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Abstract

In this study, a new method is presented for automatic detection and quantification of cortical breaks
in high-resolution peripheral quantitative computed tomography images (HR-pQCT). The purpose
of the method is to aid domain personal in disease prognosis of patients affected with the chronic
autoimmune disease rheumatoid arthritis.

For the proposed method, a hybrid segmentation method is developed with the purpose of iso-
lating the bone joints by their periosteal surface. The hybrid segmentation method is composed of
thresholding, morphological operations and active contour segmentation techniques. Due to bone
alignment problems, as a result of patient motion during image acquisition, a registration method is
presented with the purpose of realigning the bone joint structures. A detection and quantification
method is presented, using the resulting output of the segmentation method. Utilizing image ma-
nipulation techniques, cortical breaks are detected and quantified in accordance with specific erosion
criteria. The proposed method was validated against visual erosion detections, from where the meth-
ods sensitivity and precision were defined. The erosion quantification capabilities was validated using
accuracy and precision based on visual erosion quantifications.

Through the method validation, it is verified that the proposed method is able to automatically
detect and quantify erosions. The detection sensitivity is 71.8% with a precision of 6.6%. The quantifi-
cations of detected erosions have an accuracy error of 19%-29.9% and a precision error of 44.1%-77.7%
when compared to visual erosion quantifications.

The proposed method has a high sensitivity and a low precision, indicating that the method detects
more erosions than specified by the visual detection. The high number of erosion detections is closely
related to image noise artifacts which creates a basis that fulfills the criteria for possible erosions. The
origin of these noise artifacts is from the image acquisition process.

The proposed automatic method shows promising results and is considered a valid aiding tool for
domain personal in the estimation of bone erosions. Moreover, the method acts as a basis for further
development in automatic rheumatoid arthritis progression estimation using HR-pQCT imaging.






Résumé

Dette studie praesenterer en ny original metode til automatisk detektion og kvantificering af kortikale
brud ved benyttelse af den medicinske billede modalitet HR-pQCT. Formédlet med metoden er, at
afhjeelpe domeene personale i prognosticering og diagnosticering af patienter, som er ramt af den
kroniske, inflammatoriske ledsygdom rheumatoid arthritis, ogsa kendt som leddegigt.

Til brug i den endelige metode er der udviklet en sammensat segmenteringsmetode med hen-
blik pé at isolere knogleled ved deres periostale omkreds. Segmenteringsmetoden er sammensat af
tre segmenteringsteknikker, herunder thresholding, morfologiske operationer samt aktive konturer.
Patientbeveegelse under scanningsprocessen medferer utilpassede scanningsbilleder, bestaende af in-
dhak i det aksiale plan. Til formadlet at indjustere denne problematik, er der udviklet en registrerings
metode. En metode til detektion og kvatificering er udviklet pa baggrund af det grundlag segmenter-
ingsmetoden resulterer i. Denne er baseret pa en raekke billedmanipulations metoder samt morphol-
ogiske operationer, som muliggere detektionen af kortikalske brud i overensstemmelse med en raekke
kriterier for erosioner.

Valideringen af den endelige metode er udfert ved sammenligning med visuelle detektioner, som
anses som den gyldne reference inden for omrddet. Herunder er detektionsmetoden valideret pd
baggrund af sensitiviteten samt dens preecision, og kvantificeringen ved akkuratesse samt preecisions
veerdier.

Under valideringen af metoden, blev det verificeret at den foresldede metode er i stand til automa-
tisk at detektere og kvantificere erosioner. Detektionen er mulig med en sensitivitet pa 71.8%, samt
en preecisions fejl pd 6.6%. Samtidig opndr kvantificering metoden en akkuratesse fejl pa 19%-29.9%
samt en preecision pa 44.1%-77.74% ved sammenligning af de visuelle kvantifikationer.

Den hgjere sensitivitet ssammenlignet med den lave preecision indikerer at metoden detekterer flere
erosioner end den visuelle detektion. Dog skyldes det hojere antal ogsa stej artefakter som fejlagtigt
bliver medtaget som erosioner, da deres indvirkning pa segmenteringsmetoden danner et grundlag
som opfylder de kriterier, der skal til for at godtage en mulig erosion. Disse artefakter opstar under
scanningsprocessen, grundet fejlkalibrering og patientbevaegelse.

Metoden viser generelt lovende resultater, og anses som et brugbart veerktej for domaene personel
i deres estimering og analyse af erosioner. Herudover danner metoden ogsa et basis for fremtidig
udvikling indenfor automatisk rheumatoid arthritis progressions estimation ved brug af HR-pQCT
billeder.
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Chapter 1

Introduction

This study addresses automatic detection and quantification of joint destructions, utilizing the forth-
coming medical image modality High-Resolution peripheral Quantitative Computed Tomography
(HR-pQCT).

Joint destruction is an indicator of disease activity for rheumatoid arthritis (RA), which is a chronic
inflammatory joint disease [1]. RA is known to not only reduce the quality of life for affected patients,
but also reduce the expected lifetime by ten years [2]. Joint destruction in form of cortical bone erosions
can occur at an early disease stage, making it a highly favorable indicator for early disease prognosis
[3].

The technological development of modern day medical imaging modalities, are strongly tied to the
reliability of detection and analysis of erosions. A forthcoming modality showing promising results
within the field of erosion detection is HR-pQCT.

Presently, most of all erosion detection and quantification is carried out manually. It is therefore
considered both inconsistent and time consuming due to the personal involvement of specialists with
domain knowledge. Few studies have tried to automate the erosion detection and quantification
process in HR-pQCT images by utilizing medical image processing.

Topfer et al. [4] introduced a semi-automatic method where region growing techniques are used
to quantify manually marked erosions.

An automatic erosion detection method was proposed by Peters et al. [5]. Their method is based
on periosteal surface segmentation, followed by various image manipulation steps leading to erosion
isolation. The method is presented as a automatic procedure, however the authors advise the use of a
semi-automatic procedure, in order to assure quality. Currently, no automated method both capable
of detection and quantification of erosions in HR-pQCT images exist.

The aim of this study is to develop an automatic method capable of both detecting and quantifying
erosions associated with RA, in the HR-pQCT images. The study is an interdisciplinary collaboration
between the Department of Rheumatology, Aarhus University Hospital and the Department of Engi-
neering, Aarhus University.

The development of such automatic method could in a civil context improve patient progression
estimation reliability as well as reduce manual involvement during this process.

The remaining of this chapter provides background information associated with the study. A de-
scription of RA is provided in section 1.1, presenting the motivation behind the study. Furthermore,
the research group, which is the origin of the study, is presented in section 1.2. To understand the sig-
nificance of the forthcoming image modality, HR-pQCT is described in section 1.3 . Lastly, section 1.4
presents the initial problem formulation of the study.
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Chapter 1. Introduction

1.1 Rheumatoid Arthritis

The chronic autoimmune disease rheumatoid arthritis can affect various parts of the human body and
primarily it impacts the joints located in wrists and hands. In most cases the disease may cause joint
inflammation resulting in pain, stiffness, swelling and warmth in the affected regions. However, the
mortality of the disease is considered significant as a result of joint destruction and disability [2].

RA inflicts around 0.5% to 1%, of the population in the northern hemisphere, from urban to
rural areas [1]. The causation of RA is not fully understood but involves a complex interplay of
environmental and genetic factors [6]. Statistical risk factors associated with RA includes smoking,
socioeconomic status and educational attainment [1]. Because of the chronology of the disease, it leads
to huge socioeconomic effects, both in medical expenses and in reduced work capacity. Treatment of
RA consist of surgery, patient education, physical and occupational therapy as well as drug treatment
[6].

One of the main features of RA are bone erosions, which can be used as a diagnostic criteria,
as they relate to disease activity [7]. Bone erosions are considered as breaks in the cortical bone,
which is the hard shell surrounding the inner more porous trabecular (spongy) bone containing the
bone marrow. However, the cortical breaks are accompanied by further destruction into the trabecular
bone. Seen on fig. 1.1 are three cases of active bone erosions in three different RA patients. In all three

(a) Width=3.53mm, Depth=2.02mm (b) Width=4.09mm, Depth=3.25mm (c) Width=3.03mm, Depth=1.67mm

Figure 1.1: Three cases of active erosions located in joints of RA patients, which has been scanned using HR-
pQCT.

cases, interruption of the cortical contour is present along with trabecular destruction.

Bone erosions occur early in the disease stage, and may be detectable after a few weeks. Studies
show that bone erosions affect half of all untreated patients affected by RA after 6 months [7]. The
importance of early erosion detection is therefore a necessity for rapid treatment of RA.

1.2 Research Group

A danish study was established in 2014, with the purpose of estimating the efficiency and safety
regarding a new protocol for early RA treatment [8]. The study is named DanACT, and includes
rheumatology departments in Aarhus, Silkeborg, Horsens, Grasten, Svendborg and Odense.

A spin-off research group to the DanACT study was created at Aarhus University Hospital, with
the overall purpose of investigating the HR-pQCT image modality as a prognostic marker for RA
[9]. The HR-pQCT data used in this investigation derives from a subgroup of patients covered by the
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1.3. High-Resolution peripheral Quantitative Computed Tomography

DanACT study.

Associated to this research group, a PhD project was proposed, accepted and initialized at the
Department of Rheumatology, Aarhus University Hospital. The purpose of this study, is to test two
overall objectives [2]. The first objective is to determine if erosive bone changes can be detected at an
earlier stage by the use of HR-pQCT imaging. The second objective is to test if an automated algorithm
can be developed to decrease variation and cost of RA disease evaluation.

To realize the second objective, an interdisciplinary collaboration between Department of Rheuma-
tology, Aarhus University Hospital and the Department of Engineering, Aarhus University has been
established, and thereby creating the origin of this master’s thesis.

In addition to interdisciplinary collaboration and guidance, the Department of Rheumatology has
contributed to the study with HR-pQCT image data, originating from the DanACT study, as well as
visual erosion quantifications.

1.3 High-Resolution peripheral Quantitative Computed Tomography

High-Resolution peripheral Quantitative Computed Tomography is an adaption of the conventional
medical image modality Computed Tomography (CT). HR-pQCT images are acquired using sequen-
tial radiographic projections, captured over a range of angular positions around the object of interest
[10]. As presented on fig. 1.2, these projections are captured by a set of detectors, from where the raw
projections are further combined through computational techniques, to create the reconstructed 3D
image set. Special for CT modalities are a high intensity difference between soft tissue and bone struc-
ture. CT and its submodalities are therefore well suited for analysis and processing of bone imaging,
including determination of joint and erosion margins [11]. Notably, the cortical bone is easily identi-
fied due to its high absorption rate of the radiographic projections. All CT modalities are calibrated
with a reference to water, making intensities across scanners closely related [12].

Radiogra/phic source

ol )

Raw Reconstructed
projections Image image set

reconstruction

e
Detef:tors

Figure 1.2: HR-pQCT data acquisition process.

The HR-pQCT modality is developed to examine in vivo volumetric bone mineral density (BMD)
and microarchitecture of the peripheral limbs [13]. It is considered to have a high signal-to-noise ratio
(SNR) and a spatial resolution with a nominal isotropic voxel dimension of 82um [10]. Moreover, HR-
pQCT exposes patients to a considerably lower radiation dose compared to regular x-ray, making it
advantageous for scenarios where multiple scans are desired over time. All these factors in combina-
tion with a shorter acquisition time, when comparing to MRI, makes HR-pQCT an interesting method
for advanced imaging in clinical RA studies [14].

The primary manufacturer behind HR-pQCT is Scanco Medical AG located in Briittisellen, Switzer-
land [15]. This is also the manufacturer behind the clinical scanner of the model XtremeCT, seen on
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Chapter 1. Introduction

fig. 1.3, which was used to acquire the data associated with this study. XtremeCT is designed specif-
ically for in vivo osteoporosis studies concerning the distal tibia and radius, and therefore developed
for larger bone architectures than the human hand.

Figure 1.3: XtremeCT HR-pQCT scanner by Scanco Medical AG. Reprinted from [16].

Several other submodalities of CT exists including #CT and multidetector CT. Each type of CT
modality adaption varies in precision and resolution, with uCT being the leading modality in both
factors. uCT is on the other hand only capable of in vitro scanning, or in vivo scanning of small
animals such as mice [17]. This makes HR-pQCT considered the de facto method for clinical in vivo
distal bone analysis.

1.4 Problem Formulation

High-Resolution peripheral Quantitative Computed Tomography (HR-pQCT) is a forthcoming med-
ical imaging technique, applicable for detection and analysis of bone erosions related to rheumatoid
arthritis, affecting around 35.000 people in Denmark. Treatment escalation for rheumatoid arthritis is
among others based on the progression and severity of joint erosions.

The focus of the presented master’s thesis is to design, implement, test and document a method
for automatic detection and quantification of erosions based on HR-pQCT images. The method must
prove itself functional via concrete experiments. To quantify the quality of the method, statistical com-
parisons with current state of the art, which is manual detection, should be carried out via objective
quality metrics. These comparisons should lead to an overall assessment of the potential impact and
significance of the method.

In a social context, such a method could improve the reliability of patient progression estimation.

Secondly, it could reduce personal involvement for manual data analysis, and thereby reduce financial
expenses.
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Chapter 2

State of the Art

The following chapter presents the current state of RA disease diagnostic in medical image processing.
Various approaches for different image modalities have been proposed, leading to the current work
with HR-pQCT.

Medical imaging plays a key role in modern RA disease diagnostic and prognosis estimation. The
reason for this is that different types of disease indicators can be extracted from the medical images
and further used for prognosis estimation. One such indicator is BMD, which can be used to estimate
the internal destruction as a result of the disease [18]. Another indicator is the quantification of joint
space width (JSW), which can be used to asses the level of structural damage [19].

The indicator covered in this study, is bone erosions which is considered highly desirable for RA
disease diagnosis, as bone erosions are a main feature of RA [7]. Moreover, early diagnostics is possible
through erosion detection, as it can occur early in the course of RA [3]. Erosion activity monitoring
is also used to measure disease progression, as erosion activity is closely associated to progressively
impaired joint functionalities for RA patients [20].

The precision of bone erosion detection and quantification is directly connected to the medical
image modalities.

One medical image modality used for semi-quantification bone erosion assessment is Conventional 2D
Radiography (CR) [4]. CR is seen as the origin to modern medical imaging techniques and is typically
used for daily clinical practice [3].

Moreover, CR is used in an automatic method developed by Huo et al. [19] for JSW estimations
. However, due to the limited sensitivity as a result of the 2D projectional character, CR is known
to underestimate both the number and volume of erosions [21]. Therefore, more sensitive imaging
modalities is used for better correctness and precision erosion detection and quantification.

A modality with increased sensitivity is Magnetic Resonance Imaging (MRI). MRI is capable of cre-
ating 3D representations of the scanned region, thereby providing more information than the 2D CR.
Multiple methods for erosion detection and quantification is proposed for the MRI modality.

Bird et al. [22] and Crowley et al. [23] both proposed semi-automated methods for erosion quan-
tification in wrists of RA patients. Both methods are depending on manual segmentation by outlining
detected erosions. Emond et al. [24] presented another semi-automatic method for erosion quantifica-
tion by utilizing region growing techniques for segmentation of the bone erosion volumes.

The MRI modality is considered less effective than the CT modality for structural bone change
assessment [25]. This is due to the weak voxel intensity contrast between the bone structure and soft
tissue, as seen on fig. 2.1.
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Chapter 2. State of the Art

(a) Coronal plane. (b) Axial plane.

Figure 2.1: MRI scan of finger joints. Arrows point towards erosions. Reprinted from [25].

Another semi-automatic method for erosion detection on human wrists, using the CT modality, was
proposed by Duryea et al. [26]. Their approach was based on manual 2D segmentation of the pe-
riosteal surface using a graphical user interface (GUI), followed by active contour segmentation. Fi-
nally, region growing segmentation was used to quantify the erosion volumes. Newer CT modalities
has later been presented with an increase in resolution and sensitivity, thereby providing a better basis
for erosion detection and quantification.

Finally, the in vivo CT adaption HR-pQCT, as presented in section 1.3, has shown almost perfect
reliability when compared to pCT for erosion detection and quantification [5, 17]. A semi-automatic
method for erosion quantification in HR-pQCT images was presented by Topfer et al.[4].

The first step of their method covers periosteal surface segmentation, which is acquired using
a method consisting of region growing, local adaptive thresholding and morphological operations.
Based on the periosteal surface segmentation, erosions were manually identified by placing a seeding
point in each interruption. These points were then inflated iteratively using a level set based algorithm,
stopping at a given voxel intensity value, resulting in a closed 3D volume.

In the case of low-intensity edges in the periosteal surface, the inflation might yield leakage in
non-erosion bone areas. In the scenario of inflation leakage an optional step is used, however, this
requires manual detection of the leakage.

The method is considered promising in its quantification of bone erosions, still this is based on
multiple manual steps, including seeding point placement and detection of inflation leakage.

Another method for automatic detection of erosions in HR-pQCT images, was introduced by Peters et
al. [5]. Their proposed method consists of four main steps. The first step is to segment the periosteal
surface, which is realized through a segmentation method produced by the scanner manufacturer [11].
Secondly, a solid volume of the periosteal segmentation is created. Thirdly, morphological operations
is used to define the outer shell of the volume, resulting in an approximation of the cortical bone, with
a constant thickness of 4 voxels. Lastly, this outer shell is analyzed for discontinuities, which meets
defined erosion properties, resulting in the final detected erosions. Because of contour errors produced
by the method, they propose a semi-automatic procedure for contour correction. The semi-automatic
process provides promising results, whereas the automatic process is disapproved by the authors, as
quality cannot be guaranteed.

In addition to the erosion detection and quantification methods presented above, another study based
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on the HR-pQCT modality has yielded a standardized method for quantification of BMD and mi-
croarchitecture properties, for the trabecular bones in hands and wrists [27]. The standardization,
presented by Yang et al. [27], is based on a standard method for extraction of trabecular bone density
and structure properties [28]. The method shows promising results for RA prognosis estimation.
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Chapter 3

Methods

The following chapter addresses the material and methods used for the proposed erosion detection
and quantification method. Section 3.1 addresses the image data used in this study and introduces
the source of the image data, the acquisition process and various properties related to the datasets. To
give an overview of the proposed erosion detection and quantification method, section 3.2 introduces
the selected submethods and their purpose. The selected submethods are preprocessing, segmenta-
tion, registration and erosion detection and quantification, which is presented in further details in
sections 3.4 to 3.6.

The methods presented throughout this study are all implemented using the MATLAB language
and framework [29], which is chosen for its intuitive approach to image processing. The MATLAB
version used is MATLAB R2018a, in addition with the toolboxes seen in list 3.1:

List 3.1: MATLAB toolboxes used in the study.

Image Processing and Computer Vision Toolbox [30]

Medical Image Processing Toolbox [31]

Curve Fitting Toolbox [32]
Hausdorff Distance [33]

Active Contour Segmentation [34]

Localized Active Contour [35]

Niblack Local Thresholding [36]

The developed method is intended to partly replace the manual analysis of patient scans, which
is not directly considered time critical. Therefore, a rapid processing time is not of highest priority
during the method development. At a later point, parallelization of the method onto multiple CPUs
or GPUs would greatly reduce the processing time, however, this is not taken into consideration in the
scope of this study.

3.1 Dataset

The image data used in this study is collected through the DanACT research study as described in
section 1.2. The HR-pQCT image data is acquired from 231 patients and again 3 months later from
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Chapter 3. Methods

180 of those patients.

Patients are fixated in a cast and scanned in approximately 8 minutes [9]. The scanned region
length is 2.7 cm for each patient, which is achieved through 3 individual scans of 110 image slice,
with the combined length of 0.9 cm. The reason for the 3 combined scans is to achieve a complete
scan of the joints of interest. An entire scan is therefore 330 image slices and will hereafter be denoted
as a dataset. Each dataset has a voxel size of 82 x 82 x 82um, while the image resolution is varying
between scans.
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(a) Anterior view of left hand (b) Posterior view of left hand

Figure 3.1: Bones of the wrist and hand. Reprinted from [37].

The starting point of the scanned region is located at the head of the 2nd to 5th metacarpal and
reaches the base of the 2nd to 5th proximal phalanges, thereby covering the whole metacarpopha-
langeal joint (MCP) as seen on fig. 3.1. The region of interest (ROI) is considered the 2nd and 3rd
MCP, as they are the most commonly erosion affected joints [38]. Therefore the scan is focused at
these regions by the placement of the patient hand. The majority of the scans are taken of the right
hand, however, some left hand scans are acquired in scenarios where the patients left hand contains
known interesting features, or if metal or other distortion objects are located in the right hand.

As a result of different obstructing medical image artifact types, the image quality varies greatly for
the aquired data. Miscellaneous artifacts might degrade the image quality in medical images includ-
ing noise, beam hardening, scatter, pseudoenhancement, motion, cone-beam, helical, ring and metal
artifacts [39]. The overall degradation is a combination of both the population, intensity and types of
artifacts superimposing the image slices.

An analysis process of the image quality and relevant image artifacts was conducted to determine
plausible challenges, within the image in correlation to the final erosion detection and quantification
method. The challenges was analyzed for their possible effect on the images, and how these might
be reduced. Examination of the images in this study, reveals that the artifacts mainly degrading the
image quality is noise of Gaussian characteristics, patient motion and ring artifacts.

The noise in the images are of Gaussian characteristics [40]. An image histogram of a random
image slice within a dataset is shown in fig. 3.2a. It is observed that the histogram contains two curves
of Gaussian characteristics. The first left most Gaussian curve represents the image border around
the hand, whereas the second right most Gaussian curve represents the hand tissue. The minor pixel
intensities after the second Gaussian curve is representing the bone structure and noise.

A representation of the left most Gaussian curve is illustrated in fig. 3.2c, where all intensities
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3.1. Dataset

Histogram of HR-pQCT image 104 Histogram of HR-pQCT dataset
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(a) Single HR-pQCT image slice histogram. (b) Entire HR-pQCT dataset histogram.

(c) Pixel intensities within first Gaussian distribution. (d) Pixel intensities above first Gaussian distribution.

Figure 3.2: A histogram of a single HR-pQCT image slice is seen in fig. 3.2a. A histogram of an entire HR-
pQCT dataset is seen in fig. 3.2b. A HR-pQCT image slice only including intensity values below the Gaussian
intersection of fig. 3.2a is seen in fig. 3.2c. A HR-pQCT image slice only including intensity values above the
Gaussian intersection of fig. 3.2a is seen in fig. 3.2d.

below the intersection of the two Gaussian curves are included. In addition fig. 3.2d contains all in-
tensities above the Gaussian curve intersection. This tendency of two Gaussian distributions, exists
in all HR-pQCT images in this study. A image histogram of a entire HR-pQCT dataset is seen in
fig. 3.2b. The information regarding the Gaussian distributions and the image objects contains within,
can further be used to separate image information. The characteristics of the Gaussian distributions
are however intersecting, and a clear separation is therefore unachievable.

Patient motion artifacts are caused by patient movement during the acquisition of the dataset. The
effect of patient motion causes blurring and streaks through the images, especially effecting bone ar-
eas, as seen on fig. 3.3a. Even though the patient is fixated to a cast during the scan, patient motion
artifacts are still highly present in the images. This is mainly due to the long image acquisition time
of 8 minutes. Methods for reduction of patient motion include a faster acquisition time and better
fixation methods. Currently a better fixation method is under development for the data acquisition
process producing data for this study.

