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Chapter 1
Introduction to organ segmentation

Detection and determining exact border of organs from medical images (CT, MRI) is important for
diagnostics as well as during operation preparation [I].

Organ segmentation for cavities, such as abdomen or thorax is a challenging task. Organs like kidneys,
lungs, liver, spleen or pankreas are especially daunting, because they are very well repleted with blood
which causes irregularities in volumetric data and blurs texture. Patient movements, like breathing, as
well as different scanners settings and irregular tissue composition are also making things more difficult
[2].

One of motivations for automatic organ segmentation is saving time and cognitive load of experts.
Detection of primary or secondary tumors, eg. in liver, yields best results using semi-automatic inter-
active method, that is very time demanding. Radiologists have to manually, slice by slice, mark organ
boundaries. Reason for widespread use of interactive segmentation methods is that even though fully
automatic deep learning methods have reached state of the art performance on challenges, it is not suffi-
ciently accurate, nor robuts enough for clinical use, because of differences between scanners and patients
alike [3].

Similar issue is aiming a ray of ionizing radiation during radiation therapy of oncological diseases.
To precisely aim the ray, without damaging any important tissue and minimizing collateral damage to
healthy regions, precise boundaries of organs and tissues is required. Multiple trajectories needs to be
calculated, to avoid overexponation of single healthy area. This trajectories are often determined with
genetic algorithms, which fit functions needs as much information as possible, for correct evaluation of
possibilities [4].

Ultimate goal for our effort is to provide automatic organ segmentation method for unlabeled data
so organ specific computer vision operations could be applied, like detection and segmentation of patho-
logical anomalies in concrete organs. However, even if we only reduce time needed for human assistance
for such a task, it would be a huge help for experts.






Chapter 2

Analysis

2.1 Capturing patients volume by detectors

There are many methods to capture and visualize volume of patient. By method they utilize, they can
be divided into categories [5]:
e ultrasound (doppler) methods:
— angiography, sonography, echokardiography
e x-ray based methods
— skiascopy, classical tomography, Computerized Tomography(CT)
e nuclear based methods
— gamagraphy, Positron Emission Tomography(PET)
e magnetic based methods
— Nuclear Magnetic Resonance Imaging (NMRI)

This paper focuses mainly on segmentation of volumentric data obtained from CT and (N)MRI. To
understand how some of the segmentation methods work it is essential to understand basic principles of
aforementioned machines.

2.1.1 Modus operandi of Computerized Tomography

The idea behind CT scanner was proposed by Godfrey Hounsfield. Since a lot of information is lost
during traditional x-ray process, simply because 3D body of patient is projected to a 2D photographic
paper. He proposed, that with multiple measurements across multiple angles, it should be possible to
distinguish between various soft tissues formations [0].
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Figure 2.1: Detector ring for 4. generation of CT scanner [6].
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Modern approach, called helical scanning, is a process when scanner gantry is made of stationary
detector ring with X-ray tube constantly moving around the gantry in circles and patient is smoothly
drawn through on moving table. This allows rapid scans for Region of Interest(ROI).

This concept is allows to control thickness of slices captured by regulation table movement as well

movement

: . However some overlap is
rotations

as tube rotation. So if there is overlap of beams, then thickness =
usually present, to increase accuracy of measurements.

1typical slice plane

Figure 2.2: Helical CT spiral scan [6].

Density of voxels measurements

What detectors of CT machine measure, is absorption of radiation, which is difference between
amount of radiation produced by X-ray tube and value detected by sensors. This absorption can be
written as sum of partial absorptions by each voxel in path of beam. Since voxel size is known, and
beams trajectories are also known, it is possible to determine attenuation coefficient u; of each voxel [6].

Therefore if Ny is intensity of beam entering first voxel in beam’s trajectory, and wy is width of voxel
and gy is attenuation, then intensity of beam leaving the voxel is:

N1 = Noe_wlul

Figure 2.3: Attenuation formula for single voxel: N; - new intensity after crossing voxel, Ny -
original attenuation, wy - width of the voxel p; - attenuation coefficient

This can be chained for multiple voxels in path of beam resulting in:

N; = N, elliziwitsi

Figure 2.4: Attenuation formula for i*" voxel: N; - new intensity after crossing i voxels, Ny -
original attenuation, w; - width of the voxel i u; - attenuation coefficient of voxel i

When expression is divided by Ny and logaritmus naturalis is applied, simple linear equations are
acquired.

N; 2
—ln(ﬁo) = Zwiui

i=1

Figure 2.5: Linear attenuation formula: IV; - new intensity after crossing i voxels, Ny - original
attenuation, w; - width of the voxel i p; - attenuation coefficient of voxel i

These attenuation measurements are then normalised to CT number value, in Hounsfield units. It is
calculated as:



HU = Mvoxel — Hwater . 1000

,Ufwater

Figure 2.6: Hounsfield units conversion formula: piqter - calibration measurement provided by
manufacturer, fyoze; - value measured per voxel

2.1.2 Modus operandi of Magnetic Resonance Imaging

Magnetic resonance imaging uses physical phenomenon called Nuclear Magnetic Resonance. Since people
were scared of the word nuclear, this word was removed and this method is now simple known as MRI.
Since it is not using ionizing radiation, it is considered to be safer than CT [7].

Nucleus of atom is composed of neutrons and protons that all rotate around own axis in motion called
spin. Since protons wield positive charge, its rotation produces magnetic field and magnetic moment.
Magnetic moment is characterizing magnetic dipole.

In electrostatic field positively charged nucleus will negatively charged electron move in orbits, thus
creates current loop equivalent to magnetic dipole. This creates magnetic moment for electron.

Nuclei with even nucleon number do not affect surroundings magneticaly, because their magnetic mo-
ments cancell each other out. However, atoms with odd nucleon numbers keep their magnetic moments.
This is mostly hydrogen ! H, which has only 1 proton and has relatively large magnetic moment. Since
there are 2 atoms of hydrogen in single molecule of water, and human body consist mostly of water, it
is the best candidate for MR imaging [7].

+2 -1

Figure 2.7: Magnetic moment of atom with odd number of protons. (from https://www.
wikiskripta.eu)

When nucleus is put in strong magnetic field, rotation axes of protons are turned to by parallel with
line of force of outer magnetic field. Most of them is in position, where magnetic moment is oriented in
agreement with vector of external magnetic field, because oposite direction is energy expensive.

Not only do protons have spin, they also move on the surface of virtual cone. Frequency of this
movement is Larmor frequency. This frequency is affected by:

1. intensity of outer magnetic field

2. type of nucleus (constant)

For hydrogen 'H in magnetic field B = 1.5T the frequency f ~ 64M Hz
When atoms of hydrogen are oriented in parallel with external field, and they are on the same Larmor
frequency, they start to resonate. This resonation is measurable by detectors. When external magnetic
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Dipoles with randomly oriented magnetic Dipoles with oriented magnetic moments
moments. (from by external magnetic field (from
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field is removed, this resonation slowly starts to decay. Time when this resonations reaches 67% of its
value is called T1 and when it reaches 37%, then its called T2.

Time periods of T1 and T2 are different for various tissues, as well as different values of external
magnetic field (e.g. in table [2.1]).

Table 2.1: Values of T1 and T2 for various tissues in external magnetic field 3T.

Tissue T1(ms) T2(ms)
grey matter 1200 80
white matter 800 70
liquor cerebrospinalis 4000 600
arterial blood 1700 120
veins blood 1500 40

2.2 Challenges of organ segmentation

Organs in cavities like thorax or abdomen, or even in pelvic cavity can be deformed, or shifted in
random directions. This is caused e.g. by breathing, cardiac activity, or simply by the volume of bladder
or stomach. It is also important to account for uniqueness of each human being, as we all have slightly
different anatomic structure, and come in all shapes and sizes.

Even greater problem than shape is volume density captured by detectors, like CT. Since soft tissues
are very similar in density, and organs like spleen or liver are very well saturated with blood, it is very
hard to decide exact boundaries of certain organs, without using methods like contrast enhancement
techniques, like injection of contrast solution to vena portae [IJ.

However the most apparent challenge is lack of expert labeled data available, which prevents creation
of general model, that could cope with all aforementioned challenges.

2.3 Traditional segmentation methods

Many segmementation methods exists, some of them are more specialized, because they use huge amount
of information about the shape of image. The others tend to be more generally purposed [§].

Medical images are grayscaled images with usual dynamic range of 16 bits (depending on a machine,
could be more or less for older machines), where gray level represents measured values of the scanner.
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For CT that is radiation dampening and for MRI it is time of normalisation. However for computer
vision purposes, we can threat them as if they were regular grayscale images.

2.3.1 Thresholding

Thresholding is method, that relies on assumption, that foreground object can be separated from the
background solemnly by brightness. As mentioned earlier, tissues such as bones, or muscles have all
different density captured by CT and measured in Haunsfield Units. This density level is projected as
brightness therefore it is possible to use thresholding as a method [9].

Simples and most general method method is Global thresholding. This method creates a binary
mask of foreground simply by setting all values of pixels (or voxels if 3D image is processed) below certain
threshold () to 0.

o {1 T@ =
V0 @) <0

Figure 2.8: Global thresholding function: # - threshold value, f(x) - pixel/voxel intensity

To select proper thresholding value, we can use prior knowledge of densities of tissues in Hounsfield
units(HU). Some densities of certain tissues are shown in table

Table 2.2: Hounsfield unit values for certain materials and tissues [10].

Material HU value
Air - 1000
Lung - 700
Fat - 100
Water 0
Kidney 20
White matter 20
Grey matter 37
Muscle 40
Blood 40
Liver 60
Bone > 400

Segmentation of certain organ means, that for correct mask we need to cut off not only values below
threshold but also above it. Therefore the formula for such task requires a slight modification to:

o(a) = {1 0, < f(z) < 6

0 else

Figure 2.9: Dual cut global thresholding function: 6; - threshold value, f(x) - pixel/voxel
intensity

As standalone, this methods results are too crude, and contain a lot of artifacts. However if used in
combination for some other methods, such as active contour, or region growing, it can provide seeds to
initialize them without requiring any interaction from user’s side.
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2.3.2 Region growing

Region growing is based on assumption, that pixels (or voxels) that belongs to single organ are connected
and similar. What similar means is system specific, and needs to configured for each different segmenta-
tion usage. That units are connected usually means that they are spatialy nearing the object. To evalue
connectivity, neighbouring function is used. If neighbouring pixels are as similar, they are considered
part of the object [9].

For region to start growing, method requires starting point called seed. This can be provided by
user interactively. This attitude however renders method to be only semi-automatic. There is a way
to automatically select the seed points, picking pixels(voxels) with lowest gradient, which means their
surroundings is rather homogenous [I1]. This approach tends to oversegment.

There are several neighbouring functions, that define object neighbourhood. Those used in common
are 4-connected neighbourhood and 8-connected neighbourhood for 2D that can be easily extrapolated
into 3D by just adding another dimension.

Defining similarity can again be done user, however unlike selecting seed, this task is not intuitive
and will require some trial and error, which can be frustrating and time demanding. To automatically
derive similarity criterion Pohle and Toennies [11] proposed a method that does so autonomously. They
defined similarity ass likelihood of belonging to a gaussian distribution of gray values with mean being
the absorption level in CT and magnetization in MR. Standard deviation accounts for the noise.

2.3.3 Active contour

Active contour algorithm works with minimizing the energy of input contours. In 2D space contours are
ordered sets of tuples of coordinates ¢; = [x;, y;], forming a line. The energy of the contour, algorithm is
minimizing, is defined as sum of external and internal energies of each its component [12].

Ec = Z(Einternal (07 Z) + Eewternal (l‘i, yz))

i

Figure 2.10: Active contour optimization formula: F. - total energy, Finternal —
internalenergyo finputcontours,Eeyternal — externalenergyo f contourpoint

Internal energy of contour is computed from shape of the contour, and can be controled by parameters,
such as tension, or rigidity. This allows to prefer smooth contours over those containing sharp edges.

External energy can be described as metric of interesting feature in image, where less interesting
features have a higher energy and vice versa. Python scikit image libraryﬂ uses negative magnitude of
image gradient obtained by convolution with Sobel filter. Such implementation attracts contours toward
the edges.

Thttps://github.com/scikit-image/scikit-image/blob/master/skimage/segmentation/active_contour_model.py
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Initial conlour A fter 2040 steraions Final contour
a b ca=0

Figure 2.11: Depiction of active contour algorithm. Leftmost image is initial state, middle one

depicts state after 200 iterations of energy minimization and right one is final segmentation
result [I3].

Solution is then found by iteratively moving parts of the contours in way that decreases the total
energy of the contour over time. Same approach as optimizing weights in simple neural networks is

used called gradient descent. Each iteration steps in negative gradient with maximum step allowed as
parameter calculates the force to apply on each point of contour.

