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Abstract

This thesis presents a completely new visualization technique for bones with ar-
bitrary elongated structure by CT data. As example the ribs and the vertebrae
are used. The diagnosis of ribs by the radiologist is very difficult with current
methods (MPR, Rib Unfolding). Therefore he must either slice through the CT
slices to navigate, that he can analyze the ribs, or he uses a visualization software
with unfolded ribs to inspect them. The problem of this method is that there
is only a visualization of the planar cross-section and he need many interaction
steps for the diagnosis. The method in this thesis involves two parts. At first,
the bone will be segmented and separated in the cortical and spongy layer. The
second part is an unwinding of each layer. By doing this the complete surface of
the bone is visible in one projection. The radiologist has the ability to recognize
rib fractures or metastasis by considering one visualization direct. By marking the
suspicious region in the original data he can verify the diagnosis. The created slices
can be summarized and combined with a projection method (maximum-intensity-
projection, minimum-intensity-projection, average) to display deeper features of
the ribs. This supports the different diagnosis types. After that the visualization
algorithm was included in the Siemens Healthcare prototype, which served as user
interface.
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Kurzbeschreibung

Die vorliegende Bachelorarbeit prasentiert eine neuartige Visualierungsmethode
von Knochen beliebiger elongierte Struktur aus CT-Bilddaten, anhand der Rip-
pen und der dazugehrigen Wirbelsaule. Die Diagnose von Rippen ist dem be-
fundenden Radiologen mit bisherigen Methoden (MPR, Rib Unfolding) nur mit
hohen Aufwand moglich. Hierzu muss er entweder durch die CT-Schichten hin-
durch navigieren, so dass die Rippen nacheinander betrachtet werden konnen,
oder mit Hilfe einer geeigneten Visualisierungssoftware die entfalteten Rippen in-
spizieren, die jedoch nur in entlang von planaren Schnittebenen visualisiert wer-
den und Interaktionsschritte zur Befundung notig sind. Das hier vorgestellte
Verfahren umfasst zwei Teile. Zum einen werden die Knochen segmentiert und
jeweils der kortikale Knochen und der spongiose Teil voneinander getrennt. Im
zweiten Teil werden die Layer durch verschiedene Raycasting Methoden abgerollt.
Somit ist die gesamte Oberfldche in der Projektion sichtbar und der befundende
Radiologe ist somit in der Lage, Rippenbriiche und Metastasen durch Betra-
chten einer einzelnen Visualisierung sofort zu erkennen und gegebenenfalls an den
Original-Schichtdaten durch Markieren einer verdachtigen Region zu verifizieren.
Durch das Abrollen der Rippen werden unterschieldiche Befundungen unterstiitzt
und mit einer entsprechenden Projektionsmethode (z.B. Maximum-Intensitats-
Projektions, Minimum-Intensitéits-Projektion, oder Mittelung) kénnen die entste-
henden Schichten zu einem Stapel zusammengefasst werden, um tieferliegende
Merkmale der Rippen darstellen zu kénnen. Diese Visualisierungsmethode wurde
im Anschluss in einem Siemens Healthcare Prototypen eingebaut, welcher als User
Inteface dient.
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Introduction 1.2 Thesis Task

1 Introduction

1.1 Motivation

The diagnosis of the rib cage, especially the ribs, by CT data is challenging for
the radiologist. The common methods need many interaction steps and have a
high effort. The diagnosis with traditional planar CT images is tedious and time
consuming, because the CT sections must be diagonose rib-by-rib and side-by-side.
An advanced method gives the syngo CT Bone Reading, which allows to inspect
ribs through straightened planar plains. This straightened ribs create a 3D data set
as Curved Planar Reformation(CPR). The radiologist can diagnose the ribs, like
in the multi planar reformation views, only with many interaction steps. The CT
Bone Reading produces planar cutplanes, which can make the detection difficult,
because the radiologist must rotate around the ribs to see them complete.

Currently it is not possible to visualize the ribs only on one 2D image. Furthermore,
there is no separation from the cortical, hard bone and the spongy, soft tissue
available. This separation and dimension reduction can simplify and accelerate
the diagnosis of fractures and metastases.

1.2 Thesis Task

The aim of this thesis is the creation of a new software to assess the radiologist’s
detection rate of rib fractures and rib tumors in CT data. The main idea is
to segment the bones and separate the bones to the cortical and spongy layer.
After the separation, each layer will be unwind to get an overview of the complete
structure. This representation in connection with a slab rendering reduces the
image dimension into a compact 2D stack. On this stack projection methods,
like maximum intensity projection(MIP), minimum intensity projection (MinIP),
or average projection, can be used to highlight rib pathlology. This visualization
technique should support the detection rate of this pathology. Another attention
of this method is the minimization of the interaction steps to save detection time
and get a quicker therapy method.




Introduction 1.2 Thesis Task

The project includes the conception, implementation and evaluation of the algo-
rithm, which visualizes the rib cage in 2D and to support the detection rate of the
radiologists. The scientific contribution of the bachelor thesis includes following
steps:

1. The presentation of a new visualization algorithm, which unwind the rib
cage.

2. The integration of the algorithm to a Siemens Healthcare prototype. The
algorithm gets a User Interface(UI).

3. The representation of a quantitative and qualitative evaluation by clinical
coaches. They test the usability of the new software and compare it with the
rib unfolding.

The following description of these points is divided in following parts:

Chapter 2 presents the medical background of the rib cage. It starts with the
anatomy of the rib cage and follows with common pathologies. Here the rib frac-
tures and oncological tumors are described.

Chapter 3 describes the standard diagnosis methods to find the pathologies. The
sections 3.2 and 3.3 shows reformation methods based on the CT modularity to
support the detection rate of the radiologist.

Chapter 4 represent the creation of the new visualization method in the MeVisLab
environment. The sections describe the segmentation, smoothing and unwinding
step of the algorithm.

Chapter 5 annotate the integration of the algorithm to the Siemens Frontierproto-
type framework. Here the Syngo.via standard is described and the design for the
new method is represented. The section 5.2 represent the interaction options of
the prototype.

Chapter 6 presents the evaluation of the prototype. 6.1 describes a quantitative
analysis to validate the accuracy of the algorithm. In section 6.2 clinical coaches
tested the prototype for usability and detection accuracy.

Chapter 7 includes an conclusion of the whole work and gives an outlook and ideas
for future works.
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2 Medical Background

2.1 Rib Cage Anatomy

The thorax of the human body contains 24 ribs or 12 pairs of ribs. The ribs are
combined with 12 thoracic vertebrae and the sternum [7]. The combination of
this bone arrangement forms the rib cage. The ribs are separated in three groups.
First, there are the true ribs, which attach to the sternum by costal cartilages.
The rib pairs 8 to 10 are called the false ribs, because they are not attached to the
sternum. They are connected with the costal cartilage. The last ribs are called
the floating or vertebral ribs, which lack anterior attachment and usually have no
ventral attachment [43]. The rib bones have two types of tissues, the cortical and
the cancellous bone. The cancellous bone, also known as spongy bones, is the very
porous part of the rib bones end and contains red bone marrow, where blood cells
are created. This is the part of the rib, which is weaker and therefore prone to
fractures [35]. The cortical bone instead is very strong and dense. Furthermore,
the cortical bone is the central part of the rib bones [7]. The ribs are connected
with the spine, which has 33 individual bony vertebrae stacked on top of each other.
The verebrae are connected with the spinal canal and the intervertebral disc. In
addition, a vertebra is composed with a body, a transverse process, a spinous
process and a vertebral arch. Each vertebrae body has, like the ribs, a spongy and
a cortical bone layer. The spongy layer is type of osseous tissue and is covered by
a thin coating of cortical bone, which is a hard and dense type of osseous tissue
[12]. The spine is divided into a cervical, a thoracic, a lumbar sacrum and a coccyx
region. Each region of the spine has their own main functions, for example the
cervical region supports the weight of the head. Only the thoracic vertebrae part
is correspondending with the rib cage. Especially the vertebra transverse process
is connected with the ribs and build a flexible connection. The main function of
the thoracic part of the spine is to hold the rib cage and, in combination with the
ribs, they protect the heart and lungs [37]. Also, the complete rib cage saves the
stability of the human torso. A complete volume rendering technique visualization
of the human thorax is shown in Figure 2.1.
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Figure 2.1: VRT of the human thorax in sagital, coronal lateral view (From:[45]).

In clinical context rib cage pathology can appear in both parts of the bone and
is divided in two common cases. One of these are trauma patients with bone
fractures and the others are oncological lesions in the spongy layer of the bone.
The next section describes the pathology closer.

2.2 Bone Fractures

Rib fractures are the most common injuries following blunt chest trauma [33].
They occur in about 10% of patients, of whom 94% have additional injuries and
12% of them are lethal. In fact, the morbidity and mortality is high. In addition,
a correct rib fracture detection has a high medical relevance. To differentiate the
rib fracture, they are divided in two main groups and four different fracture types.
When both cortical lines were interrupted, it is called an complete fracture. A not
complete fracture, where only one line is interrupted, called inner or outer cortical
fracture. When the formation at the cortical line a sharp angle, the fracture is
called "buckle” fracture [54]. An overview of all bone fracture types including a
bone line illustration is shown in Figure 2.2.
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Figure 2.2: The picture shows different bone fracture types (From:[54]).