Computational quantification and reduction of patient motion in HR-pQCT images is currently
a research topic, with few proposed methods [41, 42]. These proposed methods use the projection
data which is not acquirable for this study, as only reconstructed data is available. Patient motion
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Chapter 3. Methods

(a) Patient motion arti- (b) Ring artifact.
fact.

Figure 3.3: An example of a patient motion artifact is shown in fig. 3.3a. An example of a ring artifact is shown
in fig. 3.3b.

mainly affects the image quality because bone structures become indistinct. This is expected to have
an effect on both segmentation and further analysis of the images as incorrect information is present,
and desired information is suppressed.

Ring artifacts are concentric rings often found superimposing the image slices as seen in fig. 3.3b.
The cause of ring artifact is typically miscalibrated or defective detector elements in the scanner [39,
43]. Correction and removal of ring artifacts can either be achieved through scanner recalibration or
by computationally post scanning methods. Computational methods are divided into two groups;
methods applied to projection data and methods applied to reconstructed data. A proposed method
for the reduction of ring artifact, in reconstructed HR-pQCT image slices, is introduced in [44] and
shows promising results.

The reason for the high image quality degradation from ring artifact is because of its intensity
similarities compared with the bone structure. Ring artifacts superimposing the images in this study
all have either extremely high or low intensity value. In the case of high intensity values they are hard
to disguise from bone structure intensities. Some ring artifacts also superimpose the bone structures,
and potentially removes or suppresses desired information. As mentioned above, patient motion
contributes negatively to the overall image quality by adding blurred noisy regions to the bones.
Moreover, as a dataset is combined by three scans of 110 slices, patient motion between these three
separate scans, yields a misalignment in the shift from slice 110-111 and again from 220-221. This
misalignment disturbs the image sensitivity in the concerned regions, as possible erosions located in
the shift cannot be correctly analyzed in the 3D plane, as the axial planes are not aligned. This mis-
alignment is considered a registration problem.

Based on the artifacts and their severities an image quality metric is desired to rank the overall quality
of the datasets. An automatic method of image quality assessment in HR-pQCT images was proposed
in [44], but needs more refinement before use. The de facto standard for HR-pQCT image quality
assessment is visual scoring by domain personal, through the image acquisition process. This is done
through a semiquantitative scale from 1 to 5, where 1 is the highest possible quality and 5 represents
worst case image quality [45]. These quality scores was not accessible for the data used in this study.
However, domain personal from Aarhus University hospital, did score the individual image slices con-
taining erosions, using the specified scale. Only datasets with quality ranks 1 to 3 were accepted for
further analysis, in accordance with manufacture suggestion [45]. This implies that datasets with poor
image quality might still exist in the analyzed data, as the grading is only performed on individual
image slices.
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3.2 Proposed Method Overview

Based on the purpose of this study a method is proposed, which can be subdivided into individual
subparts, each having a specific responsibility for the overall erosion detection and quantification. The
composition of the method is illustrated in fig. 3.4.

Proposed method

Erosion Erosion

Preprocessin Segmentation Registration . L
P g g g Detection Quantification

Erosion properties

- Coordinates
-Volume

- Width

- Depth

Figure 3.4: The overall proposed method for the entire erosions detection and quantification process. Included
are five overall steps following each other, including from the left: preprocessing, segmentation, registration,
erosion detection and erosion quantification. To increase the visibility of each steps contribution to the process,
only a single joint is presented in the figure, however, the method processes an entire dataset at a time.

The first step of the proposed method is denoted as prepossessing, and concerns initializing of the
datasets. The main responsibilities of the preprocessing is to load datasets, data format convergence
and appliance of image enhancement methods.

The proposed method for erosion detection is based upon the usage of the periosteal surface of
the bone joints to detect erosions, by searching for cortical breaks. This approach was selected, as
earlier work within the area of automatic and semi-automatic erosion detection and quantification in
HR-pQCT images [5, 4], yielded promising results by the use of this approach. To accomplish this
approach, a clear isolation of the periosteal surface is necessary. Because of this, a segmentation step
is required, and introduced in the proposed method. As a result of this segmentation a clear binary
separation of the periosteal surface is achieved, as seen in fig. 3.4.

Because of the patient motion, a misalignment in each joint for every 110 image slices is present. In
addition, due to the stochastic nature of the patient motion, each joint in not affected by the same mis-
alignment transformation. This challenge introduces the third step of the proposed method, namely
registration with the responsibility of realigning the joints. Typically registration is a preprocessing
step performed before further segmentation and analysis, but because of the specific registration prob-
lem in this study, the registration is carried out after the segmentation. The reason for this is that the
registration needed, is an individual registration of each joint. Therefore, a clear separation of each
joint is necessary, thereby explaining the decision of placing the registration step after segmentation.

The fourth and fifth step of the proposed method is the actual erosion detection and erosion
quantification. The responsibilities of these steps is to detect all erosions in a given dataset, and
quantify a set of properties related to each erosion. The properties include width, depth, volume
and centroid, which is important in order to evaluate the prognosis and diagnosis of RA. Each of the
proposed method steps are further described in details in the following sections.

13 of 104



Chapter 3. Methods

3.3 Preprocessing

The first step of the proposed method is the preprocessing. Preprocessing defines the process of
applying initial methods and algorithms to the data, with the goal of creating a better starting point
for the future steps and processing. Preprocessing may include many different methods e.g. image
enhancement and image manipulation.

Image enhancement is the process of enhancing the image information, making it easier for further
algorithms and methods to comprehend the image. Image enhancement in medical images may
include intensity scaling, noise reduction, artifact reduction and edge enhancement [46].

Intensity scaling is the process of scaling the range of the intensity values to a wider range of
intensities. This process is capable of increasing the performance of both the Human Visual System
(HVS) or computational analysis of the images, as otherwise hidden intensity details are revealed.

Noise reduction is a large subject within medical image processing, and is generally concerned
with the reduction of noise artifacts that hinders further image analysis. The complexity and effect of
medical image noise reduction, is also varying from the simpler filter e.g. mean, median and Gaussian
[46], to the more complex image filters e.g. adaptive, frequency domain and hybrid methods [46].
The main challenge involved with medical image noise reduction, is to reduce image noise, without
reducing the wanted image information.

Artifact reduction is also an image enhancement process as artifacts typically reduce the local
image quality. Different processes exist for artifact reduction or removal, each concerning individual
types of artifacts. Similar to noise reduction, considerations regarding the effect of eventual image
information reduction should be taken.

Edge enhancement is the process of enhancing the borders and edges of the objects present in
the images. The process is capable of boosting the performance of edge detection algorithms such as
edge-based segmentation methods. A trade-off is concerned with edge enhancement as noise in the
images also gets enhanced.

Another preprocessing step is image manipulation, which might be a necessity in order to process
the medical images or make further processing simpler. Image manipulation could for instance be data
type conversion, resampling or domain switch. Medical images are often stored in specific medical
image data types like the Digital Imaging and Communications in Medicine (DICOM) standard. The
DICOM standard contains both the image and associated medical information. Medical image data
types, can also be of different sizes both signed or unsigned and between 8 and 32 bytes. Medical
images may also consist of different channels from 1 grayscale, 3 RGB or several frequency channels.
Data format conversion may be necessary to either display images or to make image computations
less complex.

Image resampling is the process on resizing the image. Down-sampling reduces the amount of
image pixels to be processed, and may therefore diminishes the overall computational time. However,
important information present in the images might also be removed or suppressed.

Lastly, domain switch is the process of converting the domain of the image. This could for instance
be a conversion from spatial to frequency domain, which enables the appliance of specific frequency
methods.

For the proposed preprocessing method, it was considered utmost important to not risk the re-
moval of information within the images. This decision was based upon the very limited amount of
pixels required to change whether a cortical break exists or not. This limitation removes the use of
many preprocessing techniques which might modify image information. This includes filtering, edge-
enhancement and resampling. Therefore, the final proposed preprocessing method consists of the two
steps illustrated on fig. 3.5.

The first step of the proposed preprocessing is lossless conversion for the original image datatype

14 of 104



3.3. Preprocessing

Preprocessing

DICOM to uintl6 2 Intensity scaling

Figure 3.5: The internal steps of the preprocessing.

DICOM to an unsigned integer of 16 bits. This is done to extract the image data from the patient
information, and convert to a data type which is feasible for further image processing. The second
step of the preprocessing is intensity scaling.

3.3.1 Intensity Scaling

The second preprocessing step applied to the proposed method is intensity scaling, which is used to
convert low contrast to high contrast images. Medical images are typically stored in pixel ranges of
2", but usually only use a narrow range of these pixel values. This also applies for the entire data
used in this study. By looking at the image histogram and corresponding image on figs. 3.6a and 3.6¢
it is seen that the image histogram is very narrow and that the image therefore is hard to visually
comprehend. By stretching the histogram values to the whole image range, otherwise hidden details
may be uncovered to HVS as well as algorithms. Scaling of an image can be mathematically expressed
using eq. (3.1) [46]:

highout - lowl)ut

Iscaled(i/j) == (1(1/]) - lowin) :

wherei € 1,2,..,. M j € 1,2,..,N of an M x N image I, low;, is the minimum intensity value of
the image I, high;, is the maximum intensity value of the image I, low,,; is the minimum intensity
value of the output image I;.;.s and higho,; is the maximum intensity of the output image Iscq05. A
representation of intensity scaling is seen in figs. 3.6b and 3.6d.

Image artifacts in medical images might have varying maximum and minimum intensities, espe-
cially in the case of ring artifacts, which can produce both low and high contrast intensities. Because
of this, a dataset might be scaled differently, thereby having different intensities for the same image
objects. Duo to this, all images within a dataset needs to be scaled equally. This is done by finding the
median of the lowest intensity values in all images in the given dataset, and the median of the highest
intensity values in a dataset, and scale all images in the dataset accordingly to these medians. The
median is selected instead of the mean, to counter eventually disruption from outliers.

The algorithm for the intensity scaling is explained in alg. 1. Firstly, the minimum and maximum
for each image is found and stored in min,; and max,;, where an image dataset is represented in
size M x N x O. The median of the min,; and max,; is found and stored as low;,, and high;,. Next
the image is scaled using equation eq. (3.1), where low,,; and high,,; represent the wanted intensity
range. If the intensity value is outside the bounds of low;, and high;, they are set to low,,; and high,;
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(a) Unscaled image. (b) Scaled image.
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(c) Histogram of unscaled image. (d) Histogram of scaled image.

Figure 3.6: Figure 3.6a is the original received image, fig. 3.6c is the histogram of fig. 3.6a, fig. 3.6b is the intensity
scaled version of fig. 3.6a and fig. 3.6d is the histogram of fig. 3.6b.

respectively, in order to scale the images equally.

3.4 Segmentation

The second step of the proposed method is segmentation. Image segmentation is a large subject ad-
dressing separation of ROI from the remaining image. Medical image segmentation is an essential
analysis tool, which is a prerequisite for other medical image methods e.g. feature extraction, im-
age measurements and image display. This involves analyzing and specifying regions of anatomical
structures such as muscles, bones and blood vessels or pathological regions such as tissue deformities,
sclerosis lesions and cancer cells [46]. As image segmentation is used for various data types and the
goal of the segmentation is inconsistent depending on the use case, no de facto segmentation tech-
nique is considered to be existing. The methods for image segmentation is also highly diverse, each
with their own pros and cons. Following this, a description of the primary groupings of segmentation
methods which have been under consideration for this study is provided below.

Thresholding-based Segmentation

Thresholding-based segmentation is the most simple and widest used segmentation category, espe-
cially for medical images [46]. Thresholding involves the process of segmentation by dividing the pixel
intensities into different intervals. This is especially relevant for medical images like CT or MRI, where
image objects typically are clearly divided into pixel intensities. The main challenge for thresholding-
based segmentation methods, is to find the optimal threshold value for the given ROI. For a clearly
defined bimodal image, as seen in fig. 3.7a, the threshold dividing the image in structure and back-
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Algorithm 1: Intensity Scaling

fork =1to O do
fori =1to M do
forj=1to N do
ming (k) = min(dataset (i, j, k));
max,; (k) = max(dataset(i, j, k));
end

end

end

low;, = median(min,;);

high;, = median(max,;);

fork =1to O do

fori=1to M do

forj=1to N do

if dataset(i, j, k) < low;, then
‘ dataset (i, j, k) = lowoyt;

else if dataset > high;, then
‘ dataset (i, j, k) = highout;

else

‘ dataset (i, j, k) = (dataset(i, j, k) — low;,) - % + lowout;

end
end

end

ground is found with ease. On the contrary, if an image is not bimodal, as seen in fig. 3.7b, finding one
or multiple threshold values is often considered challenging, especially for images containing noise,
low contrast object edges or artifacts.

Many different thresholding methods exists, which can be divided into six groups according to
[47]. Histogram shape-based methods analyze the histogram of the image by looking at the curvature.
Clustering-based methods clusters the image into foreground and background, based on the gray
level intensities and Gaussian models. Entropy-based methods attempts to maximize the information
according to background and foreground regions. Object attribute-based methods finds and groups
similar objects based on edges or shapes. Spatial methods use high order probability distributions
or pixel correlations. Lastly, local methods utilizes smaller local characteristics to define the local
threshold [47]. Thresholding based segmentation is, despite the large number of methods and high
use, subject to failure in the presence of inhomogeneity, noise and artifacts.

Edge-based Segmentation

Edge-based segmentation methods use information about image gradient to divide the image into
objects. The gradient of an image is defined as an approximation of the first order derivative of the
images function [46]. The most common gradient calculators are Sobel [48], Roberts [49] and Prewitt
[50], which are all based on convolutions. Such a convolution could be weighted summations of local
neighboring pixels intensities. These weights are listed by arrays in a form corresponding to the local
neighborhood of the image.

Regularly, a threshold operation as described above, is performed on the gradient to determine if
an edge is present or not. This results in a binary image, representing edges present in the image. The
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Figure 3.7: Threshold value selection difficulties for a non bimodal image.

difficult part of edge-based thresholding is to select the appropriate threshold, enabling the inclusion
of correct edges and exclude noise and artifacts. The simple gradient-based approach is computa-
tionally fast and simple, but has the common problem of discontinuous edge borders [46]. Typically
postprocessing steps including edge linking and grouping is used, however, these is generally com-
putationally expensive and unreliable [46]. Some edge-based methods mention the demand of both
pre- and post-processes in combination with the edge segmentation operation itself, to achieve correct
edge detection [51, 52]. Edge-based segmentation is especially useful in scenarios where the images
have clear distinguishable borders and edges.

Active Contour-based Segmentation

Active Contour-based segmentation is a prominent image processing technique. The technique utilizes
a confluence of geometry, physics and approximation theory in its mathematical foundation. Active
contours are often reffred to as deformable models, active surfaces and snakes. The generic approach
is based on closed smooth spline curves, also referred to as snakes, moving towards a given object
contour, as illustrated on fig. 3.8. This concept is called evolution and is based on an optimization,
influenced by two separate types of forces. The first forces are external, originating from the image
data, and pull the snakes towards the object contour. The second forces are internal and are used to
maintain smoothness in the resulting contour by resisting deformations.

(a) Initial snakes. (b) Final snakes.

Figure 3.8: Illustration of snakes evolved towards object contour.
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In general, active contour methods can be grouped into two groups, namely parametric and geo-
metric. Geometric active contours are equal to parametric, as they both are based on curve evolution.
However, they differ in that geometric active contours utilizes level set methods. The initial evolved
contour can either be created manually or automatically, but has a huge impact on the final result
of the active contour. Active contour methods can both be used for standalone segmentation, or as
border refinement solutions. However, the method is considered very computational complex, which
is highly dependable on the initial contour and image resolution.

Region-based Segmentation

Region-based segmentation uses neighboring pixel characteristics to segment images. The process
typically starts with a point or a group of points called the seed. Based on the characteristics of the
seed values e.g. pixel intensity characteristics, the seed grows, thereby including new neighboring
pixels into the seed with similar characteristics. The choice for inclusion of a pixel, is called the
homogeneity criterion, and can be based on e.g. pixel intensities, pixel mean or pixel variance. The
region grow is an iterative process which stops, when no more neighboring pixels can be added to the
growing region. The region-based segmentation is good for segmenting single similar characteristic
objects within an image. Problems associated with region-based segmentation, is the selection of the
initial seed point, which typically is performed manually. Another problem is the proper choice and
setup of the homogeneity criterion, which if not selected correctly, results in inclusion or exclusion of
areas and pixels respectively outside or inside the ROI [46].

Classification-based Segmentation

Classification-based segmentation techniques utilizes a set of features to segment a relevant objects.
This is done using pattern recognition techniques, on the set of features, with associated labels. These
features could for instance include pixel intensities, spatial properties, texture measures and gradients.
Two overall classification techniques exist, namely supervised and unsupervised.

Supervised classification is initialized by manual feature selection. These manual feature labels are
considered the golden truth, and are used to train the algorithm. The trained algorithm can then be
used to segment images by extracting features similar to the training features. Supervised classification
techniques are split into two sub categories, namely parametric and non-parametric [53]. Parametric
classification utilizes maximum likelihood estimations to perform the segmentation. Non-parametric
requires no prior knowledge regarding the data. Instead, a series of methods can be used in the
classification, such as; k-nearest neighborhood, decision tree theory or minimum distance classifiers
[53].

Unsupervised classification does not need initialization. Instead, it composes data containing equal
or similar features into groups. When grouping is completed, manual labeling of the generated groups
is needed to be able to identify these.

Classification-based segmentation is good in scenarios where objects are describable through the
same set of indistinguishable features. However, supervised classification does require a comprehen-
sive training process to ensure robustness. Unsupervised classification in contrast does not require
any training, but may have a low robustness.
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3.4.1 Challenges in HR-pQCT Segmentation

Medical image segmentation is considered a critical and challenging subject. Due to challenges in
medical images typical segmentation methods might be inconsistent. Three key challenges are often
found in CT images, as defined by Truc et al. [54], which are inhomogeneous bone structures, low-
contrast edges and overlapping intensity values of bones. These three challenges are all applicable for
the HR-pQCT data used in this study.

The inhomogeneous bone structures are a result of the nature of the joint bones. This means that
the contour of the ROI can change drastically between slices, implying the need of a method capable
of segmenting different shaped objects. Examples of the different shapes of contour present in the
HR-pQCT data used, are seen in fig. 3.9.

Gaps and low-contrast edges as seen on figs. 3.9b to 3.9d, are often due to low cortical thickness
and image artifacts. This makes it difficult for a segmentation method to create a fully closed contour
of the ROL

The last challenge is overlapping intensity values as seen on fig. 3.9a, which is a result of bones
close to each other, thereby making their border intensities diffused [54]. This is often seen in the MCP
joint shifts. This calls for a segmentation method capable of distinguishing diffused objects.

(@) Joint change, which (b) Low-contrast edge, (c)Patient motion, caus- (d) Ring artifacts, causing
causes an intense amount which provides a criti- ing superimposed noise confusion to the border
of noise in the corre- cal basis for border clos- which blurs the true region, as either extereme
sponding slices. ing, as no high intensity bone border. high or low intensity ring.
pixels represent the bone
edge.

Figure 3.9: Selected examples of HR-pQCT images, representing common challenges for medical image seg-
mentation.

3.4.2 Proposed Segmentation Method

The proposed segmentation method is a hybrid method. Because of the challenges in medical image
segmentation, as presented section 3.4.1, a single segmentation method, as presented in section 3.4,
is not precise nor accurate enough. Several of the standalone methods have been studied, but none
had the ability to properbly segment the joints. Thresholding methods have difficulties in adequate
segmentation of the whole periosteal surface, without introducing a vast amount of noise and artifacts.
The edge based methods are likewise not capable of segmenting the periosteal border because of low
contrast edges. Active contour-based methods showed promising results, but if the initial contour
was imprecise the computational complexity of the algorithms was undesirably high. Region-based
methods shows the same problems as for the threshold-based methods, because of the large intensity
difference in the periosteal surface, which in turn will lead to high noise and artifact presence. Lastly,
the classification-based methods requires a large amount of learning features, which was not available
for this study, and deemed to time consuming.
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Based on the research within the field of RA, HR-pQCT and image processing, many authors uses
the segmentation software Image Processing Language (IPL) developed by the scanner manufacture
Scanco Medical AG [11, 45, 55, 56, 57, 58, 59, 60, 41]. This software was not available for this study.
Some studies use a hybrid segmentation method [4], originally developed for segmentation of bone in
volumetric computed tomography [61]. Based on the paper by Kang et al. [61], their proposed method
was not interpretable, and there was no source code available, which meant that their method could
not be tested. This led to the proposed hybrid segmentation method for this study, which is based on
some of the same principles as in [61]. The proposed method consists of three overall steps, as seen in
fig. 3.10.

Proposed segmentation method

A 4

Figure 3.10: A step by step illustration of the three steps contained in the proposed hybrid segmentation method.

The first part of the proposed hybrid method is thresholding. In this step the images are thresh-
olded and an initial non closed binary masks of the bone structures are obtained. Following this
the binary mask is closed and filled using morphological operations. Because of the behavior of the
closing by the morphological operations, small cavities and details in the periosteal surface is filled
or removed, which also means possible erosions is in the risk of disappearing. The last step of the
method is to use an active contour method to refine the border of the binary mask, thereby uncovering
the else hidden information and erosions in the periosteal surface. The reason for not using only an
active contour-based methods, is because of their high computational complexity, which would result
in an extremely high processing time for the segmentation method.

3.4.3 Thresholding

The first part of the proposed hybrid segmentation method is thresholding. Through initial analysis,
thresholding alone was not an option for segmentation of the entire periosteal surface, as these tech-
niques could not capture all of the structures without including false elements. The purpose of the
thresholding step is to create a starting basis for the segmentation, which will be fully closed by the ap-
pliance of other methods. The needed thresholding method shall to the best of its ability only include
true representations of the bone joints, with as little as possible inclusion of false segmentation. As
described in section 3.4 a vast amount of thresholding methods exists. These methods can be divided
into several groupings. Thresholding methods are primarily not developed for medical images, which
makes the process of selecting a fitting methods nontrivial. As the methods cannot be selected based
on their mathematically properties, a further analysis through experiments is needed to select the best
solution. For this study, four different thresholding methods are selected for further analysis. These
methods are selected, as they each represent a specific thresholding category and showed promising
results through initial tests.
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Three of the methods calculates a single global threshold value ¢, based on the image I(i,j). This
value is used to calculate a binary image B(i, j), according to eq. (3.2):

cn 1 AfIG ) >t
B(i.j) = {o i 1(i,j) <t (3.2)

where,i € 1,2.., M j€1,2,.,Nand M x N is the size of the image I. The fourth method presented
utilizes a local adaptive thresholding approach which creates a thresholding value for each individual
pixel in the image.

Gaussian characteristic thresholding

The first thresholding approach is developed specifically for this study, and utilizes the characteristics
of the HR-pQCT datasets. As presented in section 3.1 the images can be modelled as a combination of
two distinct Gaussian distributions, which represent the image border and the tissue. All pixel inten-
sities above these distributions are considered bone structure. A simple approach to the thresholding
would be to specify a constant thresholding value above the two Gaussian distributions, and then
threshold all images accordingly to this value. The Gaussian distributions might change their mean
and standard deviation, which in turn would produce unsatisfying thresholding results.

