 0 ms water and fat have the same direction, thus creating a strong signal. At TE = 2.2
ms (at 1.5 T) they have opposite directions and so create no signal. Once the TE = 4.4 ms, fat and

water add up again.



In the in-phase images, bones are better defined; on the contrary, with out-of-phase images edges
of bladder, rectum, prostate and seminal vesicles are more clearly visible. The remaining images, fat
and water, allow the clinician to evaluate other aspects in more detail.

Fig. 4: 3D T1-VIBE-Dixon sequence used in this work. Left to right, top to bottom: in-phase (A), out-
of-phase (B), water (C) and fat (D) images.

The Dixon techniques have the advantage of providing four contrasts, with an high signal to noise
ratio, in one single acquisition and in a reasonable time, can be weighted towards T1 or T2 and can
be implemented in both gradient-echo (GE) and spin-echo (SE) sequences.

The Dixon sequences in the Magnetom Aera 1.5 T scanner (Siemens Healthcare, Erlangen, Germany)
were suitably optimized in the previous thesis in order to reach a good compromise between image
qguality and acquisition time. The images used in this work were acquired using a Cartesian
T1-weighted 3D Volumetric Interpolated Breath-hold Examination (VIBE) Dixon sequence.

The sequence is a spoiled gradient-echo acquisition that uses a gradient at the end of the repetition
and additionally varies the phase of each RF pulse to eliminate transverse magnetization, providing
pure T1 contrast. In a simplified way, a diagram of the sequence is shown in Fig. 5.

The acquisition parameters are reported in Table 2. The field of view was set to cover the whole
outer body contour for RT purpose.

In addition, all examinations were conducted using partial parallel acquisitions imaging GRAPPA
(acceleration factor = 2) with 18-channel body RF coils.
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Parameter Value

Repetition Time (TR) 7.0 ms
Echo Time 1 (TE1) 2.39 ms
Echo Time 2 (TE>) 4.77 ms

Flip Angle (FA) 10°

Isotropic Voxel Size ~1mm3
Bandwidth (BW) 445 Hz/pixel
Number of Slices 176

Scan Time 2 min and 30 sec

Tab. 2: The optimized acquisition parameters of 3D T1-VIBE-Dixon sequence used in this work.

Since the acquisitions were performed during free breathing, which could lead to ghost artefacts
related to respiratory movement, especially if the phase encoding direction is anterior-posterior
(AP), the phase encoding was changed to right-left direction (RL), with a 90% oversampling phase.

e e L] ——
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Signal (dual-
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Fig. 5: Dual gradient-echo sequence with Dixon technique: in green the magnetization direction of
water, in blue that of the fat. After the initial excitation, two gradient echoes at different echo
times (TEs) are acquired in two-point Dixon, the magnetizations of fat and water would be
opposed-phase in one echo (TE1) and in-phase in another echo (TE»). The water-only and fat-only
images can be generated from the combination of in-phase and opposed-phase data sets.
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2.2.2. ACQUISITION SETUP

Patients positioning within the scanner is of paramount importance to ensure reproducible daily
setup. To achieve this, a flat table-top and feet and knee supports are basic for prostate
radiotherapy [60, 61].

Actually, the typical MRI couch is not flat as the one of the standard CT and linac, because it is
designed to ensure comfort for the patient undergoing diagnostic purpose. To reproduce the same
setup as during irradiation at linac, an 8 mm wooden bi-laminated rigid flat table was manufactured
by carpenters at the Niguarda hospital, as shown in Fig. 6. It is light, weighting less than 6 Kg, and
easy to handle. The table, 50 cm in width and 134.5 cm in length, was designed to avoid unbalanced
effects in the patient positioning and enable the insertion of the abdomen receiver coil.

\

Fig. 6: Magnetom Aera 1.5 T MR (Siemens Healthcare, Erlangen, Germany) scanner with the 8 mm
wooden bi-laminate rigid flat table.

Patients were positioned in the MR scanner just like in the CT scanner, with feet fixation and with
knee support, and with 18-channel body RF coils, as visible in Fig. 7. Furthermore, their training and
physical condition are essential for a reproducibility purpose; they had no dietary restriction prior
to the session but were asked to drink 0.5 | of water, half an hour before the imaging acquisition to
have a filled bladder.
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Fig. 7: Patient positioned on the 8 mm wooden bi-laminate rigid flat table, with fixation devices
and 18-channel body RF coils, ready for MRI acquisition.

In addition to the aspects developed in the previous thesis, laser system and fiducial markers were
also considered in this work.

A calibrated laser system is essential for correct patient positioning in the scanner before
acquisition. Normally, an external laser system is installed in the CT room; as the feasibility of
implementing the MRI-only workflow was considered in this work, an MR safe external laser system
has not yet been purchased. It was therefore decided to use the internal laser system of the MRI
scanner. It is formed by a cross projected from a single point inside the scanner, located on the
upper side; although the isocenter, detected by the laser system, can be correctly identified, a small
rotation in the projected cross is sufficient to cause a shift of several millimeters at a distance of 20
cm from the center.

Fig. 8: Couple of cubic phantoms of 10 cm side, used to check the MR internal laser system. A cross
on the upper side, used to position them in the correct position, can be noticed.
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Apart from the quality controls performed by Siemens twice a year, further measurements to check
and validate the clinical use of the internal laser also per positioning purposes in RT workflow, were
carried out. To do so, dedicated phantoms were used, as displayed in Fig. 8. They are a couple of
cubic plastic phantoms, with side of 10 cm, filled with a solution of nickel chloride and sodium
chloride to provide contrast in MR acquisitions; on their upper side there is a cross that allows to
center them in the MR scanner.

To verify that the laser cross was not tilted, the phantoms were positioned on the rigid flat table,
with the body RF coils above them, as reported in Fig. 9. The quality assurance process consisted of
three different measurements with the 3D-T1-VIBE Dixon sequence:

o One of the cubes was positioned at the isocenter, based exclusively on the correspondence
of the laser system cross with that on the upper face of the phantom. The other cube was
placed on its right at 15 cm distance (from center to center). Each phantom was positioned
independently, based solely on the laser cross.

o The previous measurement was repeated by placing one of the two cubes to the left of the
central one.

o Finally, the two phantoms were placed at 5 cm from the table edges, to obtain a distance
from the two cubic of 28 cm (center to center), to test all the typical acquisition FOV.

Fig. 9: Example of measurement configuration with the two cubic phantoms used for internal laser
check

Once the images were acquired, a straight line from the middle of the central phantom,
corresponding to the center of the MR image, was drawn to the other cube, with Image J software.
Furthermore, the difference (in distance and in angle) between the center of the lateral phantom
and the theoretical one, indicated by the line, was measured. Moreover, the same calculation was
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performed for the furthest phantom edge. The process is shown in Fig. 10. The acceptance criterion
adopted for this measurement is 2 mm, as occurs for external lasers in CT simulation [107].

These measurements were repeated 2 months apart to assess repeatability and any drift.

Fig. 10: Example of laser system tilt measurement. On the left the phantom placed at the
isocenter, on the right the other one positioned at 15 cm distance (center to center). The red line
passes through the isocenter, while the blue line crosses the center of the lateral phantom. This

way the laser system tilt is measured both in the center of the lateral cubic phantom (A) and at its
further edge (B).

In the patient positioning procedure, lasers are usually positioned on tattoos made on the patient's
skin; markers are therefore necessary to identify the position of the tattoos in the imaging
acquisition. In particular, the ones used in planning CT acquisitions could not be used in the MR
room. Different options are tried, from home made to commercial solutions; finally, the LiquiMark™
MRI Markers (Suremark® - Simi Valley, California, USA) were chosen, since provided the better
contrast in our MR images. In the Fig. 11 these non-metallic spheres of 8 mm diameter, filled with
specific gel, are presented.

~
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Fig. 11: LiguiMark™ MRI Markers.
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2.2.3. GEOMETRIC DISTORTIONS

High geometry accuracy is mandatory for MR images used for RT purposes. Nevertheless,
imperfections in the static magnetic field uniformity, eddy current and gradient linearity may lead
to geometric distortion, which are typically divided into two main categories: system or scanner
related distortions, caused by inhomogeneities in the main magnetic field and gradient
nonlinearities, and patient-induced distortions due mainly to magnetic susceptibility variations at
the interface of different tissues [24]. In particular, tissue magnetic susceptibility-induced effects
are patient-dependent, and their behavior is difficult to assess and predict.

These distortions increase in magnitude with the radial distance from the isocenter and therefore
are strongly dependent on the FOV size used [63, 64]; in specific, acquisition for radiotherapy
purposes, which requires a large FOV, are more sensitive to this aspect [65].

Besides, geometric distortions can be reduced by using magnetic field shimming [66, 67]. MR
scanner are equipped with passive and active shimming. Passive shimming method concerns the
use of ferromagnetic materials, typically iron or steel, placed in a regular pattern at specific locations
along the inner bore of the magnet. Contrariwise, active shimming uses dedicated coils with
adjustable current. It is patient specific, since an algorithm, implemented in the MRI system,
calculate automatically (in the seconds just before the scan) the optimal shim currents that generate
an extra corrective magnetic field to better improve the homogeneity in the FOV.

Moreover, our MRI scanner systems features TrueForm™ Magnet Design (Siemens Healthcare,
Erlangen, Germany). It is optimized for a cylindrical shape of the homogeneous volume of the
magnetic field, rather than the typical spherical or ellipsoid volume. The benefit of TrueForm™
Magnet Design is a better depiction of the edges of the 3D FOV. This is particularly beneficial for
large FOV coronal imaging as abdomen-pelvis. A representation of TrueForm™ Magnet Design is
shown in Fig. 12.

Fig. 12: Scheme of the imaging volumes of a conventional magnet with spherical/ellipsoid volume
(A) vs TrueForm Magnet Design with a cylindrical volume (B). The figure is taken from Blasche et al.
2017.

A high acquisition bandwidth can reduce the geometric distortion too [68]: for this purpose, in the
optimized sequence, the chosen bandwidth (BW) is equal to 445 Hz/pixel.
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Although phantom studies experiments are unlikely to reflect the full complexity of the clinical case,
including differences in patient setup and internal movements between acquisitions, the
system-related and patient-induced geometric distortions can be measured and quantified.
Regarding this topic we discussed with the manufacturer, who explained to us that the active
shimming present on the scanner corrects the distortions in each acquisition in a suitable way.
Moreover, periodic QA controls in the MR scanner are performed every three months with ACR
phantom to check the stability of the scanner performances [108, 109].

However, the geometric distortions in the absence of the patient were evaluated in the previous
thesis work, by a cylindrical MRI Leksell phantom (Elekta AB, Stockholm, Sweden) as reported
in Fig. 13.

