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Abstract

Computed tomography (CT) is a powerful tool in medical imaging that is used to study anatomical structures
in the human body. To achieve this, CT measurement data is reconstructed as an image, after which semantic
segmentation is performed to analyse body structures or to detect diseases. These so-called sequential methods
perform reconstruction and segmentation separately and are frequently used in practice, just as joint methods which
perform these tasks simultaneously. However, these methods have several disadvantages. The reconstructed images
could be not suited for segmentation or might contain noise that results in incorrectly predicted segmentation masks,
which might be fatal in practical applications. Next to this, reconstructing an image is not necessary to detect the
location of a certain body substructure, since measurement data contains this information too. In this thesis, a direct
deep learning model is evaluated that performs segmentation using extracted features from measurement data. The
model learns information based on the geometry of the measurements and uses this to predict the relation between
sinusoids in sinograms and coordinates in a corresponding segmentation mask. The direct segmentation model
is compared to a joint model, which is adapted from the aforementioned geometry-based model. The joint model
reconstructs images and predicst segmentation masks based on the same learned relation. Both models are assessed
on their performance in segmentation and reconstruction.

Keywords: CT, image reconstruction, semantic segmentation, multi-task learning, direct method
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Chapter 1

Introduction

Computed tomography (CT) is one of the medical imaging techniques in radiology that is widely used to visualize
internal structures of the human body [[L]. When a CT scan is performed, X-rays are emitted by rotating X-ray tubes
and the resulting X-ray attenuation is measured by a detector over different angles. A mathematical reconstruction
algorithm provides a cross-sectional image of the body of a patient, where structures such as bones, organs and
soft-tissue are visualised with different intensities. By stacking multiple cross-sectional images (slices), a complete
CT scan is acquired that provides a three-dimensional image. The spatial resolution of this image is high compared
to modalities such as position emission tomography (PET) and magnetic resonance imaging (MRI), which makes
CT a very powerful tool in diagnosis, prognosis, and treatment planning [2]. However, performing a CT scan also
has its downsides. A CT scan requires ionizing radiation, which can damage body cells of a patient which in its turn
might lead to cancer [3]]. An obvious yet crucial solution to this issue is to reduce the amount of radiation the patient
is exposed to. However, while risks associated to CT decrease, a CT scan with lower radiation dose results in noisy
projection data [4]. Mapping this measurement data onto the image domain might lead to more noise appearing
in the reconstructed image and thus incorrect visualisation of anatomy and pathology, complicating diagnosis or
treatment of a patient.

To work around the issue of noisy projection data, one could incorporate prior knowledge of the target image
in reconstruction algorithms. Traditional analytical methods, such as filtered back-projection (FBP) and iterative
reconstruction (IR) algorithms, can only handle limited prior information regarding, for example, the anatomy of
the human body [5]. On the other hand, machine learning approaches - specifically, deep learning methods - have
proven to be very useful techniques for CT image reconstruction tasks [6]. Deep learning methods are able to learn
features of the provided data directly, where conventional methods rely on hand-crafted features of the input. Deep
learning algorithms are able to create mappings from raw input to a desired output [7]], meaning they are well-suited
for the reconstruction of noisy medical images since they are able to capture complex non-linear transformations

(8.

High-quality image reconstruction is important for a range of applications, among them the automatic segmentation
of anatomy and pathology. Image reconstruction and segmentation are two separate research areas that are typically
used sequentially in medical imaging and image analysis. Image segmentation is a technique that partitions an image
in multiple regions, the so-called segments. The goal is to break down an image into multiple subgroups and thus
reduce the complexity of the image to ease any further processing or the analysis of the image. This technique is
used in medical imaging, for example to locate anomalies or to study the anatomical structure of part of the patient’s
body. Deep learning methods are frequently used for segmentation tasks as well [9].

Most methods that are currently developed in CT image analysis can be considered as indirect methods, meaning
that first CT projection data (so-called sinogram) is reconstructed resulting in a CT image, after which segmentation
is performed on reconstructions. However, most research - especially in deep learning - focuses on only one part of
this sequential approach: either the reconstruction model is improved, or the segmentation method. Even though
indirect methods are regularly used in practice, they suffer from several disadvantages. A reconstructed image
might not necessarily be suited for segmentation, since the reconstruction algorithm might use only a part of the
representation of the acquired data [10]. Especially when the radiation dose of a CT scan is reduced, anomalies
might be detected incorrectly due to noisy reconstructions [11]]. In addition to this, when segmenting part of the



visualised anatomy or pathology, one is interested in a specific region, not the entire reconstruction. Essentially,
an adequate reconstruction is not essential to perform correct segmentation. Therefore, an alternative for these
sequential approaches is to perform joint end-to-end reconstruction and segmentation of images, where the model
trains by means of a combined reconstruction and segmentation loss. This type of method would lead to preservation
of information on the reconstructed image when performing segmentation on the image and propagation of the loss
through the entire network.

Considering the idea of performing reconstruction and segmentation jointly, the question arises whether it is neces-
sary to even reconstruct an image at all, instead of performing segmentation on the projection data in the measure-
ment domain. The purpose of reconstructed images is, as mentioned before, primarily to support the observations
that are passed on from a radiologist to a clinician. Chung et al. [[12] discuss this very purpose of reconstructing an
image. In practice, one might only be interested in the growth or reduction of a certain disease during a screening,
for example. These types of minor procedures do not require a full CT scan including a reconstruction. Therefore,
it is worthwhile considering a data-driven method by performing segmentation directly on the sinograms, since
the projection data contains the same (and perhaps even more) information as the reconstructed images. The work
of Chung et al. mentions that deep learning techniques could contribute to more robust, objective and quantita-
tive methods of the diagnosis and treatment of patients. Features can be derived directly from sinograms, possibly
improving the performance of a deep learning model that is suited for segmentation [10].

This thesis explores the potential of a data-driven deep learning model and whether it could overcome the limitations
of indirect methods that are currently used in medical imaging. The goal is to determine if such a model is suited
for direct segmentation on CT measurement data. The proposed model is based on the findings in the work of He
etal. [13][14]. There, a downsampled-imaging-geometry based network (DSigNet) for CT image reconstruction is
described, which combines geometric modelling knowledge and prior knowledge obtained from a data-driven train-
ing process [14]. The DSigNet model is able to exploit geometric knowledge and prior knowledge from sinograms
and back-project these from the projection domain onto the image domain. In this work, the DSigNet is adjusted to
a direct-DSigNet model to perform direct segmentation and a joint DSigNet model, which performs reconstruction
and segmentation simultaneously. The three models are compared to each other to determine if direct segmentation
is indeed superior to indirect segmentation and a joint model.

1.1 Thesis outline

Chapter[2]presents the mathematics behind CT acquisition and reconstruction and reviews methods that are currently
used in the field of CT. Chapter[3|describes the theory and practices of data-driven machine learning approaches for
CT reconstruction. The mathematical models form the basis for the models to be assessed in this research. Chapter
H]presents the proposed model that provides a segmentation using only sinograms as input. A similar model that is
able to perform reconstruction and segmentation simultaneously is specified as well. Moreover, the dataset used for
experiments is described and the evaluation metrics are provided. Chapter[5|presents the results that were acquired
while comparing both methods described in Chapter @] This is followed by a discussion and points for further
research in Chapter[6] and a general conclusion in Chapter[7]



Chapter 2

Image Analysis in Computed Tomography

This chapter is an introduction to medical image analysis in CT. First, the physical functioning and the mathematical
background of CT scan reconstruction are described in Chapter[2.TJand[2.2] respectively. This is followed by Chapter
[23]which addresses ill-posedness in image reconstruction in CT, which is a critical issue in image reconstruction and
semantic segmentation. Chapter[2.4]discusses conventional and deep learning models that are used in practice which
are less prone to ill-posedness in image reconstruction. This is followed by conventional and deep learning models
that are used for semantic segmentation in Chapter[2.3] Lastly, Chapter[2.6|elaborates on how image reconstruction
models and semantic segmentation models are used sequentially or jointly in practice.

2.1 CT scan acquisition

Computed tomography is a medical imaging technique that is used in medical diagnosis and is performed by a
technologist. Before a CT scan is made, a patient is positioned on a motorized table that moves through the scanner,
as depicted in Figure 2.Ta] During a CT scan, X-ray sources with detectors on the opposing side are both rotating
around the patient. The sources emit X-ray beams, which are lined up with detectors after passing through the
patient. The beams are emitted in either a fan-beam shape (see Figure [2.1b) or a parallel-beam shape (see Figure
[2:34). In this work, it is assumed the beams are emitted parallel to each other.

X-ray
Source

Motorized
Table

D

etector® 4
(b)

Figure 2.1: (a) CT scan performed at Leids Universitair Medisch Centrum [15]], (b) Schematic image of a fan-beam
CT scan performed on a patient [16]].