The idea behind the presented approach is to use the information of the Gaussian distributions to
select the threshold value. The Gaussian distributions can be expressed as the summation of the two
Gaussian distributions as seen in eq. (3.3):

(x—pp) )2

y(x) = Ao Ay O (3.3)

where A; and A, are the heights of the two Gaussian distributions respectively, the means of the
Gaussian distributions are y; and p, respectively and o7 and o, are the standard deviations of the
Gaussian distributions respectively.

An experiment was carried out to investigate the distribution of the mean and standard deviation
of the second Gaussian in all datasets. The results are seen in fig. 3.11.
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Figure 3.11: The histogram of the mean and standard deviation of all datasets.

It is seen in the variation of means and standard deviations throughout the entire datasets, that
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a single thresholding value cannot be selected, thereby proving the presented approach. By using
a fitting operation, the values for the two distributions can be found. The threshold value is then
calculated as eq. (3.4):

t=pur+35-0. (3.4)

The choice of 3.5 - 02, was selected because the threshold value then passes the 0.999 confidence
interval of the right most Gaussian distribution. This implies that eventual noise from the right most
Gaussian distribution is avoided.

Algorithm 2: Gaussian characteristic thresholding

[f, bins| = histogram(dataset, nry;,s);

[A1, 11,01, A2, o, 03] = fit(f);
t=pur+35-0;

The algorithm for the Gaussian characteristic thresholding is seen in alg. 2. First a histogram for the
entire dataset is calculated with the number of bins as specified in nry;,s. The result of the histogram
is the bin widths bins and the counts per bin f. The characteristics of the Gaussian models are then
calculated, using a fitting algorithm which is from the the MATLAB Curve Fitting Toolbox [32] called
fit [62]. Lastly the threshold is calculated.

Entropy thresholding

Another approach for selecting the best threshold value is using information theory. One entropy
method [63] based upon the entropy of the image histogram is selected for analysis. Based on the
histogram of the image the individual gray-level probabilities can be calculated using the observed
frequencies f1, f2, ..., fn, as seen in eq. (3.5) [64]:

) n
p=L Y E=N =12, (35)
i=1

where N is the total amount of pixels in the image, and n is the number of gray-levels. Using the
probabilities the total entropy Ht of the image can be calculated using eq. (3.6) [64]:

Hr = —) piln(p:). (3.6)
i=1

Treating the image as bimodal, it can be divided into two distributions, the background and the
structure. The two models are divided at the point ¢. The individual probability sums P4 (t) and Pg(t)
of the two distributions A and B are given by eq. (3.7) [64]:

Pa(t) = im, Pp(t) =1— Pa(t). 3.7)
i=1

Let Hg be formulates as eq. (3.8) [64]:

t
Hs(t) = — Z pi ln(pl) (38)
i=1

Then each of the distributions can be modeled with their own entropies, which are given by egs. (3.9)
and (3.10) [64]:
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H(t) =In(Pa(t)) + gjg; (3.9)
Ha(t) = In(Pa(e) + + s @10

The combined entropy is then given by eq. (3.11) [64]:
() = Ha(t) + Hg(t) = In(Pa(t) - Py(t)) + I;jég + HTP_B(I;I)S(” (3.11)

By maximizing () the information between the background and the structure is likewise maximized.
The optimum threshold value t* is therefore found at the maximum, as given by eq. (3.12) [64]:

t* = argmax(y(t)), (3.12)

ten

where 7 is the set of gray levels. The Entropy thresholding as presented above, calculates the threshold
for a histogram with two distributions. This can be further expanded into several distributions, thereby
including several threshold values to be searched for. For the Entropy method used in this study, the
histogram is assumed to have 3 distributions.

The algorithm for the entropy thresholding is seen in alg. 3. First a image histogram is created to
find the frequencies of the grayscale values. The number of bins in the histogram is specified through
the nry;,s parameter. The histogram returns two vectors, one with the bin ranges and one with the
frequencies. The frequencies are then divided with the cumulative sum of the frequencies to obtain
the probabilities.

Algorithm 3: Entropy thresholding

[f, bins| = histogram(image, ntp;ys);
f=f/sum(f);
finax = max(f);
fmin = min(f);
HT = 0,'
fori = fmin to fmax do
| Hr = Hr + f(i) - In(f(i));

end
Py =0;
Hs =0;

for i = fiy to finax do
PA = PA +f(l),
PB =1- PA;
Hs = Hs + f(i) - In(f(7));
co(i) =1In(P4 + Pp) — I%S» + LSI;AHT;
end
COmax = max(co);
o1y = find(comax, c0);
t = bins(copay);

The range of the frequencies are found through the min and max algorithms. The total entropy is
calculated through a for loop.
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Hereafter, a for-loop calculates all possible informations. The for-loop loops through all prob-
abilities, and increments the A distributions cumulated probability along with Hs. The combined
information is then calculated. After the for-loop, the maximum combined information is found along
with its index in the gray-levels. This index corresponds to the threshold value.

Otsu thresholding

The Otsu thresholding is a clustering-based thresholding method. The clustering approach tries to di-
vide the image histogram and characteristics into regions, thereby determining the optimal threshold.
The most commonly used clustering technique is by Otsu [65]. The individual gray-level probabilities
pi can be calculated using eq. (3.13) [65]:

; n
pi:%, Y =N, i=12.,1, (313)
i=1

where f; is the individual representations of the gray-levels from the image histogram, N is the total
number of pixels in the image, and 7 is the total number of gray-levels. Supposing the image his-
togram can be divided into two distributions the individual probabilities wy(f) and wy (t) for the two
distributions can be calculates as egs. (3.14) and (3.15) [65]:

t
wo(t) =Y pi (3.14)
i=0
wi(t) =Y, pi (3.15)
i=t+1

The individual distributions means po(t) and 1 (t) can be calculated as egs. (3.16) and (3.17) [65]:

. Pi
t) = - 7 (316)
]/lo( ) 1;0 C()()(t)
n ] pi
t) = i ) (3.17)
mO= Lo
with a combined mean eq. (3.18) [65]:
pr =y i-pj (3.18)
i=1

The individual variances are calculated as egs. (3.19) and (3.20) [65]:

t

vy pi

o (t) = ;(1 — po(t))?- ool (3.19)
v pi

oi(t) = i:tZH(l —u1())? o (3.20)

The total variance can be described as a sum of two variances as seen in eq. (3.21) [65]:

07 (t) = aiyey () + ey (1). (3.21)
The within-class variance (WCV) 07, (t) can be described as eq. (3.22) [65]:
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ey (1) = wo(t) - o5 (8) + wi(t) - o7 (). (3.22)
Likewise, the between-class variance (BCV) aﬁcv(t) can be described as eq. (3.23) [64]:

They(t) = wolt) - (po(t) — pr)* +wi(t) - (ua(t) — ur)>. (3.23)

Based on these class variances, the optimal threshold t* can be found by minimizing the WCV or
maximizing the BCV. As the BCV is less computationally expensive, as the variances does not need to
be calculated, this is usually maximized as seen in eq. (3.24) [65].

" =arg r?ax((fécv(t)). (3.24)
€n

The Otsu thresholding, as presented above, calculates the threshold for a histogram with two distri-
butions. This can be further expanded into several distributions, thereby including several threshold
values to be searched for. For the Otsu method used in this study, the histogram is assumed to have 3
distributions.

Algorithm 4: Otsu thresholding
[f, bins| = histogram(image, n¥p;ys);
f = f/sum(f);
fmax = max(f);
fmin = min(f);

for i = fin to fiax do

| pr=i-f();
end
Woprev = Wo = 0;
po=p1 =0;

fori = fmin to fmax do
wo = wyp + f(i);
w1 =1—wp;
Ho = (WOPrev *Ho +f(i) 'i)/wo;
for j =i to fyux do
| =g f() /@

end
BCV (i) = wo - (po — pr) + w1 - (p1 — pir);
Woprev = Wo

end

BCVmax = maX(BCV),‘
t = bins(BVCyyy);

Seen in alg. 4 is the Otsu thresholding algorithm, which starts with finding an image histogram
where the parameter nry;,s specifies the number of bins in the histogram. The return values of the
histogram is the bins, which is the bin ranges, and f which is the number of counts for each bin
range. The bin counts are divided with its sum to get the probabilities for each bin. The range of
the probabilities are found through the functions min and max. Next, the mean for all probabilities
are found though a for-loop. The following for-loop calculates all BCV values for all probabilities.
The cumulative probabilities for each distribution is calculated along with each distributions mean for
each probability in the histogram. Based on these values the BCV is calculated. After the for-loop,
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the maximum BCV value is found along with its associated index in the f vector. This index is then
used to find the corresponding value in the bin range vector, which then correspond to the optimum
threshold value.

Niblack local adaptive thresholding

The locally adaptive thresholding methods take another approach to thresholding, as the methods
presented above. The term locally indicates that the approach utilizes local statistics to compute a
local threshold for each pixel. One of the first methods using this approach, which showed promising
results in initial testing, was presented by Niblack [66]. The methods is seen in eq. (3.25) [47]:

T(i,j) = p(i,j) +k-o(ij), (3.25)

where k is a bias constant, typically set to —0.2 [47],i € 1,2..,.M j€1,2,..,Nand M x N is the size
of the image I. The local mean p(i,j) and local standard deviation o (i, ) is calculated as egs. (3.26)
and (3.27) [66]:

1 K L
u(i,j) ﬁ Z le—l—k]—i—l (3.26)

. 1 & & . .

o(i,j) = J I Z Z (I(G+kj+1)—n(ij))> (3.27)
k=—KI=—L

where, k € —K,..,K [ € —L,..L and K x L is the size of a local window. The thresholding is then

produced using eq. (3.28):

B(i,j) = {1 i1, j) > TG j) (3.28)
0 ifI(i,j) = T(3,j),
where B(i, j) is the resulting binary image.

The algorithm for the Niblack thresholding is seen in alg. 5. The algorithm calculates a specific
thresholding value for each pixel in the image of the size M x N. For each pixel, the local mean
and variance is also calculated, which is done though two separate double for-loops, each in an area
specified by the window size of K x L. The result of the algorithm is a matrix of the same size as the
image, which can be used to threshold. The algorithm presented does not account for border errors
and padding.
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Algorithm 5: Niblack thresholding

fori=1to M do
forj=1to N do
ulij) =0;
fork = —KtoKdo
for] = —Lto L do
| u(i ) =p@j) +1(i+kj+1)/(K-L)
end
end
o(i,j) =0;
fork = —Kto K do
for| = —Lto Ldo
| 0(i) = oli,) + (IG+k,j+1) - (i, )/ (K-L);

end

end

olif) = Vel
T(i,j) = u(i,j) +k-o(i,j);
end

end

3.4.4 Morphological Operations

The initial thresholding segmentation method presented in section 3.4.3 yields non-closed contours,
as a result of the varying pixel intensities of the ROI. A category of mature and recognized methods,
capable of closing and cleaning up such masks, are morphological operations. Morphological oper-
ations describe a set of commonly used operations within mathematical morphology, which forms
the foundation of morphological image processing. Morphological operations are recognized for their
usability in clearing up unfinished segmentations, where they are used to either add pixels that are
intended to close segmentation masks or to remove undesired pixels. The operations are applica-
ble for transformation of both binary and grayscale images according to geometrical and topological
concepts such as shape, size, connectivity, distance and convexity. The basic idea behind morpholog-
ical operations is to gradually shift a structuring element, defined by a matrix mask, on the image.
The four most widely used morphological operations are erosion, dilation, opening and closing, each
producing a specific result.

Structuring elements

Two overall types of structuring elements exist, namely flat and non-flat. In this study, only flat struc-
turing elements are used.

Flat structuring elements are based on either 2D or 3D binary valued neighborhoods. As shown in the
example on fig. 3.12, the true pixels of the structure are included in the morphological computation,
whereas the false are not.

The example provided in fig. 3.12 are of the shape type cross. However structuring elements can
be formed in various shapes e.g. disk, line, rectangle for 2D and e.g. sphere and cube for 3D.
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o [l o
N BN
o B o

Figure 3.12: Examples of a flat structuring element. The dark blue center block represent the center pixel of
which the morphological operations is originated in.

Erosion

Erosion operations, represented as ©, are used to thin lines or shrink objects in images, as shown
in fig. 3.13a, where the original square is eroded using a disk structuring element. The operation
combines two sets using the vector subtraction of set elements, and is given by eq. (3.29) [67]:

ASB={xcEN|x+bc A forevery b € B}, (3.29)

where A is the binary image, B is the structuring element and EY is the euclidean space of dimension
N where A and B are subsets with elements a4 = (a1, ...,ay) and b = (by, ..., by) of N-tuples of element
coordinates.

y 7

(a) Erosion. (b) Dialation. (c) Opening. (d) Closing.

Figure 3.13: Visualization of the basic MO. Striped light blue areas indicates removed objects, filled light blue
represents remaining objects, and dark blue shows added areas after the operations. The structuring elements
are in all cases disks, where red and green represents erosion and dilation operations respectively. Inspired by
[68].

Dilation

The dilation operation is the morphological counterpart to erosion. Dilation, represented as &, are
used to thicken objects in the input image. An example of the dilation operation is seen on fig. 3.13b,
where the original light blue square is expanded to the dark blue object. The operation combines two
sets using vector addition of set elements, and using the definitions from eq. (3.29) it can be obtained
by eq. (3.30) [67]:

APB={xcEN|lx=a+bforsomeac Aandb € B}. (3.30)
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Opening

The opening operation is defined as the dilation of the erosion of an image. Opening, represented as o,
can be used for morphological noise suppression or object separation. The operation removes objects
smaller than the structuring elements from the foreground and removes them by adding them to the
background. An example of the opening operation is seen on fig. 3.13c, where two connected objects,
consisting of two squares, are first eroded using the red structuring element and hereafter dilated by
the green disk. The open operation is defined as eq. (3.31) [67]:

AoB=(AOB)®B. (3.31)

Closing

The last of the basic morphological operations is the closing operation, which is the counterpart to
the opening operation. Whereas opening removes noise by eliminating small objects, closing on the
other hand removes small holes existing in objects, and connects otherwise unconnected objects. An
example of closing is seen on fig. 3.13d, where the original light blue object is first dilated by the green
disk structuring element. Following, an erosion of the red disk structuring element, leading to the
union of the light blue object and the dark blue object, thereby connecting the two objects. The closing
operation is given by eq. (3.32) [67]:

AeB=(A&B)SB. (3.32)

Minimum object removal

Another operation similar to the morphological operation open is the minimum object removal. The
morphological open operation removes objects of a certain size, however, it also disconnects larger
objects, which is not always desired. The minimum object removal method only removes objects with
sizes below a certain threshold, and can therefore be used as a noise suppression operation.

Proposed morphological method

The idea of the morphological operations, within the proposed segmentation method, is to create a
fully closed contour of the joints, using the initial thresholding segmentation. The proposed morpho-
logical step can be decomposed into four substeps, as seen in fig. 3.14.

Proposed Morphological Operations

»
>

v
v

Figure 3.14: The four steps of the proposed morphological operations in the proposed segmentation method.
Consist of, starting from the left: dilation, filling, erosion and minimum object removal. To increase the visibility
of each steps individual contributions to the process, only a single joint is presented in the figure, however, the
method processes an entire dataset at a time.
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Firstly, a 3D morphological dilation operation is used to connect all elements in the joint contours,
filling eventual open periosteal breaks. The dilation uses a morphological sphere structuring element.
The dilation is carried out on three groupings of 110 image slices, in order to avoid over segmentation
as a result of registration problems. Secondly, a 2D filling operation is used in the axial plane, thereby
filling the entire closed bone structures. Thirdly, a 3D morphological erosion operation is used to
obtain the original periosteal surface size. The erosion operation utilizes the same morphological
structuring element and size as the dilation, along with the division in three 110 image slices. Lastly, a
minimum object removal is used to remove small unconnected elements in the final contour, as these
otherwise will represent noise. The optimum sizes for the radius of the sphere structuring element
and the minimum object threshold cannot be calculated mathematically, and will therefore be found
through experiments.

3.4.5 Active Contour

The second step of the proposed segmentation method, being the morphological operations, often
results in an oversegmentation in the periosteal surface, because of the nature of the structuring
element size. Therefore, a method is needed to refine the border of the periosteal surface. A mature
well recognized method for such scenario is active contour-based segmentation.

As presented in section 3.4, active contour methods utilizes energies both external and internal to
refine a contour.

Active contours are very computational expensive, when the initial contour deviates significantly
from the true resulting contour. However, as the two initial steps, thresholding and MO, create a mask
close to the desired result, the computational complexity of the active contour should be drastically
lowered.

Various active contour-based segmentation methods exist, however, three different versions were
analyzed, which are:

o Active Contours Without Edges (Global CV) [69]
e Localizing Region-Based Active Contours [70] including:

— Chan-Vese based energy (Local CV)
— Mean Separation based energy (Local MS)

The Active Contours Without Edges method, presented by Chan et al. [69] will hereafter be denoted
as Global CV. This method was chosen due to its widely use and well resulting border refinement
capabilities [70]. Global CV bases its contour evolution on global properties, making it fragile to noisy
images, as noisy elements may interrupt the evolution.

Because of this, two other methods are selected, namely Local CV and Local MS. They are both
based on widely used energy models, but only considers local properties in their curve evolution. This
should theoretically make them more robust to noisy images as well as images where the ROI and
the background shares same statistical models, as seen for the Gaussian distributed HR-pQCT images
[70]. The two local methods are based on two different enegy models. The reason for analyzing
these, lies in the assumption that different energy models might yield different performances on the
HR-pQCT images. The two models were chosen for their widely use [70].

Active contour methods are categorized in to parametric and geometric methods. To introduce the
basic concepts behind active contours, parametric active contour models is first described following
the various versions analyzed in this study.
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Parametric Active Contours

Parametric active contours are based on the evolution of snakes, which can be described as closed
spline curves, that are controlled continuously by different forces. The evolution of the curve contour
C, is based on minimization of two different energy types, namely internal energy E;,; and external
energy E.,;. The addition of these two energies, defines the total energy function Ec to be minimized
for the initial contour as presented as eq. (3.33):

EC = Eint + Eext. (3-33)

Internal energy aims to restrain shape-based properties, such as topology, smoothness and curvature.
The energy function associated to the internal energy presented by Kass et al. is defined as eq. (3.34)
[64]:

1 ac 0%c ,

Ew = [ a(Q)I55 P + ()| 555 o0, (334)
where the weighting parameter «((}) is used to control the tension of the curve. The first order deriva-
tive defines the continuity of the curve, and allows for the curve to act like a membrane [71]. The other
weighting parameter B(Q2) controls the rigidity of the curve, applied to the second order derivative,
which defines the curvature of the curve. Controlling these constrains is considered a regularization
of the curve, in the deformation applied in the evolving process applied by the external energy.

External energy is most commonly formed by a single source, namely local features derived from
the image to be processed referred to as E;;,q. However, Kass et al. also presents the ability to include
user defined constraints denoted as E.,,;. As this section is meant to describe the basic features of
parametric active contours, E,, is disregarded in the energy model. External energy is comparable to
kinetic energy, and differs from the internal energy, as it aims to deform the contour to minimize the
distance to local image edges. Various means can be applied to attract the curve towards the desired
object, whereas Kass et al. presents three energy functions, which when combined describes the total
energy function for an image as eq. (3.35) [71]:

Eext =~ Eimg = WiineEiine + wedgeEedge + WtermEterm, (3.35)

where the weights w can be adjusted to vary the behavior of the contour evolution.

Active Contours Without Edges (Global CV)

Active Contours Without Edges is a well known active contour method, developed by Tony F. Chan
and Luminita A. Vese [69]. It is more commonly known as the Chan-Vese (CV) method and has since
its origin been used as basis for multiple other methods.

Former methods depended on the image gradient | VI| as curve evolution discontinuation criteria.
However, for very noisy images or images containing low-contrast edges, this might result in curves to
evolve undesired beyond object boundaries. Global CV is not depending on an image gradient as an
evolution stopping criteria, instead it utilizes a stopping term defined by Mumford et al. [72]. Global
CV is robust in regards to the positioning of the initialization curve C [69].

The basic principles of Global CV is presented using a simplified fitting term, given as eq. (3.36)
[69]:

R(O) +E(C) = |

I '/ ) — Zaa .
inside(C) (i, ) = c2[*0i0], (3.36)

(i) — 2397 /
| (l ]) Cl‘ oy outside(C)’
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where C denotes the initial evolving contour. In addition (i, j) is a given image, considered to consist
of two regions, one being the object to be detected, and the other region being the background. Now,
the boundary between these regions is defined as the contour Cy, so that the object region is placed
inside Cy and the background is located outside of Cy. The constant c; defines the average intensity
values of image I inside the contour C, and c, defines the average intensity values outside C.

Next, four different scenarios of positioning of C relative to Cy is considered as presented on
fig. 3.15, to determine the minimizer of the fitting term eq. (3.36). Of the four scenarios, it is illustrated

@) F1(C) ~ 0,F(C) > 0. (b) F;(C) > 0,F(C) ~ 0. (©) F1(C) > 0,(C) > 0. (d) F1(C) ~ 0,F(C) ~ 0.

Figure 3.15: The four possible initializations and placements of C. Gray illustrates the background region, blue
defines the object with the boundary Cp and the black squares represent the curve C. The scenario in fig. 3.15d
indicates the minimization of fitting term eq. (3.36). Inspired by [69]

that the minimization of the fitting term eq. (3.36) is given in the case where the curve C is placed
directly on Cy eq. (3.37) [69]:

ilélf{F](C) + FZ(C)} ~0~ Fl(Co) + Fz(Co). (3.37)

This minimization problem defines the basic principle of the Global CV method.

However, to make the Global CV model more adaptive, in regards to the dimensions of the objects
desired to be detected, some regularization terms are added. These are introduced through the energy
function F(C) presented on eq. (3.36) [69]:

F(C) =u - Length(C) + v - Area(inside(C))
A I .’ N 28 i
T /z'nside(C) ’ (l ]) Cl’ o ’ (3.38)

)\/ 1) — 25,9
Tt outside(C)l(l ]) C2’ o

where y > 0, v > 0 and Ay, Ay > 0 are fixed parameters. y is seen as a length parameter, and v as an
area parameter, both used to scale the relative importance of the contour C dimensions. In accordance
to [69], the three parameters value v = 0 and Ay = A, = 1 are chosen, and u varied to enable the
possibility to detect smaller objects.

