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Development and application of matRad: a multi-modality open source 3D treatment
planning system.

ABSTRACT

In this work is presented matRad, an open source software for three-dimensional radi-
ation treatment planning of intensity-modulated photon, proton, and carbon ion therapy.
The toolkit is entirely written in MATLAB with a highly modular design with a set of in-
dividual functions modeling the entire treatment planning workflow. All algorithms, e.g.
for ray tracing, dose deposition calculations, fluence optimization, and multileaf collimator
sequencing, follow well-established approaches and operate on clinically adequate voxel
(3 x 3 x 3 mm) and bixel resolution (5 x 5 mm). CT data sets as well as base data (pencil
beams) for all required computations is included in matRad. It is achieve computation
times of 60-100s (60-400s) for realistic patient cases including photon (charged particles)
dose calculation and fluence optimization. Memory consumption ranges between 0.2GB
and 2.2GB. Dose distributions of a treatment planning study for a phantom and prostate
patient case considering multiple radiation modalities are shown as well a prostate IMRT
case. Both the computational performance and dosimetric results encourage a future use
of matRad in an educational and scientific setting. The entire code is available for down-
load at http://e0404.github.io/matRad/. matRad is developed for educational and re-
search purposes, not for clinical use.

Keywords: Radiation therapy, particle therapy, treatment planning, open source soft-
ware.
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1. Introduction

According to Marrero et al| (2014) cancer is the second most important cause of death
among non communicable diseases, and its incidence is expected to rise in the coming
decades. In fact a study from the World Health Organization shows that cancer incidence
between 2008 and 2030 is projected to rise by 82%, 70%, 58% and 40% in low, low-
middle, upper-middle and high-income countries, see (Organization| (2011).

Another study from the International Atomic Energy Agency (IAEA) which analyzes the
inequalities in cancer around the globe, shows problems related to radiotherapy access
(International Atomic Energy Agency, 2011). The main necessities are facilities, equip-
ment and one of the most important aspect is the provision of qualified human resources
such as radiation oncologists, medical physicists and radiotherapy technologists. In the
near future the demand for medical physicists will increase see (Mills et al., 2010; Thomad-
sen, 2004; Schofield et al., 2012). The qualification process needs to be carry out in both
theoretical and practical aspects.

Medical physics in general and radiation therapy planning in particular are specialties
that heavily rely on the use of computerized Treatment Planning Systems (TPS). A TPS
is used in external beam radiation therapy treatments to calculate 3D dose distributions
on patient CT and beam shapes with the intent to maximize tumor control and minimize
normal tissue complications (Podgorsak and Agency, 2005). Due to the involvement of
commercial enterprises and high safety requirements in medical applications, however,
treatment planning systems usually come with a closed architecture and inaccessible
source code. This compromises both the broad availability of radiation treatment plan-
ning software for educational purposes and the flexibility regarding custom developments
in an academic setting. In-house created planning systems, on the other hand, can be
flexible and extendable and provide an invaluable research tool. An open source Treat-
ment Planning System can help in assist in the practical aspects with academic training of
qualified human resources in radiotherapy. Some research centers maintain highly spe-
cialized research treatment planning systems for custom developments. While most of
these solutions are only available to a limited number of cooperators (Kramer et al., 2000;
Kamerling et al., 2014) some solutions are/will be made available to the general public
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(Deasy et al.,[2003; Sanchez-Parcerisa et al., 2014).

This thesis describes the development and application of matRad a new multi modality
open source treatment planning system, it was developed for three dimensional radiation,
supporting photon, proton, and carbon intensity modulated radiation therapy. matRad is
entirely written in MATLAB. The code features high modularity and consequently flexibility.
At the same time, matRad allows for an efficient workflow considering realistic patient
cases. It comprises descriptive visualizations of the underlying physical aspects like dose
distributions and dose volume histograms. Besides the source code itself, matRad also
includes example ct data set and appropriate base data (pencil beam) for photon, proton,
and carbon ion.

For validation two radiotherapy treatment plans were performed for an AAMP’s TG119
IMRT phantom and a prostate case, it was possible to generate a photon treatment plan
fulfilling the clinical goals specified in |Ezzell et al.| (2009) and |Palma et al.|(2008) respect-
ively. Also the computation time of the dose calculation and the fluence optimizatios as
well as the memory consuption of matRad during treatment planning for AAPM’s TG119
for different irradiation scenarios was made.

The main motivation of this work was provide an open source treatment planning system
for educational and research purpose to scientific and academic community.

The organization of this thesis is as follows: In chapter 2 the methods and materials are
explained. Chapter 3 main results and implications are discussed. Chapter 4 .Chapter 5
the final conclusions are presented.



2. Materials & Methods

This chapter begins with a brief explanation about the key concepts to understand matRad.
First the main dose calculations methods are presented, focusing on the superposition
based method. Second the inverse planing concept is shown. After that an overview of
a treatment planning system are described. Finally a detailed description of matRad is
made.

2.1 Dose calculation methods

Dose calculations can be performed through various methods using different approaches.
This approaches can be characterized by the tradeoff between benefits and the drawbacks
related to demands on uncertainty, speed and easy of use. There are three classes of
algorithms: factor, monte carlo and superposition based methods. The factor and Monte
Carlo based methods are briefly explained. The most important method for this thesis is
the superposition based which are explained deeply.

2.1.1 Factor based methods

This method start from dose under references conditions and, then subsequently apply a
series of correction factors that describe step by step the change in dose related with a
change of an individual treatment parameter. Also it is known as correction based method.

Using factor based method for compute the dose calculation is very simple when all
required data are available. The factors are normally structured in tables obtained from
measurements. Nevertheless this method can not calculate doses when beam setup is not
covered by the commissioned set of data or when it has a treatment with many degrees of
freedom because it becomes impossible to tabulate all factors needed to cover all possible
cases.

The factor based method is best suited for point dose calculations along the beam
central axis with regular shapes.
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2.1.2 Monte Carlo methods

This method explicitly simulates the particle transport, employing the fundamental mi-
croscopic physical laws of electron-atom and photon-atom interactions and, the energy
deposition through

» Using fundamental radiation interactions: The scattering and absorption cross-sections.
» Describing the physical processes using adequate probability density function.
* Detailed geometric descriptions.

It is the most accurate accounting of inhomogeneities, but the dose calculation are
normally time-consuming. It is expected that the access to more powerful computers will
increase the importance of this methods.

2.1.3 Superposition based methods

Superposition based methods for dose calculations used the superposition of the energy
fluence and the energy deposition kernels which can describe the energy deposition. The
superposition principle is summarized in the figure 2.1}

Figure 2.1: Superposition principle. Image reference Mayles et al{(2007)

The dose at a point P (z,y,z) can be considered as the sum of the contributions of
the energy deposited in a small volume surrounding P by particles (electrons, photons)
originating from primary photon interactions in distant volume elements dV (z', v/, 2/).

We denote the scatter energy per unit primary photon fluence launched at dV and
reaching P as s (z,2',y,y, z,7'). The the dose at P (x,y, z) is:

4
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o (2,4, 2 /// oy ) s (ww! g,y 20 ) dV (2.1)

energy fluence scattered energy
atz’y',2’ from z’,y’,2’
absorbed at z,y,z

The limits of integration V' correspond to the limits of the actual scattering volume. mat-
Rad uses a pencil beam algorithm for performing this 3D integration, of course there are
more ways to perform it like as: point kernel superposition/convolution and primary scat-
ter separation which are not explained here, please see (Mayles et al., 2007) for more
information.

Pencil beam method

This method is suited to modeling intensity-modulated radiation therapy (IMRT), where the
incident fluence is modulated over time. The pencil is made of the total energy (secondary
and scattered) and deposited at a distance P (z,y, z). This energy is characterized by a
pencil-beam convolution kernel K, which represents the energy distribution released from
the pencil beam and normalized to unit fluence at the penetration point on the patient
surface P’ («',y'). The expression for the dose computation with a pencil beam is:

D (x,y,2 //\DE gy YK (z -2y —y, 2= ) dd'dy (2.2)
Where:
« Up(2,y,2"): Is the entrance energy fluence at point P’.

s K(x—2a',y—1y,z—2): Isthe value of the kernel point at P (z, y, =) for a pencil beam
impinging on the surface patient at point P’ (2, /).
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/I’E le7 P'(x',y'y

* P(x,y2)

Figure 2.2: Pencil beam method. The dose at point P (z,v, z) is computed from the integration over the
field area of pencil kernels K weighted by the primary fluence impinging on the patient surface P (x’,y’).
Image reference |Mayles et al|(2007)

The computation can be speed up by means of fast Fourier transform (FFT) convolution
algorithms.

2.2 Inverse planning

The main problem in IMRT treatment plans are optimize the intensity profiles (fluence
maps), which are obtained applying the concept of inverse planning as follows:

» Assume we knew the “optimal” 3D dose distribution D (z,y, z).

» Specify an “appropriate set of fluence amplitudes {¥}, then the dose calculation
is D(z,y,z) = A{W}. Here A is a operator who represent our dose calculation
algorithm. It is operate on the fluence, then we get the dose distribution.

* Itis pretended to find the fluence inverting the operator that acts in the dose obtaining
the fluence. {V} = A'D (z,v, 2)

The result of an inverse planning are the optimized fluence maps. The workflow of a
typical inverse planning process is shown in figure 2.3}
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2.2. Inverse planning

i Initial :
Intensity | @

@ Adjust
Intensity

Compute

Dose D,

Evaluate
Plan objective

@

Optimized
Intensity IG @

Y

Create Leaf
Sequence

@

Figure 2.3: Workflow of dose calculation in IMRT inverse planning

Workflow of dose calculation in IMRT inverse planning steps:

1. Initial intensity /;: Parameters which is to be optimized.

2. Compute dose Dy: The dose distribution is calculated.

3. Evaluate plan objective: The dose distribution is reduced into a number, which
represents the quality of dose distribution. This number is obtained by the objective
function. So we wanna have the lowest value of this objective function.

4. Converged?: If we do not have the lowest value, we are entering into a loop.

5. Adjust intensity: It is calculated another dose distribution, and evaluate it by the

objective function.

6. Optimized intensity /,: After minimizing the objective function, the optimized dose

is obtained.

7. Create leaf sequence: Translate the continuously optimized fluence into deliverable

segments.



Chapter 2. Materials & Methods 2.3. Treatment planning system overview

2.3 Treatment planning system overview

The radiation treatment planning process is a complex issue and involves several steps.
The first step is obtain the anatomical patient information. This is used it to know where the
tumor and organs are located. A Treatment Planning System (TPS) is used to determine
the dose distributions in the patient from beams arrangement. The optimum dose distri-
bution will coverage the tumor tissue while minimize the dose to critical normal tissues.
To do this, the information of detailed patient image information and simple external organ
patient contours is required, there are derived from image modalities such as computed
tomography (CT), magnetic resonance imaging (MRI) or, more recently positron emission
tomography (PET). Once the beam arrangement is chosen, the dose distribution is cal-
culated throughout the patient by the TPS. The physician and the medical physicist can
decide if it is adequate or not and determine to add or modified the beams, weighting or
shaping to improve the treatment plan.

The TPS is the core of the radiation therapy planning process. A typical TPS comprises
a computer, input and output devices, and software. Its fundamental purpose is to enable
the input of anatomical patient information, facilitating the selection of radiation beams to
treat the target volume and produce a representation of the dose distribution that will be
delivered within the patient.

2.3.1 Three dimensional treatment planning systems

A TPS is provided as package which will be executed by the operating system such as
UNIX or Windows. A 3D TPS system will have:

» Reconstruction from an image data set with different plane views such as coronal,
axial and sagittal.

The capability to represent structures and dose distributions in a 3D view.

* No restrictions on beam directions and orientations allowed by the treatment unit. In
particular, the system will support couch and gantry rotation.

» A dose calculation algorithm taking account the 3-D patient anatomy, with respect to
both the primary and scattered radiation.

The following subsections briefly describe the components of a typical TPS for both
basic and state of the art TPSs see |Van Dyk and Van Dyk (1999, Chapter 8).
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Input-output

For treatment planning, the transfer of image data are required. Series of CT slices are re-
ceived via a network in Digital Imaging and Communications in Medicine format (DICOM,
2006). Hard copy output of a treatment plan is controlled by software that allows format-
ting choices such as image or contour plot, etc. There should also be utilities to enable
the backup, archiving and restoration of planning software and patient data to a network
attached stored device such as remote hard disk.

Contouring and image display

On a TPS there must be a contouring package that enables the entry, editing and display
body contours of internal structures (including target volumes). This information will be
displayed graphically. This can be done by a 2D representation, with the ability of select
different planes such as: axial, coronal and sagittal. Also it is possible render the contours
into a 3D surface. There will usually be options to rotate, pan, zoom and cut the views.

Dose calculation

At the core of the TPS is the dose calculation software, in which a beam model uses data
directly measured for, or derived from, the user’s beams; a calculation algorithm applies
the data to a specific patient and plan geometry.

This may take time, depending on the complexity of the algorithm. Some systems offer
a choice of faster or more accurate calculations, others begin the calculation as a back-
ground process, so additional beams can be entered while the calculation is in progress.

Dose display

The calculated dose distributions and iso dose surfaces can be displayed, which can be
shown as different colors on 2D or 3D image displays. Interactive options allow the iso
dose edition. Other visual displays of ct data include color washes and dose profile along
aline.

Plan evaluation tools

There are other tools to assist in deciding if a plan is satisfactory or not, chosen a different
plan. One of the most important are cumulative DVH analysis (Drzymala et al., [1991),
which facilitate a comparison structure by structure and also shows if a plan satisfies the
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planification constraints. Some TPS offer biological models that calculate the TCP and
NTCP.

2.4 matRad

The following sections shows a detailed description of matRad development and imple-
mentation. The matRad execution flow is divided into four parts, as shown in figure [2.4]

| Il 1 \Y

Set treatments Dose influence Fluence Dose
plan parameters matrix calculation optimization visualization

Figure 2.4: matRad execution flow

Modularity and sequential processes is the key of matRad design: each of the functions
(reading CT data, dose calculation, optimization, etc.) is decoupled from the rest, which
allows the code to be extended or adapted to different situations. This enables the exten-
sion or modification of one of the modules of the system without the need to change any
other part. matRad functions can be observed in figure (2.5).

10
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—»‘ Plan parameters ‘

getlsoCenter ‘

generate Stf }—~‘ siddonRayTracer %7
calcPhotonDose }—~(calcPhotonDoseBixel ‘

I

‘ calcRadGeoDists I

MatRad ; : :
main script }7—{ calcParticleDose }—»(caloPamcleDoseBmel

—»L IMRTODbjFunc ‘

—-—( inversePlanning }7

——t optimize

|. Set treatments plan

—-—( xialL.eafSequencing ‘
Parameters.

II. Dose influence dose
calculation

L caleDVH IIl. Fluence optimization

O O 0O O

IV. Dose visualization

—-[ visCtDose J

Figure 2.5: matRad functions, each component is decoupled from the rest.

11
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Below matRad functions are shown with their descriptions.

matRad: It is the main script, which is used to call all other functions.
getlsoCenter: It calculates the mean of the target voxel positions (see section[2.6.1).

generateStf.m: Functions that creates the “steering file” (stf), this file consists of
information about the bixeld| covering the target volume (see section [2.7).

siddonRayTracer: It applies a three-dimensional ray tracing algorithm necessary
for calculate radiological depths (see section [2.8.7).

calcPhotonDose.m: Functions that calculates the dose influence matrix (see sec-
tion and generate the D;; structure file for photons.

calcPhotonDoseBixel.m: Calculates the dose for an individual bixel. The photon
dose calculation is modeled according to Bortteld et al. (1993).

calParticleDose.m: Functions that calculates the dose influence matrix and gener-
ate the D,; structure file for protons and carbon ions (see section [2.8.4).

calcParticleDoseBixel.m: Function calculates the dose deposition of a single bixel
of a certain beam for protons or carbon ions.

calcRadGeoDists: It calculates the radiological depths and lateral distances (see

section|2.8.2)

inversePlanning.m: Optimize the intensity modulation according to the constraints

(see section 2.9.1].

IMRTODbjFunc.m: Calculate the objective function for inverse planning supporting
the square deviation (see section[2.9.1)

xiaLeafSequencing: Simulates multileaf collimator leaf sequencing algorithm for in-
tensity modulated beams with multiple static segments developed by Xia and Verhey
(1998) with a given set of dose levels (see section [2.9.2)

calcDVH.m: Calculates and displays the Dose volume histogram (see section|2.10.1).

Function to calculate the points of a DVH (dose-volume-histogram) for all given VOls
(volumes of interest). The results are displayed together with several dose paramet-
ers.

visCtdose.m: Display the CT data set and dose distribution (see section 2.10).

For bixel definition see section

12
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2.5 Treatments plan parameters

2.5.1 Patient data

The input for a planning system is the 3D data set from the CT image. The basic volume
element unit of a CT reconstruction, is called a voxel. It is important to have a correlation
of every voxel to a volume of interest (VOI). A VOI can be an organ at risk (OAR), normal
tissue or tumor volume.

matRad uses open source CT data sets for three anonymized cancer patient cases
and one standard AAPM Task Group 119 (TG119) IMRT phantom provided by Craft et al.
(2014). For each of the four cases, it is included the DICOM CT image, the space resol-
ution of the CT data set, and a CST file (see section [2.9.1). The dataset contains typical
cases of radiotherapy treatments. The main properties of all datasets are summarized in
table [2.1] matRad includes this four patients because they are typical cases on radiother-
apy. A representative transversal CT slice, demonstrating the geometry of the target and
OARs is shown in figure[2.6]

Table 2.1: Summary of CT datasets main characteristics. AP = Anterior-posterior, LR = left-right, SI =
superior - inferior

TG119 Prostate Liver Head and neck
Voxel resolution (3.0,3.0,2.5) (3.0,3.0,3.00 (3.0,3.0,2.5) (3.0, 3.0, 5.0)
(LR,APR,SI) (mm)
Voxel grid size (167,167,129) (184, 184,90) (217,217,168) (160, 160, 167)

(LR,APSI)
Number of voxels 599,440 690,373 1,927,357 251,893
belonging to patient
CT size (MB) 27.44 23.24 60.35 13.08
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Figure 2.6: Axial views of the four cases. Representative CT slice and structures for the four cases.
Here it is shows some but no all structures included in the dataset. (a) Task group 119 AAPM IMRT phantom,
(b) prostate, (c) Head and neck and (c) liver.

TG119 dataset

The TG119 dataset consists on a C-shape phantom obtained from the American Associ-
ation of Physicists in Medicine (AAPM) Task Group 119 (Ezzell et al., 2009). This phantom
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is used for an institutional IMRT commissioning. C-shape resembles complex tumors,
such as tumors surrounding the spine.

The target has a C-Shape that surrounds a central avoidance structure. The center core
is a cylinder with 1 cm radius and 10 cm long. The distance between the core and the
PTV is 0.5 cm and. The PTV is 8 cm long and, the inner and outer arc is 1.5 cm and 3.7
in radius respectively (see figure [2.6a).

Prostate

The prostate case is a anonymized patient whit two PTV. The first one it is for highest
prescription dose of 68 Gy., and the other one it is for lower prescription dose of 56 Gy.,
who is an expansion around the prostate and the lymph nodes (Craft et al., 2014) (see
figure [2.6b). The contours of internal structures includes: Body, bladder, femoral heads,
lymph nodes, PTV, penile bulb, rectum and prostate bed.

Liver and Head and neck

The Liver and head and neck case correspond to an anonymized patient with hepato-
cellular carcinoma and carcinoma tumors respectively. For the liver contours of internal
structures includes: CTV, PTV, GTV, heart, kidneys, bowel, skin, spinal cord, stomach and
duodenum; and for the head and neck: Brain stem, eyes, cerebellum, optic chiasma, CTV,
PTV, parotid glands, spinal cord, optic nerves, lips and larynx (see figure [2.6¢|and [2.6d).

2.5.2 Treatments plan parameters specified by the user

After load the patient, the user has to specify through different parameters. It is shown
below the treatment plan parameters:

» Patient data: Currently is available four sets of patient data: Prostate, head and
neck, liver and IMRT phantom. For more information see section|2.5.1]

« SAD: Source to axis distance (mm).

+ Radiation modality: Specifies the radiation modality. The user can choose photons,
protons, or carbon ions.

+ Bixel width: It corresponds to bixel width (mm) for photons and lateral spot spacing
for charged particles (mm).
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» Gantry and couch angles: Gantry and couch angles, defined according to IEC60601
standard. See section [2.7]for more information.

* Number of beams: Specified the total number of beams in the treatment.

The meta information regarding the radiation treatment plan is stored in the plan struct
file (pIn) shown in figure [2.7]

pln
|E| 1x1 struct with 10 fields

Field « |Va|ue |Min Maix

o SAD 1000 1000 1000

o resolution [3 3 2.5000] 2.5000 3

I isoCenter [250.7385 236.,3,,. 1626736 250.7385
1 bixelwidth 5 5 5

H gantryAngles [0 40 80 120 160... 0 320

I couchAngles [ooOO000000] O 0

o numOfBeams g 9 9

o numOfvoxels 3597681 3507681 3597681
I voxelDimensio... [167 167 129] 129 167

| radiationMode  'photons'

Figure 2.7: Plan struct file, which stored meta information about the radiation treatment plan.

2.6 Dose deposition distribution

For the dose distribution calculation on the CT dataset, there are two main steps. First the
radiation geometry is generated using for the plan parameters (plan struct file). Afterwards
the dose calculation is perform computing the dose influence matrix.

2.6.1 Isocenter

matRad simulates radiotherapy units which are gantry mounted with isocentric treatment
methods. For an isocentric treatment, the patient is positioned in such way that the tumor
center agrees with the isocenter point of the unit. The source-tumor-distance (STD) is
constant for all fields and the source-skin-distance (SSD) is variable. The STD is equal to
the source-axis-distance (SAD) or source-isocenter-distance for the particular unit.

The isocenter is a property of the radiotherapy machine and it is located at a fixed point
in the space. The getIsoCenter function computes the joint center of gravity of all tumor
volumes which is matched to the isocenter. Figure shows the isocenter computation
for a prostate dataset.
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Figure 2.8: Isocenter visualization. The blue spot represent the joint center of gravity of all tumor volumes.
Red crosses represent target voxel position for prostate patient.

2.7 Steering file

The steering file contains all geometric treatment information like as: gantry and couch
angle, bixel width, numbers of ray per bixel, radiation modality, bixel position and, energy
for particles. It is generated executing the generateStf.m code.