After one full rotation of the source-detector pairs, a sinogram is obtained. One full rotation denotes a rotation over
either a semi-circle or a full circle, depending on the type of CT scan. This sinogram can be used to reconstruct a
slice, which is an image of a cross-section of the scanned body of the patient. The slices depict body tissues and
their densities, which are proportional to the X-ray attenuation. This results in low attenuation being displayed as



a low intensity (dark colors) and high attenuation as high intensity (bright colors). For example, bone tissue has
a very high attenuation, whereas bodily fluids and blood have a low attenuation. Figure [2.2] shows a sinogram-
reconstruction pair where the different attenuations are clearly visible in a slice.

Figure 2.2: Example of a sinogram and a corresponding reconstructed image.

After the first rotation, the table is moved slightly forward, followed by another rotation of the source-detector-pairs.
This process is repeated until the desired number of slices is obtained. These slices can be stacked such that a three-
dimensional image is obtained of (a part of) the patients body. These images provide a visualization of anatomy
and pathology, which can be used for prognosis, diagnosis, and treatment planning, among other applications.

2.2 Mathematics of CT

The following theory is based on the lecture notes provided by Van Leeuwen and Brune [[17]]. Note that the mathe-
matical derivation for CT is explained for a two-dimensional case. Assume X-rays are emitted from a starting point
x = 0 with intensity Iy and detected at distance x = +oo. By the Beer-Lambert law the attenuation in a small
interval of length d2 corresponds to the difference between the intensity I(x) and the attenuation at z, resulting in
the following expression:

Iz +0z) = I(z) — u(x)I(z)dx 2.1

with u(z) being the attenuation coefficient at position x. Eq. can be rewritten in the form of a differential
equation
I(x +6x) — I(x)
ox

= —u(z)I(z), (2.2)

with the general solution

I(z) = Iexp (- /0 u(t)dt). 2.3)

Now, assume that the beams travel along an arbitrary finite ray ¢, starting at the source and ending at the detector.
By defining the measured intensity to be I,,,, rewriting Eq. [2.3] gives:

P, = —1og(lj_7;l> = /u(m)dx, (2.4)
¢

which relates the measured and inital intensity and the attenuation coefficient. Note that P is known with a certain
error, whereas u(z) is unknown. This expression holds for a single X-ray beam.

The idea of CT is to obtain information of the interior of a three-dimensional object by rotating the source and de-
tector around the object in order to obtain and combine multiple projections. This implies that a general expression
ought to be derived for the measured intensity for all measurements. By finding a parametrisation for all X-ray
lines, a transform is constructed which is expressed as an integral.
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Figure 2.3: Schematic and geometric visualisation of a parallel-beam CT scan retrieved by a parallel-beam CT scan.

First, consider the detector and X-ray source to be rotating around a unit circle. A mathematical description of
CT will be derived in two spatial dimensions z = (x1,72) € R2. Now, assume that the attenuation u(x1, x2) of
an object at point (21, ) is constrained to the unit sphere {z? + 23 < 1} and the detector is positioned along
the tangent of the unit circle (see Figure 2.3b). The angular position of the detector with respect to the 1 -axis is
constrained as 6 € [0, 7). The point of contact between the detector and the X-ray can be expressed as the normal
of this point on the unit sphere w(#), while the normal of w(#), i.e. w™(#), is the unit vector along the tangent. Any
point on the detector line can now be described as a linear function w(#) + tw™(6) with parametrisation t € R.
Translating this to an X-ray line ¢ that is orthogonal to the detector, which it crosses at a point corresponding to
t € [—1, 1], this line can now be parametrised by s € R as follows:

o) = sul®) 1 (0) =5 | 0] 4o ol 9

By rewriting Eq. 2.3] an expression can be derived for all points lying on ¢:
£(0,t) = {x € R| 21 cos(f) + x2sin(h) = t} (2.6)

Since all lines crossing the unit sphere can be parametrised as above, inserting Eq. [2.6|into Eq. 2.4 results in a
linear mapping R defined as

f(6,t) = Ru(f,t) = /e(e ) u(z)dx 2.7

which is the Radon transform. During a CT scan, for each fixed emission angle 6 the position ¢ is varied. This
results in the so-called parallel-projection, which is depicted in Figure 23] In this case, the Radon transform is
described formally as

Ru(0,t) = / / u(z)o(zy cosl + xosinf —t) dx (2.8)

where Ru(6,t) is a Radon projection of the object with attenuation w(z). Furthermore, ¢ is the position of the
detector bin, 6 is the angular position of the X-ray tube and §(-) is defined to be the Dirac-delta function.

2.3 Ill-posedness of the Radon inverse

When one aims to reconstruct an object u(x) from the given measurement f(6,t), a problem arises regarding the
inverse of the Radon operator R. Due to the unboundedness of the inverse Radon transform [[18]], reconstruction
becomes an ill-posed inverse problem. Any inverse problem can be mathematically described as

Y= Az (2.9)



where the unknown z € X is the solution of the equation above, y € Y the known noiseless measurement and .4
the operator defined as A : X — Y, where both X and Y are Banach spaces. An inverse problem is ill-posed, if it
is not well-posed. The latter is defined according to Hadamard [[19] as follows.

Definition 1 Ler A : X — Y be a forward mapping. Then the inverse problem y = Ax is well-posed if all of the
Jollowing points hold:

* a solution exists
* the solution is unique
e the solution’s behaviour continuously depends on the measured data

Ofttimes solutions do not fulfill the third requirement due to modelling and measurement errors. This is the result
of the operator .4 being just a model for the underlying process. When noise is incorporated, the model is defined
as

Y’ = Az +e€ or y° = Az (2.10)

with e being the measurement error of a certain unknown distribution with ||e|| < ¢ and ||y® — y|| < e. The ill-
posedness also occurs in the inverse Radon transform R, which cannot be defined. Due to the unboundedness of
the inverse Radon transform [18]], the problem of reconstructing an image x from a given sinogram y by means of
the inverse of R is an ill-posed inverse problem. The unboundedness of R results in the fact that small changes in
measurements might lead to significant differences in reconstructions. As a consequence, we cannot just use the
inverse of the forward operator. To work around this issue, specific reconstruction algorithms for CT have been
developed that estimate or learn the Radon inverse operator. Several of these algorithms that are currently used in
practice are described below.

2.4 CT image reconstruction

One of the solutions for accurate image reconstruction is to use an approximation (reconstruction technique) for
the inverse Radon transform that is well-posed. A standard method in CT that is used for image reconstruction is
filtered back-projection (FBP) [20]]. This method is an analytic reconstruction algorithm, that reconstructs image
slices from projection data and applies a convolution filter in Fourier domain to remove blurring. FBP is an efficient
algorithm, however it is infeasible when the projection data is noisy. This is due to the fact that in FBP it is assumed
that X-rays travel along a straight line and that the X-ray source is an infinitely small focal spot [21]], which results
in enhancement of the noise of the projection data.

Within several decades iterative recontruction (IR) algorithms were preferred over FBP, since they are able to handle
low-dose, hence noisy, CT data. These algorithms can be split in two categories, namely hybrid IR and model-based
IR. The first type of IR filters the projection data iteratively to reduce any artifacts, after which the data is back-
projected resulting in a reconstruction. This reconstruction is filtered as well in the image domain to reduce image
noise. The second type of IR back-projects the data onto the image domain and directly afterwards, a forward projec-
tion is performed on the same image. The true and artificial projection data are then compared to update the image
reconstruction. Several examples of hybrid IR algorithms are ASIR (adaptive statistical iterative reconstruction)
and SAFIRE (sinogram-affirmed iterative reconstruction)[22]][23[]. Other examples of model-based IR algorithms
are ASIR-V and ADMIRE (advanced modeled iterative reconstruction) [24][25]. Even though the reconstruction
time is either minimal or average in all algorithms, the advantages of these types of algorithms is their strength in
artifact reduction and noise reduction, where the latter is performed exceptionally well [5]. A reason to consider
other types of reconstruction techniques, is the fact that IR algorithms rely on manually designed prior functions.
Deep learning techniques on the other hand overcome this issue by learning the prior features.

Many deep learning reconstruction techniques have emerged in medical imaging which outperform iterative meth-
ods [26]]. The strength of deep learning methods is that images can be reconstructed from data that is noisy and of
poor quality. The deep learning techniques learn a reconstructor that is an approximation of (2.8 without any prior
information. The earliest deep learning methods are based on convolutional neural networks (CNNs) [27] with an
encoder-decoder structure. The DEAR-3D network [28]] uses the structure of an optimized Wasserstein generative
adversarial network (WGAN) [29] to perform reconstructions. This method has proven to perform better than the
other CNN-type networks and the conventional FBP. In general, most recent deep learning methods continued us-
ing the CNN or GAN structure of the reconstruction task. All mentioned networks operate in the image domain,
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where a reconstruction is retrieved using a regular FBP algorithm, after which image quality is enhanced using
a deep neural network. An example of a deep learning method that operates in projection (sinogram) domain is
the ADAPTIVE-NET, which is a model that first filters the sinogram using convolutional layers after which the
sinogram is projected onto the image domain with a reconstruction as results [30]].