The CV method is further described through a level set method, where the contour C is replaced
with ¢ and the following assumptions eq. (3.39) [69]:

C={@j)eQ:9(ij) =0}
inside(C) = {(i,j) € Q= ¢(i,j) >0}, (3.39)
outside(C) = {(i,j) € Q: ¢(i,j) < 0}
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where () is the domain of image I so that C C (Y and ¢ : O — R [69]. Thereby, the object boundary is
given by the zero-level curve of the level set function ¢, as presented on fig. 3.16. Next, assuming the

C

outside(C) (@=0)
(9<0)
inside(C)
(p>0)
inside(C)
(9>0)
outside(C)
(9<0)
C
(9=0)

Figure 3.16: The curve C represented as the zero-level line of a level set function. Inspired by [69]

inside of the contour C as the regularized Heaviside function H. eq. (3.40) [69]:

He($(i,])) = ;<1 + 2 arctan (¢<é’j>)>, (3.40)

and the associated Dirac delta measure, being the derivative of H, to describe the surface of the
contour C as eq. (3.41) [69]:

.. OHc((i,j 1 €
oe(p(i,]) = W T (3.41)

where the parameter € is kept constant at € = 1 in accordance with [69]. The energy function of CV
can now be written as eq. (3.42) [69]:

14/ ¢(i,7)|Ve(i j)|oidj
+/ 1, /) — c1PHe(p (i, ))0id] . (3.42)
+ [ 106, ) = e2P(1 = He(@ (i, j))oid)

Now, to segment a given image I, the energy function eq. (3.42) is minimized with respect to the
average intensity constants c; and c; which are expressed as functions of ¢. By keeping ¢ fixed, the
constants are defined as eqgs. (3.43) and (3.44) [69]:

_ Jo10 ]' ¢ (i, j))oioj
ci(p) = [ H (90 ] Joi0] (3.43)
_ Joll, f (¢(i 1))0i0]
which in a more simplified version can be explalned as eq. (3.45) [69]:
{cl(cp) = average(I) %n {¢p >0} (3.45)
c2(¢) = average(I) in {¢ <0}
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Next, by keeping c; and c; fixed, the gradient descent equation for the evolution of the level set
function ¢ is derived from eq. (3.42) as eq. (3.46) [69]:

2L s v (o) - (160 -a) + (160~ a) ], (3.46)
which is discretized using standard finite differences as eq. (3.47) [69]:
PN D ) [ - ( AL (i) )
At V(B19 ()02 + Ll + 1)k — pli] — 1))
+un ( AL (i) > (3.47)

VLG )R+ L@+ 1)k — pli —1,)))2
2 2
- (160 = ea(@(i.9) -+ (16,9 - x((i,)) |
where the forward and backward standard differences are defined as:

AL @(ij) =@(i,)) —p(i—1,j), ALe(i,j)=¢(i+1))—¢()),
N g@i,j)=¢@,)—¢l,j—1), Aglj) =¢Gj+1)—¢@))

Lastly, the approach of the Global CV method is summed up and presented in alg. 6:

(3.48)

Algorithm 6: Chan-Vese algorithm

fori =1to M do
forj=1to N do
Initialization of level set function ¢(i,7)° = ¢(i,)o;
for k = 0 to k;;u, do
Calculate H(¢(i,j)¥) using eq. (3.40);
Calculate 6 (¢ (i, j)¥) using eq. (3.41);
Compute c1(¢(i,7)¥) and c2(¢ (i, j)¥) using egs. (3.43) and (3.44);
Solve eq. (3.47), to determine ¢ (i,j)**;
end
end

end

First the initialization of the model is executed by the placement of the initial contour, defining the
zero-level set. The Heaviside and Dirac are hereafter calculated. The average intensity values c; and
cp are calculated based on the location of the level set function ¢ (i, j). Using the two constants, ¢ (i, )
is evolved according to eq. (3.47), resulting in ¢(i,j)**!. This procedure is handed out for the given
kmax amount of iterations, yielding the finalized contour ¢ (i, j)*m.

Localizing Region-Based Active Contours (Local CV & Local MS)

The second method analyzed, is based on the local region-based active contour framework presented
by Lankton et al. [70]. Their work was focused on creating a framework for region-based segmentation
utilizing localized versions of already existing region-based energies, such as [69, 73]. Basing the active
contour on local properties instead of global, is favorable for images where the ROI and background
shares same statistical model, and thereby considered as heterogeneous.
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Like the method Global CV, the localized framework considers a given image I, as the initial image
to be processed, defined in the domain (). A closed contour is denoted C, which determines the
binary initialization of the active contour. The contour C is described through the level set function ¢
in accordance to eq. (3.39). The implementation of the localized region-based model analyzed in this
study, utilizes the same Heaviside function He(¢p(i,)) eq. (3.40), originally presented in Global CV, in
describing the inside region of the contour ¢. Again, where the condition parameter € is kept constant
at € = 1 in accordance to [69]. The exterior of ¢, being the region outside of the contour, is defined
as (1 — He(¢(i,j))), and the area around the contour is specified using the same Dirac delta function
eq. (3.41).

To only consider the local regions of the contour ¢, Lankton et al. introduced the idea of adding
an object, such as a disk or square in the peripheral of ¢p. Where after the evolution of the contour is
based on the local properties within this object, instead of the global properties for the entire image I.
Such an object can be described as a disk through the characteristic function eq. (3.49) [70]:

Lo flx—yll <r

D(x,y) = { (3.49)

0, otherwise.

where the points y(7,j) within the area defined by a radius r from the center point x(7,j) is 1 and 0
otherwise.
Next, to determine the local growth or retreat of the active contour, an energy function E is defined
as eq. (3.50) [70]:
E(¢) = |, 9¢() [ D(xy)-F(y), p(v)ayox. (3:50)

Y

The energy function has an internal energy function denoted F, which is considered a generic function,
as it is replaceable by various local region-based energy measures, such as localized versions of [69,
73].

The internal energy function F is multiplied with d¢(x) in the integral over x, hence the integral
of the circumference of the curve. This ensures that the growth of the contour will not result in new
contours, but still allows for splitting and merging of the contour, as it adheres to the circumference.

Next, by applying each x in d¢(x) with the object mask D(x,y), it is ensured that the energy
function F only considers local information in the neighborhood of x.

Lastly, curve smoothing of the final contour is ensured by applying a regularization term to the
energy function E, resulting in E., as eq. (3.51) [70]:

Ens(9) = E@) +a | 0(x)[|99()]lox @51

where the parameter « is used to weight the smoothing factor. Next, the evolution equation for this
energy equation can be found by taking the first variation of E;.(¢) with respect to ¢, resulting in
eq. (3.52) [70]:

9 (x) = 69 (x) /Q D(x,y)- ¥ p() F(1(y), $())3y
RO o

+o-
(woen)

By utilizing the object structure D(x, y), the global constants earlier presented as egs. (3.43) and (3.44)
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are transformed to localized versions u, and v, egs. (3.53) and (3.54) [70]:

Jo, D(x,y) - H((y)) - 1(y)ay
Jo,D(x.y) - H(p(y))oy

Jo, D(x,y) - (1= H(g())) - 1(y)y
Jo, Do y) - (1— H(g(y))ay

Next, by inserting these local intensity means in internal energy functions, such as the one used in
Global CV, the Local CV is given as eq. (3.55) [70]:

Fov = H(g(y))(I(y) — ux)* + (1= H(p(y))) (I(y) — vx)?, (3.55)

which can be used directly as an energy measure for eq. (3.51). To derive the evolution equation for
the curve ¢, the derivative of Fcy is taken with respect to ¢ (y), which yields eq. (3.56) [70]:

Uy = (3.53)

Uy = (3.54)

Vo Fev = 6¢(y) (I(y) — 1x)? = (I(y) — vx)?). (3.56)

When inserted into eq. (3.52), the definition of the curve evolution ¢ for the Local CV energy as:
eq. (3.57) [70]:

Y

2 (x) =69 (x) [ D) 09 () ((1(w) 1) — (1y) — 02y +- <‘54’(ff 657

where the minimum energy, is obtained, when each point around the curve has evolved, such that the
local interior and exterior for every point is best approximated by the two local means u, and v, [70].

Another example of an region-based energy, denoted Local MS, which has been analyzed and tested
is, the one presented by Yezzi et al. [73]. This energy function, which is defined as mean separation
energy is given on its global form as Eys eq. (3.58) [70]:

Ems = / (c1—2)?, (3.58)
t4
where c; and ¢, are the global intensity means presented in eqs. (3.43) and (3.44). The energy model
proposes that the mean intensities for the interior and exterior regions should be maximally separated,
thereby creating the largest contrast.
By inserting the local intensity means as defined by egs. (3.53) and (3.54), the local internal energy
function Fys is given as eq. (3.59) [70]:

Fys = /Q (ux — vx)?, (3.59)

which is a valid energy measure for E.¢(¢) eq. (3.51). Again, as for the Local CV Fcy, the local curve
¢ evolution is found by inserting the derivative of Fys into eq. (3.52), leading to eq. (3.60) [70]:

—uy)? —0,)?
) =00(x) [ D) gy) (HLtS - B =R >ay+w-%, 3.60)
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for which A, is the area of the local interior region, and A, the area of the local exterior region:

Av= [ Dlxy)-Hg)ay, (3.61)
Ao= [ Dlxy)- (1 Hg)ay, (3:62)

where the minimum energy is obtained when the largest difference between the two local means u,
and v, for every point x on the contour ¢.

The localized region-based active contour framework, using both Local CV and Local MS energy
models, are summarized through alg. 7.

Algorithm 7: Localizing Active Contour

fori=1to M do
for j =1to N do
Initialization of level set function ¢(i,)° = ¢(i,)o;
Initialization of object size D(x, y);
for k =0 to k,;,; do
Calculate H(¢*(y)) using eq. (3.40);
Convolve D(x,y) with H(¢*(y));
Convolve D(x,y) with H(¢*(y)) - 1(y);
Compute u, and v, using the two above convolutions in egs. (3.53) and (3.54);
Compute either alg. 8 or alg. 9, depending on the desired energy model;
end
end

end

Algorithm 8: Local CV energy model

Compute V4, Fcy using eq. (3.56);
Use V4, Fcv to solve eq. (3.57), and thereby determine P

Algorithm 9: Local MS energy model

Compute A, and A, using egs. (3.61) and (3.62);
Use A, and A, to solve eq. (3.60), and thereby determine cpk“ ;

First the algorithm is initialized by the placement of the initial contour ¢, defining the zero-level
set for the given image. In addition the size of the object D(x,y) is calculated. The inside of the
contour for the given iteration is calculated. To ensure that only local properties are used in the
evolution computation, the object D(x,y) is convolved with H(¢*(y)) and H(¢*(y)) - I(y). Hereafter,
the local average intensity values u, and v, are calculated for the given placement of ¢k For both cases
of energy models, the two local constants are used to estimate the evolution of ¢, using eq. (3.57)
for Local CV and eq. (3.60) for Local MS. This procedure is conducted for the given k;,,, amount of
iterations, yielding the finalized contour ¢n.
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3.4.6 Segmentation Validation

Segmentation evaluation is an important step in order to verify and compare segmentation methods.
The subject of segmentation evaluation is much discussed as it is considered a difficult task. Image
segmentation is strongly depended on the HVS, and is highly subjective, and thus it is difficult to
create a valid evaluator.

Overall, segmentation evaluation can be divided into two categories, objective and subjective [74].
Subjective methods are based on a fully human evaluation. However, this is a disadvantageous ap-
proach as the same segmentation might be scored differently by different evaluators, because of the
human interpretation [74]. In order to have a non biased subjective evaluation, a large evaluator
group as well as a high number of images for evaluation should be available. This makes subjective
evaluation highly time consuming and tedious [74].

The counter part, namely objective evaluation, does not use human evaluation but rather methods
creating consistent unbiased results. Objective methods is therefore, when compared with the sub-
jective methods, faster and simpler to use. However, defining an objective method capable of correct
evaluating might be more challenging, as segmentation is a subjective matter in general.

Objective evaluation can be further divided into supervised and unsupervised methods. Super-
vised methods utilizes a ground truth or a golden standard as comparison for the segmentation eval-
uation, whereas unsupervised evaluators use no reference. A lot of different unsupervised evaluation
methods exists [74]. These can be highly effective in a scenario where different segmentation methods
are to be compared, or a single segmentation method is tested with different parameters. However,
none of the existing methods shows exceptional performance and is neither consistent nor robust [74].

Objective supervised evaluation is used in this study, mainly because the subjective evaluation
is highly time consuming and tedious. Secondly, because non of the unsupervised methods shows
promising results.

Segmentation must be evaluated on three different parameters, namely; accuracy, precision and
efficiency [75]. The accuracy covers how far the results are from the ground truth. The precision of a
segmentation concerns how consistent it is when repeated and using different inputs. And finally, the
efficiency refers to the practical use of the method [75]. Two common types of metrics are used in this
study to evaluate the segmentation, namely distance-based metrics and volume-based metrics.

Distance-based metric

Distance-based metrics are used to measure the delinearity in the boundary of a segmentation, thus
the distance between the ground truth boundary and the segmented result [75]. One such distance-
based metric is the Hausdorff distance [76]. The Hausdorff distance measures the maximum difference
error in a segmentation. All minimum distances, the infimum {d(i, j) }s,,, B¢, for each point Bs (i, )
in the segmentation result contour B of size M x N, to the nearest point Bgr(i,j) in the ground
truth contour Bgr of size M x N is calculated. Likewise the infimum {d(i,j)}B.; 8., is calculated as
these might be different. The Hausdorff distance dp(Bseg, Bor) is then given by the maximum, the
supremum, of the two infimums {d(i, j) } 8,,,+Bs; and {d(i, j) } Bo;—B., [57]. The final formula for the

Hausdorff distance is given by eq. (3.63) [57]:

du(Bseg, BoT) = max{ sup inf  d(Bug(i,f), Ber (i, j),
Bieg (i,/) €Bseg Bor (i) €Bor (3.63)

sup inf d(Bseg(irj)/ BGT(i/j))}

BGT(irj) e]-?'GT Bseg(i/j) EXBseg
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where, i € 1,2,..,M and j € 1,2,.., N are indices in the M x N contours Bs,, and Bgr. A visual
representation of the Hausdorff distance and its asymmetry is seen in fig. 3.17. The Hausdorff distance
is useful for assessing the border differences between two contours, which is especially important in
this study, as the border of the segmentation is considered the most crucial part.

BS{'g
Ber
sup inf  d(Bseg(i, ), Bor(i j))
Ber(i,j)€Bar Bugg (i) € X By
sup inf d(Bug(i, ), Bor(i,j)

Bicg (i,f)€Bseg Bor (i) €Ber

Figure 3.17: Visual representation of the Hausdorff distance for a segmentation result contour Bs.e and a ground
truth contour Bgr.

Volume-based metric

Volume-based metrics measures the area or volume difference between two contours. Area evaluation
results can statistically be divided into four cardinalities; true positive (TP), true negative (TN), false
positive (FP) and false negative (FN). These four categories are given by egs. (3.64) to (3.67):

Arp = Awg N Acr, (3.64)
ArN = Ascone — Asg — AGr, (3.65)
Arp = Awg — AGr, (3.66)
ArN = AGT — Aseg- (3.67)

For a segmented result area Ay, and a ground truth area Agr, the Arp area is the intersection
of the two, and defines the correctly segmented area. The Ay is the correctly rejected segmented
area, and is the two areas subtracted the Ag.,, which is the rest of the image. The Arp defines
over segmentation meaning the area of A, not part of Agr. Lastly Apy is the under segmentation
meaning the area of Agr not part of Ase. Arp and Ay can provide an adequate estimation of the
tendencies of a segmentation algorithm, and can efficiently be used to adjust different parameters. A
representation of the four types of areas is given in fig. 3.18.

These four cardinalities can further be used to specify the ratios of accuracy for the segmentation,
defined as egs. (3.68) to (3.71):
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Figure 3.18: Visual representation of the TN, TP, FP and FN for a segmentation result contour Bs.g and a ground
truth contour Bgr

Arp

TPR = Sensitivity = ————, 3.68
4 Arp + AN (3.68)
A
TNR = Specificity = ﬁ, (3.69)
TN FP

Arp
FPR = Fallout = ————— =1 —TNR, 3.70
Arp+ArN (5-70)

Arn

FNR= ———— =1-—TPR. 3.71
Arn + ATp (3.71)

These ratios give at better representation of the individual cardinalities, in relation to the seg-
mented image. One of the most common and used volume-based metrics, used for medical image
segmentation evaluation [77], is the Dice coefficient [78] which is defined as eq. (3.72) [77]:

. 2'|AsegmAGT| o 2'ATP
|Aseg| + [Agr|  2-Arp+ Arp+ Arn
The Dice coefficient provides a value between 0 and 1, where 0 represents no overlap and 1 total

overlap. The volume-based metrics can give a good general indication of the differences in two seg-
mentations.

D (3.72)
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3.5 Registration

Registration within medical images is the proces concerning the alignment of two or more images. The
alignment means that features, present in two or more images, are aligned so their coordinates become
equal. In image registration there is distinguished between the fixed image, which stays stationary
through the alignment process, and the moving image applied with the alignment transformation.

The process of image registration is often important and needed in medical image processing.
Registration has a large application range, from aligning images with different modalities to the align-
ment of two 3D structures. The importance of image registration in this study, is due to the HR-pQCT
image dataset acquisition. The image datasets are acquired in 3 sets of 110 images, which each takes
around 3 min to compute. Because of this relatively long acquisition time, it is practically impossible
for the patient undergoing the scan, to remain completely still in the scanned area. This results in
movement a rotation in the bone placement between the 110 image acquisitions, as seen in fig. 3.19.
The alignment of the bone structures in the image is important for further analysis, both in subjective
and objective erosion detection.

ttse KX

(a) 3D representation of entire dataset. Visible registration prob- (b) 2D representation of registration problem between
lems are seen between image slice 110-111 and again between 220-  image slice 110 and 111, purple and green pixels repre-
221. sents differences between the two slices.

Figure 3.19: 3D and 2D representations of the registration problems.

As explained, image registration is a broad image processing subject, both in techniques and
applications. Because of this, a classification was performed in [79], and further classified with subcat-
egories by [80], and explained by [81, 82, 83]. The registration categorization is a high level division
containing nine overall categories, each with their own subcategories. The categories are seen in
list 3.2.

The dimensionality of a registration is the number of dimensions in the images to be aligned e.g.
2D-2D, 2D-3D or 3D-3D. Higher dimensions are intuitively more complex. Time can also be a factor
in the dimensionality of a registration, also adding to the complexity. The nature of registration basis
can be either extrinsic or intrinsic. Extrinsic means images are aligned according to foreign objects
in the image e.g. screws, fixtures or frames. Intrinsic methods only uses patient information in the
images to determine the transformation, and can be subdivided into landmark, segmentation, voxel
property and classification based methods.

Landmark based methods uses a limited set of points, corresponding to equal positions in the
moving and fixed image. The points can either be anatomical, typically selected subjective, or geo-
metric, typically selected automatic. Segmentation based methods utilizes similar segmented areas
in the moving and fixed image, and use these areas as basis for the transformation. Voxel intensity
based methods use the information from all the voxel or pixels in the moving and fixed image. Voxel
intensity based methods typically consist of an image metric, describing the correlation between the
moving and fixed image, and an optimization process finding the best image metric. Lastly, is the clas-
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List 3.2:

1. Dimensionality
(a) Spatial
(b) Time

. Nature of the registration basis
(a) Extrinsic
(b) Intrinsic

. Nature of the transformation
(a) Rigid
(b) Affine

(c) Projective
(d) Curved

Domain of the transformation

(a) Global
(b) Local

. Interaction

(a) Interactive
(b) Semi-automatic

(c) Automatic

3.5. Registration

Registration categorization

6. Optimization

(a) Computed
(b) Searched

7. Modalities involved

(a) Monomodal
(b) Multimodal

8. Subject

(a) Intrasubject
(b) Intersubject
(c) Atlas

9. Object

(a) Head

(b) Thorax

(c) Abdomen

(d) Pelvis and perineum
(e) Orthopedic

(f) Spine and vertebrae

sification based methods, which extract a finite number of features from both the fixed and moving
images. These features are then compared, to find similar features, thereby resulting in the optimum
transformation.

The nature of transformation describes the transformation applied to the moving image. This can
be either rigid, affine, projective or curved. The effect of each type of transformation is seen in fig. 3.20.
The domain of the transformation can either be global or local, which is also illustrated in fig. 3.20:

The interaction of the registration, is the amount of user interaction involved in the process. This
can be interactive, semi-automatic or automatic. The amount of user interaction is also a complex-
ity reference, as the more automatic the registration is the more complex. The optimization of a
registration is different based on the nature of the registration. For landmark based methods, the
transformation can typically be computed, whereas for segmentation, voxel intensity and classifica-
tion based methods, the transformation is searched for though optimization algorithms. The modality
of a registration concerns the modalities of the images used in the registration. If the images are of
the same modalities, they are referred to as monomodal, whereas multiple modalities are referred to
as multimodal. If the registration is either monomodal or multimodal, different types of both nature
of transformation, optimization and transformation are used. Multimodal images tend to be more
complex, as simple reference points or voxel intensities are not similar. The subject of a registration
refers to the person involved in the registration. It can either be intrasubject if the images origin from
the same person, intersubject if the images are from different persons, or atlas if a persons images are
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Original

¥

Rigid Affine Projective Curved

Figure 3.20: Points mapped from one image to another, using the rigid transformation have the same distance
between them. In an affine transformation, parallel lines from one image is mapped to parallel lines in another
image. Projective transformation maps lines in one image to lines in another image. Finally, curved transfor-
mation maps lines in one image to curves in another image. These transformations can either be performed
globally on the entire image or locally applied to sections of the image.

Global

Local

registered to a constructed model. Lastly, the object of a registration is the anatomically object e.g.
head, thorax, pelvis or abdomen [83].

Based on the categories presented and a preliminary research and development study [84], a clas-
sification of the registration problem for this study is conducted, and seen in table 3.1:

Table 3.1: Registration categorization for HR-pQCT image dataset

Dimensionality Spatial 2D-2D
Registration basis | Intrinsic voxel intensity based
Transformation Rigid
Domain Global and local
Interaction Automatic
Optimization Searched
Modality Mono-modal HR-pQCT
Subject Intrasubject
Object Orthopedic Hand

The dimensionality is 2D-2D, as the only registrations needed are between slice 110 and 111 and
between 220 and 221. The nature of transformation is defined as voxel intensity based, as it is com-
monly used and shows reliable results, both in accuracy, precision and computationally complexity
[84]. The domain of the transformation is limited to rigid transformation, as other transformation
types may disrupt the integrity of the information in the images, which will decrease the prognosis
reliability. The domain of the transformation is both local and global, as both types will be tested.
Tests concerning global transformation of the whole image, will be compared to local transformations
of the individual joints. The reason for the local transformation is that the patient movement may not
produce the same transformation in the individual joints. The interaction of the algorithm shall be au-
tomatic. Because of the choice of voxel intensity based methods, the optimization process is searched.
As the images are all HR-pQCT images, the modality is monomodal. The individual datasets origins
from the same patient, meaning the subject is intersubject. Lastly, the object is the hand.
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3.5.1 Proposed Registration Method

Based on the classification of the registration needed, as presented in section 3.5, a registration method
is proposed. As the patient motion resulting in the registration problem may produce different trans-
formations for each joint, local registration for each joint may be desired. In order to create a local
registration for each joint, a clear segmentation and separation of each joint is needed. This means that
the registration should be carried out after the segmentation. For the proposed registration method the
binary images, results from the segmentation method. This is done, as their borders are the periosteal
border, which is the border desired to be aligned. Therefore, the assumption is that the segmentation
provides a clear segmentation of the periosteal bone, as the registration otherwise will produce false
alignment. The binary image is selected, as a clear monomodal separation is then obtained, thereby
eliminating registration errors produced by image noise and artifacts. Simple registration techniques
can also be used, as the image will have a clear optimization minimum, which also implies faster
execution time. The final proposed method, either global or local, are to be selected through experi-
ments, testing both methods performances. A simple run-through of the global registration process in
algorithmic form is seen in alg. 10.