2.3 Bone Lesions

Most common lesions in bones are malignant metastases and myeloma [68]. The
metastases in the skeletal are osteolytic (bone resorbing) or osteoblastic (bone
forming) and some are sclerotic. In many cases, there are mixed forms with oste-
olytic and osteoblastic characteristics [14]. Metastasis are spread parts of a main
cancer [67]. For example: a prostate cancer produces bone forming lesions. A
breast cancer instead can present with osteolytic lesions [44]. For a diagnosis
classical features and various features are needed. Some features for the various
features are the context and epidemiological details. The classical features can
be the size, the type of matrix of the tumor. The localization of the lesions has
an important part for the stability of the whole skeleton system and needs high
attention.

2.3.1 Osteoblastic Lesion

Osteoblastic metastasis is usually present in prostate cancer and has a role in grow-
ing and survival tumor cells itself [14]. So, the prostate cancer metastasizes to rib
bone and locally remodel the normal bone structure. This remodeling is unordered
and has a disordered micro architecture, which results in a decreased stability of
the bone. With this unstable structure the bone can break and consequently other
parts of the body can be injured [17].
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2.3.2 Osteolytic Lesion

The osteolytic metastases are the most common bone metastases with 75%. Oste-
olytic lesions can stimulate directly or indirectly osteoclastic activity and the con-
sequence is a bone resorption [14]. Commonly breast cancer metastasis, destroys
bone and they result in pain and fractures. The early phase of bone metastasis for-
mation degrading the bone membrane. The tumor cells produce hormones, which
stimulate osteoclasts. Then they proceed the bone resorption and the circulus vi-
tiosus starts. The stability of the whole thorax is endangered and the consequences
can be lethal [17].

Figure 2.3: The two different lesion types. Picture A shows osteolytic and picture
B visualize the osteoblastic lesion (From:[30]).

Important in both cases is a correct and fast diagnosis of the pathology to choose
the correct therapy method. This is very difficult with current methods because
of the high number of interaction steps in each approach. The common state of
the art methods, multi planar reformation(MPR) and rib unfolding, are explained
in the next section.
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3 Standard Reformation Methods

3.1 Computed Tomography

Figure 3.1: Overview of the CT scan and the following reconstruction method to
create the resulting image (From:[23]).

In general blunt trauma patients will be diagnosed with a normal X-Ray, but often
the technique has a low sensitivity so the patient will be scanned with computed
tomography(CT). CT is the method, which gives answers to multiple questions
with a single examination [60]. A benefit from CT to X-ray is the resulting 3D
image stack. The normal X-Ray instead produces a 2D-image. The 3D data set
is created by a computer-processed reconstruction of many X-Ray images from
different angles to produce cross-sectional images. Therefore the X-Ray tube and
the detector rotate around the human body inside the CT-tube and the resulting
raw data were iteratively reconstructed and the images are created. The way from
the modality to the result image is illustrated in Figure 3.1. This image allows
the user to scroll through its layers, so called slices, and can use its output for
diagnostical decisions. The challenge is the detection of rib pathology in the CT
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dataset. Each rib has a complex shape and the course is across many CT slices [61].
Furthermore all of these slices must be evaluated rib-by-rib and slice-by-slice to
get an information about all ribs to the axial slices. Mostly in oncological diseases
a PET/CT image registration is used. Here the tumor cells are highlighted in the
positron emission tomography(PET) and the CT data set saves the anatomy. The
images are registrated by different rigid, for example rotation and translation, or
with non-rigid methods, which deforms one of the image to fit it to the initial
image. The two common advanced state of the art methods, by using C'T images,
for the detection of rib cage pathology are the multi planar reformation and the
rib unfolding.

3.2 Multi Planar Reformation

The multi planar reformation is the most important reconstruction method for
diagnoses, therapy and preoperativ therapy planning of clinical pathologies [11].
The MPR visualization of the CT dataset is the transverse, coronal and sagittal
orientations of this.[53] The main benefit from MPR to the standard axial slices
is that the view can combine more than one slices to a slab. This slab can be
built over the axial slices. Modern software gives the reason to reconstruct non-
orthogonal or obliques stacks. With a slab the diagnose of rib cage pathologies
like lesions the MPR will combined with some projection methods like MIP [63],
MinlIP, the identical method like MIP, but there is the lowest Houndfield value
represented, or average projection to highlighting them. Not only pathologies can
be higlighted also bone, soft tissue can be bring in focus[11]. This MPR views was
the first method to use the slab rendering. In the normal CT data sets it is not
possible to combine slices.
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Figure 3.2: MPR combined with MIP views of CT images. The top left image is
the VRT view and the other images are the MPR views (From:[56]).

The representation includes all important views, but the problem is the slice-by-
slice evaluation instead. The approach to use slabs is a better way to visualize
more slices and make projection methods to them, but it is important to get an
overview of all ribs on the screen. Modern software containing oblique planes can
create a better display of the bone, but a new alternative must be created to get
a complete overview representation of the rib cage and accelerate the detection.

3.3 Rib Unfolding

Rib straightening

Kiraly et.al [27] presented a new rib visualization with a technique for tubular
structure straightening by Angelelli and Hauser [1]. The technique is based on
determining the centerline of the structure and then reformatting the original
image space. This reformation is calculated by resampling from planes positioned
orthogonally to its centerline [48]. Figure 3.3 shows an example of the straightening
procedure.
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Figure 3.3: Example of the rib straightening technique.The picture a shows the
VRT of the original CT data set. On image b are the extracted and
smoothed centerlines and the picture c is a slice of the straightened
data (From:[27]).

This rib straigtening is a method, which enables an easier and better view of all
ribs. The view enabled a better diagnosis of all ribs. The interaction steps in
the standard 3D visualiation and the MPR require a bigger number to the rib
straightening [48]. This method was a milestone in the rib visualization, but there
are many points, which can be optimized. Today the latest version of the rib
straightening algorithm is the CT Bone Reading Tool in the Syngo.via Software
of Siemens Healthcare GmbH.

CT Bone Reading

To support the rib pathology detection, Siemens Healthcare GmbH in cooperation
with Prof.Dr.Helmut Ringl [51] creates an algorithm to rise the sensitivity and
specifictiy in trauma patients. The main idea was to get an overview of the whole
rib cage in another representation. The C'T Bone Reading application is a software,
which uses CPRs for the detection of rib cage pathologies. With this algorithm the
user must not slice through the standard MPRs of a dataset. Here they can rotate
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around the straightened rib. To get the CPRs, the spine, ribs and vertebraes must
be detected [28]. With this detection a centerline of each rib and spine is calculated
[66][50] and then the unfolding algorithm starts. The visualization of the unfolded
rib cage obtained by computing CPRs attached to the spinal centerline and along
the rib centerlines. The whole unfolding process is visualized in the Figure 3.4.

Figure 3.4: This figure shows the process of the rib unfolding a shows the centerline
detection. Images b and c shows the unfolding. At least image d shows
the result of the unfolding in a CPR (From:[51]).

The CT Bone Reading software creates a new representation and straightening
view of the complete rib cage and found usage in trauma and oncological pathol-
ogy detection. The next section concerned with an evaluation and comparison by
experts from the Bone Reading against the standard MPR view detection. Rele-
vant characteristics of the comparison are the medical accuracy and the average
reading time of the fracture cases and oncological lesions.

11
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Rib unfolding and fracture detection

In a study by G.Bier et.al.[6] three readers were testing the MPR and the unfolded
images in acquisition to sensitivity, specificity and accuracy. A big attention of the
study was the reading time for each diagnosis. The unfolding algorithm reduces the
reading time significantly. The sensitivity and specificity could be improved, but
not significantly. Problems were created by motion artifacts. Here the unfolding
algorithm gives some false positive results. However the number of missed fracture
is smaller than in the Imm-3D/ MPR view in all fracture types. An example for
the fracture detection is shown in Figure 3.5 and an overview of the evaluation
parameters is shown in Table 3.1.

Figure 3.5: This picture shows the detection of different bone fractures in the CPR
views of the Rib Unfolding algorithm (From:|[6]).

MPR Unfolded rib display

Reader | Reader2 Reader 3 Reader | Reader 2 Reader 3
Sensitivity L s 797 948 S48 921
Specificity LI @0 824 BB 852 824
Positive predictive value EEA 590 840 965 957 847
Negative predictive value BLI G956 338 E29 B3 LX)
Accuracy 846 893 B3 933 927 a0.0

Table 3.1: Evaluation results of the rib unfolding in trauma diagnoses (From:[6]).