2.5 Semantic segmentation in medical imaging

When reconstructed images are obtained from a CT scan, medical image analysis is performed to detect the position
and/or size of a pathology or anatomy in a patient’s body. This is often done by means of semantic segmentation.
Deep learning semantic segmentation assigns a class or category to each pixel in an image, making this a pixel-
level classification technique. When all pixels are assigned to a certain category, clustered pixels are labeled as one
substructure and, hence, one class. This method allows to perform precise analysis of medical images of anatomic
data. Early approaches were mostly based on edge detection and matching algorithms [31]][32]. The implementation
of machine learning techniques started only recently, with Li et al. [33] being the first ones to use support vector
machines in combination with level sets for body data segmentation. One of the major drawbacks of the described
segmentation techniques is the difficulty in extracting discriminating features as a result of, for example, noise, blur
and low contrast in medical images. However, this has led to major developments in deep learning methods, which
do not require hand-crafted features anymore.

CNNSs have gained their popularity in deep learning segmentation methods due to their remarkable performance,
since they are able to easily process images with noise, blur and low contrast [9]. One of the most widely used
networks is the U-Net [34], which became a benchmark method for segmentation tasks in deep learning. The U-Net
combines both low- and high-resolution feature maps by means of its symmetrical structure with skip connections,
which improves the information flow and preserves more spatial information. It has an encoder-decoder type of
structure, where the image is first downsampled to a certain size, after which it is upsampled again to the original
size. Trainable convolution kernels within the downsampling and upsampling pathway extract features from the
image and transform these features into a pixel-wise classification mask. Many other segmentation networks have
been based on the architecture of the U-Net, such as the 3D U-Net [35] which is fit for handling 3D medical data and
provide segmentations. Another network, which has the U-Net as basis, is the V-Net [36]. This network is deeper
than the U-Net, which implies that it has more downsampling units, resulting in the network having a V-shaped
architecture. The V-Net is also suited for three dimensional data.

2.6 Multi-task image reconstruction and segmentation

As mentioned in Chapter[I] image reconstruction and segmentation are typically considered to be disjoint problems.
Hence, it is rare to see a (deep learning) method that performs both reconstruction and segmentation. However,
so-called sequential methods have been developed in various fields [37], medical imaging being one of them. Se-
quential methods consist of several tasks that are performed consecutively, e.g. image reconstruction followed by
segmentation. One of the examples is the model proposed by Thasneem et al. [38]]; the model reconstructs 3D CT
images of the human head from a selected amount of slices, after which the slices are segmented to determine the
anatomy of the human head. Finally, the slices are interpolated to reconstruct the missing slices.

In magnetic resonance imaging (MRI), Fourier inversion (image reconstruction in MRI) and segmentation have
been performed jointly, meaning that multiple tasks are executed at the same time. In order to achieve this, the
SegNetMRI network [39] has been introduced. The complete network consists of an MRI reconstruction network
and an MRI segmentation network, where an encoder-decoder structure is applied throughout the whole architec-
ture. In CT, joint methods are still limited in a sense that a model is only able to perform either pre-processing or
post-processing tasks jointly. Jiang et al. present a multi-scale model in their work, which is trained jointly [40].
This model performs deformable image registration, where three deep learning models are trained to perform this
task accurately with three different scale levels. Other works in research on the COVID-19 pandemic perform joint
image analysis on chest CT images. The work of Amyar et al. [41] is focused on classification and segmentation
of lesions, where the model developed by Goncharov et al. [42] is able to identify how much lung tissue is affected
by the virus and simultaneously identify whether the lesions are indeed caused by COVID-19 or a different dis-
ease. One of the few works that does perform image reconstruction and classification jointly, is the work by Wu
et al. [43]. It describes an end-to-end method to detect lung nodules in low-dose chest CT images, consisting of
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iterative reconstructors and a CNN for segmentation. The model is trained sequentially and jointly to be compared
afterwards.

Direct methods consist of models where raw measurement data is analysed to perform post-processing tasks on.
Direct methods are explored even less than joint methods, but they still form an important addition to medical
imaging. The work Lee et al. [[L0] makes the first steps in direct detection of intracranial hemorrhage (ICH). There,
an optimized convolutional neural network, the SinoNet, is proposed as a model to identify human body parts and
to identify ICH in head CT scans. Another research performed by De Man et al. [44] is focused the detection and
characterization of blood vessels. The presented model is able to detect vessels in sinograms and to identify the
size of the vessel and its coordinates. To the best of our knowledge, there are yet no methods in CT imaging that
perform semantic segmentation directly on the projection data.

All mentioned works have shown great potential when it comes to performing post-processing tasks directly. There-
fore, the question arises whether a direct segmentation model could be developed that performs at least as good as an
indirect method. Sequential, end-to-end and joint deep learning models are examples of an indirect method, where
image analysis tasks are performed either sequentially or simultaneously. Figure [2.4] shows a schematic overview
of the differences between an indirect and direct method. This research is focused on exploring a direct method and
to evaluate its performance in comparison to an indirect method.
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Figure 2.4: Schematic overview of an indirect method and direct method in CT imaging. In the indirect method
separate methods (in this case neural networks) are used for the pre-processing and post-processing tasks. The
direct method uses either combined methods or, for example, one large deep neural network to perform the post-
processing task directly.
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Chapter 3

Direct versus Indirect Segmentation Model

This chapter describes the mathematical model behind CT and sheds light on the direct and joint methods that
are used in this research. Chapter [3.1] starts by describing the mathematical operators that occur in CT imaging
and the direct operator that ought to be found in this research. Chapter [3.2 how indirect methods are expressed
mathematically and how this can be put in a data-driven context. Finally, Chapter [3.3|elaborates on the geometry-
based direct method that is adapted in this research, which will be compared to a joint method, that is described in

Chapter [3.4]

3.1 Mathematical segmentation in CT
Consider the CT image reconstruction task to be an ill-posed inverse problem defined as
y = Rx + € (31)

Here, R is defined as the forward Radon transform operator R : X — Y, with Y being the measurement data
space and X the reconstruction space, where both are Banach spaces. Consider y € Y to be the measurement data,
x € X the corresponding ground truth image and define £ € X to be the reconstruction corresponding to image
x. Furthermore, € is additive noise in the projection domain with an unknown distribution. Finally, assume the
inverse of the operator R is estimated by R :Y — X. In context of CT, y is a sinogram with a corresponding
reconstructed image x. Figure[3.1b|provides a visualisation of how the operators are applied on CT data.

K Y
U
»
(a) Mappings of data X with the pre- (b) Visualisation of the application of operators R and i/ on image
processing and post-processing operators R x € X and application of R on sinogramy € Y.

and U, respectively.

Figure 3.1: Reconstruction and segmentation operators in CT visualised.
Next, consider the post-processing operator I : X — S with a post-processing feature (segmentation mask) s € .S
such that

s=Ux, (3.2)



where U is the forward operator &/ : X — S and s € S the post-processing result of (a noisy) reconstructionz € X.
In terms of CT, the post-processing operator I is considered to be a semantic segmentation. Note that the operator
U does not have an inverse, since it is non-injective for semantic segmentation. Next to this argument, estimating an
operator for the inverse of I/ does not occur in practical applications. The functioning of the segmentation operator
is visualised in Figure as well. Figure depicts a diagram of the described operators and how they are
applied on image data X.

When the solution of Eq. [3.1]is used in Eq. [3.2] the segmentation task can be mathematically expressed as
s=(UoR)(y) =URy +n) (3.3)

with 7 the measurement noise of an unknown distribution. In an indirect method, the pre-processing operator R
(reconstruction method) is expressed as a statistical estimator and the post-processing operator I/ (segmentation
method) as a decision rule. For both operators, either conventional algorithms can be used or a deep learning
method.

The goal of this research is to craft a mapping shown in Figure[3.1a)as the dotted line from the pre-processing Y to
the post-processing result S, i.e. the operator that performs direct segmentation. In other words, the composition
U o R must be defined as one operator. Since it is not always possible to replace the composition of two operators
by one operator, one could opt for expressing the operators as neural networks (see Chapter [3.2). Combining the
networks and using them in a sequential order yields in principle one network, which is optimized using one loss
function. This way, U o R can still be expressed as one operator. The method that is used for this purpose in this
work is a data-driven geometry-based model. This means that a deep learning method is used to process information
from measurement data for either reconstruction or a post-processing task (segmentation in this research), which
is possible since reconstructions and post-processing results are in the same image space. One of the benefits of
using a deep learning method is its ability to learn the operator directly from the projection data. Next to this, a
direct model only considers one error that is propagated through the model, whereas in sequential approaches the
measurement error is propagated through both models. In the following sections the indirect and direct methods
will be described.