Algorithm 10: Global registration process algorithm

trans formation = registration(dataset(110), dataset(111));
for i = 111 to 220 do

| dataset(i) = interpolate(dataset (i), trans formation)
end
trans formation = registration(dataset(220), dataset(221));
for i = 221 to 330 do

| dataset(i) = interpolate(dataset (i), trans formation)
end

The global registration initiates with the registration of image slice 110 as the fixed image and the
image slice 111 as the moving image. The registration returns a transformation aligning the moving
and fixed image. Each image in the segmented binary dataset between image slice 111 and 220 are
then interpolated using the transformation. Following is a new registration of dataset image slice
220 as the fixed image and the dataset image slice 221 as the moving image. The segmented binary
dataset images between 221 and 330 are then interpolated with the returned transformation. A simple
run-through of the local registration process is also presented in algorithmic form in alg. 11.

The local registration starts with the separation of each joint in the binary segmented dataset, using
the function cropjoints. This function returns four binary segmented datasets of same size as of the
original dataset, each containing one of the four joint contours. A registration process with image
slice 110 as the fixed image, and image slice 111 as the moving image, is applied for each joint dataset,
thereby providing four different transformations. Each joint dataset image slices between image slice
111 and 220, are then interpolated using their corresponding transformation. Following a registration
process, with joint dataset image slice 220 as the fixed image and joint dataset image slice 221 as the
moving image, are carried out for each joint dataset, resulting in four new different transformations.
The joint dataset image slices between 221 and 330 are then interpolated with their corresponding
transformation.
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Algorithm 11: Local registration process algorithm

[jointy, jointy, joints, joints] = cropJoints(dataset);
trans formation; = registration(joint1(110), joint;(111));
trans formation, = registration(jointy(110), jointy(111));
trans formations = registration(joints(110), jointz(111))
trans formationy = registration(joints(110), joints(111))
for i =111 to 220 do
jointy (i) = interpolate(jointy (i
jointy (i) = interpolate(jointy(i
joints (i) = interpolate(joints(i
jointy(i) = interpolate(jointy(i
end

7

4

, trans formation, );
, trans formationy);
).
)

,trans formations
,trans formationy

7

7

— — — —

trans formation; = registration(joint1(220), joint;(221));
trans formationy = registration(jointy(220), joint;(221));
trans formations = registration(joint3(220), joint3(221));
trans formationy = registration(joint4(220), joints(221));

for i = 221 to 330 do

jointy (i) = interpolate(jointy (i), trans formationy );

jointy (i) = interpolate(jointy (i), trans formationy);

joints (i) = interpolate(joints(i), trans formations);

jointy (i) = interpolate(jointy (i), trans formations);
end

3.5.2 Registration Framework

Through the categorization of the registration problem, voxel intensity based methods were chosen
as the nature of the transformation. Voxel intensity based methods can all be described through a
framework, which is seen in fig. 3.21.

Transformation Framework

Moving image Optimizer

Fixed image Interpolator Transform

Figure 3.21: Registration framework.

The framework consists of several components, each having their own responsibilities in the reg-
istration process. The metric component calculates a similarity metric based on the moving and fixed
image. The metric gives an indication of how similar the images are, and the process then finds the
transformation that gives the best possible metric. A lot of different metrics exist, some of the simplest
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are mean square, sum of squared difference, cross-correlation and ratio image uniformity [85], which
are typically used for simpler registrations like monomodal registrations. The reason for this is that
the image intensity values are similar, and a global point where the intensities are overlapping exists.
If the images are multimodal, they might consist of significantly different intensity values, meaning
no global intensity overlap exists. This problematic in multimodal image registration calls for other
similarity metric, most commonly based on information theory. The first proposed method using
mutual information in the images was proposed by Maes et al. [86]. This technique is based around
Shannon’s entropy, but other information theory metrics using other entropies exist [82].

The metric is optimized through the optimizer, and is typically an iterative process, finding either
a maximum or minimum of the selected metric. Like the metric, several methods of optimization
exist. The optimizer and its performance highly depends on both the metric and the transformation
applied. If the images are monomodal and only a rigid transformation is applied, a local minimum or
maximum is easily found. On the other hand, if images are multimodal and a curved transformation is
applied, there may exist multiple local minima and maxima, making the optimization nontrivial. The
transformation calculated by the optimization, can be either of the transformation types described
in section 3.5. The complexity of the registration follows the amount of degrees of freedom in the
transformation, making global rigid transformations the simplest and local curved transformations
elaborate. The final component of the voxel intensity framework is the interpolation, which applies
the transformation to the image. The interpolation is necessary as the transformation does not directly
apply to pixel coordinates, therefore an approximating pixel placement is needed. Because of the
approximation factor of the interpolation, some image information is changed or removed, thereby
degrading the reliability of the image information. The interpolation can also have different types
of complexity varying based on its type e.g. linear or spline interpolation. For this study a linear
interpolator is used, as the transformation is simple.

3.5.3 Transform

The transform component creates the specific transformation which is to be applied to the moving
image. As explained in the categorization of this studies registration section 3.5, the transformation
used is rigid. A rigid transformation is the simplest transformation type and consist of translation and
rotation. A translation i 2D can be specified accordingly to eq. (3.73) [81]:

X 1 0 o, X
Ts({y|)=(0 1 & | (v], (3.73)
1 00 1 1
x
where Ts( | y | ) is the translated coordinates for x and y. The parameters 4, and J, are the translations
1
in x and y direction, respectively. A rotation transformation is achieved through eq. (3.74) [81]:
X cos —sinf 0 x
To({y]|)=|[sin® cosé O |y]|, (3.74)
1 0 0 1 1

where 6 is the degree of rotation, from the origo of the image. A combined rigid transformation is
achieved through a matrix multiplication as seen in eq. (3.75):
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X cosf —sinf 0 1 0 & X
Tigia(|y])=|sin® cos6 0f [0 1 4, v]. (3.75)
1 0 0 1 0 0 1 1

The order of multiplication of the rotation and translation matrices, specifics the appliance order
of the transformation.

3.5.4 Metric

The metric determines the similarity in the moving and the fixed images, and is either maximized or
minimized through transformation and optimization. Through the preliminary research and develop-
ment study [84], several different metrics were tested, including mean square, correlation coefficient
and mutual information. Through various experiments, the mean square metric, was deemed best
based on the results. For this study this metric is therefore selected. The mean square metric calcu-
lates the mean squared intensity difference between the fixed and moving image. The metric J(T;4q)
can be formulated as a function of the applied transformation as seen in eq. (3.76):

= Y ()~ T )2, (376)

wherei € 1,2,..,,M,j €1,2,..,N are indices of an M x N image, the moving image is f and the fixed
image is I.

3.5.5 Optimizer

The optimizer is responsible of finding the best possible transformation that gives the best metric.
Through the preliminary research and development study [84] two different optimizers was evaluated,
namely gradient decent and regular step gradient descent. Gradient decent is one of the most used
optimizers existing, and is a first-order optimization, that optimizes towards a local minimum using
the gradient of a cost function. In this setup the cost function is the metric calculation. The gradient
decent calculation of a new transformation matrix through each iteration is seen in eq. (3.77):

Trigia = Trigia — J(Trigia), (3.77)

lxaTrigid
where T;g;y is the rigid transformation performed on the image, ﬁ J (Tn-gid) is the gradient of
the metric, thereby ensuring that the optimizer travels towards the minimum of the metric value.
The learning rate a regulates the optimizers convergence rate towards the local minimum. If the
learning rate is too high, the optimizer might surpass the minimum, thereby never converging, and
likewise, if too low never reach the minimum. Along with the gradient descent is a gradient magnitude
tolerance, controlling the stopping criteria for the optimizer. When the gradient is smaller than the
gradient magnitude tolerance, the optimizer stops. The learning rate for the normal gradient descent
is typically hard to choose, therefore different other gradient descent optimizer variants exist, each
having their own learning rate calculation. One of those is the regular step gradient descent, which
reduces the learning rate with a relaxation factor, each time the direction of the gradient is changed,
thereby resulting in a better convergence [87]. As a result of the preliminary research and development
study [84], the regular step gradient descent was deemed best, and is therefore used in this study. The
values for the parameters of the regular step gradient decent is seen in table 3.2. The constant values

were based on both manufacturer values [87] and initial experimentation testing.
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Table 3.2: The constant parameters for the registration optimizer

Final
Maximum step length | 0.3
Maximum iterations 140
Relaxation factor 0.3
Gradient Magnitude | le-5

3.5.6 Registration Validation

A difficult process in the registration of medical images is the validation of the registration. This is a
difficult matter because of the typical lack of a golden reference used for comparison. It is typically
a subjective evaluation of the registration based on a visual inspection. Medical image registration
evaluation consist of many factors, which were presented by Maintz et al. [83]. They presents a list
consisting of eight different factors and catagories of validation. The categories can be seen below in
section 3.5.6.

1. Precision

Accuracy
Robustness/stability
Reliability

Resource requirements
Algorithm complexity

Assumption verification

© N o Gk WD

Clinical use

The precision and accuracy of medical image registration are the most important factors. The
accuracy indicates how close the registration is to the ground truth, and the precision represents the
consistency of the registration in its prediction capabilities. The robustness of a registration explains
how well it performs with variations in the input data e.g. different orientations, noise and artifacts.
The reliability of a registration defines its ability to produce the same results for the same type of data.
Resource requirements indicates the needed resources for the registration to perform e.g. images or
personal. The algorithm complexity is concerned with both the space and time complexity of the
registration, which is highly related to the application area e.g. real time applications. Assumption
verification is related to eventual mathematical assumptions made, based on the registration, which
needs to be verified, in order to prove the collected verification of the registration. Lastly, the clinical
use refers to the need of the registration in clinical context [83].
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3.6 Erosion Detection and Quantification

The final step of the overall proposed method is the erosion detection and quantification. The detec-
tion is the ability to locate the erosions in the joints, whereas the quantification is the determination
of relevant metrics regarding the erosions. In order of an erosion to be detected, a clear defini-
tion is necessary, as not all cortical breaks are considered a result of RA, e.g. cysts which are non-
pathological break. A clear definition of a pathological cortical bone disruption as a result of RA in
HR-pQCT images has been accepted by the SPECTRA (Study grouP for xtrEme-Computed Tomog-
raphy in Rheumatoid Arthritis) collaboration. The definition is primarily dedicated manual erosion
detection, and consists of five criteria, which must be satisfied for a cortical break to be considered a
result of RA. These five criteria are presented in list 3.3 [13]:

List 3.3: SPECTRA erosion criteria list.

1. Presence of a definite interruption in the cortical bone.

2. Cortical break must extend over at least 2 consecutive slices.
3. Cortical break must be detectable in 2 perpendicular planes.
4. Loss of underlying trabecular bone at the cortical break.

5. Nonlinear in shape (to differentiate from vascular channels penetrating the cortices.)

These five criteria will be used for the proposed automatic detection method. In addition to the
guidelines corresponding to erosion detection, the SPECTRA collaboration also accepted procedures
for 2D erosion quantification. These procedures include measuring of the width and depth of a cortical
break. The two procedures are listed in list 3.4 [13]:

List 3.4: SPECTRA erosion quantification procedures list.

1. The maximum width of the cortical break is determined by drawing and measuring the length of
a straight line between the 2 margins of the break, in both axial and corresponding perpendicular
planes independently.

2. The depth measurement of the cortical break is taken at an 90° angle to the drawn width line,
extending to the deepest point in the erosion.

For the proposed erosion quantification method, these procedures will be used to define the width
and depth of the erosions. In addition to the width and depth, the volume and centroid of the erosions
are to be determined as well.

3.6.1 Proposed Erosion Detection and Quantification Method

Using the segmented and registered binary images as a starting point, the erosion detection and
quantification method is based upon a series of image manipulation steps, primarily morphological
operations as presented in section 3.4.4. The steps defining the detection method is described first,
followed by the quantification method.
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Detection

The detection method is presented through four main steps, which are explained below, and presented
in fig. 3.22.

Proposed Detection Method

Cortical break Cortical border Erosion

Bone isolation . . . a Isolate erosions
identification determination refinement

.:m’::*-
<% - &

Figure 3.22: Overview of the main steps in the proposed detection method. First step consists of the isolation of
the individual bones, secondly identification of cortical breaks followed by the thrid step which is determination
of the cortical border. Based on the cortical border, step four consists of isolation of erosions meeting SPECTRA
criteria, and lastly a refinement process to obtain the true volumes of the detected erosions.

Step 1 - Cortical break identification: The first step of the detection method finds all cortical breaks
present in the segmented and registered binary dataset, thereby providing a basis for all plausible
erosions. The identification of the cortical breaks are based upon the usage of the morphological close
operation, which closes all cavities in the segmented periosteal surface.

To avoid erroneous closing in the regions of the scan containing joint changes, each finger bone is
isolated and manipulated independently, as seen in first step of fig. 3.22. During this process, it was
decided to remove the 20 slices closest to the joint change for both bones within the joint. The reason
for this is twofold, first to create such a large separation between the objects, so that closing will not
connect the two, and secondly to avoid incorrect detections within this area due to the low image
quality seen for joint changes. This decision introduces a limitation of the method, which disables it
from detecting erosions in these areas. However, due to the image quality, the reliability of such a
detection would be low if introduced.

Because of eventual registration error, which is not corrected during the registration process, each
of the independent joints are manipulated in the axial slice planes 0 — 110, 111 — 220 and 221 — 330.

Each of these bone structures are applied with 2D morphological close operations, using a disk
structuring element with a radius of 20 voxels, in each plane (axial, coronal and sagittal) resulting in
three independently closed structures. In order to meet item 3 in list 3.3, each element detectable in
two of the closed dimensions are kept, which is ensured through eq. (3.78):

Bciosed (i, ) = Bcioseax (i, 7) - Bciosedy (i, j) + Bcloseax (/1) - Bcioseaz (i, j) + Bcloseay (i, f) * Beioseaz (i, ),
(3.78)
wherei € 1,2,.,M j€1,2,..,Nofan M x N image, Bcjseq(i, j) is the resulting closed binary image,
Bcioseax (i, j) is the binary image closed in axial plane, B¢jpseqy (7, ) is the binary image closed in coronal
plane and B(jyseqz (i, j) is the binary image closed in sagittal plane.
In order to isolate the cortical breaks, the closed structure is subtracted from the original non-
closed structure, as seen in the second step of fig. 3.22. Due to small irregularities in the periosteal
surface structure, a large amount of undesired structures are present in the isolated cortical breaks
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as a result of the close operations. To obtain a cleaned set of cortical breaks, a 3D cleaning of these
structures is applied. The structural cleaning is done by only keeping voxels, of which 14 or more of
its surrounding 3-by-3-by-3, 26-connected neighbors are other binary true voxels, which result is the
second step of fig. 3.22.

Step 2 - Cortical border determination: The second step concerns the determination of the corti-
cal thickness. The cortical border is found by first combining binary bone structures with the set of
cavities produced in step 1, resulting in a solid version of step 3 of fig. 3.22. These closed bones are
seen as the complete periosteal surface without any cortical breakage, thereby creating a basis from
which the cortical border is determinable. Using the assumption made by Peters et al. [5] defining
the average cortical thickness in the MCP joints as 0.39mm, the thickness of the cortical border in the
images is defined as 4 voxels equivalent to 0.328mm [5]. By using the morphological erode operation
with a sphere structuring element of radius 4 voxels, followed by a subtraction from the original bi-
nary structure, the cortical border is obtained as seen in step 3 in fig. 3.22.

Step 3 - Isolate erosions: The third step of the erosion detection, is to isolate ortical breaks meet-
ing the criteria item 1 and item 4 listed in list 3.3. This step starts by subtracting the cortical borders
produced in step 2 from the cortical breaks identified in step 1, which removes all cortical breaks not
reaching the trabecular bone structures, as seen in step 4 of fig. 3.22. This procedure ensures item 1
and item 4 in list 3.3 is satisfied. A clear definition of how much trabecular bone loss is necessary for
an cortical break to be a erosion is not specified. Thus an assumption is made defining that an erosion
shall have a trabecular bone loss volume of minimum 100 voxels. This parameter can be changed
to regulate the threshold of trabecular loss for the detected erosions. To fulfill this assumption, the
minimum object removal method defined in section 3.4.4, is used to remove all erosions with a tra-
becular bone volume of less than 100 voxels, as seen in fig. 3.22. The remaining objects are hereafter
considered valid erosions. These valid erosions are then applied with their removed cortical border,
to return them to their original detected volumes, as seen in step 4 of fig. 3.22.

Step 4 - Erosion refinement: The last step of the proposed detection method is the refinement of
the detected erosions. The morphological close operation utilized in step 1, merely closes minor ero-
sions completely, resulting in large erosions being unclosed. To solve this, a refinement step with the
purpose of completely closing the erosions were added to the chain.

During this step, the original structure is first filled through a 3D morphological close operation,
with a sphere structuring element of radius 50 voxels. The 3D closed structure is then subtracted
with the original structure, resulting in a set of large filled areas. Next, a run-through is made to
check if two or more detected erosions from step 3 is located within a large closed volume. In such a
scenario, an assumption is made that the given volume is a single large unclosed erosion, resulting in
an addition of the larger volume to the erosion structure. This process is illustrated on fig. 3.22 step 4
to 5.

Due to noisy elements, such as patient motion and ring artifacts, some erosions were erroneous
detected on the outside of the true periosteal surface. In order to eliminate these false positives,
the width and depth measurements of the erosions, which are described further in this section, was
utilized. First, the coordinates of the deepest point of the erosion is found as P; on fig. 3.23, and P,
as the bone center coordinates of the respective image slice. Now, by comparing the distance between
the two points, with the distance from the center coordinate P, to the outer coordinates of the erosion
width measurement, it can be determined whether the erosion is located outside or inside of the
cortical border. In such as case, as illustrated on fig. 3.23, where the length of the blue dotted line
exceeds the length of the maximum of the two black dotted lines, the erosion is discarded.
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Figure 3.23: Illustration of refinement process to eliminate erosions located outside the cortical border. P is
the deepest voxel of the red erroneously detected erosion, P, represents the center coordinates of the bone in
the axial plane. The lengths marked with black dots illustrates distances from the center coordinates to the two
outer coordinates of the erosion width measurement. Lastly, the blue dotted line shows the distance from the
two points.

Finally, the remaining erosions are used to extract the associated properties as described below.

Quantification

The quantification method should be able to detect four different properties of the detected erosions,
namely the location through center coordinates, volume, width and depth.

Coordinates: The quantification method should be able to locate the placement of the erosion, in
regards to both the MCP joint and the location on the bone. This is obtained by determining the 3D
center coordinates of the erosion objects provided by the detection. These coordinates can hereafter
be used to specify the location within the dataset.

Volume: To quantify the volume of the individual erosions, the regional properties of the detected
objects are found, specifying the volume, which are then converted from voxels to mm?>. The volume
is found as the total sum of all voxels within the detected erosion.

Width: The maximum axial width of the erosions is found in accordance with the SPECTRA col-
laborations procedure item 1 in list 3.4, by measuring the direct length between the cortical break’s
periosteal surface points. This length is calculated in the axial plane in the axial center of the erosion.
The width is calculated using the distance formula between two points P; = (i1, /1) and P, = (i, J2)
eq. (3.79):

(P, Py) = \/(i2 — )2+ (2 — 1) (3.79)

Depth: The depth is found, likewise the width in accordance with the SPECTRA collaborations pro-
cedure item 2 in list 3.4. The depth is found as the maximum orthogonal line drawn from the earlier
obtained width, reaching the inner tubercular border of the erosion. The following equation defines
the distance between a point perpendicular to a line, defined by two points, is given by eq. (3.80):

|(j2 — j1)io — (i2 — i1)jo + iaj1 — jai1]
V02— j1)?+ (i —i1)?

where P; = (i1,j1) and P, = (iz, j2) defines the line for the width found in eq. (3.79) and thereby the
depth is found as the maximum distance to the point (ip, jo ).

d(Py, Py, (ig, jo)) = , (3.80)
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3.6.2 Erosion Detection and Quantification Validation

The validation of the proposed erosion detection and quantification method is twofold. Both detection
and quantification is validated individually, to fully verify the methods effectiveness.

A golden reference manual erosion detection and quantification, which is used to validate the
methods, were conducted by domain personal. The procedure of the manual detections is carried
out in accordance with the SPECTRA criteria and principles listed in lists 3.3 and 3.4. In total 104
individual datasets was covered in the manual detection, deriving from 44 patients. For each of these
datasets, each erosion present were recorded with a centroid coordinate, along with width, depth and
volume. To cover the most important metrics in both detection and quantification capabilities different
methods were used to validate these.

Detection

The detection capabilities of the method defines the ability to correctly find erosions. The validation
of the method is based on how many correct and incorrect detections the method produces. For this,
two different metrics are used, namely sensitivity and precision. The sensitivity, also know as the true
positive rate, is the proportion of correctly identified erosions, and is given by eq. (3.81):

TP erosions
(Tperosions + FNerosions) ’
where TP,psions is the amount of correctly identified erosions and FN,ysions is the amount of incorrectly

rejected erosions. The precision, also know as positive prediction value, measures the proportion of
identified erosion which are correct identifications, and is given by eq. (3.82):

Sensitivity = (3.81)

TP, erosions
(TPerosions + Fperosions) ’

where TP,osions is the amount of correctly identified erosions and FP,;ysions is the amount of incorrectly
identified erosions. Since the manual detections is not an exhaustive examination of all erosions in the
individual datasets, but merely a indicator of examples of erosions, the expected performance of the
detection method should have a high sensitivity and a low precision.