It is made of acrylic plastic and was 180.5 mm in diameter and 131 mm in height. In this volume,
there are 190 marker points of 2 mm in diameter and 2.5 mm in height respectively, placed in a
3D-grid, made of plastic material. In this way it is possible to evaluate the geometric distortion by
guantifying the difference between the theoretical distance between successive points and the
measured one in the all directions.

90

80

Fig. 13: the Elekta (Elekta AB, Stockholm, Sweden) magnetic resonance imaging phantom. On the
right, the scheme of the grid in all directions.

In order to investigate the geometric distortions in the different positions of the FOV with a phantom
of such a small size, a rigid indexed support fixed to the flat table was used. The phantom was
acquired at the isocenter, in two lateral positions at 15 cm (center to center) from the starting
position and at 12.5 cm cranially from isocenter. The measurements setup is displayed in Fig. 14.
All the MR images were scanned with the same FOV of 45 cm centered at the isocenter and with
the same optimized sequence reported below.

For more details on how the distance measurements were performed, | refer you to the previous
thesis work [105].

Fig. 14: Phantom position on flat table-top on MRI scanner. From left to right. Isocenter (A), 15 cm
right (B), 15 cm left (C) and 12.5 cm cranially from isocenter (D).
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2.3. CONTOUR DELINEATION AND SCT GENERATION

Once the MR images have been acquired, the next task is to define the volumes of both target/s
and OARs directly on them. Actually, in addition to the OARs usually identified on CT images, due to
the demands of dose constraints used in our hospital [110], further structures need to be contoured
because of the sCT generation method chosen. Indeed, in this thesis a hybrid method is proposed:
it is a combination of bulk and atlas-based approach. This consists of creating atlases of MRI images
from healthy volunteers and patients, who underwent to MRI for diagnostic purposes, with a
corresponding set of organ labels and assign them average EDs. The 12 structures identified in the
images are: Bladder, External, Femurs, Femoral Heads, Pelvic Bones, Prostate, Rectum, Sacrum and
Seminal Vesicles.

Patient / Age Weight Height

Volunteer (Years) (Kg) (cm) BMI
Y 29 80 184 23.6

Y 28 85 175 27.8

\Y, 56 96 178 30.3

Y 56 80 180 24.7

Y 66 70 174 23.1

\Y, 27 100 185 29.2

Y 64 100 190 27.7

Y 58 76 172 25.7

Vv 55 65 180 20.1

Y 32 75 170 26.0

Y 25 65 175 21.2

\" 29 60 160 23.4

Y 28 70 170 24.2

Y 40 70 180 21.6

P 63 94 170 32.5

P 65 75 170 26.0

P 65 87 178 27.5

P 76 79 178 24.9

P 64 80 170 27.7

P 75 60 160 23.4
Mean 50 78 175 25.5

Range 29-64 70 - 86 170- 180 23.4-27.7

Tab. 3: List of patients used to form the atlases. Age, weight, height and Body Mass Index (BMl)
are reported. In the last two rows Mean values and Range (25t percentile — 75" percentile) are
highlighted.
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In this thesis work 20 pelvic MRI images from healthy volunteers and patients are used as atlases,
as schematically reported in Table 3.

The four contrasts MRI Dixon images (in-phase, out-of-phase, water, fat) of the 20 men were
uploaded into the Monaco® treatment planning software (version n. 5.51, Elekta AB, Stockholm,
Sweden) and the structures were manually contoured with extreme precision for all the 176 slices,
taking advantage of the different contrasts provided by the Dixon sequence. The contouring was
done by the medical physicist and subsequently corrected and validated by the supervisors, a team
of physicists, radiologists and radiation oncologists. The in-phase images were preferred to contour
the bones, while out-of-phase to delineate the soft tissues, as bladder, rectum, prostate and seminal
vesicles. The remaining images, fat and water, allow the clinician to evaluate eventually further
details on the prostate. One of the advantages of using Dixon sequences, is the possibility to switch
from one contrast to another without losing accuracy in the delineation, since they are acquired
simultaneously. An example of a manually contoured images is reported in Fig. 15.

Finally, it was decided, together with the radiation oncologists, to use atlases of only one contrast:
the in-phase images were selected, since they were the best compromise between the four different
contrasts.

To contour a new image of a patient, the atlases are registered via Deformable Image Registration
(DIR) to the subject’s image to obtain a good correspondence between structurally equivalent
regions in the two images, and then labels defined on the atlases are propagated to the image. For
image registration and label fusion, the ADMIRE software (research version 1.13.5, Elekta AB,
Stockholm, Sweden) was used.

Color  Structure Name
Elladder
External
Femur_L
Femur_R

FemuraHead L

FemuralHead R

PelvisBones_L

PelvisBones_R
Prostate
Rectumn

Sacmum

EEDEEECOEEEREDO

Seminal Yesicl...

Fig. 15: Axial (A), sagittal (B) and coronal (C) views of out-of-phase 3D-T1-VIBE Dixon, manually
contoured. On the bottom right corner, the considered structures are reported.
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2.3.1. ADMIRE

ADMIRE (ADvanced Medical Imaging Registration Engine, research version 1.13.5, Elekta AB,
Stockholm, Sweden) is a software that enables the contouring of structures on new images using
knowledge that was previously labelled in a dataset (atlas); an example could be MR images
manually contoured by an expert team.

To transfer atlas contours to the image data of a new patient, atlas images are firstly non-rigidly
registered to the image data to the new subject image data, then with the transformation vectors,
it is possible to transform the atlas contours to the new patient. The complete process is presented
in Fig. 16.

The registration strategy includes the shape of structures in the atlas to help improve the

registration efficiency and robustness [111].

Fig. 16: Schematic representation of ADMIRE. At the begin, the image data of the atlas (A) is
non-rigidly registered the new subject image data (B), then the atlas contours (C) are transformed
to the new patient images (D).

Furthermore, this software uses a multi-atlas fusion strategy that usually provides a significantly
improved accuracy in segmentation than using a single atlas alone, which is unable to adequately
consider the differences in the anatomy of patients [112].

In the beginning, the multiple individual atlases are applied independently to get multiple contours
of the same subject, which are then combined in a multi-classifier framework to get a final unique
segmentation [113].

For label fusion, 2 different algorithms can be selected in ADMIRE (research version 1.13.5, Elekta
AB, Stockholm, Sweden): the STAPLE label fusion [114, 115] and Patch label fusion [116]. The STAPLE
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algorithm works with a statistical framework that simultaneously estimates the underlying truth
segmentation and the accuracy of each individual atlas. It ignores the image data and uses only the
segmentations when computing the label fusion. In contrast, the Patch algorithm considers the
accuracy of the initial image registration by comparing the intensity similarity between the atlas and
the patient after being aligned, to get better label fusion results. This process is called intensity
weighting. With a multi atlas consisting of 20 patients the difference between the two methods is
limited.

The overall framework of the ADMIRE method is summarized in Fig. 17.

NEW FINAL
MULTI PATIENT INDIVIDUAL RESULT
INDIVIDUAL RESULTS
ATLASES

Fig. 17: Simplified scheme of ADMIRE method. First, the multiple individual atlases are applied
independently to get multiple segmentations of the same subject, which are then combined in a
multi-classifier framework to get a final unique segmentation.

For a better comprehension of the process, the workflow for computing the automatic contouring
in prostate subjects, using a single atlas, is summarized in Fig. 18. The core algorithm is a hierarchical
atlas registration method that consists of three major steps: a linear registration, an object-driven
poly-smooth non-linear registration, and a dense hybrid deformable registration. These three steps
gradually increase the degrees of freedom for image matching, and the result of an earlier step is
used to provide initialization for the next step that follows.

The linear registration aims to correct for global differences in position, orientation, and size
between an atlas and a subject image. The software uses linear registration model with 9 degrees
of freedom, where the free parameters include three translation, three rotation, and three scaling
factors. To find the optimal transformation parameters, it maximizes the global mutual
information (MI) between the atlas and subject images using a multi-resolution stochastic
gradient-descent optimization scheme with a random sampling pattern of about 100 image patches
at each iteration [117].
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The poly-smooth nonlinear registration is the first 3D non-linear registration step in ADMIRE
software (research version 1.13.5, Elekta AB, Stockholm, Sweden). The basic idea is to reduce the
degrees of freedom of the non-linear registration in order to achieve a more robust registration.
The poly-affine framework, however, restricts each object to follow an affine transformation, which
is insufficient to model large inter-subject shape variations. An ad-hoc solution that splits a large
object into multiple smaller components was developed [118]. Instead, it is only necessary to have
points belonging to the same object to deform consistently; that is, the deformation vector field
should be smooth along the boundary surface of each object. Thus, this model is more flexible and
can naturally handle large inter-subject shape changes.

ATLAS NEW PATIENT
Linear Registration
(Image and Contours) :> I &l : <:I (Image)

Poly-smooth Nonlinear
Registration

U

Dense Hybrid
Deformable Registration

4

NEW PATIENT
(Image and Contours)

Fig. 18: Example of auto-segmentation workflow with a single atlas.

In the final phase of the atlas registration, a full free-form deformable registration is calculated to
further refine the recording of results from the previous phase and to align the detailed structures
of the atlas with the images of the subject.

In order to better overlap the boundaries of the object, while remaining robust to changes in image
contrast, a hybrid image has been developed that matches the metrics to be used in this phase,
which is a combination of the traditional mutual information (MI) and a new standardized
sum-of-square-difference metric (NSSD) [119].

This hybrid similarity method provides better alignment of image edges than using the MI metric
alone since the latter cannot account for local image contrast changes. On the contrary, the NSSD
metric is an edge-based alighment metric and can naturally handle local image contrast changes.
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However, using the NSSD metric alone is sensitive to initialization because it cannot differentiate
well between neighboring edges with similar orientation. The hybrid metric combines the advantage
of each term, providing more robust results.

2.3.2. ELECTRON DENSITIES

When the structures have been automatically contoured, it is necessary to assign an electron
density to each of them. In the method proposed in this thesis, an average ED value is associated
with each structure. To obtain these values, in the previous work a set of 20 patients who underwent
radiotherapy for prostate cancer during last year, were selected. Their mean age was 77 years old
(range 70-82 years) and their CT images were acquired on a Philips big bore Brilliance CT scanner
(Philips Medical System, Amsterdam, The Netherlands), with 120 kVp and 3 mm of slice thickness.
The patients were in a supine position, with knee support and fixation of the feet, exactly as
described for MRI acquisition. Moreover, they had no dietary restriction prior to the session but
were asked to drink 0.5 | of water, half an hour before the imaging acquisition to have a filled
bladder.

