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Abstract

Radiotherapy treatment planning is a complex and time consuming process prone to differences as result of
choices of individual planners. Autoplanning systems have been introduced to both reduce the time con-
sumption and to counteract the influence of individual planning choices. Although autoplanning generally
increases performance of the treatment plans, the plans still need to be checked manually ensure plan ac-
curacy. This counteracts the advantages introduced with autoplanning. Increasing plan consistency with
knowledge based planning (KBP) or automatic plan evaluation would be clear ways to improve upon this
problem. For both improvements, deep learning can be an important tool to produce accurate and fast 3D
dose distributions that can be used for KBP or plan evaluation. In this study such a deep learning tool is de-
veloped in two parts. In the first part a structure based dose prediction model is developed. In the second
part the model is enriched with physics based information to make a more realistic and accurate prediction.

The structure based deep learning model is made using a U-Net architecture with patient organ structures
as input. It is used to predict the dose distribution for prostate patients treated with volumetric modulated
arc therapy (VMAT) plans, generated by autoplanning. Different loss functions have been tested to see which
achieve the best results. Including physics information in the neural network prediction is done using a hy-
brid physics-data model. For this, an approximate dose distribution, the segment dose, is used as extra input
for the dose prediction network. This segment dose is created by predicting multi leaf collimator (MLC) posi-
tions and reconstructing the corresponding dose with a simple dose engine. In both parts training was done
using a dataset consisting of 89 patients with structure, dose and plan information in DICOM format. The
dataset was divided into a training, validation and test set for model training, which was done in two phases.
The first phase includes just one patient with different translational and rotational augmentations. The sec-
ond phase uses the entire dataset. Early stopping was included to prevent overfitting.

The predictions are evaluated using several dose characteristics and dose volume histogram (DVH) curves.
Moreover, the structure based dose prediction is also compared with a currently used rectum prediction
method for quality assurance, based on principal component analysis. The U-Net architecture proved to
be able to accurately predict the dose of the patients in the test set. The best loss function for accurate dose
characteristics prediction was found to be the weighted mean squared error (WMSE) loss. The prediction
model with the WMSE loss predicted several PTV DVH statistics within a 1.5% error and the rectum statistics
within 3.5% error. Furthermore, the model predicts the DVH points of the PTV within 0.84 + 0.40 Gy average
absolute dose difference and the rectum in 0.91 + 0.72 Gy average dose difference. Finally, the rectum DVH
prediction proved to be more accurate than currently used model based on principal component analysis.
Unfortunately, the hybrid physics-data model did not improve the prediction accuracy of the dose prediction
model in terms of DVH statistics and DVH prediction, as the MLC positions could not be predicted accurately
enough.

The performance of the structure based prediction is similar to the performance of state-of-the-art predic-
tion models. However, it should be taken into account that a homogeneous dataset is used. Although the
hybrid model with the predicted segment doses did not improve the prediction accuracy, a significant effect
could be seen from using the correct MLC positions instead of the predicted. Thus it appeared that the ap-
proximated dose distribution did not contain enough useful information for the neural network to improve
the prediction. The bottleneck of the process is therefore identified as the prediction of the MLC positions.
As such, it would be interesting to focus on segment prediction in follow up research.
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Introduction

Cancer is one of the most prevalent current day causes of death in the Netherlands. According to the cen-
tral bureau of statistics, almost 47000 people have died from cancer in 2019. This makes cancer responsible
for roughly a third of all deaths [1]. Research on cancer treatment therefore very relevant. When cancer is
diagnosed in a patient, one of the three main treatment options is radiation therapy. Radiation therapy is
a complex form of treatment that aims at killing the cancer cells by damaging the DNA of the cells beyond
repair.

Radiotherapy treatment makes use of external treatment beams or internal radiation sources to irradiate and
kill a tumor. As this is a complex process, a lot of steps have to be taken to ensure an accurate delivery of
the radiation to the tumor. One of the important steps in this process is the treatment planning, which is the
process of determining how to treat the patient in the best way possible.

Conventional radiotherapy treatment planning is a manual and time consuming process required to be done
for every patient individually. Planners need to have a lot of knowledge and experience to produce a good
plan. Vast knowledge and experience does however not guarantee consistent treatment plans. The multiple
manual steps and the different possible constraint and objectives that can be chosen by planners make the
entire process very sensitive to differences as a result of subjective choices [2].

One method that has been developed in order to prevent differences between planners is automated treat-
ment planning or autoplanning. Automated treatment planning systems try to replicate the steps a dosimetrist
would take during planning in a consistent way. Multiple studies have already shown that automated treat-
ment planning systems perform on par or better compared to plans of experts [3] [4]. Besides this increase in
accuracy, autoplanning also reduces the time needed to plan a treatment.

Autoplanning is however far from perfect. As all patients are different, treatment goals that might be ap-
plicable for one patient, can be clinically less relevant for another. As there are a lot of different objectives
and constraints which need to be taken into account during planning, treatment planning is a problem of
finding the best compromise and different plans can yield comparable results. Because of this, autoplans are
not always optimal or clinically acceptable [5]. As such, most plans are still manually checked by dosimetrists
in order to ensure acceptability and clinical optimality, for which trial and error based approaches are still
mostly used. Without a dosimetrist it is hard to determine if a plan is acceptable or not.

One option is to increase plan optimality and consistency by integrating treatment planning information
based on earlier used treatment plans. This method is also called knowledge based planning (KBP). It gener-
ally works by predicting the patient dose volume histogram (DVH) and using the DVH to better estimate the
dose objectives for the planning stage [6]. Another option is to evaluate the autoplans automatically and con-
sistently, using a similar knowledge based method and evaluating individual plans with the DVH predictions
[7]. From earlier studies it has been shown that simplistic knowledge based methods can accurately predict
these DVH curves [8].
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As result of the advancement in the field of artificial intelligence and deep learning over the last ten years,
another option for KBP applications has recently emerged. With the development of convolutional neural
networks (CNNs), deep learning proved to be a tool that can be used to predict accurate and complete 3D
dose distributions, instead of specific DVH curves, by using structured image information as input. This
approach has multiple benefits. It is easier to predict a DVH based on 3D prediction information as no pa-
rameters have to be engineered to predict a DVH from lower dimensional data. Also the 3D dose prediction
includes spatial information that is not available in other KBP approaches. This makes it is possible to pro-
vide voxel level feedback on a treatment plan so that the dosimetrist can easily see what parts of the plan
differ with the prediction. Finally, such an approach could help in the long term in a tool that can produce
clinically acceptable plans automatically, without the need of a planner or optimization algorithm [9] [10].

In this study, the aim is to further investigate the clinical application of deep learning dose prediction tools,
specifically for autoplanned prostate patients treated with volumetric modulated arc therapy (VMAT), by in-
cluding physics information within the prediction network.

In the first part of this research a U-Net neural network architecture is used to predict dose distributions
for patients originally planned with autoplanning. Using different loss functions, different prediction models
are investigated to find the model with the best accuracy. Next, this prediction model is compared to models
from literature. Lastly, the clinical accuracy of the model is researched and it is investigated if the model can
provide an improvement over the current KBP prediction method.

In the second part of the study, a novel approach to include physics information within the dose prediction
is investigated. This approach uses a physics guided neural network based on a hybrid physics-data model.
For this, a second neural network and a simple dose engine are used to predict individual beam doses. The
corresponding dose distribution estimate for all beam directions is used as extra input information for the
neural network. The goal of this part is to predict a physically more correct dose distribution, which is both
more accurate and also more realistic. Moreover, a neural network that is able to predict a physically achiev-
able dose distributions can be a step closer to the development of an automatic treatment planning system
based on artificial intelligence.



Theory

In this chapter, the necessary theoretical background needed to understand the research is discussed. First,
the basics of radiotherapy treatment and autoplanning are explained in Section 2.1 and Section 2.2. After
that, Section 2.3 introduces the basics of deep learning and more specifically the theory on neural networks
for dose prediction such as convolutional neural networks in Section 2.4. Finally, the subject of physics guided
neural networks is introduced in Section 2.5.

2.1. Radiation therapy treatment

Radiation therapy is one of three main modalities to treat cancer besides surgery and chemotherapy. It makes
use of ionizing radiation to damage the DNA of cancer cells, while sparing as much healthy tissue as possible.
There are multiple types of radiation used for radiotherapy, but the type used most often is ionizing elec-
tromagnetic waves or photons. Compared to modern radiation techniques, as for example proton therapy,
photon therapy is simpler and cheaper and therefore much more widespread.

Photon therapy is delivered using various techniques. The first and simplest method of photon irradiation
still used is three dimensional conformal radiation therapy (3D CRT). In 3D CRT a large homogeneous field of
photons is produced using a linear accelerator (LINAC). This field is shaped to match the tumor shape from
beams eye view using a multi leaf collimator (MLC) through which a homogeneous field with the shape of
the tumor is projected onto the body of the patient. The MLC consists of multiple small leafs which can be
moved to produce the correct shape. The tumor is generally irradiated from a couple of different directions.
An improvement on 3D CRT, is intensity modulated radiation therapy (IMRT). IMRT uses the same principles
as 3D CRT but instead of providing only a single field with the shape of the tumor from each direction, IMRT
uses the MLC leafs in different positions for each beam direction. In this way different parts of the tumor can
be irradiated with different intensities. IMRT therefore has much more degrees of freedom that can be used
to produce an optimal dose distribution within the patient and improved performance over 3D CRT [11]. The
most recent development is volumetric modulated arc therapy (VMAT). Instead of treating the patient with
varying intensities from a couple directions, VMAT treats the patient with continuous arcs by rotation of the
LINAC around the patient. During the arc rotation, the MLC leafs continuously vary in position. This gives the
possibility to irradiate the target from more directions. This again results in improvements such as increased
target conformity and reduced dose to OAR [12]. It also reduces the treatment time compared to IMRT.

2.1.1. Treatment, imaging and delineation

To treat a patient using radiation therapy, a lot of steps have to be taken. This starts with a physician that
prescribes the treatment. Depending on the goal of the treatment, which can be either palliative or curative,
the physician determines specific treatment goals. These goals include the amount of dose that needs to be
deposited in the tumor and the limits to the dose in healthy tissue. When treatment has been prescribed, the
process to determine how to give the treatment begins.

The first step in the process is imaging the patient properly. This is predominantly done with computerized
tomography (CT), while other techniques such as magnetic resonance imaging (MRI) and positron emission
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tomography (PET) are used complementary to CT. Proper images are needed in almost all steps of the ra-
diation therapy process. Most important for treatment planning, imaging is used to determine the location
of the tumor before treatment and thus to identify which part of the body needs to be irradiated. Besides,
the tumor resides within healthy tissue, which needs to be spared as much as possible. This healthy tissue
can include important organs which can give rise to serious complications when irradiated too much. These
organs are generally referred to as organ at risk (OAR) and need to be taken into consideration when planning
the treatment in order to minimize side effects. Finally, the geometry of the patient heavily influences to dose
distribution. A CT scan can be used to determine the photon attenuation properties of the contents of the
body and is thus essential to help determine the delivered dose in the patient. [13].

The next step is determining where in the patient the tumor and the OARs are located. This process is called
delineation. Delineation is generally done manually using the CT scan and knowledge of tumor growth and
anatomy. Recently there are also developments in the field of automatic segmentation with the help of ma-
chine learning and deep learning. The exact location of the tumor is hard to determine from the images. As
such, delineation often has a large uncertainty. To ensure that the target volume encloses the entire tumor,
some uncertainty margins are taken into account during delineation. First, the region where the tumor is
visible is determined, this is called the gross tumor volume (GTV). Next, the GTV is extended with the volume
that is suspected to have locally spread tumor cells present, but which are not necessarily visible through the
imaging modality. This volume is called the clinical target volume (CTV). Lastly the volume is extended to
account for other uncertainties, such as patient setup and treatment delivery based uncertainties. This last
volume is called the planning target volume (PTV) and is the volume which is eventually treated on. This is
schematically viewed in Figure 2.1, where it can also be seen that the treated volume can overlap with the
OAR.

Treated volume

prv | OAR

Figure 2.1: Schematic view of the GTV, CTV, PTV and OAR [14]

2.1.2. Treatment planning

When the final delineation has been determined, the optimal machine parameters of the delivery device
need to be found, such that the patient is treated in the best possibly way. The dose to the tumor needs to
be sufficient to kill the tumor cells, while keeping the dose as low as possible to the healthy tissues. More
specifically, the dose distribution needs to be within the limits of the treatment goals. The process of finding
the machine parameters that result in such a clinically acceptable dose distribution for the patient is called
treatment planning.

There are two ways to approach a treatment planning problem: forward planning and inverse planning. In
forward planning the machine parameters such as the collimator positions are first chosen, and with that a
check is performed to see whether the treatment goals are met. The machine parameters are modified until
an acceptable plan has been found. However, in current day external radiotherapy the amount of tuneable
parameters is too high to efficiently find machine parameters that make a good plan. This makes forward
planning only usable in relatively simple cases. Inverse planning on the other hand starts with defining spe-
cific objectives, constraints and priorities for the different structures. The fluence profile is then optimized
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Figure 2.2: Illustration of a Pareto front, indicated by the red dots, between two objectives: the Equivalent uniform dose (EUD) in the
parotid gland and the EUD in the spinal cord [17]. Improving in one objective cannot be realized without compromising the other
objective when on the Pareto front.

based on the objective functions and machine parameters are found to match the constraints of the objec-
tives. By modifying the constraints and objectives in several rounds of optimization, the dose distribution
can be improved until satisfactory [15].

The optimization problem that needs to be solved is a multi criteria optimization (MCO) problem. First,
the geometry of the patient is discretized in voxels. Each voxel i receives a dose d; which is dependent on the
intensities of the individual beamlets x and the dose influence matrix A. The beamlet intensities are mod-
ified in the optimization problem while the dose influence matrix is calculated using the CT. This results in
the simple relation given in Equation 2.1:

d(x) = Ax (2.1)

Next, the voxels are divided in the structures earlier defined in delineation. Objective functions are defined
with the objectives for the different structures instead of for every voxel individually. This vastly decreases the
size of the MCO problem. The objective functions typically use dose as input variable. Therefore the general
MCO problem is defined as:

min, f(x)

subjectto g(x) =[g1(x), g2 (x),...,gm(x)] <0, 2.2)

where g(x) are the constraining functions and f(x) is the objective function needed to be minimized. In
practice such a MCO is optimized several times by an optimization algorithm. After each optimization the
radiation technician can modify the objectives to alter the dose distribution and produce a personalized treat-
ment plan [16].

All this is done in the environment of a treatment planning system (TPS). There are different TPS commer-
cially available, but for this project Pinnacle®, developed by Philips healthcare, is of most interest as it is the
TPS used in the planning of the treatment plans of the patients in this study.