Precision = (3.82)

Quantification

Each of the four quantification metrics shall be validated independently. For the volume, width and
depth the accuracies and precisions of the quantification method are determined. The accuracy spec-
ifies how close the quantification method is to the golden reference. The precision specifies the con-
sistency of the quantification method. The accuracy is specified through the accuracy error AE, and is
calculated as the error between the mean of the method and the golden reference, which is given by
eq. (3.83):

1y L 1 ,
AE = Hpredicted — Hobserved = N mpredicted(l) - N Z mobserved(l)/ (3.83)
i=1 i=1
where N is the sample size, mpegicreq is the golden reference vector of a specific metric and mypsereq 1S
the vector of a specific metric calculated by the method. The accuracy error is also calculated as a ratio
of the error AER, which gives a better overview of the deviation percentage of the method, which is

given by eq. (3.84):
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AER = —2E 100% = AE — . 100%, (3.84)

. 1 vN
,upredzcted N Zi:l mpredicted (Z)

where AE is as specified in eq. (3.83). The precision of the quantification is found through the precision
error which is calculated as the root mean square. The precision error PE formula is seen in eq. (3.85):

1 & . :
PE = N Z ((mobserved(l) - mpredicted(l))2> . (3.85)
i=1
The precision error is likewise calculated as a ratio. The formula for the precision error ratio PER
is seen eq. (3.86):

1 N < Mypserved (l) — Myredicted (1) 2)
PER = ,| = - -100%. 3.86
N ; ( mohserved(z) ) ( )

These metrics AE,AER,PE and PER are used for the volume, width and depth. For the centroid,
another approach is taken. Here the absolute distance error is calculated between the golden refer-
ence centroid and the centroid acquired by the method. This distance error dist(Pmdicted, Popserved) 18
calculated accordingly to eq. (3.87):

diSt(Ppredictedr Pobserved) = \/(iobserved - ipredicted)z + (jobserved - jpredicted)2 + (kobserved - kpredicted)zz (387)

where P predicted — <ipredicted/ ] predicteds kpredicted) and P observed = (iobserved/ jobserved/ kobserved) is the gOldeﬂ
reference centroid and the centroid found by the method, respectively. Using these distance errors the

accuracy AE .ntriq is found as the mean using eq. (3.88):

1 & . :
AEcentroid = N Z dISt(ppredicted(l)/ Pobserved(l))/ (388)
i=1

where pyedicted AN Pobserved 18 the vectors of centroids of the golden reference and method respectively.
The precision of distance errors PE .4 is found as the root mean square, as formulated in eq. (3.89):

18 . :
PE centroid = N 2 dlSt(ppredicted(l)/ pobserved(l))z- (389)
i=1

These presented accuracy and precision calculations should provide a reliable indication of the
quantifications capability in relation to the manual method.
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Experiments and Results

The following chapter covers the experiments and results related to the validation of the proposed
method and its subcomponents. Each experiment is presented, first along with its associated compo-
nent, execution description and evaluation metrics, whereafter the results concerning the experiment
is presented and discussed, to give a better overview of the individual validation. To give an overview
of the manual labeling used for the segmentation validation, section 4.1 describes how these came to
existence.

4.1 Manual Labeling

To enable parameter adjustment as well as method selection of the proposed hybrid segmentation
method, a ground truth training dataset was needed. It was decided to adjust the parameters and
methods in a supervised manner, utilizing only labeled data for the method adjustment and selection
process.

The amount of ground truth data available within this process, dictates the covered amount of
features, and thereby yields the robustness of the resulting method. However, as manual labeling
is considered a very time-consuming task, the amount of data to be labeled were to be kept at an
absolute minimum. To quantify the needs regarding the data selected for the segmentation validation,
a list of requirements were constructed, which is seen in section 4.1:

1. The data shall cover at least an entire dataset, in order to verify the segmentation over a complete
scan.

2. The data shall cover each noted noise artifact type as presented in sections 3.1 and 3.4.1, in order
to verify the robustness of the segmentation.

3. The general image quality of the data shall represent the worse case of the expected image
quality that the method shall be able to process.

4. The data shall contain at least one case of erosions.

Based upon these requirements an analysis of the datasets were produced, resulting in the selection
of a specific training dataset. The selected dataset fulfills the requirements presented above, which can
be visually seen in appendix A.

The manual labeling were conducted using the MATLAB Image Labeler [88] from the Computer
Vision Toolbox. The tool allows for pixel-wise ground truth labeling of images, ensuring a high
precision. To ease the labeling process, the tool offers a flood-filling device, which is capable of
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flooding larger sections of the image based on pixel-intensities, whereafter manual adjustments can
be used.

4.2 Segmentation Experiments and Results

The following section presents the experiments and results conducted in relation to the proposed
segmentation method. The proposed method is tested as a chain of the internal segmentation compo-
nents.

Firstly, experiments concerning the performance of the individual thresholding methods, pre-
sented in section 3.4.3, is conducted. Secondly, the morphological operations are tested in conjunction
with each of the thresholding methods in section 4.2.2. The reason for doing so, is that the perfor-
mance of the morphological operations might change for the individual thresholding methods, even
though their individual performance seems disadvantageous for the combined method. Based on
these experiments, a selection of a thresholding method and morphological operation parameters is
produced. The next set of experiments is associated with the selection of both method and individual
parameters for the active contour, and is presented in section 4.2.3. These are conducted on the basis
of the results found for the thresholding and morphological operations. The reason for this, is that the
active contours performance is highly dependable on the initial contour [69, 70], as a better basis leads
to performance increase. An experiment proving this statement, is also performed and presented
within this section. Finally, in section 4.2.4, an experiment visually validating the overall segmentation
performance is conducted, thereby giving an overview of the limitations of the proposed segmen-
tation method. Each of the segmentation steps are tested using the validation metrics, presented
and explained in section 3.4.6, in combination with the manual labeled image dataset, explained in
section 4.1.

4.2.1 Thresholding Experiments and Results

The first step of the proposed segmentation method is the thresholding, which has the purpose of
creating an initial segmented contour, which is further closed by the morphological operations step.
It is therefore important to find a thresholding method which is able to create a good initial contour,
without the minimum noise inclusion.

Experiment - Thresholding: For this experiment, each of the methods presented in section 3.4.3,
namely the Gaussian characteristic, Entropy, Otsu and Niblack thresholding, is tested. Through the
experiments, each of the methods are applied on each individual image slice in the dataset corre-
sponding to the manual labeled dataset. Each segmented image slice for each segmentation method
is validated with the volume-based metrics, as presented in section 3.4.6. Statistics are calculated on
basis of each image slice volume-based metrics, namely the mean and standard deviation. The pur-
pose of the experiment, is to find the thresholding method producing the highest TPR segmentation
and lowest FPR segmentation. Because of this, receiver operating characteristics (ROC) curve is used
to present the results for each method. A ROC curve presents the FPR as a function of TPR, meaning
the closer a result is to the upper left corner, the better it is. The k value for the Niblack method is
variable, and was selected to the value of 1.5, as this produced the best results.

Results - Thresholding: A ROC curve of the mean TPR and FPR for each of the thresholding methods
is presented in fig. 4.1.

It is noteworthy that the ROC curve is zoomed on the results, as its axises normally reaches from
0 to 1. It is seen that the Gaussian characteristic, Entropy and Niblack thresholding methods have
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Figure 4.1: ROC curve of the mean values for the four thresholding methods Gaussian characteristic, Entropy,
Otsu and Niblack. The ROC curve represent the sensitivity as a function of 1-specificity.

approximately the same TPR but differs in their FPR. From this the Gaussian characteristics method
is determined to have the best performance. The Otsu outscores the other approaches in TPR but still
has a relatively high FPR compared to the other methods. In addition, it should be noted that all four
methods are very similar, when considering the FPR, as they only differ in a scale of 1073.
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Figure 4.2: The TPR fig. 4.2a and FPR fig. 4.2b as function of the image slice for each of the thresholding
methods; Gaussian characteristics, Entropy, Otsu and Niblack

Seen on fig. 4.2a is the TPR for each slice for each method. Likewise on fig. 4.2b is the FPR for
each slice for each method. It is seen that the Gaussian characteristic and Niblack methods are very
similar in their values and are more stable in both TPR and FPR than the Otsu and Entropy methods.
There are relatively high changes in slice 45 — 75, 120 — 140 and 175 — 210. These indicate the joint
shifts in the MCP, where the manual labeling and thresholding are imprecise as a result of overlapping
intensity values, as decribed in section 3.4.1. Based on the results presented through this experiment,
the Gaussian characteristics thresholding method is considered the most promising. However, the
other methods might show better results, after appliance of the morphological operation step.

All volume-based metric mean and standard deviation results for each thresholding method is
seen in table 4.1.
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Table 4.1: Mean and standard deviation for each thresholding method for each volume-based metric.

Gaussian Entropy Otsu Niblack

Mean | Std Mean | Std Mean | Std Mean | Std
TPR | 0.3869 | 0.0733 | 0.3901 | 0.1046 | 0.3999 | 0.0629 | 0.3876 | 0.0637
TNR | 0.9983 | 0.0014 | 0.9977 | 0.0020 | 0.9979 | 0.0022 | 0.9982 | 0.0016
FPR | 0.0017 | 0.0014 | 0.0023 | 0.0020 | 0.0021 | 0.0022 | 0.0018 | 0.0016
FNR | 0.6131 | 0.0733 | 0.6099 | 0.1046 | 0.6001 | 0.0629 | 0.6124 | 0.0637
DICE | 0.5491 | 0.0697 | 0.5458 | 0.0987 | 0.5626 | 0.0618 | 0.5502 | 0.0601

4.2.2 Morphological Experiments and Results

The next part of the proposed segmentation method is the morphological operations, which includes
four internal steps, as presented in section 3.4.4. The purpose of the morphological operations, is to
fully close the joint structures in the images on basis of the initial thresholding segmentation. The
morphological operations shall therefore produce the highest possible TPR, with as little FNR as pos-
sible. For the morphological operations two uncertainties exist, which needs to be analyzed through
experiments. These uncertainties are the size of the structuring element for the dilation and erosion
and the minimum object threshold. This section will explain the experiments and the results associ-
ated with these uncertainties.

Experiment - Sphere structuring element radius: As explained in section 4.2.1, each thresholding
method might perform differently when conjoined with the morphological operations. This means
that each of the thresholding methods, Gaussian characteristics, Entropy, Otsu and Niblack is tested
in this experiment. The experiment is carried out on each image slice in the original dataset corre-
sponding to the manual segmented dataset. First, the thresholding methods is applied followed by the
morphological operation steps, absent the minimum object removal. Each segmented image slice is
validated through the volume-based metrics, presented in section 3.4.6. The mean and standard devi-
ation are calculated for the volume-based metrics for each thresholding method. The above explained
procedure is carried out for different radii for a sphere structuring elements. The sphere structuring el-
ement radius for each thresholding method is varied from 1 to 10 voxel and increased 1 voxel per step.

Results - Sphere structuring element radius: The mean DICE value and the associated standard
deviation, related to each of the thresholding methods for each structuring element radii, is seen in
fig. 4.3.

As seen on the figure, each of the thresholding methods drastically improves their mean DICE
values up to a sphere structuring element radius of 3 pixels. All structuring element radii above 3
voxels degrades the mean DICE value. The standard deviation for the structuring element radii is also
best around 3 — 4 and increases hereafter. The reason for this might be, that the sphere structuring
element with a radius of 3 voxels, precisely fills the joint structures. This means that all structuring
element radii above adds false contour, thereby degrading the mean DICE value as the FPR increases.
This is also seen in the FPR and the TPR, plotted as a function of the structuring element radii, seen
in fig. 4.3.

The mean TPR fig. 4.3d increases and approach 1 around the structuring element size of 3 —
4 pixels, for the Gaussian characteristic, Entropy and Niblack. The Otsu on the other hand, first
approximates around a structuring element size of 6. The increase in TPR mean is caused by the
filling and closing of the morphological operations. The FPR fig. 4.3c also increases, as the cavities
and details of the structures also gets filled.
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Figure 4.3: Mean DICE value fig. 4.3a, DICE standard deviation fig. 4.3b, mean FPR fig. 4.3c, mean TPR fig. 4.3d,
standard deviation FPR fig. 4.3e and standard deviation TPR fig. 4.3f of a dataset for the thresholding methods;
Gaussian characteristics, Entropy, Otsu and Niblack, followed by morphological operations with different radii
sphere structuring element.
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Especially the Otsu and the Entropy thresholding methods have a high increase in FPR, which is
probably a result of noise from the thresholding, which then gets included into the structure. The
standard deviations for the FPR and TPR figs. 4.3e and 4.3f follow the mean values, where the FPR
standard deviation increases and the TPR standard deviation decreases. Based on this experiment, the
Gaussian characteristic thresholding approach still produces the best overall DICE value.

Time as function of sphere structuring element radius
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Figure 4.4: Mean DICE value fig. 4.3a and Standard deviation fig. 4.3b of a dataset for the thresholding methods;
Gaussian characteristics, Entropy, Otsu and Niblack, followed by morphological operations with different radii
sphere structuring element

The execution time of the morphological operation as function of the radii of the sphere structur-
ing element is seen in fig. 4.4. The time for each of the thresholding method is the same as expected,
and the time complexity of the radius follows O(n®) as the volume of the sphere structuring element
as function of the radius is V = 4/3 - r3, where r is the radius and V is the volume.

Experiment - Minimum object threshold: The second experiment for the morphological operations,
is to find the best minimum object threshold for the minimum object removal which is applied after
the erosion step. The purpose of the minimum object removal, is to remove noise objects from the
contour, thereby improving the true segmentation of the joints. This test is carried out,] following
the same procedure as the experiment explained above, only this time the minimum object removal
is included. The threshold value is varied from 0 to 4000 pixels with a step size of 200 pixels. The
morphological structuring size is kept constant at 4 for all four thresholding methods, as this value
resulted in the best TPR.

Results - Minimum object threshold: The DICE mean and standard deviation related to each of
the thresholding methods for each minimum object threshold is seen in fig. 4.5.

Each of the thresholding methods is relatively constant for each minimum object threshold, each
with a small improvement in the start and then a small degradation in the end. The same applies for
the standard deviations which follows the mean values. The Gaussian characteristics method has the
best overall mean value and the best overall standard deviation.

The TPR and FPR means for the minimum object threshold are seen in figs. 4.5c and 4.5d. The FPR
and TPR degrades for each minimum object size. This is explainable in the fact that the minimum
object removal, removes objects, which are both noise and actual structure. The standard deviations
for the FPR and TPR are seen in figs. 4.5e and 4.5f, and they follow their corresponding mean values.
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Figure 4.5: The DICE mean fig. 4.5a and standard deviation fig. 4.5b. Followed by the FPR mean fig. 4.5¢c, TPR
mean fig. 4.5d, FPR standard deviation fig. 4.5e and TPR standard deviation fig. 4.5 for each of the thresholding
methods; Gaussian characteristics, Entropy, Otsu and Niblack as function of the minimum object threshold.
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Based on these presented results, the Gaussian characteristics method is still showing the best
performance, leading to its selection for the final proposed segmentation method. The structuring ele-
ment size is selected to 4, as this presented the best results, and finally the minimum object threshold
is selected as 2000, as this shows most promising results. The final selected values and thresholding
method is presented in table 4.2

Table 4.2: The final parameters for the thresholding and morphological operations in the segmentation method.

Thresholding method | Structuring element radius | Minimum object threshold

] Final Process | Gaussian characteristics | 4 2000

4.2.3 Active Contour Experiments and Results

The final part of the proposed segmentation method is the active contour, which purpose is to final-
ize the segmentation mask, which was initialized by the thresholding and morphological operations.
During the closing through morphological operations, some areas of the mask may exceed or elude
from the actual periosteal surface, therefore border refinement is desired through active contour. To
evaluate the optimum result of the active contour, volume-based as well as distance-based metrics are
used, as presented in section 3.4.6.

Experiment - Parameter adjustment: The first experiment for the active contour, covers the parameter
adjustment for the three methods presented in section 3.4.5, namely Local CV, Local MS and Global CV.
Two parameters are variable in the local methods, the size of the localizing object given by the side
length of a square window and the smoothing term a. For the global method, the localizing object is
not present, and thus only the smoothing term is adjusted.

The tests are conducted by first applying the thresholding and morphological operations with
the results produced in sections 4.2.1 and 4.2.2 on the original dataset, corresponding to the manual
segmented dataset, and hereafter applying the three active contour methods individually. For the
local methods, one parameter is kept constant while the other is varied. For the two local methods,
the smoothing term is varied between 0 and 0.15 with an increase of 0.01 for each step, and the side
length of the localizing object is varied between 0 and 20 pixels, increasing with a single pixel for each
step. The smoothing term for the global method is varied between 0 and 4000, using a step size of
1000. The local methods are iterated 40 times for each test, whereas the global method is iterated 10
times.

To validate the parameters, each image slice within the dataset is evaluated based on the DICE
metric, which is compared to the starting point provided by the morphological operations. Hereafter,
the mean DICE value for the entire dataset at each parameter step is calculated, of which the parame-
ters are adjusted against.

Results - Parameter adjustment: The results of the parameter adjustment for the three active con-
tour methods are summarized in tables 4.3 to 4.5. The associated figures representing the parameter
tendencies as functions of the DICE values, are all found in appendix B, from where the maximum
DICE values dictates the selected parameters.

Table 4.3 shows the two tests performed for the Local CV method. Reading the table, X indicates
the parameter adjusted, which is further selected as the associated maximum DICE value. For Local
CV, the smoothing term is selected to 0.08, and the side length of the localization object to 18 pixels.
Equivalent to the Local CV, the Local MS parameters are found during similar tests, whereas the
results are summarized in table 4.4: Here, the smoothing term is selected to 0.07, and the side length
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Table 4.3: Local CV Parameter adjustment, where "X’ indicates the variable parameter, and bold represent final
parameters.

Constants Variable Results
Iterations | Side length | Smoothing term | Min | Max | Step Size | X max ADice
Test1 | 40 17 X 0 0.15 | 0.01 0.08 | 0.01003
Test 2 | 40 X 0.08 0 20 1 18 0.01116

Table 4.4: Local MS Parameter adjustment, where "X’ indicates the variable parameter, and bold represent final

parameters.

Constants Variable Results
Iterations | Side length | Smoothing term | Min | Max | Step Size | X max ADice
Test1 | 40 9 X 0 0.15 | 0.01 0.07 | 0.00572
Test 2 | 40 X 0.07 0 20 1 19 | 0.00972

of the localization object to 19 pixels. For Global CV, a single parameter is to be adjusted, namely the
smoothing term, which is selected to 2000, as shown in table 4.5:

Table 4.5: Global CV Parameter adjustment, where "X’ indicates the variable parameter, and bold represent final

parameters.

Constants Variable Results
Iterations | Smoothing term | Min | Max | Step Size | X max ADice
Test1 | 10 X 1 5000 | 1000 2000 | 0.00011

Experiment - Method comparison: In this experiment, the parameter adjusted methods are validated,
in order to select the best performing active contour. To compare the three presented methods, the
same experiment setup, as for the parameter adjustment, is used. However, now stepping the amount
of iterations, to see how the methods perform over time. The number of iterations for each method is
varied between 0 and 40. The two local methods are varied with 10 iterations per step, and the global
method is varied with 4 iterations per step.

The mean DICE value for the entire dataset is calculated, in addition with the corresponding DICE
standard deviation. The Hausdorff distance is additionally calculated for each image slice to validate
the methods capabilities in cleaning up the erroneous masks produced by the morphological opera-
tions.

Results - Method comparison: By iterating the three methods, their respective DICE mean and stan-
dard deviations for each iteration steps is presented on figs. 4.6a and 4.6b. It is observed that the
two local methods increases their DICE value in combination with the increase of iterations, whereas
the Global CV method reaches an optimum at 4 iterations, whereafter its DICE value decreases. In
addition, both local methods shares tendencies in regards of their DICE standard deviations, both
decreasing with the increase of iterations. Here, the Global CV methods standard deviation is kept
approximately constant. Next, the mean DICE values are compared to the absolute processing times,
as presented on fig. 4.6e.

The Global CV method processing time per iteration for the entire dataset is approximately 31
seconds, where Local CV takes roughly 187 seconds, and Local MS 270 seconds. The decrease of
mean DICE value seen in Global CV, removes it as a valid method, as the impact of the method is
considered almost non existing. However, the two local methods have an increase in DICE mean value
as a function of the processing time.
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Figure 4.6: The DICE mean fig. 4.6a and standard deviation fig. 4.6b for each active contour method. Followed
by the Hausdorff distance mean fig. 4.6c and standard deviation fig. 4.6d in pixels for each active contour
method; Local CV, Local MS and Global CV as function of the number of iterations.
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To compare the three methods in their ability to improve periosteal surface estimation, the Haus-
dorff distance is seen on figs. 4.6c and 4.6d.

Here, the same tendency, as seen for the DICE metric, is seen for the local methods, with an
improvement of the Hausdorff distance as function of the amount of iterations computed. In addition,
the Global CV method does also improve its Hausdorff distance, but with a lower rate per iterations.

Based on the DICE value and Hausdorff distances presented, an assessment of the most ideal
amount of iterations is determined. For the Global CV method, the maximum DICE value is found
at 4 iterations, whereas the value keeps increasing for the two local methods. To keep the processing
time as low as possible, but still maximize the increase in DICE, the amount of iterations was selected
to 20 for both local methods, as the slopes for both DICE and Hausdorff decreases significantly here-
after. This results in computational times of 10 minutes for the Global CV, 62 minutes for Local CV
and lastly 90 min for the Local MS method.

To consider the methods at each slice for the image set, the absolute DICE value and Hausdorff
distance for each image slice is found, using the above selected number of iterations. On fig. 4.7, the
tendency of the proposed methods, in comparison to the initial mask for each image slice, is pre-
sented. As seen, the DICE value is subject to major changes at slices 50-90 and 150-190. This is due
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Figure 4.7: The DICE value per slice for each active contour method and the initial DICE value as a result from
thresholding and morphological operations.

to the joint switches, where the ground truth manual labeling is very error prone due to noise, and
therefore creates a bad validation basis. In addition, it is noted that the two local methods perform
almost identical for each slice, whereas the difference between the global method and the initial mask
is almost non existing.

Next, the Hausdorff distance for each slice is presented on fig. 4.8. Again, the metric shows spikes
in the areas of slices 50-90 and 150-190, as a result of the joint change, which explains the high standard
deviation presented on fig. 4.6d. Similar to the DICE value, the Hausdorff distance per slice is almost
identical for the two local methods throughout the entire dataset.

Based on the presented results, the two local methods shows the most promising results. The major
difference between the two methods are their computational complexity, with a difference around one
minute per iteration when applied to the entire dataset of 330 images. As a result of this, Local CV was
chosen as the active contour method for the final process, with the parameters presented on table 4.6.

The overall performance gain of the appliance of the Local CV to the proposed segmentation
method is presented in table 4.7.
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Hausdorff distance as function of image slice
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Figure 4.8: The Hausdorff distance per slice for each active contour method and the initial mask as a result of
thresholding and morphological operations.

Table 4.6: The final parameters for the active contour method in the segmentation method

Iterations
20

Active contour method
Local CV

Smoothing term
0.08

Side length
18

] Final Process

Table 4.7: Mean and standard deviation for the the starting point provided by threshold and morphological
operations

Threshold + MO Local CV Contribution
Mean Std Mean Std Mean Std

TPR 0.9936 6.463-107° | 0.9943 6.657-107° | 7.419-10~* 1.936-10~*
TNR 0.9952 2.584-1073 | 0.9962 2.583-1073 | 9.929-10* —1.149-10°°
FPR 4811-1073 | 2.584-107° | 3.818-1073 | 2.583-10"° | —9.929-10~* | —1.149-10°
FNR 6.446-107° | 6.463-1073 | 5.704-107° | 6.657-1073 | —7.419-10~* | 1.936-10*
DICE 0.9796 0.0110 0.9838 9.984-1073 | 4.197-103 —1.034-1073
Hausdorff | 6.2756 1.369 5.7971 1.4363 -0.4784 0.0673

The overall contribution as seen in the metrics is relatively small. To present the importance of the
active contour method, visual image results of the active contour performance is seen in fig. 4.9.

(c) Active contour contribution at
MCP3 joint change.

(a) Active contour contribution at
MCP3.

(b) Active contour contri-
bution at MCP4.

Figure 4.9: The contributions of the active contour illustrated on three examples. The segmented images are
presented along with their original images. Purple and green colors on the images represent removed and
added pixels respectively.