For the automatic segmentation of bones and organs of interest, ADMIRE (research version 1.13.5,
Elekta AB, Stockholm, Sweden) was used with its pre-set of three CT atlases (small, medium and
large anatomies). For femurs, femoral heads, pelvic bones and sacrum, the automatic contouring
provided excellent results while for the bladder, rectum and seminal vesicles it was worse than the
one performed by the clinician for treatment planning, probably due to the small number of atlases
that do not perform well for those particular anatomies.

Therefore, for femurs, femoral heads, sacrum and pelvic bones we considered the contours
resulting from ADMIRE and for bladder, rectum and seminal vesicles the contours carried out by the
clinician.

2.4. DOSIMETRIC EVALUATION

Once sCT has been generated, the obtained images are completely compliant with the TPS, allowing
the dose calculation and consequently the creation of the treatment plan. It is mandatory the
validation of those treatment plans from a dosimetric point of view, even if in the literature there is
a lack of standardization about it [11, 23].

The dosimetric evaluation on sCTs consisted of two different phases. In the first one, the EDs
assignment was assessed recalculating the dose distributions obtained with the CT on the same
images, in which only the EDs were changed, passing from a continuous value to a fixed one. In this
case, the OARs (bladder, external, femoral heads, rectum) contoured by the radiation oncologist on
the CT were copied and kept on the sCT, while the remaining structures of interest (femurs, pelvis,
sacrum) were manually contoured by the same radiation oncologist afterwards. Subsequently, the
same process was performed on sCT, this time obtained from MR images, where structures were
automatically contoured by ADMIRE (research version 1.13.5, Elekta AB, Stockholm, Sweden); in this
case the combination between the assignment of an average ED and the different contours in the
two imaging modalities was evaluated.

At first, 10 MV X-rays VMAT prostate treatment plans of 20 patients (see Table 4) were calculated
on CT images. The prescribed dose was 72 Gy in 30 fractions (2.4 Gy per fraction). The treatment
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plans were calculated with the X-rays Voxel Monte Carlo algorithm with 0.3 cm grid-size and 2% MC
uncertainty per calculation in Monaco® TPS (version 5.51, Elekta AB, Stockholm, Sweden). The dose
optimization process was conducted by minimizing high dose volumes in healthy tissues, especially
at the OARs, such as the rectum and the bladder wall, without compromising the target coverage.
In detail, the dose-volume constraints for OARs, used for conventional fractionation and followed
in our hospital, derived from [110] and are reported in Table 6.

Patient #PTV Age
1 1 70
2 1 77
3 1 80
4 1 66
5 1 75
6 1 72
7 1 63
8 1 58
9 1 76
10 1 64
11 1 77
12 1 76
13 1 77
14 1 78
15 1 78
16 2 70
17 2 72
18 2 70
19 3 73
20 3 54

Mean 71
Range 69 - 77

Tab. 4: List of patients used in the first part of sCT validation. Number of PTVs and age are
reported. In the last two rows Mean values and Range (25t percentile — 75 percentile) are
highlighted.

The optimized plans were copied using the same field arrangements and recalculated on the sCTs,
obtained by CT images, as described in the section 2.2.2, only replacing the ED density of each
structure with the average one, previously calculated. The validation criteria used in this work are
based on both Dose Volume Histogram (DVH) parameters and 2D y-analysis [99], as detailed in the
following sections (2.3.1 and 2.3.2). Dose deviations between calculations based on standard CT
image and the synthetic CT were evaluated using those quantitative and efficient methods.
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Therefore, the validation of sCT generated directly by MRl images was performed. For this purpose,
7 patients, eligible for MRI-only workflow, were selected during last year, as schematically reported
in Table 5.

Age Weight Height

Patient #PTV (Years) (Ke) (cm) BMI
1 3 74 80 184 23.6
2 1 79 85 175 27.8
3 1 77 96 178 30.3
4 1 73 80 180 24.7
5 2 76 70 174 23.1
6 1 79 100 185 29.2
7 1 73 100 190 27.7
Mean 76 77 173 25.7
Range 73-78 75-78 170-178  24.4-27.1

Tab. 5: List of patients used in the MRI-only workflow validation. Number of PTV, age, eight, height
and Body Mass Index (BMI) are reported. In the last two rows Mean values and Range (25t
percentile — 75 percentile) are highlighted.

In this validation phase, a parallel workflow was performed, based on both CT and MR imaging.
Firstly, patients were scanned with a big bore Brilliance CT scanner (Philips Medical System,
Amsterdam, The Netherlands), with 120 kVp and 3 mm of slice thickness. All patients were in a
supine position, with knee support and fixation of the feet. The CT room is equipped with external
laser system; tattoos were applied to patients at this stage. Moreover, no dietary restriction prior
to the session were asked, only to drink 0.5 | of water, half an hour before the imaging acquisition
to have a filled bladder. Once the first acquisition was performed, patients were asked to visit the
toilet and then drink 0.5 | of water again. Therefore, after half an hour the MRI acquisition were
performed on a 70 cm wide-bore Magnetom Aera 1.5 T MR scanner (Siemens Healthcare, Erlangen,
Germany), with the T1-weighted 3D VIBE Dixon, described in section 2.1.1. The patients were
positioned in the MR scanner just like in the CT scanner, on the dedicated flat table-top, with fixation
of feet and with knee support, and with 18-channel body RF coils, as visible in Fig. 7.

Once the double set of images were acquired, the CT images were contoured manually by the
radiation oncologist, while the MR ones are automatically contoured by ADMIRE software (research
version 1.13.5, Elekta AB, Stockholm, Sweden); only the PTV was drown manually in both cases.
Then the treatment plan was calculated on CT images with the same specifications as in the previous
case, so a X-rays Voxel Monte Carlo algorithm with 0.3 cm grid-size and 2% MC uncertainty per
calculation in Monaco® TPS (version 5.51, Elekta AB, Stockholm, Sweden). The plan was optimized
to have an adequate target coverage and to respect the dose constraints used in our hospital (Table
6) [110]. Hence, the optimized plans were copied using the same field arrangements and shifts
respect to imaging isocenter, and recalculated on the sCT images, obtained by MRI. In addition, the
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same plan was optimized again with the same plane constraints, and then recalculated. The dose
evaluation was performed using DVH parameters and 2D y-analysis also in this case.

2.4.1. DOSE VOLUME HISTOGRAM (DVH)

The relative differences between dose distribution in CT and sCT were calculated for the relevant
DVH points of PTV coverage and OARs dose constraints (bladder, femoral heads and rectum).

For the PTV, these were the minimum coverage dose of 95% of the target (D95), the near-minimum
(D98), the near-maximum (D2) and the median (D50) absorbed doses in agreement with the
recommendations from the ICRU report n. 83 [120].

The constraints used in our center [110] and evaluated in this work are reported in Table 6.

In addition, mean dose of all the mentioned OARs were evaluated. For all of them, the percentage
difference was evaluated subtracting the CT value to the MR one, and dividing the result by the CT
value, considering in this way the CT as the gold standard. An acceptance criterion can be identified
from a comparison with the literature, where dose differences ranged up to 2.0% for different DVH
parameters considered [15, 22, 39].

Organ at Risk Parameter Constraint (%)
V40 60
Bladder V65 50
V70 35
Femoral Heads Dmean 45
V40 40
V50 50
Rectum
V65 20
V70 10

Tab. 6: List of DVH constraints used in our hospital [107].

2.4.2. GAMMA ANALYSIS

The gamma evaluation method was proposed by D. Low more than twenty years ago [101] for
comparison of two dose distributions; it consider both dose (Dose Difference, %Diff) and spatial
differences (Distance-to-Agreement, DTA) between them.

This method is applicable in 1 to 3 spatial dimensions. There are three essential parameters to take
into account on gamma analysis: %Diff, DTA and dose threshold. The latter consists of the
percentage value that rejects the dose points below the dose threshold chosen of the planned
maximum dose. The Report of the AAPM Task Group 119 [102] asserts that 3% for %Diff and 3 mm
for DTA are the most common criteria with dose threshold value equal to 10%; the acceptable
threshold of gamma passing, defined as the ratio between the number of points that passes the
gamma calculation and the total number of points evaluated, is assessed to be 90%.
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In this thesis, 2D local y-analysis with 10% of dose threshold was performed to compare the dose
distributions between the CT and sCT CT-based plans and CT and sCT MRI-based plans. The criteria
of 3%-3mm, 2%-2mm, 2%-1mm 1%-1mm are used to compare 2D dose distributions in the all planes
and in the most significant slices (i.e. anatomical regions in the presence of bones, bladder and
rectum). The calculations were performed by SNC Patient™ software (Sun Nuclear, Melbourne,
Florida, USA). y-analysis with 10% of dose threshold acceptance criteria, chosen for dose calculation
on sCT, were pass rate >99% for 3%-3mm, >98% for 2%-2mm and >95% for 2%-1mm.

2.5. PATIENT SETUP VERIFICATION

The workflow ends with creation of reference images for patient setup verification prior to
treatment delivery. There are few works reported in the literature dealing with this subject; CBCT
images are used in most cases, with a large part of the studies performed manually [85, 103, 104].
In this thesis, the feasibility of matching the daily CBCT and MR reference images was verified on
the X-ray Volume Imaging (XVI) at Synergy-S linac (Elekta AB, Stockholm, Sweden), through visual
evaluations by different radiation oncologists; in this way the inter and intra observer variability is
tested.

The patient setup verification in an MRI-only workflow does not differ in principle from that in the
CT-based workflow. However, in order to be able to send images from Monaco® (version 5.51,
Elekta AB, Stockholm, Sweden) to XVI, it is necessary to change the image modality in the SOP
classes, transforming it from MR to CT; this was done automatically by a script.

Fig. 19: Patient positioned on rigid flat table in the linac bunker, with fixation devices, ready for
CBCT acquisition.
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The CBCT acquisition was performed with 120 kV, 660 mAs, FO filter and medium collimator FOV;
the patient was positioned in the same way as in the MR scanner, as shown in Fig 19.

Patient # CBCT Age
1 12 78
2 5 77
3 5 67
4 22 70
5 11 55
6 11 81
7 9 70
8 7 69
9 17 73
10 10 77
11 10 75
12 9 73
13 10 80
14 5 83
15 5 80
16 10 70
17 5 72
18 10 75
19 8 66
20 5 77
Mean 9 73
Range 5-11 70-78

Tab. 7: List of patients used to determinate average shifts in patient positioning with CBCT images.
Number of CBCT images acquired and age are reported. In the last two rows Mean values and
Range (25 percentile — 75t percentile) are highlighted.