12
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Rib unfolding and lesion detection

Homann et.al.[20] testing the rib unfolding against the standard PET/CT slice
images. Therefore the typical values of sensitivity, specificity and accuracy were
tested and the reading time was measured. The rib unfolding reduced the reading
time significantly instead of the normal diagnosis types with 1-mm slices and 5-mm
slices CT. Also the specificity and the sensitivity could be rise. The comparison is
also dependent on the size classifying of each lesion. Here in both cases, lesion >
8mm and < 8mm the bone reading images are improved significantly against the
standard CT images. The results of rib analyisis is tabulated in Table 3.2 and a
dtection example of metastasis is shown in Figure 3.6.

Total 5 mm 1 mm Bone Reading
Sensitivity 47.69% 59.46% 94.81%
Specificity 95.65% 95.7 7% 88.24%
Accuracy 0.67 077 0.92
5 mm 1 mm Bone Reading
<Bmm =8 mm <8 mm =Bmm <8mm =8 mm

Sensitivity 11.53% 57.14% 25.0% 73.47 89.29% 100%
Specificity 93.3% 97.5% 9.67% 97.5% B85.19% 90.24%

Table 3.2: Evaluation results of the rib unfolding in lesion diagnoses task
(From:[20]).

Figure 3.6: This picture shows the detection of metastases in the CPR view of the
Rib Unfolding algorithm (From:[20]).

13
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The problem of this algorithm is that the detection of small fractures and lesions is
a hard task and a big number of interaction is still needed. The main idea includes
only a straightening and a cut in planar planes and not to produce a complete
dimension reduction of the rib cage. In fact the rib unfolding is a better reason to
the MPRs, but not the perfect solution, to minimize the interaction. The rotating
around the planes can be very difficult and tedious. Maybe another visualization
can reduce the dimension from 3D-space to an correspoining 2D-space.

14



Advanced Bone Visualization 4.1 Programming Environment: MeVislab

4 Advanced Bone Visualization

4.1 Programming Environment: MeVislab

Figure 4.1: Typical MeVisLab network, which includes algorithm modules(blue),
visualization modules(green) and macro modules(orange) (From:[18]).

MeVisLab is a modular framework for image processing with a special focus on
medical imaging developed by Fraunhofer MEVIS and Mevis Medical Solutions
AG [38]. MeVisLab includes software modules for different image processing use
cases, e.g. segmentation, registration, etc. MeVisLab provided advanced medical
modules for quantitative and morphological and functional analysis of medical im-
age data. To rise the interpretation of medical relevant informations the data can
be displays in two-dimensional(2D) and three-dimensional(3D) views. To develop
own algorithms or applications a building of functional units(modules) are used.

15
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They are combined with different modules and can be encapsulated into macro
modules to form new parts of an application. The Figure [4.1] shows a simple
network including all existing module types, which calculate a thresholding over
an image. These algorithms offer the possibility to create a graphical user interface
(GUI). This UI can be created by an abstract module definition language (MDL).
Also, dynamical functionality is supported by scripting via using JavaScript and
Python. The scripting part describes the application logic, which is the way to
react on user interactions, to manipulate some algorithms or calculate and save
results [18]. Besides the MeVisLab libraries developed by Fraunhofer MEVIS were
external libraries for image processing tasks integrated. There are the ”National
Library of Medicine Insight and Registration Toolkit (ITK)” and the ”Visualiza-
tion Toolkit (VTK)”. All of these can be combined preserve extensive processing
and analyses of image data. We used the version MeVisLab 2.8.1 in combination
with Visual Studio 2013, because it is the standard set up, which Siemens produce
their prototypes. Prototypes are research MeVisLab application, which have the
same optic like the Syngo.via application, but there are not for clinical use, only
for pre-processing research tasks.

4.2 Overview

The 7 Advanced Bone Visualization” algorithm visualizes the rib cage in another
way, as compared with the standard MPR and the CPR of the rib unfolding.
The algorithm uses the knowledge of the centerline and vertebrae geometry by
the rib unfolding algorithm. With this the segmentation of each rib will be cal-
culated. As following steps, morphological operations are used to separate bone
and spongy layer. To finish the segmentation and get the original grey values,
a masking algorithm is entered. Every data set has another reconstruction and
the segmented bone includes terrace artifacts. For this problem two approaches
were tested and the resample approach is used for the segmentation smoothing.
With the smoothed bone and centerline, the bone unwinding algorithm starts.
Therefore, three different ray casting methods, with different benefits and disad-
vantages, are implemented. Each bone will be unwind in a loop of all steps and all
the resulting rib bones are combined into one image by a concatenation algorithm.
As input the user can choose between the output image size, the rib index and
the using sampling method. The algorithm is divided in a rib and vertebrae part,
because the segmentation steps are different. The unwind image is a compact 3D-
visualization, but can compressed to a compact 2D-view by using slab rendering in
combination with projection methods. This slab rendering respects the conditions

16
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of the bachelor-thesis task of a dimension reduction. An activity diagram of the
algorithm steps is shown in Figure 4.2.

[ Data set loading 1

v
{Rib Unfolding algnrithm]

v

Start algorithm ‘

- ",

A Y

441:&11 Segmentation {Spiue Segmeutatiun}di
\ x

[ Loop } Segmentation Smooth ingJ [ Loop

L

hJ

[Start Bone Unwinding algorithmJ

k3

I Image Compose r}

T

Slab Rendering

'

[ Unwinded Image |

Figure 4.2: Activity diagram of the Advanced Bone Visualization algorithm work-
flow. Blue nodes are given parts of the algorithm and the other nodes
are self implemented.
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4.3 Segmentation

The segmentation of the rib cage is divided in two separate parts. At first the
individual ribs were segmented and in the second step each vertebra. The selection
of the right segmentation method is discussed by Enrico Contini [10]. In his
thesis, he compared different methods for the segmentation of individual ribs or
the complete rib cage. The accuracy and calculation time is an important part
and a decision criterion for our approach. There are model-based, thresholding,
tracing and region growing methods [50]. Because of the knowledge about the
centerline points of each rib and of the spine by the rib unfolding framework, the
region growing based algorithm by Lee and Reeves [31] is the approach we used
for the segmentation of each rib. The centerline and vertebrae geometry submit
that expensive methods, for example model-based approaches, are not valuable.
Another point which qualified this approach is that CT images have a standard
grey value description in Hounsfield units. In fact bones can be classified with
an carefully selected threshold. Because of the grey value order, the bone can be
divided in the cortical and spongy layer. The description of each segmentation
step and the approaches are explained in the following section.

4.3.1 Rib Segmentation

The rib unfolding algorithm gives information about each visible vertebra geom-
etry. This includes a bounding box around the vertebrae. This bounding box we
use to separate the spine from the ribs. To avoid a running out from the region
growing, the segmentation is divided in an ”outward” and ”inward rib part (Figure
4.3). The combination of both parts is realized by using arithmetic operations.
The next step is the separation of the bone in two different layers. Therefore,
morphological operations are used. The resulting segmentation is a binary mask.
The following step is a masking algorithm to transfer the binary images from in
a grey value image. This grey value image includes the values from the original
data set.

18
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bounded

oV e

right rib left rib

Detected
seed regions

Figure 4.3: Main idea of the "inward” and ”outward” rib seperation by Lee and
Reeves (From:[31]).

"outward” rib segmentation

The region growing approach uses a separation of an "outward” and ”inward”
rib part to prevent a running out in the spine. The "inward” rib part is the
region of the rib, which attached to a vertebra. To separate these two parts the
preprocessed rib unfolding algorithm calculates the geometries of each vertebrae.
These geometries include a bounding box around each vertebra. These boxes
around the vertebrae prevent a run out in the spine, when the region growing is
used. Figure 4.4 visualize the bounding box in an 2D-axial view. This image is
the initial input image for the region growing. The next step is the seed point
detection to segment the outward rib.

Figure 4.4: Illustration of the Bounding box around the vertebra.
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The wanted seed points are the centerline points outside the spanning bounding
box. The complete centerline, which was calculated by the rib unfolding frame-
work, must be cut on the border to the ”outward” rib. The aim of the segmentation
is to detect the cortical bone layer of the rib. To realize this criterion, the seed
points must have contact with this layer. Therefore, the points must be shifted
up and down along a predefined up-vector until an average rib bone diameter is
reached. After the identification of the matching points they must be add in an
empty XMarkerList. This process is represented in Algorithm 1)

Algorithm 1: Algorithm for seed point detection

Input: Centerlinepoints,Bounding Box cornerpoints,rib thickness

Output: XMarkerList with seed points(x,y,z)

while not at the end of centerlinepointlist do

get centerlinepoint;

if centerlinepoint(z,y,z)inside bounding box(x1,y1,21,22,y2,22) then
‘ do nothing;;

else

for i = 0 ; 1 < rib thickness;i++ do

centerlinepoint = centerlinepoint(x,y,z)+
i*cenerlinepoint.UpVector;

add centerlinepoint to XMarkerlist;

centerlinepoint = centerlinepoint(x,y,z)+
i*(centerlinepoint.UpVector*-1);

add centerlinepoint to XMarkerlist;

With the resulting list, including the seed points, and the initial image with the
bounding box separation the segmentation starts. Therefore, a region growing
algorithm is used. The following algorithm has a threshold parameter over 300
Hounsfield units to capture the cortical structures of the bone. Here the region
is growing by iteratively adding any connected voxels in the 3D space by using 6-
connectivity. After determination of the algorithm the cortical bone of the outward
rib is detected (see Figure 4.5).
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Figure 4.5: Segmented ”outward” cortical rib bone as binary mask.