The isocenter plang]l]is generated in this step, all tumor voxel coordinates are projected
into the isocenter plane using similar triangles. In figure a target voxel coordinate
(z,y, SAD + z) is projected into the isocenter plane (x,, y,, SAD) using the following math-
ematical relations:

SAD -z
= SAD + (23)
SAD -y
= SAD 2 (2.4)
2, = SAD (2.5)

'Isocenter plane: It is perpendicular to the beam direction and contains the isocenter position.
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Figure 2.9: Computation of the isocenter plane: Every target voxel coordinate is projected into the iso-
center plane. Green and blue spot represent a particular target voxel coordinate and his isocenter plane
projection.

The beam geometry, i.e. the bixel grid for photon and particles treatment, which is ob-
tained by griding the isocenter plane is determined. The energy, which is another degree
of freedom for 3D intensity modulated for charged particles must be considered. To de-
liver intensity modulated for charged particles therapy, beam spots are placed at different
position inside the target.

It is needed detect target edges to find spot placements for charged particles. The spots
are placed in between proximal and distal positior|'| along the bixel for charged particles,
for that a 3D CT is made. This CT has 1 values in the target volume position and zeros
elsewhere see figure Calculating the difference between two voxels along bixel
direction is possible find proximal and distal position. Values +1 and -1 represents the

'Proximal and distal position are located where the bixel enters and leave the target volume.
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proximal and distal edge of the target as depicted in figure [2.10b|

1

08}
06}
04
02} ‘

0

n2k

04k

06+

Consecutive difference

08

-1

o 20 40 60 an 100 120 140 160 180
Distance along a bixel

(b)

Figure 2.10: How to find spot placement. (a) 3D CT with ones -red color- in target position and zeros
-blue color- elsewhere is made to obtain initial and final position along a bixel -red arrow-. (b) Difference
between two consecutive positions along a bixel. +1 and -1 values represent input and proximal and distal
position respectively.

After finding proximal y distal position and taken account its radiological depth (see sec-
tion[2.8.7), new spots are equally spaced in between these two positions. It is important to
note that spot placements are equally radiological depth spaced, therefore in geometrical
depth the spot placement are not equidistant as shown in figure[2.11]and [2.12]

e -

Figure 2.11: Radiological depth: equally spaced, spots are placed on an equidistant grid.

Figure 2.12: Geometrical depth: The distance between the spot is therefore no longer equidistant. Differ-
ent density tissue are represented by different gray scale.

Figure shows a target volume with the isocenter plane and one bixel.
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Steering file generation
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Figure 2.13: Red: Target volume, yellow: Isocenter plane, green lines: One bixel border.

The generated steering is saved into the stf structure file, which contains all the geo-
metric information about radiation. The stf struct file is shown in figure 2.14]

stf
£l 1%9 struct with 9 fields

Fields [ gantryangle [ couchAngle [bixelwidth [ocradiati [onumoOfRays £ ray ¥ sourcePoint {3 numofBixelsPerRay [ totalNumOfBixels
1 0 0 5 'photons' 253 1x253 struct [0 -1000 0] Ix253 253
2 40 0 5 'phatons’ 237|1x23 [642.7876 -7... |1x237 237
3 80 0 5'photons' 187 |1x158 [984.8078 -1... 1x1587 187
4 120 0 5 'phatons’ 217/1x21 [866.0254 50... |1x217 217
S 160 0 5'photons' 255|1x255 5 [342.0201 93... 1x255 255
(51 200 o] 5 'photons' 255/1x255 = [-242.0201 9... 1x255 255
7 240 0 5'photons' 217 |1x21 [-8665.0254 5... |1x2 217
2 280 0 5 'photons' 187|1x18 [-984.8078 -1... 1x157 187
9 320 0 5'photons' 238 1x238 struct [-642.7876 -7... 1x238 238

Figure 2.14: The steering file. Contains all the geometric information about radiation treatment.

Coordinate system

One of the most important aspects when dealing with medical images is the coordinate
system. matRad uses the anatomical coordinate system (also called patient coordinate
system). This space consists in three planes to describe the anatomical position see
(Washington and Leaver, 2015).

 Axial plane: It separates the head (superior) from the feet (inferior).

» Coronal plane: It divides the body into ventral (anterior) and dorsal (posterior) sec-
tions.

» Sagittal plane: It separates left from right, dividing the body in two symmetrical
halves.
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The origin of the coordinate system is the target isocenter. To define positive directions
for this planes, it is used the LPS notation shown in figure (DICOM, 2006).

from right towards left
LPS = < from anterior towards posterior
from inferior towards superior

iy .
Q“mmhml]H

Figure 2.15: Anatomical coordinate system with LPS notation. The red arrows start at (0,0,0) toward
positive direction. Image reference (Elekta, [2007)

matRad uses technical standards to define gantry and couch angles, defined by the
International Electrotechnical Commission 60601-2-1|(1998) shown in figure [2.16|
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Figure 2.16: Gantry and couch angle defined by IEC 60601 standard. (a) Gantry angle. (b) Couch angle
with isocentric rotation.

In order to perform to perform the rotations of a given point, it is necessary to use the
following rotation matrices this rotation matrices:

cos (ps) 5 (Bpry) 0 ooy 0 it (e
0 0 1 —sin (ecouch) 0 cos (ecouch)

Here R,, and R,. represents gantry —about Z axis— and couch —about Y axis—
rotation respectively. The total rotation is given by matrix multiplication R, - R,,:

x! COS (anntry) COs (ecouch) —sin <egantry) COs (ecouch) — sin (ecouch) T

Yy | = sin (anmry) cos (egantry) 0 Ny (2.7)
/

: COos (egantry) sin (ecouch) —sin (egantry) sin (ecouch) COos (ecouch)

It is important to note that, as the rotation operation with matrices is not commutative, it
is applied first the gantry rotation and then the couch rotation.

2.8 The dose influence matrix

The fluence matrix is defined for every beam in the isocenter plane. The fluence in the
isocenter is divided into small elements called bixels. The size of the bixels is predefined
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2.8. The dose influence matrix

by the user. Each bixel has its own weight w;, which is optimized individually. The dose
absorbed at the i-th voxel in the region of interest is

N;

dZ:ZwJ-Dl]

J=1

4 =pw

(2.8)

(2.9)

where D;; represents the amount of dose absorbed by the i-th voxel from the j-th bixel,
N; is the number of bixels elements. The values D;; for all the bixels b and voxels v
form a matrix A € R’f”, known as the “influence matrix”. The D,; matrix has all the
information needed to calculated the dose distribution. If you take the column j in the D,;,
this describes the 3D dose distribution produced from the bixel j, by other hand if you take
the row i, it describes the total dose for the voxel i.

Bixel j

(a) CT cube

(b) Isocenter plane

Figure 2.17: Definition of the D;; matrix. (a) View of a CT cube. The voxel i get a contribution from the
bixel j. (b) The isocenter plane is divided into small elements (bixels), each bixel has a weight factor w;.

2.8.1 How to store a 3D dose distribution.

It can be choose one arbitrary fluence unit @, for example thousand photons per square
centimeters. Each bixel will create a dose distribution in the patient CT. It can be seen in
figure primary dose and scatter dose from Compton photons. Voxel i get a contri-
bution from the bixel j, with a predefined arbitrary fluence unit ®. This dose contribution,
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which is calculated is called the D;; value, the dose contribution from the bixel j into the
voxel i.

w; b Bixel j

Voxel i Voxel 7.

(@) (b)

Figure 2.18: (a) Bixel j will create dose distribution on the CT. (b) Bixel & will contribute dose to voxel i.

It is possible to change the optimization parameters for IMRT from this initial fluence
value multiplying this fluence by a weighting factor.
The dose increase linearly with this weight w;, so now:

Not only it has dose from one bixel j, we have more bixels, for example, a bixel k (fig.
2.18D), so the dose for voxel i is given by:

The dose to the voxel i have this first contribution from the bixel ; and, a second contri-
bution from the bixel k.

The dose calculation should be done basically one time, when D;; has been calculated
for all the voxels and for all bixels. After D,; dose calculation, it must be multiplied the
respectively using matrix elements with the weighting factors. This weighting factors are
determined in inverse planning process (see section (2.9.1)). One important advantage
of the D;; matrix approach is the possibility to use different radiation modalities within the
IMRT treatment planning system.
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2.8.2 D;; matrix calculation

In figure all needed geometrical setup for dose calculation for all modalities is given.
To calculate the D;; matrix elements for a bixel j the following steps must be done for each

voxel 1.

1. Calculate the radiological depth for the point ) using a raytracing algorithm (see

section|2.8.7).

2. Calculate lateral (off axis) distances [, and [,,.

3. Calculate the D;; matrix element using a pencil beam algorithm.

These steps must be repeated for every voxel and bixel to obtain the D,; matrix.

Source

3
T~
Bixel j

o
'b\
v

fosmmmemmsenes > Xaxis

>

Voxel i R

Target

Figure 2.19: Red: Target volume, yellow: Isocenter plane, green lines: One bixel border.

Where:

pr: is the vector from the source to the voxel i

n; is the radiological depth of the voxel i.
* d; is the geometrical depth along the central ray of the bixel ;.

* I, and [, are the lateral distances of voxel i measured from the central ray of the bixel

7]
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2.8.3 Photon dose calculation

To obtain the photon dose calculation, the dose deposition for every bixel must be calcu-
lated. To do this, it must be added up (or integrate) the product of primary fluence and
transmission factor for the pencil beam kernel. In Cartesian coordinates it is depicted as:

+oo +o0
xp,yp, / / U (x,y) F (z,y) X K( — T,y — yp,n) dxdy (2.12)

Where:

U’: Primary bixel fluence.

» F: Transmission factor.

K: Pencil beam kernel.
* Iz — 1,y — y,. Lateral distances from the central ray.
« : n: Radiological depth.

The pencil beam kernel K describes the dose distribution of an (infinitely) narrow beam
incidenting on a semi-infinite slab. The equation (2.12) represents a two-dimensional con-
volution integral, since the kernel K varies with the depth, two-dimensional convolution
have to performed for all depths of interest. Nevertheless this type of calculation is too
time consuming. For every depth, it has to be perform a two-dimensional convolution. The
calculation time would be reduced if the kernel could be separated into a part depending
only in radiological depth n and another depending on lateral distances = — z,,y — y,.
Then only one two-dimensional convolution would be necessary. To do this, matRad uses
a singular value decomposed of three-dimensional dose distributions pencil beam method
developed by Bortfeld et al.| (1993), improving the time consumption. The total dose dis-
tribution of any irregularly shaped field which is calculated by:

+00 +00
Direg (Zps Yps 1) ZD' / / V' (z,y) F (z,y) x K; (x — 2p,y — yp) dzdy (2.13)

Where:

« D! Depth dose curves. The three depth dose components are D) - the central
axis depth dose component which results from primary radiation within small circular
fields whose radius suffice to ensure lateral electronic equilibrium; D/‘ - the depth
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dose component due to scattered radiation from a small field; D} - the depth dose
component due to scattered radiation from a large field.

* K;: Pencil beam kernels.

It is necessary to appropriately determine the D} and K. To do this, Bortfeld et al. (1993)
showed that the depth dose component can be described with high accuracy by analytical
functions, which are given by equation (2.14):

Di(n) = @L—Zﬂ <e_‘”7 - e_ﬁm> (2.14)

Here 1 is the effective attenuation coefficient, and j; is a factor with the same units as p.
This factors depends on beam energy. ; are obtained by fitting analytical functions with
experimental data obtained by measurement.
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Figure 2.20: Depth dose components.

To calculated the Kernel convolution on equation it can be assume a uniform arbit-
rary primary fluence (¥ (z,y) = 1) and, the transmission factor can be modeled as square
which it has the same size as the bixel width b, this is done using the Heaviside function
then the Kernel convolution is given by:

oo oo b b b b
H x+§ H —x+§ H y—|—§ H —y+§ xKi(:p—xp,y—yp)dxdy
T (2.15)
The equation has not analytical solution, to overcome this inconvenient it is per-

formed a numerical convolution. The kernels are stored in photonPencilBeamKernels.mat
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as matlab piecewise polynomial for a 6 MV linear accelerator. The convolutions are per-
formed in the frequency domain via the Fast Fourier Transform method (FFT) to decrease
time consumption (Mayles et al., 2007, section 26.3.3.1). The bidimensional heaviside
function on equation [2.15, which represent the fluence is modeled with a 2D square with
the same bixel size. The numerical convolution is calculated once obtaining the convoluted
kernel matrices.

Transmission factor Kernels Convoluted kernels

Kernel 1

(Bixel form)

Kernel 2

FFT

Kernel 3

Figure 2.21: Kernel convolution: Convolution between the bixel form and kernels. The results are convo-
luted matrices.

To obtain the radiological depth, matRad performs a ray tracing algorithm on the central
ray of every bixel (see section [2.8.7). For off axis voxels, the projected radiological depth
on the central axis is used.

2.8.4 Proton and carbon dose calculation

For particles, a pencil beam algorithm facilitating a single Gaussian to approximate the lat-
eral dose profile is applied, (Bortfeld, (1997;|Hong et al., 1996/, Nill, 2001). The geometrical
setup used for particles calculation can be seen in figure

The particle pencil beam is separated into two parts, a central axis and a lateral part.
The dose from the central ray of the bixel 5 to a voxel : with a given radiological depth 7 (d;)
and lateral distances [, ;; and [, ;; is given by:
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D (77 (d) ) laz,ija ly,ija Ej) = DCentraI axis (77 (dz) >Ej) : Lx (77 (dz) 7lx,ij7 Ej) ' Ly (77 (dz) 7ly,ij7 Ej)
(2.16)
Where:

* Dcentral axis (11 (di) , E;): The central axis part of the depth dose curve, which depends
on radiological depth and particle energy.

* Loy (n(di),lusj. lyi5): The off-axis part of the dose distribution, which depends on
radiological depth, lateral distances and particle energy.

The lateral part for particles can be approximated by a Gaussian distribution with a
depth dependent sigma value, described in |Gottschalk et al.| (1993) as:

2
12,1

1 T 202 (r(a) 5.
Lo (7(di) ,lpij, By) = ——e > (n0):55) 2.17
(77( ) i J) 271_02/ (77)6 ( )

i
1 T 202 n(d;), E;
Ly (n(di)  lys5, E;) = —— 2, (n(a:).55) (2.18)
2o, (n)
The sigma of lateral part is calculate as:

0w (1(d1) = /02 + oies (1 () (2.19)
oy (77 (dl)) = \/05 + 0fics (77 (dz)) (2.20)

The sigma is split into two components.

. 0,,: Particles in the beam has already a lateral extension before it enters the patient,
due to the finite size of the source and the scatter of the primary particle,

* omcs: The lateral extension inside the patient is due to to the multiple Coulomb
scattering (MCS) of the particle.

For proton, base data for the dose calculation algorithms is obtained by analytical com-
putation. It was used a code developed by Dr. Mark Bangert to computes the multiple
coulomb scattering sigma for different for different energies.
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Figure 2.22: Proton depth-dose curve for a 151.96 MeV (maximum range of 7o = 16 cm and 172.38 MeV
(ro = 20 cm). Base data was generated using a code provided by Dr. Mark Bangert.

Base data for carbon ion it was used data obtained by Mote Carlo simulation provided
by Dr. Andrea Mariani.
2.8.5 D;; structure file

The dose influence matrix is stored on the the d,; structure file, which contains pre calcu-
lated dose influence matrix for inverse planning. The file contain the following information:

 Number of beams: Number of beams used for dose calculation.
 Number of voxels: The total number of voxels wherein the dose is calculated.

» Resolution: The voxel resolution (mm).

* Number of rays per beam: For photons, this number corresponds to the number of
bixels per beam. For particles, corresponds to the spot number per beam.

Total number of rays.

Total number of bixels.

Dimensions: Numbers of voxels in all axis directions.

Number of bixels: It corresponds to the total number of bixels.
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* Number of rays: It corresponds to the total number of spot placement for charged
particles.

+ D,; dose influence matrix: Pre-computed dose influence matrix with dimensions
total number of voxels x total number of bixels. It calculates the dose contribution
for every bixel to every voxel. It is stored in sparse matrix format to improve the
efficient and save memory consumption (see section [2.8.6).

dij
|£] 1%l struct with 11 fields
Field & |‘u‘a|ue Min Max
o numofBeams 5 5 5
o numOfivoxels 3597681 35897681 3597881
- resolution [3 3 2.5000] 2.5000 3
I numOfRaysPerBeam [253 203 253 253 202] 202 253
I totalMumOfRays 1164 1164 1164
] totalNumofBixels 1164 1164 1164
- dimensions [167 167 129] 129 167
] bixelMum 1164x1 double 1 253
= rayMum 1164x1 double 1 253
o beamMum 1164x1 double 1 5
% dose 3597661x1164 sparse double  <Too many elements> =Too many elements=

Figure 2.23: D;; structure file

2.8.6 Calculation speed

It is important for the user, specially for educational purpose that the time consumption for
the dose calculation and the fluence optimization holds a reasonable computation time (5
minutes). Also is important reduce the memory utilization, for example if it is calculated
the dose for the TG119 IMRT phantom on the entire CT with nine beams, the D;; matrix
has 4.187 x10° elements which is equivalent to 499.21 GB, this is not affordable by an
ordinary desktop computer. Therefore to speed up the calculation time and save memory
consumption, only a reduced matrix is stored in the computer memory, using the following
three methods:

Lateral cut-off

Only voxels with a distances | smaller than a lateral cut-off L. from the central ray of the
bixel j are stored.

<L, (2.21)
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Lateral cut-off distances were set at 80 mm from the pencil beam in both the = and y
directions based VIRTUOS TPS set up (see Bendl et al|(1993) for VIRTUOS information).
It must be chosen carefully to not introduce systematics errors.

To calculate lateral cut-off distances for a single bixel, it is necessary rotate the single
bixel and align with the bixel which passes trough the isocenter. This requires find a
rotation matrix R, proceeding as follows:

Let @ and b unit vectors which represent a single bixel and the bixel which passes
trough the isocenter respectively.

e Letv =a xb.

Let s =||v|| sin#.

e Letc=a-bcost.

The the rotation matrix R is given by:

1 —
R=1I+ o], + % — ¢ (2.22)
Where [v],, is the skew-symmetric cross-product matrix of v,
0 —7V3 Vo
W, = vy 0 —u (2.23)
—V2 U1 0
Unaligned bixels Aligned bixels

400 400
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Figure 2.24: Bixel align: Single bixel (green line) is aligned with the bixel which passes trough the isocen-
ter (red line).
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After the alignment, to calculate lateral distances [ for the voxel i from the center of the
bixel b;, the following equation is used:

;= o5 x W]
|bj]
Here w is the vector from the source to the voxel i. In figure it can be seen the
lateral cut-off calculation diagram and the lateral cut-off obtained in matRad.

— Jug x W] (2.24)
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Figure 2.25: Lateral cut-off calculation. Distances ! smaller than a lateral cut-off L. from the central ray
of the bixel j are stored in the D;; matrix. (a) Lateral cut-off calculation diagram. (b) Lateral distances
calculation for one bixel (blue line) using the head and neck patient.

Sparse matrix and dose only inside patient voxel

The D,; matrix is stored with sparse form by removing any zero elements. According to
Gilbert et al| (1992), the performances for the memory requirements for storing, as well
as the execution time for computing a matrix-vector product and solving a linear system of
equations decrease with sparse matrix form.

Other method used for save memory consumption is compute dose only in voxel belong
to the patient and not the entire CT.
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2.8.7 Ray tracer

matRad needs evaluate the radiological path through the CT array to calculate the dose.
Due to the complexity of the three-dimensional geometry and the enormous amount of CT
data, the dose computation for all modalities applies an exact, efficient, and reliable three-
dimensional ray tracing algorithm for calculating the radiological path distances developed
by Siddon| (1985). The radiological path may be written as:

d=_> > 15 k)pli.j.k) (2.25)
7 J k
Where:

* 4,7, k: Goordinates of a particular voxel.
* (4,7, k): Bixel length contained by a particular voxel.

* p (4,4, k): Particular voxel density.

The CT voxels are considered as the intersection volumes of orthogonal sets of equally
spaced, parallel planes. For easier understanding figure[2.26a|represent a two-dimensional
case, here voxels are considered squares. The intersections of one bixel with voxels bor-
der are calculated —red and blue spots —. The length of the bixel contained by a particular
voxel, is simply the difference between two adjacent spots. For each voxel intersection
length, the corresponding bixel length and voxel density are obtained, and the products
of the length and density are summed over all intersections to yield the radiological path.
Figure shows 3D raytracing algorithm applied in matRad.
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150

® 100+

-200

200

y [mm]
() (b)

Figure 2.26: Ray tracer. (a) The intersections of the bixel with the voxels are given by two equally spaced
sets: One set for the horizontal lines (red spot) and one set for the vertical lines (blue spot). (b) 3D raytracing
algorithm applied in matRad. Yellow, cyan and purple crosses represents longitudinal, lateral and vertical
bixel intersections with CT voxels respectively.

As shown in figure [2.79]for dose calculation the radiological depth from the source to the
voxel + must to be calculated, nevertheless the ray tracer is performed only on the central
bixel. For off axis voxels, the projected radiological depth on the central bixel is used. In
figure it can be seen radiological depth projected into a central bixel.
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Figure 2.27: Radiological depth projected to a central ray in the head and neck patient.
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2.9 Fluence optimization

2.9.1 Inverse planning
Objective function

The goal of a radiotherapy TPS is produce a plan which is as close as possible to a desire
dose distribution delivering a homogeneous dose to the specified planning target volume
(PTV), ensuring that normal tissue receives a reasonably low dose and critical organs re-
ceive less than their tolerance doses. To measure the difference between the treatment
plan and the prescribed dose distribution a mathematical norm must be defined. In a
treatment planning system, some mathematical statements should always hold. These
are called constraints; for example, “no more than 84.6 Gy should be delivered to the pro-
state”. Other mathematical functions or some of the functions, should be made as small or
as large as possible. For instance, “the average square difference between the target pre-
scription doses and the computer-predicted doses should be as small as possible”. Such
statements are added together, with relative bixel/spot weights, resulting in the objective
function.

A mathematical equation is often used in IMRT treatment planning as an objective func-
tion term is the quadratic norm (Oeltke and Bortfeld, 2001), which is used in matRad. For
every target volume i = 1--- N, the user defines a minimum (d™") and (d™*) dose which
should be applied to the target. Also a penalty (p"®) for under- or overdosage (p"") is
specified. The objective function for the target is then given by

2

F, = Zptmax. [di . dtmaxﬁr + ptmin . [dtmin . di] (2.26)

i=1 +

Where

d;: Dose at target voxel i.

N;: Total number of voxel for the target.
. pinax_ pmin - Penalty for over- and underdosage.
o dM 4Mn: Maximun and minimun dose which should be applied for target.