Once the acquisition was performed, the CBCT images were compared with both CT and MR ones,
previously rigid registered each other by translation only, following the protocol used in our
hospital. In the usual CT-based workflow, the comparison between CT and CBCT images is
performed in three different way: an automatic match based on both gray levels and bones in the
clip box around the target region, and subsequently a manual one. The results of the described
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method are evaluated by the radiation oncologist and the properly shifts are chosen. In our hospital
the adopted protocol is an off-online CBCT one. It consists in the acquisition of the kV images during
all the 5 fractions in the first week; subsequently, average shifts are calculated and used in the
following fractions. A CBCT is performed at the beginning of each treatment week as a check.

In this work, for the patients presented in Table 5, matches between CT and CBCT images of different
fractions were performed by different radiation oncologists. Therefore, the obtained shifts were
compared with the ones obtained by manual match with the MR image, and the resulting
discrepancies are analyzed. In addition, 20 patients, presented in Table 7, that performed prostate
RT on the Synergy-S linac, were selected in order to evaluate an average shift in their in
room-verification positioning; the obtain results were then used as a comparison with those
previously achieved.
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RESULTS

3.1. MR IMAGING

3.1.1. MR SEQUENCE

MRI sequence used for MRI-only planning workflow was an optimized 3D T1 VIBE Dixon gradient
echo. It was obtained starting from a standard sequence duration of 40 minutes; the clinical
sequence is now only 2 minutes and 30 seconds long. It is a good compromise between image
guality and acquisition time, reducing the breathing artifacts, which generally creates distortions in
OARs, such as the bladder and the discomfort of the patient. The optimization process is shown in
Fig. 20, where the original sequence, an intermediate step lasting 5 minutes and the final result are
displayed. This new short sequence permits also a good maintaining of patient position reducing
discomfort and then related movement artifacts.

Fig. 20: Optimization step of Dixon sequence: original sequence lasting 42 minutes (A), an
intermediate acquisition (5 minutes) (B) and the final result, 2 minutes and 30 seconds long (C).

3.1.2. ACQUISITION SETUP

Patients positioning accuracy is mandatory to ensure a reproducible daily setup. A flat table-top,
feet and knee supports, suitable markers and a calibrated laser system are required to achieve this.
In particular, a calibrated laser system is essential for correct patient positioning in the scanner
before acquisition. An external laser system is commonly installed in the CT room; periodically, a
dedicated QA program is executed on it. Before making the MR-based workflow a standard, an MR
safe external laser system was not available. Therefore, internal laser system of the MRI scanner
was used: QA measurements were fundamental to check if the laser cross, projected from a single
point inside the scanner, was not tilted.

For all the three cases of section 2.1.2, the differences from the isocenter, due to the rotation of the
laser cross, are reported in Table 8 together with the related tilt angle values, as described in detail
in Fig. 21. For all the three setup configurations, the measured distances are consistent between
them, leading to tilt angles very similar to each other at the 2 different distances: (0.3° both at 15
and at 20 cm).
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These measurements were made in three different slices corresponding to different heights in the
phantom and were repeated 2 months apart to assess repeatability and any drift.

(2]

Fig. 21: Scheme of measured distance (C) and relative tilt angle (B) from the isocenter (A).

Slice  Distance  Distance  TiltAngle Distance  pistance  Tilt Angle

PO heighe 0T fmm) o O R im0
Up 0.5 0.2 0.7 0.2

Ce['z?tr' Middle 150 06 0.6 02 02 200 07 07 02 02
Down 0.7 0.3 0.8 0.2
Up 1.0 0.4 1.2 0.3

Ci?gtstr' Middle 150 13 11 05 04 200 14 13 04 03
Down 0.9 0.3 1.1 0.3
Up 1.2 0.5 1.4 0.4

:f;t Middle 280 08 1.0 03 04 380 10 12 03 04
Down 1.1 0.5 1.1 0.3

Mean 0.9 0.3 1.1 0.3

Tab. 8: List of evaluations on laser system. Distances and tilt angles, averages of two different
measurements, reported for three representative heights in the phantom. In bold their mean
values are highlighted. In the last row Mean values of different measurements setup are shown.

3.1.3. GEOMETRIC DISTORTIONS

Although phantom studies experiments are unlikely to reflect the full complexity of the clinical case,
the results of measurements made on the cylindrical grid MRI Leksell phantom (Elekta AB,
Stockholm, Sweden) are reported below. The mean differences between consecutive grid points
obtained for the axial section, in horizontal and in vertical directions, and for the coronal section in
all the four FOV positions described in Fig. 14, are shown in Table 9. Difference between the
calculated mean distance and the nominal distance (in red) were less than 2 mm for all views and
for the four tested positions with radial distances lower than 30 cm from the isocenter.
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Central Left (mm) Right (mm) Central Up

. Nominal
View (mm) (mm) (mm)
(¥0.7 mm) (0.7 mm) (0.7 mm) (x0.7 mm)

Horizontal 20.3 20.0 20.1 20.3 20
Vertical 30.2 30.2 30.1 30.3 30
Coronal 20.3 20.4 20.7 20.5 20

Tab. 9: Distances between consecutive points for different views and position in the FOV. On the
last column, the nominal reference is reported.

3.2. CONTOUR DELINEATION AND SCT GENERATION

The acquired MRl images of 7 patients reported in Table 5, were automatically contoured by Admire
software (research version 1.13.5, Elekta AB, Stockholm, Sweden), as described in section 2.2.1. The
average time taken for this operation is shown in the Table 10 for each patient: a further 5 to 10
minutes are necessary for the radiation oncology to better define some contours and to draw the
target. The contoured images obtained were validated by both a radiologist and the senior radiation
oncologist who followed the all work.

Time
(min:sec)
18:03
20:57
22:13
17:54
19:52
19:28
18:48

Mean 19:36
Range 18:26 - 20:25

Patient

N oo o A WN

Tab. 10: List of times taken by Admire to auto-contour each patient. In the last row the Mean
value and the Range (25 percentile — 75" percentile) are highlighted.
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An example of the Admire output is shown below in Fig. 22.

Fig. 22: Example of MR images automatically contoured by Admire software.

3.2.1. ELECTRON DENSITIES

The average ED values of each structure, taken in the previous work from work a set of 20 patients
who underwent radiotherapy for prostate cancer during 2019 and used in this thesis, are listed in
Table 11.

Electron Density

Structure (g/cm?)
Bladder 1.030
External 1.000

Femoral Head_L 1.170
Femoral Head_R 1.170
Femur_L 1.225
Femur_R 1.225
Pelvis_L 1.196
Pelvis_R 1.196
Prostate 1.000
Rectum 0.992
Sacrum 1.110
Seminal Vesicles 1.000

Tab. 11: List averaged EDs used for each structure in this work.
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3.3. DOSIMETRIC EVALUATION

The dosimetric evaluation on sCTs consisted of two different phases. In the first one, the EDs
assignment was assessed by the comparison of dose distributions obtained on the same CT images,
in which only the EDs were changed, passing from a continuous value to a fixed one.

As an example, in Fig. 23 are reported dose distributions and DVH of both CT-based plan and
sCT-based one for a single patient. In more detail the DVH of both plans is shown in Fig. 24.

Eladder
Extemal
Femoral Head_L
Femaoral Head R
PTY

Rectum

EEEREENE O

Sigma
] e

40.0 Gy

. 10.0 Gy

Bladder

External
Fermoral Head_L
Femaoral Head_R

PTY

Rectum

O
|
|
[
|
[
|

Sigma
Bl o

40.0 Gy
. 10.0 Gy

Fig. 23: Example of CT-based plan (top) and sCT-based one (bottom), in which a fixed ED was
assigned for each structure.
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Fig. 24: Example of DVH comparison between CT-based plan (continuous line) and sCT-based one

(dashed line) reported in Fig. 22.

The comparison between the two image types was performed considering the CT as the gold

standard; the mean differences of DVH parameters in terms of PTV coverage and OARs constraints

(see Table 6) are reported in Table 12.

Structure DVH Parameter

D98 D95 D2 Dmean

PTV 0.31 0.33 0.82 0.57
(Prostate Gland) -3.15 -3.08 0.05 -1.24
0.99 1.19 1.80 0.90

D98 D95 D2 Dmean

pTV 2% 0.12 0.14 0.69 0.18
(Seminal Vesicles)  .1.71 -1.56 0.03 -1.35
0.68 0.69 1.21 0.64

D98 D95 D2 Dmean

PTV 3%* 0.66 0.59 0.51 0.55
(Pelvi) 0.58 0.55 0.49 0.55

0.74 0.64 0.52 0.56
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V65 V40 Dmean

1.85 -0.25 0.14
Bladder
-0.40 -9.86 -6.41
1.40 5.90 1.25
Dmean L Dmean R
0.10 0.13
Femoral Head
-1.22 -1.57
1.00 1.09
V50 va0 Dmean
5.03 2.41 1.06
Rectum
1.00 -1.05 -0.87
10.12 431 1.75
* Only 7 patients.
** Only 3 patients.

Tab. 12: List of mean deviations of DVH parameters for PTV and OARs of 20 considered patients.
The reported values are the percentage difference between CT and sCT, where CT was considered
as gold standard. From top to bottom of each structure: the average value (red), the minimum and
the maximum ones (in blue).

In more detail, differences in PTV coverage and Bladder, Femoral Head and Rectum constraints
between CT and sCT are presented in Fig. 25, 26, 27, 28.

PTV

o4+

% Difference CT vs sCT

D98 D95 D2 Dmean

Fig. 25: Mean deviations and range of PTV DVH-parameters (D98, D95, D2, Dmean) for the 20
considered patients. The CT was considered as gold standard.
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% Difference CT vs sCT
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V65 V40 Dmean

Fig. 26: Mean deviations and range of Bladder DVH-parameters (V65, V40, Dmean) for the 20
considered patients. The CT was considered as gold standard.

FEMORAL HEADS

1.50
1.00
0.50
0.00
-0.50

-1.00

% Difference CT vs sCT

-1.50

-2.00

Dmean L Dmean R

Fig. 27: Mean deviations and range of Femoral Heads DVH-parameters (Dmean L, Dmean R) for the 20
considered patients. The CT was considered as gold standard.
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Fig. 28: Mean deviations and range of Rectum DVH-parameters (V50, V40, Dmean) for the 20
considered patients. The CT was considered as gold standard.

Further evaluations were performed by 2D local y-analysis, as described in section 2.3.2. The
obtained results for all three views are reported in Table 13.