Eventually the goal of the optimization is to produce a plan that is optimal for the patient. There is however
not a single optimal plan. As there is a large amount of objectives and constraints, the main objective be-
comes to find a plan with the best compromise in the objectives and constraints. Such a plan must be located
on the so-called Pareto front. The Pareto front is defined as a surface in the solution space where an objective
cannot be improved without compromising another objective. This is also illustrated in Figure 2.2.
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Figure 2.3: Schematic representation of the inside of a LINAC [18]

A plan on the Pareto front is optimal as there is no improvement possible without compromising another
objective, but it is not guaranteed to be the best plan clinically. For example consider again the Pareto front
in Figure 2.2: The plan can still be Pareto optimal when it delivers a dose of 32.5 Gy to the spinal cord, while a
Pareto optimal plan with a dose of 18 Gy to the spinal cord has only a slightly higher the dose in the parotid
gland. Therefore, this latter point on the Pareto front would be clinically more favorable. During planing,
these kinds of considerations have to be done constantly, with often a lot more objectives than only two. This
becomes a very complex problem which is very sensitive to choices of the planner. This is one of the reasons
why autoplanning has been introduced, which will be further discussed in Section 2.2.

2.1.3. Treatment delivery

After the machine parameters have been chosen, the treatment can finally be delivered to the patient. The
treatment machine will irradiate the patient according to the treatment parameters. The most widely used
machine to deliver the treatment is the LINAC, which consists of various inner parts, schematically shown
in Figure 2.3. The important parts of the LINAC are located within a large piece of equipment which can
rotate around the patient called the gantry. Inside the gantry, an electron gun produces electrons, which
are accelerated in a linear accelerator. Next, the electrons are bent by a magnet to direct the beam to the
patient. The beam of electrons then hits an x-ray target or scattering foil to create a photon beam of the
desired energy which is further shaped in the treatment head by several filters, collimators and MLCs. The
patient is immobilized on a freely rotatable treatment table for delivery and only sees the outer shell of the
gantry together with the treatment table, as displayed in Figure 2.4.

2.2. Autoplanning

An important recent development in treatment planning is the use of autoplanning. Autoplanning can im-
prove on several difficulties that arise in manual planning. Manual treatment planning is a time intensive
process as there are many complex steps in the process. By automating some of the steps, autoplanning can
reduce the amount of time needed to spend on the production of a treatment plan. Apart from that, dif-
ferences between individual planners can give rise to inconsistent treatment plans by subjective individual
choices. This can be negated by using an objective method like autoplanning. Finally, a plan from an auto-
plan system can also provide a solid starting point to start optimizing from. This is also called a warm start [4].

For the relevant TPS Pinnacle?, autoplanning is included within the TPS. The AutoPlanning module in Pinnacle®
consists of two main parts. First of all, the planning process is simplified by using templates, which are called
techniques. In a technique all treatment parameters are defined, such as the prescription dose for the PTV
and other optimization goals for a certain patient geometry. Second, there is an automatic optimization
part which is called the Auto-planning engine (APE). When all settings are defined, the APE first defines all
optimization objectives from the goals according to their respective priority. Next, the plan parameters are
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Figure 2.4: Schematic view of the outer parts of a treatment device (LINAC) with rotatable gantry and treatment table [19]

tweaked in several optimization loops in order to match the treatment goals. Next the dose in the organ at
risk is lowered until the main objectives are compromised significantly when trying to reduce the dose even
more. Lastly, the target conformity, body dose, and uniformity of the dose are controlled by the system as well
[20].

Autoplanning, and the AutoPlan module in Pinnacle® specifically, have shown in multiple studies that they
perform on par, but often better compared to manual treatment planning. For example, the study of Hazell
et. al. showed that for different head and neck tumor cases, which had been already delivered, the dose in
the OAR could have been reduced significantly while retaining the same target coverage with an autoplanned
replan [20]. Another example is the study of Krayenbuehl et. al. in which an even bigger sample of head
and neck tumor patients was replanned. In this study, the autoplans again proved to have very good target
coverage and a better OAR sparing. Besides, it was also shown that the time needed to make a treatment plan
was reduced significantly [3]. The potential benefits of autoplanning have therefore already been proven.

However, autoplanning does not always produce better plans. Because of this, the autoplans still need to be
checked manually by dosimetrists to see whether the plans are acceptable. If not, the plan is either modified
or replanned completely. This partly negates the advantages of autoplanning in the first place and supports
the need of an automatic quality assurance pathway for autoplans.

2.3. Basics of deep learning

Deep learning can be an important tool to predict voxelwise dose within a patient, based on historical data
from automated treatment plans. Deep learning is a subset of machine learning, in which the goal is to extract
information or patterns from data. Deep learning makes use of multiple layers of transformations to train a
model for different purposes such as classification into a small amount of groups, segmentation of images or,
as relevant for this research, dose prediction.

The different layers of transformations form a network of interconnected nodes which make up acyclic graphs.
The input for a network is given in its first layer and the information is fed through the network to produce
an output at the end of the architecture. Using known data, the transformations within the graph can be al-
tered to produce the best possible outcome. Because the interconnection of several nodes within the network
resembles structures within a brain, the deep learning networks are often called neural networks.
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2.3.1. The perceptron

The most basic form of a deep learning architecture is a feedforward network based on the perceptron algo-
rithm. The perceptron will be used to illustrate the basic underlying concepts of deep learning. The percep-
tron algorithm is an algorithm that is used for binary classification. It maps an input x to an output value
f®). As binary classification algorithm the perceptron creates a linear decision boundary that can give either
one of two possible classifications as outcome. The algorithm consists of three main steps. First, the input
values are multiplied by weights. Next, the calculated outcomes are summed and finally the Heaviside step
function is taken. This is according to:

)

f(x)=0Ww'x+b) = {(1) 2.3)

where w are the weights, x is the input and b is a possible bias. Graphically, this would look as in Figure 2.5
where the input and the weights are multiplied and fed through the Heaviside function to generate an output
value.

Figure 2.5: Graphic representation of the perceptron. x; denotes the input values, w;, the weights and © the step function

The perceptron is very good in distinguishing two classes, but only when the classes are linearly separable, as
the transformation it applies can only produce a linear decision boundary. Consequently, the perceptron on
itself is not applicable for a wide range of problems.

2.3.2. The multilayer perceptron

The perceptron can be extended to lift this restriction. This is done by adding more layers between the input
and the output of the algorithm. These intermediate layers are called hidden layers as they do not directly
produce an output. This results in a so called multilayer perceptron (MLP), which is the most basic example
of a deep neural network. Now instead of x being directly mapped to f(x) with a single function, the function
consists of a chain of mappings, which represent different layers, each interconnecting all the nodes between
the different layers to make a fully interconnected network:

f& =70 fA P 2.4)

Here the different subfunctions £ are the different layers of the model. Without the step function in every
layer, the layers are just multiplications of the input vector with a certain weight. As such the transformation
still remains linear when only adding more layers without the step function. In order to create the non-
linearity, every layer is followed by a nonlinear transformation such as the step function. Such a nonlinear
transformation can consist of various transformations and is generally called an activation function. Every
distinct layer is now written as in Equation 2.5:

h'" = " x) = g™ (WEx+ by) (2.5)



2.3. Basics of deep learning

Here g™ represents the activation function and h""” is the output of a hidden layer [21]. There are numerous
possibilities for activation functions, but several instances in literature suggest that the rectified linear unit
(ReLU) is a generally consistent choice for many applications [22]. The ReLU is defined as in Equation 2.6:

g(x) = max{0, x}

Which graphically looks as in Figure 2.6.

(2.6)
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Figure 2.6: Graphical representation of the rectified linear unit

For an input value below zero, the ReLU outputs a value of zero, while it outputs the input value when the
input is larger than zero. Other possible activation functions include the sigmoid function and the hyperbolic
tangent function. The ReLU, or any other activation function, is applied after every summation within the
network layer, just as in the perceptron. With the activation function, the entire fully connected MLP network
can be specified and is no longer only linear. An example of such a network can be seen in Figure 2.7.
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Figure 2.7: Graphical representation of the multilayer perceptron with two hidden layers.
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2.3.3. Loss functions

The neural network will give a certain output based on the input it receives, by propagating the input through
all the layers. In order to achieve an optimal prediction from the input data, the parameters of the network,
the weights and biases, should be optimized for the task at hand, a process generally called training. This is
done by optimizing a loss or cost function, by tweaking the weights in the network. Defining the loss function
is an important aspect of the design of a neural network as the loss function is a measure of how good the
model is, or in other words, how big the error compared to the ground truth is. Examples of loss functions
that are often used in deep learning include the mean squared error (MSE) loss and the average binary cross
entropy loss given by Equation 2.7 and Equation 2.8, respectively [21] [23].

1 N
Luse(x) = — Y (yi — f(x))? @2.7)
Nix
1 N
Lpcp(0 =~ Y [yilog(p(f(x))) + 1 -y log(1l - p(f(x)))] (2.8)
i=1

In both equations N is the sample size. f(x;) is the output value of the model for a specific sample and y; is
the true value. Also, p(f(x;)) denotes the softmax value of the output in Lgcg.

2.3.4. Gradient descent

Optimization of the loss function is usually done by a process called gradient descent. In gradient descent
the derivative of the loss function is used to identify how a certain change in the parameters w of the model
influences the value of the loss. The derivative can therefore be used to minimize the loss function. In math-
ematical terms this process is described by Equation 2.9 [24]:

1 N
Wil =W —a— Y VyL(x;) 2.9)
Ni:l

Here the subscript t denotes the t-th update of the weights, subscript i denotes the i-th sample and « is the
learning rate, which represents the size of each gradient descent step. Gradient descent ensures that the next
step is always in the opposite direction of the derivative and thus ensures a net effect per step. There are many
variations on this basic idea. Another variation on gradient descent for example makes use of the hessian
to calculate a variable step size, known as Newtons method. Both of these methods are computationally
quite expensive however, and for the many parameters in considerably deep neural networks, that can cause
problems. A method which is computationally less expensive is stochastic gradient descent. In stochastic
gradient descent, the gradient is not calculated exactly, but approximated by only calculating part of the
gradient given by a single example x;. This can be seen in Equation 2.10.

Wil =Wy — aVyL(x;) (2.10)

If the derivative of a loss example is randomly chosen each iteration, the loss function is directly optimized
[24].

2.3.5. Backpropagation

In deep learning, the gradient descent steps are in fact a little more complex as not all the weights can be
updated directly from the gradient of the loss function. Since the network consists of multiple layers, the
information of the loss function needs to be propagated backward through the network to be able to update
the weights in earlier layers. Therefore, it is needed to identify the gradients of all other parts of the network.
Calculating this by hand is a very tedious process and not fit for complex architectures. A better option is using
a method called backpropagation. Backpropagation is based on the calculus chain rule. The idea is most
easily demonstrated with scalar functions and variables. Suppose that there is a single chain of computations,

where y = g(x) and z = f(y) = f(g(x)) and the local gradients of the functions % and g—JZ/ are known. Also the
gradient of the calculated loss L has been determined to be: g—é. Then using the chain rule, the loss gradient
can be calculated for the input y as:

0L 0Ldz

— == 2.11
0y 0zdy 2.10)
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Figure 2.8: Graphical representation of backpropagation. The terms boxed with green are values that are saved during the forward
propagation steps.

Propagating this even further back, we apply the same concept to see:

0L O0L0y 0Lo0zady
— L =2 (2.12)
0x O0yodx 0z0yox

Graphically, this process is a lot more clear and can be seen in Figure 2.8. The top represents the forward
propagation through the network according to the defined functions. The local gradients are computed and
saved to be used later. Next, the loss is calculated together with the gradient. Finally the loss is propagated
backwards through the bottom arrows, using the local gradients.

The chain rule can be extended to the case for input vectors instead of scalars, which is needed in deep
neural networks. For this purpose the chain rule can be written as:

dy

T
ax) Vyz (2.13)

sz=(

Where g—i is the Jacobian matrix containing all partial derivatives of the input and output vectors, which is
multiplied by the straight forward gradient. The same principle can again be used as in the much simpler
scalar case. With that, the loss information can be used to update the weights in the network. [21]

2.3.6. Architectures

The MLP is the most intuitive form of a neural network which, according to the universal approximation the-
orem, can approximate any function with enough layers and parameters [25]. However, for a lot of complex
functions this is not the most efficient method. Instead, different network architectures can be used for spe-
cific applications. There are many different categories of networks, which specialize in all kinds of different
applications such as segmentation, visual recognition and dose prediction. One group of architectures is
especially important for the use in dose prediction: The convolutional neural networks.

2.4. Architectures for dose prediction

2.4.1. Dose prediction with convolutional neural networks

The difference between convolutional neural networks (CNN) and normally connected networks is that a
convolutional neural network assumes a certain spatial dependence in the network nodes. This makes the
network especially useful for images, which always come in grid like structures. As images consist of pixels
generally in 3 dimensions (two dimensions and 3 different color channels), the dimensionality of the input is
often very high. Even with an image of only 200 by 200 pixels and a single hidden layer neural network, there
are already 120000 different weights to be optimized. Therefore, when increasing the depth and the size of
the images, the training time increases, which is eventually not feasible anymore.

By assuming a grid like structure within the input, the convolutional neural network can encode for intri-
cate properties, with a more efficient algorithm. A convolutional neural network typically consists of three
distinct layers types of layers: The convolutional layer, the pooling layer and the activation layer.
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2.4.2. Layers of the convolutional neural network

Convolutional layer

The convolutional layer is the basis of the convolutional neural network. It is based on the mathematical
convolution operation:

f*g=/ fnglt—nydr (2.14)

The convolution integral determines the overlapping value of two different functions. The concept in neural
networks is very similar, but is even more intuitive. In a convolutional neural network, a filter with weights
of a specific size smaller than the input volume is determined. The filter is moved over the grid of the input
image data and for every position, a single output is calculated. These outputs can be combined to give an
output array of certain dimensions. Every convolutional layer typically consists of multiple of these equally
sized filters. The output volume is determined by four hyperparameters:

* The size of the filter.
¢ The number of filters, which determines the depth of the output volume.

¢ The stride of the filter, which is the amount of pixels that the filter moves between consecutive filter
steps.

¢ Zero padding, which is the addition of pixels with a value of zero around the borders of the input vol-
ume, with which the output dimensions can be adjusted.

Thus, the number of filters determines the depth of the of the output volume, while the other parameters
define the output in the other two dimensions [26]. A graphic example of how a filter would convolve over
the input can be found in Figure 2.9a and Figure 2.9b.

(a) (b)

Figure 2.9: The filter, depicted by the green squares, moves over the input volume with the blue squares, with a stride of one. The gray
area indicates the zero padding such that the output in orange is from the same size as the input volume. The calculation of the filter on
a specific position results in an output value in yellow, which is represented by a different filter position as can be seen from Figure 2.9a
and Figure 2.9b.

All different pixels and filter squares contain a certain value, being zero by definition on the zero padded outer
ring. During the operation, the filter values are multiplied with the input values, to produce an output value.
For this two dimensional example, the expression for the output height and width, which are the size of the
output in the first and second dimension respectively, are given by Equation 2.15:

Sini+2xPad; + (Kernel_size; —1) -1
Sout,i = Stride. +1 (2.15)
1

Here S denotes the size of the input or output and subscript i denotes the value in one of the two dimensions.

In summary, the convolution operation computes very local responses from the input. In this way the net-
work is broken up into little parts which can activate when certain certain structural properties are located
within the filter position.