Cip41 =Cit + F(Ciy)

Figure 2.12: Active contour optimization step: €; 111 - new position of contour point, ¢; + - old
position of contour point, F'(¢; ;) - force to apply to contour point

2.3.4 Watershed algorithm

Watershed algorithm treats image as topographic map. Therefore each pixels (voxels) value is like height

of terrain. Imagine that rain starts over such terrain. As drop of water hits points on the ground, there
are 3 possible outcomes [12]:

1. water stays where it dropped (point of local minimum)
2. water will move downhill in one single way (catchment basin)

3. water will split and move downhill multiple ways (divide lines)

As the time flows and more and more water is added, catchment basins will be flooded and eventually,

between objects.

only the divide lines will remain. Divide lines will never be flooded, because they raise with the water
level. When highest point of map is reached, flood stops and remaining land is considered a boundary

This analogy is easily explained for 2D images, but to implement it in 3D only means broadening of

neighbourhood of pixel in another dimension and algorithm works without any modifications required.

— ; I ey
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Figure 2.13: Watershed segmentation schema. Every point, that is not part of divide line, is
considered part of catchment basin eventually.

9.

Watershed algorithm tends to oversegment input picture. To avoid such situation, it is possible to
use some preprocessing morphological operations, or use merging of adjacent regions, if they are similar

Resulting contours are guaranteed to be closed unlike in active contours algorithm.
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2.3.5 Statistical shape models

Many organs in human body have roughly similar shape and position with only a little variations.
These organs can be modeled to a statistical shape model from dataset of already segmented images.
Segmentation is then performed as fitting model onto input data [I4].

Method is more complex, then those discussed above, however it is much more robust to noise and
image artifacts [I5]. Model produced does not only contain mean shape but also it’s variations. This
mean is computed from point distribution model which is a set of points located on same anatomical
positions for each medical scan.

Let’s put point distribution model into a single matrix where 77; is single row of coordinates: mi; =
(24, Yi, 2;) then computing mean shape is as simple as:

1
1=1
Figure 2.14: Statistical shape model formula: m - ssm model, m7; - single row of coordinates

Shape variations can be extracted using principal component analysis and then storing computed
eigenvalues of variations. Valid shapes can be then computed from stored mean value by adding shape
parameter and eigenvalue.

Unlike atlases, statistical shape models use only shape information for creating model, whereas atlases
use information like tissue distribution and aditional anatomical knowledge, like position of other organs

2.

2.3.6 Graph cut

Graph cut is considered useful multidimensional optimization algorithm, that can, unlike active con-
tour, preserve sharp edges if necessary [I6]. This algorithm is designed to capture hypersurfaces of
N-dimensional graphs, therefore using it on 3D medical image is only matter of correct setup.

Consider 3D image, where each voxel is grap node forming set V' and each voxel has connection to
its neighbouring voxels, forming set . Image can then be represented as graph G = V, E. Except for
their neighbours, each node has connection to special terminal nodes call source (s) and sink (t).

source

Figure 2.15: Graph construction [16].

Edges are weighted so that voxels of the background have small weight for one of the terminal nodes
and large for the other. Weights for the edges between voxels of the foreground are treated in opposite
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fashion. Similar pixel have their weights higher, than distinct ones.

With graph constructed, it is now possible to use minimum cut algorithm, that will divide graph
into 2 parts, removing edges in such fashion, that the sum of weights of removed edges is minimal [12].
OpenCV implementation builds graph using 4-neighbourhood of pixels and than uses Edmonds-Karp
algorithm to find minimum cut ﬂ

Separating image using mincut provides only binary segmentation. In addition, this algorithm, like
region growing, requires seeds of background and foreground, therefore requires interaction.

2.3.7 Atlas based segmentation

Atlas based segmentation transforms segmentation problem into registration problem. Algorithm maps
every voxel of input image onto the atlas. The atlas is exemplary image, that has been segmented, and
is considered ground truth. After mapping is done, each voxel of input image is assigned class of atlas
one it is mapped to [12].

There are 2 basic approaches for image registration:

e Intensity-based registration measures how well are images mapped to one another with mutual
information. It is based on expectation, that regions mapped one to another have similar intensity
distribution [12].

e Feature-based registration is minimizing difference between 2 sets of points iteratively. Similarly
to statistical shape models, it requires same anatomic points as input. Algorithm consists of 2 steps:

1. each point in 1% set is assigned to the closest point in 2"% set

2. these pairs are then used to calculate transformation to move points closer to each other.

2.4 Machine learning based segmentation methods

Machine learning algorithms are usually divided into 2 categories:

1. supervised learning or learning with teacher. This algorithm receives dataset D = {x,y}"_;,
where x is vector of features and y is expected output. Then algorithms tries to find parameters
of model © so that the loss function is minimized. Loss function is defined as L(¢,y), where ¢ is
correct solution and y is output of model function f(x,®) [17].

2. unsupervised learning algorithms process data without expected outputs provided. They train
to find patterns in the dataset or reduce dimensions of the data. Main usecases are Principal
Component Analysis, clustering or associations.

Neural networks are foundation for most methods of machine learning and deep learning. They
are composed of many neurons with net activation function and parameters O, that are set of weights for
input of the neuron. Activation function is elementwise nonlinearity function, such as ReLu or sigmoid,
applied on result of matrix multiplication of vector of weights and inputs. Bias b is added to net if
necessary.

net =w’ -z +b

Figure 2.16: Neural network activation formula: net - activation function, w - weights of neuron,

X - neuron input, b - bias

When connected in parallel, this neurons form a layer. This layers can be connected in series then
they form deep network.

Convolutional neural network has shared weigths across network. That means that model has
no need to learn again and again detectors for same object, which has many occurencies in the same
picture. This also reduces number of parameters to set. On each layer, input image is convolved with set

Zhttps://github.com/rajatsaxena/0OpenCV/blob/master/graphcut.py
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of kernels W and biases B, and each convolution generates new set of features. This process is repeated
for each layer.

X =Wior* Xpoo1 + by

Figure 2.17: CNN features computation formula: X - map of features, k - layer, W - weights, b
- bias

Recurrent neural networks in addition store state of the network A in time ¢, that was produced
as result of previous state h;_1 and input xzy:

ht:W'.’Et+R'ht_1+b

Figure 2.18: Recurrent neural network formula: h - state of network, t - time, x - input, W -
weights, R - immutable weights, b - bias

where matrices of weights W and R are immutable. Networks build on these architectures show a
lot of promise in medical applications [18].

2.4.1 Hierarchical 3D Fully Convolutional Network (FCN)

Traditional FCN if trained for segmentation of multiple organs, will have many neurons trained only
for differentiating foreground and background of volume, in order to reduce loss function. This network
is capable of segmentation, however it will be very innacurate for smaller organs. To cope with the
problem, it is possible to add another FCN and let it fine-tune the results from the first one [19].

To further reduce the number of voxels, network needs to anotate, it is possible to remove 50-60%
of volume by simple thresholding, keeping only the volume of body. This greatly reduced space is then
used as an input for the first stage FCN that will, instead of segmenting concrete organs, anotate the
smallest possible candidate region, where organs should be located [19].

Figure 2.19: Input and output of first-stage FCN in hierarchy. Red are labeled candidate
regions for organs location [19].

Many FCN architectures can be utilized to be connected in hierarchical fashion, Roth [I9] used U-Net
(very similar to V-Net) architecture. Using this fine-tuning approach with 2 stages outperformed 2D
FCN architectures, as well as traditional, clinically used methods, such as atlas based registration.
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2.4.2 V-Net

V-Net is an instance of fully convolutional network trained end-to-end, that has been modified not to
process volumetric data slicewise, but uses volumetric convolution. This means that convolution kernels
are not square but cubic instead [20].

Network is divided in 2 parts, in picture it’s displayed as left and right. Left part from top to
bottom takes care of feature extraction with set of kernels and then compression of volume, so lower
layers, can examine higher level features. Since each layer does compression, they all work with different
resolutions [20].

Compression is performed with convolution again. To halve the volume of sample, one can use e.g.
2x2x2 kernel with stride 2. This approach removes need for max-pooling layers, since convolution is used
instead, which means, that to map output back to inputs in training phase, using simple de-convolution
is enough. This means smaller memory footprint [20].
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Figure 2.20: V-Net schema. Cubes represent 3D convolution kernels [20].

Remaining half of network uses features gathered from their counterparts at equivalent layer in
V model. Together with feature maps from lower layers of the right side, it compiles information for
volumetric segmentation. As opposite to left side, after each layer deconvolution is applied, to decompress
volume, doubling it’s size [20].

Last convolutional layer outputs same volume as was put in with probabilities of each voxel to belong
to background or foreground. This is achieved by applying soft-max on each voxel.

This type of network for prostate segmentation task achieved same score as best performing model
for same challenge, based on statistical shape models. They both reached on average 0.87 Dice score El

Shttps://promisel2.grand-challenge.org/results/
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2.4.3 Voxelwise Residual Network (VoxResNet)

Deep residual networks, use so called skip connections to propagate signal directly across the blocks
of layers, by-passing non-linear transformations. Therefore input for i-th layer would look like z; =
H;(x;—1) + x;—1, where H; is nonlinear transformation. This allows gradient to flow directly from back
to front using identity function [21].

VoxResNet is composed of stacked residual modules (image . Each module performs addition
of input and transformed features before output. Only small convolutional kernels are used (3x3x3),
because they have been observed to yield the best results. Since convolution is performed with stride 2,
downsampling is also performed, enabling to capture more context [22].

input x; ]
| BN,RelU |
| Conv, 64,3x3x3 |
| BN,ReLU |
[ Conv, 64, 3x3x3 ]

D

Qutput xp44

VoxRes module

Figure 2.21: VoxRes Module schema [22].

To allow capturing and using high level contextual information, it is possible to train one instance of
VoxResNet on subvolumes, and then use propability maps generated by it in second instance with full
volumes of data. This way it is possible to refine segmentation and to remove the outliers [22].

2.4.4 Multi-dimensional Gated Recurrent Units (MD-GRU)

Gated Recurrent Unit (GRU) can be viewed as simplified version of LSTM which, instead of input and
forget gates, uses only update gate and combines hidden and cell state. Combining those states means
lower memory requirements, therefore much larger inputs can be provided as well as much larger networks
can be designed [23].

Traditional GRU is defined as calculating the reset gate and update gate using values from previous
state and then calculating value of new state of layer using output from previous layers as well as values
of updated gates. To be able to process 3D volumetric data, as well as convolution, GRU can be modified
to Convolutional GRU (C-GRU) [23].

MD-GRU is composed of data dimensionality times C-GRUs. And since one is required for each
direction, total count of C-GRUs is times 2.
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Figure 2.22: (a) Schema of C-GRU computations (b) MD-GRU for 3D data, composed of 6
C-GRUs [23].

MD-GRU on MRBrainS challenge outperformed models like LSTM or U-Net reaching rank 7 in
challenge. There are better performing models, however none of them has yet available articles to

analyze [1]

2.4.5 U-Net

Similar to V-net, U-net is extension of fully convolutional network, but instead of always downsampling
the input, here max-pooling is replaced by upsampling, which results in higher resolution of result. This
means, network is split to 2 parts:
e Contracting part is doing convolution followed by ReLLu and max-pooling with downsampling as
classic convolutional network. Every downsampling also doubles feature channels.
e Expansive part is, contrary to contracting, doing up-sampling and up-convolution, that halves

the feature channels.

However, feature map always has to be cropped, due to convolutions losing the border pixels in every

step [24].

Ve

P

Figure 2.23: The 3D-Unet architecture [25].

Aforementioned model works with 2D data. However this approach can be easily scaled from 2D to
3D, by adding additional dimension to each operation. This means, that 3x3 convolution will become
3x3x3, ReLu is performed on each cell of matrix, so it does not need any scaling and 2x2 max-pooling
with stride 2 will become 2x2x2 with stride 2 in all dimensions. Passing features from contracting to

equal expansive path [25].

4http://mrbrains13.isi.uu.nl/results.php
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2.5 Data preprocessing

Almost all described methods in chapter use some kind of preprocessing method. Most common method
is cropping volumes to reduce memory as well as computational burden, significantly speeding up the
training process. Simple method as applying thresholding and applying resulting binary mask, may
reduce space by 40%.

Cropping as much as 40% of total volume from background, will also heavily change class balance,
because relevant organs will have much higher relative volume, compared to background, that could
cause machine learning methods to focus on background instead of organs.

Figure 2.24: Cropping volume of CT to reduce processing requirements.

CT images in DICOM format are not guaranteed to be in Haunsfield units, since not every scanner
has the same properties. To convert into then, it is possible to extract from DICOM metadata values of
RescaleSlope and Rescalelntercept and transform them with linear transformation to Haunsfield units.
This allows using known density values of tissues as additional information.