In the same way, the objective function for the organs at risk (OAR) is defined by:

Noar

2
Foar = E PORR [di — dg}fﬁ(h (2.27)
=1
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Where:
* d;: Dose at OAR voxel.
* pgaR- Penalty for overdosage.
* d3agx: Maximun dose which should be applied to OAR.

z ifz>0
0 else

The complete objective function is given by the sum over the number of target /N'aoet
and organs at risk N°AR namely the sum over all CT volume:

The [ ], is the positive operator which is defined as: [z], = 2H (z) =

Ntarget NOAR
F=> F+)Y Foam=)Y Fy (2.28)
t OAR 1%

Optimization algorithm

The optimization algorithm is a very important part for the optimization process. This is
done updating the weights of the bixel/spot w; to find the optimal treatment plan. mat-
Rad uses a Limited-memory Broyden-Fletcher-Goldfarb-Shanno algorithm (L-BFGS) for
convex optimization explained in Byrd et al.| (1994). The L-BFGS update to directly ap-
proximate the product of the inverse Hessiar[] with the gradient. To compute the gradient
it is used the complete objective function, the derivatives of the function for the voxel i can
then be calculated by:

or 0 B OFy

il 0 DR D (&29)
S o[- ) [ -a] ) (230)
eV Owy ' oy "

Calculating the derivative for [d; — d@ax}i:

0 ad,;

2
Gup ldi -} = 2[di -] - o (2.31)
« 0
= 2[di—d$a]+-a—W;Dijwj (2.32)
= 2[d; — d}™] - Di, (2.33)

'In mathematics, the Hessian matrix or Hessian is a square matrix of second-order partial derivatives of
a scalar-valued function, or scalar field. It describes the local curvature of a function of many variables.
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Getting the similar result for the derivate of [d['" — dz]i and, replacing (2.33) in (2.30):

aF _ max max min min
o = 2;{pv [d; — 7], + o [dv . dlL} . Dy, (2.34)
— 925T. Dy, (2.35)

The expression is the gradient for the weight w;,, which is used to minimize the ob-
jective function. A backtracking Armijo line search (Nocedal and Wright,|[1999) guarantees
sufficient decrease of the objective function value in each iteration. The implementation
was made by Dr. Mark Bangert see (Bangert, [2011}; Bangert et al|, 2014). The user can
chose the convergence criteria, i.e. the maximum number of iterations and the precision.

CST structure file

All necessary information to compute the optimization process are stored in the CST cell
array file. The columns in the CST file represent as follows :

1. VOI index: VOI number. lt is initialized with 0.

2. VOI name: It is a string containing an organ name (e.g. 'BODY’, ’prostate’, 'PTV’,
etc.).

3. Organ class: Specifies the organ class for a VOI. There are two possibilities: Target
and organ at risk (OAR). Also an organ can be ignored.

4. Maximum dose d™#*: Maximun dose which should be applied for the VOI.
5. Minimum dose d™": Minimun dose which should be applied for the VOI.
6. Maximum penalty p™2*: Penalty for overdosage.

7. Minimum penalty p™": Penalty for underdosage.

8. Voxel indices: The indices of all CT voxels which store the segmentation for the VOI
as a binary mask. Note that a voxel can belong to two VOlIs at the same time due to
VOI overlapping.

The cst cell array file is shown in figure [2.28]:
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cst
[(1] 17x@ cell
1 2 3 4 =) 5] 7 8

110 'CTW! 'TARGET' |60 60 800 800 3899x1 double
21 '‘Celiac! 'OAR! 30 ] 5 0 7ax1 double
32 'DoseFalloff '0AR! 40 0 15 0 29688x1 double
43 'GTV! 'TARGET' |76 76 1000 1000 1036x1 double
5 4 'Heart' '0AR! 20 0 10 10 33021x1 double
6|5 'KidneyL' '0AR! 70 70 500 500 13337x1 double
716 'KidneyR' 'OAR! 40 0 20 ] 6972x1 double
8|7 'LargeBowel' 'OAR!' 40 ] 80 0 45350x1 double

Figure 2.28: CST cell array file, contains all necessary information to compute the optimization process.

2.9.2 Sequencing

It has been implemented one multileaf collimator sequencing algorithm to translate the
continuously optimized fluence into deliverable segments, developed by [Xia and Verhey
(1998). In matRad, the fluence distribution of each beam is calculated in the optimization
process. The delivery of the resulting treatment plan using multileaf collimators (MLCs)
is performed with the step-and shoot technique, the arbitrary beam fluence distributions
have to be transformed into an applicable sequence of subsegments. In a stratification
step the complexity of the fluence maps is translating what we do on stratification into
MLC shapers, by assigning each beamlet to discrete intensity values, followed by the
sequencing step that generates the subsegments. For the sequencing it can be choose
two techniques: “sliding window” (Bortfeld et al., |[1994; |Convery and Rosenbloom, [1992)
or “reducing level” (Galvin et all, [1993).

Beam # 1: Ly = 7 - 8 intensity levels g =2

z - direction perpendicular to leaf motion
2 - direction perpendicular to leaf motion

2 4 6 8 10 12 14 4 4 B ] 10 12 14
X - direction parallel to leaf motion % - direction parallel to leaf motion

Figure 2.29: Visualization of MLC movement. Left: Intensity levels, right: MLC movement.
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2.10 Visualization

At the end, it is possible to star a graphical user interface (GUI) calling matRad visCtDose.
The GUI shows: iso-dose contour, dose distribution, CT and VOI contour. Also it is pos-
sible to chose the slice number and the plane: axial, coronal and sagittal. In figure it
shows the GUI for TG119 IMRT phantom using cabon ions.

Figures - matRad CT/dose/VO| bowser
Eile Edit View |nsert Iools Debug Desktop Window Help A x
DS MRAUDEL- |2 0EH =D Bme s

matRad CT/dose/VOl bowser

Axial plane

Data sets

Dose (Colorwash) BoDY

Dose (Isodose lines)
[

Contour
QuterTarget

Plane

Slice 65

50 100 150 Z200 250 300 350 400 450 500
x [mm]

Figure 2.30: Graphical user interface for a TG119 IMRT phantom using a carbon ion modality.

2.10.1 Dose-Volume histogram

matRad can display a dose-volume histogram (DVH) (Drzymala et al., 1991) which relate
radiation dose to tissue volume. DVH summarizes 3D dose distributions in a graphical 2D
format.

The DVH it is generated calling matRad _calcDVH script. In figure it can be seen
the dose volume histogram visualization. The lines always slope and start from top-left
to bottom-right. For the target receiving a very homogeneous dose (100% of the volume
receiving exactly 50 Gy) the cumulative DVH appear as a horizontal line at the top of the
graph, at 100% volume as plotted vertically, with a vertical drop at 50 Gy on the horizontal
axis.
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Figure 2.31: matRad dose volume histogram visualization.
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3. Resulis

This chapter reports the results of two radiotherapy treatments plans performed with mat-
Rad for an AAPM’s TG119 IMRT phantom and the prostate dataset.

The TG119 IMRT treatment plan calculations were carried out on a core i5 Intel pro-
cessor, 8 GB RAM with Windows 7 64 bit operating system and a MATLAB R2014b ver-
sion. The prostate plan were carried out on a core i7 intel processor, 16 GB RAM with a
Debian 7.8 64 bit Linux operating system and a MATLAB R2014a version.

3.1 TG119 IMRT phantom treatment plan study

Figure show result of a first treatment planning study for the TG119 phantom. Using
matRad, it was possible to generate a photon treatment plan fulfilling the two version -
easy and harder- of clinical goals specified in [Ezzell et al.| (2009). In the easier, the central
core is to be kept to 50% of the target dose. In the harder, the central core is to be kept
to 20% of the target dose. The beam arrangement are 9 field at 40° intervals from the
vertical. Table includes the specific numerical goals for the easier and harder version
and results obtained by matRad.

Table 3.1: Treatment plan statistics for TG119 C-Shape IMRT phantom (easier and harder). Values based
on|Ezzell et al.| (2009)

Planning parameter Plan goal Plan Mean matRad result

(cGy) (cGy) (cGy)
PTV D95 5000 5010 + 17 5012.34
Easier PTV D10 <5500 5440 + 520 5420.79
Core D10 <2500 2200 + 314 2325.52
PTV D95 5000 5011 + 16.5 5093.08
Harder PTV D10 <5500 5702 + 220 5415.12
Core D10 <1000 1630 + 307 1073.31
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Chapter 3. Results 3.1. TG119 IMRT phantom treatment plan study

For demonstration purposes, figure [3.1b] and [3.1c] also includes proton and carbon ion
treatment planning respectively. Figure also includes dose volume histograms for
three modalities. Note that we only consider physical dose for both protons and carbon
ions. As the radiobiological effectiveness is not yet taken into account, the numbers have
to be interpreted with care, especially for carbon ions.

TG119 C-Shape phantem
TG119 CShape phantom

—BODY
Body
Core
Target

Core
—— OuterTarget

50 100 150 200 250 300 350 400 450 500
x [mm] * [mm]

(@) (b)

TG119 C-Shape phantorn

——BODY
Core

OuterTarget

100

Wolume [%]

: I R S
40 50 BQ 100
Dose [Gy]

(c) (d)

Figure 3.1: Transversal dose distribution of a photon, proton and carbon ion IMRT treatment plan with
different radiation modalities for TG119 phantom. The transparent dose color wash on the CT is overlaid by
isodose contours in 10 Gy increments. (a) Photon IMRT treatment plan applying nine equi-distant coplanar
beams. (b) Proton IMRT treatment plan applying three fields at gantry angles: 0°, 90° and 270°. (c)
Carbon ion IMRT treatment plan applying three fields at gantry angles: 0°, 90° and 270°. (d) Resulting
dose-volume histogram of a photon (solid lines), proton (dotted lines) and carbon ion (dashed lines) for the
TG119 phantom.

50 100 150 200 250 300 350 400 450 500
 [mm]
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Chapter 3. Results 3.2. Prostate IMRT treatment

3.1.1 Computational efficiency

Table [3.2]lists the computation time of the dose calculation and the fluence optimization as
well as the memory consumption of matRad during treatment planning for AAPM’s TG119
phantom (Ezzell et al., 2009) for different irradiation scenarios.

Table 3.2: Computational efficiency of selected treatment planning scenarios for the TG119 phantom
(Ezzell et al., 2009). The number of non-zero D;; elements corresponds to the total number of dose depos-
ition elements which are pre-calculated during dose calculation and subsequently used during optimization.
The photon treatment plans apply a 5 x 5 mm? bixel resolution; the particle treatment plans apply 3mm spot
spacing. The voxel resolution is 3.0 x 3.0 x 2.5 mm3

Modality  # beams # bixels # non-zero D;; Tgosecalc [S] Thiuence opt [S]  Memory

[GB]
photons 5 1164 14.4.10° 52.1 11.4 0.2
photons 7 1556 18.7-10° 71.7 20.5 0.3
photons 9 1841 21.6-10° 81.4 21.8 0.3
protons 1 6334 11.4-10° 29.8 26.2 0.2
protons 2 12770 41.9-10° 55.1 53.8 0.6
protons 3 19187 72.2.10° 81.4 125.9 1.1
carbon ions 1 9806 33.4-10° 38.0 23.6 0.5
carbon ions 2 19438 91.0-10° 73.1 99.7 1.4
carbon ions 3 29122 148.6 - 10° 112.7 272.4 2.2

3.2 Prostate IMRT treatment

Palma et al| (2008) published a study to compare VMAT prostate RT plans with three-
dimensional conformal RT and IMRT plans. This section shows the recreation of the
IMRT prostate plan presented in this study using matRad.

The treatment plan was generated using five-field IMRT using 6 MV photon beams.
The final dose calculation was performed using the single pencil beam algorithm, which is
the same algorithm implemented in Varian Eclipse, version 7.1 TPS and a sliding window
multilef collimator technique. The IMRT plan consisted of five coplanar fields, at gantry
angles of 0°, 75°, 135°, 225° and 285°.

The prescription dose was 7.400 cGy in the PTV, with > 98% PTV covered by 95% of
the prescribed dose. The goal was to keep the maximal point dose at < 107% It was not
intended to treat the seminal vesicles or regional lymplh nodes. The dose constraints to
normal structures as shown in table [3.3]
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Table 3.3: Radiotherapy dose constraints to normal structures specified by (Palma et all 2008) for a
prostate IRMT plan.

Structure Dose constraint

Rectum
Vzoay < 5%
V40 Gy < 25%
Voo gy < 50%
Bladder

V40 Gy < 25%
V20 Gy < 50%

Femoral heads
Viogy < 5%
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4. Discussion & Conclusion

4.1 Discussion

It is present the first open source toolkit for multi-modality radiation treatment planning.
It has been chosen the proprietary scientific programming environment MATLAB for de-
velopment. MATLAB enables highly efficient prototyping. It combines a variety of built-in
functions, versatile visualization possibilities and comprehensive debugging functionalit-
ies. Even though MATLAB uses an interpreter programming language which does not
require compilation it allows for the development of efficient code. matRad complements
other open source MATLAB software in the field of radiotherapy. In the future easy in-
terfacing to CERR, a MATLAB platform for developing and sharing research results in
radiation therapy treatment planning (Kramer et all, |2000), and to FoCa, an open MAT-
LAB treatment planning system for passive scattering and pencil beam scanning proton
therapy (Kamerling et al., [2014), might be possible. Nevertheless. Potential overhead
necessary for clinical validation (as performed for FoCa) and/or a sophisticated graphical
user interface (as implemented for CERR) may conflict with a concise implementation of
the underlying algorithms, which is desired for both educational and research purposes.

4.1.1 Computation efficiency

matRad can achieve competitive computation times for realistic cases, if you see rows
number 3, 6 and 9 on table [3.2] with a high number of bixel is not time consuming, and
memory can be afford by a ordinary desktop computer, therefore matRad is competitive.
Note that matRad operates at a clinically realistic resolution (not operate to low resolu-
tion), operates at same resolution like a commercial treatment planning system.
There are three possibilities to speed up computation time without the need to modify
matRad’s code:

1. Reduce the spatial resolution of the CT by downsampling the CT. This reduces the
number of voxels, i.e. the dose calculation.
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2. Reduce the number of bixels, this is done increasing the bixel width.

3. Decrease the lateral cut off.
Of course there are a tradeoff between time consumption and accuracy using this three

possibilities.

4.1.2 matRad uses MATLAB

MATLAB is a proprietary software which is in conflict with Open Source concept, never-
theless we chose MATLAB due to the following features:

* Very user friendly.

+ Ubiquitous in radiation therapy community.

Rapid prototyping capabilities.

Powerful debugging functionalities.

Versatile built-in visualizations.

+ High efficiency of linear algebra operations.

The most important features is the high efficiency of linear algebra operators, matRad
has taken advantage of this feature. All computation have been performed using mat-
rix multiplication instead for and while cycles. This is the reason by which short time
consumption for dose calculation and fluence optimization in table 3.2

4.1.3 matRad code

The entire source code of matRad is available on gitHub at http://e0404.github.io/
matRad/. User can download and see it. Also it is possible to submit bug reports and
features requests. Everybody can suggest code modifications. matRad have a wiki page,
with setting up and detail technical information developed by BSc. Thomas Klinge at
German Cancer Research Center.
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4.1.4 matRad actual features and future directions

matRad is constantly evolving, his development is carry out by the research group Op-
timization Algorithms within the Division of Medical Physics in Radiation Oncology at the
German Cancer Research Center DKFZ in Heidelberg lead by Dr. Mark Bangert. In the
last months new features have been added to matRad, such as carbon ion dose calcula-
tion including 3D RBE modeling, inverse planning based on biological effect, a new MLC
sequencing algorithm developed byEngel (2005), DICOM import and a new graphical user
interface.

matRad is open to new features and further development. In particular, we plan to
address to develop the following features in the near future:

« Co™ dose calculation and 3D conformal planning: This two treatment modalities are
still in use in developing countries (Zubizarreta et al.,2015; Page et al., [2014).

Direct aperture optimization.

4D treatment planning.

Compatible with OCTAVE, which is open source and his syntax is mostly compatible
with MATLAB.

4.2 Conclusion

matRad is the first open source toolkit supporting treatment planning for intensity-modulated
photon, proton, and carbon ion therapy. It includes efficient MATLAB implementations of
well established algorithms modeling the entire radiation treatment planning workflow. Be-
sides the actual treatment planning system, matRad also includes example patient data
as well as base data for all supported radiation modalities. The presented MATLAB im-
plementation yields competitive computation times for realistic planning scenarios and its
modular design provides high flexibility. In the future we envisage manifold beneficial ap-
plications of matRad both in an educational and research setting.
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5. Summary

matRad is the first open source software supporting treatment planning for intensity mod-
ulated photon, proton, and carbon ion therapy for educational and research purposes.
The software features a set of individual functions modeling the entire treatment planning
workflow based on well-established algorithms. The main modules are:

» Dose calculation: For photons, matRad uses a singular value decomposed pencil
beam algorithm (Bortfeld et all, |1993). For particles, matRad uses a pencil beam
algorithm facilitating a single Gaussian to approximate the lateral dose profile (Bort-
feld, 1997; |[Hong et al., [1996; [Nill, 2001). Pencil beam data for the dose calculation
algorithms is obtained through measurements at the German Cancer Research Cen-
ter (photons), analytical computation (protons), and Monte Carlo simulations (carbon
ions).

« Ray tracing: All modalities facilitate an exact three Adimensional ray tracing al-
gorithm (Siddon, [1985) for the computation of radiological distances.

* Fluence optimization: Fluence optimization is performed with precomputed dose
influence data through the minimization of a piecewise quadratic objective function.

» Sequencing: For photon IMRT, matRad includes a multileaf collimator sequencing
algorithm (Xia and Verhey, 1998) to translate the continuously optimized fluence
weights into deliverable segments.

+ Visualization: The result of matRad’s treatment planning workflow can be visualized
via dose volume histograms and two Adimensional dose distributions.

matRad comprises MATLAB functions to model the entire treatment planning workflow,
example patient data and, physical base data for all required computations.

Through, using a voxel resolution of 3 x 3 x 2.5 mm? and a bixel resolution (spot distance)
of 5 x 5 mm? , we achieve computation times of 60-100 s (60-400 s) for realistic patient
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cases including photon (particle) dose calculation and fluence optimization. Memory con-
sumption ranges between 0.2 GB and 2.2 GB. The entire code of matRad is available at

http://e0404.github.io/matRad/.
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6. Publications & Awards

6.1 Scientific publications covering matRad

A paper was submitted to the 2015 World Congress on medical physics & biomedical
engineering, Toronto, Canada. It will be published on IFMBE Proceedings at World Con-
gress on Medical Physics and Biomedical Engineering, June 7-12, 2015, Toronto, Canada
by Springer (Cisternas et al., [ 2015; Jaffray, 2015). A copy can be found on the appendix
section

Also held a talk as part of the the 2015 World Congress on Medical Physics & Biomed-
ical Engineering, on the Educational and Professional activities track, in the session of
Technology Enhanced Education.

6.2 matRad recognition - Young Investigator Symposium
Competition

matRad was recognized with the second prize for the Best Presentation award of Interna-
tional Organization for Medical Physics (IOMP) and the J. R. Cunningham Young Investig-
ator Competition at the World Congress on Medical Physics and Biomedical Engineering,
Toronto, 2015. The purpose of the Young Investigator Competitions are to recognize ex-
cellence in Congress contributions whose primary authors are young investigators under
the age of 40 at the time of submission and be working in the field of medical physics.
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Eduardo Cisternas

has been recognised as a runner up for the
Best Presentation Award of IOMP and the Jack
Cunningham Award of COMP/ OCPM
for the presentation

“matRad: a multimodality open source treatment
planning toolkit” I

[l at the World Congress on Medical Physics and
Biomedical Engineering, Toronto, June 7 to 12, 2015

A B
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Figure 6.1: Second prize for the Best Presentation award of International Organization for Medical Physics
(IOMP) and the J. R. Cunningham Young Investigator Competition
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7. Appendix

7.1 matRad paper
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Abstract— We present matRad, an open source software for
three-dimensional radiation treatment planning of intensity-
modulated photon, proton, and carbon ion therapy. matRad is
developed for educational and research purposes; it is entirely
written in MATLAB. A first beta release is available for down-
load™. The toolkit features a highly modular design with a set
of individual functions modeling the entire treatment planning
workflow based on a segmented patient CT. All algorithms,
e.g. for ray tracing, photon/proton/carbon dose calculation,
fluence optimization, and multileaf collimator sequencing,
follow well-established approaches and operate on clinically
adequate voxel and bixel resolution. Patient data as well as
base data for all required computations is included in matRad.
We achieve computation times of 60-100s (60-400s) for realistic
patient cases including photon (particle) dose calculation and
fluence optimization. Memory consumption ranges between
0.2GB and 2.2GB. Dose distributions of a treatment planning
study for a phantom and prostate patient case considering
multiple radiation modalities are shown. Both the computa-
tional and dosimetric results encourage a future use of matRad
in an educational and scientific setting.

Keywords— Radiation therapy, particle therapy, treatment
planning, open source software.

1. INTRODUCTION

Medical physics in general and radiation therapy plan-
ning in particular are specialties that heavily rely on the use
of dedicated software. Due to the involvement of commer-
cial enterprises and high safety requirements in medical
applications, however, treatment planning systems usually
come with a closed architecture. This compromises both the
broad availability of radiation treatment planning software
for educational purposes and the flexibility regarding cus-
tom developments in an academic setting.

Consequently, some research centers maintain highly
specialized research treatment planning systems for custom
developments. While most of these solutions are only avail-
able to a limited number of cooperators [1, 2] some solu-
tions are/will be made available to the general public [3, 4].

! http://e0404.github.io/matRad/

IUPESM WC2015 Full Paper Submission Template

With this paper we describe the implementation of the
first beta release of matRad, an open source treatment plan-
ning system? supporting intensity-modulated photon, proton
and carbon ion radiation therapy. matRad is entirely imple-
mented in MATLAB?. It is developed for educational and
research purposes. The code features high modularity and
consequently flexibility. At the same time, matRad allows
for an efficient workflow considering realistic patient cases.
It comprises educational visualizations of the underlying
physical aspects. Besides the source code itself, matRad
also includes example patient data and the appropriate base
data for photon, proton, and carbon ion irradiation.

Section |1 details the physics and optimization algorithms
used by matRad, it explains how to obtain the source code
and how to contribute to its development. Computation
times as well as results of a first treatment planning study
are shown in section Ill. A discussion and conclusion in
sections IV and V conclude the paper.

1. MeTHoDs

A. matRad modules

% load patient data

[ct,cst] = matRad_load( 'patient.mat');
% set plan parameters

pln = ...

% determine beam geometry

stf = matRad_generateStf(ct,cst,pln);
% dose calculation

dij = matRad_calcDose(ct,stf,pln,cst);
% inverse planning

[wOpt,dOpt] = matRad_inversePlanning(dij,cst);
% analysis

matRad_calcDVH(dOpt,cst);
matRad_visCtDose(dOpt,cst,pln,ct);

Fig. 1: Pseudocode overview of the matRad workflow.