3.2 Indirect methods

Indirect methods consider image reconstruction and segmentation to be two tasks that are performed separately and
consecutively, as is described in Chapter[2.6] According to Adler et al. [L1]], when using data-driven approaches, it
is necessary to express reconstruction as a statistical estimator, where a post-processing task - segmentation in this
case - is expressed as a decision rule. In a data-driven context, both operators are learned by a deep learning method,
which makes use of features of measurement data and reconstruction data to predict the outcome of a reconstruction
and segmentation, respectively. Hence, it is assumed that the reconstruction operator R operates in the sinogram
domain, meaning that it projects measurement data onto an image in the image domain. The segmentation operator
U operates solely in the image domain.

In a data-driven method, the statistical estimator 7@9 estimates the reconstruction operator R and the parameter 6
is learned by means of a pre-defined reconstruction loss. In a reconstruction problem, the loss function computes
the error between the ground truth image and the reconstructed image. Parameters 0 are optimized in a deep neural
network such that the loss function converges to a minimal loss. This can be expressed as

0 € argmin Eg [Ex(x,ﬁg(y))} , 3.4)

0co
where the average reconstruction loss £x is minimized. Here, x is the ground truth image and Ro (y) the estimated
reconstruction.

For the segmentation task, the goal is to find a decision rule which maps an observation (a reconstruction in this
case) onto an appropriate action (segmentation mask). This decision rule is expressed as an estimator U, of the
segmentation operator {{. Just as for the reconstruction task, a segmentation loss function is used to compute the
error between a ground truth mask and an estimated (predicted) mask. The parameters f are also optimized by a
deep neural network when a data-driven method is considered. The learning problem then becomes

£ € argmin Ee [¢s(s,Ue(x))], (3.5)
£eE
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with s the ground truth segmentation mask, U () the estimated segmentation mask and £g the segmentation loss.

In data-driven indirect methods, which are currently used in practice, the reconstruction and segmentation mod-
els are optimized separately. The loss functions are minimized independently of each other. This means that no
information of the measurement data is propagated directly to the learning of optimal prediction of segmentation
masks. Since measurement data contains useful features and information that could also be used directly for the
segmentation task [10], possibilities open up for a different approach. A direct data-driven method can be derived,
where a model is learning end-to-end; this means that a deep learning method could be designed that trains and
learns as one whole system using only one error. The model does not need to focus on unrelated tasks, such as
image reconstruction, where the main goal is actually finding an accurate segmentation mask [45]].

3.3 Direct method: a geometry-based model

The data-driven direct method that is adapted for direct segmentation, is derived following the works of He et al.
[[L3]] and [14]. This method method performs reconstruction based on the geometry of measurement data and is
able to learn the relationship between sinusoids in the sinogram domain and pixels in the image domain. Since
segmentation is fully performed in the image domain, as a segmentation mask is in principle a classification of a
pixel in an image, it is possible to learn the relation between measurement and a segmentation mask. The idea of
the adapted model is to learn which pixels in the image belong to which substructure and, based on this information,
define a segmentation task for substructures.

Assume the continuous Radon transform in Eq. (2.8) is discretized as
y = Rz, (3.6)

where y € RNM is the discretized sinogram data, /N the number of detector bins and M the number of rotation
angles. Moreover, 2 € R” is the discretized image to be segmented, with P being the number of pixels in the
image corresponding to the sinogram. Let R € R(VM)XP pe the forward projection model. Here, it is assumed
that the sinogram data is noiseless. With the knowledge about Eq. (3.6)), an expression for the reconstructed image
is derived by means of a least-squares minimization. This gives

z* = (RTR)"'RTy, (3.7

with z* being the optimal solution for the reconstruction of the least-squares minimization
1 2
L(z) = argmlniﬂRz -yl (3.8)
x

Note that (RT R)~! RT is the Moore-Penrose pseudo-inverse [46] of R, since R is not necessarily a square matrix.

It is clear that the operation on the sinogram data in Eq. consists of two parts, namely (RT R)~!, which
can be seen as filtering of the measurement data, and R” which is just the back-projection matrix. He et al. [13]
use these derivations to construct a three-step deep neural network, in which the sinogram data is first filtered,
then back-projected onto the image domain and then processed in the image domain. The same approach can be
used for segmentation of images; sinogram data can be filtered in such way that only important information for
segmentation is preserved. Then, the sinogram data containing this information is back-projected onto the image
domain providing a segmentation of a medical image instead of the image itself. The post-processing part remains
as it is. All three steps that are mentioned are learnable by a deep neural network, which makes this network
end-to-end due to only one type of loss being propagated through all three consecutive networks.

The filtering operation in the deep neural network is expressed as follows:

n=1

N
§(k,m) = tanh (Z Nien Y(1, m)) (3.9)

Here, 1 denotes a parameter to be learned, k and n are the detector bin indices and m the index of the rotation
angle. Mathematically, the filtering layer in the network will take up the form of a k x m-sized matrix, where
ke{l,...,N}yandm € {1,...,M}.

15



After the filtering step, the filtered sinogram ¢ must be back-projected from the measurement domain onto the
image domain. This can be considered as a matrix multiplication between the back-projection matrix R and the
sinogram §. Every sinusoid in the sinogram corresponds to a certain position (pixel) (¢, j) in the image domain.
Using this and the knowledge about the geometry of the sinograms, the following operation is constructed and used
in the deep neural network to determine which pixel corresponds to which sinusoidal wave:

M
S(Zvj) = Z Yijm g(n7m)‘n:INT[i cos(0m )47 sin(0,)] (3.10)

m=1

Here, 7;;m is a parameter to be learned, 7 and j are the indices in the image domain, 0, the rotation angle
corresponding to the m!" vector in the projection data, and INT the nearest neighbor interpolation. In nearest
neighbor interpolation, the value of a random point in a pixel is defined by the nearest point. This implies that
n = INT[icos(0,,) + jsin(6,,)] is a sinusoid in the sinogram corresponding to a certain pixel in (4, j) in the
segmentation mask. To improve the quality of the segmentation, an upsampling model is added sequentially to the
deep neural network. The direct segmentation model is optimized using a segmentation loss {g.

3.4 Joint model

For comparison in performance, a joint model is implemented as well. This model performs multi-task learning,
meaning the model learns to reconstruct images and to perform segmentation in parallel. The joint model uses the
same three layers in the model, which are all expressed as the same deep neural networks. The main difference with
the direct segmentation model is that the right hand side of Eq. [3.10]does not only yield a pixel of a segmentation
mask corresponding to a sinusoidal wave, but is also used to determine which sinusoidal wave corresponds to pixel
x(i,7) in a reconstruction. In conclusion, Eq. is computed twice. Figure provides a schematic overview
of the joint approach.

Learn using / x loss

Joint model

Reconstruction

Learn with total loss:
Liotal = Mo Ax + A1 - Ls

Input sinogram

Segmentation

Learn using /g loss

Figure 3.2: Schematic overview of the joint model.

The training of the joint model is as follows. Since the model provides segmentation masks and a reconstruction as
output, two losses are computed separately for the model to train. The losses are computed as

Liotal = Ao - €x + A1 - Ls (3.11)

with £x and /g being the reconstruction and segmentation loss respectively. Next to this, Ag, A\; € R are parameters
that are dependent on the difference in values of £x and ¢g. Note that when A; = 0, the joint model is equivalent
to the regular model as described in [14]. When \g = 0, the joint model is equal to the direct segmentation model.
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Chapter 4

Materials and Methods

This chapter describes the direct-DSigNet model that is adapted as a direct method to perform segmentation using
sinograms as input. Chapter [4.1] provides a detailed architecture of the direct-DSigNet, the model that is used
for direct segmentation. In addition, the joint DSigNet model is described, to which the direct-DSigNet will be
compared. Chapter [4.3|describes the dataset that is used for experiments. Finally, the evaluation metrics that were
used to assess the performance of the network are described in Chapter 4.4

4.1 Direct-DSigNet model

The proposed model used to perform direct segmentation is based on the downsampled-imaging-geometry-based
network (DSigNet) described by He et al. [14]. The DSigNet consists of three main parts; first, the input sinograms
are passed through a filtering network, which downscales feature maps in the measurement domain and transforms
the geometric relationship between the sinogram and the image into a virtual relationship. After this, the embedding
features of the sinogram are back-projected in the virtual back-projection network onto semantic representations of
the reconstructed image using the known imaging geometry. Finally, the resulting feature maps are upsampled in
the image filtering network, resulting in an image with dimensions that correspond to the original sinogram and its
geometry.