Data from scanners tends to be very noisy, because granularity of detectors is finite. To cope with
that, it is possible to use filters such as mean filter or Gaussian filter, to supress the noise influence.

To enhance edges in ify areas of soft tissues, one can use e.g subtraction of Gaussian smoothed image
[22]. Doing may reduce training of feature detectors of CNN, or improve results of traditional algorithms.

Creating supervoxels, or superpixel per slices, using Self Organizing Maps or algorithms like SLIC,
may be useful to reduce memory and time requirements for some algorithms like graph cut, since it has
to deal with significantly lower number of nodes and edges.

2.6 Related work

2.6.1 U-Net Convolutional Networks for Biomedical Image Segmentation

Ronneberger et al.[24] improved upon “fully convolutional network” so that it requires very few training
images and yields very good segmentation results. Their idea was to supplement contracting layers with
expanding layers and therefore to replace max-pooling layers with upsamling.

Upsampling using high resolution features, from complementary contracting layer, means that lo-
calisation and use of context without compromising trade-off is possible. This “by-passes” between
contracting and expanding layers create U-shaped architecture.

To further battle the small dataset problem, they employed elastic deformations to training images,
that help network to deal with deformations, even if not originaly present in the dataset. This include
shift and rotation and grey value variations.

This method scored the best on EM segmentation challenge, using serial section of electron microscopy
of the drosophila ventral nerve, and on ISBI cell tracking challenge, focusing on glioblastoma.
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2.6.2 3D U-Net: Learning Dense Volumetric Segmentation from Sparse An-
notation

Cigek et al.[25] proposed a method, that allows to train 3D Unet using annotation, that are not present on
each slice of 3D data, but rather much more sparsely. This network can not only be used to autonomous
segmentation, but also to densify sparse annotation. This means, that radiologist needs to produce much
less annotations, skipping multiple slices, saving time.

This method uses 3D volumes as input data, providing much more context information for network
to use. It gained huge performance gain to equivalent 2D implementation, for task of fully-automated
segmentation.
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Chapter 3
Dataset description

Dataset used for segmentation in this work is provided by AAPM Thoracic Auto-segmentation Challenge.
It consists of 36 patients scans obtained in 3 different studies per 12 patients. Dataset is provided in
standard DICOM format, and are manually anotated by radiologist. These annotations will serve as the
ground truth for further evaluation of proposed method.

All images are from CT, however metadata attached is inconsistent and confusing, claiming that some
images are from PET scan and some are from MRI. Most images are from healthy patients, however
there are some abnormalities, like collapsed lung in some cases (image .

Since challenge focuses on segmentation of organs of thorax, only volumes of thorax are provided, usu-
ally ranging from C2 to L2 vertebra. It’s dimensions are 512x512x140 where pixel spacing in transversal
plane is rectangular grid with side of 0.976mm and slice thickness of 3mm.

Figure 3.1: Study 3 patient 12 - collapsed right lung in transversal, frontal, sagittal slices and
3D render.

Each patient consists of N .dcm files, where N is number of transversal slices, numbered from 0 to
N-1. These files contains metadata about patient position during examination, slice position in volume
in cranio-caudal direction, orientation information (left and right side).

Train dataset has one additional .dcm file, that contains manually drawn annotations for 5 organs:
heart, left lung, right lung, spinal cord and esophagus. These annotations are represented as series of

points forming polygons, for each cranio-caudal slice.
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Almost every patient’s annotation from dataset contains some sort of error, such as ordering mismatch
for polygon points, or blank spaces where there should be none. These are mostly visible when viewing
volumes in different slice rotation than transversal (image [3.2]).

Figure 3.2: Common annotation errors, such as blank spaces(right), or inverted annota-
tion(left).

3.1 AAPM Challenge

AAPM Thoracic Auto-segmentation Challenge is organized by American Association of physicists in
medicine and it’s goal is to provide auto-segmentation tool to segment organs at risk from CT images
for radiation treatment planning E

Challenge focuses on segmenting 4 main organs in thorax:

e oesophagus - 23 to 28cm long tube-like organ connecting pharynz and ventriculus. It connects
to pharynx at C6 vertebra and descends through thorax in front of columna vertebralis until at
Th11 it finally ends in ostium cardiacum giving onto ventriculus. As far as CT granularity goes, it
consists of muscle tissue.

e cor - muscular organ with 4 cavities, working as a pump. It is situated behind os sternum in
mediastinum. 2/3 of its volume is left of medial line and 1/3 is on the right. Cor is shaped like
irregular cone with apex pointing to the fifth intercostal space. Thinnest part are atriaes with only
2.5mm. This migh be in worst case scenario, below CTs resolution and must be accounted for.

e pulmo - pair organ that provides transfer of gases between air and blood. Each part pulmo dexter
et sinister divides into lobes and then into even smaller segments. However for segmentation
purposes, that high granularity is unnecessary. It is surrounded by ribs and fills almost whole
thoracic cavity. While breating, volume and density of lungs changes drasticaly and needs to be
accounted for.

e medulla spinalis - goes through canalis spinalis from C1 to L2. Like brain, it consists from gray
and white matter. It is approximately 40 to 50 cm long.

Thttp://aapmchallenges.cloudapp.net/competitions/3#learn_the_details-overview

20


http://aapmchallenges.cloudapp.net/competitions/3#learn_the_details-overview

Pranemra Mo

Futern] sapmacy ol

Palmawary picans

Apegethess el | "'., Az wia
Marruric fui Vayas carsss

Figure 3.3: Atlas drawing of transversal plane of thoracic cavity depicting spatial relations of
organs of the region. (from https://www.wikiskripta.eu)

Exact instructions for segmentation are enclosed in attachments.
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Chapter 4

Proposed Method: 3D UNet

adaptations

It has been years since Neural Networks employing deep learning have surpased traditional computer
vision algorithms for complex tasks, such as semantic segmentation or multiclass classification. Since
2012 when AlexNet emerged, state-of-the-art became rapidly advanced by deep learning [26].

Lately, in multiple medical segmentation challenges, 3D Unet has been successfuly used. Tasks
like segmentation of pancreas [27], prostate [20], xenopus kidneys [25], neural cell structures in electron
microscope stacks [24], and many more. Most of them have also published their implementations on
github.

As mentioned in 2.6 3D Unet requires very few training images, which perfectly matches described
dataset used for this paper and most of real-world medical applications. All this reasons lead us to
conclusion to use 3D Unet as our primary method, and to further boost it, with preprocessing using
some of the traditional methods of computer vision.

As a starting point for organ segmentation we use remplementation by Imran Ahmed available on
githutﬂ of Unet proposed by Cigek [25]. Originally it was trained dataset from Automated Segmentation
of Prostate Structures ISBI Challenge. Since the challenge was ended long before this reimplementation
was available, it is not possible to compare it to competition winner on hidden evaluation dataset.

4.1 Unet Architecture

Unet is implemented exactly as described in [25] (see[d.1), having 4 layers 0-3, each consisting of constrict-
ing and expanding opposite. Only difference being, that operations such as max pooling or convolution
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are performed in 3D, preserving more contextual information.

Figure 4.1: The 3D-Unet architecture overview [25].

Thttps://github.com/96imranahmed/3D-Unet
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Each compressing layer performs 2 times convolution, normalization and ReLu, then max-pooling
before entering the next layer. Also dropout of input for following layer is performed, to reduce the
chance of overfitting.

Expanding layers first perform single upconvolution or transposed convolution. Then concatenation
with features from opposing layer is performed. Similar to compressing layers, 2 times convolution,
normalization and ReLu is performed.

On the last expanding layer, one extra 3D convolution is performed, with number-of-classes filters.

More implementation details about implementation are available in documentation [Technical documen-|

[tation 3D-Unet reimplementation|

Features from last expanding layer could either be translated to organ mask using one-hot encoding,
since there is number-of-classes output features, or concatenated with topological information and passed
to fully connected layer.

4.2 Annotations extraction

To be able to measure the success of these methods, it was necessary to extract the annotations from
provided dataset, which proved to be a suprisingly difficult and time consuming task.

No easy nor automated way was found to extract the annotations that was working, because labels
have been hardwired into to data, even if they were in separate file, in binary form. Only tool, except
for Slicer, able to read them was some obscure, poorly documented library in Matlab, and even if it
was able to extract the data in some form, it couldn’t be serialized properly, without loosing orientation
information.

To extract it, each single patient had to be loaded to DICOM visualisation tool Slicer, and for each
organ, had to created a binary labelmap from the polygon representation. This binary labelmap then
had to be exported separately for each organ, for each patient.

Another problem with annotations was inconsistent class numbering. This means that for certain
scan organs were labeled like: 1 - heart, 2 - left lung etc. and on another scan heart was 3, left lung 1
and so on (see image . This problem was discovered when trying to train Unet and loss function was
jumping up and down. (see image
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Figure 4.2: Loss function jumping up and down across training episodes.

Fixing this issue required exporting middle transversal slice (high probability of capturing all thoracic
organs in this slice) of each scan to spreadsheets and then creating a ruleset for cells to color organs
in slice with consistent colors and then creating translation table from actual label number to expected

value.
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Figure 4.3: Different coloring of the same slice on different scans using the same excel style-
by-value ruleset.

Metadata in DICOM format also include positional data about patient. When extracting raw voxel
values, they come in slices. Those slices however are not guaranteed to be sorted correctly (in cranio-
caudal direction), because SlicePosition attribute only describes relative positions of slices. This means
that each slice has correct neighbours, but sometimes first slice is from superior direction and sometimes
from inferior, depending on the scanner machine.

To sort them correctly, we need to use attribute SliceLocation, which describes Z (Z is cranio-caudal
axis) coordinate. Depending on the location of scan, scanner settings and patient position and size,
starting value can range from -1000 to 1000 (observed in my data) for slice in same position. However it
is guaranteed to decrease in caudal direction.

4.3 Data preprocessing used for training

Since data is consisting from multiple studies and is collected from multiple CT scanners, with different
brightness settings and different sizes, it is necessary to normalize it.

4.3.1 Brightness normalisation

First, we cast data to Hounsfield units Using formula: image = image- slope+intercept This guarantees
same level of brightness for same tissues regardless of scanner. This should, in theory, also allow us to
train/test using multiple different datasets, if we would obtain any.

4.3.2 Rescaling

Second, we rescale scans so that they fit into VRAM of available computer. Since we are using Nvidia
Titan V with 12GB of VRAM, maximum scan size can be composed from approx. 3 millions of voxels
(single valued) for Unet with described architecture.

Since scans are not from the same machine, their resolution is different, therefore it is necessary to
rescale them even if we would put patches as subtractions of original data. Originaly data is size around
130x512x512 voxels +-10% in each axis, which requires approx. 100GB of VRAM.

For scan, rescaling is done using scipy.ndimage.interpolation.zoom with order of spline interpo-
lation of 3. For labels same function with spline interpolation of 0 and without prefiltering. Using filter
and higher order interpolation, leads to seeding foreign labels on the edges of organs, due to intruction
of noise, which is not necessarily bad on input data, however very bad for labels.

We have tried rescaling to multiple sizes, from using cube of 5002, cube of 360% serving data in
smaller patches of 120x120x120, with tradeoff of loosing context but having higher resolution, and even-
tually using 60x240x240 which is roughly half the size in each dimension, making memory requirements
satisfiable, cutting them from approx. 100GB to 12GB of VRAM for whole scan.
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4.3.3 Distance transform

For loss function (see: based on distance we need to calculate 3D distance transform maps for
each individual organ for each scan. Distance transform map says for each voxel in binary organ mask
in labels, how distant it is from closest voxel belonging to organ, so it is possible to compute punishment
for Unet based on distance from actual organ. There are several ways of achieving this.

Naive approach is using k-times morphological operation of dilation on binary mask for each organ.
This approach however is extremely slow for larger structuring elements to compute and requires huge
amount of iterations for smaller structuring elements, and distance transform map produced is quantized.

More advaced method is using Multi Label Anisotropic Euclidean Distance Transform 3D(MLAEDT-
3D)E] that can compute continuous euclidean distance transform in 6 passes, making it linear time algo-

rithm.
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Figure 4.4: Distance transform visualisation for left lung. Brighter white indicates further
distance from organ boundary. A: Distance transform produced by dilation in 10 iterations. B:
Continuous euclidean distance transform produced by MLAEDT-3D.

4.3.4 Coversion to binary label masks

Original labels are provided as multilabel mask for each scan, where each organ is assigned a number.
Since our solution is mixture of experts, each trained for single organ, conversion to binary label masks,
one for each individual organ is necessary.

Simplest way is to create empty label map with same size as multilabel map, and set as truthy
positions where extracted organ assigned number is located.