2 matRad is published under the GNU General Public License v3.0
% http://www.mathworks.com/products/matlab



Table 1: Computational efficiency of selected treatment planning scenarios for the TG119 phantom [5]: The number of non-zero D;; elements corresponds
to the total number of dose deposition elements which are pre-calculated during dose calculation and subsequently used during optimization. The photon
treatment plans apply a 5x5mm2 bixel resolution; the particle treatment plans apply 3mm spot spacing. The voxel resolution is 3.0x3.0x2.5mm3.

modality # beams # bixels # non-zero Dj; Tose cale [S] Tivence opt [S] memory [GB]
photons 5 1164 14.4 - 10° 52.1 11.4 0.2
photons 7 1556 18.7 - 10° 71.7 20.5 0.3
photons 9 1841 21.6 - 10° 81.4 21.8 0.3
protons 1 6334 11.4-10° 29.8 26.2 0.2
protons 2 12770 41.9-10° 55.1 53.8 0.6
protons 3 19187 72.2-10° 81.4 125.9 11
carbon ions 1 9806 33.4-10° 38.0 23.6 05
carbon ions 2 19438 91.0 - 10° 73.1 99.7 1.4
carbon ions 3 29122 148.6 - 10° 112.7 272.4 2.2

Figure 1 illustrates the most important steps of the treat-
ment planning workflow in matRad. After the patient data
comprising a CT dataset (ct) and a corresponding segmenta-
tion (cst) have been loaded (compare sections 11.B and 1V)
the user has to specify a treatment plan (pIn). Among others,
this step includes setting the beam orientations and the radi-
ation modality. Next the beam geometry, i.e. is the bixel
grid for photon treatments and the spot placement for parti-
cle therapy, is automatically determined [6]. The resulting
file (stf) is required for the subsequent photon, proton, or
carbon ion dose calculation. For photons, matRad uses a
singular value decomposed pencil beam algorithm [6,7]. For
particles, a pencil beam algorithm facilitating a single
Gaussian to approximate the lateral dose profile is applied
[6,8]. The dose computation for all modalities applies an
exact three-dimensional ray tracing algorithm for the com-
putation of radiological distances [9]. Base data for the dose
calculation algorithms is obtained by measurement at the
German Cancer Research Center (photons), analytical com-
putation [10, 11] (protons), and Monte Carlo simulations
(carbon ions). Fluence optimization using the pre-computed
dose influence data (dij) is performed through minimization
of the standard piece-wise quadratic objective function [12].
Convenient tweaking of maximum dose constraints and
optimization penalties of the objective function is possible
through via MATLAB’s built-in variable editor (cst). For
photon IMRT, we implemented a multileaf collimator se-
quencing algorithm [13] to translate the continuously opti-
mized fluence (wOpt) into deliverable segments. The result
of matRad’s treatment planning workflow, namely the op-
timized dose (dOpt), can be visualized via dose volume
histograms and two-dimensional dose distributions overlay-
ing the patient CT.

As depicted in figure 1, all modules correspond to indi-
vidual MATLAB functions. They can be called as part of a
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MATLAB script or individually from MATLAB’S com-
mand prompt. Most functions feature a visualization of the
underlying algorithm for educational purposes (not shown).

B. Patient data

The matRad toolkit comes with MATLAB workspace
files of the CORT dataset [14] comprising CT images and
segmentations for three patient cases and AAPM’s TG119
phantom case [5]. Users can directly experiment with this
freely available data.

C. Source code

The matRad source code is provided via an online Git re-
pository at http://e0404.github.io/matRad. Users can either
download the entire source code as compressed archive or
make direct use of the functionalities of the Git repository”
to obtain the code and contribute to its development. Via
GitHub it is possible to file bug reports and feature requests.
Furthermore, the open Git repository enables everybody to
submit code modifications to the matRad development
team. In the future we are going to extend the representation
of matRad on GitHub to include dedicated wiki documenta-
tion.

. ResuLTs

A. Computational efficiency

Table 1 lists the computation time of the dose calculation
and the fluence optimization as well as the memory con-
sumption of matRad during treatment planning for AAPM’s

4 https://github.com/e0404/matRad



TG119 phantom [5] for different irradiation scenarios. Note
that we are operating at a clinically realistic resolution.

B. Treatment planning study

TG119 CShape phantom

Body
Core
Target

50 100 150 200 250 300 350 400 450 500
x [mm]

Fig. 2: Transversal dose distribution of a photon IMRT treatment plan
applying nine equi-distant coplanar beams on the TG119 phantom [5]. The
transparent dose colorwash on the CT is overlaid by isodose contours in 10

Gy increments.
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Fig. 3: Dose volume histograms of a photon IMRT treatment plan applying
nine equi-distant coplanar beams (solid lines), an intensity-modulated
proton therapy treatment plan applying three fields at gantry angles 0°, 90°,
and 270° (dotted lines), and an intensity-modulated carbon ion therapy
treatment plan applying three fields at gantry angles 0°, 90°, and 270°
(dashed lines) for the TG119 phantom [14].
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Figures 2 and 3 show results of a first treatment planning
study for the TG119 phantom [14]. Using matRad, it was
possible to generate a photon treatment plan fulfilling the
clinical goals specified in [5]. For demonstration purposes,
figure 3 also includes dose volume histograms for proton
and carbon ions; figure 4 shows a transversal dose distribu-
tion of a proton treatment plan applying two intensity-
modulated fields. Note that we only consider physical dose
for both protons and carbon ions. As the radiobiological
effectiveness is not yet taken into account by matRad, the
numbers have to be interpreted with care — especially for
carbon ions.
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Fig. 4: An intensity-modulated proton therapy treatment plan applying two

fields at gantry angles 90°, and 270° on the prostate patient data included in

the CORT dataset. The transparent dose colorwash on the CT is overlaid by
isodose contours in 10 Gy increments.

Iv. DiscussioN

We present the first open source toolkit for multi-
modality radiation treatment planning. We choose the pro-
prietary scientific programming environment MATLAB for
development as it is ubiquitous at universities and in the
medical physics community. MATLAB enables highly
efficient prototyping. It combines a variety of built-in func-
tions, versatile visualization possibilities and comprehensive
debugging functionalities. Even though MATLAB uses an
interpreter programming language which does not require
compilation it allows for the development of efficient code.

matRad complements other open source MATLAB soft-
ware in the field of radiotherapy. In the future easy interfac-



ing to CERR®, a MATLAB platform for developing and
sharing research results in radiation therapy treatment plan-
ning [1], and to FoCa®, an open MATLAB treatment plan-
ning system for passive scattering and pencil beam scanning
proton therapy [2], might be possible. Nevertheless, we also
want to maintain a clear form of matRad in future releases.
Potential overhead necessary for clinical validation (as
performed for FoCa) and/or a sophisticated graphical user
interface (as implemented for CERR) may conflict with a
concise implementation of the underlying algorithms, which
is desired for both educational and research purposes.

In order to maximize usability of matRad for the entire
medical physics community, the next step is the develop-
ment of an adequate online documentation through dedicat-
ed personnel. Among others, we want to include function-
alities for DICOM import of patient data, direct aperture
optimization for IMRT/VMAT, more sophisticated objec-
tive functions for inverse planning, and radiobiological
effectiveness models for particle therapy treatment planning
in future releases. matRad might also be a suited platform to
showcase novel work in robust optimization [15].

v. CONCLUSIONS

matRad is the first open source toolkit supporting treat-
ment planning for intensity-modulated photon, proton, and
carbon ion therapy. It includes efficient MATLAB imple-
mentations of well-established algorithms modeling the
entire radiation treatment planning workflow. Besides the
actual treatment planning system, matRad also includes
example patient data as well as base data for all supported
radiation modalities. The presented MATLAB implementa-
tion yields competitive computation times for realistic plan-
ning scenarios and its modular design provides high flexi-
bility. In the future we envisage manifold beneficial
applications of matRad both in an educational and research
setting.
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Chapter 7. Appendix 7.2. matRad.m

7.2 matRad.m

% matRad script
%$clear
%$close all
clc
% load patient data, i.e. ct, wvoi, cst
%$load HEAD_AND_NECK
%$load TGll9.mat
load PROSTATE.mat
%$load LIVER.mat
% meta information for treatment plan
pln.SAD = 10000; % [mm]
pln.resolution = ctResolution; %[mm/voxel]
pln.isoCenter = matRad_getIsoCenter (cst,ct,pln,0);
pln.bixelWidth = 5; $ [mm] / also corresponds to lateral spot spacing for
% particles
pln.gantryAngles = [90 270]; % [i:%]
pln.couchAngles = [0 0]; % [I:%]
pln.numOfBeams = numel (pln.gantryAngles);
pln.numOfVoxels = numel (ct);
pln.voxelDimensions = size(ct);
pln.radiationMode = 'protons'; % either photons / protons / carbon
% initial visualization
matRad_-visCtDose ([],cst,pln,ct);
%% generate steering file
stf = matRad_generateStf (ct,cst,pln);
%% dose calculation
if strcmp(pln.radiationMode, 'photons')
dij = matRad.calcPhotonDose (ct,stf,pln,cst,0);
elseif strcmp(pln.radiationMode, 'protons') || strcmp(pln.radiationMode, ...

'carbon')
dij = matRad.calcParticleDose(ct,stf,pln,cst,0);

end
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Chapter 7. Appendix 7.3. matRad getIsoCenter.m

%% Dose visualization
doseVis = matRad.mxCalcDose (dij,ones (dij.totalNumOfBixels, 1)) ;

matRad_visCtDose (doseVis, cst,pln,ct);

%% inverse planning for imrt
[wOpt,dOpt] = matRad_-inversePlanning(dij,cst);
matRad_visCtDose (dOpt, cst,pln,ct);

if strcmp(pln.radiationMode, 'protons') || strcmp(pln.radiationMode, 'carbon')
matRad_calcDVH (dOpt, cst)

end

%% sequencing
Sequencing = matRad_xialeafSequencing (wOpt,stf,pln,7,0);
dSeq = matRad.mxCalcDose (dij, Sequencing.w) ;

matRad_visCtDose (dSeq, cst,pln,ct);

o

% dvh and conformity index

matRad_calcDVH (dSeq, cst)

7.3 matRad getIsoCenter.m

function isoCenter = matRad getIsoCenter (cst,ct,pln,visBool)

% if visBool not set toogle off visualization
if nargin < 3
visBool = O0;

end

% Initializes V wvariable.
Vo= [1;
% Save target indices in V variable.
for i=l:size(cst, 1)
if isequal (cst{i, 3}, 'TARGET")
V = [V;cst{i, 8}1;
end

end
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Chapter 7. Appendix 7.4. matRad_visCtDose.m

o\

Delete repeated indices, one voxel can belong to two VOIs, because

o\

VOIs can be overlapping.

V = unique (V) ;

o\

Transform subcripts from linear indices

[yCoordsV, xCoordsV, zCoordsV] = ind2sub(size(ct),V);

[

% Transform to [mm]

xCoordsV xCoordsV x pln.resolution(l);

yCoordsV = yCoordsV * pln.resolution(2);

zCoordsV = zCoordsV x pln.resolution(3);

[

% Calculated isocenter.

isoCenter = mean ([xCoordsV yCoordsV zCoordsV]);
% Visualization
if visBool

clf

hold on

% Plot target
plot3 (yCoordsV, xCoordsV, zCoordsV, "kx')

% Show isocenter: red point

plot3(isoCenter (2),isoCenter(l),isoCenter(3), 'r.', '"MarkerSize', 30)

axis equal on tight

end

7.4 matRad visCtDose.m

function matRad._visCtDose (dose,cst,pln,ct,slice,plane)

if nargin > 0

data.dose = dose;
data.cst = cst;
data.pln = pln;
data.ct = ct;

% Reshape dose to cube size

if ~isempty(data.dose) && ~isempty (data.ct)
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7.4. matRad_visCtDose.m

data.dose = reshape (data.dose,size(ct));

elseif ~isempty(data.dose) && ~isempty (data.pln)

data.dose = reshape (data.dose,dose.pln.voxelDimensions);

elseif ~isempty (data.dose)
error ('Cannot reshape dose');

end

if ~isempty(data.dose)

data.doseColorwashCheckboxValue = 1;
data.doselIsoCheckboxValue = 1;
else
data.doseColorwashCheckboxValue = 0;
data.doselsoCheckboxValue = 0;
end
if ~isempty(data.ct)
data.ctCheckboxValue = 1;
else
data.ctCheckboxValue = 0;
end
if ~isempty(data.cst)
data.contourCheckboxValue = 1;
else
data.contourCheckboxValue = 0;
end
% set standard values
if nargin < 6
data.plane = 3;
else
data.plane = plane;
end
if nargin < 5
data.slice = round(pln.isoCenter (data.plane)/...
pln.resolution(data.plane));
else
data.slice = slice;
end
if data.plane ==
data.axis = [l size(data.ct,l) 1 size(data.ct,3)];

elseif data.plane ==
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data.axis =
elseif data.plane ==
data.axis =
end
% Open figure

myWindow =

[1 size(data.ct, 3)

[1 size(data.ct,1)

1 size(data.ct,2)];

1 size(data.ct,2)];

figure ('Name', 'matRad CT/dose/VOI bowser', "'NumberTitle', ...

'off', '"units', 'normalized', 'outerposition', [0 O 1 1], 'ToolBar', ...

"figure');
myAxes = axes ('Position',
guidata (myWindow, data) ;

else

myWindow =

data =

gct;
guidata (myWindow) ;

data.axis = axis;
clft;
myAxes = axes ('Position',

end

hold on

o\
o\

ct
if ~isempty(data.ct)

if data.plane == %
ct_rgb =
/max (data.ct (:))
elseif data.plane == %

ct_rgb =
/max (data.ct (:))

elseif data.plane ==

ct_rgb =

[0.35 0.1 0.55 0.8],'YDir', "reverse');

[0.35 0.1 0.55 0.8],'YDir', "reverse');

&& data.ctCheckboxValue

Coronal plane

ind2rgb (uint8 (63*squeeze (data.ct (data.slice, :, :)) ...
) ybone) ;

Sagital plane

ind2rgb (uint8 (63*squeeze (data.ct (:,data.slice, :)) ...
)  bone) ;

Axial plane

ind2rgb (uint8 (63*squeeze (data.ct (:, :,data.slice)) ...

/max (data.ct (:))),bone);

end

62



Chapter 7. Appendix 7.4. matRad_visCtDose.m

axes (myAxes)

ctImageHandle = image (ct_rgb);

end

%% dose colorwash

if ~isempty(data.dose) && data.doseColorwashCheckboxValue

dose_rgb = data.dose./max (data.dose(:));

[o)

% Save RGB indices for dose in zslicei;¥s voxels.

if data.plane == % Axial plane

dose_rgb = ind2rgb (uint8 (63xsqueeze (dose_rgb (data.slice,:,:))), jet);
elseif data.plane == % Sagital plane

dose_rgb = ind2rgb (uint8 (63xsqueeze (dose_rgb(:,data.slice, :))), jet);
elseif data.plane == % Coronal plane

dose_rgb = ind2rgb (uint8 (63*squeeze (dose_rgb(:, :,data.slice))), jet);
end

[)

% Show dose

axes (myAxes) ;

doseImageHandle = image (dose_rgb);

% Make dose transparent

if ~isempty(data.ct)

set (doseImageHandle, "Alphabata', .45);

end

end

%% dose iso dose lines

if ~isempty(data.dose) && data.doseIsoCheckboxValue

if data.plane == % Coronal plane
[~,myContour] = contour (myAxes, squeeze (data.dose (data.slice,:,:)), ...
5:5:100);
elseif data.plane == 2 % Sagittal plane
[~,myContour] = contour (myAxes, squeeze (data.dose(:,data.slice,:)),...
5:5:100);
elseif data.plane == 3 % Axial plane
[~,myContour] = contour (myAxes, squeeze (data.dose(:,:,data.slice)), ...
5:5:100);
end

[o)

% turn off legend for this data set
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hAnnotation = get (myContour, 'Annotation');
hLegendEntry = get (hAnnotation', 'LegendInformation');
set (hLegendEntry, '"IconDisplayStyle', 'off")

set (myContour, 'LabelSpacing', 80, 'ShowText', "on")

if ~isempty(data.cst) && data.contourCheckboxValue

end

colors = Jjet;
colors = colors(round(linspace(l,63,size(data.cst,1))),:);
mask = zeros(size(data.ct)); % create zero cube with same dimensions

$like dose cube
for s = l:size(data.cst,1)
if ~strcmp (data.cst{s, 3}, "IGNORED")
mask (:) = 0;
mask (data.cst{s, 8}) = 1;
if data.plane == 1 && sum(sum(mask (data.slice,:,:))) > 0
contour (myAxes, squeeze (mask (data.slice,:,:)),.5%x[1 11,...
'Color',colors(s,:),'LineWidth',2, 'DisplayName', ...
data.cst{s,2});
elseif data.plane == 2 && sum(sum(mask(:,data.slice,:))) > 0
contour (myAxes, squeeze (mask (:,data.slice,:)),.5%x[1 1],...
'Color',colors(s,:), 'Linewidth', 2, 'DisplayName', ...
data.cst{s,2});
elseif data.plane == 3 && sum(sum(mask(:,:,data.slice))) > 0
contour (myAxes, squeeze (mask (:, :,data.slice)), .5%«[1 1],...
'Color',colors(s,:), 'LinewWidth',2, 'DisplayName', ...
data.cst{s,2});
end
end

end

myLegend = legend('show'");
set (myLegend, 'Position', [.85 .5 .1 .21);

%% Set axis labels

if

data.plane == % Axial plane
if ~isempty(data.pln)
set (gca, 'XTick',0:50/data.pln.resolution (1) :1000)
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set (gca, 'YTick',0:50/data.pln.resolution(2) :1000)
set (gca, 'XTickLabel',0:50:1000+xdata.pln.resolution (1))
set (gca, 'YTickLabel',0:50:1000+xdata.pln.resolution(2))
xlabel ('x [mm]")
ylabel('y [mm]")
title('Axial plane')

else
xlabel ('x [voxels]")
ylabel('y [voxels]")
title('Axial plane')

end

elseif data.plane == % Sagittal plane

if ~isempty(data.pln)
set (gca, 'XTick',0:50/data.pln.resolution (3):1000)
set (gca, 'YTick',0:50/data.pln.resolution(2) :1000)
set (gca, "XTickLabel',0:50:1000xdata.pln.resolution(3))
set (gca, 'YTickLabel',0:50:1000xdata.pln.resolution(2))
xlabel('z [mm]")
ylabel ('y [mm]"')
title('Sagital plane');

else
xlabel ('z [voxels]"'")
ylabel ('y [voxels]")
title('Sagital plane');

end

elseif data.plane == % Coronal plane

if ~isempty(data.pln)
set (gca, 'XTick',0:50/data.pln.resolution(3):1000)
set (gca, 'YTick',0:50/data.pln.resolution (1) :1000)
set (gca, 'XTickLabel',0:50:1000xdata.pln.resolution(3))
set (gca, 'YTickLabel',0:50:1000+xdata.pln.resolution (1))
xlabel('z [mm]")
ylabel ('x [mm]")
title('Coronal plane')

else
xlabel('z [voxels]")
ylabel ('x [voxels]")
title('Coronal plane')

end

end
axis equal;

axis (data.axis);
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%% definition of ui

dataSetText = uicontrol ('Parent', gcf, ...
'Style', 'text',...
'BackgroundColor', [0.8 0.8 0.8],...
'String', 'Data sets',...
'FontSize', 10,...
'Units', 'normalized', ...
'Position', [0.04 0.86 0.06 0.031);

doseColorwashCheckbox = uicontrol ('Parent', gcf, ...
'Style', 'checkbox', ...
'BackgroundColor', [0.8 0.8 0.8],...
'String', 'Dose (Colorwash)',...
'FontSize', 10,...
'Units', 'normalized', ...
'Position', [0.05 0.82 0.096 0.0371,...
'"Callback', @doseColorwashCheckboxCallback, ...

'Value',data.doseColorwashCheckboxValue) ;

doselsoCheckbox = uicontrol ('Parent', gcf,...
'Style', 'checkbox', ...
'BackgroundColor', [0.8 0.8 0.8],...
'String', 'Dose (Isodose lines)', ...
'FontSize', 10,...
'Units', 'normalized', ...
'Position', [0.05 0.78 0.096 0.0371,...
'Callback', @doseIsoCheckboxCallback, ...

'Value',data.doselIsoCheckboxValue) ;

ctCheckbox = uicontrol ('Parent', gcf,...
'Style', 'checkbox', ...
'BackgroundColor', [0.8 0.8 0.8],...
'String', 'CT',...
'FontSize', 10,...
'Units', 'normalized', ...
'Position', [0.05 0.74 0.096 0.03], ...
'"Callback', @ctCheckboxCallback, ...
'Value',data.ctCheckboxValue) ;

contourCheckbox = uicontrol ('Parent', gcf, ...

'Style', 'checkbox', ...
'BackgroundColor', [0.8 0.8 0.8],...
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'String', 'Contour', ...

'FontSize', 10,...

'Units', 'normalized', ...

'Position', [0.05 0.7 0.096 0.0371,...
'"Callback', @contourCheckboxCallback, ...

'Value',data.contourCheckboxValue) ;

dataSetText = uicontrol ('Parent', gcf, ...

'Style', 'text',...
'BackgroundColor', [0.8 0.8 0.8],...
'String', 'Plane', ...

'FontSize', 10,...

'Units', 'normalized', ...

'Position', [0.03 0.24 0.06 0.031);

planePopup = uicontrol ('Parent', gcf,...

'Style', 'popupmenu', ...

'String', {'coronal','sagittal','axial'}, ...
'FontSize', 10,...

'Value',data.plane, ...

'Units', 'normalized', ...

'Position', [0.05 0.2 0.109 0.0371,...
'Callback', @planepopupCallback);

dataSetText = uicontrol ('Parent', gcf, ...

'Style', 'text',...

'BackgroundColor', [0.8 0.8 0.8],...
'String', ['Slice ' num2str (data.slice)], ...
'FontSize', 10,...

'Units', 'normalized', ...

'Position', [0.03 0.14 0.06 0.031);

slider = uicontrol('Parent', gcf, ...

)
)

'Style', 'slider',...

'Units', 'normalized', ...

'Position', [0.05 0.10 0.2 0.02],...

'Min', 1, ...