It is seen that the active contour removes undesired boundary objects, that is remaining from the
previous segmentation steps. Based on these results, the addition of the method to the proposed hy-
brid segmentation method is deemed important.
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Experiment - Initialization verification: The third experiment for the active contour, is intended
to compare the initialization of the active contour performed by thresholding and morphological op-
erations and manual initialization respectively. This is done to verify the importance of the initial
segmentation step, and proving the ability of degrading the execution time for the overall segmenta-
tion.

The experiment was performed on a single image from a dataset. Two masks were created based
on the image, one as a result of the thresholding and morphological operations and one manually
created. The manual initialization was made by placing an ellipse around the joint, as shown on
fig. 4.10b. The contour created by the thresholding and morphological operation is seen in fig. 4.10a.
The selected Local CV active contour method was applied on both of the masks. The method was
iterated, using both masks as initialization, until its maximum potential DICE value was reached.

(a) Mask resulting from thresholding and morphological op- (b) Mask resulting from manual placement.
erations.

Figure 4.10: Initial masks created from threshold and morphological operations in addition with manual ellipsis
placement, shown on figs. 4.10a and 4.10b respectively.

To validate the need of the initialization through thresholding and morphological operations, the
processing times of the two approaches are compared.

Results - Initialization verification: Seen in fig. 4.11, the result of the two mask approaches are
plotted as function of iterations on fig. 4.11a and as function of execution time on fig. 4.11b.

From the two figures, it is seen that the initial masks create two completely different starting points,
as the thresholding in addition with morphological operations are much closer to the desired contour
than the manually placed. The thresholding approach reaches its maximum potential DICE value
for the single image after 100 iterations, reaching the DICE value of 0.9909. The manual approach
requires approximately 3000 iterations to reach its maximum DICE value at 0.9882. The thresholding
approach takes approximately 70 seconds to reach its maximum, whereas the manual approach takes
35 minutes. In addition to the higher processing time, the manual approach never reaches the same
DICE value as the thresholding approach. The manual placement would approximately take 193
hours, to segment an entire dataset of 330 images. These results thereby verifies the importance of the
initial segmentation steps.
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Figure 4.11: DICE value for both masks as functions of iterations seen on fig. 4.11a and execution time plotted
on fig. 4.11b.

4.2.4 Visual Segmentation Results

Due to the limited amount of manually labeled segmentation data, it was decided to examine the
segmented data visually, to evaluate the segmentation results. During this process, the segmented
images were compared one-to-one, slice-by-slice, with the original datasets. The segmentations were
rated as either correctly or incorrectly segmented. In addition, notes regarding artifacts, as presented
in sections 3.1 and 3.4.1, were listed for the incorrectly segmented images. The reason for this, was
to determine the factors for incorrectly segmentation. A total amount of 104 datasets were segmented
and visually scored, of which 88 was deemed correctly segmented and 16 incorrectly segmented, as
presented in table 4.8.

Table 4.8: Correct and incorrect segmentations based on visual inspection of segmented datasets, compared to
original datasets.

Correct | Incorrect | Total
Absolute amount | 88 16 104
Percentage 84.62% | 15.38% 100%

Three types of artifacts were determined to be the underlying source of errors, being ring artifacts,
patient motion and low-intensity borders. The distributions of the artifacts on the incorrect segmenta-
tions is seen in table 4.9. The distributions are taken as the number of incorrectly segmented images
caused by the respective artifact. This implies that the same segmentation might have more than one
artifact.

Table 4.9: Causation of incorrect segmentation, due to different noise artifacts.

Patient Motion

Ring Artifacts

Low-intensity borders

Absolute amount

10

10

7

Percentage

62.5%

62.5%

43.75%

These results indicates that the overall segmentation method performance acceptable with 84.62%
correctly segmented datasets. The remaining 15.38% incorrectly segmented datasets are a result of
multiple types of artifacts, which can be directly linked to the image quality.
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4.3 Registration Experiments and Results

According to section 3.5.6, eight different validation criteria are associated with registration. The most
important criteria are the accuracy and precision. These criteria will be tested through specific ex-
periments. The robustness and reliability of the registration are also validated through conducted
experiments. The resource requirements of the registration is the binary images, provided by the
segmentation. The algorithm complexity of the registration is validated by analyzing the overall pro-
cessing time. The assumption verification lies in the assumption, that the binary images alone can be
used for the registration. The clinical use of the registration is related to its further significance. With-
out the registration, different alignment problems may occur when detecting or quantifying erosions.
Besides the use in the automatic erosion and quantification method, the registration is also desired
in the clinical manual analysis of the dataset, since the visual representations of the joints are more
natural.

Experiment - Accuracy, precision and robustness: The first experiment conducted for the registration
process concerns the accuracy, precision and robustness. The test framework uses a moving and a
fixed image. The moving image is applied with a random uniform rigid transformation using the
integer ranges seen in table 4.10.

Table 4.10: Boundary values in rigid transformation for registration test framework.

Min | Max
Rotation (Degrees) -5 20
Translation X (Pixels) | -60 | 40
Translation Y (Pixels) | -45 | 40

The moving image is registered using the fixed image. After the registration the difference between
the transformation, found by the registration, and the actual applied transformation are recorded. This
process is carried out 1000 times with different random uniform rigid transformations. The mean and
standard deviation for each transformation difference is calculated. The mean is seen as the accuracy
of the registration and the standard deviation is seen as the precision. This process is carried out using
two identical images, and two different images. The two different images are two consecutive image
slices, implying that their contours only differs marginally. The difference in the image contours and
in the rigid transformations validates the robustness of the registration.

Results - Accuracy, precision and robustness: The results of the experiment is seen in table 4.11.
The rotation accuracy and precision for the identical and different images are similar, with the differ-
ent images being slightly higher. For the accuracy and precision of the translation error, the identical
and different images are also similar, here with the different images slightly better. The accuracy of
the translation in both X and Y direction is below one pixel, which implies that the accuracy is close
to optimal. The precisions are very close to 1, which indicates that the precisions are close to optimal
as well. As the accuracy and precision for both test are very high and almost identical, the robust-
ness of the registration is therefore also verified. The maximum values in the translation is around
6 to 7 pixels, which is still a high reduction compared to the translation transformation boundaries
applied. The processing time of the registration has a maximum of approximately 12 seconds. As a
dataset only needs two registration processes, the combined registration would, for a global registra-
tion, take approximately 24 seconds. In this scenario it is not considered computationally complex
when compared to the segmentation method.
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Table 4.11: Registration accuracy and precision.

Identical images Different images

Mean | Std Max Mean | Std Max
Rotation (Degrees) 0.0014 | 0.0151 | 0.3751 | 0.0055 | 0.0206 | 0.7828
Translation X (Pixels) | 0.3383 | 1.0184 | 6.8987 | 0.2885 | 0.9271 | 7.0931
Translation Y (Pixels) | 0.3710 | 1.0587 | 7.2365 | 0.3673 | 0.9173 | 7.0837
Time (Seconds) 9.3063 | 1.7136 | 12.3001 | 7.9013 | 1.2488 | 12.4716

Experiment - Global reliability: This experiment tests the reliability of a global rigid registration
applied to the images. The setup for this experiment is that single dataset is registered between im-
age slice 110 and 111 and again between 220 and 221. The differences in the transformation applied
by the registration are recorded, and the mean and standard deviation are calculated, based on 200
executions. Besides the transformation error, the DICE values and the Hausdorff distances are also
calculated, to prove the improvement of the registration.

Results - Global reliability: The results of the 200 executions are seen in table 4.12. The results
of both the mean DICE value and mean Hausdorff distance are improved through the registration,
meaning the resulting image joints have improved their alignments. The standard deviations for the
DICE values and Hausdorff distances are insignificant. This implies that each registration execution
is performed equally. Likewise, the rotation, x translation and y translation have insignificant stan-
dard deviations. The global registration is therefore highly reliable. The visually improvements of the
global registration is seen in fig. 4.12.

Table 4.12: Registration accuracy and precision for global joint registration. These results are based on 200
executions.

Image 110-111 Image 220-221

Mean Std Mean Std
DICE before 0.9381 0 0.9059 0
DICE after 0.9522 1.79e-15 | 0.9451 1.66e-15
Hausdorff distance before (Pixels) | 9.8994 0 8.9443 0
Hausdorff distance after (Pixels) 9.5916 1.30e-14 | 7.0711 3.65e-14
Rotation (Degrees) -9.61e-14 | 0 -9.61e-14 | 0
Translation X (Pixels) 5.9800 9.57e-15 | -8.5000 2.84e-14
Translation Y (Pixels) -1.9224 1.31e-15 | -0.6354 1.55e-15
Time (Seconds) 6.4410 0.3562 5.9845 0.4086

Experiment - Local reliability: Besides the global registration, a local registration is also validated
for its performance and reliability. The experiment itself is identical to the global experiment, but in
this experiment each joint is extracted and registered to its corresponding joint in the other image
slice. Thereby different transformations are applied to each joint. Doing this might result in a better
registration, as patient motion, causing the registration problem, may result in multiple different trans-
formations for each joint. The DICE values and Hausdorff distances for the registration are recorded,
along with the transformation parameters applied for each joint.

Results - Local reliability: The results for the local registration reliability experiment for 200 exe-
cutions are seen in table 4.13. Both the mean DICE value and mean Hausdorff distance is improved
through the registration, implying that a better alignment is achieved. For both the translations and
the rotations for each joint, the standard deviations are approximately zero, meaning that the local
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Table 4.13: Registration accuracy and precision from local registration of different images

Image 110-111 Image 220-221

Mean Std Mean Std
DICE before 0.9381 0 0.9059 0
DICE after 0.9648 2.07e-16 | 0.9652 1.78e-15
Hausdorff distance before (Pixels) | 9.8994 0 8.9443 0
Hausdorff distance after (Pixels) 9.0553 5.92e-15 | 6.4807 4.45e-15
Rotation Joint 1 (Degrees) 1.73e-12 | O 7.78e-14 | 0
Rotation Joint 2 (Degrees) -5.86e-14 | 0 0.9836 0
Rotation Joint 3 (Degrees) 8.77e-15 | 0 24932 | 3.56e-15
Rotation Joint 4 (Degrees) 2.54e-14 | 0 0.5049 6.67e-16
Translation X Joint 1 (Pixels) -0.8067 5.42e-16 | -5.2432 | 2.13e-14
Translation X Joint 2 (Pixels) 5.1684 4.92e-15 | -7.3744 | 1.15e-14
Translation X Joint 3 (Pixels) 78.609 8.13e-14 | -7.3495 | 2.40e-14
Translation X Joint 4 (Pixels) 14.6060 | 7.84e-15 | -6.7874 | 1.42e-14
Translation Y Joint 1 (Pixels) 0.2636 2.09e-17 | -5.8219 | 2.13e-14
Translation Y Joint 2 (Pixels) -3.2894 1.36e-15 | 0.4068 3.89¢-16
Translation Y Joint 3 (Pixels) -134.59 8.69¢e-14 | 10.712 4.27e-14
Translation Y Joint 4 (Pixels) -17.058 0 1.6921 6.45e-15
Time (Seconds) 32.124 1.0133 41.773 1.9387

registration is highly reliable. The improvement seen in the mean DICE value and mean Hausdorff
distance are higher than for the global approach, which indicates that a local registration approach
is desirable. This does, however, come at the expense of a higher processing time as a dataset needs
8 instead of 2 registrations. This results in an approximately overall registration time of 40 seconds.
This is, however, still not computationally complex when compared to the segmentation process. A
3D and 2D representation of the local registered dataset is seen in fig. 4.13.

ttse XX

(@) The 3D structure of the dataset after global registration is (b) 2D representation of the alignement of image slice

applied. 110 and 111 after the appliance of the gloabl registra-
tion. Purple and green pixels represents differences be-
tween the two slices.

Figure 4.12: 3D and 2D representations of the dataset after appliance of the global registration method. The
dataset is more aligned when compared to the initial non registered dataset seen in fig. 3.19.

Based on the presented results, the local registration is selected for the final proposed erosion and
detection method.
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(a) The 3D structure of dataset after local registration is ap-  (b) 2D representation of the alignement of image slice
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the two slices.

Figure 4.13: 3D and 2D representations of the dataset after appliance of the local registration method. The
dataset is more aligned when compared to the initial non registered dataset seen in fig. 3.19.

4.4 Erosion Detection and Quantification Experiments and Results

The last set of experiments and results, are the ones associated with the proposed erosion detection
and quantification method. The method is tested for its capabilities in detection and quantification
individually, using the metrics presented in section 3.6.2. For each experiment, the method is tested
against the golden reference provided through visual detection by domain personal.

44.1 Detection experiments and results

The first three experiments of the final part of the proposed method is related to the detection of
erosions.

Experiment - Detection: For the validation of the detection capabilities of the proposed method, each
available manual detected dataset were tested during the experiment. For each dataset the prepro-
cessing, segmentation and registration methods were applied prior to the proposed erosion detection
method. By appliance of the detection method on the datasets, the amount of correctly detected
erosions were calculated as the TP measurement. To accept an erosion as detected, a centroid of an
erosion originating from the given golden reference data was required to be located within the de-
tected erosion volume. The amount of incorrect detected erosions, FN, were calculated along with
the amount of incorrectly rejected erosions, FP. Based on these values, the sensitivity and precision of
the proposed method was calculated, as specified in section 3.6.2. A total amount of 88 datasets were
used to validate the detection method.

Results - Detection: The results of the detection capabilities of the proposed detection method, is
presented in table 4.14: It is seen of the results that 28, of the total 48 manually detected erosions, were

Table 4.14: The TP, FN and FP measurements of the detection experiment in absolute numbers. In addition with
TPR and PPV in percentage.

TP | EN | FP | TPR (Sensitivity) | PPV (Precision)
]Erosions 28 | 20 | 396 | 58.33% 6.6%

detected by the proposed method. Based on this, a sensitivity of 58.33% is obtained.
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Moreover, a total amount of 396 FP detections were made, which results in a low precision of 6.6%.
This result was, however, expected due to three reasons. First, the amount of noisy artifacts located in
the processed datasets causes various scenarios of falsely created cavities. During the detection, these
cavities might meet the SPECTRA criteria, and are therefore detected as erosions. Especially datasets
consisting of a high amount of patient motion will result in a large amount of erosion detections. As no
overall quality assessment of the datasets was available, low quality image dataset might exist in the
processed datasets. Secondly, not all erosions in the datasets were registered in the golden reference,
meaning actual erosions found by the method was detected as FP. Thirdly, especially sclerosis erosions,
which was typically registered as one erosion in the golden reference, might be detected as multiple
erosions by the method.

To visually show the capabilities of the proposed detection method, different detection sceneries
are presented. A correctly detected large active erosion, located radial on the 2nd MCP, is seen on
fig. 4.14a. The erosion is considered perfectly measured when compared to the trabecular structure,
as well as the reconstruction of the periosteal surface.

(d) Three palmar and one dorsal erroneous detections due to patient motion. (e) Three possible sclerosed ero-
sions.

Figure 4.14: Possible erosion detections.

Figure 4.14b shows an example of an erosion which is detected by the method, but not registered
in the manual golden reference. This possible erosion is detected as it meets all five SPECTRA criteria.
Next, two erosions are detected on fig. 4.14c. These possible erosions are likewise not registered in the
golden reference, but meets the SPECTRA criteria.
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Next, fig. 4.14d shows a case of erroneous detections due to patient motion in the image data. The
errors are due to the high pixel intensities in the created blurring as a result of patient motion, which
are segmented as a part of the periosteal surface. Such an error is considered impossible to avoid with
the current proposed method, and indicates the importance of better image acquisition.

The last example is presented on fig. 4.14e, showing three sclerosed erosions all located in the 2nd
MCP.

Experiment - Visual detection error validation: Based on the results generated for the detection
method, each of the false erosion rejections was visually evaluated, to find the reason for their rejec-
tion by the method.

Results - Visual detection error validation: Each of the FN erosions were evaluated and the rea-
son for the false rejection was registered and categorized. The reason categories and the amount of
erosions associated, are listed in table 4.15.

Table 4.15: Categories of false rejected erosions.

Cause Amount
Erosion not complaint with list 3.3

Erosion located in joint shift

Erosion periosteal break to small for method
Erosion undetected due to registration
Erosion undetected due to patient motion

== WO \O

Overall, five different reasons for the false erosion rejection were found. The highest amount of
erosions fell under the category of erosions not complying with the criteria specified by SPECTRA
as seen in list 3.3. This was especially items 1 and 3 in list 3.3, which the erosion did not comply
with. As the method was design after the criteria, these erosions were not detected. These visually
assumptions was created by the authors, and may therefore be incorrect. The second category was
erosions placed in a joint shift. The proposed method removes the joint shift before the detection,
meaning eventually erosions in this area are undetected. The third category is erosion with extremely
small openings. These openings have been closed in the morphological operation step of the proposed
hybrid segmentation method, and not opened by the active contour segmentation method. The fourth
category was erosions not detected because of registration problems, not fully aligned by the proposed
registration method. The last category was erosions not detected because of patient motion interfering
with the erosion area. The patient motion created false cortical structure in the area, which caused the
method to close the area.

By removing the erosions not complying with the SPECTRA criteria in list 3.3, from the FN number,
a more valid sensitivity can be calculated.

Table 4.16: TP, FN and sensitivity after removing erosions not complying with the SPECTRA criteria in list 3.3.

TP | FN | TPR (Sensitivity)
| Erosions | 28 [ 11 | 71.79%

The sensitivity of the detected erosions complying with the SPECTRA criteria in list 3.3, is seen in
table 4.16. It is seen that there is an improvement of 13.46% in the sensitivity when compared with
sensitivity seen in table 4.14.
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4.4.2 Quantification experiments and results

The last experiment conducted for the erosion detection and quantification method, is related to the
quantification of the erosions.

Experiment - Quantification: Based upon the resulting TP erosions acquired doing the detection ex-
periment, a comparison to the corresponding golden reference quantification data is produced. These
quantifications consist of the erosion centroid, volume, width and depth. These metrics are validated
using the quantification validation methods presented in section 3.6.2.

Results - Quantification reliability: The results for the centroid quantification are seen in fig. 4.15a.
The distance is plotted along the y-axis and the erosion number is plotted along the x-axis. The dis-
tances are calculated in mm by multiplying the pixel distance with the voxel size of 0.082mm. It is
seen that non of the predicted centroids are exactly matching, and that all are relative small distance
errors. The majority of the distances have an error between 0 — 1mm, which is tolerable. Some outliers
are seen, and may be caused by incorrect filling of the erosion or incorrect golden reference.

For the width, depth and volume, the error ratio in percentage are calculated between the predicted
value and the golden reference. A positive percentage means that the predicted value is smaller than
the golden reference, and a negative value means that the predicted value is higher than the golden
reference. The ratios are then plotted as functions of the golden reference values, and is seen in
figs. 4.15b to 4.15d. Common for both width, depth and volume is that the majority of the predictions
are smaller than the golden reference. The reason for this, is that the method has a tendency to make
the erosions smaller than the golden reference, as the predicted erosions are calculated in 3D. Some
large outliers exist in both width, depth and volume. One reason for these outliers is that the basis
for calculation is different between the predicted values and the golden reference. The width and the
depth might be calculated in different slices, which is bound to create different results. The method
for the volume calculation in the golden reference is unknown, but it is a calculated prediction based
on the width and depth, and differences between predicted values and golden references are therefore
highly plausible. Another reason for the outliers is that errors are found in the golden reference. The
mean accuracy and precision for the quantification results are seen in table 4.17.

Table 4.17: Results gathered from the quantification experiment, showing the AE, AER, PE and PER for each of
the quantification parameters; centroid, width, depth and volume.

AE AER PE PER
Centroid | 0.6869mm | N/A 0.9295mm | N/A
Width 0.6760mm | 18.98% | 1.1818mm | 44.14%
Depth 0.5137mm | 23.17% | 1.4018mm | 45.49%
Volume | 4.6288mm?> | 23.90% | 15.36mm? | 77.74%

For the centroid the AE is 0.6869mm with a PE of 0.9295mm. For the width, depth and volume
the AER is approximately 23%, indicating that the golden reference is generally measured higher than
the prediction of the method. The PER for the width and depth is around 45%, which indicates a
high variation in the prediction compared with the golden reference. This is primarily caused by large
outliers in the results. The PER of the volume is 77.74%, which is considerably high, and also caused
by outliers in the results. Overall, the quantification method is neither very accurate nor very precise,
when compared with the golden reference. The PER would be improved if outliers are corrected, and
the accuracy would therefore be a systematic error.
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Figure 4.15: The errors calculated between the predicted quantification results and the golden references.

4.5 Profiling Experiment and Results

To analyze the share of computational time throughout the presented methods, a profiling experiment
was conducted. Optimization of the presented method is not considered part of the scope of the study.
The experiment is therefore merely conducted to asses where optimization would be beneficial.

Experiment - Profiling: The profiling experiment was done by execution of the entire proposed
method on a dataset. The computational time and amount of function calls for each nested func-
tion was measured. Using MATLAB’s profiling tool [89], a profile report was extracted containing the
desired measurements. These measurements were then analyzed to enable an assessment of beneficial

optimization steps.
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Results - Profiling: The summary of the resulting profiling of the five overall steps of the proposed
method is seen in table 4.18. It is seen that the segmentation and the erosion detection methods are

Table 4.18: Result of profiling experiment, containing the computational times in seconds and share of the total
computational time in percentage. The overall computational time of the entire execution was 5819 seconds.

Computational time (s) | Share (%)
Preprocessing 25 0.4
Segmentation 4662 80.1
Registration 80 1.4
Erosion Detection 1010 17.4
Erosion Quantification | 3 0.05
| Total | 5780 | 99.35 |

the two most time consuming elements in the process. As the segmentation method takes 80.1% of the
total computational time, it was further analyzed as presented in table 4.19. Due to the appliance of

Table 4.19: Profiling result of the hybrid segmentation method.

Computational time (s)

Share (%)

Thresholding 2 0.04
Morphological Operations | 69 1.48
Active Contour 4588 98.41

| Total | 4659 | 99.93 |

the active contour in the 2D plane, the method is called 330 times, once for each slice of the dataset. As
the results of each of these calls are independent of each other, parallelization either by GPU or CPU
would drastically reduce the overall computational time. To investigate the individual computational
times, the individually times for the active contour methods nested functions are found. The amount
of calls along with the computational times for the nested functions are presented in table 4.20. The

Table 4.20: Results of profiling for the active contour method. The top five consuming operations are shown,
which share a total of 92.5% of the active contour. The operations are shown with references to their equations
presented in section 3.4.5.

Calls (#) | Computational time (s) | Share (%)
eq. (3.56) | 6600 1494 32.6
eq. (3.51) | 6600 827 18
eq. (3.53) | 6600 736 16.1
eq. (3.54) | 6600 729 15.9
eq. (3.57) | 6600 455 9.9
| Total [ 33000 | 4241 | 92,5 |

6600 calls of each equation implementation is a result of the 330 total active contour calls, multiplied
with the selected 20 iterations for each image slice. The high computational time caused by the amount
of calls, could be reduced utilizing parallelization.
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Discussion

The aim of this study, was to develop an algorithm for automating the process of detection and quan-
tification of erosions related to RA in HR-pQCT images. The proposed method is based on the concept
of isolating the cortical border through a hybrid segmentation method, whereafter cortical breaks, as
a result of RA, are identified using different image manipulation techniques and assumptions. The
underlying reason for this approach, lies in the assumption that the cortical breaks, as a result of RA,
are distinguishable from the cortical border of the bone joints. In addition, similar promising work in
the field of automatic erosion detection and quantification also exploits this approach [5, 4]. Because
of the limited research in automatic erosion detection and quantification, the proposed approach has
been limited to existing promising work. Other approaches to the problem has not been considered.
Overall, the proposed method consists of four distinguishable steps being; preprocessing of the initial
data, an automatic segmentation of the periosteal surface, registration of joints and an erosion detec-
tion and quantification method.