4.4 Dataset partitioning

Only 36 body scans from 3 studies are available and from those 7 are reserved as test data and another
7 as validation data, only 22 scans remain for training.

It is possible to boost training data sample amount at cost of validation data, using e.g. 10-fold cross
validation, however since training Unet is very time consuming - taking up to 2 days to fully train, and
with both GPU and manpower time limited, we deemed the tradeoff unworthy.

Zhttps://github.com/seung-lab/euclidean-distance-transform-3d
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Both validation and test data are handpicked, to represent each study and every machine used in the
study. Also outlayers, such as man with collapsed lung is included not in train, but in validation dataset,
so we are able to judge the generalisation level of network.

4.5 Data augmentations

To mitigate the problems of small dataset, such as likelihood of overfitting, or “memorizing” desired out-
put for each input by network, it is necessary to augment original input data as a form of regularization.

We are using 3 types of augmentations, each with own individual probability of triggering on currently
augmented image. Triggering each type of augmentation with individual probability means chance of
producing more variants for same image, when some of the augmentations may not apply.

All abovementioned augmentations, except for grayscaling, need to be applied for annotations as well,
with same parameters by default

To further increase data variability, we generated augmented data just-in-time, rather than staticaly
before training and reusing them. However this is very time consuming, since augmentation is performed
at every iteration.

4.5.1 Rotation

Probability of triggering rotation is 0.6. Rotation is done along first two axes, meaning rotations in
transversal and saggital plane, since that is only reasonable plane of rotation of real body in scanner
(represents laying on the side, rather than on back). Rotations in facial plane are unexpected, since
scanning is done on straight leveled pad.

Angle of rotation, if rotation is triggered, is generated as random integer between 10 and -10 degrees
and then applied using scipy.ndimage.interpolation.rotation.

coronal or
frontal plane

axial or

| horizontal or
— fransverse

plane

sagittal or
longitudinal plane
median plane
parasagittal plane

Figure 4.5: Termini situm et directionem partium corporis indicantes: Names of location and
directions of body parts. Augmentation rotations are done saggital and transversal plane. (By
Mikael Haggstrom, used with permission.)

4.5.2 Zoom

Probability of triggering zoom is 0.5. Same zoom function is applied for augmentation purposes as is for
data preprocessing (see , but instead of new dimensions, scaling factor is used.

Scaling factor is randomly generated using uniform distribution from interval 1.0 to 1.2.
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Since zooming means changing shape of input 3D voxel array, resulting image needs to be cropped

to preserve required shape for Unet input. For each dimension width of bezels to crop is computed as
n—r
2

where n is new shape after zooming and r is shape required by Unet.

4.5.3 Grayscaling

Grayscaling means slight modifications of voxel brightness values. It is triggered with probability 0.6.

Firstly, random number k& €< 10, —10 > is selected and then 3D matrix M with same shape as scan
is initialized, where M : M;; €< 0,1 >. Grayscale modifier D for scan is then obtained as $D=k -
M$which can be simply added to original scan, producing augmented result.

4.6 Training

Rescaled and normalized input images with their augmented counterparts and corresponding label maps
for single organ and distance transform maps are used to train with AdamOptimizer implementation
provided by Tensorﬂowﬂ Loss function is dice score computed over the last feature map of Unet and
result is enriched by false positive matches scores, reached by summing over distance transform map.

Unet training, depending on organ, is very time consuming. 10 000 iterations (single forward-
backward pass of one scan and it’s online generated augmented versions), takes circa 30 hours in our
implementation.

It is possible to train Unet as multi-organ segmentation tool, making output of last convolution
produce n+1 features for each voxel, where n is number of organs trained for and 1 is for the background.
However this approach leaves the space of possibilities very large, and further increases VRAM memory
consumption.

One of the first models, we trained in 5+1 output features configuration, was only able to train for
lungs, however it couldn’t distinguish between left and right lung, and it also considered air surounding
body as lungs.

Figure 4.6: 5-+1 multilabel organ segmentation. Unet only can segment lungs, without distin-
guish left and right, and considers air surrounding body as lungs as well, because of missing or
having very little spatial context.

Training for only single organ, means saving some memory, which in return means we are able to serve
network with larger patches, preserving more spatial context, or using patches with higher resolution,
preserving more details. As far superior solution appears to be low-res image with whole context, highly

Shttps://www.tensorflow.org/api_docs/python/tf/train/AdamOptimizer
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reducing false positive results in inappropriate anatomical areas and in synergy with our loss function,
false positives are reduced to borders of compact organs.

4.6.1 Model evaluation metrics

As a metric on both validation and test dataset, we are using Dice-Sorensen score for IOU calculated for

both background and segmented organ individually.

SNGT
SUGT?

for ground truth labels. It is relatively fast to calculate for binary label masks. There are 2 ways

Intersection over Union metric: I0OU = where S stands for network segmentation and GT

that are used to calculate it (sum stands for sum of all matrix elements, ® means elementwise matrix

multiplication):
_ sum(SOGT) .
1. I0U = S (S Fsum(GT) —sum(S6GT) - Jaccard index
2. I0U = % - Dice-Sorensen score

Both metrics are very similar and both produce results between 0 - worst possible match, having
no intersection but non-zero union, and 1 - best possible match, segmentation and ground truth are
identical.

Since, there is risk, that when there is “nothing” on segmented image, and it is correctly segmented
with mask of zeros, we are facing division by zero problem. We can either set condition that if sum(GT) =
0 return 1 or we can add small € eg. € = 107> to both numerator and denominator.

This metric is very punishing, since miss-segmenting single voxel is punished twice. Once it is missing
in intersection and second time it is raising union. Therefore by naked eye evaluated segmentation as
“near perfect” can have score around 0.9 and could falsly lead to reading the results are percentages,
where missing 10% seems like much.

Poor Good Excellent
Figure 4.7: Intersection over Union score visualisation. This score is
very  punishing. (image from: https://www.pyimagesearch.com/2016/11/07/

intersection-over-union-iou-for-object-detection/)

When reading and interpreting the results, one should also take into consideration, that ground truth
data, also contains many errors, introduced by human segmentator e.g. image [3.2]

4.6.2 Hyperparameters configuration

There are 2 main types of hyperparameters for this model:
1. Concerning data fed to network:

e Size and Depth of scan (2 dimensions are enough to define scan, since base is square) - last

model values: 240x60
o Size and Depth of patch (2 dimensions for same reason as above)
e Number of classes in desired output (2 for binary segmentation, more for multiorgan segmen-

tation) - last model values: 240x60, same as scan
e Number of input features in provided input. Simple CT-scans are providing only monochro-

matic brightness values, therefore 1D feature vector is provided per voxel, but since Unet used
for fine-tuning uses the same architecture, and takes also as input results of previous network
segmentation, this takes 2D vector of features per voxel.
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e Batch size - determines how many patches are fed to network concurrently. This value heavily
depends on available VRAM. For smaller patch sizes, we could feed up to 6 patches per batch,
until the threshold of approx. 3-10° of voxels was crossed. For final patch shape (240x240x60)

only single patch per batch is viable.
o Augmentation rate - determines how many augmentation iterations should be performed per

training iteration on single data. The higher augmentation rate, more uniquely distorted data
is sent to Unet, however, since we are running augmentations online, it is very time consuming
and prolongues training significantly. Currently set to 1 - for each iteration 1 new instance of
input data is produced.

2. Concerning network configuration:

e learning rate - 0.001, which is default value for AdamOptimizer used in tensorflow?
e Exponential decay rate for 1°* moment estimates ; - experimentally set to 0.8 (see subsection:

41.6.4])
e Exponential decay rate for 2" moment estimates 5 - experimentally set to 0.9 (see subsection:

4.6.4])
o Convolution kernel size - shape of 3D kernel used for 3D convolutions. We used cube even for

non-cube shaped data patches, with side 3 voxels, making kernel size 27 voxels.
e Convolution stride - defines movement of convolution kernel over features patch in each di-

rection while performing convolution. It is defined as 1 in each direction.
e Number of filters - defines how many image features are on the output of convolution. First

convolution of the first layer of the compression path starts with 8 filters and second convo-
lution with 16 filters. For each subsequent layer in compression path, the value doubles from
previous layer. For expansion path, first and second convolutions both start with 64 filters

and for each layer, the amount halves (for more detailed values see table: .
e Mazxpooling*| kernel size - defines how many values in neighbourhood of maxpooled value will

be used.
o Mazpooling? stride - defines movement of maxpooling kernel size, and therefore defines reso-

lution reduction in each dimension. For first maxpooling on level zero, for both compression
and expansion path are strides different from default 2x2x2, because of first dimension of data
patch being 4 times smaller than other 2 dimensions, and downscaling all dimensions equally
then causes distorsions due to need of using padding in convolutions. Kernel size is always

identical to stride to avoid propagation of local brightness peak to the rest of the image.
e Droupout rate - dropout is form of regularization preventing overfitting and it sets fraction of

input, defined by dropout rate, to zero value. At the end of each layer dropout is performed
with rate 0.2. Dropout is only applied in training mode.

Patch size implications

Having patches with higher resolution, but small or next to none context, often yielded false positive
matches in completely different anatomical areas, than organ is supposed to be in (see image [4.8)).

4Maxpooling applies for compression path and Upconvolution for expansive path.
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Pipeline | Path Layer | Layer | Number | Maxpooling/ Maxpooling/

order order | of filters | Upconvolution | Upconvolution
kernel size stride

1 compression | 0 1 8 None None

2 compression | 0 2 16 None None

3 compression | 1 1 16 1x2x2 1x2x2

4 compression | 1 2 32 None None

5 compression | 2 1 32 2x2x2 2x2x2

6 compression | 2 2 64 None None

7 compression | 3 1 64 2x2x2 2x2x2

8 compression | 3 2 128 None None

9 expansion 2 1 64 2x2x2 2x2x2

10 expansion 2 2 64 None None

11 expansion 1 1 32 2x2x2 2x2x2

12 expansion 1 2 32 None None

13 expansion 0 1 16 1x2x2 1x2x2

14 expansion 0 2 16 None None

15 expansion 0 3 2 None None

Table 4.1: Table of numbers of filters for each convolution performed in both compression and
expansion layers. Last convolution outputs number of output classes +1 features. Maxpooling
kernel size and stride is also provided.

Figure 4.8: Higher details with lower context patches fed to Unet leads to false positive heart
results in abdominal cavity (in red circles). A is medial slice and B is facial slice of the same
scan. Patch size is 120x120x24

Another problem with this approach, that can be seen on the image, is by naked eye distinguish-
able boundaries between patches in segmentation, where there are sharp edges, or holes in resulting
segmentation.

On the other hand, cutting resolution approx. to 1/8 of original voxel volume of scan, to shape
240x240x60, meant we could preserve much anatomical relationships, at cost of lower details. This leads
to much more compact results without holes and patches boundaries, since there are none, and network
is not producing false positive matches in completely different anatomical areas.
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4.6.3 Loss functions

Final loss function used is dice score computed over the softmax of the last feature map of Unet and
result is enriched by false positive matches scores, reached by summing Hadamard product of predictions
and distance transform map.

2 - sum(output © target)

dice =
sum(target) + sum(output)

distance = sum(predictions ® dtm)

loss = dice + distance

Figure 4.9: Augmented Loss function formula: dtm - distance transform map

Reason for computing dice score on feature map, rather than on label map is for result to be differ-
entiable. For target we therefore have to use one-hot encoded ground truth labels.

Distance based part of loss function just amplifies punishment already given by dice score, but rather
then just punishing false positives with same value, without taking into consideration compactness of
human organ and anatomical positions, this part of loss does just that.

Figure 4.10: False positive results reduction visible on the same slice: A - augmented Dice loss,
B - Dice loss.

Default loss function used by Ronneberger [24] was ballanced cross entropy, where it is possible
provide class weights, when classes are imbalanced. Class weights are computed as 1 — =efg=s

We used it for earlier experiments with multiclass segmentation, where computing dice coefficient
for multiple classes is far more time consuming, since it has to be computed separately for each class.
However since we went with idea of training multiple expert networks for binary segmentation, and since
our main metric of segmentation performance is dice, it only seems reasonable to use dice as loss function

as well. We are using implementation provided by Tensorlayerﬂ

4.6.4 Trainer

As a trainer we use Adaptive Moment Estimation (Adam), which yet another extension of traditional
Gradient Descent optimization algorithm. It combines the advantages of algorithms Adadelta or RM-

Shttps://tensorlayer.readthedocs.io/en/stable/_modules/tensorlayer/cost.html
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Sprop of storing exponentially decaying average of past squared gradients and, similar to momentum,
also keeps exponentially decaying average of past gradients [28].