View 3%-3mm 2%-2mm 2%-1mm 1%-1mm

99.9 99.4 97.5 87.1

Transverse 99.4 97.7 94.6 78.3
100.0 99.9 99.4 92.5

99.7 98.7 96.2 86.1

Coronal 96.4 91.5 83.2 66.2
100.0 99.7 98.5 90.9

99.6 98.5 95.3 85.8

Sagittal 95.4 89.6 80.8 67.9
100.0 99.6 97.8 92.4

Tab. 13: List of 2D y-analysis score, evaluated over 20 patients for transverse, sagittal and coronal
views with different combination of %Diff and DTA parameters. From top to bottom of each view:
the average value (red), the minimum and the maximum ones (in blue).
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Afterwards, the combination between the assignment of an average ED and the different contours
in the two imaging modalities was evaluated. This phase consisted of two different steps. In the first
one, the optimized plans, calculated on the CT images, were copied using the same field
arrangements and recalculated on the sCTs, obtained by MRI. The results of mean DVH differences
comparisons in terms of PTV coverage and OARs constraints are reported in Table 14.

Structure DVH Parameter
D98 D95 D2 Dmean
PTV -1.41 -0.90 -0.41 -0.34
(Prostate Gland) -5.46 -2.62 -2.52 -1.35
0.15 -0.07 1.28 1.03
D98 D95 D2 Dmean
PTV 2* -1.14 -0.51 0.65 1.15
(Seminal Vesicles) -2.31 -1.11 -0.05 0.12
0.29 0.05 1.28 2.64
V65 V40 Dmean
-27.49 -33.48 -23.89
Bladder
-45.93 -44.41 -35.37
-1.13 -20.04 -6.46
DmeanlL DmeanR
-2.00 -0.92
Femoral Head
-7.68 -10.26
15.21 12.15
V50 V40 Dmean
Rectum 53.68 25.99 11.66
29.50 13.36 10.11
80.72 42.3 13.85
* Only 3 patients.

Tab. 14: List of mean deviations of DVH parameters for PTV and OARs of 7 considered patients
with CT and MRI images. The reported values are the percentage difference between CT and sCT
plans with the same field arrangements, where CT was considered as gold standard. From top to
bottom of each structure: the average value (red), the minimum and the maximum ones (in blue).
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Subsequently, the previous plans were optimized on the new target and OAR volumes, defined on
MR images, with the same plan constraints as CT-based ones; the relative evaluations are shown in

Table 15.
Structure DVH Parameter
D98 D95 D2
PTV -0.89 -0.52 -0.01
(Prostate Gland) -3.51 -2.89 -1.17
1.48 0.86 0.99
D98 D95 D2 Dmean
PTV 2* -1.18 -0.67 0.15 0.17
(Seminal Vesicles) -1.41 -0.77 -0.09 0.05
-0.78 -0.56 0.38 0.26
V65 V40 Dmean
-36.85 -27.68 -22.24
Bladder
-46.41 -63.14 -52.37
-26.69 4.46 6.63
DmeanlL DmeanR
-2.11 -0.72
Femoral Head
-11.49 -6.74
9.55 7.96
V50 V40 Dmean
Rectum 7.88 7.74 4.22
4.56 3.76 -2.44
11.98 15.01 14.00
* Only 3 patients.

Tab. 15: List of mean deviations of DVH parameters for PTV and OARs of 7 considered patients
with CT and MRI images. The reported values are the percentage difference between CT and sCT
plans with re-optimized MR-based one, where CT was considered as gold standard. From top to

bottom of each structure: the average value (red), the minimum and the maximum ones (in blue).

40



In both analyzed cases, the isocenter of the plane was chosen with the same shifts used in the
CT-based plane, starting from the isocenter of the images.

Differences in PTV coverage and Bladder, Femoral Head and Rectum constraints between the two
methods described above are presented in Fig. 29, 30, 31, 32.

PTV
b 1.00
g 0.50
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D98 D95 D2
[ Re-Calculated = Re-Optimized

Fig. 29: Mean deviations and range of PTV DVH-parameters (D98, D95, D2, Dmean) for both the
tests performed on the 7 considered patients. The CT was considered as gold standard.
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Fig. 30: Mean deviations and standard deviations of Bladder DVH-parameters (V65, V40, Dmean) for
both the tests performed on the 7 considered patients with both CT and MRI images. The CT was
considered as gold standard.

41



FEMORAL HEADS

1.00

0.00

. I
-2.00

3.00

% Difference CT vs sCT

Dmean L Dmean R

M Re-Calculated ® Re-Optimized

Fig. 31: Mean deviations and standard deviations of Femoral Heads DVH-parameters (Dmean L,
Dmean R) for both the tests performed on the 7 considered patients with both CT and MRI images.
The CT was considered as gold standard.
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Fig. 32: Mean deviations and standard deviations of Rectum DVH-parameters (V50, V40, Dmean) for
both the tests performed on the 7 considered patients with both CT and MRI images. The CT was
considered as gold standard.

To better understand these results, a relevant example of differences of both bladder and rectum
anatomies is reported below in the Fig. 33. From the CT images it is evident that the contours are
changed noticeable during time between two acquisitions. So the obtained differences can be
explained considering how the CT and MR were acquired: the two imaging modalities in fact were
performed one after the other, with the patient that had to visit the toilet after the CT acquisition
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and repeat the training by drinking half a liter of water. So, despite these cautions, the filling of the
bladder and rectum was different, leading to a systematic underdosage of the bladder, and a
resulting increase of dose in the rectum [121].

Fig. 33: Example of difference in patient anatomy between two different and consecutive
acquisition, carried out with a same training. On the left, the MR images (A), while on the right
the CT images where structures contoured on MR are copied (B).

In addition, compliance with the constraints, listed in Table 6, was evaluated for the re-optimization
plans on MRI; the results are shown in the Table 16.

PTV BLADDER FEMORAL HEADS RECTUM
Patient

D95 V60 V40 DmeanlL DmeanR V70 V65 V40
1 M M
2 M M M M M M M X
3 M M M M M M M ™
4 M M
5 M M M M M M M ™
6 M M M M M M M ™
7 M M

Score 7/7 7]7

~
S~
N

7/7 7/7 7/7 7/7 6/7

Tab. 16: List of compliances with the constraints for the plans re-optimized on sCT generated by
MR images.
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3.4. PATIENT SETUP VERIFICATION

The position shifts in the matching between CBCT and CT or MR images, and their differences,
obtained through visual evaluation by three different radiation oncologists, are reported in Table
17 for selected fractions. The match between CBCT and CT was considered as the gold standard.
Note that CT and MRI were previously registered by translating the isocenter of the planning images.

Lateral Shifts (cm)

# Fraction cT MR 1 MR 2 MR 3 ‘Mean
Difference

1 0.20 -0.20 -0.07 -0.06 0.31

2 -0.13 -0.06 -0.13 -0.30 0.03

3 0.20 -0.20 -0.20 -0.67 0.56

4 0.35 -0.27 0.00 -0.20 0.51

5 0.30 0.00 0.07 -0.11 0.31

6 -0.09 -0.13 -0.47 0.00 0.11

7 -0.39 -0.87 -0.87 -0.08 0.22

8 -0.15 -0.20 -0.60 -0.20 0.18

9 0.13 -0.13 -0.27 -0.10 0.30
Mean 0.05 20.23 .0.28 20.19 0.28
Range -0.39-0.35 -0.87-0.00 -0.87-0.07 -0.67-0.00 0.03-0.56

Longitudinal Shifts (cm)

# Fraction cT MR 1 MR 2 MR 3 .Mean

Difference

1 -0.50 0.60 0.33 0.27 0.10

2 -0.45 0.00 0.27 0.47 0.20

3 0.16 0.13 0.13 0.37 -0.05

4 -0.07 -0.30 0.47 0.03 -0.14

5 0.69 0.93 0.80 0.55 -0.07

6 0.32 0.53 0.20 -0.45 0.23

7 0.16 -0.13 0.33 0.27 0.00

8 0.27 0.40 0.27 0.30 -0.05

9 0.16 0.20 0.18 0.50 -0.13

Mean 0.08 0.26 0.33 0.26 0.01
Range -0.50-0.69 -0.30-0.93 0.13-0.80 -0.45-0.55 -0.14-0.23
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Vertical Shifts (cm)

# Fraction cT MR 1 MR 2 MR 3 .Mean

Difference

1 -0.10 -0.29 -0.49 -0.29 0.26

2 -0.06 -0.42 -0.49 -0.39 0.37

3 -0.12 -0.69 -0.42 -0.22 0.32

4 -0.30 -0.55 -0.62 -0.22 0.16

5 -0.03 -0.42 -0.56 -0.44 0.44

6 0.25 -0.16 -0.56 -0.91 0.61

7 0.15 -0.56 -0.42 -0.77 0.64

8 -0.07 0.11 -0.55 -0.62 0.28

9 0.24 -0.16 0.42 -0.49 0.32

Mean 0.00 -0.35 -0.42 -0.48 0.38
Range -0.30-0.25 -0.69-0.11 -0.62-0.42 -0.91-0.22 0.16 - 0.64

Tab. 17: List of measured shifts in CBCT-CT matching and CBCT-MR matching for different fractions
and patients. From top to bottom: lateral, longitudinal, and vertical views. The visual evaluation
on MR images were performed by three different observers, and the mean difference between the
shifts in the two modalities are reported. In the last two rows: the average value (red), the
minimum and the maximum ones (in blue).

In addition, the mean shifts obtained with the in-room verification positioning are compared with
those of 20 patients previously treated using CBCT-CT match method, as shown in Table 18.

Lateral Shifts (cm) Longitudinal Shifts (cm) Vertical Shifts (cm)
CT MR CT MR CT MR
0.02 -0.23 0.12 0.30 -0.07 -0.41
-0.58-0.37 -0.87-0.04 -0.38-0.49 0.09 - 0.87 -0.42-0.17 -0.91-0.13

Tab. 18: Comparison of measured shifts in CBCT-CT matching and CBCT-MR matching for 20
patients previously treated with only CT and MRI-only patients. The red value is the average, the
blue ones the minimum and the maximum.
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DISCUSSIONS

The clinical implementation of MRI-Only radiotherapy treatment workflow for prostate cancer in a
big multi-purpose hospital was investigated in this thesis. The resources available in Niguarda
hospital were used in this work: a 1.5 T MRI-scanner (Magnetom Aera, Siemens Healthcare,
Erlangen, Germany) and a standard linac (Synergy-S, Elekta AB, Stockholm, Sweden) were exploited.
Here below several aspects of the implementation, examined in this thesis and in a previous work
[103, 104], are discussed and compared with those of published works. There are no international
agreement and shared guidelines on the acceptance criteria: individual hospital employs their own
until standards are established.

Finally, benefits and drawbacks of the presented method are pointed out, paying special attention
to the applicability of the proposed approach in a hospital with similar characteristics to ours.
Further possible developments are also included.