Pooling layer

The second kind of layer that is present in most CNNs is the pooling layer. The pooling layer is a layer that
downsamples the input volume based on a metric in part of the input volume. The reason to do this is twofold.
First of all through downsampling, the amount of parameters is lowered, which makes it easier to train the
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network. On the other hand, it also prevents overfitting: Often the exact position of a pixel is not very rele-
vant, rather it is important to know how different edges are located with respect to each other. Therefore, by
adding pooling layers, the network can be made invariant to little changes in the input [21].

The pooling operation is generally done with a filter of size two and stride two as larger filters would de-
stroy too much information at a time. The operation done is similar to the convolution operation as there is
also a filter that moves over the input volume. The difference is that the input volume is not multiplied with
the filter, but another operation is done within the filter position. The most used operation done in pooling
is the max pooling operation, in which the maximum value is retained. This is shown in Figure 2.10. Other
operations include, retaining the average value within the filter or the L2 norm, but are used significantly less
[26].

Figure 2.10: Max pooling operation

As an alternative for the pooling layer, it has also been shown that one can simply use more convolution
layers, or convolution layers with a larger stride [27]. By excluding separate pooling layers, the network can
be simplified a lot.

Activation layer

The last important layer present in all CNNs is the activation layer. This is the same kind of activation layer as
seen earlier in the normal fully connected neural network and again has the same purpose of creating a non
linearity. The ReLU is again the most widely used kind of activation layer.

Other layers

There are a lot of other layers that can be included in a CNN. One example is the normalization layer. Nor-
malization layers are used to help the optimization process within the training by normalizing the features
in mean and variance using parts of the input volume. The optimization is generally faster by including this
and can also help in the converging process of deep neural networks. There are several normalization meth-
ods, depending on the dimension of the network volume the normalization takes place. For example batch
normalization (BN) normalizes over the different number of input elements and group normalization (GN)
normalizes over part of the channels. This is also displayed in Figure 2.11.

Instance Norm Group Norm

Figure 2.11: Visualization of different normalization methods [28]. H and W depict the height and width of the data, C is the amount of
channels and N is the number of samples.
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Another example of an often used layer is the skip connection. Skip connections do not process the features
in a layer but concatenate the features into another part of the network. This can be useful when wanting to
use less processed features later in a network.

Finally there is often an output layer included in the CNN which is dependent on the type of application.
For classification problems this is often a fully connected layer. Such a layer is generally not needed when
doing voxelwise predictions.

2.4.3. Layer stacking

To finally construct the CNN, all these layers need to be combined. This can be done by stacking the different
layers after each other. A typical CNN network consists of alternating convolution and activation layers with
a pooling layer after some of the convolution and activation pairs. Depending on the application, different
layer stackings or architectures are used.

2.4.4. Examples of dose prediction architectures

In contrast to many applications such as image classification, using a neural network to predict dose needs a
voxel to voxel prediction instead of a fully connected output layer to class scores. In a voxel to voxel predic-
tion the output volume contains dose scores that correspond to the same location as the pixels of the input
volume. This is needed for the application of dose prediction, as every voxel needs to have a predicted output
value. Such a network, that has the same output as input dimensions, is called a fully convolutional neural
network.

U-Net

To use a fully convolutional neural network for dose prediction, intricate architectures, made up of the dif-
ferent possible convolution layers, have proven to achieve good results. One of the most important architec-
tures, which laid the basis for most other architectures that are used for dose prediction, is the U-Net, first
presented by Olaf Ronnenberger et. al. [29]. This network has primarily been developed for image segmenta-
tion, but can also be used for dose prediction [23]. The U-Net also downscales the using pooling, but makes
use of upsampling methods to regain the original image dimensions. There are several upsampling methods
available. A common way is starting with an unpooling operation, which uses the location of the maximum
values in the corresponding pooling operation and places the voxels at these locations in the larger grid. This
gives a larger sample with sparse entries as the other locations in the grid are not filled with a value. This
operation is followed by a deconvolution to fill the sparse activation map [30]. By doing this multiple times,
the original sized output can be generated [31]. Another frequently used option is directly using transposed
convolution operations. The architecture of the U-Net is displayed in Figure 2.12. As can be seen from this
figure, the name of the network comes from the U shape of the network.

In the first part of the network the path is contracting, while in the second part the path is expanding. Also, the
high resolution parts of the left part of the U-Net are used in the upsampled right path via skip connections
to retain the information of high resolution. The amount of pooling operations determines the number of
levels in the network, which is five in this case. To apply this network to 3D structures, an extension of this
architecture to 3D is needed. This was presented by Cicek, Ozgiin et. al. [32] [23] [33].

Other architectures

There are several other networks besides this U-Net architecture which have either proven to be suitable for
dose prediction or are a specific improvement to the U-Net for dose prediction. Examples are the DenseNet,
DoseNet and the HD U-Net. The DenseNet or densely connected CNN, first suggested by Huang et. al., is very
different from the U-Net as it does not include pooling/downsampling operations. Instead, the DenseNet has
layers which are all interconnected in forward direction. Every layer has the output of all previous layers as
input. In this way, information learned in earlier part of the network is preserved better. As a result, fewer
parameters are needed as redundant feature maps are not needed to be relearned [34].

DoseNet, first developed by Kearney et. al., is an architecture that is very similar to the normal U-Net. How-
ever, the difference is that the residual block on every level of the U-Net is not only concatenated to the other
side of the U-Net, but also to the convoluted block deeper in the network. In this way, more detailed infor-
mation can be propagated to deeper parts of the network [33].
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Figure 2.12: U-Net for image segmentation [29]. The arrows represent the different operations done. Each box represents a feature map
and the arrows indicate different operations. The vertical number depict the image dimension and the horizontal numbers represent
the number of channels

Finally, the hierarchical densely connected U-Net (HD U-Net), is a combination of DenseNet and a normal
U-Net, first designed by Nguyen et. al. [23].

All these architectures use the same input arrays and train on the same loss functions, but are more complex.
Also the performance varies compared to the simple U-Net architecture. The DenseNet does not generally
preform better compared to the normal U-Net, however, DoseNet, and the HD U-Net have been shown to do
so [23] [33].

2.5. Physics guided neural networks

Neural networks have proven to perform well at dose prediction within a patient. However, the prediction
from deep learning does not incorporate any physics whatsoever as the network learns to predict a gen-
eralized result, by incorporating all information of the training data. This implies that the predicted dose
distributions are neither realistically achievable or physically correct by default as the underlying physical
principles are not part of the prediction.

Recently, a new area within deep learning has emerged in which prior physics knowledge is used in the train-
ing process of the network. This can help tackling the problem of the lack of underlying information in neu-
ral network prediction, which thus helps improving the prediction. Also, another advantage is that training
can often effectively be done with smaller datasets [35]. This field is called physics guided neural networks
(PGNN), or physics informed neural networks (PINN).

2.5.1. Basic principles of physics guided neural networks

There are generally two methods to use the physics information within a neural network: The first and sim-
pler method is to make a hybrid physics-data (HPD) model [36]. In a HPD, the training input samples are
enriched with input from a physical simulation. Where a neural network tries to predict output Y from input
Xas Y = fyn(X), HPD includes Ypgy, an output from physical simulation model fpyy, into the training as
input: Y = fyn,pay (X, Yeuy).

The second option is to incorporate the physics within the loss function. Instead of minimizing a simple
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loss with one component L(f(X), Y), the loss now consists of two terms:
Lior = L(f(X),Y) + Lpuy (f (X)) (2.16)

Thus, a prediction which does not comply with the physical solution is penalized. It therefore acts as a regu-
larizer for the neural network. Apart from improving the prediction,

2.5.2. Dose engines

Dose calculated using a physics based model can provide the input for a HPD approach for radiotherapy.
There are several methods that are currently used to calculate a physical dose. The two most important are
Monte Carlo methods and convolution methods.

Monte Carlo methods

The Monte Carlo method is a dose calculation method that uses random number and statistical analysis in
order to solve the Boltzmann transport equation. The transport equations describes the transport of parti-
cles, in this case photons, in a phantom. The Boltzmann equation is in most cases unsolvable analytically, but
an approximation of the solution can be simulated using the Monte Carlo method. The idea is to track indi-
vidual particles which undergo interactions according to a certain probability distribution based on physics.
By simulating a large amount of particles and tracking the average behavior, a solution to the Boltzmann
equation can be approximated.

Although Monte Carlo methods produce very good results, the method is computationally expensive and
is therefore not directly useful in dose calculations of individual patients yet. As the limits of computation
change over time, Monte Carlo can become usable on a daily basis in the future.

Convolution methods

A method that is more useful for dose calculation in patients is a convolution method. This method is based
on the notion that each source photon has the same energy deposition effect on average. Therefore, if this
distribution or deposition kernel is known, the resulting dose distribution can be calculated for a specific
photon energy deposition rate at a certain point in the phantom. The dose deposition kernel is dependent
on the photon energy. After calculating it once, using for example Monte Carlo, the results can be used indef-
initely. However, the phantom composition in which the kernel is calculated, usually water, should be taken
into account.

Apart from the dose deposition kernel, the total energy distribution is dependent on the energy released per
unit mass at different points in the body. The total energy released per unit mass (TERMA) is a measure for
this amount of energy deposited in a certain point in the tissue. It can easily be calculated in the body with
Equation 2.17 using the attenuation in the phantom:

T(d) = Wbeam%e_”dE, (2.17)

where T is the TERMA value, Wy, is the beam intensity, p the density of the material, d the distance trav-
eled in the medium, p the attenuation coefficient and E the energy of the photons. Finally both the TERMA
and also the kernel need to be scaled for non homogeneities in the phantom for a better approximation.

With the kernel and the deposition values within the body, the kernel can be convoluted over all dose points
to calculate a proper dose distribution, which is still an expensive process. Approximations such as the col-
lapsed cone approximation are methods to account for this problem in practice as they reduce the complexity
of the calculation [37], [38].

By using one of the methods for dose calculation, an approximate dose distribution including physics in-
formation can be calculated for a patient. With such a physics based approximate distribution, input for the
HPD model is generated. The information of the physics based dose engine can then be used as prior to the
dose prediction model.



Method

In this chapter, a detailed overview will be given on the methods used during this research to acquire the
results. In Section 3.1 to Section 3.3, an overview will be given on the used data and deep learning libraries.
Next, in Section 3.4 the structure based dose prediction model will be extensively discussed. Finally in Sec-
tion 3.5 to Section 3.8, a novel multi stage PGNN learning approach that uses a dose engine and segment
prediction for dose prediction will be discussed.

3.1. Patient and plan data

The available dataset for this project consists of data of 100 different patients with prostate cancer provided
by The Netherlands Cancer Institute (NKI). The treatment plans for the patients were generated using the
Pinnacle® autoplanner, resulting in a homogeneous dataset of patients with a prescribed dose of 60 Gy to
the prostate planned in 20 fractions. All patients were planned to be treated with volumetric modulated arc
therapy (VMAT), on an Elekta machine with a nominal photon energy of 10 MeV and a 80 leaf MLC. A homo-
geneous dataset can be important for model training, especially when not a lot of data on outlier patients is
available for the model. As a result, not all patients can be included in the final dataset. Most importantly,
patients with a bowel loop have a bowel which is much bigger and very close to the PTV. This results in dose
distributions that differs a lot from patients without the bowel loop. Therefore these patients are excluded
from the dataset. For the same reasons, patients with hip implants are also excluded from the data. Moreover
the prescribed PTV dose is also checked to be homogeneous over the dataset. Lastly, it is checked that all
patient data is planned on a treatment machine with the same characteristics. For example patients planned
on a treatment machine with 160 MLC leafs are excluded. The remaining filtered dataset contains 89 patients
in total.

For each patient the plan (RTPLAN), structure set (RTSTRUCT) and dose (RTDOSE) information is available
in Digital Imaging and Communications in Medicine format (DICOM). The structure contours, available from
the RTSTRUCT files have a resolution of 0.5 mm in every direction, while the dose grid has a lower resolution
of 4 mm as retrieved from the DICOM files. The resolution is the same in every direction. The CT images are
not included in this study. As all patients are shaped differently, the dose grid and the structure maps vary in
size between patients. The dimensions of the grid vary between a minimum of 100 x 69 x 52 and a maximum
of 138 x 104 x 63 in voxel size over all patients.

Five different structures are included in this study. The different structures taken as input are: PTV, rectum,
rectal wall and anal sphincter and the entire body volume. The bladder is not included in this study as NKI
does not consider the bladder as an OAR for prostate patients. The left and right femur heads are excluded
to save memory, because these structures have an insignificant clinical effect on the treatment plan as the
objectives for the left and right femurs are easily met. The structure contours are projected onto the coarser
dose grid to form three dimensional Boolean maps with the same dimensions as the dose, and to be able to
use them as input for the model. Every structure map is added as a different channel in the fourth dimension
to create the input for the neural network.

17
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3.2. Input preparation

Before the data from the DICOM files is ready to be used as input for the neural network, different operations
need to be done. PyTorch is used as framework for the deep learning, which will be more extensively covered
in Section 3.3. PyTorch requires so called tensors as input, which can be easily generated from NumPy arrays
[39] [40]. Thus, the DICOM files need to be transformed into NumPy arrays. Apart from that, the tensors
need to be consistent in size and shape for training of the neural network. Lastly, to enhance the dataset, data
augmentations are done by modifications on the NumPy array.

3.2.1. Data loading modules

For the first step of the input preparation, specific python modules developed by NKI are used to acquire the
dosegrid and the structure masks from the DICOM files. The modules, called AVS modules, have not been
modified and are considered as the correct way to acquire the dose and the structure sets projected on the
dose grid. The structure set also has a resolution of 4 mm as a result.

3.2.2. Resizing

There are several requirements for the input of the deep learning model. First, the model requires a stan-
dard input size of the structures, because the model dimensions and the amount of channels are predefined.
Consequently the output dose is also of standard size. Also, the dimensions of the 3D image are halved with
every pooling operation in the neural network. Therefore it is beneficial to have image dimensions that are
multiples of 2¥~1, as the dimensions will then remain integers while downscaling with pooling operations.
Here k is the number levels in the network, which is five in this case. Next, it would be preferred to lose as
little information as possible during resizing. Lastly, the memory needed for training is influenced by the size
of the input. Modifying the input size to match the standardized size can be done in various ways:

¢ Image manipulation
¢ Cropping around the isocenter.

¢ Zero padding

With image manipulation packages such as SciPy or openCV, the dosegrid can be easily reshaped into the pre-
ferred size [41] [42]. However this requires to do an interpolation operation between voxels. This can alter the
dose information, which is not preferable. Cropping can only reduce the size of the input image. Therefore
the standardized size needs to be smaller than the dimensions of every individual input array. This makes it
prone to information loss errors. The last option is zero padding, in which the arrays are padded with zeros
until it matches the standardized size. The disadvantage of zero padding is the redundant use of memory.