Using default Adam configuration from Tensorflow® works fine for most organs, however for training
lungs, loss function whilst training, began jumping unpredictably. Some of this erratic behaviour can be
explained by inaccuracies in provided annotations (see image . But this behaviour continued even
afterwards annotations were fixed (see image [4.2)).
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Figure 4.11: Jumpy loss function with default Adam parameters(A) and IOU metric(C) versus
loss function with decreased 5, and Sy parameters(B) and it’s IOU metrics(D).

We conducted multiple experiments, and conluded that best parameter settings for 5; = 0.8 and for
B2 = 0.9 with learning rate a = 0.001

4.6.5 Stop condition

We had a single criterion for stopping. Intersection over Union (IOU) metric on validation data was
stable and stopped rising for several measurements in a row. If this criterion was not met, training was
cut after reaching 10 000 iterations.
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Figure 4.12: Intersection over Union metric is stable for multiple measurements on validation

data, means time to stop training.

4.7 State of the art results on dataset

Comparison is done with currently best performing model on AAPM Thoracic Auto-segmentation Chal-
lenge, which currently is submission by user xuefeng. These results are used as reference model for all

statistical evaluations.
Submission unfortunately does not include any details of implementation or methods used for seg-

mentation, only Dice scores are present.

scan heart Dice | left lung Dice | right lung Dice | esophagus Dice | spinal cord Dice
LCTSC-Test-52-202 | 0.6026 0.7173 0.7741 0.3736 0.6132
LCTSC-Test-52-201 | 0.3459 0.7418 0.7565 0.0 0.5846
LCTSC-Test-S1-201 | 0.6238 0.8007 0.7375 0.2417 0.6370
LCTSC-Test-52-203 | 0.4517 0.6814 0.4551 0.2091 0.3240
LCTSC-Test-S1-203 | 0.6094 0.8426 0.8979 0.5624 0.7939
LCTSC-Test-S2-204 | 0.3753 0.6660 0.5597 0.5664 0.7391
LCTSC-Test-S3-203 | 0.4722 0.7602 0.6113 0.4408 0.5282
LCTSC-Test-S1-202 | 0.5100 0.8262 0.7362 0.3663 0.7728
LCTSC-Test-S3-201 | 0.3914 0.6198 0.5915 0.3409 0.6153
LCTSC-Test-S3-204 | 0.3155 0.7056 0.7401 0.0 0.7168
LCTSC-Test-S1-204 | 0.4151 0.8940 0.8861 0.2815 0.7136
LCTSC-Test-S3-202 | 0.4040 0.8989 0.8927 0.0 0.3001

Table 4.2: Table of Dice score for Challenge hidden test data of best submitted model at
2019/04/26 ]

4.8 Proposed method single-stage 3D Unet evaluation

As mentioned before, we trained for each organ separately. Test dataset consists of 6 scans. For each
organ we present Jaccard Dice score and confusion matrices for each test scan. We also provide statistical
tests to determine if our results are statisticaly significantly better, same or worse for each organ.

Savailable at http://aapmchallenges.cloudapp.net/my/competition/submission/271/detailed_results/
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All statistical testing of our model performance will be done against scores in table. Since we don’t
have ground truth labels for the same data, we will perform unpaired tests against our own test set,
exluded from provided train data.

For heart and left lung proposed method shows statisticaly significantly better perfomance on Dice
score metric, than reference method and not significantly different perfomance on rest of segmented

organs.

4.8.1 Heart evaluation

el 0

Figure 4.13: Confusion matrices for heart segmentation on test dataset.

Table 4.3: Table of results of Heart segmentation of proposed method.

scan S1-010 S1-011 S1-012 S2-010 S2-011  S2-012  S3-010
heart dice 0.7629 0.7976 0.8146 0.8503 0.7525 0.8703 0.8004

Shapiro-Wilk normality test
proposed: W = 0.95225, p-value = 0.7502
reference: W = 0.91681, p-value = 0.2606

From the output of Shapiro-Wilk normality test, the p-value > 0.05 implying that the distribution
of the data are not significantly different from normal distribution so parametric t-test preconditions are
satisfied.

F test to compare two variances

F = 0.1637, num df = 6, denom df = 11, p-value = 0.03708
alternative hypothesis: true ratio of variances is not equal to 1
ratio of variances: 0.1636962

F test of variances equality shows us, that variances of our model and best model for heart, are
statisticaly significantly not equal, and ratio of variances shows, that our model gives results with less
variance, and therefore is more consistent.

Since value variances are statisticaly significantly better, we perform Welch Two Sample t-test to
compare means of results.
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Welch Two Sample t-test

t = 10.045, df = 15.764, p-value = 1.484e-08

alternative hypothesis: true difference in means is greater than 0
mean of proposed: 0.8069896

mean of reference: 0.4597971

P-value of Welch Two Sample t-test is lower than 0.05, therefore we won’t dissmiss the alternative
hypothesis, that proposed methods results are statisticaly significantly better with confidence level 0.95,
than best results achieved so far on this data, for heart.

4.8.2 Left lung evaluation
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Figure 4.14: Confusion matrices for left lung segmentation on test dataset.

Table 4.4: Table of results of Left lung segmentation of proposed method.

scan S1-010 S1-011 S1-012 S2-010 S2-011 S2-012 S3-010
left lung dice  0.3871 0.7580 0.8404 0.8552 0.7176 0.7920 0.6666

Shapiro-Wilk normality test
proposed: W = 0.82289, p-value = 0.06845
reference: W = 0.96152, p-value = 0.8052

From the output of Shapiro-Wilk normality test, the p-value > 0.05 implying that the distribution
of the data are not significantly different from normal distribution so parametric t-test preconditions are
satisfied.

F test to compare two variances

F = 3.1238, num df = 6, denom df = 11, p-value = 0.09732
alternative hypothesis: true ratio of variances is not equal to 1
ratio of variances: 3.12378

F test results conclude, that we can’t dissmiss hypothesis that our model has the same variance of
results, however p-value is not very high and also ratio of variances suggest, that our model may in fact
be less stable.
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F test to compare two variances
F = 3.1238, num df = 6, denom df = 11, p-value = 0.04866

alternative hypothesis: true ratio of variances is greater than 1

Another F test, this time with alternative hypothesis, that variance of our model is greater than of
the currently best model in fact dismisses the equality of variances hypothesis.

Welch Two Sample t-test
t = -0.70241, df = 8.2924, p-value = 0.5017

alternative hypothesis: true difference in means is not equal to O

t = -0.70241, df = 8.2924, p-value = 0.7492

alternative hypothesis: true difference in means is greater than 0

t = -0.70241, df = 8.2924, p-value = 0.2508

alternative hypothesis: true difference in means is less than O

Welch Two Sample t-test results conclude, that with confidence level 0.95 we cannot dissmiss the
hypothessis, that proposed method and reference method are performing with equal mean of IOU metric
for left lung segmentation.

4.8.3 Right lung evaluation
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Figure 4.15: Confusion matrices for right lung segmentation on test dataset.

Table 4.5: Table of results of right lung segmentation of proposed method.

scan S51-010 S1-011 S1-012 S2-010 S2-011 S2-012  S3-010
right lung dice 0.7654 0.7463 0.7542 0.9020 0.7792 0.9133 0.8984

Shapiro-Wilk normality test
W = 0.78178, p-value = 0.02693

Shapiro-Wilk normality test says that on confidence level 0.95 we cannot dissmiss the alternative that
our results may not be from normal distribution, so we have to perform non-parametric t-test.
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Wilcoxon rank sum test
W = 67, p-value = 0.01792

alternative hypothesis: true location shift is greater than 0

Wilcoxon rank sum test concludes, that with confidence level 0.95 we cannot dissmiss the hypothesis
that proposed method performs statisticaly significantly better than reference method for right lung

segmentation.

4.8.4 Spinal cord evaluation
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Figure 4.16: Confusion matrices for spinal cord segmentation on test dataset.

Table 4.6: Table of results of spinal cord segmentation of proposed method.

scan S51-010 S1-011 S1-012 S2-010 S2-011  S2-012  S3-010
spinal cord IOU  0.6629 0.6438 0.7063 0.7593 0.7932 0.8059 0.5067

Shapiro-Wilk normality test
proposed: W = 0.9216, p-value = 0.482
reference: W = 0.87706, p-value = 0.08037

From the output of Shapiro-Wilk normality test, the p-value > 0.05 implying that the distribution
of the data are not significantly different from normal distribution so parametric t-test preconditions are
satisfied.

F test to compare two variances

F = 0.41998, num df = 6, denom df = 11, p-value = 0.2981
alternative hypothesis: true ratio of variances is not equal to 1
ratio of variances: 0.4199764

F test results imply that we on confindence interval 0.95 variances of results of proposed and reference
method are significantly different. This means that both models are statisticaly significantly equally
consistent with their prediction variances.

Two Sample t-test
t = 1.2497, df = 17, p-value = 0.2283
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alternative hypothesis: true difference in means is not equal to O

t = 1.2497, df = 17, p-value = 0.1142
alternative hypothesis: true difference in means is greater than 0

t = 1.2497, df = 17, p-value = 0.8858
alternative hypothesis: true difference in means is less than O

mean of proposed: 0.6969216
mean of reference: 0.6116042

Two Sample t-test results conclude, that with confidence level 0.95 we cannot dissmiss the hypothesis,
that proposed method and reference method are performing with significantly different mean of IOU
metric for spinal cord segmentation.

4.8.5 Esophagus evaluation
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Figure 4.17: Confusion matrices for esophagus segmentation on test dataset.

Table 4.7: Table of results of esophagus segmentation of proposed method.

scan S1-010 S1-011 S1-012 S2-010 S2-011 S2-012  S3-010
esophagus IOU  0.5140 0.1462 0.2725 0.3458 0.5634 0.5867 0.0675

Shapiro-Wilk normality test
proposed: W = 0.91686, p-value = 0.4454
reference: W = 0.91168, p-value = 0.2242

From the output of Shapiro-Wilk normality test, the p-value > 0.05 implying that the distribution
of the data are not significantly different from normal distribution so parametric t-test preconditions are
satisfied.

F test to compare two variances
F =1.0427, num df = 6, denom df = 11, p-value = 0.8981
alternative hypothesis: true ratio of variances is not equal to 1

ratio of variances: 1.042678
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F test results imply that we on confindence interval 0.95 variances of results of proposed and reference
method are significantly different. This means that both models are statisticaly significantly equally
consistent with their prediction variances.

Two Sample t-test
t = 0.77118, df = 17, p-value = 0.4512
alternative hypothesis: true difference in means is not equal to O

t =0.77118, df = 17, p-value = 0.2256

alternative hypothesis: true difference in means is greater than 0

t =0.77118, df = 17, p-value = 0.7744

alternative hypothesis: true difference in means is less than O

mean of proposed: 0.3566209
mean of reference: 0.2819377

Two Sample t-test results conclude, that with confidence level 0.95 we cannot dissmiss the hypothesis,
that proposed method and reference method are performing with significantly different mean of IOU
metric for esophagus segmentation.

4.9 Proposed method 2-stage 3D Unet evaluation

Training for only single organ, means saving some memory, which in return means we are able to serve
network with larger patches, preserving more spatial context, or using patches with higher resolution,
preserving more details.

To keep both advantages, namely spatial context - ideally all of it, and fine details, you either need
huge amount of memory and extremely large network, or you can use 2 networks.

First network is the same, as described above in section [£.6] Output segmentation from this Unet
is used to crop huge amount of irrelevant data from input data. We create 3D bounding box around
the binary label map, and inflate it slightly (10% in each direction in each dimension) to compensate
for inaccuracies of previous segmentations. This 3D bounding box is then applied to slice the input CT
scan, and resulting slice is then rescaled to fit as input to second stage Unet (120x120x120).

Similar approach was proposed for multiclass segmentation by Wang [29], however their second stage
network has different architecture from first stage, and we use the same Unet architecture with only size
of input and output patches differing. Second Unet also takes as input binary label map from first stage
unet, so number of input channels is doubled.
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Figure 4.18: Schema of 2 Unets working in tandem. First Unet does rough estimate, second
Unet takes segmentation from first Unet and fine tunes the results on cropped data with more

details. (image adapted from [29])

Networks are trained independently. First unet is using the same model evaluated in section and
second is trained with outputs provided by the first one. It uses the same data augmentation framework
and same evaluation framework. However loss function is now pure Dice score, without augmentations
with distance transform maps.

Same as in section [I.8] model for each organ is trained separately. Test dataset is also the same 6
scans. This allows us to perform paired statistical tests against our own results, as well as unpaired
testing against reference results of best performing model (in table 4.2).

2-stage 3D Unet was trained for heart, left lungs and right lungs. For all 3 organs we see statisticaly

significantly better results compare to both single stage unet and reference model.