"inward” rib segmentation

The ”inward” rib segmentation is analog to the segmentation of the ”outward” rib
part, but here the bounding box is inverted and the seed points are the remaining
centerline points inside the box. This inverted bounding box creates the initial
image for the region growing algorithm. This includes the inward rib part and the
connected vertebra. The visualization of this box in a 2D axial view is shown in
Figure 4.6. The wanted seed points are in this case the points inside the bounding
box from (Algorithm 1). Like in the ”"outward” rib segmentation the points must
be shifted along the up-vector again to get contact with the cortical layer. The
segmentation parameters for the region growing are the same, like in the ”outward”
rib segmentation, to detect the cortical layer of the rib bone.

Figure 4.6: Illustration of the inverted bounding box around the vertebra in 2D.

21



Advanced Bone Visualization 4.3 Segmentation

This approach is not the optimal solution for the ”inward” rib segmentation, be-
cause the vertebra is inside the segmented mask, what is demonstrated in Figure
4.7. The attention of my thesis was to find a new visualization method for the
rib cage. This is the reason, why the segmentation is not implemented perfectly.
But in this case, we can use this approach, because the inner rib part is inside the
resulting segmentation and the following algorithms are based on the centerline,
so the unwinding image is complete.

Approaches for a better segmentation can be a model-based segmentation with for
example a cylindrical template [31] or a gradient-based algorithm [49] to detect
the rib bone without the vertebrae.

Figure 4.7: Segmented ”inward” cortical rib bone as binary mask with connected
vertebra.

Connection of both parts

The 7inward” and ”outward” part of the rib must be combined for the further
layer separation process. Arithmetic [36] image processing methods apply to use
arithmetic or logical operations to two or more images. In our case, we used the
logical operator OR to connect the two rib parts. This operator typically takes
two images and outputs a third image, whose pixel values are the values from
the first image OR the corresponding pixels from the second [16]. After this step
we get the cortical bone of the individual rib (Figure 4.8). The next step of the
segmentation process is the separation of the bone in the different layers, which is
described in the next section.
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Figure 4.8: Complete connected rib bone.

Spongy and Cortical layer separation

To split the rib into the spongy and cortical layer, morphological operations [55]
are used in the algorithm. The cortical bone layer of the rib is given by the region
growing. With this mask the spongy layer can be detected by using a morphological
closing. The morphological closing is a special case of morphology operations and
comprises a sequence of the standard operations dilation and erosion. It means
that at first the structure will be close all holes by dilation and then an erosion
reduces the picture, that this came near to the original structure. The closed
holes by the dilation will not opened again. The used kernel for this method is a
11x11x11 kernel to ensure a complete filling of the cortical bone.

(a) Spongy Layer (b) Cortical Layer

Figure 4.9: Spongy and cortical layer separation with the original grey values.
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The results exist as binary images, but to detect pathologies in the bones the
original grey values must be recalculated. Therefore, a masking algorithm is used,
which determine a convolution image, where all pixel get the original grey value,
if the mask pixel has value 1. The different segmented structure from the cortical
and spongy layer will be masked with the original data set.

4.3.2 Vertebra Segmentation

The segmentation of the vertebrae proceeds like the rib segmentation. In this case
the bounding box of each vertebrae is used to separate the spine from the complete
data set. As seed points for the region growing the spine centerline from the rib
unfolding framework are used. The spine centerline points were tracked by Kalman
filtering [25] through the consecutive 2D spine cross-sections [50]. Again the region
growing method is used with a thresholding parameter of 300 Hounsfield units.

Figure 4.10: This image displays the segmented vertebra in 3D.

The separation in the cortical and spongy layer is not possible, because the grey
value distribution is too noisy to calculate a good threshold. A problem is the fi-
brous spongy layer in the vertebra body, which produces cortical bone parts. This
cortical bone parts were transported over the fibrous structure. This fiber is very
dense and in Hounsfield units it is nearly the same as the outer cortical bone.
Another point is the included segmentation of the ”inward” rib. The connec-
tion between the transverse process and the rib bone results a run out in the rib
bone. But here again the result is usable, because for the unwinding algorithm,
all structures are detected, which are important.
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4.3.3 Artifacts

After the segmentation process the voxel structure of the rib shows terrace artifacts
(Figure 4.11), which produce many problems in the following unwinding algorithm.
These artifacts emerge in the reconstruction of the CT raw data to the viewing
data [19]. The reconstruction is limited by the pixel matrix of the output image.
So mostly the raw data are too sharp for the pixel matrix or the available pixel are
too small [13][3]. The artifacts must be reduced by a carefully selected smoothing
technique. A filter method is not an option, because the manipulation of the
original grey values is too strong. For example, little fractures will be neutralized
by filter algorithms like Gaussian filter [8]. Even an edge-preserving filter like a
median filter [22] manipulate the grey values too huge.

Figure 4.11: This picture shows the terrace artifacts of the rib voxel structure.

In the next part, we present two approaches to smooth the segmented rib struc-
ture. The algorithms only must be used for the rib bone, because the vertebrae
segmentation not contains the artifacts or they are too small. Consequently the
vertebra segmentation can be ignored in the smoothing step.
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4.4 Segmentation Smoothing

A good smoothing method fulfils many requirements derive by Bade et. al. [3].
The smoothing must reduce the artifacts and should not increase existing arti-
facts or create new artifacts (1). Topological failures can be ignored, because
the segmentation and the following morphological operations restore a connected
and continuous diameter characteristic. The next point (2) is the accuracy of the
smoothing. Therefore, the smoothing must preserve the volume, the form and the
distances between neighbor points. In this case spatial extensions and relations
must be conserved. The last point (3) is the practical application of the smoothing
algorithm. The parameter setting should be very easy or automatic, for example:
a carefully selected default value can be use. In addition, the algorithm must be
stable, when different parameters are used and should not influence the perfor-
mance. The smoothing need a good duration time to find usage. Time in medical
diagnosis context is important for therapy possibilities. [2].

Criterion Requirement
1.Smoothing 1.1: Reduction of block artifacts
1.2: Reduction of terrace artifacts
1.3: Correction of topological failures (holes, ...)
1.4: No increase of existing artifacts
1.5: No creating of new artifacts
2.Accuracy 2.1: Preservation of volume
2.2: Preservation of form
2.3: Preservation of distances
3.Practical Application | 3.1: Easy/automatic parameters
3.2: Efficient runtime
Table 4.1: Overview of smoothing requirements in medical context [2].

The table 4.1 represent all requirements in an overview, which observe the choice
of the best smoothing method for the segmented rib bones in the next part.

4.4.1 WEM Smoothing

The first approach we investigated, was a mesh smoothing. Therefore, an iso
surface of the rib structure must be created. This mesh must be retransformed
to an image mask to get the grey values of the original data set, to detect rib
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pathologies. To create a surface of the segmented rib bone the Mevis winged edge
data structure is used [5]. This is a powerful structure by using marching cubes
[34] to transfer the image into a triangle mesh. The WEM contains a pointer of
each edge with the two corner points and their adjacent faces and a second pointer,
which includes the accessor and the successor edge in two faces. A benefit of using
this data structure is the fast access of the neighboring structures for the following
smoothing algorithm.

A

N IS

Figure 4.12: Visualization of WEM-pointerstructure, if both pointers are con-
nected (From:[38]).

The structure of most bones is elongated. Furthermore bones have no branches,
like a vessel tree and in this case Taubins LowPass [59] or Laplace+HC [62] filter
are possible methods to the smooth bones [3]. The simple and low parameterized
Laplace or Mean filter are worst to use, because the volume shrinking is too strong
[4]. The Laplace+HC and LowPass filter confirmed the requirement for a little
number of parameters and there are automatic methods [39]. For testing purposes
we used the Laplace+HC filter with 10 iteration and a factor of 0.5. The result is
shown in Figure 4.13.
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(a) unsmoothed surface (b) surface smoothed with Laplacian4+HC filter

Figure 4.13: Illustration of the smoothing result.

The calculation of the smoothed rib structure is efficient and reliable. The ar-
tifacts can nearly completely can be deleted from the structure and the volume
preservation is given. The method seems a good approach, but it cannot be used
for the following steps, because the original grey values are needed and the recal-
culation from the mesh grid to a voxel grid [21] creates the terrace artifacts again.
Consequently, another smoothing method must be find to smooth the artifacts in
the rib segmentation.