In this project a combination of the last two methods is used: Cropping and zero padding. A standard size is
first determined in which is made sure that there is no loss of information. Taking the previous considerations
into account, the standardized input size is set to 144 x 96 x 64 voxels. Every patient is then either cropped or
padded, depending on the initial size of the dosegrid of the patient. In this way, all information is preserved,
while there is less excessive memory usage in training. Schematically, this is shown in Figure 3.1.

w—f—

Figure 3.1: Example of resizing in 2D. In the resizing operation, smaller arrays are padded with zeros, depicted by blue squares, and larger
arrays are cropped.
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3.2.3. Data augmentation

When more data is available, the neural network is better able to generalize training data trained for a new
prediction. Therefore, data augmentation is done to enhance the dataset of 89 patients. The data of every
patient is modified in various ways to produce more input samples for the neural network. Transformations
that retain physically correct dose information include translations and rotations. Other transformation as
for example mirroring and scaling do not. Mirroring can counteract biases from the autoplanning system
or the radiation direction, while scaling can have an influence on the path length of the radiation beam. All
augmentations need to be calculated both for the dose and the structures. Creating local anomalies in the
structure shape is therefore not an option, as an anomaly in the structure cannot be correctly transformed to
the dose distribution. Translations and rotations are included in this study. The translation is done in either
of the three dimensions by translating the data voxel wise. Translating in this way avoids pixel value errors
as a result of interpolation. A visual representation of a voxelwise translational augmentation can be seen
in Figure 3.2. Besides the translations, rotational augmentations of up to two degrees in the axial plane are
included as well. The rotations are done using the Python SciPy package[41].

ﬁ

Figure 3.2: Example of voxelwise translation in a 2D representation.

To prevent the excessive use of storage, the augmentations are calculated in every training sample individu-
ally. This increases the training time, but the increase is not significant.

3.3. PyTorch

The framework in which the deep learning architecture is built is PyTorch. PyTorch is a machine learning
library that is designed to be usable in the same object oriented programming style as Python. This makes
it very easy to use, while also providing competitive performance compared to other libraries [39]. PyTorch
holds all variables for the neural network in the tensors. Tensors are similar to arrays in NumPy and can be
modified using the same operations such as addition and multiplication. The special thing about Torch ten-
sors is that they can be easily moved from the CPU to the GPU. Since optimizing parameters of the neural
network does not require difficult operations, but rather a lot of simple operations, the GPU is a better fit for
the task. As such, running the neural network on the GPU makes training a lot faster.

PyTorch also makes training a neural network easy. In the neural network, the parameters need to be up-
dated by backpropagation. Instead of having to write the entire backpropagation algorithm manually, back-
propagation can be done automatically. Two parts of PyTorch play an essential role in this automation: the
computation graph, which tracks operations, and the automatic gradient calculation.

3.3.1. Computation graphs, the autograd module, and backpropagation

The computation graph is simply a method to track what operations are done on the tensors during the for-
ward pass through the network. Without such a graph, it is untraceable what operations have been done
within the network. In that case, an individual backpropagation algorithm needs to be manually defined
to propagate information backwards through the network. To overcome this, a tensor can be given the
require_grad = True statement. This lets PyTorch collect all necessary information for backpropagation,
which it stores in the computation graph.

The module that PyTorch uses to create these graphs is called the Autograd module. The goal of this module
is to make backpropagation as easy as possible. For the specific points in the created graph, the Autograd
module also automatically calculates the local gradients. These local gradients are needed to backpropagate
the information and thus update the parameters. With both the computation graph and the automatic gra-
dient calculation together, backpropagation can be easily done without the need to manually define it. As a
result, the parameters can be updated with two lines of code.
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3.4. Dose prediction with deep learning

3.4.1. Architecture specifics

In this project a U-Net is used for dose prediction [29]. For dose prediction, 3D structure data is used as input.
Therefore, the original U-Net is modified to a 3D convolutional U-Net. This has already been done in many
instances in literature. The network used in this project is inspired by the standard U-Net used by Nguyen et.
al. [23]. The architecture is similar, however the input dimension and amount of channels differ. In this study,
five input channels following the different structures are taken into account. As there are less structures in
the prostate region compared to the head and neck region studied in the article of Nguyen, the amount of
channels in each layer is halved. The U-Net that is used is schematically shown in Figure 3.3
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Figure 3.3: Schematic view of the U-Net used for dose prediction. The rectangles represent the feature maps and the different colored
arrows indicate the different operations with set filter sizes. Conv is a convolution operation, ReLU is the ReLU activation function, GN is
a group normalization and UpConv is a transposed convolution operation. Finally, the values above the rectangles indicate the amount
of channels and the values in front of the rectangles display the tensor dimensions.

As can be seen from Figure 3.3, the network has five levels. In the contracting left side of the U-Net, each
block at a certain depth consists of two 3D convolution operations with stride one and a padding to ensure
output dimensions equal to the input dimensions. The convolution layers are followed by a ReLU as activa-
tion function and a group normalization (GN) operation to speed up the learning process [10]. GN is used
instead of the more common batch normalization (BN) as memory restrictions prevent the batch size to be
large enough for accurate normalization statistics. GN is an alternative for this [28]. With the exception of the
input layer, the first convolution layer doubles the amount of channels. The second convolution layer keeps
the amount of channels equal. After a complete convolution block, a copy is saved to use as skip connection
to the expanding path, to retain detailed feature information. The output of the block is then fed into a max
pooling operation, halving the layer dimensions and increasing the depth of the network. In total this process
is repeated four times, creating a network of depth five, with a total number of channels of 256 in the deepest
part of the network.

On the right side of the network, the network is expanding again, starting with an upsampling operation,
which is a 2x2x2 transposed convolution with stride two. After the upsampling, the features from the con-
tracting side are concatenated to the upsampled features. Lastly, again a double convolution block is done
before upsampling again. The upsampling process repeats until the depth reaches the initial value and a last
output layer is included, constructing a single output from the 16 remaining channels.

3.4.2. Loss functions

The loss function generally used for dose prediction model training is the mean squared error loss (MSE), as
for example in the studies of Nguyen et. al., Kearney et. al. and Kandalan et. al. [23] [33] [43]. The MSE loss is
given by:

1
Lyse(Dpr) = NZ(DP"" —Dyn)* 3.1)
n

Where the loss is given by Lysg, N is the amount of voxels, D, is the predicted dose for individual voxel n
and Dy, is the true dose for individual voxel n. The MSE loss has proven to be effective and is suitable for
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voxel wise prediction.

To possibly improve the performance of the model, modifications to the MSE loss have been investigated.
One simple modification to the MSE loss is the addition weights to different voxels, depending on the struc-
ture they belong to. As it is more important to have an accurate prediction for the OARs and the PTV for
clinical applications, voxels belonging to these structures can be assigned a higher weight. This weighted
MSE loss function is then given by:

1 2
Lwmse(Dpr) = N§ Wn(Dpr,n— Dir,n) (3.2)
n

The weights w,, can be arbitrarily chosen, but it should be taken into account that the volume of the PTV
and the OARs is much smaller than the volume of the entire body. Therefore, the weights in the PTV and OAR
might need to be higher with a factor similar to the volume difference to see an actual effect of adding weights.

The last modification investigated in this study is based on the fact that not all prediction errors within struc-
tures are equally important, depending on the application. If a model is used to detect all situations where
underdosage in the PTV might be present, it would be better to have a model which has a bias to under-
prediction of the target than overprediction. In such a case, an overprediction error would be more severe
than an underprediction error as you might not catch all possible outliers. Based on this a loss function can
be constructed with different weights depending on the prediction value, using a Heaviside function. This
alternative will be indicated as Heaviside loss and is described as:

1
Lu(Dpr) = ¥ |w01,0(Dpr = Dir2HDpr = Dig) + w0 (Diy = D) H(Dyy = D py) 3.3)
n

Where the Heaviside step function H is one or zero depending on whether there is over- or underprediction.
Again the same holds for the weights as within the weighted MSE: PTV and OAR size are of influence on the
weight effect.

The different weight values used for the loss functions in the deep learning prediction, including weights
compensating for the structure size, are summarized in Table 3.1.

Structure | Weighted MSE | High weighted MSE | Heaviside MSE | High weight Heaviside MSE

Body 1 1 1 1
PTV 8 100 5&10 50 & 100
OAR 4 50 3&6 30 & 60

Table 3.1: Weight values used in the different structures for the weighted MSE and Heaviside MSE objective functions

3.4.3. Training and evaluation

Of the in total 89 patients available in the data, 64 were used for training and 13 were used for validation. The
other 12 were set aside as test data. Before training, the weights within the model were initialized as random
values with uniform distribution on [-1, 1] with the Xavier uniform initialization. Training is done in loops
over the training data called epochs. The training method itself is based on the approach of Kearney et. al.,
where the training is split in multiple phases [33]. In this study the training is split in two phases. In the first
phase an epoch consists of a single patient with all different augmentations. In the second phase the aug-
mentations are excluded and the network is trained on all training data. The idea behind the two phases of
training is that in the first phase the model learns to deal with possible augmentations and produces a first
guess, while in the second phase the model learns to generalize the prediction for different patients and dose
distributions. By not including the augmentations in the second phase, the training can be done much faster.

In both phases, the model was trained for a number of epochs until the validation loss did not decrease any
more. This early stopping is done to prevent overfitting of the model. During training the Adam optimizer is
used, with a learning rate of @ = 1-1072. Training is done in batches of only one sample at a time to prevent
memory problems on the GPU machine. The machine used for training contains a NVIDIA GeForce GTX-750
GPU with 2GB RAM and was used for all neural network training purposes.
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Part of the evaluation of the prediction will be done using several dose statistics. Dose statistics are used
to evaluate the quality of the treatment plan in practice, but can also be used to compare predictions with
different loss functions among each other. Besides, they can be used to compare with dose prediction mod-
els and corresponding dose statistics from earlier studies. Several dose statistics are used within this study.
First of all there are PTV coverage statistics, such as the D95 and D98, which represent the minimum dose that
95% and 98% of the PTV volume receives respectively. Next, the maximum dose and the mean dose in both
the PTV and the rectum are used. For the rectum, the V45, the volume fraction that gets at least 45 Gy dose,
is also considered as useful evaluation statistic, because of the clinical relevance in plan acceptance. Lastly,
the homogeneity index (HI) and van 't Riet conformation index (CI) are compared [44]. For the homogeneity
index, many different formulations exist [45], but the one used here follows the HI from Nguyen et. al. [10]
and is given by:
_ D2~ Dos
Dsp
where D, is the minimum dose that the 2% target volume with the highest dose receives. Similarly, the Dqg is

the minimum dose for the highest 98% of the target volume and Dsq for 50% of the target volume. The CI is
given by Equation 3.5 [44]:

HI 3.4)

_ (Vprv N Vigo)?

Vprv - Vioo
where Vpry is the volume of the PTV and Vj is the volume that receives 100% of the prescription dose. The
N represents the intersection between the Vpry and the V.

CI 3.5)

Furthermore, the dose volume histograms (DVH) of several structures within the body are predicted to give
a further indication of the clinical accuracy as plans and corresponding dose distribution are often rated on
their DVH during the planning phase.. In a DVH, the relative volume receiving at least a certain dose is plotted
for distinct organs. This gives an indication of the quality of the 3D dose distribution within a 2D plot. It also
distinguishes predictions in different structures.

Finally, NKI earlier developed a knowledge based planning approach to predict the rectum DVH. The model
uses principal component analysis (PCA) to predict the rectum DVH, depending on only two DVH points, the
V95 and the V.45, which are predicted using the patient overlap volume histogram (OVH). The accuracy of
the rectum DVH from the structure based dose prediction can be compared to this simpler model, which can
be a good indication of the clinical usability of the deep learning prediction.

3.5. Physics guided neural networks

The hybrid physics-data approach for a PGNN is investigated to see if including physics information within
the prediction can lead to better prediction results. For the HPD model, a dose distribution that includes
physics information would be the extra input to the prediction model. However, this dose distribution can
only be based on the structure set that is also provided as input to the structure based dose prediction net-
work, as that is the only available prior information.

A dose distribution is a combination of contributions from individual segments. Therefore, the total dose
distribution can be recreated by reproducing the individual segments. As all patients are treated on the same
treatment device, the treatment angles, number of MLC leafs and number of control points are equal. The
control points are discretized points at which the cumulative relative beam weight and the MLC positions are
exactly known for the VMAT arc. The relative treatment intensity per control point and the MLC positions are
the only two variables that are not fixed. As a result, when both the MLC positions and the relative intensity
are known, a dose distribution can be calculated for each segment using a fast physics based dose engine.
The MLC positions and the relative intensities are approximated by again using a neural network based on
the patient structures.

3.6. Segment prediction
Obviously, predicting segments is no easy task as the MLC positions are very variable and there are many
degenerate MLC position solutions for an optimal dose distribution. Besides, when one is able to accurately
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predict individual segment MLC positions with weights, there is no need for a dose prediction algorithm,
as the dose can be reconstructed directly from the correctly predicted MLC positions. The idea in this seg-
ment prediction is therefore not to predict 100% accurate segments, but to predict segments that are accurate
enough to produce an approximately correct dose distribution, which still contains useful physics informa-
tion.

To predict segments, a U-Net based neural network with structure information as input is again used. How-
ever, the output should now be a two dimensional contour of the MLC opening for every different beam angle
and a relative weight of the segment.

3.6.1. Input and output data

The shape of the segments are roughly dependent on the PTV and OAR structures which lie around the axis
of the treatment direction. The shape of a 2D projection of the tumor is dependent on the beam angle from
which it is viewed and thus on the angle of the beam. It would be preferred to irradiate the tumor from direc-
tions where no OAR is in front or behind the tumor. Therefore, the structure information is mostly relevant
seen from beams eye view (BEV) for every radiation angle.

As input for the neural network BEV projections of the PTV and OARs are used. The projections are made
by first rotating the structure information in the axial plane to BEV using the rotation algorithm also used in
the data augmentation part. The amount of structure voxels from BEV are then summed to acquire a 2D grid
with the thickness of the different respective structures at each part of the projection. As only parts directly
around the PTV are relevant, the 2D project is cropped to a 64x64 window around the isocenter in the PTV.
Finally, an inverse gantry head rotation is applied to make it easier to reconstruct the MLC positions later
on. The resulting input is now an array of 64x64 BEV projections for every beam angle, containing individual
structure information as separate channels.

The output of the network is an equally sized 64x64 window with weighted voxel values corresponding to
the MLC contour and relative weights. The relative weights are derived from the maximum value of the out-
put window for every angle. Normalized over all segments this gives the relative weight for every individual
angle. Every pixel value is then normalized on [0,1], again using the maximum value, from which the MLC
contour is finally derived. A schematic overview of the pipeline from input to output is given in Figure 3.4

3.6.2. Architecture specifics

There are several U-Net based architectural options for the implementation of the segment prediction net-
work. The most obvious method would be to use a 2D U-Net with the different BEV projections as different
channels. The different structures would be added in the same way as RGB information is processed in 2D
convolution. However, individual sequential segments are correlated to each other since the MLC positions
are limited in movement between two control points. Besides, the projected structures in BEV are compara-
ble between consecutive segments as the rotation between the segments is limited to only 4 degrees. Because
of this correlation, another option is to use a 3D U-Net again. For this 3D U-Net, the consecutive segments
would be located in the third dimension, while the structures are represented in the channels. Both methods
are investigated to find the best preforming method.