[ F —{
A —T
I -
{ Y e
Y L
S

Input sinoNet backProjNet spatialNet Output
I Conv block 1 Residual block I Convblock 2 I Conv layer 2
B Downsampling Conv layer 1 I Upsampling PN Softmax

Figure 4.1: Architecture of the direct-DSigNet consisting of a sinogram filtering network (sinoNet), a virtual back-
projection network (backProjNet) and an image filtering network (spatialNet). The image as output is included for
visual interpretation.

The DSigNet as described in [[14]] is adjusted accordingly to perform direct segmentation on the sinogram data,
which results in the direct-DSigNet. The three-sequential-networks structure is preserved in the direct-DSigNet.
However the output of the direct model is the segmentation of an image corresponding to the input sinogram instead
of the reconstructed image. Minor adjustments have been made in the network architecture to achieve the goal of
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direct segmentation. Below, the details of the architecture and the adjustments are described. Figure .| provides
a visualisation of the network, where all layers and blocks of the network are visualised.

The sinogram filtering network (sinoNet) consists of a convolution block, followed by a downsampling block and
finally several subsequent residual blocks. It is assumed that the input data is of size 1 x 1152 x 736. The first
convolution block contains 16 filtering kernels and is built from a convolution layer, followed by a normalization
layer and a leaky rectified linear unit layer. After this block, the sinogram is downscaled to size 1 x 576 x 368
and passed through six residual blocks. These blocks consist of three consecutive layers as in the first convolution
block. Finally, the sinoNet contains a convolution layer at the end. The output of this network is a filtered sinogram
of spatial size 4 x 576 x 368.

This filtered sinogram is used as input for the virtual back-projection network (backProjNet). In principle, this net-
work performs the back-projection operation from the measurement domain to the image domain. Each sinusoidal
wave in the sinogram is considered and the corresponding pixels are derived according to Eq. [3.10] The network
contains only one important parameter -;;,,, to be learned from Eq. [3.10} which results in a very large sparse ma-
trix containing information about the imaging geometry. The output of the backProjNet are feature maps in the
image domain of size 4 X 256 x 256. These feature maps contain information on the segmentation masks for the
corresponding image.

Finally, the feature maps are passed through the image filtering network (spatialNet), which is similar to the sinoNet.
The main differences are that fewer residual blocks are used and these are succeeded by an upsampling block with a
scaling factor 2. The segmentations are thus upsampled from a size of 4 X 256 x 256 to 1 x 512 x512. Also, a softmax
activation layer is added at the end of the network in order to differentiate between the background and pre-defined
substructures. When only one substructure must be segmented, a sigmoid activation layer is used instead.

The main differences between the regular DSigNet and the direct-DSigNet are the sigmoid/softmax layer that is
added in the last block and the number of output channels. The DSigNet has only 1 output channel, whereas the
direct-DSigNet has 8 output channels. The number of output channels can be changed accordingly to the number
of substructures that need to be segmented.

4.2 Joint DSigNet model

The network architecture of the joint model is equivalent to the architecture of the direct-DSigNet. The only dif-
ference is the number of output channels, since the joint DSigNet has 9 instead of 8: next to the segmentation
masks, the model also outputs a reconstruction of an image. By analysing the joint DSigNet model and using this
as a comparison for the direct-DSigNet model, one is able to see what the influence is of learning a reconstruction
together with a segmentation.
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Figure 4.2: Schematic overview of the joint DSigNet model, where the architecture is preserved within the model.
The total loss is computed using the weighted reconstruction and segmentation loss and is propagated end-to-end
through the whole network.

Learn using /g loss
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4.3 Dataset and preprocessing

The public dataset of Multi-Modality Whole Heart Segmentation (MM-WHS) [47] was used in order to train and
test the model. The MM-WHS dataset contains 120 images, of which 60 are cardiac CT/CTA scans in 3D, and
covers all substructures of the heart from the upper abdominal to the aortic arch. The slices of the scans were
acquired in the axial view and have an inplane resolution of 0.78 x 0.78 mm. The average slice thickness is 1.60
mm. The dataset consisted of the images and corresponding segmentations of seven whole heart substructures,
whose corresponding original (as defined in [47]) and new labels are shown in Table[B-T]in Appendix[B] The labels
were changed to be correctly read by the direct-DSigNet model. A schematic image of a heart is included in Figure
H3lto show where each substructure is located in the heart.
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Figure 4.3: Anterior cross-sectional anatomy of the heart [48]]. The schematic image shows various layers of the
heart, excluding the myocardium. The myocardium is the cardiac muscle right from and below the left ventricle.
The segmentation masks in the MM-WHS dataset contain the following substructures: myocardium, left and right
atrium, left and right ventricle, ascending aorta and pulmonary artery.

The selected subset of CT images contains 20 images and was split in 18 training images, 1 validation image and 1
test image. The provided CT test dataset was not used, since it did not contain segmentations of the substructures
for evaluation. The selected subset of the MM-WHS data contained only images and corresponding masks, but no
sinograms. To generate sinograms, two generation methods are chosen, namely the LoDoPaB technical pipeline
[49] and the method provided in the work of He et al. [14]].

The LoDoPaB technical reference is a framework that generates low-dose CT measurement data and corresponding
reconstructions. This framework can also be used to generate measurement data without noise. Code provided in
the technical reference makes use of the ASTRA toolbox [50] and the Operator Discretization Library (ODL) [51].
These libraries are used to generate measurement data using certain geometries. The geometry of the LoDoPaB
technical reference to generate the dataset is given in Appendix[A.T] There must be noted that the distance metrics
were unknown, hence have been acquired by trial-and-error. When generating the dataset, the images of the MM-
WHS dataset are downsized from a resolution of 512 px x 512 px to a resolution of 362 px x 362 px. The image
domain is of size 26 cm X 26 cm. It is assumed that measurements were made with 513 equidistant detector bins
and from 1000 equidistant angular positions  where 6 € [—7, T]. The input shape of the tensors for the DSigNet
has been adjusted to 1 x 1000 x 513 and the output shape of the tensors to 1 x 362 x 362.

The other method of generating sinograms and corresponding reconstructions is the method provided in [14]]. There,
measurement data is acquired using only the ASTRA toolbox. The geometry used for data generation is given in
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Appendix[A.2] There, the number of detector units is set to 736 and the number of angular positions over 180 degrees
is 1152. Furthermore, it is assumed that the images and segmentations are of size 512 px x 512 px, whereas the
sinograms are 1152 px x 736 px. The architecture of the DSigNet did not need to be adjusted.

4.4 Evaluation and performance metrics

First, the DSigNet is assessed on reconstruction, to determine whether it is able to process the generated sinograms.
To measure the performance and optimize the DSigNet, the L;-loss is used, which is defined as

P

Li=Y|pi - pil .1

i=1

with P the total number of pixels, p; the true value of a pixel ¢ in the image and p; the estimated value. The L;-loss
minimizes the sum of all absolute differences between true and estimated values of the pixels. This loss type is
preferred because of its robustness. Next to this, the neural network is able to make more smooth predictions when
training with the L1 -loss than with any other loss function. This loss is suited to optimize a model learning on large
sparse datasets [52].

The reconstruction performance of the regular and joint DSigNet will be assessed by determining the peak signal-to-
noise ratio (PSNR) and the structural similarity index measure (SSIM). PSNR is a quality measure used to quantify
reconstruction quality. It is expressed on the logarithmic scale and the quantity is measured on the decibel scale.
Typical values for PSNR lie between 30 dB and 50 dB after reconstruction [53]. PSNR values below 20 dB indicate
that a reconstruction is too noisy and a lot of image quality is lost. PSNR is defined as

4.2)

MAX
PSNR = 20 x log,, < IO) ,

VMSE

with M AX;, the maximal pixel value (intensity) of the original image and the M SE the mean-squared error
defined as

m n

MSE = %ZZ(IO(M) ~In(i.j))’ 43)

i=0 j=0

Here, P = m X n is the total number of pixels, /o and Iy are the pixel values of the original and reconstructed
image, respectively. SSIM is a measure that quantifies the similarity between the original and reconstructed image.
SSIM values range between -1 and +1, where +1 implies that the reconstructed image is identical to the original
image and -1 implies that there is no similarity between both images. SSIM is defined as

(2uopr + c1)(200R + c2)

SSIM = ,
(1d + ph +c1)(0d +0F +c2)

4.4)

with uo and p being the luminance (mean of all pixel intensities) of the original and reconstructed image, respec-
tively, 0o and o g the contrast (standard deviation of all pixel intensities) of the original and reconstructed image,
respectively, and ¢; and ¢, the division stabilizers defined by ¢; = (k;L)? and co = (koL)?2 with L = 2" — 1 a
dynamic range for pixel values. There, b is the total number of bits per pixel and k; and k- constants.