4.1. MR IMAGING

The first step necessary for the implementation of the MRI-only workflow is certainly the choice and
optimization of a suitable MRI sequence. The 3D T1 VIBE Dixon gradient echo sequence used for this
work is a good compromise between image quality and acquisition time; it takes 2 minutes and 30
seconds, reducing the artifacts due to organ motions, breathing and patient movements [60, 122].
The image quality was considered adequate by both the head of Radiology department and a senior
radiation oncologist.

A further advantage is in the contouring process, since the Dixon techniques provides four contrasts,
with a high signal to noise ratio due to GRE sequence, in one single simultaneous acquisition; in this
way, some images are preferred to contour the bones, others to delineate the soft tissues, switching
from one contrast to another one without losing accuracy in the delineation process.

In order to acquire images with appropriate accuracy, to ensure a reproducible daily setup of the
patient, a flat table-top, feet and knee supports, suitable markers and a calibrated laser system are
required.

The use of an 8 mm wooden bi-laminate rigid flat table, shown in Fig. 6, together with feet and knee
supports, is basic for prostate radiotherapy [61, 62]. They allowed to ensure the same setup as
during irradiation at linac with limited patient discomfort.

In the patient positioning procedure, markers are necessary to identify the positions of the tattoos,
made on the patient's skin, where lasers are usually centered on during both the imaging acquisition
and treatment delivery. Clearly, the metallic ones used in planning CT acquisitions could not be used
in the MR room. After several attempts, where home-made and commercial solutions were tested
with our sequence, the LiquiMark™ MRI Markers (Suremark® - Simi Valley, California, USA) were
chosen, since provided the better contrast in our MR images. In addition, they are easy to apply on
the patient's skin.

Furthermore, a calibrated laser system is essential for a correct patient positioning in the scanner
before acquisition. An external laser system is usually installed in the CT room; as the feasibility of
implementing the MRI-only workflow was considered in this work, an MR safe external laser system
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has not yet been purchased. It was therefore decided to use the internal laser system of the MRI
scanner, after an appropriate check that the laser cross, projected from a single point inside the
scanner, was centered in the isocenter and not tilted. The measurement results, presented in Table
8, lead to a mean tilt angle of 0.3°+ 0.2° (range 0.2° to 0.4°) in all positions tested. This means a
position difference corresponding to approximately 1£0.4 mm at 15-20 cm from the isocenter. So,
it was possible to use this laser in the workflow.

Finally, the geometric distortion issue was addressed. High geometry accuracy is mandatory for MR
images used for RT purposes, characterized by a large FOV, since distortions increase in magnitude
with the radial distance from the isocenter. Nevertheless, there are two possible sources of
geometric distortion: system or scanner related distortions, caused by inhomogeneities in the main
magnetic field and gradient nonlinearities, and patient-induced distortions due mainly to magnetic
susceptibility variations at the interface of different tissues [24]. The firsts are easier to measure and
there are several works in the literature that deal with them, while measurements of
patient-dependent geometric distortion are quite rare in published reports.

Besides, geometric distortions can be reduced by using magnetic field shimming [66, 67]. MR
scanner are equipped with passive and active shimming. In any case, a preliminary discussion with
the scanner manufacturer was deemed mandatory. Furthermore, our MRI scanner systems features
TrueForm™ Magnet Design (Siemens Healthcare, Erlangen, Germany) is optimized for each patient
for a cylindrical shape of the homogeneous volume of the magnetic field and leads to a better
depiction of the edges of the 3D FOV. This is particularly beneficial for large FOV coronal imaging as
abdomen-pelvis, as in the studied case. So, the manufacturer's idea was that the active shimming
corrects the distortions in a suitable way and no further measurements were needed, other than
those performed twice a year by the vendor and every three months by us with the ACR phantom.
However, although phantom studies experiments are unlikely to reflect the full complexity of the
clinical case, including differences in patient setup, the system-related geometric distortions were
previously measured and quantified. Differences between the calculated mean distance and the
nominal distance were less than 2 mm for all radial distances below 30 cm from the isocenter in all
views for the Dixon sequence tested. These results are consistent with those of several works in the
literature, where different 1.5 T MRI scanner vendors (GE, Philips, Siemens) and large FOV phantom
manufacturers (Spectronic, Philips, home-made) are presented [118]. Indeed, Gustafsson et al. [65],
Torfeh et al. [46], Wyatt et al. [69] and Wang et al. [64] agree in defining a geometric uncertainty of
about 2 mm at 20-25 cm from the isocenter. Then in this work, the geometrical distortions due to
MRI can be can consider reasonably acceptable.

4.2. CONTOUR DELINEATION AND SCT GENERATION

The delineation on the images of the various structures of interest is a necessary but
time-consuming manual procedure. In particular, in the MRI-only method choice for this work, the
process is even longer using MR images as more structures, than those usually identified on CT
images due to the demands of dose constraints [110], need to be contoured in order to assign them
the right ED to allow the TPS to perform the dose distribution calculation.

The automatic contouring process developed in this work was implemented thanks to the Admire
software (research version 1.13.5, Elekta AB, Stockholm, Sweden) on a Tesla K40c GPU (NVIDIA
Corporation, Santa Clara, Florida, USA) with 12 GB of memory, as described in section 2.2.1. In this
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way, the 12 structures were identified on 176 slices of MR images in an averaged time less than 20
minutes (19 min, 36 sec), with a maximum of 20 minutes and 25 seconds. The delineation results
needed only small adaptations and were considerable acceptable by the head of Radiology
Department and a senior radiation oncologist; a further 5 to 10 minutes are necessary to better
define some contours and to identify the target. This was possible thanks to the large number of
patients inserted as atlases and their variability, which allowed to adequately contour even
non-standard patients.

Therefore, this method allows to make automatic the contouring process, saving time for the
radiation oncologist and also reduces inter-observer variability. On the other hand, this
auto-contouring process takes too long and hinders the possibilities of online adaptive radiotherapy,
which instead is made possible by deep learning techniques, passing from about 15 minutes to a
maximum of 60 seconds [82].

Regarding the choice of ED values, the one assigned to the bladder is consistent with that reported
in the ICRU Report n. 46 [88], while for the remaining OARs, not all the data are reported in the
publication and those reported depend on the age of the patient. The averaged values were carried
out starting from 20 patients with mean dose of 77 years old (range 70-82), consistent with the age
interval of the patients considered in this thesis work (71 - range 69/77 — for the first phase, 76 —
range 73/78 — for the second one).

4.3. DOSIMETRIC EVALUATION

The dosimetric evaluation on sCT consisted of two different phases. In the first one, the assignment
of a bulk ED to each structure, passing from heterogeneous values to homogeneous ones on the
same CT images, was assessed. After that, the combination of bulk EDs and automatic contours on
MRI images was investigated. In all cases, the percentage difference with respect to the CT,
considered as gold standard, was evaluated.

In the first part, the percentage dose differences observed between DVH parameters of sCT- and
CT-based plans, reported in Table 12, were not statistically significant on a 95% confidence level for
PTV, bladder and femoral heads. In more detail, the differences of all the four PTV coverage
constraints were about 0.5%, and in any case never higher than 0.8%, both for the main PTV
(prostate gland) and for the secondary ones (seminal vesicles and pelvis). The D95, used in the clinic
routine to assess plan coverage, showed a mean difference of 0.3% for the main PTV. Also
considering the OARs, the discrepancies were limited, especially for bladder and femoral heads. For
instance, the percentage difference of bladder Dmean and V40 resulted equal to 0.14% and -0.25%
respectively; V65 reached 1.85% but on a very small volume and therefore not clinically significant
(few cc). Likewise, the femoral heads showed Dmean discrepancies close to zero in both sides. Higher
differences were found for the rectum: while the mean dose was about 1%, the V40 and V50
reached 2.4% and 5.0% respectively. This could be explained by different rectal filling of each patient
that leads to a higher discrepancy if an average ED, which do not distinguish between the rectal wall
and its filling, is assigned to that structure.

The obtained results are consistent with those reported in published papers. Korsholm et al. [123]
reported a PTV percentage difference lower than 0.5% and a mean dose in the rectum near to 1%,
Persson et al. [22] showed a PTV percentage discrepancy of 0.2% in D95 and a dose to rectum up to
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1.5% in the higher doses, and Tyagi et al. [25] achieved a 0.5% percentage difference for the
difference structures.

To better estimate the differences in dose distributions all over the patient images, further
evaluations were performed by 2D local y-analysis with 10% of dose threshold in transverse, coronal
and sagittal views of most significant planes, as described in section 2.3.2 and reported in Table 13.
Four tolerance criteria were utilized: the 3%-3mm is the one used in the Niguarda clinical routine
for pre-treatment dose plans verification, the 2%-2mm and 2%-1mm are adopted to be sure that
the obtained differences remain limited even with more strict criteria, while 1%-1mm was used to
be more demanding.

The passing rate of 3%-3mm was approximately 100% in all directions, ranging from 99.6% in sagittal
view to 99.9% in the transverse plane. For a more relevant evaluation, the 2%-2mm and 2%-1mm
criteria were investigated. For the first criterion, its behavior was similar to that of the previous case,
with a passing rate from 98.5% to 99.4% in sagittal and transverse view respectively. The 2%-1mm
showed a similar trend, with transverse view passing rate that reached a mean value of 97.5% and
the sagittal one which resulted equal to 95.3%. However, all these three considered criteria lead to
acceptable results. The 1%-1mm values ranged from 85.8% to 87.1% pointing out that this criterion
is too strict.

The results obtained are comparable with those in the literature, although in each study there is a
different dose threshold, from 10% to 20%. Christiansen et al. [12], Greer et al. [14] Persson et al.
[22] estimated passing rate of approximatively 99% for 2%-2mm criterion, slightly higher than those
obtained in this thesis, since they performed a 3D analysis.

It was therefore possible to confirm that the use of bulk EDs assignment is acceptable and can be
used in the planning workflow.

Subsequently, the combination between the assignment of an average ED and the different
contours in the two imaging modalities was evaluated. The isocenter of the plane was chosen with
the same shifts used in the CT-based plane, starting from the isocenter of the images.

First of all, the optimized plans, calculated on the CT images, were copied using the same field
arrangements and recalculated on the sCTs, obtained by MRI (see Table 14). Thus, the previous
plans were optimized on the new target and OAR volumes, since they were defined on MR images,
with the same plan constraints as CT-based ones; the relative evaluations are shown in Table 15.

In the recalculation step, despite the negative sign, the mean percentage differences in PTV
coverage were all below the 1%, except D98 which reached -1.4%. On the other hand, the
differences for OARs were considerably higher: bladder received a mean percentage dose of -24%,
V40 and V60 were approximatively around -30%. The femoral heads constraints also diverged from
CT ones, with a mean dose lower than 1-2%. The rectum instead showed the opposite behavior,
with the Dmean equal to +11.5%, while V40 was +26% and V50 more than +50%. These results can be
explained considering how the CT and MR were acquired: the two imaging modalities in fact were
performed one after the other, with the patient that had to visit the toilet after the CT acquisition
and repeat the training by drinking half a liter of water. So, despite these cautions, the filling of the
bladder and rectum was different, leading to a systematic underdosage of the bladder, and a
resulting increase of dose in the rectum.