4.4.2 Resampling

The next idea to smooth the artifacts is resampling. Resampling is a mathematical
method to change the image size in different height and width. That can be an
upsampling, which increases the size of the image. A reducing of the image size is
called downsampling. To smooth the rib segmentation upsampling is requested to
reduce the terrace artifacts. This method use an interpolation between the existing
pixels to get the values at the new pixel locations. Possible interpolation techniques
in this case are the cubic [26] and the lanczos [15] interpolation. Important is a
good trade-off between accuracy and speed. After testing with different data sets
the cubic interpolation method finds use in the resampling with the scale factor is
3 in x, y and z-direction [65]. The result, which is shown in Figure 4.14, shows an
image with reduced artifacts.
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(a) unresampledimage (b) resampledimage

Figure 4.14: Comparison between the normal rib voxel structure on the left side
and the resampled image on the right side.

This approach smooth the terrace artifacts satisfactorily. Because of the interpola-
tion between the original grey values its emerge a minimal blurred image. However,
in this case it can be ignored, because the more important part of the artifact re-
duction get a higher significance and the resulting grey values come close to the
real values. With this smoothed bone the unwinding algorithm can start. The
different implemented unwinding methods are explained in the next chapter.
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4.5 UnwindingMethods

In this section the segmented and smoothed rib will be unwind by different meth-
ods, which visualize the rib in another way. The approach creates a new image
transformation technique for the rib. In all implemented methods, a raycasting
[64] algorithm is used to sample the original rib voxel and transform them to the
new image space. The sampled points of each ray in general are not aligned with
the volume and they will usually be located in between voxels. For this reason, it
is necessary to interpolate between the surrounding voxels. Therefore, we tested
the common interpolation method trilinear and tricubic interpolation. The trilin-
ear interpolation is a sequence of linear interpolations in the 3D-space [29]. More
accurate results are achieved with the cubic interpolation approach, which calcu-
lates a continuity between 4 following voxels [32]. The duration time is higher in
the cubic interpolation and after a few test samplings the trilinear interpolation
method gives a better trade-off between performance and quality then the cubic
interpolation.

Raycasting

The standard raycasting method is a technique to visualize three-dimensional vol-
umes of image data. The main idea is to generate initial rays for each pixel of
the image plane and trace their intersection with the volume. During the tracing
sample points in regular distanced were defined, which described the opacity and
color values along the ray. In the last step, these values will be combined and the
resulting pixel values can be calculated in the image space [52].

Figure 4.15: Illustration of the standard ray casting method.
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The ray casting algorithm we used is different to the standard. In our approach
the volume will be sampled along the ray and the resulting image is a compact
3D image stack. Consequently, the difference is that the ray sample will not be
accumulate to one value. Here each sample will be listed in the resulting image
stack. Each unwinded image has another sampling order and consequently another
visualization. The image stack size and using sampling order is certain by user
input values.

Input values

As input the algorithm needs a segmented bone and the centerline. To rotate the
ray around the centerpoint the up vector will be defined. Because of the ray sam-
pling approach, it is important to reconstruct the original data set in an ideal way.
An undersampling or oversampling of the bandlimited signal should be avoid, be-
cause it leads to aliasing artefacts. These artifacts would bring disturbances in the
resulting image. Nyquist Shannon sampling theorem describes that a bandlimited
signal, in our case the segmented bone must be sampled with a frequency greater
than the double signal, that the signal will exactly and determine reconstructed
[42]. To secure observance of the theorem the centerlinepoints will be upsampled,
such that two centerline points are inside one voxel. The user input contains the
operating sampling method, the resulting y-size and z-size of the unwinded image,
the layer selection and the option to unwind the ribs. For the unwinding methods
only the image sizes and the chosen method is decisive.

fsampling =2- fmax (41)

4.5.1 Rib Clapping

The first approach is a parallel grid sampling and a visualization of two halfs of
the bone. The rays trace the upper and lower half of the bone in a parallel grid.
The z-size input of the user described the sample size in depth of the sampling.
The half number of the depth will sample the lower half and the other numbers of
depth points sample the upper half of the bone. The parallel traced rays on each z-
step describe the y-dimension of the resulting image. To displace the complete rib
regions in the image each parallel half ray get 25% of the y-input. The illustration
of this method and visualization of the resulting image is shown in the following
figures 4.16 and 4.17.
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Figure 4.16: Illustration of the rib clapping approach.

Resulting image stack

The resulting 3D-image stack shows the two rib halfs from the inner tissue to the
outer rib. The x-axis contains the centerlinepoint length. The y-axis shows the
upper and lower half of the rib and the z-axis goes from the centerline point, which
is in the center of the rib, to the outside of the bone.

Figure 4.17: Tllustration of the resulting image stack by the rib clapping method.
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Benefit and Disadvantage

This approach is free from segmentation artifacts, because this method creates only
a cut the bone in planar areas. This characteristic is a benefit, but the problem
is the unintuitiveness of the resulting image. The representation of the upper and
lower half of the bone at the same time may seem that one rib will be divided into
two ribs. This criterion is crucial for searching a new intuitive representation of
the rib bone.

4.5.2 Radial Raycasting

The second approach is a radial sampling unwinding. Here the sampling points
are ordered in concentric circle. The centerline points build an axis to the next
and then a corresponding up vector is defined, which is the rotating vector. The
rotation is axis-aligned and the sampled angle is dynamically calculated based on
the user input. The number of circles is the depth input of the user. The maximum
distance of the ray is limited by an average maximum rib thickness. Consequently,
each depth input is fitted on the average thickness. This method is illustrated in
Figure 4.18 and the resulting image stack is shown in Figure 4.19.

Figure 4.18: Visualization of the radial sampling method

Resulting image stack

The resulting image stack is different to the clapping algorithm. Here the z-axis
describes each concentric circle from the middle of the bone to the outer bone. All
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sampled angles are added to the y-axis. The x-axis includes again the center line
points.

Figure 4.19: Illustration of the resulting image stack by the radial raycasting
method.

Benefit and Disadvantage

This method included the size relationship to the original data set, because of the
concentric circle sampling. The visualization is consistent and the interpretation
is more intuitive compared to the clapping approach. The disadvantage of this
method is the elliptical form of a bone, especially the rib bone has a nearly exact
elliptical structure. In the illustration of this method in Figure 4.18 the concentric
circle are outside the bone on the thin part. In the resulting image these areas
are dark regions in the picture. The information density in the unwinded image is
certainly not satisfactory, that some information in the result is wasted in elliptical
bone cases. In the vertebra body case, which form is more circular, this method
is good and can be use, because the sample points outside the bone is low.

4.5.3 Adaptive Raycasting

A better way to respect the elliptical bone structure is a dynamic ray casting
approach. This method has nearly the same behavior like the radial sampling
method. The difference in the third approach is an adaption of each traced ray to
the current bone structure. First, each ray is traced, until it lefts the bone. This
rib length will be saved for each angle and each sampling point is adapted to the
ascertained ray length. Consequently, the resulting slices in the unwinded image
are the bone form. The following figures 4.20 and 4.21 illustrate this method.
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Figure 4.20: Visualization of the adaptive rib casting.

Resulting image stack

In general, the generated image stack, which is created by the adaptive raycasting
method, is the same like in the radial method. The huge different is the combina-
tion of the y-axis and z-axis. Here again each angle is filled on the corresponding
unwinded image, but each slice is not a concentric circle on the z-axis. The dif-
ference is, that each slice is described by the bone structure and represents this
structure.

Figure 4.21: Tllustration of the resulting image stack by the adaptive raycasting
method.

Benefit and Disadvantage
In fact, the compliance to the bone structure in the unwinded image use the

information density of the resulting image optimally and seems as the best method
to unwind bones. A small disadvantage is the navigation in the new image space
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compared to the original data. The interpretation and connection is quite difficult
and should be supported, for example: by a synchronized recalculation from the
unwinded image to the original data space, combined with a user interaction via
reference lines. This interaction option is explained in the next chapter Algorithm
to Prototype.

4.5.4 Other Non implemented Methods

In the design stage more methods are created but find no usage in the algorithm,
because of different reasons. Two more ray casting methods are described in these
parts and the rejecting reason for the non-implementation will explained.

Standard Rib Slicing

We considered an approach that not "unwind” the bone structure. Here the idea
was to sample the complete rib and fill the image in the way, that the slicing
goes from the bottom of the bone to top. The reason, why it found no usage in
the prototype is the following combination with the slab rendering and connection
with projection methods. With a slab the complete rib is composite and the use of
a MIP only highlights the bone and a detection of for example osteoblastic lesion
or other pathology is impossible.

Figure 4.22: Mlustration of the standard Rib Slicing approach. The resulting image
stack scrolls from the bottom to the top of the bone.

Spiral Ray Casting

Another approach was a complete dimension reduction of the 3D-image space to
an 2D-image space. The idea is a spiral ray casting method. For each angle ray
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the length must be fitted to the correct bone structure. Then the ray will be
sampled along an adaptive spiral form around the bone. The resulting image has
only an x-axis, which includes the centerline, and a y-axis, which describes the
sampled points. The main idea of an dimension reduction is inserted, but with
this representation approach a detection is very difficult, because if a patient has
a partial fracture, means many points on the y-axis occurs and it seems that there
is more than one fracture. Because of these reasons the approach find no usage in
the prototype.