4.9.1 Heart evaluation
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Figure 4.19: Confusion matrices for heart segmentation using dual Unet on test dataset.
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Table 4.8: Table of results of Heart segmentation of proposed method.

scan S51-010  S1-011  S1-012  S2-010  S2-011  S2-012  S3-010
single unet heart Dice 0.76291 0.79761 0.81465 0.85039 0.75251 0.87033 0.80049
2-stage unet heart Dice 0.79562 0.86224 0.88153 0.86368 0.83274 0.85877 0.84127

Shapiro-Wilk normality test

0.95225, p-value = 0.7502
proposed new: W = 0.9209, p-value = 0.4764
reference: W = 0.91681, p-value = 0.2606

proposed old: W

From the output of Shapiro-Wilk normality test, the p-value > 0.05 implying that the distribution
of the data are not significantly different from normal distribution so parametric t-test preconditions are
satisfied.

F test to compare two variances

alternative hypothesis: true ratio of variances is not equal to 1
F = 0.1637, num df = 6, denom df = 11, p-value = 0.03708

ratio of variances: 0.1636962

F test of variances equality shows us, that variances of our model and best model for heart, are
statisticaly significantly not different, and ratio of variances shows, that our model gives results with less
variance, and therefore is more consistent.

It also shows, that variance is not statisticaly significantly different from previous single stage model.

Since value variances are statisticaly significantly better, we perform Welch Two Sample t-test to
compare means of results with reference and paired t-test with single stage model.

Welch Two Sample t-test

t = 12.008, df = 13.448, p-value = 7.2e-09

alternative hypothesis: true difference in means is greater than O
mean of proposed: 0.8479836

mean of reference: 0.4597971

P-value of Welch Two Sample t-test is lower than 0.05, therefore we won’t dissmiss the alternative
hypothesis, that proposed methods results are statisticaly significantly better with confidence level 0.95,
than best results achieved so far on this data, for heart.

Paired t-test

t = 3.3299, df = 6, p-value = 0.007904

alternative hypothesis: true difference in means is greater than O
mean of the differences: 0.040994

P-value of paired t-test is inferior to 0.05, so we can conclude, that results of new method are
statisticaly significantly better then previous method, that was already better than reference model.
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4.9.2 Left lungs evaluation
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Figure 4.20: Confusion matrices for left lung using dual unet segmentation on test dataset.

Table 4.9: Table of results of Left lung segmentation of proposed method and dual unet.

scan S1-010  S1-011  S1-012  S2-010  S2-011  S2-012  S3-010
single unet left lung Dice 0.38715 0.75803 0.84044 0.85522 0.71764 0.79203 0.66666
2-stage unet left lung Dice 0.90269 0.94704 0.96443 0.91581 0.87727 0.90094 0.863

Shapiro-Wilk normality test

proposed old: W = 0.82289, p-value = 0.06845
proposed new: W = 0.95862, p-value = 0.8068
reference: W = 0.96152, p-value = 0.8052

From the output of Shapiro-Wilk normality test, the p-value > 0.05 implying that the distribution
of the data are not significantly different from normal distribution so parametric t-test preconditions are
satisfied.

F test to compare two variances

F = 0.15783, num df = 6, denom df = 11, p-value = 0.03385
alternative hypothesis: true ratio of variances is not equal to 1
ratio of variances: 0.1578306

F test results conclude, that variances are statisticaly significantly different, and therefore Welch two
sample test is required to compare new model with reference model.
Welch Two Sample t-test
t = 5.0116, df = 15.656, p-value = 6.817e-05
alternative hypothesis: true difference in means is greater than O
mean of 2-stage unet: 0.9102580
mean of reference: 0.7629261

Paired t-test

alternative hypothesis: true difference in means is greater than 0
sample estimates:

mean of the differences between 2-stage and 1-stage unet: 0.1935137
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Welch Two Sample t-test results conclude, that with confidence level 0.95 we cannot dissmiss the

hypothessis, that proposed method is statisticaly significantly better than reference method, as opposed

to single stage unet, which was not significantly better performing on Dice score metric. 2-stage unet

also performs staticaly significantly better than 1-stage unet as shown by paired t-test.

4.9.3 Right lungs evaluation
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Figure 4.21: Confusion matrices for right lung using dual unet segmentation on test dataset.

Table 4.10: Table of results of right lung segmentation of proposed method and dual unet.

scan S51-010  S1-011  S1-012  S2-010  S2-011  S2-012  S3-010

single unet right lung Dice 0.7654 0.74630 0.75426 0.90204 0.77922  0.9133 0.89849
2-stage unet right lung Dice  0.9496 0.93995 0.95466 0.94856 0.93575 0.93734 0.93239

Shapiro-Wilk normality test

proposed old: W = 0.78178, p-value = 0.02693
proposed new: W = 0.92904, p-value = 0.5428
reference: W = 0.927, p-value = 0.3493

From the output of Shapiro-Wilk normality test, the p-value > 0.05 implying that the distribution

of the data are not significantly different from normal distribution so parametric t-test preconditions are

satisfied for 2-stage unet and reference model. 1-stage unet model does not satisfy this condition.
F test to compare two variances

F = 0.0034944, num df = 6, denom df = 11, p-value = 6.114e-07

alternative hypothesis: true ratio of variances is not equal to 1

ratio of variances: 0.1578306

F test results conclude, that variances are statisticaly significantly different, and therefore Welch Two

Sample t-test is required to compare new model with reference model.

Welch Two Sample t-test

t = 5.4567, df = 11.131, p-value = 9.532e-05

alternative hypothesis: true difference in means is greater than O
mean of 2-stage unet: 0.9426213
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mean of reference: 0.7199111

Wilcoxon rank sum test

alternative hypothesis: true location shift is greater than 0
2-stage vs 1l-stage paired

V = 28, p-value = 0.007813

Statistical tests show, that 2-stage unet is, with confidence level 0.95, statisticaly significantly better
than reference model, and nonparametric paired wilcoxon test shows, that 2-stage unet performs better
than single stage, that was also proven to perform better than reference model on dice score measurement.

4.10 Unsuccessful experiments

4.10.1 Fine-tuning using Active Contour

To further improve satisfactory results of Unet segmentation, we tried to apply 2D active contour al-
gorithm on slices using contours extracted from previous step. Even though this method leads to over-
simplification, it can also improve results of other segmentation methods, as a fine-tuning approach(as

demonstrated in subsection |[Active Contour initialized by thresholding).

For experiment we chose heart as segmented organ. Since Unet segmentation results, were not perfect,
in some slices, heart was undersegmented. To ensure, that all contour points are on the outside of organ
so that active contour altgorithm could encapsulate the organ (see subsection, we performed binary
dilation on the mask, using diamond operator with size 10.

For contour extraction from binary mask we used marching squares algorithm implementation pro-
vided by scikitﬂ For active countour we used implemetation from scikit® aswell. It is configured to stop,
when result doesn’t change after next iteration.

Stretching contours

First configuration was, unlike any others done on eroded, instead of dilated mask, so we could see, if
snake would actually encapsulate organ from the inside by stretching, instead of contracting.
Algorithm was configured:
e to be attracted to the dark areas (wjne = -0.5), since lungs, encompassing hearth have much lower
brightness values on CT image.
e to be attracted to edges (Wedge = 2)
e to prefer smooth shape (beta = 0.1), to avoid taking every noice into segmentation
e not to contract (alpha = 0.0), because we need stretching, not contraction

"https://scikit-image.org/docs/0.8.0/api/skimage.measure.find_contours.html
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Figure 4.22: Results of stretching configuration of active contour postprocessing. Red is eroded
contour from Unet segmentation, blue is results of active contour algorithm.

Results of this configuration did not prevent the active contour algorithm to contract, even with
contraction disabled. It kept the number of points in contour, but put them very close one to each other.
As can be observer on image contours encapsulated one of the ventricles.

Contracting contours

Second configuration attempt was performed on dilated mask contours. Algorithm configuration:
e be attracted to light areas (wyne = 0.5), since we are moving from dark lungs, to lighter heart.
e be attracted to edges (Weqge = 2)
e prefer edges over smoothness of line (beta = 0.01)

e contract very slowly (alpha = 0.1)
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Figure 4.23: Results of contracting configuration of active contour postprocessing. Red is
eroded contour from Unet segmentation, blue is results of active contour algorithm.

Results of this configuration are observably superior to previous configuration, however, as can also
be seen by naked eye, do not encapsulate hearth satisfyingly and results are worse after applying the
method.
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4.10.2 Fine-tuning results using Fully Connected Layer

Proposed solution so far only worked with image, not using any prior anatomical or positional knowledge.
Since dicom standard contains metadata as image position and image orientationﬂ it seemed rational,
to use this data to further augment the results of unet, e.g completely eliminate false positive matches
in anatomicaly wrong areas, such as heart in abdominal cavity, based on positional information.

Each slice of dicom scan contains coordinate in cranio-caudal direction, coordinate of top-left voxel
in slice in transversal plane, and we know how many voxels there are in each row and column. Voxel
spacing in each direction is also provided. With this information, there is no problem to augment each
voxel with positional information in form of x, y, z coordinate, even after rescaling, since only first and
last voxel coordinates are necessary to extrapolate all others.

We therefore concatenated positional information for each voxel output with last feature map of unet.
This meant having 5D vector for each voxel.
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Figure 4.24: Schema of processing data with positional data concatenated to results of Unet.

8http://dicom.nema.org/medical/dicom/current/output/chtml/part03/sect_C.7.6.2.html#sect_C.7.6.2.1.2
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Concatenad data had to be flattened and was fed to Fully Connected layer(see image [4.24) with
size of patch size * patch size * patch depth and each neuron took vector of 5 values - each took single
voxel. Output is the single value for each voxel. Activation function is sigmoid, since it is between zero
and one - perfect for binary segmentation, and opposed to step function, that was also considered, it is
differentiable.

As loss function we used Mean Squared Error (MSE) of predictions against binary label mask desired.
As trainer we used AdamOptimizer implemented in tensorflow .

We trained both Unet and Fully Connected Layer(FCL) together and separately - first Unet and
second FCL, but both approaches yielded same results - completely random noise as segmentation (see

image [4.25)).

Figure 4.25: Results of segmentation using tandem Unet-Fully Connected Layer. Completely
random noice on the output.

Even though this approach sound as reasonable, we later discovered, that DICOM metada are not
reliable, because cranio-caudal positioning can be reversed, and top left slice coordinate just means
first voxel transmitted from scanner, not the top left hand position of image of patient laying on back.
There should be another field of metada that defines patient rotation, that could allow to normalise the
coordinates for each patient, independently of scanner, however not every scan has one.
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Chapter 5
Summary

We proposed an automated segmentation method for organs in thoracic cavity based on 3D Unet, which
is a type of Convolutional Neural Network, that uses forward passes and concatenation of features from
previous convolution layers to preserve much higher amount of details, because features from previous
layers are guaranteed to be less downscaled, in which process details are lost.

Presented method uses preprocessing, that should allow segmentation of thoracic organs scanned by
scanners of different manufacturers, with different brightness configurations, because all input data is
normalized based on mandatory metadata provided by manufacturers, and rescaled to supported shape.

Multiple configurations were tested, each ceiled by the limits of the available hardware. We tried
training network using multiple smaller patches of data, with higher details and full 3D scan with
downscaled resolution but with more context, and it appears that for convolutional neural network, the
latter approach seems much more feasible, as it yields significantly better segmentation resuls.

We evaluated proposed single 3D Unet method and for heart and left lung it shows statisticaly
significantly better performance than reference model (current best on AAPM Thoracic autosegmentation
challenge) using Dice score as a metric. For the rest of the organs in thoracic cavity (right lung, spinal
cord and esophagus) it has proven not to be statisticaly significantly better nor worse than reference
model.

The loss function we use for training is custom built, composed of 2 parts. First part is regular 1 -
Dice score metric, trainer minimizes, and another part is punishment based on distance of false positive
results from nearest ground truth positive value. Since organs are compact and each is present only
once (left and right lungs are treated as separate organs) this approach motivates network not to similar
organ patterns outside correct anatomical region.

Afterwards we used segmentation results from 3D Unet as crude contours for thoracic organs, and
crop out the relevant section from scan as detailed input for another 3D Unet, that provides more precise
segmentation around the borders of organs. This method has proven to be statisticaly significantly better
than both reference model and previously proposed method for every tested organ (heart, left lung, right
lung) compared on Dice score.

2-stage unet requires further evaluation for spine and esophagus to be fully comparable to both
reference model and single stage unet. We would also like to make submission to AAPM Thoracic
autosegmentation challenge to receive further feedback for proposed method, from independent arbiter.
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Chapter 6

Resumé

Motivacia

Detekcia a urcenie presného ohraniéenia organov Tudského tela z medicinskych snimkov z CT pristrojov,
je dolezitym néstrojom pre diagnostiku, ako aj na predopera¢nu pripravu. Jednou z motivacii pre
automatickt segmentaciu organov je aspora ¢asu kognitivnej zataze expertov.