3D structures BEV BEV §truFture U-Net prediction
& beam angle projections

A Contour
= = = = > Weights

Figure 3.4: Pipeline of the MLC contour prediction. Starting with the 3D structure and a beam angle, giving a contour and relative weights
as output.
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The networks have the same structure as the dose prediction U-Net given in Figure 3.3. One difference for
both networks is the different input and output dimensions, which have the shape of the 64 x 64 BEV projec-
tion. Apart from that, the only difference between the structure dose prediction network and the 3D segment
prediction network is the amount of channels. The amount of channels in the fifth level of the network is 128
instead of 256. For the 2D architecture, there are a bit more differences. The network has a large amount of
input channels, starting at 256 channels in the first layer. Apart from that, the network only has three levels,
as the large amount of channels take up too much memory to include more.

The prediction does not directly deliver a Boolean contour map, but a weighted probability map that vox-
els belong to the contour or not. To create a contour, first the relative weight is extracted by the maximum
value. After normalization of all pixels, the pixels with a value larger than a predefined constant are assigned
as part of the contour. The value of this constant is on [0,1] and is calculated as the value that creates the
best DICE agreement with the actual contour, averaged over all validation data. The DICE statistic is given in
Equation 3.6 [46].

21XnY]|

DICE(X) = >iv (3.6)

Here X and Y are the volumes of the predicted and the actual MLC contour respectively.

3.6.3. Loss functions

Also several loss functions have been tested to investigate what achieves the best results. First of all, the basic
MSE loss was used on the 64x64 MLC contour weighted with the relative weights. Apart from that, a more
intricate and task specialized combination of the binary cross entropy loss (BCEloss) with a softmax function
and the DICE loss have been used together. This is based on the loss functions described by Sudre et. al. and
Milletari et. al. [47] [48]. The BCEloss is given in Equation 3.7:

N

BCELoss(X) = rplog(p(Xn)) + (1 - rp)log(l- p(Xy)), (3.7)
=1

1
N n
with r, the true voxel values and p(X,,) the softmax values of the predicted voxel contour. For the BCEloss, the
output layer of the neural network has two layers: one to encode the the MLC contour with nonzero values
and one inverted prediction which encodes the parts outside of the MLC contour with nonzero values. The
DICE loss is given by Equation 3.8:
21XNnY]|

DICELoss=1— ——— (3.8)
X+Y

The difference between this DICE loss and the original DICE statistic is that a value of 0 is considered to be
a good agreement within the loss function, as the loss function obviously needs to be minimized. This is op-
posed to the value of 1 being a perfect agreement in the normal DICE statistic. The DICE works well for larger
segments, but for smaller contours the statistic becomes more volatile as small contour displacements can
already have big effects on the outcome. The final loss is calculated by summing the DICE loss with the BCE
loss.

In total three different models with different architectures or loss functions have been trained. A 2D U-Net
model with MSE loss, a 3D U-Net model with MSE loss and a 3D U-Net model with the combined DICE and
BCE loss.

3.6.4. Training and evaluation

Training the segment prediction network was very similar to the training of the dose prediction network. The
same training, validation and test split of the patients is done, which again means 64 training, 13 validation
and 12 test of the 89 total patients. The parameters of the network are again randomly initialized according
to a uniform distribution on [-1,1]. Training is done in just one phase, with the entire dataset present and no
augmentations. Also, again a learning rate of 1-10~3 was used. Finally, the model was trained on the same
GPU machine.

The segments are evaluated by looking at the overlap of the predicted contour with the actual contour us-
ing the DICE statistic, earlier given in Equation 3.6.
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Figure 3.5: Example of post processed MLC contour in blue over the predicted MLC opening

3.6.5. Post processing

After predicting the projection of the MLC map on a 64x64 voxel grid, a post processing step needs to be done
to convert the map into realisable MLC positions. This is done by using the prior knowledge of the location
and width of the MLC leafs in comparison to the isocenter. The vertical position of the MLC edges is therefore
fixed and the horizontal position of the leaf edges can be interpolated from the contour on the 64x64 grid. An
example of such a post processing done on an actual predicted contour can be found in Figure 3.5. From this
example it can be seen that indeed the MLC opening roughly follows the shape of the predicted contour. The
last step is the application of the gantry head rotation on the MLC edge positions. The MLC positions can
then be used as input for the dose engine.

3.7. Segment extraction and dose engine

The RTPLAN contains all machine parameters of a treatment plan, which can be used to reproduce the dose
to the patient per segment. The VMAT plan consists of two beams, with 70 different control points, each four
degrees apart. The VMAT beam itself is continuous, but is discretized with the control points in 140 parts.
The parameters that are important for the reconstruction of the final dose can be put into two categories.
First of all, there are the parameters that are available without a dose calculation. These parameters include
the location of the isocenter, the individual voxel locations, the distance from the source to the isocenter and
the beam angles. These retrievable parameters are also summarized in Figure 3.6. The second category of
parameters are the parameters that are not known before the treatment planning has been executed. These
are the MLC positions and relative weights at the different control points, and are predicted using the method
described in Section 3.6.

To reproduce the dose per segment, an approach similar to the approach of Cho et. al. [37] is used, which
consists of three main steps. First, it is determined which voxels are hit by the photon beam for every seg-
ment and corresponding MLC positions. Next, the total energy released per unit mass (TERMA) is calculated.
Lastly, a collapsed cone convolution is done between the calculated TERMA distribution and dose deposition
kernels from literature to account for scatter.

3.7.1. Segment extraction and hit checking

The first step is the determination of the position of the MLC leafs and blocks, which shape the photon beam.
When not using predicted MLC segments, the positions of the central part of the MLC can be directly ex-
tracted from the RTPLAN. Together with the leaf width and leaf length, the edge positions can be calculated,
from which a contour is extracted that follows the edge points. The final contour is then rotated taking the
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Figure 3.6: Schematic view of the parameters which can be retrieved for a patient. The red square represents the position of the left upper
voxel, the red circle represents the isocenter while the red triangle depicts the source position. Furthermore, the beam angle, rotating
around the isocenter is given by 6. SAD is the source axis distance, which is a constant value. Finally, the voxel size can be retrieved, here
given by d3, with a value of 4 mm in every dimension.
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Figure 3.7: Projection of random patient from beamseye view with corresponding MLC positions

gantry head rotation into account. As no virtual source point for the radiation was available, the approxi-
mation is made that the incoming radiation is parallel to the source isocenter axis. Every part of the parallel
photon beam falling within the MLC contour goes through to the patient, while every part outside the con-
tour does not. An example of the MLC positions for a patient from a specific beam angle can be found in

Figure 3.7a. The corresponding projection of the MLC opening on the relevant structures can be found in
Figure 3.7b.
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Figure 3.8: Schematic view of the entry point approximation. The circle is the isocenter, the diamond shape is the voxel center at 7 and
the cross represents the entry point 7en¢ry. The black arrow is the beam from the source to the isocenter or T. The black dashed line
represents the vector from voxel center to the entry point (Fensry — 7). Finally, the red line visualizes the approximation of the entry
distance [+ (Fensr y —T), clearly in the direction of source isocenter axis.

Next, this MLC contour can be used to calculate which voxels in the patient are hit by the photon beam from
a certain angle. This is done with a hit checker script. This script calculates the location of the center of the
checked voxel on a plane perpendicular to the source isocenter axis. If the location of this voxel center is
within the opened MLC contour, projected onto the perpendicular plane, the voxel is hit. If the location is
outside of the contour, the voxel is not hit.

3.7.2. Calculation of released energy in the body.

After determining which voxels are hit for a certain angle and MLC positions, the TERMA values needs to
be calculated for these voxels. As seen earlier in the theory and specifically Equation 2.17, the TERMA is a
function of the distance traveled through the tissue and the photon attenuation in the tissue, again given in
Equation 3.9.

T(d) = Wbeam%e‘“dE (3.9)

Thus, to calculate the TERMA for a voxel, the distance travelled through the patient body to that voxel needs to
be calculated. As it proved computationally too expensive to raytrace every voxel to find the exact entry point
in the body, the distance is approximated by the distance to a constant entry point on the center line between
the isocenter and the source location, compensated for the parallel beam direction. The exact calculation is
summarized in Equation 3.10:

AP) =1+ Fentry—7) (3.10)

In the approximation the entry point 7.,y is the entry point of the source to isocenter vector, I. This is cal-
culated once using a raytracing algorithm and is then used as reference point for the entry points of all voxels
locations. The inner product is taken between the unit vector I and the vector between the voxel location and
the reference entry point. This approximates the distance in the direction of the photon beam. A schematic
view of this process is given in Figure 3.8. From the figure can already be seen that the approximation is not
perfect, especially when the beam does not enter the body perpendicular. However, the calculated TERMA
value is more accurate then using only the entry point.

The hitchecking process and TERMA calculation are done simultaneously per beam and per angle. The final
result is a TERMA distribution of all individual beams summed.
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3.7.3. Photon dose kernel and collapsed cone convolution.

The next step of the dose calculation is to use a photon dose kernel, which is an expression of the energy
deposition around the position where an incoming photon deposits its energy and thus accounts for the
scatter. The kernel is generally calculated using a Monte Carlo approach. The dose kernel can be convolved
over the TERMA values to produce a physically correct dose distribution. For the photon dose calculation
kernel, a tabulated analytical approximation from Ahnesjo for a polyenergetic kernel in water is used [49].
The analytical description reads:

Age %7 + B@e‘b@r

he(r) = 2

(3.11)

Where r is the distance to the source point, and © the angle to the photon direction. Furthermore, the Ag,
Bo, ag and bg are tabulated constants that can be derived with ©.

One problem with this method is that practically all individual TERMA voxels will contribute to the dose
in every voxel in the patient. Therefore, simply convolving the dose kernel over all TERMA voxels would lead
to an immense amount of computations. To counteract this, a collapsed cone approximation is often used
within practical dose calculation settings. The collapsed cone approximation is an approximation where the
energy that is normally released into equally sized coaxial cones is transported linearly over the voxels in the
axis of the cone instead of through the entire cone. This reduces dimensionality and therefore the compu-
tation time a lot. The new collapsed cone kernel also called the differential kernel is given by Equation 3.12
[38].

k() = / % he(r)sin(@)dOdd (3.12)
Qm.n

For the collapsed cone approximation, the azimuthal angle ¢ has been divided into 24 cones, while the altitu-
dinal angle 6 has been divided into 12 parts. As the voxel size of 4 mm is fairly large, using this kernel directly
for the convolution operation would not yield the most accurate results [38]. Instead of using the normal col-
lapsed cone kernel k(r), the cumulative collapsed cone kernel K(r) is used for more accurate results. The
cumulative kernel can be calculated by simply integrating the differential kernel as in Equation 3.13 [38]:

.
K2 =/ K (ndt (3.13)
0

The dose in a certain voxel can now be calculated by adding all contributions from the cones as in Equa-
tion 3.14

M N .
DX)=Y Y T(d) [K%X—Ff”fn—KQ(|X'—*;”|) (3.14)
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Here M is the number of cones and N is the number of voxels traversed by the axial cone line 7. K is the
cumulative kernel value for the specific cone. r; are the individual voxels on the axial cone line, with the
superscript denoting the entrance and exit of the voxel. Finally, X denotes the voxel in which the dose is
calculated and consequently X — 7i| is the distance from the dose voxel to the point on the cone line. To
decrease the computational load even more, only a fixed number of 10 traversed voxels per cone are con-
sidered within the approximation. This assumption is made since the contribution of voxels decreases very
fast with r, resulting in insignificant dose contributions. A schematic example of this collapsed cone approx-
imation process can be seen in Figure 3.9. The final distribution corresponding to the TERMA beam is now
calculated, again per beam, as the kernel shape is dependent on the orientation of the beam.

3.8. Multi stage learning

Using the segment prediction and the simple dose engine, an approximation of the actual dose distribution
as input for the hybrid model is calculated. The final step is to retrain the prediction model with the pre-
dicted dose and the structure sets. The neural network is now trained to improve the dose distribution from
the segment prediction as well as making a prediction based on the structures. The complete hybrid model
now consists of various steps, with two neural networks. Such a multi stage learning approach is similar to
the multi stage segmentation approach for small organs of Zhou et. al. [50]. Schematically, the entire model
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Figure 3.9: Visualization for the collapsed cone algorithm, images inspired by Cho et. al.[37]

structure is shown in Figure 3.10.

3.8.1. Dose prediction

The last neural network used for dose prediction is again very similar to the neural network displayed in Fig-
ure 3.3. The only architectural difference is one extra input channel which contains the normalized dose
distribution from the dose engine. The dose has been normalized on the max dose per patient in order to
let the neural network predict the level of the dose, similar to the structure prediction network. Besides the
network architecture, another difference is that only one loss function is used here: the MSE loss. The MSE
loss is chosen because it is the most basic loss function and makes comparisons with literature easier. Apart
from these small differences, the rest of the training method is completely equivalent.

The final dose prediction algorithm can learn to produce an output based on two different inputs. First, it
can learn the same information from the input structures as the normal prediction model does. Besides, it
can learn a mapping from the input dose to the output dose. To investigate what the network actually learns,
and to detect possible bottlenecks, the model is also trained using just the predicted dose as input, as well
as with only the correct segments. Finally three models are trained. A model with both structures and pre-
dicted segment dose as input, a model with predicted segment dose as input and finally a model with a dose
distribution based on the correct segments as input. These models will be referred to as combined segment
model, segment model and correct segment model, respectively. The models will again be compared by the
DVH statistics and by visually comparing the dose distributions.
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Figure 3.10: Schematic overview of the multi stage learning process. Rectangles represent data which is also used as input for the predic-
tion, diamond shapes represent data only used for training and ovals represent a module such as a neural network (SegNet and DoseNet)
and the dose engine.



Results

In this chapter the results of the simulations will be presented. In Section 4.1 the results of the structure based
dose prediction model are shown. In Section 4.2, the performance of the simple dose engine is discussed.
Next, in Section 4.3 the results of the segment prediction will be presented. Lastly, in Section 4.4 the results of
the multi stage dose prediction model are discussed.

4.1. Structure based dose prediction

Training of all models has been done in two stages, in which the model was trained until an optimal vali-
dation loss was reached. Training in the first phase took about 250 seconds per epoch, while training in the
second phase took about 520 seconds per epoch. All models with corresponding loss functions had a differ-
ent amount of epochs to train before the optimal validation loss was achieved. The values of the validation
loss vary since the loss functions are different and therefore the results cannot be compared directly. All the
training characteristics have been summarized in Table 4.1.

Table 4.1: Training characteristics of the models, with the amount of epochs both training phases take and the final validation loss.

Loss function Epochs, first phase | Epochs, second phase | Validation loss
MSE 6 37 0.77
Weighted MSE 15 43 0.97
High weight MSE 8 13 4.16
Heaviside MSE 9 51 0.94
High weight heaviside MSE | 12 36 2.36

An example of the loss during the entire training process is given in Figure 4.1. This specific example is of
the two phases of the weighted MSE model. It can be seen that in the first phase the validation loss barely
decreases. Training and validation losses for models with other objective functions are summarized in Ap-
pendix A.