Figure 4.23: Illustration of the spiral sampling approach. The resulting image
stack describes the straightened spiral.

4.5.5 Bone Combination
Rib Combination

The algorithm unwinds one input bone. If the user wants to get an unwinded
image of all ribs, each rib must be combined in a new image. Here an image
composing algorithm is used, which provides operations to concatenate an image to
an existing volume at a user-defined position. Because of the knowledge about the
rib index, the rib number, the direction of each rib and the corresponding vertebra,
the algorithm pipeline can run iteratively for each rib. The image composing
algorithm calculates the right position for the unwinded rib image. The z-position
in all cases is the first slice to synchronize the slicing process and all slices have the
same depth. The schematic visualization of the image composer is shown in Figure
4.24. The two parameters, which must be calculated is the x- and y-coordinate.

37



Advanced Bone Visualization 4.5 UnwindingMethods

Figure 4.24: Schematic visualization of the rib image composing calculation.

The x-coordinate is calculated by a fixed constant value and centerline length of
the bone. The anatomy of the human describes a left and a right part of the
rib cage. With the knowledge about the rib directions and rib indices from the
unfolding framework, the unwinded rib bones can correctly ordered. If the rib
index is greater than the half rib number, the side of the rib is left. All other ribs
are on the right side. In this case the ribs are fitted on the value 1700. This fixed
value is chosen by many test cases to detect the average maximum centerline point
number. To safe the length relationship from each rib, the x-size of the individual
bone is subtracted to a fixed value of 1500 for ribs on the left side. This two
cases describe the x-position of each unwinded rib bone in the image composing
algorithm.

1700, if ribid < ribnum/2  (4.2)

O0STynwinded = . . .
b ded { 1500 — centerlinepoints,  otherwise (4.3)

With the correct x-coordinate the bone would be overlap in the image composed
image. The next step is the calculation of the y-position of each individual rib
bone to save a correlation to the human rib cage. Again, the knowledge about
the rib indices and maximum rib number by the unfolding framework is used.
Important for the y-position calculation is the user input about the angle samples.
This input must be dynamically adjusted to the resulting composed image. If the
rib index is again smaller than the half rib number, the y-position determines by
a multiplication of the current index and the input y-size by the user. Otherwise
the rib index must be subtracted with the half rib number to fit the correct rib
pairs together.

ribid - inysize, if ribid < ribnum/2 (4.4)

OSYunwinded = .y - ; ) ) '
posy ded { (Mbld _ mbnum/?) - 1nysize, otherwise (4-5
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Vertebrae Combination

The unwinding vertebrae algorithm branch is nearly the same like the rib bone
unwinding. The vertebrae will unwind individual and must be fitted in a resulting
image, which includes the vertebrae on the right position. The right position means
the observance of the spine vertebrae order. The chronology of the algorithm
processes is from the highest vertebra to the lowest. Consequentialy the vertebrae
will concatenate on the x-axis. This resulting image of the resulting unwinded
spine is shown in Figure 4.25.

Figure 4.25: Illustration of the resulting image stack by the adaptive raycasting
method.
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4.6 Slab Rendering

For diagnostic tasks with CT data, a slab rendering is an accepted method. This
method involved a stack of slices to represent them on the screen[47] [46]. The
resulting image stack of the ribs need a slicing from the middle to the outside
of the rib. The aim of the bachelor-thesis is to minimize the interaction steps.
Consequently, a slab rendering in combination with the typical projection methods
is realized. The projection methods should highlight typical characteristics of
bone pathologies. For example: to highlight an osteoblastic lesion in a bone,
a minimum-intensity-projection is employed, because the main property of this
lesion is the bright grey value. The opposite is the osteolytic metastasis [40].
They have darker grey values and a maximum-intensity-projection can be used
to intensify the neighboring healthy structures. To identify normal properties of
bones, an average projection is a good choice [41]. The slab rendering can be
used for all unwinded layers. The benefit of this method is that the complete
bone surface is represented in one view and can be diagnosed instantly and the
large number of interaction steps are reduced. The following Figures 4.26, 4.27,
4.28 show a trauma data set with a slab rendering over all slices and all three
projection methods. The circles show the different representation of the same
partial fractures.

Figure 4.26: Display of the unwinded image with a minimum intensity projection.
The encircled regions show rib fractures.
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Figure 4.27: Display of the unwinded image with a maximum intensity projection.
The encircled regions show rib fractures.

Figure 4.28: Display of the unwinded image with a average projection. The encir-
cled regions show rib fractures.
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4.7 Results

4.7.1 Rib Unwinding
Trauma Case

The following unwinded images show some possibilities of the unwinding algorithm
for the ribs. The first image shows a fatal trauma data set with many complete frac-
tures. The unwinded image in combination with a maximum-intensity-projection
(Figure 4.29) enhanced the healthy bone and the fracture can be detected well,
because the fracture is dark in the image. The black stripes in the inward rib
can be explained by bounding box and centerline failures from the rib unfolding
framework.

Figure 4.29: Slab rendered unwinded image of many complete fractures. The black
block on the right shows artifacts, because of missing centerlines.

A more complicated detection task relates to incomplete and ”buckled” fractures.
The characteristics can be very bright on the buckled fracture and the partial
fracture can have both properties. One half of the rib is bright and the other half
in the bone is the fracture part and has dark grey values. Therefore, it is useful to
check the image with maximum and minimum-intensity-projection to categorize
the existing pathology. The following data set includes some partial and ”buckled”
fractures, which are enhanced by slab rendering. (see Figure 4.30)
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Figure 4.30: Example for partial and buckled fractures in an unwinded image.

Another option to detect fractures is to unwind only the cortical layer of the bone.
The option of layer separation gives a representation of the cortical bone only.
Some disruptive structures of the spongy layer are deleted and the point of view
is on the bone. An example is shown in Figure 4.31.

Figure 4.31: Unwinded cortical layer of different partial fractures.
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Oncological Case

Another clinical case is the detection of oncological lesions and metastasis. In this
case, it is necessary to highlight them by using maximum- or minimum-intensity-
projection. A combination of the unwinded image and slab rendering techniques
make it possible. An example for an osteoblastic lesion is displayed in Figure
4.32.

Figure 4.32: Example MIP to highlight osteoblastic lesions in the ribs.

A problem can be the cortical bone structure. With a maximum-intensity-projection
the bony structure comes to the foreground. Therefore, the separation into the
spongy layer delete the cortical part and unwind only the pathology soft tissue.
If here a MIP is used, the osteolytic lesion is highlighted. By using an MinIP in
the slab rendering, osteoblastic metastasis are shown. An unwinded image of the
spongy bone layer is shown in Figure 4.33.
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Figure 4.33: Example unwinded image of the spongy layer.

4.7.2 Spine Unwinding
Trauma Case

This section shows results of the algorithm for the spine in the trauma and onco-
logical case.

The unwinded image for trauma patients shows fractures by dark grey value re-
gions. On these regions, the cortical line is interrupted and there are holes. De-
formed vertebrae are shown good, because the surface is direct represented in the
unwinded image and the form.

Figure 4.34: Unwinded spine with fractures.
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Oncological Case

The spine unwinding in combination with projection method highlights the metas-
tasis lesions. A problem is the missing separation of the cortical and spongy layer.
The projection method highlight in this case not only the osteoblastic lesion. How-
ever, by choosing a smaller slab size of the inner part only the lesion and spongy
layer can be projected.

Figure 4.35: Unwinded spine with osteoblastic and osteolytic lesions.
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5 From Algorithm to Prototype

The next step is the integration of the algorithm in a Siemens Healthcare Proto-
type User Interface. The development of new prototypes happens by MeVisLab
with the syngo.via Frontier Development Kit (FDK). In this case the standard
MeVisLab development environment is extended with components of the syngo.via
Frontier application framework. This includes the syngo.via like user interface
(UI) elements and the development documentation [57]. This prototype can be
uploaded to the Frontier server. The research data base is the seamless connection
between the research platform and the clinical infrastructure. Clinical partners
of the Siemens Healthcare GmbH can evaluate the developed prototypes. It is
necessary to get feedback from the partners to change the prototype for a better
experience. An important point for this platform is, that the generated prototypes
mostly are labeled with "not for clinical use”. This means that the prototypes are
only for research task and not for the clinical routine. Figure 5.1 shows the com-
plete infrastructure of the Frontier environment. In the next sections the user
interface design in syngo.via standard look and the interaction options for the
advanced bone visualization algorithm will described.
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Figure 5.1: Syngo.via Frontier research environment overview.
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5.1 User Interface Design

The complete design of the prototype is based on the syngo.via standard design
rules [58]. This standard describes that the monitor screen includes two editable
and one fixed areas. The first editable area is the monitor content area, which
provides up to 20 viewers usable in predefined layouts. Furthermore, it has a
snapshot functionality for each viewer segment and a blow-up functionality, which
is provided for all viewer segments. The second editing area is the control area.
This contains the layout switch button, common controls, algorithm controls, etc.
The area can be customized with different buttons, MDL controls and more. The
third not changeable area is the vortal area, which labeled the prototype as not
for clinical use and connect the prototype witch the data base. We present the
three areas in the next step.