Algoritmy na detekciu primarnych, alebo sekundarnych nadorov, napriklad v peéeni, alebo plicach,
potrebuju, aby bol najskor vysegmentovany samotny organ, na ktorom maju detekciu vykonat. Podobne
aj namierenie lac¢a ionizujuceho Zziarenia pri radioterapii vyzaduje presni segmentéciu, aby sa dokézalo
minimalizovat poSkodenie zdravého tkaniva. Tuto segmentaciu musia radiolégovia robit rucne, rez za
rezom. Aj ked plne automatické metddy uz dosahujua state of the art vykonnost, stale niesti dostatoéne
presné a spolahlivé, na vyuZitie v klinickej praxi, a pouZivajt sa najmé interaktivne metody [3].

Cielom je teda poskytnit nastroj na automaticki segmentaciu organov na neoznacenych snimkach z
CT pristroja, ktorého vysledky by sa nasledne pouzit na dalsie spracovanie $pecifickymi algoritmami.

Analyza

Pocitacova tomografia

Pri tradi¢nom Rontgene sa straca velké mnozstvo informaécii, kvoli tomu, Ze sa trojrozmerné Tudské telo
premieta na dvojrozmerny foto-papier. Preto pan Hounsfield prisiel s myslienkou, Ze vykonanim viacero
merani z roznych uhlov by sa dali zrekonstruovat rozne forméacie (organy) méakkych tkaniv [6].

Moderné pristroje funguju na principe helikdlneho skenu, kde oblik detektora je vlastne stacionérny
kruh detektorov s rontgenovou lampou, ktora kruzi okolo detektora a pacient je plynule pretahovany skrz
na pohyblivej podlozke. Tento pristup umoziuje ovladat hrubku rezov, a to regulaciou rychlosti pohybu
podlozky s leziacim pacientom, ako aj rychlostou rotacie rontgenky (viz obr. .

Hodnota, ktoru skener nameria, je absorbcia Ziarenia tkanivami tela, ktora je rozdielom medzi inten-
zitou Ziarenia rontgenky a hodnotou zachytenou na snimacoch. Tato hodnota sa da rozpoditat medzi
jednotlivé voxely ako suma parciadlnych absorbcii, ¢im dostaneme N rovnic o N neznamych, ¢o sa da
jednoducho vypoditat.

Vyzvy pri segmentacii organov

Organy v dutinach ako st hrudné, alebo brugné, pripadne panvova, moézu byt deformované, alebo popost-
vané v ndhodnych smeroch. Tieto zmeny st sposobené mnozstvom faktorov, ako dychanie, ¢innost srdca,
naplnenostou mechtra, alebo zaludka, pripadne mechanickym poskodenim (pneumothorax, ascites).
Vyzvou je aj to, ze organy, ako mékké tkaniva, maja velmi podobné, az totozné hodnoty jasu mer-
aného skenermi. Problémom teda je, Ze textura organov sa bez znalosti tvaru (ktory je deformovatelny
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pri mikkych organoch), pripadne anatomickej polohy, sa da len velmi tazko, alebo neda vobec rozoznat.
Najvic¢sou vyzvou je v8ak nedostatok dostupnych anotovanych dat s orgdnmi z nejakej telesnej dutiny.

Ruéné anotovanie expertom je totiz ¢asovo velmi naro¢né a tym padom aj nékladné.

Tradi¢né metédy segmentacie

Prdhovanie je metdda, ktord funguje na predpoklade, Ze objekty v popredi sa daju oddelit od pozadia
na zéklade hodnoty jasu. Tkaniva ako kosti, alebo svaly, maju vyssie hodnoty hustoty a teda jasu ako
mékké tkanivé, alebo vzduch. S pouzitim dvojitého prahovania, teda orezania hodnét z hora aj z dola,
sa daju vysegmentovat utvary tvorené Specifickymi hodnotami hustét. Jednotlivé organy majia hodnoty
tychto hustdt popisané v tabulke Na segmentéaciu samotni sa velmi nehodi, ale da sa pouZit ako
inicializécia pre iné metody.

Metoda rasticich regionénov je zalozena na predpoklade, Ze voxely jedného organu sa nachadzaju
pri sebe st si podobné. Vychadza z jedného zadaného vodu a snaZi sa v okoli hladat podobné voxely a
postupne okolie rozsirovat. Nevyhodou je, Ze vyzaduje inicializaciu a teda je to poloautomatickd metoda.

Metdda aktivnych kontidr funguje na pricipe minimalizacie dvojzlozkovej energie, ktora je tvorena
tvarom kontir a rozdielom intenzit. Metdda sa inicializuje jednoduchou konttrou, ktord sa snazi pos-
tupnou iteraciou prilnit ku hranam na obrazku. Nevyhodou je, Zze vyzaduje inicializaciu.

Metody zalozené na strojovom uceni

Neur6nové siete tvoria zaklad pre viacsinu metod strojového ucenia. Skladaju sa z velkého mnoZstva
neurénov s horizontalnou (v ramci jednej vrstvy) a vertikdlnou (medzi viacero vrstvami) Struktdrou.
Kazdy neur6n ma svoju aktiva¢ni funkciu, sadu vah a bias.

Konvoluéné neurénové siete maji vramci celej siete zdielané vahy. To znamen4, Ze model sa nepotre-
buje dookola ucit tie isté detektory pre rovnaky objekt, ktory sa vramci jedného obrazka vyskytuje
viackrat. Na kazdej vrstve sa robi sada konvolicii s mnozinou kernelov, a kazda konvolicia vygeneruje
novi mnozinu priznakov. Tento proces sa opakuje v kazdej dalsej vrstve.

U-Net

Unet je typ plne konvolucnej siete, ktora ale namiesto toho, aby robila neustale podvzorkuvanie, robi aj
spéatné skalovanie nahor, ¢o znamena, Ze vystup zo siete ma ovela vysSie rozligenie.

Siet sa sklada z 2 hlavnych casti:

e kontraktivna cast: vykonava konvoluciu, nasledovanii ReLu a podvzorkovanim, podobne ako kla-
sickd konvolu¢na neurénova siet.

. o i ez . L PRI . . .
e expanzivna Cast: vykonava gkalovanie nahor a up-konvoliciu, ktord znizuje pocet map priznakov.

Tento typ siete sa da jednoducho previest na siet, ktora vie pracovat s 3D snimkami, nahradenim
operacii ich 3D ekvivalentami [25].

Predspracovanie dat

Orezdvanie objemu snimok, pokial ho je mozné robit automatizovane, sa velmi oplati, pretoZe dokaZeme
znizit pamétové poziadavky a pouzit vyssie rozliSenie snimok, alebo znacne skratit poziadavky na dobu
trénovania a zvysit presnost segmentacie, ked sa odstrania nepotrebné data.

Nie vgetky CT pristroje vracaja snimky v normalizovanych tabulkovych hodnotéach, tzv. Hounsfield-
ovych jednotkach. Aby sme sa vyvarovali tohoto problému, je nutné vsetky data preskalovat na Hounsfiel-
dove jednotky a to prostrednictvom metadat uvedenych pri kazdej snimke.
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Opis datasetu

Déata pochadzaju z vyzvy AAPM Thoracic Auto-segmentation a obsahuju CT skeny z 3 studii, kazda s 12
pacientami. Déta st vo formate DICOM a st ru¢ne anotované radiolégom. Tieto anotécie predstavuja
zékladna pravdu pre vyhodnocovanie tspe$nosti navrhnutej metody.

Snimky maju rozlienie 512x512x140 voxelov a zvic¢Sa si zachytené regiony od stavca C2 aZ po stavec
L2. V transverzalnom reze je vzdialenost voxelov 0.976mm a Sirka rezu je 3mm.

Rozsirenie datovej mnoziny

Na zmiernenie problémov, ktoré vyplyvaju z malej datovej vzorky, ako je preucenie neurénovej siete, je
potrebné povodny dataset rozsirit o umelé data. Takéto rozsirenie sluzi ako forma regularizécie a brani
sieti, aby sa naucila poZzadované vystupy naspamaét.

Pouzivame 3 typy augmentacii, kde kazda ma svoju vlastni pravdepodobnost, Ze bude aplikovana na
prave spracuvanej snimke. Samostatna pravdepodobnost pre kazdy typ rozsirenia znamena, ze sa dalej
zvySuje variancia moznych vygenerovanych novych snimok, pretoze nie kazdy typ sa musi aplikovat vSade
zaroven. Kazdé a z augmentécii, okrem manipulacie odtienov Sedej, sa musi 1:1 vykonat aj na anotaciach.

Typy pouzitych rozsireni:

e Rotacia: Pravdepodobnost vykonania rotécie je 0.6. Rotacia sa vykonéava pozdlZ prvych dvoch osi,

¢o znamena rotacie v sagitalnej a transverzéalnej rovine. Uhol rotacie je ndhodné celé ¢islo v rozpéati
-10 a 10 stupnov.

e PribliZzenie: Pradepodobnost vykonania pribliZenia je 0.5. Jedna sa o rovnaku funkciu pribliZenia,
aka sa pouziva aj pri predspractvani tudajov. Faktor mierky je ndhodne vygenerovany v rozpati
1.0 az 1.2. Snimku je po pribliZeni nutné orezat na pozadovany tvar.

e Manipulacia odtietiov Sedej: Pravdepodobnost vykonania manipulécie je 0.6. Manipuldcia odtienov
Sedej znamend mierne zmeny hodnét jasu voxelov.

Navrhnuté rieSenie: adaptacia siete 3D Unet

V niekolkych poslednych vyzvach na segmentaciu, bol 3D Unet tspe$ne pouzity. Ci uz slo o alohy
ako segmentécia pankreasu [27], prostaty [20], obli¢iek [25], struktiry nervovych buniek v elektrénovom
mikroskope [24], a mnohé dalsie.

Nase rieSenie vychadza z implementécie Imrana Ahmeda, ktora je dostupna na githubem. Toto riesenie
je povodne pouzité na segmentaciu prostaty, ale s malymi tpravami sa da na fiom dalej stavat.

Architektura UNetu sa sklada zo 4 vrstiev, oznacenych 0-3, kde kazdé, okrem poslednej, sa sklada z
kontraktivnej a expanzivnej ¢asti. Pred kazdym vstup do novej vrstvy sa vykonava dropout, ktory sluzi
ako forma regularizacie a zabraiiuje preuceniu.

Priznaky z poslednej vrstvy sa dajia previest na bindrnu masku organu, s pouZzitim funkcie argmax
a nasledne s pomocou one-hot kodovania prelozit na samotnu segmentaciu. Pripadne sa tieto priznaky
daji este pouzit na d'alSie spracovanie, napriklad v d'alsej neurénovej sieti.

Na trénovanie pouzivame data s fixnou velkostou 240x240x60 voxelov. Z kazdej trénovacej masky sa
eSte vypocitava mapa vzdialenosti (distance transform map), ktora sa dalej pouZiva pri vypocte funkcie
ceny. Ako optimaliza¢ni funkciu pouzivame Adam-a ktory je implementovany v kniZnici tensorflows.

Metrika na vyhodnocovanie je Dice skore, ktoré je vyjadrené ako podiel prieniku a zjednotenia seg-
mentacie a zakladnej pravdy, poskytnutej v anotéaciach.

Funkcia ceny je tiez Dice skore, ale je obohatené o tresty za nepravdivo pozitivne nalezy v zavislosti
od vzdialenosti spravnej pozicie organu. Na tento vypocet sa pouZivaju informacie z mapy vzdialenosti.

Podmienkou zastavenia tréningu je, aby sa uz vyrazne nemenila vyhodnocovacia metrika, alebo sa
dosiahlo 10 000 behov. Dosiahnutie druhej podmienky trva priblizne 30 hodin.
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Vyhodnotenie 2-tirovitiovej siete Unet

Vystupy z Unet-u, tak ako je popisany vyssie, sa daju pouzit na orezanie vstupnych dat, a takto orezané
data sa daji vlozit do d'alsieho Unet-u na spresnenie vysledku.

Vysledky takéhoto postupu sme postupne Statisticky vyhodnocovali, a zistovali sme, ¢i st Statisticky
vyznamne lepSie ako povodné jednouroviova siet, resp. ¢ st vyznamne lepSie ako referenény model,
opisany v tabulke 4.2.

1-aroviiovy Unet sme vyhodnotili na organoch: srdce, Tavé pltca, pravé pltica, miecha, pazerak. Pre
srdce a Tavé plica vychddza jednotroviiovy unet, na hladine vyznamnosti 0.95 dosiahnuté Dice skore ako
Statisticky vyznamne lepsie. Pre ostatné organy nevyslo dosiahnuté skoére ani ako lepSie ani ako horsie.