The purpose of the proposed hybrid segmentation method, is to create a fully closed segmentation of
the periosteal surface, where cortical breaks are represented as irregular notches in the surface. The
proposed hybrid segmentation method consists of three steps; thresholding, morphological operations
and active contour. The reason for the use of a hybrid method is, that no independent segmentation
method could fulfill the needed requirements. The steps of the proposed segmentation method are
inspired by the hybrid method proposed in [61], which is used in the semiautomatic erosion quantifi-
cation method proposed by [4].

The initial step of the proposed hybrid segmentation method is thresholding. The aim of the thresh-
olding is to create of binary image, including as much cortical border information as conceivable.
As this process is based directly upon the voxel intensities of the images, the introduction of noisy
elements are highly likable and should be avoided. Four different thresholding methods were studied
and tested, including the self-made Gaussian characteristic, Entropy, Otsu’s clustering and Niblacks
adaptive method. These methods were selected, as they represent common techniques and cover dif-
ferent categories of thresholding approaches. However, the selected methods represent a limited area
of available thresholding techniques, implying that an outperforming technique might be available for
the novel HR-pQCT images.

A larger study of thresholding methods for HR-pQCT images might reveal a better method than
the Gaussian characteristic method selected for the final segmentation of the proposed method. Fur-
ther inclusion of image enhancement techniques as preprocessing steps, might improve the thresh-
olding methods performance. This could be achieved through the introduction of filtering or edge
enhancement techniques improving the image quality. This has, however, not been a focus point in
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this study. The results created in association with the thresholding methods are highly depended on
the preceding morphological operations.

The purpose of the morphological operation step, in the proposed hybrid segmentation method, is
to close the initial contour created by the thresholding. The result of the morphological operations
is therefore highly dependable on the amount of contour and noise, included by the thresholding.
Especially the placement of the thresholded cortical structure is important for the morphological op-
erations, as the close operation only closes objects near to each other. If cortical objects are not near
each other, the morphological operations will not be able to close the border and a cortical break will
be present and misinterpreted as an erosion. However, if the morphological operations use a large
closing, cortical breaks, actually representing erosions, will be closed. The development of a better
thresholding method will therefore lead to a better morphological operation performance.

The third and final step of the proposed hybrid segmentation method is active contour. The pur-
pose of this step is to refine the border of the desired contour. This was considered a need, as the
morphological operations applied after thresholding, consistently added undesired information dur-
ing the contour closing. Three overall active contour methods were analyzed, a global and two local
ones. Through the presented experiments, it was shown that the local approaches outperformed the
global, which implies, that the contour evolution was drastically affected by the heterogeneous statis-
tical model, shared by the bone and hand tissue regions. By isolating the evolution to only consider
local properties, both distance- and volume-based metrics were improved.

Furthermore, the importance of the thresholding and morphological operations were proven, as
an optimum initialization of the contour was utmost important. The initialization dictates not only
the final possible correctness of the segmented contour, but also the amount of iterations needed. To
reduce the overall processing time of the segmentation, the best trade-off between contribution of the
method and amount of iterations were found. However, increasing the number of iterations results in
a further increase in the border refinement at the cost of processing time. Therefore, depending on the
final implementation of the method, the amount of iterations can be increased if computational time
allows it.

The overall performance of the hybrid segmentation method greatly depends on the image quality
of the HR-pQCT datasets. As multiple challenges are introduced in relation to the image quality, such
as low-intensity edges and various noise artifacts, the reliability of the proposed hybrid segmentation
method is drastically degraded, as a result of low image quality. However, the quality of the future
HR-pQCT images is expected to increase, as actions, such as better fixtures reducing patient motion,
is introduced. In addition, personal training as well as correct scan calibration is also expected to
increase the image consistency and quality. Finally, the proposed segmentation method is adjusted
and trained against a single manual segmented dataset. This greatly reduces the amount of features
present. Because of this, the reliability and robustness of the proposed hybrid segmentation method
are reduced. However, through visually inspection of the resulting segmented datasets, it was shown
that the proposed hybrid segmentation method satisfyingly segmented 84.62% of all datasets.

The registration method proposed, has the responsibility of aligning otherwise misaligned image
slices. The registration process aligns the image slices 110-111 and 220-221, as these slices proposes
possible misalignments. The proposed method uses the binary images, created by the segmentation
process, to align each joint independently. The registration is therefore highly dependent on the perfor-
mance of the segmentation process, as an incorrect segmentation will lead to an incorrect registration.
Another limitation associated with the proposed registration method, is in the case of misalignment in
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joint shifts, resulting in an erroneous alignment. The results created for the registration process, shows
that the registration possesses a high accuracy and precision, with an error of approximately 1 pixel.
The reliability and robustness of the registration is also adequate. The results, however, are merely
based on a single dataset. This entails that the results do not represent the entire data collection, as
other possible misalignment scenarios could exist. A more optimum registration process might be
accomplished using a 3D registration process instead of the proposed 2D process, as obtainable 3D
information could lead to more satisfactorily results. The 2D registration is only performed in the
axial plane, resulting in possible misalignment in coronal and sagittal planes, as these are left unat-
tended. The reason for the registration problem is caused by patient motion during image acquisition.
Improving the image acquisition using a better fixture, as discussed earlier, might therefore reduce
the registration problem and possibly eliminate it.

The proposed detection method is highly depending on the resulting dataset produced by the segmen-
tation and registration. Undersegmentation generally results in an increase of false positive detections,
as unclosed cavities might meet the erosion criteria listed in list 3.3. Oversegmentation might yield
false negatives, due to erroneous closing of true erosion regions. In addition, incorrect transformations
during the registration, could introduce a large shift between image slices, which might contribute to
either false positive cavities or, remove supportive information contributing to a true positive erosion.

The developed detection method is designed to fulfill the SPECTRA criteria presented in list 3.3,
utilizing a definition of the trabecular bone thickness presented by [5]. Item 4 in list 3.3 defines that
loss of the trabecular bone shall be present for an cortical break to count as an erosion. However,
no clear definition of the amount of trabecular loss is specified. Therefore, an assumption is made,
introducing a threshold parameter for the minimum trabecular loss of an erosion. This parameter
is variable, and is in this study set to favor a high sensitivity over a high precision for the finished
method. This decision was based on the desire to increase the capability to detect early erosions.
Based on the detection methods appliance on 88 datasets containing 48 manually detected erosions,
the method possesses a sensitivity of 71.79%. However, this sensitivity is based on corrections in
the provided golden reference, as some erosions where deemed to not fulfill the SPECTRA criteria
in list 3.3. The sensitivity for the proposed method is comparable to the sensitivity of 69.7 — 76.3%
by the detection method proposed by Peters et al. [5]. Additionally, during the tests, the precision
was determined to 6.6%. A low precision was expected due to the reasons explained in section 4.4.1.
Overall, the increase in detections were expected, especially considering the trabecular loss threshold.

The final quantification method was based upon the SPECTRA guidelines presented in list 3.4. This
decision was made to match the golden reference, and because no clear standard guideline is made for
3D erosion quantification. Four properties are found for the erosions, namely their volume, centroid,
width and depth.

The volume, which was determined as the total amount of voxels in the detected erosion, had
an AER of 23.90% and a PER of 77.74% compared to the golden reference. These results indicate a
large variation in the quantification produced by the method. However, the golden reference volume
calculations might be erroneous, as they are merely calculated assumptions of volumes. For the depth
and width the AER was approximately 19 — 23% with a PER of 45%, which is also considered a
relatively high variation. These variations are a result of the methods, which are not fully compliant
to the golden reference. The impact of the variating results for the quantification method, might
be acceptable, as the final method shall give an estimate of RA progression. This means that, the
quantification metrics shall be used to verify changes in the erosions between scans, and the variation
from the golden reference might therefore be insignificant, as long as the changes in the erosions can
be recorded.

83 of 104



Chapter 5. Discussion

5.1 Further Research

A subject which has not been covered in depth during this study, is the possibilities within prepro-
cessing. Filtering and edge enhancement methods applied to the HR-pQCT images, might produce
a better basis for the segmentation method. However, a trade-off shall be considered, as image en-
hancement methods might remove important information in the images. A large erroneous factor in
the segmentation method is low image quality, as a result of image artifacts. A better image quality
assessment of the images could provide a more statistical representation of erosion detection possibil-
ities. An automatic image quality assessment method for HR-pQCT images was proposed in [44], and
might contribute to the overall methods capabilities.

During the parameter adjustment and method selection of the hybrid segmentation method, the
training data available was limited to a single dataset. Therefore, by introducing more abundant
training data, the robustness and performance of the proposed method is expected to increase. Addi-
tionally, the training data was conducted by operators with a limited amount of domain knowledge.
One large limitation in this approach was that operator variability is not considered. Ideally, this pro-
cess should be conducted by several experienced specialists or radiologists, followed by a comparison,
to account for operator variations.

The final proposed detection method was selected to priorities a high sensitivity over a high pre-
cision. This trade-off can be adjusted through a minimum trabecular bone loss threshold for possible
erosions. This specific amount of bone loss is not specified in the SPECTRA erosion criteria listed in
section 3.6. Other erosion indicators could be considered in the erosion determination process e.g.
shape and position. Introducing an erosion classifier to the detection method, might lead to a better
erosion determination, as a more statistically representative selection is achieved.

As the guidelines for erosion quantification is limited to 2D properties, the introduction of a 3D
erosion representation might reveal concealed information. The erosion width is defined by SPECTRA
as the maximum cortical break width in the axial plane. However, by using the 3D information, a more
representative width of the erosion might by achieved. The same principles applies for the depth
calculation. The introduction of such new properties might provide a more accurate quantification of
erosions, thereby, providing more information to the RA diagnosis and prognosis.

The proposed method is capable of detecting and quantifying erosions. However, this is merely a
single of plural RA disease indicators. Therefore, extension of the proposed method with other auto-
matic RA indicator methods, might provide more reliable diagnostic and prognosis of RA. Promising
indicator methods are the BMD calculation method proposed by Yang et al. [27], and the JSW calcu-
lation method proposed by Barnabe et al. [45].
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Chapter 6

Conclusion

A method applicable for erosion detection and quantification in HR-pQCT images, from patients
affected by the chronic disease RA, is proposed in this study. The final method is capable of both
detection and quantification of erosions.

The method is composed of several individual components, including a preprocessing step, initial-
izing the patient data, a hybrid segmentation method, able to segment the periosteal surface of finger
joint, a registration method, realigning joints affected by patient motion, a method that can detect
erosions, and finally a method quantifying detected erosion.

Each of the individual methods in the proposed method is tested and adjusted using manual
labeled data, consisting of both segmented images and quantified erosions.

The proposed hybrid segmentation method shows a correct segmentation rate of 84.62% for HR-
pQCT datasets, based on adjustment using only a single manual labeled dataset. The erosion detection
method was able to detect 71.79% of correct erosions, which were only 6.6% of the total amount of
possible erosions found. The quantification of the correct erosions had an accuracy error ratio of
approximately 23% with a variating precision error ratio of 45 — 77%.

The results from all of the presented methods have two common related limitations. The first being
image quality, which shows to have a large impact on all methods. If the image quality of the HR-
pQCT images are low, image artifacts have a large disruption on almost all methods. Further research
in the area of HR-pQCT image quality and acquisition, would significantly improve the results of the
proposed method. The second limitation is due to the reference data used to validate the methods,
which was both insufficient and contained errors. Using abundant and accurate referencing data
would improve the methods capabilities.

The proposed method allows for further development and extension. Other automatic RA in-
dicator methods e.g. BMD and JSW, could be included in the proposed method, thereby further
strengthening the RA diagnostic and prognosis abilities.

Overall, the proposed method shows promising results in its erosion detection and quantification
capabilities. However, the proposed method should, in its current state, only aid domain personal in
their diagnostic and prognosis of RA patients.

6.1 Perspectivation

The overall motivation behind this study, was to validate the use of HR-pQCT imaging for improving
RA disease evaluation. Additionally, it was considered whether the introduction of an automatic
algorithm for erosion detection and quantification was capable of both increasing patient prognosis
reliability, as well as reducing financial expenses related to the personal involvement needed in todays
manual detection.
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The results of the introduced algorithm, might increase the capabilities for early erosion detection.
This increase contributes to the general patient prognosis, as erosions are considered an early diagno-
sis indicator [3]. As described in chapter 2, other RA disease indicators obtainable through HR-pQCT
imagery exists. The combination of the proposed erosion detection and quantification method with
such other indicators, are also considered to plausibly increase the RA prognosis. In addition, by en-
abling the possibility to create 3D erosion representations, better quantification is considered possible,
as earlier 2D quantification guidelines might result in misguiding results. A 3D erosion representa-
tion could introduce new unseen erosion analysis potential, thereby possible contributing to the RA
disease understanding.

The proposed method is, at its current state, seen as an assisting technology, and not yet a replace-
ment for manual detection. For this to be reality, further refinement is needed for the erosion detection
and quantification method, in addition with a more stable and reliable data acquisition process. How-
ever, as an assisting tool, the proposed method might reduce the time intensity of the manual erosion
detection and quantification process currently applied in practices. This could greatly reduce both the
prognosis estimation time and associated financial expenses. Moreover, the proposed method might
also produce more reliable quantifications of erosions, as the process is identical for each erosion.
Lastly, the proposed method might produce otherwise unseen erosions, by the HVS, which could
have a large impact on the diagnostic and prognosis of RA patients.

6.2 Contributions

The main contributions of the presented study are:
¢ A hybrid segmentation method for periosteal surface of MCP in HR-pQCT images.
o A registration method for HR-pQCT MCP finger joints.
e An automatic erosion detection method.
¢ An automatic erosion quantification method.

The news value is considered high for the proposed segmentation method, as it presents a new hybrid
combination of methods for the purpose of periosteal MCP joint segmentation. In addition, when
comparing to other existing methods for the given purpose [5, 4], the presented solution is considered
as fully automatic. The detection method is considered a new approach, by utilizing SPECTRA crite-
ria [13] as arguments for the image manipulations and morphological operations performed during
erosion detection. Lastly, the quantification method, also by meeting SPECTRA guidelines, presents a
new approach in erosion quantification, as earlier methods did not meet these guidelines. Moreover,
current research does not present a method both capable of detection and quantification of erosions.

The overall significance of the presented solution and the four main contributions is also note-
worthy. By the introduction of a fully automatic method, personal involvement could be discarded,
thereby reducing financial expenses. However, the method requires a certain level of image quality
to function without personal evaluation of the segmented images. The registration method not only
serves the purpose of contributing to the proposed method, but also contributes to todays manual
detection by the removal of image misalignment. The introduction of 3D erosion quantification also
introduces new possibilities in the analysis of RA. Finally, the introduction of a method both capable
of detecting and quantifying erosions is significant.

Future work should include a larger training set for the proposed segmentation method, to increase
its reliability against noise and artifacts. Additionally, the final solution should be tested with more
patients, to fully represent it as an independent solution.
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6.3 Personal Contributions

Prior to the presented study, the authors had a very limited knowledge of the area of medical image
processing, which meant that the learning curve within the domain was very steep at the initial phase
of the study. Due to the lack of domain knowledge, a vast research of medical image processing was
necessary, in order to determine useful methods valid for the study. A large amount of different meth-
ods, including various combinations, have therefore been tested in order to determine the methods
actually used. The learning outcome of this process has been considered tremendous.

The most challenging area within the study, was the development of a dynamic, robust, reliable
and automatic segmentation method, determining the foundation for the actual detection and quan-
tification method. A lot of different segmentation methods were studied, and the final proposed
method ended up being a hybrid of three significant different methods, implying that these areas also
had to be mastered. As the study is located in the area of biomedical engineering, a vast amount of
medical terms, methods and expressions was unfamiliar, and had to be studied.

In order to validate and quantify the image segmentation performance correctly, segmented golden
reference images was required. As no golden reference labeling for the concerning data was available,
the authors had to manually label this golden reference. This proved extremely time consuming, re-
sulting in only one segmented golden reference dataset. From this challenge, the authors have realized
the importance of allocating time for data preparation, as well as the advantages by outsourcing such
a task.

In addition, to create a truly dynamic solution, capable of correctly detect erosions, without the
introduction of various self claimed assumptions, proved time consuming. As all methods and results
were created using MATLAB, the authors gained a lot of experience, especially within image manip-
ulation and medical image processing. Overall, the knowledge and experience gained through this
study has been immense.
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Appendix A

Manual Labeling

The following tables summarizes the features represented in the manual labeled training dataset,
which is used for parameter adjustment and method selection. The tables present ring artifacts,
patient motion, low-contrast edges, joint changes, erosions and lastly, cysts respectively. Each feature
is presented through a figure, in a addition with a description of the location of the feature through
the MCP count, axial slice number and location in relation to the MCP head.

Ring Artifacts

The most noteworthy ring artifacts present in the manual labeled dataset are captured in table A.1:

MCP Slice Quadrant Figure MCP Slice Quadrant Figure

3 10 Ulnar 3 227 Palmar

3 51 Radial 3-4 230 Palmar

3 70 Dorsal

3-4 120 Palmar 3-4 249 Ulnar

Table A.1: Ring Artifacts in the manual labeled dataset
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Patient Motion

Cases of patient motion in the manual labeled dataset are shown in table A.2:

MCP Slice Quadrant

Figure MCP Slice Quadrant  Figure

2 74 Palmar 5 237 Palmar
4 160 Dorsal 5 245 All
4 164 Dorsal 5 252 Palmar
4 175 Palmar 3 254 Dorsal
3 189 Dorsal 5 262 All
4 193 Dorsal 5 274 Palmar
2 225 Radial 5 305 All

Table A.2: Patient motion in the manual labeled dataset
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Low-contrast Edges

Low-contrast edges in the manual labeled dataset are shown in table A.3.

MCP Slice Quadrant Figure MCP Slice Quadrant Figure

2 8 Dorsal 3 168 Palmar

2 14 Dorsal 3 186 Palmar

2 22 Dorsal 2 192 Palmar

2 27 Dorsal 2 207 Palmar

3 35 Dorsal 4 263 Palmar

3 65 Dorsal 4 279 Palmar

4 155 Dorsal 4 288 Palmar

Table A.3: Low-contrast edges in the manual labeled dataset
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Joint Change

Joint changes in the manual labeled dataset are seen in table A.4.

MCP Slice Quadrant Figure MCP Slice Quadrant Figure

2 35 All 3 89 All
2 47 All 4 166 All
2 56 All 4 173 All
2 62 All 4 179 All
3 64 All 5 229 All
3 77 All 5 244 All
3 82 All 5 251 All

Table A.4: Joint changes in the manual labeled dataset
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Erosion and cyst

The manual labeled dataset contains both a case of erosion shown on table A.5 and a cyst which is
presented on table A.6:

MCP Slice Quadrant Figure MCP Slice Quadrant Figure

2 126 Dorsal 2 84 Palmar

2 132 Dorsal 2 94 Palmar

2 138 Dorsal 2 104 Palmar

2 144 Dorsal 2 110 Palmar

Table A.5: Erosion in the manual labeled dataset Table A.6: Cyst in the manual labeled dataset
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Appendix B

Active Contour Results

During the parameter adjustment of the active contour, a set of graphs were produced from where the
parameters were selected. This appendix presents these figures for the two localized methods; Local

CV fig. B.1 and Local MS fig. B.2, respectively.
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Figure B.1: Local CV parameter adjustment results.
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Abbreviations

Abbreviation

AE(R)

BMD
CR
CT
Cv
DICE

DICOM

FN
FP
HR-pQCT

HVS
MS
JSW
MRI
PE(R)

RA
ROC

ROI

SNR
SPECTRA
TN(R)
TP(R)

VOI

uCT

Full Form
Accuracy error (ratio)

Bone mineral density
Conventional 2D radiography
Computed tomography
Chan-Vese

Seren-Dice index

Digital Imaging and Communications
in Medicine

False negative (ratio)

False positive (ratio)

High Resolution peripheral Quantita-
tive Computed Tomography

Human visual system

Mean separation

Joint space width

Magnetic resonance imaging

Precision error (ratio)

Rheumatoid arthritis
Receiver operating characteristic

Region of interest

Signal-to-noise ratio

Study grouP for xtrEme Computed To-
mography in Rheumatoid Arthritis
True negative (ratio)

True positive (ratio)

Volume of interest

Micro computed tomography
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Meaning

Validation metric for accuracy estima-
tion.

Measurement used as RA indicator.
Medical imaging modality.

Medical imaging modality.

Active contour method technique.
Statistics used for comparing two sam-
ples similarity.

Medical imaging storing standard.

Derivations from a confusion matrix.
Derivations from a confusion matrix.
Medical imaging modality.

Human beings visual system.

Active Contour method technique.
Measurement used as RA indicator.
Medical imaging modality.

Validation metric for precision estima-
tion.

Autoimmune joint disease.
Representation of TPR as function of
FPR.

Areas within images or samples of spe-
cific interest.

Measure for comparison between level
of desired signal to noise.

RA study group.

Derivations from a confusion matrix.
Derivations from a confusion matrix.

Volume of specific interest, within a
given dataset.
Medical imaging modality.
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Medical terms

Medical term
Autoimmune disease

Cortical bone

Distal

In vitro

In vivo
Metacarpophalangeal
joint
Osteoporosis
Pathological
Periosteal surface
Phalanges
Modality

Radius

Tibia

Trabecular bone

Coronal, Sagittal and Ax-
ial plane

Radial, Ulnar, Palmar and
Dorsal

Meaning

Disease occurring from responses of the immune system against its
own healthy cells and tissues.

The harder outer layer of the human bones. Often referred to as the
compact dense part of the bone.

Term used to define body parts distant to the main human body. It is
the counterpart of proximal, used to describe parts close to the main
body.

Used for studies on microorganisms, cells or biological molecules out-
side their normal biological context. Opposite to in vivo.

"Within the living", used for studies on living organisms. Opposite to
in vitro.

Also known as MCP. Joint between the metacarpal bones and the prox-
imal phalanges.

A rheumatology disease, resulting in risk of bone breakage due to
weakening of the bones.

Used to describe when a change to the human body is altered or
caused by disease.

The outer membrane of bone surfaces.

The bones which are located in the human fingers as well as toes. Are
divided into proximal, intermediate and distal. Proximal being closest
to the Metacarpals.

Medical image acquisition technique.

Also known as radial bone, one of the two large bones of the human
forearm.

Also known as the shinbone, the largest of the two bones located in
the human leg below the knee.

Also known as the cancellous bone. It is the internal tissue of the
skeletal bone, and often referred to as the spongy part of the bone.
Coronal plane divides the human body into left and right. Sagittal
plane divides the human body into front and back. Axial plane di-
vides the human body into bottom and top.

Medical terms defining the orientations in hands. Radial is towards
the thumb, Ulnar is away from the thumb, Palmar is towards the palm
and Dorsal is away from the palm.
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