Vortral Design

Figure 5.2: Vortral design of typical Siemens prototypes.

The vortral design is the not changeable instance of the prototype. (see Figure 5.2)
On the upper left side is a binocular. This signalizes the connection from the Ul to
the patient browser. In this browser, the user can load a data set from a network
data base, a local database, or the Picture Archiving and Communication System
(PACS). Figure 5.3 shows the opened patient browser. Here the user can search for
a data set by writing in the text area. With clicking on the binocular he accepts
his input and the data base searches a possible data set. Another possibility to
choose a data set is the "Tag search” on the right side of the patient browser.
The patient browser lists all possible data set in the left table. Then the user can
choose the data set and on the middle table each data of these data sets is shown.
With the buttons on the lower side the user can see a preview of the data set or
he can load the data set in the prototype. If the data set is loaded the MPR views
are shown in the defined monitor content area. The label ”"Not for clinical use”
shows the research status of the prototype.
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Figure 5.3: Patient browser interface to load a data set. The interface includes
an tag search(Dicom-Tags, User-Defined-Tags, etc.) and an text edit
search. The middle and left tables describe the data sets with the
including data. The buttons on the bottom present a preview of the
dataset or load this to the prototype.

Monitor Content Area Design

nced Bone Visualization

Dual Rib

Figure 5.4: Possible defined layout options in the prototype.

The first task is the design of the screen layouts. Mostly the workstation of a
radiologist has two monitors, but sometimes there is the possibility that they
have only one screen. To create a prototype, which respects both necessaries,
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two different layouts must be designed for two screens and for one screen. The
two screen variant includes on the first screen the standard MPR views and the
unwinded image of the ribs. All interaction tasks are located on the first screen,
in this case the layout change, the rib unfolding algorithm and the rib or spine
unwinding options. On the second screen is on the upper half the result of the
rib unfolded image shown and on the lower half the unwinded spine is located.
The single screen layout is a reduced form of the two screen layout and includes
the multi planar reformation views and the unwinded image, which is changeable
to the spine or to the ribs. The layout selection is shown in Figure 5.4 and the
different screen designs are shown in Figure 5.5 and Figure 5.6.

SIEMENS

Advanced Bone Visualization

lization

Figure 5.5: Single Screen alternative of the prototype.
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Figure 5.6: Complete two screen view of the Advanced Bone Visualization
prototype.
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Control Area Design

The second changeable area is the control area, which processed required user in-
puts. According to the Syngo.via standard the area has four different components,
which share on the left side of the first monitor. Each control area has exactly
one main task. In this case it is the complete Advanced Bone Visualization algo-
rithm. To realize the correct progress of the algorithm, the task is divided into
different steps. Each step is a pop out menu, which will be opened by a click
on it. The steps in the prototype are the precalculation of the rib unfolding, the
rib unwinding or spine unwinding algorithm inputs and the slab rendering. The
rib unfolding step includes a button to trigger the unfolding algorithm, which is
requested for the unwinding algorithm. The next steps are the rib and the spine
unwinding. Here the input values must be entered for the unwinding algorithm.
For example the output image properties and the used sampling method. If the
resulting image is calculated, the slab rendering follows. This pop out menu is for
customizing the slab size and projection method. Apart from the task and step
components there is the layout switch button, where the user can choose a suitable
predefined monitor order. On the bottom of the control area are the common con-
trols. Common controls are tools, which apply to the whole image area and which
are not specific to the workflow. These tools are constant in the dedicated space
and will not be changed. Examples for common tools include show/hide graphics,
show /hide image text, send to film sheet, etc

Advanced Bone Visualization

RibUnwinding

Select Rib:

Z-Size

Select RibLayer:
Inte lationmethod: Method::NONE
Sampletype: elipse

Compute RibUnwinding

(a) Popout menu Rib Unwinding step (b) Siemens Standard commom tools

Figure 5.7: Advanced Bone Visualization prototype Control Area.

The different steps in the control area give the possibility to include interaction
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options to the prototype. The user gets options to influence the algorithm or
interact with the resulting image to support the pathology detection. The following
section describes the included interaction methods and the percussions to the
algorithm state and resulting images.

5.2 Interaction Options

Selection of output image properties

The first interaction option is the output image property input. The user gives
the wanted output image size, the sample angle steps and depth size number in
the number edit. This influences directly the sample order in the algorithm. The
next input data is the choose of the sampling method. The sampling method
changes the used ray casting method in the algorithm. All input data must be
accepted with the ”Compute RibUnwinding” button. After trigger the button the
algorithm starts and the direct feedback is the resulting unwinded image on the
monitor content area. The input properties are the same for the rib unwinding
and the spine unwinding. An example for the image property input is shown in
Figure 5.8.

Advanced Bone Visualization

RibUnwinding

Select Rib:

v all Ribs

Y-Size

7-Size

Select RibLayer: All

Interpolationmethod: Method::NONE

Sampletype: elipse

Compute RibUnwinding

Figure 5.8: Example task for the rib unwinding algorithm. The user can choose
the unwinding ribs, the resulting y- and z-size, the bone layer and the
sample method.
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Adaption of the slab rendering

The included slab rendering needs an input by the user to adapt the different
detection requirements. The slab size and projection method is changeable via a
number edit for the slab size and a drop down menu for the projection method.
This is given in the control area step ”Slab Rendering”. Here the slab size and
projection method can be adapted (see Figure 5.9) and this has direct impact on
the unwinded image.

Slab Rendering

Slab Size:

10 =

Depth Slab Render Mode: Waximum

Figure 5.9: Design of the slab rendering step. The user can choose the slab size
and the using projection method.

Mouse Interaction

The mouse is the main input device for applications and is important for an analysis
of a data set. The mouse is used for navigation within in the UI, selection and
positioning. User interacts with objects on the Ul by dragging the mouse and
clicking on its buttons. The syngo.via standard use default primary and secondary
mouse buttons, where the primary is the left mouse button and the secondary
is the right button. The primary button in the prototype is primarily used to
select and manipulate objects. For example, the user can zoom into an object to
examine some structures in detail. Also, he can shift the reference line for the
original recalculation. With the secondary mouse button the user can manipulate
the image interactively by windowing and leveling. The third mouse button is
the scroll wheel, which is used for scrolling, when the wheel is moved. During
the interaction with the mouse some visual mouse pointers are added to provide
visual feedback to the state of the interaction and its location within the screen
area. The following table shows some of the mouse pointers, which are used in the
prototype.
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Shape | Name Used when
Normal Select Used for most objects
Select and move object Used to indicate that an object can be

moved with the mouse.

Move line diagonally Used on graphical objects to indicate
that this object can be moved diago-
nally

Move line horizontally Used on graphical objects to indicate
that this object can be moved horizon-
tally

Move line vertically Used on graphical objects to indicate
that this object can be moved vertically

Rotate line Used on graphical objects to indicate
that this object can be rotated

Resize diagonally Used on graphical objects to indicate
that this object can be resized diago-
nally

Resize horizontally Used on graphical objects to indicate
that this object can be resized horizon-
tally

.

Resize vertically Used on graphical objects to indicate
that this object can be resized verti-
cally

Table 5.1: Selection of mouse pointers for the prototype.

35



From Algorithm to Prototype 5.2 Interaction Options

Recalculation Original Position

As already announced in the Advanced Bone Algorithm chapter it is necessary
to include a navigation from the unwinded image to the original data set. A
good solution is a synchronize recalculation by reference lines. The reference lines
describe the position in the unwinded visualization and there connected with the
MPR views to get a correct view over the axial, sagittal and coronal view. The
calculation is divided into two parts. At first the rib index must be identified to
get the right centerline. The knowledge about the image size and the maximum
rib number in combination with the position of the reference line, the rib index
can be calculated. The left half of the unwinded image are the ribs over the half
and on the right half are the first half of the ribs. Consequently the y-coordinate
of the reference line is used to calculates the rib index. (Formula 5.2)

(Yrefpos/inysize) + (ribnum/2),  if Zyeppos < 1500 (5.1)

ribindex = { ) ) ]

Yre fpos/ iNYSize, if Zyefpos > 1700 (5.2)
With the rib index and the corresponding centerline the correct position calculation
follows. The x-position results from the x-position of the reference line and the
point in the centerline point list. The y-position and z-position computation is
based on the used ray casting method. Each method has another calculation
rule, so different formula must be added to get the right position in the original
space. The following formula shows the calculation for the adaptive and radial
method. The main difference for the adaptive method is, that the ray length for
the right angle must be dynamically detected by using ray casting. With the
primary mouse button the user can move the reference line and the position will
immediately update in the multi planar reformation views. Figure 5.10 visualizes
this calculation on a partial fracture case.