'Max', size(data.ct,data.plane), ...
'Value', data.slice, ...
'SliderStep', [1/ (size(data.ct,data.plane)-1)

1/ (size(data.ct,data.plane)-1)], 'Callback', @sliderCallback);

definition of callbacks
function doseColorwashCheckboxCallback (hObj, event)
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data = guidata(gcf);

data.doseColorwashCheckboxValue = get (hObj, 'Value');
guidata (gcf, data) ;

matRad_-visCtDose;

end

function doseIsoCheckboxCallback (hObj,event)
data = guidata (gcf);
data.doseIsoCheckboxValue = get (hObj, 'Value');
guidata (gcf, data);
matRad_-visCtDose;

end

function ctCheckboxCallback (hObj, event)
data = guidata (gcf);
data.ctCheckboxValue = get (hObj, 'Value');
guidata (gcf,data);
matRad_visCtDose;

end

function contourCheckboxCallback (hObj, event)
data = guidata(gcf);
data.contourCheckboxValue = get (hObij, 'Value');
guidata (gcf, data) ;
matRad_-visCtDose;

end

function planepopupCallback (hOb7j,event)
data = guidata(gcf);
plane = get (hObj, 'Value');
if data.plane ~= plane;
data.plane = plane;
data.slice = round(data.pln.isoCenter (data.plane)/...
data.pln.resolution(data.plane));
if data.plane ==
axis ([l size(data.ct,3) 1 size(data.ct,1)]);

elseif data.plane ==

axis ([l size(data.ct,3) 1 size(data.ct,2)]);
elseif data.plane == 3

axis ([l size(data.ct,2) 1 size(data.ct,1)]);
end

guidata (gcf, data) ;
matRad_visCtDose;

end
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end

function sliderCallback (hObj, event)
data = guidata (gcf);
get (hObj, 'Value');

data.slice
data.slice = floor(data.slice);
guidata (gcf, data);
matRad_visCtDose;

end

end

7.5 matRad generateStf.m

function stf = matRad._generateStf (ct,cst,pln, visMode)

)
<

o\

0000
©000

o\

0000000000000000000000
0000000000000 000000000

o\

0000000
0000000

o\

00000000000
©0000000000

o\

00000000000000000000000000
0000000000000 0000 000000000

o\

% call stf = matRad_generateStf (voi,cst,pln,visBool)

%$Visualization mode. 0 = No visualization. 1 = Target visualization

% 2 = Outer sheel visualization.

% to generate an stf struct

© 99990000000009990000000000099909000000000009090000000000099090909000000000909090909000000
° OO0OOO0OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOODOOO©OOOOO™D
fprintf ('matRad: Generating stf struct... ");

if nargin < 4
visMode = 0;
end
% find all target voxels from cst cell array
Vo= [1;
for i=l:size(cst, 1)
if isequal (cst{i, 3}, 'TARGET")
V = [V;cst{i, 8}1;
end
end
% Remove double voxels
V = unique (V) ;
% prepare structures necessary for particles

if strcmp(pln.radiationMode, 'protons') || strcmp(pln.radiationMode, 'carbon')
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% load
vol = zeros(size(ct));
voi(V) = 1;

if strcmp(pln.radiationMode, 'protons')
load protonBaseData;

elseif strcmp(pln.radiationMode, 'carbon')
load carbonBaseData;

end

availableEnergies = [baseData.energyl;

availablePeakPos [baseData.peakPos];

clear baseData;

end

% Convert linear indices to 3D voxel coordinates

[coordsY_vox, coordsX_vox, coordsZ_.vox] = ind2sub(size(ct),V);

% Correct for iso center position. Whit this correction Isocenter is
% (0,0,0) [mm]

coordsX = coordsX_.voxxpln.resolution(l) - pln.isoCenter(l);
coordsY = coordsY.voxxpln.resolution(2) - pln.isoCenter(2);
coordsZ = coordsZ_vox*pln.resolution(3) - pln.isoCenter(3);

Q

% Define steering file like struct. Prellocating for speed.

stf = struct;

% loop over all angles

for 1 = l:length(pln.gantryAngles)

% Save meta information for treatment plan

stf (i) .gantryAngle = pln.gantryAngles (i);
stf (i) .couchAngle = pln.couchAngles (i) ;
stf (i) .bixelWidth = pln.bixelWidth;

stf (i) .radiationMode = pln.radiationMode;

o

gantry and couch roation matrices according to IEC 60601 standard

o\

instead of moving the beam around the patient, we perform an inverse

o\

rotation of the patient, i.e. we consider a beam's eye view

o\

coordinate system

o\

Rotation around Z axis (gantry)
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rotMx_XY = [cosd(pln.gantryAngles(i)) -sind(pln.gantryAngles(i)) O;
sind(pln.gantryAngles (i)) cosd (pln.gantryAngles (i)) O;
0 0 11;

[o)

% Rotation around Y axis (Couch movement)

rotMx_XZ = [cosd(pln.couchAngles(i)) 0 -sind(pln.couchAngles(i));
01 0;
sind(pln.couchAngles(i)) 0 cosd(pln.couchAngles(i))];

[

% rotate target coordinates around Y axis and then around Z axis

% i.e. 1st couch, 2nd gantry; matrix multiplication not cummutative

rot_coords = [coordsX coordsY coordsZ]*rotMx_XZxrotMx_XY;

% project x and z coordinates to isocenter

coordsAtIsoCenterPlane(:,1) = (rot_coords(:,1)*pln.SAD)./ (pln.SAD +
rot_coords(:,2));

coordsAtIsoCenterPlane(:,2) = (rot_coords(:,3)*pln.SAD)./(pln.SAD +

rot_coords (:,2));

% Take unique rows values for beamlets positions. Calculate position of
% central ray for every bixel
rayPos = unique (pln.bixelWidth*round([coordsAtIsoCenterPlane(:,1)
zeros (size (coordsAtIsoCenterPlane,1),1)
coordsAtIsoCenterPlane(:,2)]/pln.bixelWidth), "rows"');
% Save the number of rays
stf (i) .numOfRays = size(rayPos,1l);
% Save ray and target position in beam eyel¢%s view (bev)
for j = l:stf(i).numOfRays
stf(i).ray(j) .rayPos_bev = rayPos(j,:);
stf(i).ray(j) .targetPoint bev = [2%stf(i).ray(]j).rayPos_bev (1)
pln.SAD
2xstf (i) .ray(j) .rayPos_bev(3)1;
end
% source position in bev

sourcePoint bev = [0 -pln.SAD 0];

% compute coordinates in lps coordinate system, i.e. rotate beam

% geometry around fixed patient

[)

% Rotation around Z axis (gantry)

rotMx_XY_rotated = [ cosd(pln.gantryAngles(i)) sind(pln.gantryAngles(i)) O;
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-sind(pln.gantryAngles (i)) cosd(pln.gantryAngles(i)) O;
0 0 17;

[)

% Rotation around Y axis (couch)

rotMx_XZ_rotated = [ cosd(pln.couchAngles(i)) 0 sind(pln.couchAngles(i));
01 0;
-sind(pln.couchAngles(i)) O cosd(pln.couchAngles(i))];

% Rotated Source point, first needs to be rotated around gantry, and then
% couch.
stf (i) .sourcePoint = sourcePoint_bevxrotMx_XY_ rotatedrrotMx_XZ_rotated;
% Save ray and target position in lps system.
for j = 1l:stf (i) .numOfRays
stf(i).ray(j) .rayPos = stf(i).ray(j) .rayPos_bevx...
rotMx_XY_ rotatedxrotMx_XZ_rotated;
stf(i).ray(j) .targetPoint = stf(i).ray(j).targetPoint_bevx*...
rotMx_XY_rotatedxrotMx_XZ_rotated;
end
% find appropriate energies for particles
if strcmp(stf(i).radiationMode, 'protons') || strcmp (stf (i) .radiationMode, ...

'carbon')
for j = 1l:stf (i) .numOfRays

% ray tracing necessary to determine depth of the target
[~,1,rho,~] = matRad.siddonRayTracer (pln.isoCenter, ...
pln.resolution,stf (i) .sourcePoint,stf (i) .ray(j).targetPoint, ...

{ct,voi});

if sum(rho{2}) > 0 % target hit

% compute radiological depths
% http://www.ncbi.nlm.nih.gov/pubmed/4000088, eq 14
radDepths = cumsum(l .* rho{l});

o)

% find target entry & exit

diff_voi = diff ([rho{2}1);

targetEntry = radDepths(diff_voi == 1);
targetExit = radDepths(diff_voi == -1);
if numel (targetEntry) ~= numel (targetExit)

error ('Inconsistency during ray tracing\n\n');
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end

stf(i).ray(j) .energy = [];
% Save energies in stf struct
for k = 1l:numel (targetEntry)
stf(i).ray(j) .energy =...
[stf(i).ray(]j) .energy availableEnergies (availablePeakPos>=. ..
targetEntry (k) &availablePeakPos<=targetExit (k))];

end

else % target not hit
stf(i).ray(j) .energy = [];

end

% count bixels per ray

stf (i) .numOfBixelsPerRay(j) = numel (stf(i).ray(j).energy);
end

elseif strcmp(stf(i).radiationMode, 'photons')
% set dummy values for photons
for 3 = 1l:stf (i) .numOfRays
stf(i).ray(j).energy = NaN;
stf (i) .numOfBixelsPerRay (j) = 1;
end
else

error ('Error generating stf struct: invalid radiation modality\n\n');

[)

% save total number of bixels

stf(i).totalNumOfBixels = sum(stf (i) .numOfBixelsPerRay) ;

%% visualization

if visMode > 0

clf;
% first subplot: visualization in bev
subplot (1,2,1)

hold on

% plot rotated target coordinates

plot3(rot_coords(:,1),rot_coords(:,2),rot_coords(:,3),'r.")
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% surface rendering

if visMode ==

end

Q

% generate a 3D rectangular grid centered at isocenter in

% voxel coordinates

[X,Y,Z] = meshgrid((l:size(ct,1))-pln.isoCenter(l)/...
pln.resolution(2), (l:size(ct,2))-pln.isoCenter(2)/...
pln.resolution(l), (l:size(ct,3))-pln.isoCenter(3)/...
pln.resolution(3));

% computes surface

patSurfCube = 0Oxct;

patSurfCube (unique (cell2mat (cst(l:end, 8)))) = 1;

[f,v] = isosurface (X,Y,Z,patSurfCube, .5);

% convert isosurface from voxel to [mm]

v(:,1) = v(:,1)*pln.resolution(l);
v(:,2) = v(:,2)*pln.resolution(2);
v(:,3) = v(:,3)*pln.resolution(3);

[)

% rotate surface

rotated_surface = v*rotMx_XZxrotMx_XY;

% surface rendering

surface = patch('Faces', f, 'Vertices',rotated_surface);

set (surface, 'FaceColor', [0 0 1], "EdgeColor', "'none', 'FaceAlpha',

lighting gouraud;

% plot projection matrix: coordinates at isocenter

plot3(rayPos(:,1l), rayPos(:,2),rayPos(:,3),'v.");

% Plot matrix border of matrix at isocenter

for

J = l:stf(i).numOfRays

% Compute border for every bixels

targetPoint_vox_X_.1 = stf(i).ray(j).targetPoint_bev(:,1)
pln.bixelWidth;

targetPoint_vox.Y_.1 = stf(i).ray(]j).targetPoint bev(:,2);

targetPoint vox_Z_.1 = stf(i).ray(j).targetPoint bev(:,3)
pln.bixelWidth;
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targetPoint_vox X 2 = stf(i).ray(j).targetPoint bev(:,1) +
pln.bixelWidth;
targetPoint_vox.¥Y.2 = stf(i).ray(]j).targetPoint_bev(:,2);

targetPoint_vox_Z2_.2 = stf(i).ray(j) .targetPoint_bev(:,3) -
pln.bixelWidth;

targetPoint vox X .3 = stf(i).ray(j).targetPoint bev(:,1) -
pln.bixelWidth;
targetPoint_vox.¥Y.3 = stf(i).ray(]j).targetPoint._bev (:,2);

targetPoint_vox_Z_3
pln.bixelWidth;

stf(i).ray(j).targetPoint bev(:,3) -

targetPoint vox X 4 = stf(i).ray(j).targetPoint bev(:,1) -
pln.bixelWidth;
targetPoint_vox_.Y_ 4 = stf(i).ray(]j).targetPoint bev(:,2);

targetPoint_vox_Z 4 = stf(i).ray(j).targetPoint bev(:,3) +
pln.bixelWidth;

% plot

plot3([sourcePoint bev(l) targetPoint_vox X .1],...
[sourcePoint _bev (2) targetPoint_vox_.Y_1],...

[sourcePoint bev (3) targetPoint_vox_ Z_1],'g")

plot3 ([sourcePoint_bev(l) targetPoint_vox_X_2],...
[sourcePoint bev (2) targetPoint_vox_ Y 2], ...

[sourcePoint_bev (3) targetPoint_.vox_Z_2]1,'g")

plot3 ([sourcePoint bev (l) targetPoint_vox_X_3],...
[sourcePoint_bev (2) targetPoint_vox_Y_3],...

[sourcePoint bev (3) targetPoint_vox_Z_3],'g")
plot3([sourcePoint bev(l) targetPoint_vox X 4],...
[sourcePoint bev (2) targetPoint_vox_.Y_ 4],...
[sourcePoint bev (3) targetPoint_vox_Z_4]1,'g")
end
% Plot properties

daspect ([1 1 11);

view (0, -90);
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xlabel 'X [mm]'

ylabel 'Y [mm]'

zlabel '"Z [mm]'

title ('Beam''s eye view')

axis ([-300 300 -300 300 -300 3001);

% second subplot: visualization in lps coordinate system
subplot (1,2,2)

% Plot target coordinates whitout any rotation
plot3 (coordsX, coordsY,coordsZz, 'r.")

hold on;

% Rotated projection matrix at isocenter

isocenter_plane_coor = rayPosxrotMx_XY_rotatedxrotMx_XZ_rotated;

% Plot isocenter plane
plot3(isocenter_plane_coor(:,1),isocenter_plane_coor(:,2), ...

isocenter_plane_coor(:,3),'y.");

% Plot rotated bixels border.

for j = 1l:stf (i) .numOfRays
% Generate rotated projection target points.

targetPoint_vox_1_rotated = [stf(i).ray(j).targetPoint bev(:,1)...
+ pln.bixelWidth,stf (i) .ray(]j).targetPoint bev(:,2),...
stf(i).ray(j).targetPoint bev(:,3) + pln.bixelWidth]...

*rotMx_XY_rotatedrrotMx_XZ_rotated;

targetPoint_vox_2_rotated = [stf(i).ray(]j).targetPoint bev(:,1)...
+ pln.bixelWidth, stf (i) .ray(j).targetPoint bev(:,2),...
stf(i).ray(j).targetPoint bev(:,3) - pln.bixelWidth]...
*rotMx_XY_ rotatedxrotMx_XZ_ rotated;

targetPoint_vox_3_rotated = [stf(i).ray(]j).targetPoint bev(:,1)...
- pln.bixelWidth,stf (i) .ray(]j).targetPoint bev(:,2),...
stf(i).ray(j) .targetPoint bev(:,3) - pln.bixelWidth]...
*rotMx_XY_ rotatedxrotMx_XZ_rotated;

targetPoint_vox_4_rotated = [stf(i).ray(]j).targetPoint bev(:,1)...
- pln.bixelWidth,stf (i) .ray(]j) .targetPoint bev (:,2), ...
stf(i).ray(j) .targetPoint bev(:,3) + pln.bixelWidth]...
*rotMx_XY_ rotatedxrotMx_XZ_rotated;

[)

% Plot rotated target points.
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plot3([stf (i) .sourcePoint (1) targetPoint_vox_l_rotated(:,1)],...
[stf(i).sourcePoint (2) targetPoint_vox_1l_rotated(:,2)],...

[stf (i) .sourcePoint (3) targetPoint_vox_1l_rotated(:,3)],"'g")

plot3([stf (i) .sourcePoint (1) targetPoint_vox_2_rotated(:,1)],...
[stf (i) .sourcePoint (2) targetPoint_vox_2_rotated(:,2)],...

[stf (i) .sourcePoint (3) targetPoint_vox_2_rotated(:,3)]1,'g")

plot3([stf (i) .sourcePoint (1) targetPoint_vox_3_rotated(:,1)],...
[stf (i) .sourcePoint (2) targetPoint_vox_3_rotated(:,2)],...

[stf (i) .sourcePoint (3) targetPoint_vox_3_rotated(:,3)],'g")

plot3([stf (i) .sourcePoint (1) targetPoint_vox_4_rotated(:,1)],...
[stf(i).sourcePoint (2) targetPoint_vox_4_rotated(:,2)],...
[stf (i) .sourcePoint (3) targetPoint_vox_4_rotated(:,3)],"'g")
end
% surface rendering
if visMode ==
surface = patch('Faces', f, 'Vertices',v);
set (surface, 'FaceColor', [0 0 1], "EdgeColor', 'none', 'FaceAlpha', .4);
lighting gouraud;

end

% labels etc.
daspect ([1 1 11);

view (0, -90

4

)
xlabel "X [mm]'
ylabel 'Y [mm]'
zlabel '"Z [mm]'

title 'lps coordinate system'
axis ([-300 300 -300 300 -300 3001);
pause;

end

[)

% Show progress

matRad_progress (i, length (pln.gantryAngles));

end

7.6 matRad siddonRayTracer.m

function [alphas,l,rho,dl2,vis] = matRad.siddonRayTracer (isocenter, ...
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resolution, sourcePoint, targetPoint, cubes, visBool)

o\
o\

©000000000000009000000
© 0000000000000 000000

o\

000000000
©00000000

o\

00000000000
©000000000O0

o\

0000000
0000000

o\

©00000000000000000000
©0 0000000000000 0O0 0000

o\

siddon ray tracing through three dimensional cube to calculate the
sics

o\

radiological depth according to Siddon 1985 Medical Physi

o

o\

call

[alphas, 1, rho,dl2,vis] = matRad.siddonRayTracer (isocenter,resolution, ...

o\

o\

sourcePoint, targetPoint, cubes, visBool)

o\

% input

% isocenter: isocenter within cube [voxels]

% resolution: resolution of the cubes [mm/voxel]

% sourcePoint: source point of ray tracing

% targetPoint: target point of ray tracing

% cubes: cell array of cubes for ray tracing (it is possible to
% pass multiple cubes for ray tracing to save computation
% time)

% visBool: toggle on/off visualization (optional)

o\

o\

output (see Siddon 1985 Medical Physics for a detailed description of the

% variales)

% alphas relative distance between start and endpoint for the
% intersections with the cube

% 1 lengths of intersestions with cubes

% rho densities extracted from cubes

% dlz distance between start and endpoint of ray tracing

% vis struct for later visualization purposes

% References

o\

[1] http://www.ncbi.nlm.nih.gov/pubmed/4000088

o\

o\
o\
o
o\
o
o
o\°
o\°
o\°
o\
o\
o\
o\
o
o
o
o
o\
o\°
o\
o\
o\
o\
o\
o\
o\
o
o\°
o\°
o\°
o\°
o
o
o\
o
o\
o
o
o\
o\
o\°
o\°
o\
o\
o\
o
o
o
o
o\°
o\°
o\°
o\°
o\
o\
o\
o
o\
o\
o
o\°
o\°
o\
o\°
o\
o\
o\
o\
o
o
o
o\°
o\°
o\

if nargin < 6
visBool = 0;

end

o

Add isocenter to source and target point. Because the algorithm does not

o\

works with negatives values. This put (0,0,0) in the center of first

% voxel
sourcePoint = sourcePoint + isocenter;
targetPoint = targetPoint + isocenter;
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%$Save the numbers of planes.

[xNumPlanes, yNumPlanes, zNumPlanes] size (cubes{1});

% eq 11

% Calculate the distance from source to target point.

dl2 = sum( (sourcePoint (1) - targetPoint (1l))."2 + (sourcePoint(2) -
targetPoint (2)) .72 + (sourcePoint(3) - targetPoint(3))."2)."7.5;

% eq 3

o\

Position of first planes in milimeter. The 0.5 it is because calculated

o\°

the cental position of voxels.

xPlane_1l = .5xresolution(l);
yPlane_1 = .5xresolution(2);
zPlane_1l = .5xresolution(3);

% Position of lasts planes in milimiter. The 0.5 it is because calculated

% central position of lasts voxels.

xPlane_end = (xNumPlanes - .5)*resolution(1l);
yPlane_end = (yNumPlanes - .5)*resolution(2);
zPlane_end = (zNumPlanes - .5)=*resolution(3);
% eq 4

o

Calculate parametrics values of \alpha_{min} and \alpha_{max} for every

o\

axis, intersecting the ray with the sides of the CT.

if targetPoint (1) ~= sourcePoint (1)

ax_1 = (xPlane_l - sourcePoint(l)) / (targetPoint (1) - sourcePoint (1));
aX_end = (xPlane_end - sourcePoint (1)) / (targetPoint (1) - sourcePoint (1));
else
aXx-1 = [1;
aX_end = [];
end
if targetPoint (2) ~= sourcePoint (2)
avy.1l = (yPlane_1l - sourcePoint(2)) / (targetPoint (2) - sourcePoint (2));
a¥Y_end = (yPlane_end - sourcePoint (2)) / (targetPoint (2) - sourcePoint(2));
else
ay_1 = [1;
aY_end = [];
end

if targetPoint (3) ~= sourcePoint (3)

az_1 = (zPlane_l - sourcePoint(3)) / (targetPoint (3) - sourcePoint (3));

aZ_end = (zPlane_end - sourcePoint (3)) / (targetPoint(3) - sourcePoint (3));
else

az-1 = [1;

az_.end = [];
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end

o\

eq 5

o\

Compute the \alpha {min} and \alpha_{max} in terms of parametric values

Q

% given by equation 4.

alphamin = max ([0 min(aX_.1,aX_end) min(a¥Y¥-1,aY_end) min(az-1,aZ_-end)]);
alphamax = min([1l max(aX_.1,aX_end) max(a¥_-1l,aY_end) max(az-1,aZ_end)]);
% eq 2

% Calculate X,Y,Z min and max using parametrically equations.

x_min = sourcePoint (l) + alpha-min * (targetPoint (1) - sourcePoint (l));
y-min = sourcePoint (2) + alpha-min » (targetPoint (2) - sourcePoint (2));
z_min = sourcePoint (3) + alpha-min x (targetPoint (3) - sourcePoint (3));
x_max = sourcePoint(l) + alpha_max * (targetPoint (1) - sourcePoint (l));
y_-max = sourcePoint (2) + alpha_max * (targetPoint (2) - sourcePoint (2));
z_max = sourcePoint (3) + alpha-max * (targetPoint (3) - sourcePoint (3));
% eq 6

% Calculate the range of indeces who gives parametric values for
% intersected planes.

if targetPoint (1) == sourcePoint (1)

imin = []; imax = [];

elseif targetPoint (1) > sourcePoint (1)

imin = xNumPlanes - (xPlane_end - alphamin % (targetPoint(l) -
sourcePoint (1)) - sourcePoint (1)) /resolution(l);

imax = 1 + (sourcePoint(l) + alphamax * (targetPoint (l) -
sourcePoint (1)) - xPlane_.l)/resolution(l);