2-uroviiovy Unet sme vyhodnotili na organoch: srdce, l'avé plica, pravé plica. Pre v8etky organy
nam vyslo, Ze pre 2-uroviovy unet je dosiahnuté dice skore na hladine vyznamnosti 0.95 Statisticky
vyznamne lepsi ako referen¢ny najlepsi model na vyzve, ako aj ako 1-troviiovy Unet.
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Attachments

Contouring Guidelines

Esophagus

e Standard name: Esophagus

e RTOG Atlas description: The esophagus should be contoured from the beginning at the level just
below the cricoid to its entrance to the stomach at GE junction. The esophagus will be contoured
using mediastinal window/level on CT to correspond to the mucosal, submucosa, and all muscular
layers out to the fatty adventitia.

e Additional notes: The superior-most slice of the esophagus is the slice below the first slice where
the lamina of the cricoid cartilage is visible (+/- 1 slice). The inferior-most slice of the esophagus
is the first slice (+/- 1 slice) where the esophagus and stomach are joined, and at least 10 square
cm of stomach cross section is visible.

Heart
e Standard name: Heart
e RTOG Atlas description: The heart will be contoured along with the pericardial sac. The superior
aspect (or base) will begin at the level of the inferior aspect of the pulmonary artery passing the
midline and extend inferiorly to the apex of the heart.
e Additional notes: Inferior vena cava is excluded or partly excluded starting at slice where at least
half of the circumference is separated from the right atrium.

Lungs

e Standard names: Lung L, Lung R

e RTOG Atlas description: Both lungs should be contoured using pulmonary windows. The right
and left lungs can be contoured separately, but they should be considered as one structure for
lung dosimetry. All inflated and collapsed, fibrotic and emphysematic lungs should be contoured,
small vessels extending beyond the hilar regions should be included; however, pre GTV, hilars and
trachea/main bronchus should not be included in this structure.

e Additional notes: Tumor is excluded in most data, but size and extent of excluded region are not
guaranteed. Hilar airways and vessels greater than 5 mm (+/- 2 mm) diameter are excluded. Main
bronchi are always excluded, secondary bronchi may be included or excluded. Small vessels near
hilum are not guaranteed to be excluded. Collapsed lung may be excluded in some scans. Regions
of tumor or collapsed lung that are excluded from training and test data will be masked out during
evaluation, such that scores are affected by segmentation choices in those regions.

Spinal cord
e Standard name: SpinalCord
e RTOG Atlas description: The spinal cord will be contoured based on the bony limits of the spinal
canal. The spinal cord should be contoured starting at the level just below cricoid (base of skull
for apex tumors) and continuing on every CT slice to the bottom of L2. Neuroformanines should
not be included.
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e Additional notes: Spinal cord may be contoured beyond cricoid superiorly, and beyond L2 inferiorly.
Contouring to base of skull is not guaranteed for apical tumors.

Traditional Computer Vision Methods

To further understand classical segmentation methods, several experiments with described dataset were
conducted. Primary focus of these experiments was to segment lungs as whole.

Thresholding lungs using Hounsfield units

Hounsfield units(HU), as previously mentioned, are standardized units of tissue density as it measured
by Computer Tomography. Depending on type of examination and the needs of the radiologist, it may be
useful not to use Hounsfield units for measurement, but rather some custom scale, if using some contrast
solution, etc. Data in DICOM format has stored in metadata values of intercept and slope, that can be
used to rescale values into Hounsfield units (see listing [I]).

Listing 1: Rescaling image slice (pixel array) to HU. Each pixel has to be at least 16bit integer,
because CT has much greater dynamic range, than traditional cameras.

As much as 70% of volume of image is occupied by air, most of it beeing around patient and some
of it beeing in the airways and lungs. Air is followed by water with approximately 14% and the rest is
actual human tissue (see image [6.1)).
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Figure 6.1: Histogram of volume density in CT image. -1000 is air, 0 is water, 700-3000 are
various bone tissues

After conversion to HU, simple demonstration of thresholding is cutting off every voxel density below
350, effectively removing all soft tissue, with only bones, and parts of CT are visible (see image [6.2)).
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Figure 6.2: Simple thresholding with value 350, removing all soft tissues.

This rather crude method can be refined to produce much better results. Since lungs, are highly
saturated with air, their HU value is much lower, than the average tissue, around -700 (see table [2.2).

With classifier, such as KMeans, we can split voxels into 2 separate groups:

1. very light mostly air and lungs

2. very dense rest of the tissues

Calculating mean of the centers of those 2 groups, yields fine threshold value, since there is huge gap

between dense and solid tissues (see image [6.1]).

Figure 6.3: Thresholding using mean of KMeans centers.

Since lungs consist of some dense tissue as well (bronchi, blood vessels, etc.), there is huge amount

of artifacts in resulting segmentation (see image [6.3). Removing them can be achieved by using simple

morphological operations of erosion and dilation in series (see image [6.4]).
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Figure 6.4: Lung mask after erosion and dilation.

This method is very much lung specific and would be almost impossible to apply on another organ
then lungs or bones, because of distribution of density of tissues, so simple classifier as KMeans cannot
be used. However results looks very promising, scoring 0.6 Dice score. Much of the loss of the score can
be explained by segmenting also trachea and bronchi as lungs, since they are full of air as well (see image

6.5).

Figure 6.5: Raycasting visualisation of thresholding segmentation of lungs.

Active Contour initialized by thresholding

As seen on image mask obtained by thresholding can be very rough around the edges. To counter
this issue, it is possible to smoothen the edges by employing active contour method. This method, as
described above, is minimizing energy. Total energy is composed of two parts:

1. internal energy or smoothness - perfect tool to counter rough edges.

2. external energy or metric of interest - the more interesting the are is, the lower energy it has.
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This method requires initialization. It can be initialized with mask produced by thresholding de-
scribed in previous section, however not directly, since active contour works with poly-lines. Conversion
can be done by simple detection of bit-inversion on binary mask and ordering coordinates of these
inversions into sequece of points (see image .

Figure 6.6: Extraction of poly lines from binary mask produced by thresholding.

As seen in picture [6.6] this method is not entirely reliable, and can produce artifacts, that highly
deform the polyline. This imperfection can be mitigated by performing statistical analysis on polyline
points, and removing extremes in process. Simple use of sliding window with reasonable size (e.g 10
previous and 10 next points) scanning through polyline is sufficient (see image .

Figure 6.7: Removal of extremes using sliding window.

Extracted polylines can then be joined together to initialize the active contour algorithm (eg. active_contour
function found in skimage . segmentation library). Algorith has been parametrized to prefer darker edges
over lighter ones, and to prefer smoothness over precision. Preference to darkness means, that snake
will more probably adhere to dark lung, than to light ribs surrounding it. Prefering smoothness further
mitigates edgyness of thresholding (see image .
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Figure 6.8: Initialization of active contour (left) and final result (right).

Active countour is fine method for segmenting object, that are not very ragged. However lungs,
when dealing with 2D slices very much are. Since smoothness is a considerable energy factor, it is a
problem to deal with almost fractal-like surface (orifices where bronchi penetrates lungs). This leads to
oversimplification of segmentation (see image , resulting in score deficiency.
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Figure 6.9: Ground truth (A) and extreme segmentation oversimplification of snake algorithm

(B).

Using active contour did actually improve Dice score, on average by 5% on 130 slices of single patient
and this method proves, that it is possible to seed semi-automatic segmentation method, using simpler,
but automatic one.

Graph cut and SLIC

Another approach to segmentation is to construct a fully connected graph and try to disect it. Classical
graph cut, using min cut algorithm requires 2 seeds. One for background and one for foreground. Since
goal of this paper is to automatize organ segmentation, another approach for graph disection needs to
chosen.

Instead of constructing graph of similarity of each voxel to seed points provided by user as described
in previous chapeters, it is possible to construct Region Adjacency Graph, where neighbouring voxels are
connected and these connections are weighted as similarity between connected nodes and then perform
normalized cut, that, based on threshold configuration, cuts connections of dissimilar regions. However
computational requirements are very high, as this is NP problem [30].

As there is too many nodes, even in sigle CT slice, reduction of their number can be achieved using
some superpixelation algorithm. Among multiple options SLIC is considerably faster and is generally
prefered for medical applications [3I]. Creating 500 superpixels from single slice with dimensions 500x500
reduces number of graph nodes to square root (see image .
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Figure 6.10: Superpixelation of input image using SLIC.

Having superpixels, graph constructions is fairly simple. Python library skimage provides good
implementation, that uses region color as similarity metric El Since amount of nodes is exponencialy
reduced, it is really fast and it is possible to visualise these relationships, since regions are on average

20x20 px (see image [6.11)).
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Figure 6.11: Region Adjacency Graph (RAG) based on superpixels. Thicker the edge, higher

similarity between the connected regions.

Using several thresholds yields different results, however none of the results is capable of appropriate
automatic organ segmentaion, because, the results are either oversegmented or multiple organs, or even
surroundings are merged together (see image. However it could be useful as preprocessing method,
to remove the most part of the background and therefore reduce the input image size for AI method.
But using simple thresholding with knn for this use case yields same if-not-better results as well as being

considerably less resource demanding to compute.

Thttp://scikit-image.org/docs/dev/api/skimage.future.graph.html#rag-mean-color
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Figure 6.12: Graph cut using normal cut algorithm results with different threshold applied.
From left to right the similarity criterion threshold is being leveled.

Technical documentation 3D-Unet reimplementation

U-Net is implemented in tesorflow framework, and is capable of training on GPU. It was trained on
Nvidia Titan V with 12GB of VRAM. 10 000 iterations of training were performed in under 30 hours.

Defined Pipelines
Convolution-BatchNormalization-ReLu

does convolution with input volume, with 3D kernel of size 3 and stride 1 in each dimension and variable
filter size (dimensionality of output space). Then batch normalization is performed. This has been
proved to dramatically accelerate training of deep networks. After that, ReLu is performed. Described
steps are repeated across all the layers of the network, therefore it makes sense to declare them as single
step.

Compressing path

From level 0 to 2 all levels perform the same operation pattern. They all call Convolution-BatchNormalization-
Relu operation twice. Each time this operation is called with doubled filter size, initialy starting at 8.
Then dropout with rate 0.2 is perfomed and then max-pooling per slices with 2x2 pool size and the same
stride.
Level 3 does not perform max-pooling on output but upconvolution - it is a transition to Expanding
path.

Expansion path

From level 2 to level 0, input from lower layer is concatenated with features from complementary com-
pressing layer and then Convolution-BatchNormalization-ReLu pipeline is performed twice, each with
the same filter size as complementary compressing layer in desceding order.

Zero level does one extra final 3D convolution, with 2 filter, each for one class. These features are
used for final label prediction, using argmax function.

To compute Loss Function, Dice score is computed for each softmaxed feature map, where each feature
map is treated as binary segmentation of single class. As ground truth, one-hot encoded labelmaps are
used.

Content of DVD media

Attached media contains one zipped file, that needs to copied to hard drive and unzipped, in order to
be accesed. After unzipping, there are 3 folders:
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e source - contains source code for proposed method

— 1-stage - contains source code for 1-stage unet

*

*

*

prepare_pickles.py - preprocesses dicom data into .hickle format used in training,

also does rescaling and hounsfield normalisation o
train.py - starts network training. Model is stored in . . /tf folder, metricsin . . /results

and intermediate results in ../training_results. It takes 2 arguments:
1. organ name: heart, left\1yng, right\iomg, Spine, esophagus )
2. restore model iteration: number of model you want use for restoration, for fresh start
input 0 L . .
predict.py - does prediction on test data and produces confusion matrices and IOU

metrics

— 2-stage - contains source code for 2-stage unet

*

same as 1-stage, byt with suffix 2

— label\fixer - One time script, that fixed broken encodings
— postprocessing - contains scripts from failed experiments
— upscale_results.py - scales results from 2-stage unet back to original size, same size as

corresponding DICOM images
— final_eval.py - does final evaluation of upscaled results and prints metrics to results3

folder
— data - contains raw DICOM and nrrd data with CT scans and ground truth segmentations
— all other folders are only placeholders for results. Missing folder may cause script failure. If

that happens, please create folder metioned in error message. Zipping may remove empty
folders

e experiment-data - containes results and logs of training, serialized models and segmentation results

— [organ name] - esophagus and spine contain only first 3 folders

* K X K X X

model - trained model from 1-stage unet )

results - test data segmentatlon results and test metrics . .
training\ jesults - validation data segmentation results and training metrics
modelZ -"trained model from 2-stage unet .

results2 - test data segmentation results and test metrics o .
training\ results2 - validation data segmentation results and training metrics

e thesis - source code of this thesis in org with R scripts used for results evaluation, and pdf of this

document
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