A typical example of the output of the dose prediction model for a patient from the test group is given in
Figure 4.2. This particular example summarizes the prediction of a model with MSE loss together with the
contour masks, the original dose distribution and the dose difference. Summaries of dose prediction models
with different loss functions can be found in Appendix B. It stands from the examples that the predicted dose
outside of the PTV is visually uniform.

4.1.1. Dose prediction characteristics

The performance of the models can be measured and compared to each other using various dose charac-
teristics. The average absolute percentage dose difference of the PTV dose coverage statistics of the models,
are summarized in Table 4.2. The same difference in the rectum dose statistics, together with the conformity
index and the homogeneity index is given in Table 4.3.

31



32 4. Results
15.07 = Training_loss 61 —— Training_loss
Validation_loss validation_loss
12.5 4 =
5
10.0 1
7.5 4

5.0 1

Loss
/
Loss
w
L

2.5

0.0 - 5]

-2.5 —~—

—5.01

T
) 2 4 6 8 10 12 14 0 10 20 30 40
Epoch Epoch

Figure 4.1: Example of the loss during training in two different phases of the WMSE loss function, with the training loss and the validation
loss. The shaded area gives the standard deviation of the loss.

Table 4.2: Average absolute % dose difference of several PTV coverage statistics. The average difference is calculated over the patients of
the test set, just as the standard deviation.

Average Absolute % dose difference: 100 | W
PTV coverage statistics

D95 D98 Dax Dyiean
Loss function Mean + SD | Mean + SD | Mean = SD | Mean + SD
MSE 1.87+1.64 | 2.04+1.86 | 2.77+£1.82 | 1.26+0.92
Weighted MSE 142+1.26 | 1.35+1.47 | 243+£1.01 | 0.99%0.67
High weight MSE 4.24+3.42 | 4824393 | 1.93+1.67 | 2.68+1.77
Heaviside MSE 1.51+£1.60 | 1.91+1.76 | 3.90+1.65 | 2.00+1.43
High weight heaviside MSE | 2.62+£2.12 | 2.79+2.45 | 2.83+£2.56 | 2.27+1.94

Table 4.3: Absolute average % dose difference of several rectum coverage statistics, Conformity index and Homogeneity index. The

average difference is calculated over the patients of the test set, just as the standard deviation.

Average Absolute % dose difference: 100 | W
Rectum coverage statistics, CI, HI
Dyax Dyiean V45 CI HI
Loss function Mean + SD | Mean + SD | Mean + SD | Mean + SD Mean + SD
MSE 1.19+0.91 | 5.64+3.17 | 7.79+4.89 | 15.64+10.67 | 4.35+2.37
Weighted MSE 1.81+0.99 | 3.39+247 | 3.50+2.47 | 13.80+8.38 3.42+2.19
High weight MSE 259+1.71 | 4.27+255 | 5.14+2.81 | 31.67+13.93 | 5.65+3.03
Heaviside MSE 1.69+1.26 | 3.25+2.62 | 2.77+2.54 | 17.66+13.15 | 5.16+0.99
High weight heaviside MSE | 2.31+£1.94 | 3.81+2.24 | 5.21+4.40 | 20.30+14.18 | 3.60+2.45

From the statistics in Table 4.2 and Table 4.3 it can be seen that overall the weighted MSE model has the lowest
average absolute dose difference within almost all categories. Only the PTV D, and rectum D,y Statis-
tics are significantly lower within the high weight MSE and the normal MSE respectively. Another important
observation is that the model with high weights underperform compared to the other models. Increasing the
weights in the organs to compensate for the size of the organ does therefore not lead to an improvement in
the model, while a small weight increase for the MSE does. Finally it can bee seen that the CI has very high
difference values, up to over a 30% difference. This is the case for all different loss functions. The WMSE does
outperform the other loss functions also for the CI and the HI, although the difference values are still very
high especially for the CIL.

As the weighted MSE seems to outperform the other models, it is used to assess the performance of the dose
prediction more extensively. The normal MSE is also included in the assessment as it is the loss function most
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Figure 4.2: Summary of dose prediction model with MSE loss function from the axial, rotated coronal and sagittal view respectively.
First row represents the positions of the contours, second row is the true dose, the third row is the prediction and the last row contains
the dose difference. Doses and differences are plotted in Gy. Overprediction in the dose difference plot represents a higher prediction
compared to the truth value.
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Figure 4.3: Boxplot of average absolute dose difference of the models with MSE and WMSE as loss function.

For this, first a box plot is made to further visualize the prediction spread of the models, given in Figure 4.3.
From the plot can be seen that the spread in the MSE model is generally higher compared to the WMSE
model, which again gives the indication that the WMSE model performs better. Both models seem to predict
the dose characteristics well, with a spread generally around 0, with the exception of the rectum D ¢4, and
rectum V45 of the normal MSE model. These statistics both have a negative bias.

4.1.2. Clinical accuracy

The clinical accuracy is especially relevant when using the dose prediction to help make treatment decisions.
The DVH is an important indicator for clinical accuracy of a prediction on patient level. An example of a DVH
plot based on the model predictions for a test patient is given in Figure 4.4. It can be seen that the WMSE
model is generally closer to the actual DVH curve for the PTV and rectum, indicating that for this patient the
WMSE model produces a better prediction.
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Figure 4.4: DVH plot with MSE and WMSE models for PTV, rectum, anal sphincter and body. The solid line indicates the true DVH, the
dashed line indicates the MSE model and the dotted line represents the WMSE model.
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DVH scores

For a more quantifiable assessment of the DVH, the absolute average DVH difference over all DVH points for
the different structures is calculated for all patients in the test set. The results are presented in Table 4.4. From
the table can be seen that on average, the DVH accuracy of the PTV is approximately equal for both models,
with an average difference of 0.87 Gy and 0.84 Gy for the MSE and WMSE respectively, which is an error of
about 1.5% of the PTV prescription dose.

For the rectum and anal sphincter, the average DVH prediction accuracy differs between the two models.
The rectum is predicted more accurately by the WMSE model, while the anal sphincter is predicted better
with the MSE model. Furthermore, it stands out that the variation in the MSE model for the PTV and OARs
is significantly bigger compared to the variation in the WMSE. However, in the entire body the variation is
bigger in the WMSE model.

DICE scores

Another indication of the clinical accuracy of a model can be given by the overlap of isodose volumes of the
prediction with the isodose volumes of the actual dose distribution. This is shown in Figure 4.5 where the
DICE is plotted for different isodose volumes in the PTV. Here it can be seen that isodose volumes of the MSE
model overlap better in the lower isodose volumes, while it is the other way around in the higher isodose
volumes. Overall, the DICE score has an average value of 0.91 for both the MSE and the WMSE and has a dip
around 40% isodose volume.

Table 4.4: Individual average absolute DVH dose difference per patient for the PTV, the rectum, the anal sphincter and the entire body.
The values represent the average difference per DVH point p. The standard deviation indicates the variation in DVH point difference in
the patient. An average calculation of these values is included at the bottom of the table.

Average Absolute dose difference: % Zg:o IDtrue,p — Dpred,pl
Quantified DVH difference (Gy)
PTV Rectum Anal Sph. Body
Patient | Model | Mean + SD | Mean + SD | Mean + SD | Mean + SD
1 MSE 0.55+0.79 | 0.96+0.69 | 0.30+0.27 | 0.20+0.11
WMSE | 0.39+0.53 0.72+0.66 0.66 +0.44 0.37+0.41
2 MSE 0.36+0.37 | 1.66+1.09 | 0.67+0.37 | 0.26+0.23
WMSE | 1.08+0.61 | 0.85+0.43 | 0.97+0.41 | 0.91+0.73
3 MSE 1.31+0.40 1.13+1.00 1.36 +1.10 0.52+0.49
WMSE | 0.49+0.25 0.85+1.22 1.00+0.93 0.43+0.65
4 MSE 0.52+0.38 0.86+0.98 0.66 +1.48 0.25+0.16
WMSE | 0.51+0.31 0.57+0.54 1.13+0.80 0.17+0.15
5 MSE 1.67+0.83 | 0.95+0.74 | 0.94+1.77 | 0.59+0.62
WMSE | 0.63+0.35 | 1.04+0.61 | 0.96+1.16 | 0.68+0.73
6 MSE 0.64+0.38 1.27+0.95 0.54+0.77 0.43+0.40
WMSE | 1.60+0.27 | 0.67+0.53 | 1.02+0.88 | 0.51+0.69
7 MSE 1.39+0.63 1.97+1.70 1.14+1.75 0.25+0.23
WMSE | 0.25+0.18 0.56+0.43 0.96 +1.07 0.14+0.10
8 MSE 0.22+0.22 | 0.64+0.67 | 0.73+0.89 | 0.50+0.61
WMSE | 1.03+0.40 1.11+1.00 0.62 +0.55 0.46+0.72
9 MSE 1.06+0.49 | 1.49+1.12 | 0.75+0.72 | 0.26+0.18
WMSE | 0.55+0.27 | 1.83+1.33 | 1.51+0.63 | 0.33+0.34
10 MSE 1.73+0.79 249+1.71 0.87+0.40 0.20+0.28
WMSE | 1.23+0.91 0.88+0.58 1.17+0.43 0.49+0.98
11 MSE 0.36+0.25 | 0.38+0.36 | 0.48+0.36 | 0.35+0.52
WMSE | 0.54+0.36 0.41+0.25 0.92+0.46 0.28+0.31
12 MSE 0.58+0.58 1.53+1.22 0.47+0.73 0.17+0.12
WMSE | 0.85+0.39 | 1.48+1.09 | 0.76+0.46 | 0.35+0.37
Average | MSE 0.87+0.51 1.28+1.02 0.74+0.88 0.33+0.33
WMSE | 0.84+0.40 | 0.91+0.72 | 0.97+0.69 | 0.43+0.52
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Figure 4.5: DICE plot for different PTV isodose volumes for the MSE and weighted MSE predictions of the test patients. The shaded area
indicates the standard deviation of the average DICE prediction on the test set.

Performance compared to NKI model

Of both the OVH based prediction and deep learning prediction, some examples of the rectum DVHs of the
test set with respect to the actual rectum DVH have been plotted in Figure 4.6. Here it visually seems that the
structure based dose prediction produces a better DVH prediction.

The performance can be quantified by looking at the differences in DVH performance. As the OVH model
predicts the volume fraction for a fixed dose, the deep learning prediction is interpolated to do the same. The
average absolute volume fraction difference of the OVH prediction is 0.072 + 0.042, while the deep learning
prediction has an average absolute volume fraction difference of 0.020 + 0.014. Taking both the quantified
results and the visual inspection of the rectum predictions for all individual patients into account, the deep
learning prediction gives a better rectum DVH prediction than the OVH prediction based model.

4.2. Dose engine performance

The results of the accuracy of the dose engine are based on the correct segment information retrieved from
the RTPLAN. The dose engine produces two outcomes. The first part predicts the TERMA values of voxels
hit by a beam from a certain angle through a MLC segment and the second part produces a collapsed cone
convolution.

4.2.1. TERMA distribution

An example of a predicted TERMA per voxel for a single beam can be seen in Figure 4.7. It is clear from Fig-
ure 4.7c that the shape of the segment largely agrees with the shape of the PTV and the shape of the rectum.
Also, the calculated beam is well aligned with the center of the PTV.

Combining all TERMA values from the individual beams produces a preliminary dose distribution, given in
Figure 4.8. Note that the presented figures contain the dose distribution normalized on the maximum voxel
value. In comparison to the actual dose distribution from the RTDOSE data, given in Figure 4.9, the beam
shapes resemble the original dose distribution quite well: The low and high intensities in the dose distribu-
tion are located at the same position. This suggests that the individual segment decomposition works well.

Larger differences can be seen in the PTV area of the dose distribution where the intensity is clearly lower
in the TERMA prediction compared to the original dose. Apart from that the beams in the TERMA distribu-
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Figure 4.6: Rectum DVH predictions of a subset of test patients with the deep learning based prediction model and the OVH based
prediction model.

tion are sharper, due to the lack of scattering dose taken into account. Calculating this TERMA distribution
takes approximately 6 minutes with the current scripts.

4.2.2. Collapsed cone convolution

The collapsed cone convolution is done on the individual beams to include scatter in the dose distributions.
The effect of the collapsed cone convolution operation done on the predicted TERMA beam is given in Fig-
ure 4.10. It can be seen that at the sides of the beam, the dose now gradually decreases instead of directly,
which is a result of the collapsed cone convolution which imitates the scatter from the beam.

Combining the beams yields again a dose distribution, which is given in Figure 4.11. Compared to Figure 4.9
the PTVintensity complies much better with the true dose distribution than the TERMA distribution. Also, the
rays of the single beams are less sharp, while still visually distinguishable. However, they are also less sharp
than in the original dose distribution. A disadvantage of including the collapsed cone convolution is the
increase in computation time. By including the collapsed cone convolution, the calculation time increases to
30 minutes per patient.

4.2.3. DVH comparisons

The accuracy of the dose engine is further investigated by comparing the DVH plots of the TERMA distri-
bution and the collapsed cone distribution with the actual DVH. This can be seen in Figure 4.12. It stands
out that in both the TERMA model and the collapsed cone model the relative dose is generally lower for all
structures than the actual value. This can be an effect of the normalization. A second thing that stands out is
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(a) Axial view (b) Coronal view (c) Sagittal view

Figure 4.7: TERMA of a single beam through a corresponding segment. The green contour is the PTV, the red contour is the rectum.

(a) Axial view (b) Coronal view (c) Sagittal view

Figure 4.8: TERMA distribution combining all predicted TERMA beams. The green contour is the PTV, the red contour is the rectum.

(a) Axial view (b) Coronal view (c) Sagittal view

Figure 4.9: The true dose distribution, extracted from the RTDOSE. The green contour is the PTV, the red contour is the rectum.

that the shape of the TERMA PTV DVH is similar to the actual PTV shape, while the collapsed cone DVH has
amore rounded shape.

Both models are far from perfect, but do contain physical information of the segments, beam directions and
intensities. They can therefore be used as input for the dose prediction model to try to incorporate physical
information about the dose distribution in the prediction. Errors made by the dose engine can possibly be
compensated by the deep learning model.

Apart from the accuracy, the calculation time is an important parameter in the use of a predictive dose al-
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(a) Axial view (b) Coronal view (c) Sagittal view

A

Figure 4.10: Dose distribution of a single beam with collapsed cone convolution. The green contour is the PTV, the red contour is the
rectum.

(a) Axial view (b) Coronal view (c) Sagittal view

Figure 4.11: Dose distribution combining values of all beams, corresponding segments and relative weights of the beams. The green
contour is the PTV, the red contour is the rectum.

gorithm. The collapsed cone convolution method takes about five times longer than the TERMA calculation,
increasing the time from 6 to 30 minutes. In this specific application, this time increase proved to be hard to
work with as the generation of the collapsed cone dose distributions take more time than the neural network
training. Considering that the collapsed cone method still achieves results that are not perfect, the TERMA
distribution is used as input for the segment prediction model.