% rounding

imin = ceil(1/1000* (round (1000%xi_min)));
imax = floor(1/1000* (round (1000xi_max)));
else
imin = xNumPlanes - (xPlane_end - alpha_max % (targetPoint (1)
— sourcePoint (1)) - sourcePoint (l))/resolution (1) ;
imax =1 + (sourcePoint (1) + alphamin % (targetPoint (1)
- sourcePoint (1)) - xPlane_l)/resolution(1l);
imin = ceil (1/1000* (round (1000+i_min)));
imax = floor(1/1000* (round(1000*i_max)));
end
if targetPoint (2) == sourcePoint (2)
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elseif targetPoint (2)

else

end

if targetPoint (3)

elseif targetPoint (3)

else

j_min

Jj_min

j_max

Jj_min

j-max

Jj_min

j_max

Jj_min

j_max

k_min

k_min

k_max

k_min

k_max

k_min

k_max

k_min

k_max

sourcePoint (2))

sourcePoint (2))

sourcePoint (2))

sourcePoint (2))

sourcePoint (3))

sourcePoint (3))

sourcePoint (3))

sourcePoint (3))

[1; J-max

(17
> sourcePoint (2)
yNumPlanes -

(yPlane_end - alphamin » (targetPoint (2)

- sourcePoint (2)) /resolution(2);
1 + (sourcePoint (2)

+ alpha_max * (targetPoint (2)

- yPlane_l) /resolution (2);

ceil (1/1000* (round (1000%j_min)));

floor (1/1000* (round (1000 j_max)));

yNumPlanes - (yPlane_end - alphamax x (targetPoint (2)

— sourcePoint (2)) /resolution (2);

1 + (sourcePoint (2) + alphamin % (targetPoint (2)

- yPlane_l) /resolution (2);

ceil (1/1000* (round (1000%3j_min)));

floor (1/1000* (round (1000%j_max)));

sourcePoint (3)

(1,

>= sourcePoint (3)

k_max

[1;

zNumPlanes - (zPlane_end - alphamin * (targetPoint (3)

— sourcePoint (3)) /resolution(3);

1 + (sourcePoint (3) + alpha-max * (targetPoint (3)

- zPlane_l) /resolution (3);

ceil (1/1000* (round (1000xk_min)));

floor (1/1000* (round (1000xk_max))) ;

zNumPlanes - (zPlane_end - alphamax * (targetPoint (3)

— sourcePoint (3)) /resolution(3);

1 + (sourcePoint(3) + alpha-min % (targetPoint (3)

- zPlane_l) /resolution (3);

ceil (1/1000* (round (1000xk_min)));

floor (1/1000* (round (1000xk_max)));

81

7.6. matRad _siddonRayTracer.m



Chapter 7. Appendix 7.6. matRad siddonRayTracer.m

end

o\

eq 7

o\

For the given range of indices, calculate the paremetrics wvalues who
% represents intersections of the ray with the plane.
if imin ~= i_max
if targetPoint (1) > sourcePoint (1)
alpha_.x = (resolution(l)+(imin:1:i_max)-sourcePoint (1)

-.5*resolution(l))/ (targetPoint (1) -sourcePoint (1)) ;

else
alpha_-x = (resolution(l)x(imax:-1:i_min)-sourcePoint (1)...
—.5*resolution(l))/ (targetPoint (1) -sourcePoint (1)) ;
end
else
alphax = [];

end
if jmin ~= j_max
if targetPoint (2) > sourcePoint (2)
alpha.y = (resolution(2)*(jmin:1:j_max)-sourcePoint (2) ...

-.5*resolution(2))/ (targetPoint (2) -sourcePoint (2)) ;

else
alpha.y = (resolution(2)x*(jmax:-1:j_min)-sourcePoint (2)...
—-.5*«resolution(2))/ (targetPoint (2) —sourcePoint (2));
end
else
alpha.y = [1;

end
if kmin ~= k_max
if targetPoint (3) > sourcePoint (3)
alpha_z = (resolution(3)*(k.min:1:k_max)-sourcePoint (3) ...

—-.5*xresolution(3))/ (targetPoint (3) -sourcePoint (3));

else
alpha_-z = (resolution(3)*(kmax:-1l:k_min)-sourcePoint (3)...
—.5*«resolution(3))/ (targetPoint (3) —sourcePoint (3));

end
else

alpha_.z = [];
end
% eq 8

[

% Merge parametrics sets.

alphas = unique([alpha-min alpha_x alpha.y alpha_-z alpha.max]);

Q

% eq 10

82



Chapter 7. Appendix 7.6. matRad siddonRayTracer.m

o

Calculate the voxel intersection length.
1 = dl2xdiff (alphas);

o\

eq 13
% Calculate the \alpha_{middle}
alphas_.mid = mean([alphas(l:end-1);alphas(2:end)]);

o\

eq 12

o\

Calculate the voxel indices.
i = round(l+ (sourcePoint (1) + alphas_midx (targetPoint (1) - sourcePoint (1))

-xPlane_l) /resolution (1)) ;

j = round(l+ (sourcePoint (2) + alphas_.midx* (targetPoint (2) - sourcePoint (2))

-yPlane_l) /resolution(2));

k = round(l+ (sourcePoint (3) + alphas.midx* (targetPoint (3) - sourcePoint (3))

—-zPlane_l) /resolution(3));

o\

Handle numerical instabilities at the borders.

i(i<=0) = 1; J(3<=0) = 1; k(k<=0) = 1;
i (i>xNumPlanes) = xNumPlanes;
J(j>yNumPlanes) = yNumPlanes;
k (k>zNumPlanes) = zNumPlanes;

% Convert to linear indices
ix = sub2ind(size (cubes{1l}), 3, i,k);
% obtains the wvalues from cubes
for i = 1l:numel (cubes)
rho{i} = cubes{i} (ix);

end

if visBool

vis.alpha_-x = alpha.x;
vis.alpha.y = alpha.y;
vis.alpha.z = alpha.z;
vis.xmin = x_min;
vis.x_max = x_max;
vis.y-min = y_min;
vis.y-max = y_max;
vis.z.min = z_min;
vis.z_.max = z_max;
else
vis = [1];

83



Chapter 7. Appendix 7.7. matRad progress.m

end

7.7 matRad progress.m

function matRad_progress (CurrentIndex, TotalNumberOfEvaluations)

o\
—
oy
-
9]

pa
(@]

ol creates a progress bar for your loops. Call it every time your
o

o\

loop is in the next iteration and it prints your progress in %

o\

total number of steps to be carried out.

o\

Index has to start with 'l', otherwise it doesn't work.

oe
o
oe
oe
oo

o\

If it's not the first step, erase the stuff printed before
if (CurrentIndex == 1 || nargin > 2)
fprintf ('Progress: ');

end;

if (CurrentIndex > 1 && nargin < 3)
Length = numel (sprintf ('$3.2f %$%', (CurrentIndex-1)/...
TotalNumberOfEvaluations%100));
fprintf (repmat ('\b',1,Length));
end
% Print the progress tool
fprintf ('$3.2f %%',CurrentIndex/TotalNumberOfEvaluationsx100);

% After the last iteration print a newline command
if (CurrentIndex == TotalNumberOfEvaluations)
fprintf ('\n');

end

end

7.8 matRad_calcPhotonDose.m

function dij = matRad_calcPhotonDose (ct,stf,pln,cst,visBool)
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% to start the wrapper for the photon dose calculation

o\
-
(0]
9]
o
—
o
9]
Q
R
D
9]
part
(@]
e
()]
Q.
o
o}
-+
oy
(0]
9]
part
-
o
Q
(w
o,
[

o\

Q

% 1f visBool not set toogle off visualization
if nargin < 5

visBool = 0;
end

Q

% meta information for dij

dij.numOfBeams = pln.numOfBeams;

dij.numOfVoxels = pln.numOfVoxels;

dij.resolution = pln.resolution;
dij.numOfRaysPerBeam = [stf(:).numOfRays];
dij.totalNumOfRays = sum(dij.numOfRaysPerBeam) ;
dij.totalNumOfBixels = sum([stf(:).totalNumOfBixels]);
dij.dimensions = pln.voxelDimensions;

[

% set up arrays for book keeping

dij.bixelNum = NaNxones (dij.totalNumOfRays,1);
dij.rayNum = NaNxones (dij.totalNumOfRays, 1) ;
dij.beamNum = NaNxones (dij.totalNumOfRays,1);

% Allocate space for dij.dose sparse matrix

dij.dose = spalloc(numel (ct),dij.totalNumOfBixels,1);
% Allocate memory for dose_temp cell array
numOfBixelsContainer = ceil (dij.totalNumOfBixels/10);
doseTmpContainer = cell (numOfBixelsContainer,1);

% take only voxels inside patient

V = unique([cell2mat (cst(:,8))1);

% Convert CT subscripts to linear indices.

[yCoordsV, xCoordsV, zCoordsV] = ind2sub(size(ct),V);

xCoordsV = (xCoordsV(:)-0.5)+*pln.resolution(l)-pln.isoCenter (1);
yCoordsV = (yCoordsV(:)-0.5)+*pln.resolution(2)-pln.isoCenter (2);
zCoordsV = (zCoordsV(:)-0.5)+*pln.resolution(3)-pln.isoCenter (3);
coords_inside = [xCoordsV yCoordsV zCoordsV];

[

% set lateral cutoff value
lateralCutoff = 80; % [mm]
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%% kernel convolution
% load polynomial fits for kernels ppKernell, ppKernel2, ppKernel3

load kernels_photons.mat;

% Display console message.

fprintf ('matRad: Kernel convolution... \n');

% Make a 2D grid extending +/-100mm with 0.1 mm resolution
[X,Z2] = meshgrid(-100:0.1:100);

% Evaluate piecewise polynomial kernels

kernellMx = ppval (ppKernell, sqrt (X. 2+Z.72));

kernel2Mx = ppval (ppKernel2, sqrt (X. 2+Z2.72));

kernel3Mx = ppval (ppKernel3, sqrt (X. 2+Z2.72));

% Create zero matrix for the Fluence

F = zeros(size(X));

% set bixel opening to one
F(1001-pln.bixelWidth/2/0.1:1001+pln.bixelWidth/2/0.1, ...
1001-pln.bixelWidth/2/0.1:1001+pln.bixelWidth/2/0.1) = 1;

o

2D convolution of Fluence and Kernels in fourier domain

convMx1l = real (fftshift (ifft2 (fft2(F).+fft2 (kernellMx))));
convMx2 = real (fftshift (ifft2 (£ft2(F) .+fft2 (kernel2Mx))));
convMx3 = real (fftshift (ifft2 (£ft2(F) .+fft2 (kernel3Mx))));

% Creates an interpolant for kernes from vectors position X and 2

if exist ('griddedInterpolant', 'class') % use griddedInterpoland class when
% available
Interp_kernell = griddedInterpolant (X',Z',convMxl', 'linear');
Interp_kernel2 = griddedInterpolant (X',Z',convMx2', 'linear');

Interp-kernel3 = griddedInterpolant (X',Z',convMx3', 'linear');

else
Interp_kernell = @ (x,y)interp2(X,Z,convMxl,x,y,"'linear'");
Interp_kernel2 = @ (x,y)interp2(X,Z,convMx2,x,y,"'linear'");
Interp._kernel3 = @ (x,y)interp2(X,Z,convMx3,x,y,"'linear'");
end

[

% generate meshgrid with CT position [mm]
[X_geo,Y_geo, Z_geo] = meshgrid(pln.resolution(l)*(0.5:1:size(ct,1)), ...
pln.resolution(2)*(0.5:1:size(ct,2)),pln.resolution(3)*(0.5:1:size(ct,3)));

Q

% take only voxels inside patient
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X_geo = X_geo (V);

Y_geo Y_geo (V) ;

Z_geo = Z_geo (V);

Q

% define source position for beam eye view.

sourcePoint_bev = [0 -pln.SAD 01];

counter = 0;

fprintf ('matRad: Photon dose calculation ")

8990009000090 000900090000000900090009000000090090009000000000090000000000000900000000009
OOOOOOOOOOOOOODOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOODOOOOOODO©™O
for i = 1:dij.numOfBeams; % loop over all beams

o\

gantry and couch roation matrices according to IEC 60601 standard

o\

instead of moving the beam around the patient, we perform an inverse

o\

rotation of the patient, i.e. we consider a beam's eye view

o

coordinate system

o\

rotation around Z axis (gantry)

rotMx XY = [cosd(pln.gantryAngles(i)) -sind(pln.gantryAngles(i)) O0;
sind(pln.gantryAngles(i)) cosd(pln.gantryAngles(i)) O;
0 0 1];

[)

% rotation around Y axis (couch)

rotMx_XZ = [cosd(pln.couchAngles(i)) 0 -sind(pln.couchAngles(i));
01 0;
sind(pln.couchAngles(i)) 0 cosd(pln.couchAngles(i))]1;

[)

% rotate target coordinates around Y axis and then around Z axis

% i.e. 1st couch, 2nd gantry; matrix multiplication not cummutative

rot_coords = coords_insidexrotMx_XZ*+rotMx_XY;

Q

for j = 1l:stf(i).numOfRays % loop over all rays / for photons we

[

% only have one bixel per ray!

counter = counter + 1;

% Display progress
matRad_progress (counter,dij.totalNumOfBixels) ;

o

% remember beam and bixel number

dij.beamNum (counter) = 1i;
dij.rayNum(counter) = J;
dij.bixelNum(counter) = j;
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% Ray tracing for beam i and bixel

[ix, radDepths,geoDists, latDistsX, latDistsZ] =
matRad_calcRadGeoDists (ct,V,pln.isoCenter, rot_coords, ...
pln.resolution,stf (i) .sourcePoint,stf (i) .ray(j).targetPoint, ...
sourcePoint_bev,stf (i) .ray(j) .targetPoint_bev, X_geo,Y_geo, ...

Z_geo,lateralCutoff,visBool);

% calculate photon dose for beam i and bixel j
bixelDose = matRad_.calcPhotonDoseBixel (pln.SAD,

Interp_kernell, ...

Interp_kernel2, ...

Interp_kernel3, ...

radDepths, ...

geoDists, ...

latDistsX, ...

latDists?Z);

% Save dose for every bixel in cell array
doseTmpContainer{mod(counter—l,numOfBixelsContainer)+1,1} = ...

sparse (V(ix),1l,bixelDose, numel (ct),1);

% save computation time and memory by sequentially filling the
% sparse matrix dose.dij from the cell array
if mod(counter,numOfBixelsContainer) == || counter ==

dij.totalNumOfBixels

dij.dose(:, (ceil (counter/numOfBixelsContainer)-1)«*...
numOfBixelsContainer+l:counter) = [doseTmpContainer{l:...
mod (counter-1, numOfBixelsContainer)+1,1}1;

end

end

end

beep; % Make a sound when finished.

7.9 matRad calcRadGeoDists.m

function [ix,radDepths,geoDists,x_latDists,z_latDists] =
matRad_calcRadGeoDists (ct,V,isocenter, rot_coords, resolution, ...

sourcePoint, targetPoint, sourcePoint _bev, targetPoint bev,X,Y,7Z, ...
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lateralCutOff, visBool)

© 299000900000000000900000000090000000000900000000009000900000000009000000000090000000
° OO0OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO©OMOOOO™
% call [radDepths,geoDists,latDists] = mPlan2D_siddonRayTracer2D (ct,resolution
% ,...sourcePoint _vox,targetPoint _vox,visBool)

o\

to perform a ray tracing according to Siddon:

o\

Fast calculation of the exact radiological path for a three-dimensional CT

o\

array
http://www.ncbi.nlm.nih.gov/pubmed/4000088
radDepths: radiological depths of all voxels projected to the central ray

o° o

o\

geoDists: geometrical distances from the source of all voxels projected to

o

the central ray latDists: geometrical distance of all voxels from the

o\

central ray

o\
o\

©0000000000000000000000000000000000000000000000000000000000000000000000000
© 0000000000000 0000000000000 000000000O000000 0000000000000 000000000O0O0O0O0O0 00000

o\

o\

if visBool not set toogle off visualization

o\

calculate radiological depths on central ray with siddon ray tracer
[alphas, 1, rho,dl12,vis] = matRad_siddonRayTracer (isocenter,resolution,
sourcePoint, targetPoint,

{ct}, visBool);

o\

eq 14

o\

It multiply voxel intersections with \rho values.

o\

The zero it is neccessary for stability purpose.
d = [0 1 . rho{1}]; %Note. It is not a number "one"; it is the letter "1"

% Calculate accumulated d sum.

dCum = cumsum(d) ;

% This is necessary for numerical stability.

dCumIx = min([find (dCum==0,1, 'last') numel (dCum)-1]);

% Add isocenter to source and target point. Because the algorithm does not

[

% works with negatives wvalues. This put (0,0,0) in the center of first

% voxel
sourcePoint = sourcePoint + isocenter;
targetPoint = targetPoint + isocenter;

$ROTATE A SINGLE BEAMLET AND ALIGN WITH BEAMLET WHO PASSES THROUGH
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$ISOCENTER

o\

Put [0 O 0] position in the source point for beamlet who passes through

o\

isocenter

a = (—-sourcePoint_bev - sourcePoint_bev)';

o\

Normalize the vector

a = a/norm(a);

o\

Put [0 0O 0] position in the source point for a single beamlet

b = (targetPoint_bev - sourcePoint_bev)';

$Normalize the vector.
b = b/norm(b) ;

% Define function for obtain rotation matrix.

[o)

if sum(a==b)==3 % rotation matrix corresponds to eye matrix if the vectors are
% the same
RU = @(a,b) eye(3);
else
% Define fuction for obtain skew symmetric cross—-product matrix of vector v
ssc = @(v) [0 —=v(3) v(2); v(3) 0 -v(1l); —-v(2) v(l) O0];
RU = @(a,b) eye(3) + ssc(cross(a,b)) + ssc(cross(a,b)) 2% (1-...
dot (a, b))/ (norm(cross (a,b)) "2);

end

%$Calculate rotation matrix for rotate a single beamlet to be aligned to
$beamlet who passes through isocenter.

R = RU(a,Db);

% Put [0 O 0] position in the source point for every CT voxel. This is

Q

% necessary because rotation is against source point.

rot_coords_bev(:,1) = rot_coords(:,1)-sourcePoint_bev(l);
rot_coords_bev(:,2) = rot_coords(:,2)-sourcePoint_bev(2);
rot_coords_bev(:,3) = rot_coords(:,3)-sourcePoint_bev(3);

[

% Rotate every CT voxel

rot_coords_temp = rot_coords_bevx*R;

[

% Put [0 O 0] position CT in center of the beamlet.
x_latDists = rot_coords_temp(:,1) + sourcePoint bev(l);

z_latDists = rot_coords_temp(:,3) + sourcePoint bev(3);

rad-distancesSqg = x_latDists.”2 + z_latDists."2;
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ix = find(rad.distancesSg <= lateralCutOff~2);

x_latDists = x_latDists (ix);
z_latDists

z_latDists (ix);

[

% It calculates geometrical distances

geoDists = dl2 % ((X(ix)-sourcePoint (1)) *(targetPoint (1) - sourcePoint (1))
+ (Y (ix) —sourcePoint (2)) * (targetPoint (2) - sourcePoint (2))
+ (Z(ix)-sourcePoint (3)) * (targetPoint (3) - sourcePoint (3)))

/ norm(targetPoint-sourcePoint) "2;
% Calculate the radiological path
radDepths = interpl (alphas (dCumIx:end) *d1l2,dCum( (dCumIx:end)),geoDists, ...

'linear',0);

[

% visualization

if visBool == 1

%$Save the numbers of planes.
[xNumPlanes, yNumPlanes, zNumPlanes] = size(ct);
y-latDists = rot_coords_temp(:,2) + sourcePoint_bev(2);

y_-latDists = y_latDists (ix);

$Data with less than a certain of radial distance from the beamlet.
ix_vis = rad.distancesSqg > lateralCutOff~"2;

V(ix_-vis) = [];

close all;

figure;

subplot (1, 2, 1);

plot3(rot_coords(:,1), rot_coords(:,2),rot_coords(:,3), "'kx");

hold on;

plot3([sourcePoint bev(l) targetPoint_bev(l)], [sourcePoint_bev (2)
targetPoint bev (2) ], [sourcePoint_bev (3) targetPoint_ bev(3)],'g");

plot3([0 0], [1000 -10001,([0 O1,'x");

x1im ([-400 4001])

ylim ([-1000 10007)

zlim ([-400 400])

xlabel('x [mm]"')

ylabel ('y [mm]"')

zlabel('z [mm]"')
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title('Beamlet unaligned')

box

subplot (1, 2, 2);

new_target_bev = (targetPoint_bev-sourcePoint_bev)*R+sourcePoint_bev;
plot3(x_-latDists,y-latDists,z_latDists, 'kx");
hold on;

plot3([new_target_bev(l) sourcePoint_bev(l)], [new_target_bev (2)
sourcePoint_bev (2)], [new_target_bev (3) sourcePoint bev(3)],'g");

plot3([0 0], [1000 -10001,[0 O1,'x");

x1im ([-400 4001])

ylim ([-1000 10007)

zlim ([-400 400])

xlabel ('x [mm]"')
ylabel ('y [mm]"')
zlabel ('z [mm]"')

title('Beamlet aligned')

box

if ~isempty(vis.alpha_x)

coor_x(:,1) = sourcePoint (l) + vis.alpha.x =
(targetPoint (1) - sourcePoint (1l));

coor_x(:,2) = sourcePoint (2) + vis.alpha_x =*
(targetPoint (2) — sourcePoint (2));

coor_x(:,3) = sourcePoint (3) + vis.alpha.x =
(targetPoint (3) - sourcePoint (3));

inside.ct.x = coor_x(:,1) < 0 | coor_x(:,1) >
xNumPlanes+resolution(l) | coor_x(:,2) < 0 | coor.x(:,2) >
yNumPlanes*resolution(2) | coor.x(:,3) < 0 | coor.x(:,3) >

zNumPlanes*resolution (3);

coor_x (inside_ct_x,:) = [];

if ~isempty(vis.alpha.y)
coor.y(:,1) = sourcePoint (1) + vis.alpha.y * (targetPoint (1)

- sourcePoint (1)) ;
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coor.y(:,2) = sourcePoint (2) + vis.alpha.y * (targetPoint (2)

— sourcePoint (2));

coor.y(:,3) = sourcePoint (3) + vis.alpha.y * (targetPoint (3)
- sourcePoint (3));
inside_ct_.y = coor_y(:,1) 0 | coor_y(:,1) >
xNumPlanes*resolution

) | coor.y(:,3) < 0 | coor_y(:,3) >

< ..