A similar behavior also occurred when the plan was re-optimized, with the constraints on the new
structures contoured on the MR images. In this case the values obtained were slightly more limited;
the PTV coverage differences were still about 0.5%, with D95 equal to -0.5%. The bladder and
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femoral heads did not differ significantly from the values reported below, both in terms of Dmean and
DVH constraints. The rectum instead showed lower values, with a mean dose difference of 4% and
V40 and V50 lower than 8%.

However, this issue is not relevant in the implementation of the workflow, as only MRI acquisitions
will be made for planning purposes. Rather, this behavior is representative of the differences in
filling of different OARs, such as rectum and bladder, between one fraction and another of the
treatment.

Moreover, the PTV and OARs compliance with the constraints, used in our center, was evaluated
for the re-optimized plans on MRI, as reported in Table 16. For 7 patients and 8 different
parameters, only 1 time over 56 the V40 of rectum exceeded the limits. So, this approach could be
considered promising for a future implementation of adaptive radiotherapy [124].

4.4, PATIENT SETUP VERIFICATION

The position shifts in the matching between CBCT and CT or MR images, and their differences,
obtained manually through visual evaluation by three different radiation oncologists, are reported
in Table 17 for selected fraction of different patients. The CT-based match was considered as the
gold standard.

For 9 selected images of different fractions and patients, the shifts obtained through CT-CBCT
registration, as described in the section 2.4, were compared to the those resulting from the
evaluations of three radiation oncologists, who blindly matched the CBCT images with those from
MRI. The mean shifts were 2.8+1.7 mm, 3.8+1.6 mm and 0.1+1.4 mm for transverse, longitudinal
and vertical directions respectively. The obtained results were comparable with those presented in
literature; Korhonen et al. [103], Wyatt et al. [104] and Doemer et al. [125] reported averaged shift
values of a couple of millimeters.

In addition, the mean shifts of in-room verification positioning obtained by registration of CBCT-MR
are compared with those of 20 patients previously treated using CBCT-CT match method, confirming
differences of maximum 3 mm in all the directions.

Therefore, the accuracy of MR-CBCT matching method was assessed: despite the physiological
differences of the rectum and bladder between the two imaging modalities, the average differences
resulted approximately in a couple of millimeters, thus making this method suitable for in room
verification.

4.5. BENEFITS AND DRAWBACKS

Finally, the advantages and the critical aspects of the method proposed in this thesis are presented
below, paying special attention to the applicability of this approach in a general hospital with similar
characteristics to Niguarda.

The main benefit is certainly to plan on images with better contrast, also reducing the time and cost
of a dual imaging modality. Another significant advantage is the automatic contouring process,
which leads to lower variability in structures delineation and considerable time savings for the
radiation oncologists.

On the other hand, there are several issues, both organizational and methodological, to be taken
into account. First of all, a proper sequence has to be present on the MR scanner; a flat table, an
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external laser system and suitable markers are also required for a correct acquisition, to ensure a
reproducible daily setup. Besides, an additional slot on MR scanner dedicated to radiotherapy is
mandatory. Hence, home-made or commercial software is needed to generate the sCT. Finally,
adequate involvement and training of all staff, from medical physicists to radiation oncologists and
technicians is fundamental.

As far as we are concerned, future developments will include the purchase of an MR safe external
laser system and staff training gradually move to using MRI-only in the clinical routine of prostate
district radiotherapy treatments. Meanwhile, the proposed method will be used for special cases,
such as the one presented in the Addendum.

Afterwards a more ambitious future goal is to implement an MRI-only workflow also for other
districts, such as the head and neck, where the improvement obtained using MR images (and
automatic contouring) for planning purposes is evident.
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CONCLUSIONS

The purpose of this work was to finalize the clinical implementation of MRI-Only radiotherapy
treatment workflow for prostate cancer with a standard linacin a big general hospital. The resources
available in Niguarda hospital were used in this work: a 1.5 T MRI-scanner (Magnetom Aera, Siemens
Healthcare, Erlangen, Germany) and a standard linac (Synergy-S, Elekta AB, Stockholm, Sweden)
were exploited.

In this thesis, which presented the development of a previous preliminary work, the whole process
is described in terms of MR imaging acquisition, from imaging acquisition, passing through the
collection of multi-atlases MR images to automatically implement the contouring process and thus
generate the sCT useful for planning purposes, reaching the dosimetric validation of planning on sCT
and ending with the verification of pre-treatment positioning by matching MR images with CBCT.
The 3D T1 VIBE Dixon gradient echo sequence used for this work is a good compromise between
image quality and acquisition time; it takes 2 minutes and 30 seconds and provides 4 contrasts
(Water, Fat, In-phase and Out-of-phase) useful for the visualization of target and different OARs.
The acquisition on the MR scanner was possible thanks to the use of a self-made table-top,
commercial MR safe markers and properly controlled internal laser system; furthermore, the
geometric distortions, evaluated in the absence of the patient less than 2 mm, are minimized by the
active shimming system of the scanner.

A hybrid method, which consists in a combination of bulk ED and multi atlas-based approach, was
used to generate the synthetic CT (sCT) from MR images. For this purpose, the MR images of 20
volunteers and patients undergoing diagnostic acquisitions were collected, manually contoured and
verified by a radiation oncologist, and then inserted in the database of ADMIRE software (research
version 1.13.5, Elekta AB, Stockholm, Sweden), utilized for automatic contouring process. The
delineation results, obtained in an average time of approximatively 20 minutes, are satisfactory,
since the database was populated with a large number of individuals, with different ages and sizes.
The achieved contoured images need further 5 to 10 minutes to better define some contours and
to identify the target. These images are assigned a fixed ED for each structure, averaged over 20
patients in the RT database.

In order to accurately test the dose differences between the sCT and the gold standard CT, both in
terms of homogeneous ED assighment and contours delineated on the MR images, different
evaluations were made. At first, 20 VMAT prostate treatment plans, calculated on standard CT
images with 10 MV X-rays, were copied using the same field arrangements and recalculated on the
sCT. The mean deviation of PTV and OARs DVH parameters were approximately 0.5% and consistent
with those reported in published papers, except the rectum were the percentage difference reached
higher values (Dmean Of 1% and V40 of 2.4%) due to different rectal filling. In addition, further
evaluations were performed by 2D local y-analysis with 10% of dose threshold in transverse, coronal
and sagittal views. The average passing rate was from 98.5% and 99.4%, using an acceptance
criterion of 2%-2mm.

Afterwards, the combination between the assignment of an average ED and the different contours
in the two imaging modalities was evaluated for 7 patients underwent both to CT and MR
acquisitions. The optimized plans, calculated on the CT images, were first copied using the same
field arrangements and recalculated on the sCTs, obtained by MRI, and thus were optimized again
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keeping the same plan constraints as CT-based ones. Despite the mean percentage differences in
PTV coverage were limited, below the 1% in the first case and around 0.5% in the second one, the
differences for OARs were considerably higher; mean percentage differences for bladder and
femoral heads were approximatively -25% and -2% in both the described steps, while Dmean Of
rectum ranged from +11.5% to +4% and V40 passed from +26% to +8%.

Anyhow, this issue is not relevant in the implementation of the workflow, as only MRI acquisitions
will be made for planning purposes. Rather, this behavior is representative of the differences in
filling of different OARs, such as rectum and bladder, between two consecutive fractions of the
treatment.

Moreover, however, the PTV and OARs compliance with the constraints, used in our center, was
evaluated for the re-optimized plans: for 7 patients and 8 different parameters, only 1 time over 56
a constraint exceeded the limits.

Finally, the feasibility of in-room verification positioning using CBCT-MR matching was verified. For
9 selected images of different fractions and patients, the shifts obtained through CT-CBCT
registration were compared to the those resulting from the evaluations of three radiation
oncologists, who blindly and manually matched the CBCT images with those from MRI. The averaged
differences in displacements between the two modalities resulted 2.841.7 mm, 3.8+1.6 mm and
0.1+1.4 mm for transverse, longitudinal and vertical directions respectively. Therefore, the accuracy
of MR-CBCT matching method was assessed, despite the physiological differences of the rectum and
bladder between the two imaging modalities.

The future goal is to gradually move to use of MRI-only in the clinical routine of prostate district
radiotherapy treatments. Meanwhile, the proposed method will be used for special cases, such as
the one presented in the Addendum.
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ADDENDUM

MRI-only in a prostate cancer patient with bilateral metal
hip prostheses: a case study

ABSTRACT

Outline of a practical method to perform prostate cancer radiotherapy in patients with bilateral
metal hip prostheses. The proposed workflow is based exclusively on MRI-imaging, which replaces
CT, useless due to relevant artifacts. The resulting VMAT plan leads to target homogeneous
coverage, sparing both organs at risk and prostheses.

BACKGROUND AND AIM

As the population ages, the number of patients with hip replacements undergoing external beam
radiotherapy treatment (EBRT) for the prostate cancer is expected to increase. The incidence of
prostate cancer increases significantly from the age of 60 years onwards and hip replacement
surgery grows in this age group too [1, 2].

Metallicimplants are challenging in radiotherapy treatment planning, mainly for two reasons: image
artifacts in planning-CT images, which make difficult or impossible to delineate target and organs at
risks (OARs) and high inaccuracy in the dosimetric outcome arising from the inability to predict tissue
electron densities (ED).

In the prostatic region this behavior is particularly relevant: dose attenuation through the metal hip
prosthesis can drastically change the dose uniformity in the target, also producing local dose
perturbations at the hip interface, especially in Treatment Planning Systems (TPS) with older
algorithms [3, 4, 5, 6, 7].

For single hip prosthesis, image artifacts are usually not too much severe and allow a reasonable
definition of target volumes [5]. Besides, a treatment plan setup that avoids the beam entrance
through the metallic device is also achievable [6].

When bilateral hip prostheses (b-HP) are present, the artefacts can make CT images useless for
target definition, particularly for prostate tumor, where it is already difficult to identify the apex of
the prostate or the prostatic lodge after surgery. Several different solutions are proposed in
literature, as MVCT performed on TomoTherapy systems [4, 5, 8, 9, 10, 11]; in particular, MR images
are not sensitive to such severe artefacts and are good candidates for the delineation of targets and
OARs.

Treatment planning strategies that take into account the presence of hip prostheses have been
previously described in literature: in particular, the use of VMAT plans is well established [ 12, 13,
14, 15].