4.3. Segment prediction

A segment prediction needs to be done to provide input for the dose engine to create a dose distribution. As
discussed in Section 3.6, the goal is not to predict the shapes perfectly, but to produce segments that give the
possibility to calculate an approximate dose distribution using the dose engine.

4.3.1. Shape prediction

The three different models, also described in Section 3.6, have been trained to predict segment shapes of all
140 control points in the treatment plan of the patient. All three models produced very comparable results,
both in individual shape prediction as well as in average DICE scores over all test patients. Examples of shape
predictions can be found in Figure 4.13. From these examples can be seen that the predictions can be quite
accurate and can resemble the actual shape very well, especially for the larger segments such as the first row.
For more complex and smaller segments, the accuracy of the predictions is often more off, such as can be
seen in the last two rows.

The average DICE scores for the test patients can be found in Figure 4.14. As all different models have ap-
proximately the same average DICE score for all different control points, and the inspected segments often
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Figure 4.12: DVH plot of the dose engine models and the actual DVH. The solid line is the original dose, the dashed line is the DVH
calculated from the TERMA distribution and the dotted line is the DVH of the collapsed cone approximation. It should be noted that the
relative volume and relative dose is on the axis.

do not differ significantly visually, the prediction is not drastically different by using either of the three mod-
els. The 3D convolution model is finally used within the segment prediction, to keep all models of the same
kind of architecture.

4.3.2. Weight prediction

The weight prediction was simultaneously done with the segment prediction. The weights of the segments
are quite volatile, as can be seen in the example of the weights in Figure 4.15a. In Figure 4.15b an example
of the predicted weights of the same patient is displayed. Although both seem to randomly go up and down,
at least part of the prediction matches with the correct weight prediction: For example the weights around
the 60th control point form a plateau, same as with the valley before the 120th control. As such, including
weights is at least an improvement over uniformly weighted segments.

Using the shape prediction, the weight prediction and a MLC reconstruction algorithm, the dose distribu-
tion for a specific patient is calculated. An example of the prediction of the same patient as in Figure 4.2 can
be found in Figure 4.16. It can be seen that the resulting dose distribution is far from perfect with high dose
gradient and hot spots within the tumor. However, the ray effects are still visible as well as a lower dose at the
top and bottom of the patient, outside the tumor. Therefore the prediction might still contain useful infor-
mation for the U-Net in the dose prediction step.

From the DVH, displayed in Figure 4.17, the same can be seen. The dose within the PTV is clearly far from
uniform, which results in parts of the PTV being hotspots. The same is true for all other structures. In general,
the prediction seems a lot worse when compared to the prediction with the correct segments.
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(a) 3D DICE + BCE (b) 2D MSE c) 3D MSE (d) Truth

(e) 3D DICE + BCE (f) 2D MSE (g) 3D MSE (h) Truth

(i) 3D DICE + BCE (j) 2D MSE (k) 3D MSE (1) Truth

Figure 4.13: Examples of three different segment predictions with different contour complexity and size.
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Figure 4.14: DICE scores per control point over the test set for the three models.
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(a) Correct weights of segments of example patient

Figure 4.15: Example of the correct and predicted relative weights.
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Figure 4.16: Dose distribution by using the dose engine in combination with segment prediction.

(b) Predicted weights of example patient

(c) Sagittal view
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Figure 4.17: Relative DVH plot of a patient, by using the segment prediction and the dose engine. Note that the relative dose and relative

volume are used.
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4.4. Multi stage dose prediction

After calculating all segment dose predictions to be used as input, training the final neural network for dose
prediction costs a similar amount of time as training the structure based dose prediction network. The train-
ing characteristics of the models can be found in Table 4.5. An example of the decrease of the loss functions
during training are included in Figure 4.18. The other loss graphs are again displayed in Appendix A

Table 4.5: Training characteristics of the models, with the amount of epochs both training phases take and the final validation loss.

Model Epochs, first phase | Epochs, second phase | Validation loss
Combined segment | 6 39 0.864
Segment 5 49 1.853
Correct segments 13 114 0.433

From this table can be seen that the validation loss of the model with only correct segments as input has the
lowest validation loss. Both other models have validation losses which are higher than the MSE model valida-
tion loss from the structure based dose prediction model, given in Table 4.1. The correct segment prediction
also outperforms the earlier models in terms of final validation loss. Apart from that, it can be seen that using
the correct segments takes a lot more epochs to train than when using the predicted segments. Examples of
the predictions for a random test patient can be found in Figure 4.20.

Several things directly stand out from the dose distribution examples. The combined segment model pre-
diction results in a visually uniform prediction, as was also the case in the simple dose prediction algorithm.
The segment model gives a prediction with does not resemble the correct dose distribution at all and the
maximum dose is predicted over 10 Gy higher compared to the true dose distribution. The correct segment
model predicts a dose distribution which not uniform. It seems to approximate the ray effects seen from
the original dose distribution. This effect is even more clear when looking at the difference plots given in
Figure 4.19. In Figure 4.19a, the difference varies mostly within different angles to the isocenter following
mistakes in intensities of rays from a certain angle. In Figure 4.19b, the difference is somewhat more ran-
dom and the differences are not in ray like shapes anymore. Something that is worse in the correct segment
predictions are the multiple artifacts visible in the prediction in the coronal and sagittal slices.

4.4.1. Coverage statistics and DVH comparisons

The performance of the models can again be further investigated by using dose characteristics. The average
absolute percentage dose difference of the PTV coverage statistics are given in Table 4.6. For the rectum, to-
gether with the CI and HI the statistics are given in Table 4.7.

—— Training_loss 54 = Training_loss
6 validation_loss Validation_loss
4
4
2 21 7 3]
5 g
0 2
-“'\_/--a.‘____
-2 1 \\—\
T T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 0 5 10 15 20 25 30 35 40
Epoch Epoch

Figure 4.18: Example of the loss during training in two different phases of the combined model. The training loss and the validation loss
are included. The shaded area gives the standard deviation of the loss.
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Table 4.6: Average absolute % dose difference of several PTV coverage statistics

Average absolute dose difference: 100 | W
PTV coverage statistics
D95 D98 Dax Dinean
Model Mean + SD Mean + SD Mean + SD | Mean + SD
Combined segment | 4.31+3.26 4.37+3.84 9.05+5.00 | 4.69+3.28
Segments 20.25+14.46 | 26.28+16.33 | 15.64+6.52 | 5.75+4.72
Correct segment 5.71+£6.57 6.92+8.19 4.63+£4.09 2.01+£1.76

Table 4.7: Average absolute % dose difference of several rectum coverage statistics, Conformation index, Homogeneity.

Average absolute dose difference: 100 | W
Rectum coverage statistics, CI, HI
Dmax Dyean V45 CI HI
Model Mean + SD | Mean + SD Mean + SD Mean + SD Mean + SD
Combined segment | 5.52+3.94 | 4.50+3.56 5.80+£4.81 24.29+12.69 | 10.84+4.72
Segment 10.01+£6.35 | 21.31+£14.13 | 39.61+25.21 | 14.00+11.34 | 40.72+18.45
Correct segment 4.00+4.68 8.43+6.39 14.90+15.00 | 16.29+8.11 10.58+11.88

From the values it directly stands out that all models are underperforming in coverage statistics accuracy
compared to the structure based prediction algorithm. Especially the segment model has very high inaccura-
cies. Apart from that, the combined model seems to have better performance of the dose coverage statistics
than the correct segment model. Only the maximum prediction value is better within the correct segment
model.

Again the DVH of the prediction can be investigated to see more complete information of the prediction
accuracy. For clarity, the prediction of the segment model has been excluded in the DVH plot as it can already
be concluded that the prediction is not accurate. The DVH can be seen in Figure 4.21. From this figure it can
be seen that the prediction models for this single patient do perform reasonable in the OARs with comparable
accuracy as in Figure 4.4. The prediction within the PTV is more off and shows a large over prediction com-
pared to the actual DVH. Also, the difference between the two models does not seem to be very large from
this DVH

A more quantifiable approach can be done by looking at the individual average dose difference per patient.
The combined prediction model performs a lot better in the DVH prediction than the correct model as all av-
erage predictions of the DVH are better. Also the correct segment model has a much more variable prediction
and there are individual patients that are predicted very bad, such as test patient 5 and 10.
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Figure 4.19: Difference plots of the combined and correct segment prediction model in axial view
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Figure 4.20: Summary of dose prediction model using segment dose approximations. The axial, rotated coronal and sagittal view are
respectively displayed. First row contains the true dose distribution, the second row contains the prediction of the combined model, the
third row contains the segment model and the last row contains the correct segment model. Doses are give in Gy.
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Figure 4.21: DVH of the combined prediction model and the correct prediction model.

Table 4.8: Individual average absolute DVH dose difference per patient for the PTV, the rectum, the anal sphincter and the entire body.
The values are calculated for the combined segment model (comb) and the correct segment model (corr). The values represent the
average difference per DVH point p. The standard deviation indicates the variation in DVH point difference in the patient. An average
calculation of these values is included at the bottom of the table.

Average Absolute dose difference: %, Zﬁ:a IDtrue,p — Dpred,pl
Quantified DVH difference (Gy)
PTV Rectum Anal Sph. Body
Patient | Model | Mean + SD Mean + SD Mean + SD Mean + SD
1 Comb | 4.67+1.76 1.72+1.19 0.49+0.47 0.56+0.76
Corr 5.09+5.41 13.22+10.30 | 5.32+5.07 0.76 £0.55
2 Comb | 1.78+1.05 0.69+0.45 0.41+0.32 0.86+0.91
Corr 8.78+8.93 7.98+5.84 1.20+1.42 2.70+2.12
3 Comb | 1.48+1.03 1.12+0.86 1.46 +1.28 0.23+0.35
Corr 17.79+13.32 | 25.89+15.99 | 30.36+12.92 | 1.21+1.08
4 Comb | 3.36 +1.22 1.75+1.62 0.61+1.41 0.54+0.54
Corr 5.47+6.10 7.93+7.01 9.50+£10.87 0.83 +0.60
5 Comb | 1.67+0.83 0.95+0.74 0.94+1.77 0.59+0.62
Corr 26.49+11.66 | 15.95+11.69 | 10.01 +4.31 1.24+0.90
6 Comb | 7.29+1.59 2.32+2.74 1.22+1.49 0.71+1.23
Corr 6.03+6.71 19.76 £12.85 | 31.71+15.93 | 1.17+1.05
7 Comb | 3.04+1.49 1.99+2.00 1.03 +£0.57 0.25+0.46
Corr 5.09+6.29 5.53+6.15 0.89+0.68 0.78 +£0.52
8 Comb | 1.47+1.03 0.95+0.96 0.99+1.36 0.33+0.50
Corr 2.23+1.65 1.73+0.96 0.62+0.95 0.59+0.38
9 Comb | 1.35+1.43 1.42+1.08 0.63+0.51 0.16+0.22
Corr 17.12+14.33 | 13.35+9.06 12.70+5.02 1.38+0.94
10 Comb | 5.04+2.38 1.78+1.31 1.04+0.79 0.90+1.18
Corr 26.26+15.65 | 11.49+6.17 4.59+0.69 3.25+3.18
11 Comb | 1.18+1.05 1.30+1.23 0.80+0.33 0.15+0.18
Corr 4.73+5.07 5.15+5.68 2.13+3.09 1.07+0.73
12 Comb | 1.16+0.83 0.84+0.76 0.92+0.49 0.18+0.25
Corr 5.07+6.32 1.59+1.68 2.84+4.18 0.57+0.39
Average | Comb | 2.79+1.31 1.40+1.25 0.88+0.90 0.46 +0.60
Corr 10.85+8.45 10.80+7.78 9.32+5.43 1.30+1.04




Discussion

In this study, dose prediction using neural networks has been researched. In the following part the results of
the structure based dose prediction, the dose engine, the segment prediction and the multi stage prediction
are discussed and interpreted individually.

5.1. Structure based dose prediction

Training the different structure based dose prediction models generally worked out as expected. In the first
phase, the validation error quickly stopped decreasing in most models, while the training loss shrank fast.
As the uncertainty of the training loss quickly decreased, the network learned to handle the augmentations
quickly. However, the generalizability of the single patient with augmentation to the validation set ran into
its limits. This lack of generalizability could mean that the augmented dataset was too simple to have a sig-
nificant effect on the training. A relatively small first training phase was also seen in the DoseNet article of
Kearney et. al. [33]. In the second phase more epochs were needed. The training loss generally decreased
steadily, but the decrease slowed down as the loss became lower, which is again as expected. Approximately
the same behavior is seen in the validation loss.

Compared to several instances in literature it stands out that there is the low amount of epochs trained before
a network stops early. The relatively quick convergence could mean that the used dataset is more homoge-
neous than the patient sets used in literature, especially since it is a dataset that contains autoplanned pa-
tients. For example in the article of Nguyen et. al. it is specifically noted that there are patients in the dataset
with vastly different structure geometries [10]. Also the Kandalan et. al. paper contains different patient
groups [43]. Apart from that, a variation in the results can originate from the early stopping mechanism as
small differences in validation loss dictate the amount of epochs trained. For more accurate results it would
therefore be beneficial to implement k-fold cross validation to be able to make an estimate of the variation
within model training. When implementing this, it would also be beneficial to increase the computational
power used for training.

From Figure 4.2 can be seen that the prediction of the neural network, in this case with MSE loss function,
predicts a largely uniform dose distribution outside of the PTV and rectum area. Using structures as input
does therefore not provide enough information to neural network to learn the physical effects of the different
beams. This outcome is as expected as no effort was taken to possibly include physics information within this
network. When using the uniform prediction for evaluation or quality control purposes, this does not neces-
sarily pose a problem as long as evaluation properties such as PTV or rectum DVH’s are predicted accurately.

5.1.1. Prediction accuracy

The WMSE model outperforms the models with other loss function on dose characteristics. This on itself
is an interesting outcome as most state of the art dose prediction models use the MSE as loss function [23]
[33] [43]. However, the increased performance can easily be explained. As bad predictions in the PTV and
OAR regions are punished more severe by the loss function, the network prioritizes these regions. Therefore
the prediction in these structures becomes more accurate. On the other hand prioritizing the PTV and OARs
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might cause the parts outside of these structures to be predicted worse. This is indicated by the higher differ-
ence and uncertainty within the DVH point predictions in the body, as can be found in Table 4.4.

Another observation is that the models with high weights in the loss function perform worse on the same
dose characteristics prediction. A reason for this could be that the network has a harder time converging to
a solution with the high weights. An indication for this is that the uncertainty in the training loss is higher
in the high weighted models, as can be seen in Appendix A. A solution could be to use a lower learning rate
within these models.

The CI and HI statistics seem to follow the same trend as the other coverage statistics by being generally
lower in the WMSE model. It should be noted however, that especially the CI gives very high error values that
are often significantly larger than in literature, which would indicate that at least the conformity of the dose
is not as in the true dose.

Although model performance is highly dependent on the training data, the dose characteristics of the two
best preforming models can be compared to several prostate dose prediction models from literature to give
an indication of the accuracy. One comparable model is the model of Norouzi Kandalan et. al [43]. Where
the source model represents the most common planning style in a similar sized dataset. The PTV dose char-
acteristics are mostly within 3%, while the rectum dose characteristics are within 2% for the D,y and 1% for
the Dyeqn- Both the MSE model and the weighted MSE model from the structure based dose prediction have
errors much lower than the 3% for the PTV and have comparable accuracy for the rectum D,;4,. Only the
error in the rectum D;¢4, is much higher compared to the source model of Norouzi Kandalan et. al.