To assess the performance for semantic segmentation, the Dice similarity coefficient is used. Assume p; and g; are
corresponding pixel values in a ground truth image and predicted image, respectively. Note, that this is also applied
to segmentation masks. The Dice coeflicient is then defined as follows

P
2 Zi=1 Diqi
N N
dim1 p;+ dim1 q

with N being the total number of pixels in both images (or segmentation masks) and considering the denominator
cannot be 0. Usually the values of p; and g; take up values O or 1. This results in the Dice similarity coefficient score
falling in the interval DSC' € [0, 1]. Putting this in the scope of this research, the Dice similarity coefficient can be
viewed as the ratio between twice the intersection of the segmentation mask and both segmentation masks added

DSC = (4.5)
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Figure 4.4: Visualisation of the Dice similarity coefficient, obtained from the work of Reinke et al. [54].

(see Figure.4). Note that if there is no overlap between both segmentation masks, the Dice similarity coefficient
will equal 0.

Since the total number of pixels in both types of segmentation masks are considered globally (over the whole image)
and locally (considering a single mask), the accuracy will be positively influenced by the Dice loss. The Dice loss
is defined as 1 — DSC and is used to optimize the direct-DSigNet.
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Chapter 5

Experiments and Results

This chapter describes performed experiments to assess the regular, joint and direct-DSigNet. First, in Chapter|[5.2]
two pre-processing methods are compared to each other to see how the regular DSigNet processes the datasets.
Next, the segmentation results of the joint and direct-DSigNet are compared to each other in Chapter [5.3] Lastly,
the regular and joint DSigNet are compared to evaluate their performance on reconstruction to draw a conclusion
on the performance of the joint DSigNet. This is described in Chapter[5.4]

5.1 Implementation details

All models have been implemented using PyTorch [55]. The MM-WHS dataset has been pre-processed using
MONALI [56], which is the open-source PyTorch-based framework used for medical image analysis by means of
deep learning. The dataset is augmented by adjusting the contrast of the images randomly. The models are trained
using the Adam optimizer [57] with a learning rate of 10~3, a training batch size of 2 and a validation batch size of
10. All models are trained for 2000 epochs, with a checkpoint at 500, 1000, 1500 and 2000 epochs. The training
of all models has been done on an NVIDIA Quadro RTX 6000 24GB GPU.

5.2 Image reconstruction for different geometries

Before training the direct-DSigNet model to predict segmentation masks, it is important to see how the original
DSigNet model behaves when the MM-WHS dataset is used as input. Due to the lack of measurement data and cor-
responding reconstructions, the dataset has been generated using the LoDoPaB pipeline geometry and the geometry
of the DSigNet pipeline as described in Chapter[4.3] Due to the difference in geometry, measurement data size and
reconstruction size, it is essential to establish whether the DSigNet is able to process either of the generated dataset
or both. To establish which generation method is more suitable, two datasets are generated on which the regular
DSigNet is trained. The validation results are shown in Figure [5.1]

It becomes clear from the validation results in Figure that the difference between the two generation methods
is large. When looking at the LoDoPaB generated results, the reconstructed image that results from 500 epochs of
training is blurred and the size of the heart is different than the size in the ground truth image. Training for more
epochs does not results in better reconstructions; the grey area representing the heart is diminishing, however, the
image is still blurred and heart substructures are not visualised. Also, the boundaries of the heart are not smooth nor
clear. The results for the reconstructions with the DSigNet geometry on the other hand do improve. Background
noise is present in all four reconstructions, but decreases slightly. Yet, the reconstruction after 2000 epochs contains
more blur than the reconstruction after 1500 epochs.

Since the validation results of the DSigNet on the dataset with DSigNet geometry provides more accurate recon-
structions than the dataset with LoDoPaB geometry, all further experiments have been performed using the first-
mentioned dataset.
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Figure 5.1: Validation reconstruction results for the DSigNet with data being generated by the LoDoPaB technical
pipeline and the DSigNet code [14].

5.3 Joint and direct semantic segmentation

To assess the performance of the direct-DSigNet model for segmentation, the model is compared to the joint
DSigNet, which performs reconstruction and segmentation simultaneously. The direct-DSigNet is trained using
the Dice loss, whereas the joint DSigNet is trained using the total loss as defined in Eq. [3.T1} where the parameters
are fixed as A\g = 0.9 and A; = 0.1. The training and validation losses are depicted in Figure [5.2b] Furthermore,
the Dice coefficient score for each heart substructure is computed for both models after testing. The results are
supported by Figure [5.3] which shows the results of predicted segmentation masks after testing the joint DSigNet
model and the direct-DSigNet.

It is clear from Figure [5.2] that the direct-DSigNet has a less stable learning curve than the joint DSigNet, which
is visible in the training and validation curves of both networks in Figure[5.2] Figure[5.2a]shows that the training
and validation curve of the direct-DSigNet is fluctuating a lot around a weighted average, whereas the training and
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Figure 5.2: Training and validation results of the direct-DSigNet (a) and joint DSigNet (b). The first model is
assessed by means of the Dice loss, where the latter is assessed with the total loss as defined in Eq. @

validation curves of the joint DSigNet are more stable, as is depicted in Figure [5.2b] Besides the fluctuation, the
loss of the direct model is higher than the loss of the joint model, especially during validation. Both models tend to
overfit after a certain number of epochs. For the direct-DSigNet, this starts after ~80 epochs. For the joint DSigNet
this starts at ~200 epochs and grows gradually.

[ Epochs | 1 2 3 4 5 6 7]

500 0.2157 0.1619 0.1904 0.0084 0.0482 0.0482 0.1186
1000 | 0.2129 0.1662 0.2037 0.0090 0.0932 0.0761 0.1514
1500 | 0.2039 0.1583 0.1987 0.0080 0.0940 0.0881 0.1734
2000 | 0.1967 0.1559 0.1890 0.0079 0.0861 0.0879 0.1537

(a) Direct segmentation.

’ Epochs { 1 2 3 4 5 6 7 ‘

500 0.1752  0.1529 0.1452 0.0161 0.1468 0.0649 0.0936
1000 | 0.1904 0.1571 0.1919 0.0082 0.0905 0.0939 0.1635
1500 | 0.1930 0.1569 0.1827 0.0079 0.0786 0.0870 0.1512
2000 | 0.2004 0.1428 0.1997 0.0090 0.0498 0.1059 0.1221

(b) Joint segmentation.

Table 5.1: Segmentation test results of the direct-DSigNet (a) and joint DSigNet (b). The Dice coefficient score is
given for each heart substructure as defined in Appendix |E|f0r 500, 1000, 1500 and 2000 epochs.

Table [5.1] shows the Dice coefficient score of each heart substructure after testing of the direct- and joint DSigNet.
In general, the myocardium (1) has the highest score out of all the heart substructures. The right atrium (4) has
the lowest score, where the scores of direct segmentation are slightly higher than the scores of joint segmentation.
For each heart substructure the highest Dice coefficient score has been marked. No score is the highest for direct
segmentation test results after 2000 epochs. The highest scores do vary for the joint segmentation test results.

The information on the results of Figure [5.2] and Table [5.1] can now be used to interpret the visualisations of the
predicted masks in Figure[5.3] In all images one can see that most segmentation masks for joint and direct seg-
mentation do not correspond to the ground truth masks. In testing, the segmentation masks correspond more to
the ground truth image, than in validation of the direct segmentation model. Some segmentation masks are not
predicted, or disappear after more epochs. For example, at 2000 epochs the right atrium (4) disappears in the mask
prediction of the direct-DSigNet, while the joint DSigNet is still able to show where the mask must be located. For
the joint model, the predictions improve per 500 epochs in both validation and testing. In validation the model is
not able to predict the location of the aorta (6), whereas the model is able to do so in testing. It is clear that the left
atrium is the easiest shape and location for both models to predict in testing after 1000 epochs. The same holds for
the right atrium (2).
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Validation Test
Joint segmentation Direct Segmentation Joint segmentation Direct segmentation

Ground truth
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1500 epochs

2000 epochs

Figure 5.3: Segmentation results after validation and testing of the joint DSigNet and direct-DSigNet. The valida-
tion image is the 148" slice of the 19" patient, the test image is the 200™ slice of the 20™ patient. In joint training
Ao = 0.9and A\; = 0.1 are fixed. The segmentation masks are as follows: 1 - red, 2 - green, 3 - purple, 4 - magenta,
5 - orange, 6 - blue, 7 - yellow.