In this study a new method to deal with b-HP patients who underwent radiotherapy treatment for
prostate cancer, based exclusively on Magnetic Resonance Imaging (MRI-only), is proposed. Issues
regarding artefacts, EDs mismatch and dosimetry inaccuracy can be faced and more efficiently
solved in this way.
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MATERIAL AND METHODS

This study concerns a 73-year-old man with an elevate risk acinar adenocarcinoma of the prostate,
with a pretreatment Prostate Specific Antigen (PSA) of 10.1ng/mL and a Gleason Pattern Score (GPS)
of 4+4=8 and 3+3=6 in the right and left lobe. Considering the high-risk class, androgen deprivation
therapy (ADT) consisting of Luteinizing Hormone - Releasing Hormone (LHRH) analogue
administration 3 months before the start of RT was essential. Furthermore, the patient has bilateral
titanium alloy hip prostheses.

The presence of bilateral prostheses created heavy CT artifacts; for this reason, the classical CT
planning approach was not feasible. In order to overcome this problem, MR images with assigned
ED were used, thus generating a synthetic CT (sCT) (Fig. 1).

Fig. 1: Comparison between CT images (on the left), characterized by relevant artifacts, and MRI
ones, used to generate the sCT for the treatment plan.

The images were acquired on a 1.5 T Siemens Aera MRI scanner (Siemens Healthcare, Erlangen,
Germany). During simulation the patient had a full bladder (half liter of water, half an hour before)
and was positioned supine over a flat table, with ankle and knee supports to ensure reproducible
daily setup. The MRI acquisition was performed by a large field of view (FOV) 3D T1 VIBE Dixon
sequence, optimized with a slice thickness of 1 mm and scan time less than 3 minutes [16]; it is a
good compromise between image quality and acquisition time, reducing the breathing artifacts,
which generally creates distortions in OARs and the discomfort of the patient. In addition, the
bandwidth used, equal to 445 Hz/pixel, made it possible to keep the artifacts quite constrained.
Images were contoured by an auto-segmentation software (Admire, research version 1.13.5, Elekta
AB, Stockholm, Sweden), based on a deformable image registration algorithm and an MRI internal
database of 20 patients, previously subjected to radiological examinations for diagnostic purposes;
only the prostheses were contoured manually. All contours (body and OARs) were validated by a
senior radiation oncologist. Two Planning Target Volumes (PTV), Prostate gland (PTVp) and Seminal
Vesicles (PTVsv), were manually drown by the same radiation oncologist [17, 18]. Then, the sCT was
generated by assigning an ED to each contour; these values were averaged on CTs of 20 prostate
patients treated in our center over the last year [16]. The ED values of the prostheses were deduced
from manufacturer data.

Two competitor VMAT plans with 10MV X-rays, a complete arc (C-arc) and a partial one (P-arc), were
calculated by a Monte Carlo based TPS Monaco® (version 5.51, Elekta AB, Stockholm, Sweden),
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avoiding as much as possible the prostheses regions [6, 12, 13, 14] and following dose-volume
constraints used in our center [18, 19]. The prescribed dose in 30 fractions was 72 Gy for PTVp and
63 Gy for PTVsv [18].

Moreover, the chosen plan calculated on the sCT images was copied using the same field
arrangements and recalculated on the same MR images, assigning an ED value equal to 1 in all the
region affected by artifacts. In this way the impact of the selected technique was evaluated,
compared to the usual choice of contouring the artifacts and assigning them a density equal to that
of water.

Finally, the feasibility of matching the daily CBCT and MR reference images was tested, by means of
visual evaluations by three different radiation oncologists, after previous verification that the CBCT
did not present evident CT-like artifacts. The alignment was made using only translation, considering
both the PTV and bones in the manual matching. The acquisition was performed with 120 kV, 660
mAS and medium collimator FOV.

RESULTS

The use of MR images allowed the contouring of targets and OARs, which otherwise would have
been very difficult and inaccurate in this case.

In the P-arc plan, the beam entrances through the prostheses have been avoided for about 50° on
both sides. Nevertheless, the C-arc plan was chosen; despite the same coverage of both PTVs and a
similar OARs sparing, the mean and maximum doses to both prostheses were significantly lower
(about 10%). In detail, the target coverage dose of 95% (Vos%p) of PTVp and PTVsv were and 98.2%
and 100% for the C-arc and 98.9% and 100% for the P-arc, respectively. About OARs, the volumes
of rectum and bladder receiving 40 Gy were 35.5% and 34.9% for the C-arc, and 34.7% and 34.9%
for the P-arc. Prostheses received a mean dose (Dmean) equal to 9.0 Gy (with a maximum dose (Do.o035)
equal to 26.0. Gy) and 8.9 Gy (Do.035 27.4 Gy) in the C-arc, while 9.7 Gy (Do.o35 30.4 Gy) and 10.2 Gy
(Do.o35 29.7 Gy) in the P-arc.
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Fig. 2: The final plan chosen: on the left the isodoses’ distribution (in green the 95% of the PTVp
and in light blue the 95% of the PTVsv), while on the right the corresponding dose volume
histogram.

Once selected, the C-arc plan was further optimized in order to improve OARs sparing, as shown in
Fig. 2. The Dgs were 95.0% and 99.3% for PTVp and PTVsv, with an improvement in sparing of rectum
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and bladder, whose volumes receiving 40 Gy were 33.8% and 27.1% respectively. The Dmean received
by the prostheses were 9.7 Gy (Do.o3s 34.7 Gy) for the left one and 9.1 Gy (Do.o35 26.7 Gy) for the right
one.

Moreover, for the plans recalculated with the same field arrangements on the MR images, where
an ED value equal to that of water was assigned in all the region affected by artifacts, the doses
were significantly higher. In fact, the Vosyp of PTVp and PTVsv in this case were 4.0% and 0.5% higher
than the previously values. Furthermore, the volumes of rectum and bladder receiving 40 Gy were
35.1% and 27.8%, respectively 4.1% and 2.7% more.

Finally, the match between CBCT and MR images for re-positioning purpose was manually done by
the same radiation oncologists, who considered the sCT image quality acceptable in different
fractions, despite the apex of the prostate was affected by some streak artifacts in CBCT Images.
The average obtained shifts were 8 mm, -2 mm and 9 mm in lateral, longitudinal and vertical
directions, with standard deviations equal to 1 mm, 2 mm and 2 mm respectively. This could be
explained considering the limited quality of CBCT in this bilateral hip prostheses case, and besides
considering that between the MR imaging and the RT several weeks have passed.

DISCUSSIONS

The difficulties in CT-planning for patients with implanted metal hip prosthesis are well known, both
as regards the delineation of volumes and the calculation of the dose distribution by the TPS [3, 4,
5, 6, 13, 15]. These aspects are even more significant for patients with b-HP. As a matter of fact, the
first issue concerns the presence of relevant artifacts in CT images, which makes the classical CT-
planning procedure unfeasible, especially in the prostate region. There are some alternatives
reported in literature [4, 5, 8, 9, 10, 11]; the most suitable one is the use of the MVCT on
Tomotherapy system. The delineation of the volumes of interest is possible thanks to the use of
energy in the mega voltage range; the artifacts region is then contoured and a fixed ED of 1 is
assigned to it. Anyhow, the use of MR images is certainly a good solution, since the volumes of
interest are more clearly visible and consequently smaller than those contoured on CT images, up
to 20% [4, 5]. The advantage of the method proposed in this work is that it does not require any
registration between CT and MR images. In addition, the EDs of sCT used in this work for planning
purposes are more accurate than those emerging from CT images, heavily compromised by metal
artifacts. In fact, in those regions each structure has an assigned ED, in contrast to the usual choice
to attribute a density equal to water in the whole compromised region [5, 7, 13, 14].

Another relevant aspect is related to the dosimetric evaluation. Nowadays, inverse planning, in
particular VMAT technique, is considered a standard also for this kind of patients [13, 14, 15, 20],
since it is possible to avoid the prostheses region as recommended in literature [3, 6]. Moreover,
the dose attenuation through the titanium prostheses is better modeled than in the past inside
modern MonteCarlo based TPSs [21, 22].

The use of MR images allowed radiotherapy to be performed, which otherwise would not have
been considered as a possible treatment for this patient, since it was not possible to contour the
volumes of interest on the CT images.

The complete arc was chosen over the partial one since the mean and maximum dose to both the
prostheses were lower, with the same coverage of the PTVs and with the same OARs sparing. There
is no indication of a maximum permitted dose in literature, but it is recommended to keep the doses
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to the prosthesis as low as possible [6]. The doses received by the prostheses, 9.7 Gy (Do.o35 34.7 Gy)
for the left one and 9.1 Gy (Do.035 26.7 Gy) for the right one, are equal or slightly higher, comparing
our study with other works, with a similar dose prescription [7, 13, 15]; respecting this proposal, we
prefer to spare as much as possible the rectum and the bladder, whose volumes receiving 40 Gy
were 33.8% and 27.1% respectively.

Furthermore, even if the volumes of interest were identified with the help of MR images, the
uncertainty obtained by assigning to artifacts a density equal to that of water in such a large region
would have led to a dosimetric uncertainty equal to 3- 4% more both in the target and in the main
organs at risk. In this way, the resulting plan would lead to significant under-dosage, which could
compromise the outcome of the treatment.

Sctructure DVH Parameter sCT sCT (ED=1) % Difference

PTV

Vasw%p (% 95.00 98.82 4.

(Prostate Gland) ssxo (%) 0
PTV 2

Vos%p (% 99.30 99.80 .

(Seminal Vesicles) ssxo (%) 0.5

Bladder V40 (%) 27.10 27.80 2.7

Rectum V40 (%) 33.80 35.10 4.1

Fig. 3: List of mean deviations of DVH parameters for PTV and between the plan calculated on the
sCT, considered as standard, and the one obtained with the same MR images but assigning an ED
equal to 1 to all the region affected by artifacts.

At the end, the match feasibility for in room-verification, using MR images instead of classical CTs,
was verified. This process was previously tested with images of other patients, not affected by
artifacts, by comparing the shifts of CBCT-CT match with those obtained by CBCT-MR one. In this
case this was not possible: the feasibility was based on visual evaluations of three different radiation
oncologists. They considered acceptable the quality of the images, also in the critical central area of
the FOV, without the need to implant metal markers in the prostate. In addition, the standard
deviations of averaged shifts over 10 fractions resulted within 2 mm in all directions.

CONCLUSION

The proposed method seems to be promising for those double prostheses prostate patients who
otherwise would not have easily access to radiotherapy treatment, showing agreement with the CT-
based workflow, both in terms of dosimetry and regarding image guided radiation therapy.
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