The dose characteristics can also be compared to the dose prediction model of Nguyen et. al [10]. The PTV
prediction metrics are within 3%, while the max and mean values are all within 2%, a performance slightly
better than the Norouzi Kandalan paper. The MSE model and the weighted MSE model both match these
dose characteristics. An important difference however is that the prediction model is based on IMRT pre-
diction with only seven beams instead of VMAT. A prediction with VMAT is more complex, which indicates
a good accuracy of the models presented in this study. Concluding, the results obtained from the structure
based prediction model is in good accordance with the models from literature.

5.1.2. Clinical accuracy

From the average absolute dose difference in DVH from Table 4.8 can be seen that the average absolute error
of both predictions is about 1.5% in the PTV, which is in line with the values of the PTV dose characteristics.
The accuracy of the two models varies within the two evaluated organs at risk, but the differences fall well
in the variation of the predictions. This variation can also be seen by looking at individual cases, where both
models outperform each other in DVH prediction in different patients. Based on these quantified DVH met-
rics, there is not one model that clearly outperformes the other.

One interesting difference between the two models is the average standard deviation. The WMSE model
has alower variation in average absolute dose difference for the PTV and OARs, but a higher variation looking
at the entire body of the patient, which can also be seen from the presented box plot in Figure 4.3 This can
again be explained by the focus of the loss function on the PTV and OARs. In conclusion, the loss function
used for a model should depend on the goals of a prediction: When only the prediction in the PTV and OARs
are important the WMSE should be chosen. When the entire prediction is needed, the MSE is a better fit.

The only other study that reported DICE scores come from the paper of Nguyen et. al. [10]. The found
DICE scores of 0.91 on average is identical to the reported DICE scores of Nguyen et. al. Apart from that, the
shape of the similarity curve is also comparable, with both having a dipping accuracy at 40% of the volume.
The only major difference is the drop in the highest isodose volumes, which is less prominent in the Nguyen

paper.

5.1.3. Performance compared to OVH prediction model

In a more practical application, the neural network prediction does produce a more accurate rectum DVH
compared to the OVH prediction model. As the prediction speed is negligible once the network has been
trained, implementing the neural network prediction could therefore provide a direct beneficial clinical im-
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pact to evaluations in treatment planning. However, for the prediction to be part of an evaluation pipeline,
the rectum prediction still needs to be integrated in the evaluation and more tests need to be done to ensure
that the model generalizes for more prostate patients..

Overall, the structure based dose prediction matches the accuracy of models from literature very well and
performs well in predicting dose characteristics. The usage of the WMSE can improve the prediction accu-
racy in the dose characteristics. The presented network works well and can be used as the basis for the physics
guided multi stage neural network approach.

5.2. Dose engine

When using the correct segments, the dose engine is able to reconstruct a dose distribution that is visually
very similar to the true dose distribution. The dose distribution is centered around the isocenter which is
located in the PTV and the high dose area follows the tumor shape closely. The same ray effects with cor-
responding areas of higher and lower dose arise from the dose engine reconstruction. This indicates that
reconstruction part of the dose engine works well.

However, the dose calculation shows that the acquired results are still far from perfect. From the DVH ex-
ample in Figure 4.4 can be seen that the DVH of the actual dose distribution is not approximated very well,
neither by the TERMA nor by the collapsed cone convolution model. Because of the five times longer compu-
tation time of the collapsed cone convolution dose engine, it was not feasible to use the convolution model
for the creation of neural network input. Therefore, the TERMA distribution is used in practice, which is an
imperfect approximation of the dose distribution without scatter. The main purpose is for the engine to pro-
duce a fast estimation of the dose distribution that provides useful physical information from the individual
segments for the neural network, for which task the TERMA distribution is still useful.

There are more aspects of the dose engine that could have lead to errors. First there are inaccuracies present
in the reconstruction part of the engine. In practice the radiation source has a virtual focus point from which
the radiation originates in a simulation. This would create a cone like ray. In the reconstruction, the approx-
imation is made that the source delivers parallel rays through the MLC to the target, which will therefore not
be cone shaped and not completely realistic.

Other inaccuracies might be explained by an approximation that arises in the TERMA calculation. The dis-
tance traveled in the body is approximated using a standard entrance point and the unit vector of the beam
direction, as given in Equation 3.10. Because of this approach, an inaccuracy will arise whenever the entrance
plane is not perpendicular to the beam direction. This effect can for example be seen in in the right part of the
beam in Figure 4.7a where TERMA value remains at a maximum well away from the entrance point. Although
the absolute TERMA values in this way are calculated more accurately, than with an approach of only one
entrance point, this approximation can induce a bias into either side of the beam, which can lead to error is
the dose distribution. On the other hand, partially overlapping beams can counteract the effect.

Overall, taking these approximations into account, the dose engine creates a visually similar dose distribution
that seems to contain extra information as opposed to the structure set.

5.3. Segment prediction

The expectation was that the network would not be able to predict perfect segments. This turned out to be
correct. With the used approach, there was a high variability in the accuracy of the MLC opening contours.
While there are larger segments that can be approximated quite well, smaller and more complex segments
were predicted less accurately. This variability is clearly seen within the DICE coefficient plot for all the model
in Figure 4.14.

One thing that stands out is that the performance of the different trained models are very similar. While
the predicted segments do locally differ, overall performance, measured again with the DICE score, seems to
provide similar results. This might indicate that the DICE score is not the perfect indicator for the accuracy
of these predicted contours. Other metrics such as the Hausdorff distance could therefore be investigated to
be used instead. Alternatively, this can be caused by also using the DICE statistic to determine the threshold
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constant for contour determination. Including the binary classification within the network could be an im-
provement.

Using the predicted MLC positions in the dose engine, leads to a dose distribution that is far from perfect.
The prediction does still seems to contain some new information as some ray effects are still present. How-
ever, an increase in the accuracy of the segment prediction would be needed to provide useful information for
the dose prediction network. Increasing the segment prediction accuracy would therefore be an interesting
possible focus point for further research. One of the ideas would be to use an architecture more specialized
for contour predictions.

5.4. Multi stage dose prediction

For the combined prediction model and the correct prediction model the training process went as expected
and similar to the training of the structure based dose prediction model. Just as in the training of the structure
based dose prediction model, the training loss decreased quickly in the first training phase, while there was
a more gradual decrease during the second training phase. Also the standard deviation in the loss decreased
steadily. This was not the case for the segment model, where the variation in the training did not decrease at
all. This indicates that the network had a hard time generalizing a correct output for the given input.

It could also be seen that it took much longer to train the model with the correct segments as opposed to
the predicted segments. An explanation for this is that the predicted segments do not provide enough infor-
mation for the neural network to learn something useful. On the other hand in the correct segment model,
the network needs to learn to interpret the intricate dose distribution information in the correct segments,
which can take more time to generalize.

5.4.1. Dose distribution examples

When looking at examples of the dose distribution such as in Figure 4.20 a couple of things stand out. First
of all, the combined segment model produces a dose distribution that is visually similar to the dose distribu-
tions from the structure prediction model. The PTV has a high dose, while the rectum area receives much less
dose and the rest of the body is mostly uniform. This is not what was expected beforehand. By adding the
segment dose as extra input, the expectation was that the neural network would be able to learn some of the
provided physics information. Therefore, the expectation was to see some of the ray like effects in the pre-
dicted dose distribution as well. Due to the lack of these effects, it looks like this segment dose information
was mainly predicted using the structure information.

From the dose prediction example of the segment model, it can directly be seen that the dose prediction
is far off. The high dose area does not conform the PTV shape and the total dose does not follow the body
shape either. Also, the maximum dose is very high and there are horizontal low dose artifacts present within
in the body. Therefore it seems that the segment dose prediction does not provide enough information to
predict a useful dose distribution.

To test this hypothesis, the results from the correct segment are evaluated as well. In the correct segment
model it stands out that while the general shape of the dose to the PTV is again correct, the dose in the rest
of the body is not uniform anymore. Instead the model predicts ray like effects similar to the actual dose
distribution. With the correct segments it therefore seems that the neural network does learn physical prop-
erties of the dose distribution with the segment dose as input. Consequently, the predicted segments are the
bottleneck in the segment dose prediction pipeline, as that is the only difference between the two models.

5.4.2. Quantatative analysis

The quantative analysis further supports the claim that the segment dose prediction does not provide enough
information for a useful dose distribution. Comparing the values of the validation losses from Table 4.5 with
the validation loss of the MSE loss structure prediction model, it can be seen that the validation loss of both
the combined and the segment prediction model loss are higher. However, the validation loss of the correct
segment prediction is lower. This indicates that overall, the correct segment prediction model produces a
better prediction than the structure prediction model, as both are trained on the exact same dataset and are
evaluated with an equal loss function.
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As the loss is an average value over the entire patient, decreasing the loss does not necessarily result in an
increased clinical prediction accuracy. The accuracy is again investigated using dose statistics. From the
statistics, given in Table 4.6 and Table 4.7, can be seen that both the combined segment model and the cor-
rect segment model perform worse than the original structure based dose prediction over all characteristics.
The improved validation loss did therefore not increase the accuracy of the dose statistics.

The average absolute dose difference from Table 4.8 shows that the prediction accuracy of the correct seg-
ment model is very variable over all structures. Although a positive effect can visually be seen, the variability
indicates that the model is far from useful. Testing the correct segment prediction with the structures as input
as well would therefore be a good approach to see if the ray effects effect remain while the individual variabil-
ity is decreased.

This is further supported when looking at the DVH and DVH differences, from which can be concluded that
including the structures has a large impact on the accuracy of the model. Even with the predicted segments,
the combined model outperforms the model with the correct segments. Structures should therefore always
be included when constructing a final prediction model.

A problem with the segment dose prediction is the usage of the dose distributions normalized on the max
dose per patient. Although the shape of the dose distribution is consistent through the normalization, the
inter patient absolute dose information is not preserved. Especially distributions with a long PTV DVH tail in
the high dose part will be normalized with higher maximum values than more homogeneous distributions.
This could be one of the sources of the high variability within the correct segment model prediction. By doing
the normalization in a different way that accounts for inter patient absolute differences, the results could be
possibly less variable. The extent into which the this normalization problem has influenced is not known.

5.4.3. Outlook

The results show that the current segment dose prediction network does not predict MLC positions and
weights accurate enough to increase the accuracy of the dose prediction model. However, when using the
correct segments, the neural network does learn to include the physics partially. An interesting question that
arises from this conclusion therefore is: When are the segment predictions accurate enough to be used in
this multi stage learning method? If the MLC and weights need to approximate the actual values before they
become useful, then this multi stage learning approach provides no benefit anymore and the focus should be
shifted to possibly predicting the machine parameters directly. If that is not the case, the multi stage learning
approach could still be useful. An important direction for following research would therefore be to learn more
about the segment predictions.

Another possibility would be to try the other PGNN approach in which the physical properties are included
within the loss function directly. By using the physics information within the loss function, the neural network
directly optimizes for the physics information, making sure that the physics information is actually used. Ac-
curate segment predictions would still be needed for this to work.

Finally a last improvement would be to include the entire pipeline within a single neural network. The neu-
ral network would predict the MLC positions and weights, calculate the corresponding distribution using a
transformation from the dose engine, and predict the final dose distribution in one network. The possible
advantage of this approach is that the individual parts of the network are optimized together, which makes
sure that the different parts of the network are all optimized for dose prediction task.






Conclusion

In this study the applications of deep learning for dose prediction of autoplanned patients have been investi-
gated. The aim was to produce a neural network that is able to predict the dose in a patient based on structure
sets of the patient as input, and to produce a dose prediction pipeline that includes physics information, in
an attempt to make the model more accurate and more realistic.

The neural network that has been developed for the structure based dose prediction was based on the U-
Net architecture. It proved to be able to accurately predict the dose distribution in the test patients. The
prediction of the PTV DVH has an error of about 1.5% averaged over all DVH points, which is in absolute
value smaller than 1 Gy on average. Also the different OAR predictions had an average prediction difference
of about 1 Gy. This is in accordance with performance of state-of-the-art models in literature. However, it
should be noted that the result is dependent on the dataset used, which in this case was a homogeneous set
of autoplans.

It could also be concluded that using a weighted MSE loss function can improve the prediction performance
of the model on DVH statistics. The WMSE loss function outperforms the often used MSE loss for PTV statis-
tics up to 0.7% and the rectum D4, by more than 2%. Only the Dy, 4y is predicted better by the normal
MSE. Therefore, applications in which DVH statistics are used, such as knowledge based planning or evalu-
ations based on DVH predictions, benefit from using the WMSE loss. Furthermore, the structure based dose
prediction showed to improve the currently used rectum DVH prediction model.

A physics guided neural network pipeline has been developed which incorporates physics information from
individual segments into a dose prediction using a hybrid-physics data model. The pipeline consists of three
main elements. The segment prediction model, the dose engine and the dose prediction model. From the
results can be concluded that this implementation of the prediction pipeline was not able to increase the ac-
curacy of the prediction model, nor make the dose distribution more realistic.

It has been shown that using the correct MLC contours and weights, the final neural network can predict
a dose distribution that is heavily influenced by the physics information. The correct model achieves a lower
loss than the structure prediction model and produces both more realistic dose distribution. It can therefore
be concluded that the segment prediction is the bottleneck in the prediction pipeline. The segment pre-
diction network was not able to reproduce MLC contours and relative weights accurately enough to provide
useful physics information for the dose prediction.

Further research should be focused on two areas. First, as the prediction of the structure based model has
a good accuracy, the clinical applications of this structure based model should be further investigated. An
option for this is outlier detection for autoplans. Secondly, further research should focus on finding out how
much the segment prediction should be improved before the network can learn useful things from it and
consequently what the best way is to further improve the accuracy of the segment prediction model.

53






Loss of different prediction models
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Figure A.1: Example of the loss during training in two different phases of the MSE model. The training loss and the validation loss are
included. The shaded area gives the standard deviation of the loss.
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Figure A.4: Example of the loss during training in two different phases of the high weight Heaviside model. The training loss and the
validation loss are included. The shaded area gives the standard deviation of the loss.
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Figure A.5: Example of the loss during training in two different phases of the segment prediction model. The training loss and the

validation loss are included. The shaded area gives the standard deviation of the loss.
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Figure A.6: Example of the loss during training in two different phases of the correct segment prediction model. The training loss and
the validation loss are included. The shaded area gives the standard deviation of the loss.






Dose prediction examples
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Figure B.1: Dose prediction example of the prediction dose of the WMSE and the difference with the true value. Doses and differences
are plotted in Gy.
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Figure B.2: Dose prediction example of the prediction dose of the HWMSE and the difference with the true value. Doses and differences
are plotted in Gy.
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Figure B.4: Dose prediction example of the prediction dose of the high weight Heaviside MSE and the difference with the true value.
Doses and differences are plotted in Gy.
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