5.4 Joint and direct image reconstruction

Next to the segmentation results, the reconstruction results are also considered for the assessment of the joint
DSigNet model. The joint DSigNet is compared to the regular DSigNet to determine whether the model performs at
least as good as the conventional model. The regular DSigNet is trained using the L; loss, where the joint-DSigNet
is trained with a loss and parameters as described in Chapter[5.3]

The loss curves in Figure is the same as for Figure[5.2b] since the same parameters for Ao and \; remain the
same as in the segmentation experiments. Both the loss curves of the training and validation of the joint DSigNet
are decreasing and do not fluctuate much. This is different for the loss curves in Figure[5.4al The training loss of the
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Figure 5.4: Training and validation results of the regular DSigNet (a) and joint DSigNet (b). The first model is
assessed by means of the L; loss, where the latter is assessed with the loss as defined in Eq. @

DSigNet is rather low and starts fluctuating after ~ 350 epochs. The validation loss has much more perturbations
in the curve than the training loss, which show the overfitting in the model. After ~ 350 epochs the validation loss
increases, starts to fluctuate a lot and has a sequential crescent shape from that epoch onward. Right before 2000
epochs, the loss decreases considerably.

\ Joint reconstruction \ Direct reconstruction

Epochs | PSNR (dB)  SSIM | PSNR (dB)  SSIM
500 185847  0.5157 | 24.8169  0.6755
1000 | 20.8216  0.6586 | 22.3957  0.7287
1500 21.0307  0.6543 | 21.8723  0.7371
2000 | 206731  0.6656 | 11.3737  0.6830

Table 5.2: PSNR and SSIM values for joint and regular DSigNet images after testing both models. The quality and
similarity measures are computed between each reconstruction and ground truth image after 500, 1000, 1500 and
2000 epochs.

The quality and similarity measures used to assess the joint and regular DSigNet are shown in Table [5.2] where
the largest PSNR and SSIM value are marked. All measures have been computed after testing both models. In
general the SSIM values are close to the value of +1, especially for the regular DSigNet. The SSIM values for joint
reconstruction are lower than for direct reconstruction, however, the measures are still above 0.5, which implies that
similarity of the images reconstructed by the joint model is adequate. Next to this, the SSIM increases the longer the
model is trained. Regarding the PSNR values, one can observe that the PSNR of joint reconstruction increases up
until testing after 1500 epochs. The PSNR value of joint reconstruction after 2000 epochs is lower. The PSNR value
for direct reconstruction decreases, on the other hand. The PSNR value for the regular DSigNet starts reasonable,
with 24.8169, after which it decreases significantly. The lowest PSNR value is achieved after 2000 training epochs.

The results of the training and validation losses in Figure and the quantitative measures in Table [5.2] can
be used to interpret the visual results in Figure [5.3] There, validation and test output images are compared after
validation and testing of the model. The quality of the validation images do correspond to the validation losses in
Figure [5.4] The quality of the images after joint reconstruction does not improve and the heart substructures are
blurry. However, the boundary of the heart is sharp. In comparison, the quality of the validation images for direct
reconstruction does increase. The attenuations are the most similar to the ground truth image after training for 1500
epochs. When considering the test images the results from Table[5.2]do correspond to jointly reconstructed images.
The quality is improved per 500 epochs, but the images are not very similar in attenuation values to the ground truth
image. It is possible to distinguish the heart substructures in the test reconstructions, where this was more difficult
for validation reconstructions. The visualised test reconstructions of the regular DSigNet do not correspond with
the PSNR values in Table[5.2] The heart substructures are well distinguishable, and the test image reconstructed
after 2000 epochs is of better quality than the test image of joint reconstruction.
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Figure 5.5: Reconstruction results after validation and testing of the joint DSigNet and regular DSigNet. The
validation image is the 148" slice of the 19" patient, the test image is the 200" slice of the 20" patient. In joint

training A\g = 0.9 and A\; = 0.1 are fixed.
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Chapter 6

Discussion

This thesis presented a direct deep learning segmentation model, the direct-DSigNet, to evaluate its performance
compared to a joint model, the joint DSigNet. The first model is able to perform direct segmentation on mea-
surement data and to return segmentation masks as output. The latter performs segmentation and reconstruction
simultaneously and provides segmentation masks and a corresponding image reconstruction. To assess the full per-
formance of the joint DSigNet, the model is compared to the regular DSigNet to determine whether joint training
will lead to more accurately predicted segmentation masks, compared to the direct-DSigNet.

First, the regular DSigNet has been trained and validated on two datasets, both being a subset of the MM-WHS
dataset, but generated by two different geometries. After assessing the performance and choosing a dataset that
yielded the best performance of the model, this dataset was used to perform segmentation and reconstruction ex-
periments. The direct-DSigNet has been compared to the joint DSigNet to assess their performance on (direct)
segmentation. Subsequently, the joint DSigNet has been compared to the regular DSigNet to assess the reconstruc-
tion performance of both models. Finally a conclusion is drawn regarding the performance of all models.

6.1 Reconstruction with different geometries

It appeared during the experiments that both the DSigNet and direct-DSigNet models are sensitive to the geom-
etry of measurement data. As described in Chapter[5.2] the DSigNet model had difficulty with reconstructing an
image from the input sinograms generated by the LoDoPaB technical pipeline. This dataset contained less angular
positions and detector bins than the dataset generated by means of the DSigNet architecture as provided [14]. In
addition, several other geometric parameters differed between the two generation methods. This is one of the main
reasons for the bad performance of the DSigNet on the LoDoPaB-generated data. The generation of sinograms in
the original code is based on detailed information regarding the number of voxelﬂ the voxel size and information
about the positioning of the scanned patient relative to the position of the X-ray source and the detector bins. This
was unknown for the MM-WHS data, hence had to be estimated by trial-and-error. Since this is not feasible when
one wishes to get accurate and realistic results from the experiments, the data was generated anew with the code
provided for the DSigNet which did coincide with the architecture of the network and the relevant geometric infor-
mation for the back-projection layer. In conclusion, correct geometry of measurements is of utmost importance for
the DSigNet. This does bring up an issue, however. The ultimate goal would be to develop a model that is versatile
and whose geometry parameters could be tuned. Concluding from the results in Section[5.2] the model is not able to
adjust to sinograms and images which have a different geometry than the geometry defined in [14]]. It is important
to keep this in mind when any of the DSigNet models are explored in the future.

6.2 Direct and joint segmentation

Earlier training and validation results have shown that the performance of the direct-DSigNet is poor, therefore it
makes no sense to compare the direct-DSigNet with a sequential (indirect) model. Algorithms dedicated to seg-
mentation on the MM-WHS dataset [S8] have shown to outperform the direct-DSigNet model; the worst performing

1Volume element of a 3D object.
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algorithms achieved a Dice-loss of 0.194 4+0.159, whereas the lowest Dice loss of the direct-DSigNet was not lower
than 0.482 £ 0.059. This all, while having optimized the direct-DSigNet. Therefore, the choice has been made to
compare the performance of the direct-DSigNet to a joint variant of the model, instead of an indirect model.

From the validation and test results regarding segmentation it becomes clear that the direct-DSigNet produces out-
puts that are not consistent with the performance metrics and the learning curves. The training and validation loss
in Figure show that the model is heavily overfitting in both training and validation, where the first-mentioned
is fluctuating much more. Changing values of hyperparameters such as the learning rate did not change the be-
haviour of the learning curves. One of the reasons for this, is the very large number of training parameters of the
direct-DSigNet in comparison to amount of data that is available [59]]. The direct-DSigNet model has 39,185,869
parameters, whereas the number of available training, validation and test data is small (18 training images, 1 valida-
tion image, 1 test image). All images contain no more than 363 slices. This lack of data affects the performance of
the direct-DSigNet. The joint DSigNet suffers less from overfitting, due to multiple features that must be learned.
The joint model must learn features for not only reconstruction, but also segmentation.

As mentioned in Chapter 5} the Dice coefficient scores obtained during testing are not high and do not reach values
above 0.2157. There can be concluded that the scores of joint segmentation are in general higher than the scores of
direct segmentation when it comes to smaller substructures, whereas for the larger heart substructures the converse
holds. However, when taking the outputs in Figure [5.3]into account, one can observe that the direct-DSigNet is
better at locating small structures as well, such as the aorta (6). Since the test image is identical to one of the
images in the training set, the perfomance of both joint and direct-DSigNet increases during testing. Keeping the
two mentioned discussion points in mind, it is essential in further research that the chosen dataset does not only
contain more slices and/or patient images, but is also well-balanced. This means that images in the validation and
test dataset are not yet seen by the model during training.

Another thing that can be noted in testing of the direct segmentation model, is that early stopping could be used
during the training of the model. Since the Dice coefficient scores do not improve after a training of 1500 epochs, and
sometimes even decrease, one could consider to stop training at 1500 epochs or between 1500 and 2000 epochs.
This does not necessarily hold for the joint model, however. For most heart substructures, the Dice coefficient
score is decreasing immediately after 500 epochs, only for masks (1), (3) and (6) the scores do increase gradually.
Considering the outputs of Figure[5.3] the joint model could be trained with only a subset of the heart substructure
masks, such that it could focus on learning the features of masks whose location is not predicted well.