1) | coor.y(:,2) < 0 | coor_y(:,2) >
yNumPlanes*resolution (2
3

zNumPlanes*resolution

)i

(
(
(
coor_y (inside_ct_y,:) = [];
else

coor_.y = [1;

end

if ~isempty(vis.alpha_z)
coor_z(:,1) = sourcePoint (1) + vis.alpha_.z * (targetPoint (1)

— sourcePoint (1)) ;

coor_z (:,2) = sourcePoint (2) + vis.alpha.z x (targetPoint (2)

- sourcePoint (2));

coor_z(:,3) = sourcePoint (3) + vis.alpha_z * (targetPoint (3)

— sourcePoint (3));

inside_ct_z = coor_z(:,1) < 0 | coor_z(:,1) >
xNumPlanes*resolution(l) | coor_.z(:,2) < 0 | coor_z(:,2) >
yNumPlanesxresolution (2) | coor_z(:,3) < O | coor_z(:,3) >

zNumPlanes*resolution(3);

coor_z (inside_ct_z,:) = [1];
else

coor_z = [];
end
figure;

colormap Jjet;

clf

Xx_min = vis.x_min -isocenter(l);
y-min = vis.y-min —-isocenter(2);
z_min = vis.z_min —-isocenter(3);
X_max = vis.x_max —isocenter(l);
y_max = vis.y_max -—-isocenter(2);
z_max = vis.z.max —-isocenter (3);

14
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subplot (2,3,1)
colormap bone;
hold on
if ~isempty(coor_x)
plot3(coor_x(:,1)-isocenter(l),coor_x(:,2)—-isocenter(2),...
coor_x(:,3)—-isocenter(3), 'mx"');
end
if ~isempty(coor._y)
plot3(coor_y(:,1)-isocenter(l),coor_y(:,2)—-isocenter(2),...
coor_y(:,3)-1socenter(3), 'cx'");
end
if ~isempty(coor_-z)
plot3(coor_z(:,1)—-isocenter(l),coor_z(:,2)—-isocenter(2),...
coor_z (:,3)—-1isocenter(3), 'yx'");
end
plot3(x.min,y-min, zmin, 'or');
plot3(x_-max,y-max, z_-max, 'og');

O*xresolution (2)—-isocenter (2), yNumPlanesxresolution (2)-isocenter(2)])

(

(
xlim([O*xresolution(l)-isocenter (1), xNumPlanes*resolution(l)-isocenter(1l)1])
ylim([

[

(
zlim([O*resolution(3)-isocenter (3), zNumPlanes*resolution (3)-isocenter (3)])
view (=200, 45);
xlabel ("x [mm]
ylabel ('y [mm]")
zlabel ('z [mm]

box

% subplot 2

subplot (2, 3,2)

hold on

plot (alphas+«dl2, cumsum(d) )

xlabel ('geometric depth along ray [mm]"'")
ylabel ('radiological depth [mm]'")

x_grid = 0.5%resolution(l)-isocenter (1) :resolution(l):...

xNumPlanes+resolution (l)—-isocenter (1) ;

y-grid = 0.5xresolution(2)-isocenter(2) :resolution(2):...

yNumPlanesxresolution (2) -isocenter(2);

z_grid = 0.5%resolution(3)—-isocenter (3) :resolution(3):...

zNumPlanes*resolution (3) —isocenter (3);

xslice = 0;
yslice = 0;
zslice = 0;
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subplot (2, 3, 3)
colormap Jjet;
[x,v,2] = meshgrid(x_grid,y_grid, z_grid);
$radDepths_vis = zeros(size(ct));
radDepths_vis = zeros(size(ct));
radDepths_vis (V) = radDepths;
slice(x,y,z,radDepths_vis,1,1,1) % Draw some volume boundaries
borders = slice(x,y,z,radDepths_vis,xslice,yslice,zslice);
set (borders, 'FaceColor', "interp', ...
'EdgeColor', "'none', ...
'DiffuseStrength', .8)
x1im([0.5+resolution(l) —isocenter (1), xNumPlanes+resolution(l) ...

—isocenter(1l)1])

ylim([0.5*xresolution(2) -isocenter (2), yNumPlanes*resolution(2) ...

—isocenter (2)])

zlim([0.5«resolution(3)—-isocenter (3), zNumPlanes*resolution(3) ...
—isocenter (3)1)

hold on;

plot3(x-min,y-min, z.min, 'or');

plot3(x_max, y-max, z-max, 'og');

plot3([x.min x_max], [y-min y_max], [z.min z_max],'w")

hold off

grid off

view (-200,27);

xlabel ('"x [mm]

ylabel ('y [mm]")

zlabel ('z [mm]")

title('Radiological depths')

")

colorbar

box

colormap Jjet;
x_latDists_vis = zeros(size(ct));
x_latDists_vis (V) = x_latDists;
slice(x,y,z,x-latDists_vis,1,1,1) % Draw some volume boundaries
borders = slice(x,y,z,x-latDists_vis,xslice,yslice,zslice);
set (borders, 'FaceColor', "interp', ...

'EdgeColor', "'none', ...

'DiffuseStrength', .8)
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xlim([O*resolution(l)—-isocenter (l),xNumPlanes*resolution(l)-isocenter(1l)])
ylim([Oxresolution (2)-isocenter (2),yNumPlanes*resolution (2)-isocenter (2)])
zlim([O+resolution(3)-isocenter (3), zNumPlanes*resolution (3)-isocenter (3)])
hold on;

plot3(xmin,y-min, zmin, 'or');

plot3(x_-max, y-max, z-max, 'og');

plot3([xmin x_max], [y-min y-max], [z-min z_max],'w');

hold off
grid off
view (=200,27);
xlabel ('x [mm]
ylabel ('y [mm]")
zlabel ('z [mm]")

title('X lateral distances')

")

colorbar

box

subplot (2, 3,5)
y_-latDists_inside = zeros(size(ct));
y_-latDists_inside (V) = y_latDists;
y-latDists = y_latDists_inside;
slice(x,y,z,y-latDists,1,1,1) % Draw some volume boundaries
borders = slice(x,y,z,y-latDists,xslice,yslice,zslice);
set (borders, 'FaceColor', "interp', ...

'EdgeColor', "'none', ...

'DiffuseStrength', .8)
xlim([O*resolution(l)-isocenter (l),xNumPlanes*resolution(l)-isocenter(1l)1])
ylim([Oxresolution (2)—-isocenter (2),yNumPlanesxresolution (2)—-isocenter (2)1])
zlim([O+resolution(3)-isocenter (3), zNumPlanes*resolution (3)-isocenter (3)])
hold on;
plot3(xmin,y.min, zmin, 'or');
plot3(x-max,y-max,z-max, 'og');
plot3([x-min x_-max], [y-min y-max], [z-min z_max],'w');
hold off
grid off
view (-200,27);
xlabel ('x [mm]
ylabel ('y [mm]")
zlabel ('z [mm]")
title ('Y lateral distances')

")

colorbar

box
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subplot (2,3, 6)

z_latDists_vis = zeros(size(ct));

z_latDists_vis (V) = z_latDists;
slice(x,y,z,z-latDists_vis,1l,1,1) % Draw some volume boundaries
borders = slice(x,vy,z,z-latDists_vis,xslice,yslice,zslice);

set (borders, 'FaceColor', "interp', ...

'EdgeColor', 'none', ...

'DiffuseStrength', .8)
xlim([O*resolution(l)-isocenter (1), xNumPlanes*resolution(l)-isocenter(1l)])
ylim([Oxresolution(2)-isocenter (2),yNumPlanes*resolution(2)-isocenter (2)])
zlim([Oxresolution(3)-isocenter (3), zNumPlanes*resolution (3)-isocenter (3)])
hold on;
plot3(xmin,y-min, z.min, 'or');
plot3(x_max,y-max,z.max, 'og');
plot3([x.min x_max], [y-min ymax],[z.min z_ max],'w")
hold off
grid off
view (-200,27);
xlabel ('x [mm]
ylabel ('y [mm]"')
zlabel('z [mm]"')

title('Z lateral distances')

")

colorbar

box

figure;

rad_distances_vis = zeros(size(ct));
rad_.distances_vis (V) = sqrt (rad_-distancesSq(ix));

slice(x,y,z,rad.distances_vis,1,1,1) % Draw some volume boundaries
borders = slice(x,y,z,rad.distances_vis,xslice,yslice,zslice);
set (borders, 'FaceColor', "interp', ...

'EdgeColor', "'none', ...

'DiffuseStrength', .8)
xlim([O*resolution(l)—-isocenter (1), xNumPlanes*resolution(l)-isocenter(1l)])
ylim([Oxresolution (2)-isocenter (2),yNumPlanes*resolution (2)-isocenter (2)])
zlim([Oxresolution(3)-isocenter (3), zNumPlanes*resolution (3)-isocenter (3)])
hold on;
plot3(x.min, y-min, z_.min, "or");
plot3(x_-max,y-max, z_-max, 'og');
plot3([x.min x_max], [y-min y_max], [z.min z_max],
hold off
grid off
view (-200,27);
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xlabel ('x [mm]")

ylabel ('y [mm]")

zlabel('z [mm]"')

title('Z lateral distances')
colorbar

box

clear coor._x;
clear coor.y;
clear coor_z;
%pause;

end

7.10 matRad calcPhotonDoseBixel.m

function dose = matRad_calcPhotonDoseBixel (SAD, Interp_kernell, ...
Interp_kernel2, Interp_kernel3, radDepths, geoDists, ...
latDistsX, latDistsZ)

S 2000000000000000000000000000000000000000000000000000000000000000000000000
Cl OO0OO0OOOOOOOOOOOOOOOOOOOOOOODOOOOOOOOOOOODOOOOOOOOOOOOOOOOOODOOOOOOOOOOOOOO©OOO
[} . .

% call dose = matRad_calcPhotonDoseBixel

o\

to calculate the dose for an individual bixel

o\

photon dose calculation modeled according to Bortfeld et. al:

o\

Decomposition of pencil beam kernels for fast dose calculation in

o\

three-dimensional treatment planning (Med. Phys. 1993)
http://www.ncbi.nlm.nih.gov/pubmed/8497215

dose: dose vector 1lxnumel (ct)

oe o

o\
\
\
\

o\
\
\
\
\
\
\
\
\
\
\
\

o\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\

o\

o\
\
\
\
\
\

o\
\
\
\
\

o\

o\
\
\
\
\

o\
\
\
\
\
\

o\
\
\
\
\
\

o\
\
\
\
\
\

o\
\
\
\
\

% get base data

mu = 0.005066; % 1/mm
betal = 0.3252;
beta2 = 0.0160;
beta3 = 0.0051;

[

% Define function._Di

func Di = @ (beta,x) beta/ (beta-mu) * (exp(-muxx) — exp(-betaxx));

[

% scale lateral distances to iso center plane
latDistsX = (latDistsX) ./ geoDists .x SAD;
latDistsZz = (latDistsZ) ./ geoDists .* SAD;

% Calulate lateral distances using grid interpolation.
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latl = Interp_kernell (latDistsX,latDistsZ);
lat2 Interp_kernel2 (latDistsX, latDistsZ);
lat3 Interp_kernel3 (latDistsX, latDistsZ);

Q

% now add everything together (eqg 19 w/o inv sg corr —-> see below)
dose = latl .x func.Di (betal,radDepths) +
lat2 .* func.Di (beta2,radDepths) +
lat3 .% func.Di (beta3, radDepths);
% inverse square correction
dose = dose .x (SAD./geoDists(:))."2;
% check if we have valid dose values
if sum(isnan(dose)) || sum(dose<0)>0
error (['Error in photon dose calc\n\n'])

end

7.11 matRad_calcParticleDose.m

function dij = matRad_calcParticleDose(ct,stf,pln,cst,visBool)

99900000000000000000000000000000000000000000 99000000000 0000000000000000000

o\

% call dij = matRad._calcPhotonDose (ct,stf,pln)
% to start the wrapper for the photon dose calculation
% results are stored in the struct dij
% 1f visBool not set toogle off visualization
if nargin < 5

visBool = 0;
end
% meta information for dij
dij.numOfBeams = pln.numOfBeams;
dij.numOfVoxels = pln.numOfVoxels;
dij.resolution = pln.resolution;
dij.numOfRaysPerBeam = [stf(:).numOfRays];
dij.totalNumOfRays = sum(dij.numOfRaysPerBeam) ;
dij.totalNumOfBixels = sum([stf(:).totalNumOfBixels]);
dij.dimensions = pln.voxelDimensions;

[

% set up arrays for book keeping

dij.bixelNum = NaNxones (dij.totalNumOfRays,1);
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dij.rayNum = NaNxones (dij.totalNumOfRays,1);
dij.beamNum = NaNxones (dij.totalNumOfRays,1);
% Allocate space for dij.dose sparse matrix

dij.dose = spalloc(numel (ct),dij.totalNumOfBixels,1);

% Allocate memory for dose_temp cell array
numOfBixelsContainer = ceil (dij.totalNumOfBixels/10);
doseTmpContainer = cell (numOfBixelsContainer,1);

% Only take voxels inside patient.

V = unique ([cell2mat (cst(:,8))1);

[

% Convert CT subscripts to linear indices.

[yCoordsV, xCoordsV, zCoordsV] = ind2sub(size(ct),V);

xCoordsV = (xCoordsV(:)-0.5)+pln.resolution(l)-pln.isoCenter(1l);
yCoordsV = (yCoordsV(:)-0.5)+*pln.resolution(2)-pln.isoCenter(2);
zCoordsV = (zCoordsV(:)-0.5)+*pln.resolution(3)-pln.isoCenter (3);

coords_inside=[xCoordsV yCoordsV zCoordsV];
% load protonBaseData
if strcmp (pln.radiationMode, 'protons')
load protonBaseData;
elseif strcmp (pln.radiationMode, 'carbon')
load carbonBaseData;
end
% It make a meshgrid with CT position in millimeter for calculate
% geometrical distances
[X_geo,Y_geo, Z_geo] = meshgrid(pln.resolution(l)*(0.5:1:size(ct,1)),...
pln.resolution(2)*(0.5:1:size(ct,2)),pln.resolution(3)*(0.5:1:size(ct,3)));
% take only voxels inside patient
X_geo (V) ;

X_geo
Y_geo = Y_geo (V);

Z_geo Z_geo (V) ;

[

% source position in beam's eye view.

sourcePoint bev = [0 -pln.SAD 0];
counter = 0;
fprintf ('matRad: Particle dose calculation... ');
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% SET GANTRY AND COUCH ROTATION MATRICES ACCORDING IEC 60601 STANDARD FOR

\o

5 LINACS. Note: Signs for the following 2 matrices works for a fixed beam

o

and rotary CT.

o\

Rotation around Z axis (gantry movement)

rotMx XY = [ cosd(pln.gantryAngles(i)) -sind(pln.gantryAngles(i)) O0;
sind(pln.gantryAngles (i)) cosd(pln.gantryAngles(i)) O;

00 1]1;

[)

% Rotation around Y axis (Couch movement)

rotMx_XZ = [cosd(pln.couchAngles(i)) 0 -sind(pln.couchAngles(i));
01 0;
sind(pln.couchAngles(i)) 0 cosd(pln.couchAngles(i))]1;

o\

ROTATE VOI'S CT COORDINATES. First applies couch rotation and then

o\

gantry. It is important to note matrix multiplication is not

o\

"commutative", you cannot switch the order of the factors and expect to

o\

end up with the same result.

o\

Rotate coordinates around Y axis (lst couch movement) and then 72 axis

o\°

(2nd gantry movement)

[rot_coords] = coords_inside*rotMx_XZ*rotMx_XY;

[

for j = l:stf(i).numOfRays % loop over all rays

if ~isempty(stf (i) .ray(j) .energy)
% set lateral cutoff for calculation of geometric distances
lateralCutoff = 3xbaseData(find(max(stf(i).ray(j) .energy) ==
[baseData.energy])) .sigma (end) ;
% Ray tracing for beam i and bixel j
[ix, radDepths, ~, latDistsX, latDistsz] =
matRad-calcRadGeoDists (ct,V,pln.isoCenter, rot_coords, ...
pln.resolution,stf (i) .sourcePoint,stf (i) .ray(j).targetPoint, ...
sourcePoint_bev,stf (i) .ray(j) .targetPoint bev, X_geo,Y_geo, ...

7Z_geo,lateralCutoff,visBool);

radialDist_.sq = latDistsX."2 + latDistsZz."2;
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for k = 1l:stf(i).numOfBixelsPerRay(j)% loop over all bixels per ray
counter = counter + 1;

[o)

% Display progress

matRad_progress (counter,dij.totalNumOfBixels) ;

o)

% remember beam and bixel number

dij.beamNum (counter) = 1i;
dij.rayNum(counter) = j;
dij.bixelNum(counter) = k;

o)

% find energy index in base data

energyIx = find(stf (i) .ray(j) .enerqgy (k) == [baseData.energyl);
% find indices

currlx = radDepths <= baseData (energylx) .depths (end) &
radialDist_sgq <= 9«baseData(energyIx) .sigma(end) "2;

% calculate photon dose for beam i and bixel j
bixelDose = matRad.calcParticleDoseBixel (...
radDepths (currlIx), ...
radialDist_sg(currIx), ...
baseData (energyIx));
% Save dose for every bixel in cell array
doseTmpContainer{mod(counter—l,numOfBixelsContainer)+1,l} = ...

sparse (V(ix(currlIx)),1l,bixelDose,numel (ct),1);

% save computation time and memory by sequentially filling the
% sparse matrix dose.dij from the cell array
if mod(counter, numOfBixelsContainer) == 0 || counter ==

dij.totalNumOfBixels

dij.dose(:, (ceil (counter/numOfBixelsContainer)-1)
*numOfBixelsContainer+l:counter) =
[doseTmpContainer{l:mod(counterfl,...
numOfBixelsContainer)+1,1}1;

end

end

end
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./ (2xpi*xsigma.”2);

Z

7.12. matRad_calcParticleDoseBixel.m
L *

(2+xsigma.”2))

matRad_calcParticleDoseBixel (radDepths, radialDist_sq, ...
./

protonBaseData)

matRad.-mxCalcDose (dij, w)

-radialDist_sq

interpl (protonBaseData.depths, protonBaseData.sigma, radDepths) ;

exp (

end
interpolate sigma

interpolate sigma
calculate dose

Z = interpl (protonBaseData.depths,protonBaseData.Z, radDepths) ;

7.12 matRad calcParticleDoseBixel.m
7.13 matRad mxCalcDose.m

Chapter 7. Appendix

end

function dose
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to calculate the dose d with bixel weights w and dij.dose

call d = matRad.mxCalcDose (dij,w)
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o

matRad_-inversePlanning(dij, cst)

reshape (dij.dose*w,dij.dimensions);
[wOpt, dOpt]

7.14 matRad inversePlanning.m

function

d
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mPlan2D_inversePlanning(dij, voi, cst)

optimized bixel weight wvector
optimized fluence

[w, dOpt]
to optimize the intensity modulation according to the constraints

specified in cst

call
wOpt:
dOpt:

o
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% intial fluence profile = uniform bixel intensities

wInit = ones(dij.totalNumOfBixels,1);
% define objective function
objFunc = (@ (x) matRad-IMRTObjFunc(x,dij.dose,cst);

% minimize objetive function

[wOpt,dOpt] = matRad_optimize (objFunc,wInit);

% reshape from 1D vector to 2D array

dOpt = reshape (dOpt,dij.dimensions);

[

% Make a sound when finished.

beep;

7.15 matRad IMRTObjFunc.m

0 o0 o° o° oo oe

o\

o

%

numVoxels =

\o

°

f

<)
<

delta =

o

°

for

mPlan2D_IMRTObjFunc (w,dij, optInfoArrays)

to calculate the objective function value f, the gradient g, and the dose
distribution d

f: objective function value

g: gradient wvector

d: dose vector

Calculate dose

= dij*w;

Numbers of voxels

size(dij, 1) ;

Initializes f

Initializes delta

zeros (numVoxels, 1) ;

Compute optimization function for every VOI.

i = l:size(cst,1)
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% Only take OAR or target VOI.

if isequal(cst{i, 3}, 'OAR") || isequal (cst{i, 3}, 'TARGET")
% Minimun penalty

rhomin = cst{i, 7};

% Maximum penalty

rhomax = cst{i, 6};

% get dose vector in current VOI

d.i = d(cst{i,8});

% Maximun deviation: Dose minus maximun dose.

deviationmax = d_.i - cst{i,4};

% Minimun deviation: Dose minus minimun dose.

deviationmin = d_i - cst{i,5};

% Apply positive operator H.

deviation_max (deviation_max<0) = 0;

deviation.min (deviation_min>0) 0;

% Calculate the objective function
f = £ + (rhomax/size(cst{i,8},1))* (deviationmax'*deviation max)

+ (rhomin/size(cst{i,8},1))*(deviationmin'+deviationmin);

% Calculate delta
delta(cst{i, 8}) = delta(cst{i,8}) + (rhomax/size(cst{i,8},1))
*deviationmax + (rhomin/size(cst{i,8},1))*deviationmin;
end
end
% Calculate gradient.

g =2 * (delta' = dij)';

7.16 matRad optimize.m

function [w,dose] = matRad optimize (objFunc,wInit)

9 2900000000000000000000000000000000000000000000000000000000000000000000000000
Cl OO0OO0OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO™©
% call [w,dose] = mPlan2D_optimize (objFunc,wInit)

o\

to minimize objFunc with respect to wInit
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% w: optimized parameter vector w
% dose: optimized dose
© 299000900000000000900000000090000000000900000000009000900000000009000000000090000000
Cl O O0OO0OOO0OO0OOOOOOOOOOOODOOOODOOOODODOOOODOOOODODOOOODOOOODODOOODODOOODODOOODODODOOODOOOODOOOOODOOOODOO™O
numOfParameters = numel (wInit);
% initialize LBFGS optimizer
historyCounter = 0;
mem = 10;% number of past gradients and function values used for...
% inverse hessian contruction
= NaNxones (numOfParameters, mem) ;
x(:,1) = wlnit;
objFuncValue = NaN=*ones (1, mem) ;
dx = NaNxones (numOfParameters, mem) ;
s_k = ones (numOfParameters, mem-1) ;
y_k = ones (numOfParameters, mem-1) ;
r_k = ones (mem-1,1);
a_k = ones (1l,mem-1);

Q

% 1lst calculation of objective function and gradient
[objFuncValue(l),dx(:,1),dose] = objFunc(wInit);
objFuncValue (2) = 2xobjFuncValue (1) ;

[

% variables for termination criteria

iter = 0;
numOfIter = 10000;
prec = le—-4;

[

% convergence if change in objective function smaller than prec or maximum
% number of iteration reached. no convergence if 1lbfgs has just been rest
continueOpt = 1;

while continueOpt == 1

o\

implementation of L-BFGS according to
http://en.wikipedia.org/wiki/L-BFGS

o\

% inverse hessian update

q = dx(:,1);

for i = l:historyCounter
a_k (1)
q

rk(i)*s_k(:,1) "*qg;

g - ak(i)xy_-k(:,1);

end
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0, 1)/ (yk(:,1)"xy_k(:,1))*g; % this corresponds to