Trefpos i
yrefpos = .] (53)
Zrefpos k
Lorig
Yorig | = S - R(tla 90) “ N+ Pi (54)
Zorig
where: . I
J
==.2 S=—-d 9.5
p=5-2m e (5.5)
with:
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Lrefpos
® | Yrefpos | 1s the reference line position
_Zrefpos

[
e |7 |: is the mapped position of the reference line position

|k
-xorig
® | Yorig | : 1s the original position
_Zorig
e R(t;,¢) - n;: is the rotation from ¢; around n; about ¢
° %: is the amonut from sampled Y, fpos 1O Ymax
k.
° E: is the amonut from Zrefpos YO Zmax
e d;: raylength on point p;

p;: is the point on the centerline

to: is the given upvector on p;

n;: is the given tangential vector on p;

Figure 5.10: Illustration of synchronized navigation between unwinding image and
axial MPR view to detect and verify a buckle fracture.
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In this chapter the integration from the algorithm to a prototype was explained
and which interaction methods are available to detect pathology. To analyze the
quality of the algorithm and the prototype the next chapter includes a quantitative
description of the algorithm accuracy and qualitative analysis of the complete
prototype by clinical experts.
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6 Evaluation

The following evaluation is divided in two parts. The first is the quantitative
comparison, which will validate the algorithm. The quantitative comparison does
not give an assessment about the clinical quality of the algorithm. Consequently,
the second step is a qualitative evaluation with the complete prototype. The
benefits of the new visualization technique to the rib unfolding will be tested and
the handling of the developed prototype will be evaluated by experts.

6.1 Quantitative Comparison

6.1.1 Test Cases

For the quantitative comparison 954 datasets with different scanning parameters
were tested. The datasets were acquired with different CT scanners and recon-
struction kernels. An independent test series is consequently warranted. The
reconstruction kernel includes the principle of the reconstruction projection and
the image characteristics, for example the resolution and noise. If a high contrast
image is needed, the convolution kernel is high resolution and for a low contrast
image a smoothing kernel is the necessary. This smoothing filter is used, because
the low contrast structures will be overlapped by noise [9]. Furthermore the data
sets include slice thicknesses between 0.5mm and 5mm. The slice thickness also
affects influences to the noise of the images. A thin size gives a big resolution
of the image, but with noise. To reduce it a bigger thickness can be used, but
with the compromise that the resolution of the image and structures fall. Another
influence of the slice thickness is the contrast resolution. These parameters are
chosen for different usages. For example, a high resolution is required for small
structures, like the inner ear. For the liver, a low spatial resolution is feasible. The
liver need images with more contrast and further a bigger slice thickness can be
chosen [24].
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6.1.2 Results

In addition to the data sets all the three ray casting methods were tested. To
save time the cubic interpolation was not used. Only the trilinear interpolation
method was tested. In consideration of the given data sets 872 (91,4%) could be
unwinded without failures. In 60 datasets (6,2%) missing ribs in the complete view
occur. This can be due to missing centerlines from the rib unfolding algorithm or
to segmentation failures. In 22 data sets (2,3%) the algorithm could not unwind
the ribs, because the rib unfolding found no ribs and the unwinding algorithm did
not start. After an analysis of the missing rib data sets the conclusion is, that the
unwinding algorithm is a stable algorithm, if the rib unfolding algorithm before
gives good centerlines and bounding boxes for the segmentation step. The average
duration time of all tested data sets is one minute. The duration time is depending
on the volume size and rib number of the given data set. Bigger volumes and more
ribs rise the duration time.

6.2 Qualitive Comparison

At the time of the creation of the bachelor-thesis a big quality evaluation could not
be realized, but there was the possibility to get suggestions by two clinical coaches,
where one is specialized in trauma diagnoses and the other coach in oncological
cases. Clinical coaches are the direct connection from the algorithm development
to the clinical partners. They ensure the costumer views and necessities for the
clinical workflow. A focus of their work is a appropriate execution from function-
ality and algorithm.

The following statements cannot replace an expert statement, however because of
their user proximity their arguments are helpful.

Test Conditions

The clincal coaches tested the prototype for an hour without contact to it before.
The focus in the evaluation was the user experience in combination with the de-
tection accuracy. Before they tested the Advanced Bone Visualization prototype
they used the MPR and CT Bone Reading software to diagnose some data sets.
The clinical coaches compared the results with the new visualization approach.

60



Evaluation 6.2 Qualitive Comparison

Figure 6.1: Example for an analyzed data with the CT Bone Reading.

6.2.1 Trauma Detection

For the trauma case three trauma data sets were analyzed and compared with
the existing rib unfolding algorithm. The identification of complete fractures and
displacements are easy to interpret. At this status of the prototype, the sometimes
not perfect segmentation of the ribs, creates some dark holes in the unwinded
image. These holes can wrong interpreted as buckled or partial fractures. Apart
from this the identification of buckled and incomplete fracture is very intuitive and
can be highlighted very good compared to the rib unfolding algorithm. Figure 6.2
shows some findings by the clinical coach in the unwinding image in connection
with slab rendering an projection methods.
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Figure 6.2: Findings of fractures in a rib unwinded image with maxmimum-
intensity-projection. The circles are manually annotated pathologies
by the clinical coaches.

6.2.2 Oncological Detection

In the detection of metastasis in the bone the clinical coach see a benefit in the
visualization technique. The interaction in the rib unfolding is no need in this
prototype and the overview of all ribs gives a good look on the ribs. The slab ren-
dering in combination with a projection method highlight pathological areas very
well and the synchronize between the MPR and the unwinded image helps in the
orientation. Figure 6.3 shows an example of highlighted osteoblastic metastasis.
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Figure 6.3: Good example for marked osteoblastic metastasis in the rib unwinded
image. The circles are manually annotated pathologies by the clinical
coaches.

6.2.3 Evaluation Conclusion

Both coaches explain that the program is a useful approach but must gain a bet-
ter handling. In general the advanced visualization of the bones implicate many
benefits against the existing rib unfolding algorithm and can realize a time saving
in all cases. But the recalculation to the original data set is an important feature
and necessary for a reliable detection of a pathology. Only the unwinded image
without an context is difficult to interpret, which location is described.
Summarizing the prototype is a software with potential. The coaches see a ben-
efit of this visualization method compared to the rib unfolding algorithm. Some
failures in the segmentation state make the detection of pathologies harder. But
they can imagine that a advanced version of the prototype is more accuracy than
the CT Bone Reading. The lower interaction in the unwinding approach is very
good to save time for choosing the correct therapy method.
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{ Discussion

7.1 Conclusion

With this in the bachelor-thesis creating visualization method bones, in this case
ribs and vertebrae, can be unwinded, that the entirety bone surface can be dis-
play in one view. Additional to the new visualization, underlying characteristics
of the ribs in the unwinded image space can be mapped with a projection method
(maximum-intensity-projection, minimum-intensity-projection, average). The in-
teraction expense could be reduced to only interact with the slab rendering. The
algorithm can be used with different elongated bone structures with an existing
centerline. In the preprocessing step the bone can be divided and separated in
predefined layers. Some over-segmented structures in the ”inward” rib and ver-
tebrae segmentation exist, but can be ignored for the following smoothing and
unwinding steps. Terrace artifacts by the reconstruction from the raw data to the
resulting image could be reduced by using a resampling approach. The integration
of the algorithm in a frontier prototype enables user interaction and a qualitative
evaluation by experts. The quantitative evaluation shows a stable and efficient
algorithm with a big capability. Benefits for the unwinding algorithm in the dif-
ferent use cases exist in a qualitative evaluation by clinical coaches. Consequently,
a technically sound algorithm was developed. This algorithm is a completely new
visualization technique for bones, which can support the detection of bone pathol-

ogy.

7.2 Future Work

The resulting prototype is a first version of a new visualization technique, so some
implementation steps are not optimal. For example, the segmentation of the rib
bone has the vertebra in it, which is not required for the unwinding algorithm
and can be influence the resulting images. The smoothing method only reduce the
present terrace artifacts, but they do not delete them completely and this can be
very annoying in the image interpretation. A better smoothing or interpolation
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method can be helpful to support the user experience. The unwinding image
operates very well, but the resulting image composer step should separate each rib
with a little spacing between each other. This supports the intuitive separation,
which is in the current state of the prototype very difficult. Furthermore the spine
and the ribs can be connected in one resulting image to have the complete rib cage
in one overview, like in the Syngo.via CT Bone Reading. The slab rendering is a
good approach to highlight pathology of the bones. An inclusion of the Siemens
Healthcare Cinematic Renderer will extend the standard projection method with a
illumination model to get a realistic view of the unwinded bones. The synchronized
navigation by reference lines and the adaptability of the input are first interaction
approaches. Maybe more methods, for example a measurement of distances or
sizes of fractures and metastasis is a good and useful feature. Knowledge about
size and course of a pathology can influence the following therapy methods. In this
stage of the prototype algorithm a clinical usage is not possible. In addition the
algorithm was tested for the spine and the ribs, some tests with other elongated
bones must follow to support the hypothesis, that all elongated bone structures
can be unwind. Maybe in a technically advanced stage the algorithm can be added
to the CT-Bone Reading software in the Syngo.via. To realize this more tests and
evaluation stages with clinical partners must follow.
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