In this work, the segmentation masks are shown as image overlays. When keeping the ultimate goal of direct image
analysis in mind, one could argue that segmentation masks can be learned in a different fashion. The model could
output coordinates of the substructures in the patients body, instead of a segmentation mask. These coordinates
can be learned directly from sinograms, like the segmentation masks. This could be useful in practice, especially
during screening of a patient. Future work could focus on learning coordinates and/or location of a substructure in
the image domain based on the measurement data in the sinogram domain.

6.3 Direct and joint reconstruction

When comparing results of reconstruction with the joint and regular DSigNet, one can observe that the performance
of the regular DSigNet is better than the joint DSigNet. This is an interesting observation, since the joint DSigNet
learns more features due to the two parallel tasks that it must perform. Considering the outcomes of the PSNR
and SSIM values and their behaviour over training time of the direct model, one would assume that the output
reconstructions would be less accurate than those for joint reconstruction. Nevertheless, Figure [5.5]shows that the
reconstructions do improve over time and become more detailed. For the test image one could argue that this is,
once again, the result of the test image being present in the training data set. In the validation image it is clear,
however, that validating the model after 1500 epochs results in the best approximation concerning the intensity
values of the pixels in the image. The performance of the regular DSigNet could be improved by increasing the
batch size [60]. All in all, the reconstruction results for both models have shown to be of decent quality, since most
of the PSNR values are above 20 dB.

The roles of the parameters Ay and A are significant in the computation of the total loss for the joint DSigNet model.
These parameters influence the focus of the training on either reconstruction or segmentation. Changing the values
of the parameters might lead to different outcomes for the reconstruction results, since the training and validation
loss of the regular DSigNet was 10 times lower than the loss of the direct-DSigNet. Making Ay smaller would lead
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to better results in reconstruction, but could worsen the outcome of segmentation training. Therefore, it is important
in future experiments to determine what the main task of the joint DSigNet should be and adjust the values of A\ and
A1 to this. In earlier experiments of this research, the values of Ay and A; have been varied to A\g = 0.8 AA\; = 0.2
and \g = 0.7 A Ay = 0.3, but this did not yield better segmentation nor reconstruction results than the fixed
values in the experiments. On the other hand, a goal in further experiments could be to find the optimal balance
between \g and \; in the total loss, to achieve both accurate reconstruction and segmentation. Current methods that
perform (partially) joint learning are, for example, either focused on learning the optimal operators in variational
methods [61][62] or do not consider the optimization of the scaling parameters [41]]. Exploring the influence of the
parameters on each other is valuable, since the losses that are multiplied to the parameters do not always yield the
same loss values. For example, the Dice loss will always be between 0 and 1, whereas the L1 or Lo loss can have
values larger than 1.

6.4 General remarks

In general, one can say that the performance of all three models is not as good as the performance of sequential
models that are presented in [58]. Especially after testing the model that is trained for 2000 epochs, both models
are unable to locate several heart substructures and some segmentation masks disappear. This behaviour is the
result of ill-posedness that occurs in both models, especially in the direct-DSigNet. Image reconstruction is an
ill-posed inverse problem as described before. This means that the forward map, the Radon transform, does not
yield unique results when measurement data is limited [63[][64]. In general, these issues are solved by adding a
regularization term to the inverse problems [65]], which prevents overfitting in and enhances the training in image
reconstruction model. However, this is not the case in the presented DSigNet. The mathematical formulation of
the model in Chapter [3.3] does not involve a regularization term, which makes the learning of the model unstable.
When performing direct segmentation on measurement data, the non-unique solutions that result from the back-
projection layer in the direct-DSigNet are propagated through the network, leading to incorrect segmentations. In
practice, this is visible when certain heart substructures are recognized as other substructures, bone tissue, small
arteries or alveoli, for example (see Figure [5.3). The same issue appears in image reconstruction, where one can
see that certain heart substructures have the same attenuation as others, which results in blurry images.

A potential solution to the problem of ill-posedness is to add a regularization term to Eq. [3.6] This prevents the
model from heavy overfitting and prevents model parameters to take up extreme values by adding a penalization
term to the loss function. Next to this, it is possible to retrieve a feasible unique solution for the reconstruction task,
and at the same time the segmentation task [66]. Adding a regularization term results in a robust solution that is
less sensitive to noise than a model without a regularization term. Especially when low-dose CT measurement data
is used as input for the DSigNet, a regularization term could still ensure accurate results and decent performance.
Currently, the generated measurement data is assumed to be noiseless, which makes all variations of the DSigNet
being modeled to process noiseless sinograms. In practice, measurement data does contain noise, even when the
radiation dose is not reduced in a CT scan [67]]. This means that small perturbations in measurement data lead
to significant differences in reconstructions. In direct segmentation no reconstruction is made, but the same type
of back-projection is applied in the direct-DSigNet model that could cause erroneous segmentations. Future work
could be focused on exploring the role of noise in the performance of the direct segmentation model, how it affects
the prediction of segmentation masks and the role of a regularizer in the optimization of the direct-DSigNet.
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Chapter 7

Conclusion and Outlook

This work has explored the benefits and shortcomings of the direct-DSigNet, a deep learning model that is adapted
from [14] to perform direct segmentation. For comparison, the DSigNet model has been adapted in the joint
DSigNet, which performs image reconstruction and segmentation simultaneously. Next to this, the joint DSigNet
model has been assessed on its reconstruction performance to complete the larger picture on the performance of the
model. One of the main points that came to light was the importance of the geometry of the measurement data and
its influence on the training and validation results of the DSigNet. The model is only able to process the geometry
that is provided in the code corresponding to the work of He et al.[[14]. This must be kept in mind when performing
further experiments with the DSigNet and variations of it.

The direct-DSigNet has shown to produce more accurate segmentation results compared to the joint DSigNet.
Nevertheless, the performance of both models has been found to be worse than expected. Training and validation
of both models could be improved by adding regularization terms to the models and choosing a balanced large
dataset. Exploring the potential of the direct-DSigNet further is encouraged, since the mentioned improvements
might lead to better performance in segmentation. In general, the possibility of performing direct segmentation is
shown to be feasible in this research.

This work has also explored the performance of the joint DSigNet on segmentation and reconstruction. The re-
construction results appeared to be more promising than the segmentation results when compared to the regular
DSigNet and the direct-DSigNet, respectively. Once again, regularization plays a big role in the learning behaviour
of the model. An interesting research question that follows from the experiments is the influence of the scaling
parameters on each other, as a result of different orders of magnitude of the reconstruction and segmentation loss.
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Appendix A

Geometry of Measurements

Below, the geometries of measurements that were used for generation of sinograms are provided Table[A.T|and[A.2]

A.1 Sinogram generation with LoDoPab settings

] Parameter \ Value \
Number of voxels 362 px x 362 px
Voxel size 0.78 mm x 0.78 mm
Number of detector bins 513
Detector bin size 1.25 mm
Number of angular positions 1000
Offset from origin 0, 0)
Interval of angles —%, g
Number of input slices 1
Distance source to origin (DSO) 595.0 mm
Distance origin to detector (DOD) 490.6 mm
Distance source to detector (DSD) 1085.6 mm

Table A.1: Geometry parameters used for generation of sinograms by means of the LoDoPaB technical pipeline.

A.2 Sinogram generation with DSigNet settings

] Parameter \ Value \
Number of voxels 512 px x 512 px
Voxel size 0.6641 mm x 0.6641 mm
Number of detector bins 736
Detector bin size 1.3696 mm
Number of angular positions 1152
Offset from origin 0, 0)
Interval of angles [0, 7]
Number of input slices 1
Distance source to origin (DSO) 595.0 mm
Distance origin to detector (DOD) 490.6 mm
Distance source to detector (DSD) 1085.6 mm

Table A.2: Geometry parameters used for generation of sinograms by means of the ASTRA toolbox.
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Appendix B

Labels of the MM-WHS Dataset

For the ease of implementation, the labels of the MM-WHS dataset have been changed. Original labels are shown
in the center column of Table where the new labels are given in the right column. Re-labeling masks this way
is an important data pre-processing step such that the model is able to make accurate predictions.

] Substructure Original label | New label
Myocardium of left ventricle 205 1
Left atrium blood cavity 420 2
Left ventricle blood cavity 500 3
Right atrium blood cavity 550 4
Right ventricle blood cavity 600 5
Ascending aorta 820 6
Pulmonary artery 850 7

Table B.1: Whole heart substructures of images of the MM-WHS dataset with the corresponding original labels
and newly assigned labels.
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