Hxgq where H is approximated as described in Nocedal 9.1

for i historyCounter:-1:1

b= rk(i)ry_k(:,1)"*z;

z =z + s.k(:,i)*x(ak(i)-b);
end

% obtain search direction

dir = -z; % this is the lbfgs direction!

o

2.1 armijo linesearch to to find acceptable stepsize alpha

alpha = 10;

fac = 1/10; % < 1 reduction factor of alpha
c_1 = 1le-10;

continuelineSearch = true;

expectedDescend = ((x(:,1)>0).*xdir) "+«dx(:,1);

fprintf ('Starting line search ')

while continuelLineSearch
alpha = facwxalpha;
candidateX = x(:,1) + alphaxdir;

Q

% project candidate to feasible set

candidateX (candidateX<0) = 0;
lineSearchObjFuncValue = objFunc (candidateX);

continuelineSearch = lineSearchObjFuncValue > objFuncValue(l) +

c-lralphaxexpectedDescend;

if alpha < 1le-10;
fprintf (1, 'Performed 10 line searches - Resetting LBFGS update\n');

s_k = ones (numOfParameters,mem-1) ;
y_-k = ones (numOfParameters,mem-1) ;
r_.k = ones(mem-1,1);
a_.k = ones(l,mem-1);

historyCounter = 0;
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break;

end

fprintf ('.")
end
fprintf ('\n")

[)

% 2.2 update x

x(:,2:end) = x(:,1l:end-1);
dx (:,2:end) = dx(:,1l:end-1);
x(:,1) = candidateX;

objFuncValue (2) = objFuncValue (1);

[objFuncValue(l),dx(:,1),dose] = objFunc(x(:,1));
s_.k = _dlff(x/ []/2);
y-k = —diff(dx, []1,2);
s_k(x(:,1)<=0,1) = 0;
v k(x(:,1)<=0,1) = 0;

r.k = 1./diag(y_-k'xs_k);

% increment iteration counter

iter = iter + 1;

historyCounter = min (historyCounter+1l,mem-1);

if (s_k(:,1)'+xy_k(:,1)) <=0

fprintf (1, 'Resetting LBFGS update\n');

s_k = ones (numOfParameters,mem-1) ;
y-k = ones (numOfParameters,mem-1) ;
r_.k = ones (mem-1,1);
a_k = ones(l,mem-1);

historyCounter = 0;
end

fprintf (1, 'Iteration %d: alpha = %f, Obj func = %f\n',iter,alpha, ...
objFuncValue (1)) ;
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continueOpt = (iter < numOflIter && abs ((objFuncValue(2)-...
objFuncValue (1)) /objFuncValue (1)) >prec) || historyCounter < 2;

end

fprintf([‘\n' num2str (iter) ' iteration(s) performed to converge\n'])

7.17 matRad xialeafSequencing.m

function result_Sequencing = matRad xialeafSequencing(w,stf,pln,numOflLevels, ...

visBool)

99900000000000000000000000000000000000090000000000000000000000000000000000000000
OO0OO0OO0OO0OOOOOOOOOOOOODOOOODOOOODODOOOODOOOOOOOODODOOOOOOOODODOOODOOOODODOOOODOOOOOOOOOOOOODOOOO™O
% 'Multileaf collimator leaf sequencing algorithm for intensity modulated

% beams with multiple static segments' by Xia and Verhey

% —> http://online.medphys.org/resource/1l/mphya6/v25/18/pl1424_ sl

9 2900000000000000000000000000000000000000000000000000000000000000000000000000
Cl OO0OO0OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO™©

o\

if visBool not set toogle off visualization
if nargin < 5
visBool = O0O;

end

[

mode = 'rl'; % sliding window (sw) or reducing level (rl)

result_Sequencing.w = NaNx*w;

numOfBeams = numel (stf);

offset = 0;

for i = 1l:numOfBeams

numOfRaysPerBeam = stf (i) .numOfRays;

% get relevant weights for current beam
wOfCurrBeams = w(l+offset:numOfRaysPerBeamtoffset); SREVIEW OFFSET

X = zeros (numOfRaysPerBeam, 1) *NaN;

N
Il

zeros (numOfRaysPerBeam, 1) xNaN;
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for j=l:stf (i) .numOfRays
X(j) = stf(i).ray(j).rayPos bev(:,1);
Z(3j) = stf(i).ray(j) .rayPos bev(:,3);

end

% sort bixels into matrix

minX = min (X);

maxX = max (X);
minZ = min(Z);
maxzZ = max (2Z);
dimOfFluenceMxX = (maxX-minX)/pln.bixelWidth + 1;
dimOfFluenceMxZ = (maxZ-minZ)/pln.bixelWidth + 1;

%$Create the fluence matrix.

fluenceMx = zeros (dimOfFluenceMxZ,dimOfFluenceMxX) ;

% Calculate X and Z positio of every fluence's matrix spot

% z axis = axis of leaf movement!
xPos = (X-minX)/pln.bixelWidth+1;
zPos = (Z-minZ)/pln.bixelWidth+1;

[)

% Make subscripts for fluence matrix

indInFluenceMx = zPos + (xPos—1)*dimOfFluenceMxZ;

$Save weights in fluence matrix.

fluenceMx (indInFluenceMx) = wOfCurrBeams;

%imagesc (fluenceMx)
$xlabel ('x — direction parallel to leaf motion ')
$ylabel ('z - direction perpendicular to leaf motion ')

[)

% prepare sequencer

calFac = max (fluenceMx(:));
$Stratification
D_k = round(fluenceMx/calFac*numOfLevels) ;

% Save the stratification in the initial intensity matrix D_O.
D_0 = D_k;

[)

% Save the maximun intensity (Equation 5)
Lk = max(D_k(:));
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% Save the maximun initial intensity matrix value in L_O.

L.0 = L_kj;

% Set k=0, this wvariable is used for residuals intensity matrices D_k.

k = 0;

shapes = NaNxones (dimOfFluenceMxZ, dimOfFluenceMxX,10000) ;

if visBool
clf
colormap jet
subplot (2,2,1)
imagesc(D_k, [0 L_0])

title(['Beam # ' num2str(i) ': L.0 = ' num2str(L_0) ' - '
num2str (numel (unique (D_0))) ' intensity levels'])

xlabel ('x - direction parallel to leaf motion ')

ylabel('z - direction perpendicular to leaf motion ')

colorbar

drawnow

end
% start sequencer
while L.k > O

$Plot residual intensity matrix.
if wvisBool
subplot (2,2,2)
imagesc (D_k, [0 L_0]);
title(['k = " num2str(k) ' — ' num2str (numel (unique(D_k)))

' intensity levels remaining...'])

xlabel ('x — direction parallel to leaf motion ')
ylabel ('z - direction perpendicular to leaf motion ')
drawnow

end

$Rounded off integer. Equation 7.
m = floor (log2(L_-k));

% Convert m=1 if is less than 1. This happens when L_k belong to ]10,2][

ifm< 1

m= 1;

111



Chapter 7. Appendix 7.17. matRad xiaLeafSequencing.m

end

%Calculate the delivery intensity unit. Equation 6.
d_k = floor(2” (m-1));
% Opening matrix.
openingMx = D_k >= d_k;
% Plot opening matrix.
if visBool
subplot (2, 2, 3)
imagesc (openingMx) ;
xlabel ('x — direction parallel to leaf motion ')
ylabel ('z - direction perpendicular to leaf motion ')
title('Opening matrix');
drawnow
end
if strcmp(mode, 'sw') $ sliding window technique!
for j = 1:dimOfFluenceMxZ
openlIx = find(openingMx(j,:) == 1,1, 'first');
if ~isempty (openIx)
closelIx = find(openingMx (j,openIx+l:end) == 0,1, 'first');
if ~isempty(closelIx)
openingMx (j, openIx+closeIx:end) = 0;
end

end

end
elseif strcmp (mode, 'rl') % reducing levels technique!
for 7 = 1l:dimOfFluenceMxZ
[maxVal,maxIx] = max(openingMx(j,:) .» D_k(3j,:));
if maxval > 0
closelIx = maxIx + find(openingMx(j,maxIx+l:end) == 0,1,...
'first');
if ~isempty(closelIx)
openingMx (j,closelIx:end) = 0;
end
openIx = find(openingMx (j,l:maxIx-1) == 0,1, 'last');
if ~isempty (openlIx)
openingMx (j,l:openlIx) = 0;
end

end
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end
end

if visBool
subplot (2,2,4)
imagesc (openingMx)
hold on
xlabel ('x - direction parallel to leaf motion ')
ylabel ('z - direction perpendicular to leaf motion ')
title(['d_.k = ' num2str(d_.k)]);
for 3 = 1:dimOfFluenceMxZ
leftLeafIx = find(openingMx (j,:)>0,1," 'first");
rightLeafIx = find(openingMx(j,:)>0,1, "last');
if leftlLeafIx > 1
plot ([.5 leftLeafIx-.5],3-[.5 .51 ,'w','LineWidth',2)
plot([.5 leftlLeafIx-.5]1,3+[.5 .51 ,'w', 'LineWidth', 2)
plot ([ leftlLeafIx-.5 leftlLeafIx-.5],]J+[.5 -.5] ,'w','Linewidth',2)
end
if rightLeafIx<dimOfFluenceMxX
plot ([dimOfFluenceMxX+.5 rightLeafIx+.5],j—...
[.5 .5] ,'w','LineWidth',2)
plot ([dimOfFluenceMxX+.5 rightLeafIx+.5], j+...
[.5 .5] ,'w','LineWidth',2)
plot ([rightLeafIx+.5 rightLeafIx+.5], ...
j+[.5 -.5]1 ,'w', 'Linewidth', 2)
end
if isempty(rightLeaflIx) && isempty (leftLeaflIx)
plot ([dimOfFluenceMxX+.5 .5],j-[.5 .5] ,'w',
'LineWidth', 2)
plot ([dimOfFluenceMxX+.5 .51,3+[.5 .51 ,'w', ...
'LineWidth', 2)
plot (.5+«dimOfFluenceMxXx[1 1]+[0.5],3+[.5 —-.5] , ...
'w', 'LineWidth', 2)
end

end

axis tight
drawnow

pause (1) ;

end
shape_k = openingMx * d_k;
shapes(:, :,k) = shape.k;
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shapesWeight (k) = d_k;

D_k = D_k - shapelk;

L.k = max(D_k(:)); % eg 5
end
result_Sequencing.beam (i) .numOfShapes = k;
result_Sequencing.beam (i) .shapes = shapes(:,:,1:k);
result_Sequencing.beam (i) .shapesWeight = shapesWeight (1:k)/numOfLevels+calFac;
result_Sequencing.beam (i) .bixelIx = l+offset:numOfRaysPerBeamtoffset;
result_Sequencing.beam (i) .fluence = D_0;

result_Sequencing.w(l+offset:numOfRaysPerBeamt+offset)
D_0 (indInFluenceMx) /numOfLevelsxcalFac;
offset =

offset + numOfRaysPerBeam;

end

end

7.18 matRad calcDVH.m

function matRad_-calcDVH(d,cst,lineStyleIndicator)

9 ©200000000000000000000000000000000000090000000000000000000000000000000000000000
Cl OO0OOOOO0OOOOOOOOOOOODOOOOOOOOODOOOODOOOOODOOOODOOOOODOOOODOOOODOOOODODOOODODOOOOOOOOOOOODOO™©
% call matRad.calcDVH (d,voi,cst,lineStyleIndicator)

% to calculate a dvh. use lineStyleIndicator to overlay multiple dvhs

S 555555 LLLLLLTT555555555%%%

% create new figure and set default line style indicator
% specified
if nargin < 3
figure
hold on
lineStyleIndicator = 1;
else
hold on
end

numOfVois = size(cst,1);

%% calculate and print the dvh
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colorMx = jet;
colorMx (l:floor (64/numOfVois) : 64, :);

colorMx

Il
—~
|
~
~

|

|
~

|

—

~

lineStyles

n = 100;
dvhPoints = linspace(0,100,n);
dvh

NaN * ones(1l,n);

for i = 1l:numOfVois

cst{i, 8};

numel (indices) ;

indices

numOfVoxels

doseInVoi = d(indices);

fprintf ('$3d %$20s - Mean dose = $£5.2f Gy +/- %5.2f Gy (Max dose = %5.2f Gy,'...
'Min dose = %5.2f Gy)\n',cst{i,1},cst{i,2}, mean (doseInvoi), ...

std(doseInVoi),max (doseInVoi),min (doseInVoi));

for j = 1l:n
dvh (j) = sum(doseInVoi > dvhPoints(Jj));

end
dvh = dvh ./ numOfVoxels * 100;

plot (dvhPoints,dvh, 'Linewidth',4, 'Color',colorMx (i, :),
'LineStyle',lineStyles{lineStyleIndicator}, 'DisplayName',cst{i,2});

end
% legend
legendHandle = legend('show');

fontSizeValue = 14;

axis ([0 100 0 1101)

plot ([0 100]1,[0 O], 'k", "LinewWidth',2)

set (gca, 'YTick',0:20:120)

set (gca, 'XTick',0:10:120)

set (gca, 'XTickLabel',{0,[1,20,[1,40,(1,60,[1,80,[1,100})
grid on

box (gca, 'on');

set (gca, 'LinewWidth',1.5, '"FontSize', fontSizeValue);

set (gcf, 'Color', 'w');
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ylabel ('Volume [%]', 'FontSize', fontSizeValue)
xlabel ('Dose [Gy]', 'FontSize', fontSizeValue)

return;

7.19 matRad genDataSet.m

function matRad_genDataSet

% call matRad_genMbPlanDataSet
% to to convert a MGH data set into a matlab data set for matRad
000000000 0000000000 00000000000000000000000000000000000000000000000000000

o\

% Ask for patient to be generated.
result = input ('Select patient \n \n 1: Prostate \n 2: Liver \n 3. Head and'...
'neck \n 4: TG119 Phantom \n ');

% Set patient path folder and CT resolution [mm/voxel]

if result == 1
path = "PROSTATE';
ctResolution = [3 3 31];

elseif result ==

path = 'LIVER';

ctResolution = [3 3 2.5];
elseif result == 3

path = "HN_withoutDij';

ctResolution = [3 3 5];
elseif result == 4

path = '"IG119";

ctResolution = [3 3 2.5];

end

addpath (path) ;

% Generate the CT file for matRad from MGH data set.
ct = matRad_genCT (result) ;

disp ('CT generated.');

% Generate CST file for matRad from MGH data set.

cst = matRad_genCst (ct,path);
disp('CST file generated.');
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% Save CST and CT into .mat file
if result == 1

save ('PROSTATE', 'cst', 'ct', "ctResolution');
elseif result ==

save ('LIVER', 'cst', 'ct', "ctResolution');
elseif result == 3

save ('HEAD_AND_NECK', 'cst', 'ct', 'ctResolution');
elseif result == 4

save ('TG119"', 'cst', 'ct', 'ctResolution');

end

% Note: Strcat is for joint two phrases.

disp (strcat (path, ' patient for matRad is already generated.'));

return;

7.20 matRad genCT.m

function [ct] = matRad_genCT (result)
© 99990000000099990000000009999000000000099900000000000909000000000
Cl OO0OO0OOO0OO0OOOOOOOOOOOODOOOODODOOODODOOOODOOOODODOOOODOOODOOOOODOOOOOOOOOOOOO™©

o\

This function reads a CT from MGH Data set.

o\

o\

Save the CT with anatomical (LPS) coordinate system

o\

Interpolate Head and neck CT.

o\
\
\
\

o\°
\
\
\
\
\
\
\
\
\
\
\

o\
\
\
\
\

o\

o\
\
\
\
\
\

o\
\
\
\
\

o\

o\
\
\
\
\

o\

o\
\
\
\
\

o\

o\°
\
\
\
\

o\
\
\
\
\
\

o\°
\
\
\
\

o\

Load .mat file who has all CT data.
if result == 1
load('prostate3mmvoxels.mat') ;
elseif result ==
load('liver3mmvoxels.mat');
elseif result == 3
load ('hn3mmvoxels.mat');
elseif result == 4
load('tgll9_core_and.outertarget_3mmvoxels.mat');

end
%% Save CT data on ctCube variable.
ctCube = planC{3}.scanArray(:,:,:);

%% Head and neck interpolation
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[

% Head and neck CT and VOI countours not have same dimensions and scale. To fix

% it, we need to interpolate the CT.

if result ==
% Save CT in 'V' wvariable.

V = double (ctCube) ;

% Save the X and Y dimensions
[dimX,dimY,~] = size(V);

% Save slices Z position

z = [planC{3}.scanInfo(:).zValuel;

% Create a mesgrid whit same CT dimensions.
[X,Y,Z]=meshgrid(l:dimX,1l:dimY, z);

[

% Create a vector with initial 7 position until the last Z position to be
% interpolated.

zi = 64.25:.5:(64.25+66%.5);

% Create a mesgrid whit CT interpolated dimensions.
[XI,YI,ZI]l=meshgrid(l:dimX,1l:dimY,zi);

% 3D interpolate.
ctCube=interp3(X,Y,%2,V,XI,YI,ZI, 'spline');

% The interpolations gives reals numbers, but we need intergers.
ctCube=int 64 (ctCube) ;

end

%% Rescaling of DICOM data to a user-defined intercept, slope, and data type.

o

CT data are in Intensities wvalues, so it is necessary to transform to

o

Hounsfield units.

o\

For CT data, intercept and slope define the transformation between intensity

o\

values (IV) and Hounsfield Units (HU): HU = IV x slope + intercept.

o\

More information: http://goo.gl/KpEX6qg

o\

Define CTAir CTWater.

CTAir = planC{l,3}.uniformScanInfo.CTAir;
CTWater = planC{l,3}.uniformScanInfo.CIWater;
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o\

Rescaling from intensities values to Hounsfield Units. Note: The original

o\

CT is saved in unitl6 format, because intensities values are positive. It is

o\

necessary transform to double, because in next step (LUT for HU to WE) LUT

o\

only accept doubles.

o

Here we calculate the intercept and slope from CT data, here is calculate

o\

the transformation (HU): HU = IV * slope + intercept.

o\°

Below the linear interpolation is obtained using knows HU values of CT for
Air and Water: CT_Air = -1000 and, CT_Water = 0

o\

ct = (double(ctCube(:,:,:))-CTAir)*((1000)/ (CTWater-CTAir)) - 1000;

%% Convert Hounsfield Units to water equivalent.

\

% Load HU2waterEqT.mat, contains a look up table (LUT) to transform HU to

% water equivalent units.

load ('HU2waterEqgT.mat ') ;

% Manual adjustments when ct data corrupt. If some value is out of range for
% LUT table, then this vales are adjusted.

ct (ct<-1024) = -1024;

ct (ct>3071) = 3071;

$Apply LUT conversion, the output of this conversion gives a l-column
$vector, so it is necessary form again the CT cube. This is done by reshape
$command.

% LUT input are in HU. Note: we need to apply a shift of +1025, because

% LUT started in -1024.

ct = reshape (HU2waterEQT (ct+1025,1),size(ct));

%% Save the CT with anatomical (LPS) coordinate system.

o\

We use the most important model for coordinate system for medical

o\

imaging, the original data do not use this system, it is only consistent

o\

for X and Y axis. It is needed to mirror every slice in Z axis.

o\

More information about LPS system: http://goo.gl/gPMIYP

o\

This for cicle, runs over every Z slice reflecting it. For example for a

o

Cube who has 90 slices, the slice z=89, is reflected to slice z=2 and

o\

viceversa.

ct_temp = zeros(size(ct));

for j=l:size(ct, 3)
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ct_temp (:, :,size(ct,3)—-J+1) = ct(:,:,73);

end

% Saved reflected CT.
ct = ct_temp;

7.21 matRad genCst.m

function [cst] = matRad_genCst (ct,path)

%

o\

%

o\

©00000000000000000000000000000000000000000000000000000000000000000000000
0000000000000 0000000000000 000000O0O0O00O0 000000 000000000000000000O0O0O0O0O0 0000000

o\

o\

call matRad_genCst

o\

this function reads out a x.cst file into a cell array for matRad

organ number in VOI

o\

organ name

o\

organ class

o\

o\

minimum dose

o

maximum penalty

o\

1:

2:

3:

4: maximum dose
5:

6:

7: minimum penalty
8:

o\

VOILIS

—

for countour.

o\
o\

©0000000000000000000000000000000000000000000000000000000000000000000000000
0000000000000 0000000000000 00000000O0O0O0O0O0 0000000 00000000000000000O0O0O0O00 000000

o\

Q

% Generate CST column 3 to 7

o\

o\

This columns are handmade generated for every organ.

You can change this values in PATIENT_.NAME_CST_Input files

o\

cst = eval (sprintf (strcat (path, ' CST_Input')));

%% open file for reading

% Save in a struct all files inside folder who finished with "_VOILIST.mat"
files = dir(fullfile(path, "+ VOILIST.mat'));

% Save in a cell all files names.

allNames={files.name};

%% Generate two firsts CST file columns

% This for cicle, runs over every file name and generate the two first
% columns of CST file.

for i = 1l:numel (files)

[)

$ First column: Organ number. Note: The first number is =zero.

120



Chapter 7. Appendix 7.21. matRad genCst.m

cst{i, 1}=i-1;

)

% Second column: Organ name

% Save names in a temporary variable 'f'.
f=allNames{i};
load(f);

% Save names on second column in CST file.

% Note: The command strrep is used for quit '_VOILIST.mat' characters. Then
% 1s used again for replacing '_' character for a space. This is needed

% for leyend visualization on matRad.

cst{i, 2}=strrep(strrep(f, ' VOILIST.mat',"'"), "'_', ' ");

end

%% Generate VOI list. It is storage in column 8.
% This for cicle, runs over every VOILIST organ and save it in a 'V' cell.

for i=1l:numel (files)
load (allNames{i});
v{i} = v;

end

o\

Save the VOI list with anatomical (LPS) coordinate system.

o\

We use the most important model for coordinate system for medical

o\

imaging, the original data do not use this system, it is only consistent

o\

for X and Y axis. It is needed to mirror every slice in Z axis.

o\

More information about LPS system: http://goo.gl/gPMIYP

o\

This for cicle, runs over every VOILIST reflecting it. For example for a

o\

Cube who has 90 slices, the slice z=89, is reflected to slice z=2 and

o\

viceversa.
for s=1l:length (V)

% convert Indices to subscripts for every VOILIST

ly,%,z] = ind2sub(size(ct),V{s});

[)

% Mirror Z position

z = size(ct,3)-z+1;
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% Convert back: subcripts to indices.

V{s} = sub2ind(size(ct),y,%,z);

% Sort reflected VOILIST and then stored in 8th CST file column.
cst{s, 8} = sort (v{s});

end
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